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ABSTRACT
AIRWAY MUCIN GLYCOPROTEINS IN INFLAMMATORY CONDITIONS:
EMPHASIS ON EQUINE RECURRENT AIRWAY OBSTRUCTION, AND THE
ROLES OF BACTERIAL ENDOTOXIN AND ELASTASE
By

Andrew Miles Jefcoat

Mucin glycoproteins are responsible for imparting viscoelastic and adhesive
properties to mucus. Biochemical methods to characterize and quantify mucus in
the airways of horses have not been described to date. Bacterial endotoxin, a
component of Gram-negative bacterial cell walls and a powerful inflammagen,
has been used in rodents to induce airway changes that include increased
mucus production. Detailed information concerning secretion of specific mucin
molecules form pulmonary airways of rats has not been reported, however.

The overall goals of this research project were to quantify mucus levels in the
airways of animals with specific inflammatory conditions, and to better
characterize the molecular composition for the mucous layer in these animals.
Main hypotheses tested were 1) increased airway mucus is a persistent
phenomenon in recurrent airway obstruction (RAO)-affected horses; 2) airway
levels of the mucin-associated sialyl Lewis X (SLeX) tetrasaccharide increase
during inflammatory conditions; and 3) rats developing airway inflammation
following bacterial endotoxin exposure produce and release specific mucins into
airway lumens in a distinct temporal pattern. To test these hypotheses, research

presented in this thesis details biochemical quantification and characterization of



specific mucin-associated structures in a) control and RAO-affected horses, both
stabled and at pasture; and b) rats exposed to hay dust or endotoxin.

Increased airway mucus, as measured by level of a-1,2 fucose, a hexose
sugar associated with mucin molecules produced by secretory mucous goblet
cells, was detected in bronchoalveolar lavage fluid (BALF) of RAO-affected
horses both during acute disease and in clinical remission. Persistent mucin
increases in RAO horses indicated long-term airway epithelial changes in
diseased horses, possibly related to prolonged inflammatory activity.

In rats, endotoxin and hay dust exposures resulted in increased amounts of
stored and secreted mucosubstances as compared to saline controls. Levels of
soluble mucins possessing the sialyl Lewis X tetrasaccharide structure, detected
by immunohistochemistry to be cell surface-associated, were increased in rat
BALF at 6 hours after exposure to endotoxin, whereas a-1,2 fucose-possessing
glycoprotein levels in BALF did not increase until 24 hours post-exposure. These
findings indicate that there is a temporal pattern to the composition of airway
mucus that is produced following endotoxin exposure, with an early release of
membrane-associated mucins into airway lumens, followed by release of

secretory mucins from airway goblet cells.
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Chapter 1

Introduction and review of the literature

I. The mucociliary apparatus

At tidal breathing, an average adult human exchanges 6.5 liters of air per
minute. Over 24 hours, this represents 9360 liters. For a fifty year time span,
this comes to be 170,820,000 liters. A mature horse, of approximately 1000
pounds, has an average minute ventilation of around 40 liters. For a twenty year
span, this equates to 420,480,000 liters.

This astounding volume of air that moves through the respiratory system of a
human or horse means there is enormous opportunity for inhalation of a wide
variety of irritants, allergens and pathogens. The respiratory system must
therefore have an equally astounding method of responding to inhaled agents
and protecting the whole organism from injurious exposure that can occur via the
respiratory route. One aspect of the protective mechanism is the mucous layer,
a vital component of the mucociliary apparatus.

The mucous layer itself is associated with respiratory epithelium, which
extends from the nasal cavity to the terminal bronchioles. This epithelium is
composed primarily of ciliated cells and mucous and serous secretory cells.
Mucus overlies the airway epithelium, and serves as the initial barrier to inhaled
substances. The mucus forms a physical barrier, trapping inhaled particulates
and pathogens. The coordinated beating action of the cilia in the trachea and

intrapulmonary airways pushes material proximally toward the pharynx, where



mucus and any trapped particles it contains can be swallowed or coughed out,
thus ridding the respiratory tract of the inhaled agent (Sheehan et al., 1991;
Lamblin and Roussel, 1993).

As shown in FIGURE 1, the mucus blanket that overlies the airway epithelium
is composed of an aqueous liquid sol layer that surrounds the cilia, and a more
viscous gel layer above the sol (Wanner et al., 1996). Cilia extend upward from
the apical surface of ciliated cells through the sol layer. Each cilium possesses a
clawed tip that catches the underside of the gel layer, enabling the mucus layer
to be propelled in the direction of ciliary beating (Wanner et al., 1996). The gel
layer is a complex mixture of water, electrolytes, lysozymes, cells and mucin
glycoproteins (Lundgren and Shelhamer, 1990; Shak, 1997; Wanner et al.,
1996). A gelis technically defined as a state intermediate between liquid and
solid (Tanaka, 1981), and generation and maintenance of this physical property
is of critical importance for the normal functioning of the mucous blanket.

Mucin glyocoproteins are very large molecules -- ranging in molecular
weights from hundreds of thousands to over 1 million Daltons (Lamblin et al.,
1991) - that impart viscoelastic properties to mucus. Mucins are composed of a
core protein (the mucin apoprotein) to which numerous linear and branching
oligosaccharide side chains are attached, primarily by means of specific O-
glycosidic linkages (Rose, 1992; Shak, 1997; Wanner et al., 1996). Both

apoprotein glycosylation and mucin-mucin interactions (multimerization of
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mucins) are needed for realization of the appropriate physical characteristics of

mucus.

Il. Airway inflammatory diseases and mucus production: an overview

Inflammation is classically considered to be a protective response of
vascularized tissue to any kind of injury. The central feature of any inflammatory
response is a hemodynamic change, in which there is vasodilation and increased
vascular permeability in the region of injury. These changes facilitate the entry of
inflammatory cells and plasma proteins into the damaged tissues. Inflammatory
cells are prodigious producers of a variety of bioactive compounds known as
inflammatory mediators. These inflammatory mediators modulate a range of host
biologic responses, from proinflammatory activity for maintenance of the overall
inflammatory response, to anti-inflammatory activity for the eventual quelling of
the response.

Airway inflammation is a component of many conditions, including asthma
and cystic fibrosis in humans, and recurrent airway obstruction (RAO) of horses.
Endotoxin, a component of Gram-negative bacterial cell walls, is a powerful
inflammagen and is ubiquitous in the environment. Airway inflammation is also a
characteristic sequela of endotoxin inhalation. In addition to a classic
inflammatory response, an increase in airway mucus is a shared feature of all
these conditions.

A. Asthma: bronchospasm, increased airway secretions, and edema and
remodeling of airway walls are characteristics of asthma. Inflammation in the

airways is a well-recognized feature of asthma, and asthma is considered to be a



chronic inflammatory airway disease (Global Initiative for Asthma, NIH, 1998).
Persistent inflammation can be a feature of asthma even during clinical remission
(Van den Toorn et al, 2001). Episodes of respiratory distress can be triggered by
allergens, viruses, and indoor or outdoor pollutants (Bousquet et al, 2000). A
complete understanding of the relationship between airway inflammation and
altered mucus production has not been achieved, and as such requires further
investigation.

B. Cystic fibrosis: cystic fibrosis is a primary genetic/metabolic disorder,
arising from a defect in the gene that codes for the cystic fibrosis transmembrane
conductance regulator protein, or CFTR. The CFTR is a cyclic AMP-responsive
channel protein that has many functions, including the conduction of chloride ions
and the negative regulation of a separate sodium channel (Krauss, 2001, Pitt,
2001). Cystic fibrosis is a complex disease characterized by many pathologic
alterations that affect multiple body systems. In the respiratory tract, these
include alterations in secretion and/or composition of airway mucus, impaired
movement of the mucous blanket, excessive colonization and growth of
endotoxin-bearing Gram-negative bacteria, and increased inflammatory cell
presence in the airways (Krause, 2001; Tatterson et al., 2001). As with asthma,
the association between inflammation and altered mucus production requires
further study.

C. Recurrent airway obstruction: recurrent airway obstruction is an
asthmalike condition of mature horses that is characterized by

bronchoconstriction, airway wall thickening, and increased airway secretions



occurring as a result of exposure to a dust, allergen, and endotoxin-laden indoor
(barn) environment (Robinson et al., 1996). A pronounced neutrophilic
inflammation in the airways is also observed. Clinical signs, such as dyspnea,
are episodic. Respiratory distress will diminish or be absent when animals are
housed in a clean air environment. Clinical signs recur upon re-exposure to a
precipitating environment, however.

D. Bacterial endotoxin: bacterial endotoxin is a component of the outer
membrane of gram negative bacteria. A single endotoxin molecule is composed
of two main subunits: a polysaccharide portion that is attached to a lipid portion,
called lipid A. The polysaccharide is in turn composed of a terminal
oligosaccharide chain that is attached to an invariable core section (Thorn,
2001). The precise composition of the terminal oligosaccharide can vary among
bacterial species (Thorn, 2001). The core section links to the lipid A moiety, and
this corel/lipid A unit provides the immunomodulating effect of endotoxin
(Rietschel et al., 1993; Wang and Hollingsworth, 1996). Endotoxin itself is not
intrinsically harmful, but as a signal of gram negative bacterial presence, it
provokes a powerful inflammatory response in host organisms. Endotoxin is
ubiquitous in the environment, being present in locations such as cotton mills,
wood mills, factories, and barns and stalls (Gordon and Harkema, 1995; Kuliman
et al., 1998; McGorum et al., 1998; Rylander, 1986; Schwarz et al., 1995).
Inhalation of endotoxin results in a rapid influx of leukocytes — primarily
neutrophils - into the airways (Thorn, 2001). Endotoxin exposure has also been

implicated in the development and exacerbation of asthma (Park et al., 2001).



An increased mucus presence can be a significant pathologic feature of
inflammatory airway diseases, and endotoxin and various inflammatory
mediators have been linked to increased mucus production in the airways.
Methods for quantifying mucus in the airways of horses have not been well
developed, however, and rigorous investigation of the characteristics and
cause(s) of altered mucus production in recurrent airway obstruction have not
been conducted to date. Mucin glycoprotein molecules are the most significant
component of the mucus layer. This thesis describes development of methods to
quantify mucin levels in bronchoalveolar lavage fluid of horses, and details close
associations between inflammation and specific changes in airway mucus
presence. Additionally, detailed knowledge of the role of specific inflammatory
cells and mediators on the carbohydrate structure of secreted mucin
glycoproteins in mammalian lower airways is also lacking. This thesis also
describes work that examines mucin glycoprotein structure in inflammatory
airway disease.

lil. Mucin apoproteins

In order to develop a better understanding of the effects of inflammation on
the production, secretion and function of mucins, familiarity with the structural
details of mucin glycoproteins and the cellular biology of their construction is
essential.

Nineteen different genes that code for mucin apoproteins, called MUC genes,
have been identified thus far in humans (Hannisch and Muller, 2000; Williams et

al., 2001; Wu et al., 2001). These are referred to as MUC1 through MUC18.



Two similar forms of MUCS exist, called MUC5AC and MUC5B. Mucins
identified in humans have counterparts in other animal (Perez-Vilar and Hill,
1999). Some of these genes, such as MUC1, MUC3, MUC4 and MUC12, are
transcribed and translated into membrane-bound mucins. Membrane bound
mucins are postulated to help lubricate epithelial surfaces and trap particles and
cellular debris (Hannisch and Muller, 2000), but there is evidence for more
sophisticated functions, as well. MUC1 may be involved in cell signaling.
Though MUC1 has no intrinsic kinase domain, it does possess potential tyrosine-
phosphorylation sites on its intracellular domain (Pandey et al., 1995). These
sites can be phosphorylated in vitro, and may serve as docking sites for SH2-
containing signaling molecules such as Grb2. This may provide a signal
transduction route through downstream MAP kinases (Gendler, 2001; Schroeder
et al., 2001).

Major secreted mucins are products of MUC2, MUC5AC, MUC5B, MUC6 and
MUCY7 genes (Hannisch and Muller, 2000; Perez-Vilar and Hill, 1999). Major
sites of mucin gene expression are MUC2 in small intestinal epithelium, MUC5B
in salivary glands and the respiratory tract, MUCS5AC in respiratory tract and
stomach, and MUCES in salivary glands and the gallbladder (Van Klinken et al.,
1995). Several mucin genes can be expressed by the same or different cells
within a single epithelium, however (Van Klinken et al., 1995). As an example of
this, MUCs 1, 2, 4, 5AC, 5B, 7 and 8 are all expressed in the respiratory tract of
humans (Wills-Karp, 2000). Some mucin genes may share a common ancestral

gene. MUCs 2, 5AC, 5B and 6, for instance, map to the same chromosome



(chromosome 11p15.5) in humans (Buisine et al., 1998; Desseyn et al., 1997)
and strong sequence similarity exists between MUC2 and MUCS5AC (Li et al.,
1998).

Mucin apoproteins are characterized by extensive sections of tandemly
repeated amino acid sequences (Shak, 1997), which differ in number, length and
sequence between mucin types (Perez-Vilar and Hill, 1999). These sequences
are rich in threonine and serine, and also contain large numbers of proline and
alanine residues (Rose, 1992; Shak, 1997). Presence of threonine and serine is
critical for mucin structure, as these amino acids possess hydroxyl groups that
are necessary for O-glycosidic attachment of oligosaccharide side chains to the
mucin apoproteins (Voet and Voet, 1990). These linkages occur when a carbon
atom of a sugar links to a hydroxylated amino acid via the latter’'s OH group.
Central tandem repeat sections of apomucins exhibit little or no secondary
structure, which indicates these regions likely serve as “scaffolds” for the O-
glycosidic linking of oligosaccharide side chains (Eckhardt et al., 1987).

Flanking regions on either side of the tandem repeat section consist of
nonrepetitive sequences (Van Klinken et al., 1995). In the case of most secreted
mucins, these regions contain large numbers of cysteine residues (Shak, 1997;
Perez-Vilar and Hill, 1999). The amino terminal flanking region of most mucins,
including MUCS5AC, possess regions rich in the thiol (-SH) — containing amino
acid cysteine that are referred to as D domains (Van Klinken et al., 1995; Perez-
Vilar and Hill, 1999). It is common for secreted mucins to have three D domains,

D1, D2 and D3. A fourth, D4, is present in some secreted mucins (Perez-Vilar



and Hill, 1999), including MUC2 and MUCS5AC (Li et al., 1998). A partial D
domain, termed D', is situated between D2 and D3 in all secreted mucins and in
the glycoprotein von Willebrand's Factor [VWF] (Perez-Villar and Hill, 1999). The
carboxy termini of mucins also possess cysteine-containing segments, regions
that are homologous to the cystine knot (CK) superfamily of proteins (Perez-Vilar
and Hill, 1999). FIGURE 2 is a detailed schematic diagram of two secreted
mucin apoproteins, linked by a disulfide bond.

CK domains contain 6 conserved cysteine residues, cysteines 1 through 6.
The knot-like structure arises from a ring-like structure formed by disulfide
linkages between cysteine numbers 2 and 5§ and between cysteines 3 and 6. A
disulfide bond between cysteines 1 and 6 then passes through the center of this
ring (Katsumi et al., 2000). CK domains are found in a superfamily of growth
factor proteins such as TGFp, nerve growth factor and platelet derived growth
factor, as well as in mucins and VWF (Perez-Vilar and Hill, 1999), and are
involved in formation of molecular oligomers (Katsumi et al., 2000).

The significance of these cysteine-rich D and CK domains is that the cysteine
residues can become involved in disulfide linkages (Van Klinken et al., 1995;
Perez-Vilar and Hill, 1999), thus creating a mechanism for covalent interaction of
mucin molecules and the formation of mucin multimers. Molecular
multimerization is important to the structure and function of the mucus layer, as
the covalent linking of long chain molecules in a polymer gel is a critical aspect in
the generation of the gel-like properties of the material (Tanaka, 1981).

Supporting the idea that these domains are vital for mucin multimer formation,

-10-
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MUC1 and MUC?7, which exist as monomers, do not possess D or CK domains
(Van Klinken et al., 1995). D domains were first discovered as a component of
human von Willebrand Factor [VWF] (Sadler, 1998), and are necessary for
multimerization of VWF. D domains have subsequently been found in many
proteins (Cohen-Salmon, 1997; Gao, 1998; Mayadas, 1992; Perez-Vilar and Hill,
1999), indicating this motif is a conserved sequence and may be involved in
many multimerization or adhesion processes. There is also a great deal of
homology between the carboxy termini of various mucins and vWF. There is
conservation of nearly all the carboxy terminus cysteine residues of MUCs 2,
5AC, 5B and vVWF (Desseyn et al., 1997).

It is believed that CK domains contain N-linked oligosaccharide side chains at
specific acceptor sites (Perez-Vilar et al.,1996). N-linkages occur between
carbohydrate side chains and the amine group on an asparagine (Asn) residue
that must be situated in a specific acceptor motif of Asn-X-Ser/Thr (Van den
Steen et al., 1998). Presence of these N-linkages may be important in mucin
dimer formation, potentially a critical early step in the final multimerization,
packaging and transport of mucins such as MUCS5AC (Asker et al., 1998a and b;
Dekker and Strous, 1990; Sheehan et al., 1996; Perez-Vilar and Hill, 1999).

IV. Oligosaccharide side chains

A. Carbohydrate biochemistry

Mucins are glycoconjugates, molecules with one or more mono- or
oligosaccharide units [referred to as the glycone] covalently linked to a non-

carbohydrate moiety [the aglycone] (Freeze, 1999). Oligosaccharide side chains
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form approximately 70 to 80 percent of the molecular weight of mucin molecules
(Lamblin et al., 1991; Rose, 1992), and are essential for conferring gel-forming
and viscoelastic properties to secreted mucins.

O-linked oligosaccharide side chains, as are found in mucin molecules, are
typically composed of from 1 to around 20 individual monosaccharide molecules
linked together by covalent bonds (Hanisch, 2001; Rose, 1992). Individual
monosaccharides found in O-linked oligosaccharide side chains of mucins are N-
acetyl galactosamine [GalNAc], N-acetyl glucosamine [GIcNAc], galactose [Gal],
fucose [Fuc] and the sialic acid N-acetyl neuraminic acid [NANA] (Lamblin et al.,
1991; Van den Steen et al., 1998). An additional monosaccharide, mannose
[Man] is a major component of N-linked oligosaccharides (Drickamer and Taylor,
1998; Marth, 1999). Of these carbohydrates, galactose and mannose are
hexose sugars, or 6 carbon cyclic neutral sugars. N-acetyl galactosamine and N-
acetyl glucosamine are examples of hexosamines, or hexose sugars with an
amine (-NH) group at the 2 position of the ring, which is N-acetylated. Fucose is
an example of a deoxyhexose sugar, or a hexose lacking a hydroxyl group at the
6 postion. Sialic acids are a family of 9 carbon acidic sugars, of which N-acetyl
neuraminic acid is the most common (Varki, 1999). Structural diagrams of these
monosaccharides and glucose, the parent molecule for other monosaccharides,
are given in FIGURE 3.

All carbohydrates are either polyhydroxy aldehydes or ketones. If visualized
in chain form, a single carbohydrate possess an alcohol [ROH] end and a

carbonyl [-CO-] end, which is either an aldehyde [R-CO-H] or ketone [R-C-R].
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In cyclic-form carbohydrates, the aldehyde or ketone end (referred to as the
reducing end) reacts with the alcohol end to form ring structures (FIGURE 4).
The carbonyl carbon in the ring is designated carbon 1, or the anomeric carbon,
and other carbons in the ring are designated as 2, 3, 4, 5, and 6 (in the case of
hexose rings).

Individual monosaccharides join together via glycosidic bonds, where a
covalent bond forms between a hydroxyl group of one sugar and the anomeric
carbon of another (Voet and Voet,1990). For example, a 1,4 glycosidic linkage
would be a glycosidic bond between the anomeric carbon of one sugar (carbon
#1) and carbon 4 of a second sugar. A 1,3 linkage is between a carbon 1 and a
carbon 3.

All linkages can be either a or B anomers, as well. An a anomer is when the
linkage at the anomeric carbon extends below the plane of the ring, whereas a 8
anomer is a linkage projecting above the amomeric carbon’s ring plane (Voet and
Voet, 1990).

Because linkages between carbons can vary according to specific carbon
atoms involved and by different anomeric configurations, a tremendous number
of linkage possibilities exist for cyclic sugars. For example, there are at least
1,056 unique trisaccharides that can form between 3 hexoses. In comparison, 3
amino acids can link together in only 6 distinct ways. It has been calculated that
six hexoses can have more than 1 trillion possible combinations (Varki, 1999).

A practical significance to the large number of linkage possibilities is that each

linkage can result in structural changes that result in specific functional results.
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For example, as will be detailed later, a mucin monosaccharide of the same type
linked to a preceding sugar in an a - 1,2 manner can result in different functional
effects than if the sugar were linked in an a — 1,3 manner.

Though these monosaccharides are the molecules necessary for
oligosaccharide side chain formation, construction of these chains involves more
than simple interaction between individual, non-modified monosaccharide units.
For chains to form, each monosaccharide must be in the form of a nucleotide
sugar donor, where each individual monosaccharide is joined with a nucleotide,
either uridine diphosphate [UDP], as in the cases of GalNAc, GicNAc and Gal,
guanidine diphosphate [GDP], for Fuc and Man, or cytidine monophosphate
[CMP] for sialic acid (Dennis et al., 1999; Freeze,1999; Voet and Voet, 1990).

Glucose can serve as the parent molecule for all monosaccharides involved in
mucin formation. Major enzymatic pathways involved in the conversion of
glucose to sugar nucleotides are shown in FIGURE 5. Steps involved in
nucleotide sugar donor formation all take place in the cytosol, with the exception
of the last step in CMP-NANA formation (activation of CTP to create CMP-
NANA), which occurs in the nucleus. CMP-NANA is subsequently exported to
the cytosol, however (Freeze, 1999).

B. Oligosaccharide construction

Oligosaccharide construction occurs within intracellular compartments,
specifically the Golgi complex and endoplasmic reticulum (Dennis et al., 1999;
Van den Steen et al., 1998). Sugar nucleotides formed in the cytosol must

therefore gain entry into these compartments. Simple diffusion into these
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compartments is not possible, as sugar nucleotides carry an overall negative
charge (Freeze, 1999). Movement into organelle lumens is facilitated by non
energy-requiring sugar nucleotide transporters that are present in the
membranes of the Golgi and endoplasmic reticulum (Abeijon et al., 1997; Freeze,
1999). These transporters are in fact specific nonenergy-requiring antiporters,
which carry sugar nucleotides into the lumens of the Golgi and endoplasmic
reticulum, and simultaneously carry nucleotide monophosphates out into the
cytosol [FIGURE 6] (Freeze, 1999).

Oligosaccharide formation within the Golgi involves sugar nucleotides
donating the sugar subunit for use in construction of carbohydrate chains.
Donation of sugars results in nucleoside diphosphate by-products within the
Golgi lumen. Nucleoside diphosphatase enzymes in the Golgi lumen then
convert these molecules to nucleoside monophosphates, which can then be
transported out by the antiporters [FIGURE 6] (Abeijon et al., 1997). The
antiporter system therefore establishes a mechanism that can couple rate of
sugar nucleotide utilization with import, as nucleotide monophosphates, by-
products of oligosaccharide formation, are linked to the import of new sugar
nucleotides. Additionally, regulation of transporter proteins can potentially be a
method of controlling glycosylation of mucins and other glycoproteins by altering
availability of sugars inside the Golgi compartments.

Though initial N-glycosylation and dimerization of mucin apoproteins such as
MUC 5AC appear to occur in the ER (Perez-Vilar and Hill, 1999), the bulk of

post-translational modification of MUC gene products occurs in the Golgi
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complex. O-linked oligosaccharide side chain formation occurs as a stepwise
process, where individual sugars are added one at a time, with addition of sugars
catalyzed by glycosyltransferase enzymes (Baenziger et al., 1994; Lowe and
Varki, 1999; Lamblin et al., 1991). The general scheme of a reaction resuilting in
formation of an O-glycosidic bond is illustrated in FIGURE 7, where a hexose
from a sugar nucleotide is transferred to a hydroxyl group (-OH) on a precursor
molecule referred to as an acceptor molecule.

In forming an oligosaccharide chain, glycosyltransferases act one at a time, in
a stepwise or sequential fashion. In other words, sugar A is added to an original
acceptor molecule by a specific glycosyltransferase. Sugar B is then added to
sugar A by a second specific glycosyltransferase, Sugar C added to B, and so
on. Glycosyltransferases act in a specific manner, not only in regard to the type
of sugar involved in the transfer, but by the type of linkage (a or B anomeric) and
location of the hydroxyl group on the acceptor, as well. As examples of this
specificity, an a — 1,2 fucosyltransferase will transfer a fucose molecule from
GDP-fucose to the #2 carbon of an acceptor hexose in an oligosaccharide chain,
with the resultant linkage being in an a — anomeric configuration, whereas a
separate a — 1,3 fucosyltransferase will transfer a fucose to the #3 carbon of an
acceptor. A B— 1,4 galactosyl transferase will transfer a galactose to the #4
carbon of an acceptor hexose, creating a f — anomeric linkage. In addition,
glycosyltransferases are specific in regard to the acceptor structural arrangement
that they will recognize. In the glycosidic bond reaction sequence, the three-

dimensional structure that is the unique product of a previous linkage reaction
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between monosaccharides serves as the substrate for the next linkage reaction
(Baenziger et al., 1994).

Gycosyltransferase-catalyzed reactions typically require the presence of a
divalent cation, such as Mg2+ or Mn2+, and the enzymes perform best in a pH
range of 5.0 to 7.0 (Lowe and Varki, 1999). Divalent cation presence and these
pH values can be found in the Golgi, obviously optimizing glycosyltransferase
function in the principal organelle where oligosaccharide side chain formation
takes place.

As with construction of all proteins, discrete MUC genes are transcribed,
resulting in formation of MRNA molecules corresponding to the gene.
Translation of the mRNA to a peptide chain, such as a MUCS5AC core protein,
occurs in ribosomes. Post-transiational modification occurs in the endoplasmic
reticulum and Golgi. Typically, the peptide moves through the endoplasmic
reticulum then is transported to the Golgi. Extensive post-transilational
modification of mucin proteins takes place, specifically the complex glycosylation.
Sulfation — addition of negatively charged SO;" groups by specific
sulfotransferase enzymes to oligosaccharide chains — also takes place (Lamblin
et al., 1991; Rose, 1992; Van Klinken et al., 1995). Like glycosyltransferases,
individual sulfotransferases exhibit great specificity, catalyzing sulfate group
addition to specific locations on specific sugars.

Import of most secretory peptides into the endoplasmic reticulum, including
specific MUC gene products, is usually a co-translational event, where the

peptide moves into the ER directly from ribosomes attached to the ER membrane
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(Bhatia and Mukhopadhyay, 1999; Dell and Morris, 2001). Transit of a peptide in
the cytosol can result in extensive folding of the peptide (Alberts et al., 1994),
therefore co-translational importation is significant for mucin proteins, as
minimizing protein folding maintains exposed tandem repeat sections on
apoproteins, allowing for proper attachment of oligosaccharide side chains.

Secreted O-linked mucins follow a pathway referred to as the cellular
biosynthetic pathway [BSP] (Alberts et al., 1994). In this pathway, molecules
pass through multiple compartments where they are modified in a series of steps,
stored, and eventually released by exocytosis.

In the BSP, a translated mucin peptide enters the ER. While O-glycosylation
occurs in the Golgi, N-glycosylation is an early post-translational process that
occurs within the ER (Bhatia and Mukhopadhyay, 1999). This early N-
glycosylation may be a necessary step for the proper assembly and transport of
secreted mucins such as MUCS5AC, as it facilitates dimerization of mucins
through CK-domains (Perez-Vilar and Hill, 1999). N-glycosylation differs from O-
glycosylation in that a mannose-rich oligosaccharide precursor is formed first by
addition of sugars (by glycosyltransferase activity) to a dolichol molecule, a long
lipid chain with multiple isoprene [5 carbon] units (Marth, 1999). This mannose-
rich precursor is then transferred from the dolichol molecule en bloc by an
oligosaccharyltransferase enzyme which recognizes the asparagine (Asn)
residue at the specific N-glycosylation acceptor site of — Asn — X — Ser/Thr —

(Helinius and Aebi, 2002) . After transfer of the core, cleavage of or addition to
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the N-linked chain can take place (Dell and Morris, 2001; Van den Steen et al.,
1998).

Transport of partially completed mucin molecules to the Golgi must then occur
in order for the molecules to be modified by O-glycosylation to attain final form.
Vesicles containing the nascent mucin molecules moving from the ER to the
Golgi bud from specialized regions of the ER called transitional elements, a
region of rough ER membrane with no bound ribosomes. In a constitutive or
default pathway, vesicles of the type containing mucins automatically move to the
Golgi complex (Alberts et al., 1994).

A single Golgi complex is composed of multiple hollow flattened sac-like
structures, with a unique CIS-face (in closest proximity to an ER structure), a
TRANS-face oriented toward the plasma membrane, and multiple intervening
cisternae. Vesicles transported from the ER to the Golgi fuse with the Golgi CIS-
face. Proteins entering the CIS-face move forward through the complex, from
the CIS-Golgi network to the medial cisterna to the TRANS-Golgi network, and
after extensive intra-Golgi modification are released in secretory vesicles from
the TRANS-face into the cytoplasm (Alberts et al., 1994).

Glycosyltransferases involved in mucin oligosaccharide formation are present
in the Golgi. Glycosyltransferases associated with the Golgi all share a common
structure of a transmembrane domain with a short extra-Golgi (cytoplasmic)
amino terminus and a larger carboxy terminus that projects into the Golgi lumen.
The catalytic domain of glycosyltransferases have been associated with the

intraluminal carboxy terminus (Lowe and Varki, 1999).
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Knowledge of the sequential construction of O-linked oligosaccharide side
chains and glycosyltransferase structure and function has led to the development
of the following scenario (FIGURE 8): glycosyltransferases associated with the
early steps of side chain formation are anchored in CIS compartments, with
glycosyltransferases involved in subsequent steps sequentially spaced through
more distal Golgi sub-compartments. MUC proteins therefore are transported
through the Golgi, encountering different transferase enzymes as they progress,
with stepwise addition of new sugars to the chain occurring as the protein
progresses through the complex. This scenario predisposes some method of
specificity in regard to localization of glycosyltransferases to precise locations in
the Golgi, though unequivocal proof of an enzyme localization mechanism is
currently lacking.

V. Mucin exocytosis

Mucin molecules bud from the trans-face of the Golgi complex packaged in
membrane-bound vesicles. These vesicles, also referred to as cytoplasmic
granules, are stored in the cytoplasm. Inside the secretory granules, mucins are
highly condensed and tightly packed. Negative charges that are associated with
sialic acid molecules and sulfate groups give mucin oligosaccharide side chains
a polyanionic character, however, and the repulsive interactions of these
negative charges resist condensation. Divalent positively charged calcium ions
are present within the secretory granules. By counteracting the negative charges
of the mucins and creating a more electroneutral microenvironment within the

Golgi, the calcium ions provide a counter-ion shielding force around the mucins,
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allowing for compression of the side chains and condensation of mucins
(Verdugo, 1991). Upon stimulus for release, the cytoplasmic granules fuse with
the plasma membrane and an opening, or fusion pore, forms where the two meet
(Verdugo, 1991). The formation of a fusion pore allows intermingling of water
and electrolytes between the extracellular space and the interior of the granule.
This intermingling allows an ion exchange, where extracellular sodium
exchanges with intragranular calcium (Verdugo, 1991). The electrical force
supplied by monovalent cations for generation of counter-ion shielding is less
than that supplied by the divalent calcium cations (Tanaka, 1981). When the
sodium/calcium exchange occurs, then, the mucins explosively lose their
condensed conformation, and are released into the extracellular environment in
an expanded form.

Stimuli for release of mucin molecules from mucous goblet cells are varied,
for example according to species and anatomic location, but can potentially
include neuronal mechanisms, the action(s) of inflammatory mediators, and
direct effect of bacterial endotoxin (Jackson, 2001). Whatever the stimulus for
granule release, there is recent experimental data to support an intracellular
pathway, converging on the MARCKS protein, that is common to all mucin
granule release. Myristoylated alanine-rich C-Kinase substrate (MARCKS)
protein is a major substrate for protein kinase C (PKC). Work by Adler et al,
(2000) has demonstrated in humans that secretagogue activation of PKC leads
to the phosphorylation and eventual activation of MARCKS. Activated MARCKS

attaches to the outer granule membrane, and functionally interacts with
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cytoskeletal elements, allowing granule movement to and fusion with the plasma
membrane.

Fully expanded mucin molecules provide the gel layer of the mucous blanket
with its viscoelastic properties. The interaction of mucins in the gel layer is not
one of complex cell to cell crosslinkages, however. Rather, individual mucins link
in long, end-to-end linear arrangements. Linear chains of mucins then freely
intertwine and tangle amongst themselves in the gel layer (Verdugo, 1991).

Vi. Conformation of O-linked mucin oligosaccharides

In mammals, O — glycosylation begins in the Golgi, almost always with
addition of an N-acetyl galactosamine to a serine or threonine by a GalNAc-
transferase enzyme (Hanisch, 2001). Though there can be an incredible amount
of variation in precise structure of mucin oligosaccharides, each chain has a
basic pattern. There is a core region, composed of the two or three sugars most
proximal to the apomucin (of which GalNAc is the first), a backbone region that
serves to elongate the chain, and a peripheral region, which displays much
structural complexity and serves as a functional site in many instances (Hanisch,
2001; Lamblin et al., 1991). There are eight known core structures, cores 1
through 8. As an example of core structure, core 1 is composed of a GalNAc O-
linked to a serine or threonine in an a anomeric configuration, and a single
galactose linked to the GalNAc in a B — 1,3 fashion (Van den Steen et al., 1998).
Core structures can be branched as well as linear, as can be exemplified by core
2, where the initial GalNAc has two sugars linked to it, a galactose [B — 1,3] and a
GlIcNAc [B - 1,6] (Van den Steen et al., 1998).
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The backbone serves to elongate the chain, usually by the presence of
repeating disaccharide units of galactose and N-acetyl glucosamine, in either a
Gal B - 1,4GIcNAc linkage or a Gal B — 1,3GIcNAc linkage (Hanisch, 2001,
Lamblin et al., 1991). This type of disaccharide unit is referred to as a
lactosamine structure, with a B — 1,3 linkage referred to as a Type 1 lactosamine
and a B~ 1,4 as a Type 2 chain (Lamblin et al., 1991). Branched forms can be
generated at the level of the backbone as well as the core by a lactosamine
disaccharide linking to the C6 position of a preceding galactose while a second
lactosamine links to the C3 or C4 (Hanisch, 2001). Polylactosamine structures
of varying lengths and configuration can therefore significantly contribute to the
overall length and shape of the completed oligosaccharide.

The degree of complexity of the oligosaccharide chain increases at the level
of the periphery, as L-fucose and N-acetyl-neuraminic acid become potential
components, as well as the GalNAc, GIcNAc and Gal sugars that comprise the
core and backbone (Bhatia and Mukhopadhyay, 1999; Lamblin et al., 1991).
Additionally, sulfation — the addition of an SO;™ group catalyzed by a
sulfotransferase — is a common peripheral modification of mucin sugar chains
(Nieuw Amerongen et al., 1998). FIGURE 9 is a diagram of a representative
oligosaccharide chain possessing a core 2 structure attached to the apomucin.
Vil. Functional aspects of oligosaccharides

A. Oligosaccharides and leukocyte adhesion

Oligosaccharides are ubiquitous in organisms, serving as important

contributors to cell and tissue structure as well being important structural
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components of secreted mucins. Specific oligosaccharide structures are of
particular importance in cell adhesion activity, primarily in regard to leukocyte
margination and adhesion.

Circulating leukocytes possess the capability to migrate from vessels to
tissues in a multi-step process that begins with initial capture followed by rolling
of the white blood cell along vessel walls (Wagner and Roth, 2000). This initial
process of margination is followed by firm adhesion of white blood cells to a
specific site on the endothelium, in turn followed by migration of the leukocyte
from the vasculature into tissues.

Leukocyte capture and rolling events are dependent on selectin and selectin-
ligand interactions, which ultimately depend on the structural and functional
properties of oligosaccharides. Selectins are cell surface proteins that contain
lectin domains on their extracellular amino-terminal projections.

B. Lectins

Lectin is a term used to describe a wide variety of calcium-dependent
carbohydrate-binding proteins or glycoproteins. Lectins act in a specific manner,
with a particular lectin domain binding to a specific sugar situated in a specific
conformation. Lectins are widespread in nature. Not only are they found in
mammalian cells, but also as component molecular structures of plants and
fungi. For example, UEA 1 lectin is derived from the seeds of the plant Ulex
europaeus (gorse), and exhibits binding specificity for a — 1,2 linked fucose

molecules. In contrast, AAL lectin, derived from the fungus Aleuna aurantia,
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binds to fucose but displays specificity to fucose molecules in an a- 1,3
configuration.

C. Oligosaccharide and leukocyte interactions: selectins and selectin

ligands

Leukocyte selectins are essential for initial white blood cell capture and rolling
(margination). Leukocyte selectin (L-selectin) was first discovered as an
adhesion molecule on lymphocyte surfaces (Bochner, 1998), and is also
constitutively expressed on neutrophils (Wagner and Roth, 2000). Ligands for L-
selectin become expressed on the surface of endothelial cells in response to
bacterial endotoxin and inflammatory cytokines (Wagner and Roth, 2000). When
conditions that precipitate an inflammatory response call for leukocyte migration
into tissues, a well characterized process of transient leukocyte rolling, firm
adhesion, and migration occurs. The first step in this process, initial margination
and rolling of circulating leukocytes along the endothelium, occurs when
leukocyte selectins interact with their ligands. When the ligands are expressed,
L-selectin/ligand interactions are responsible for initial capture and rolling of
neutrophils along the vessel walls. Though selectin/ligand pairings are not
powerfully adhesive, this first step is necessary in order for firm adhesion and
subsequent leukocyte trafficking into the tissues to occur.

L-selectin ligands are glycoproteins, the best-characterized being GlyCAM-1
(glycosylated cell adhesion molecule) and CD34 (Hooper et al., 1996). The
terminal configuration of GlyCAM-1 and CD34 is a fucosylated, sialylated (N-

acetyl-neuraminic acid), sulfated tetrasaccharide unit, and this unit is the minimal
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structure necessary in order for selectin binding to take place (Imai et al., 1993a;
Hooper et al., 1996). The specific conformation of this tetrasaccharide has a
sialic acid linked to a galactose which is linked to the C4 of an N-acetyl
glucosamine. A fucose molecule is also linked to the N-acetyl glucosamine at
the #3 C (NANA(B-2,3)Gal(B-1,4)GIcNAcFuc|a-1,3]). The GIcNAc is in turn
linked to a preceding sugar in the oligosaccharide chain through a B-linkage. 6-
O-sulfation of either the Gal or GIcNAc component of the tetrasaccharide is also
necessary for ligand binding to occur (Green et al., 1992; Hooper et al., 1996;
Imai et al. 1993b). This specific tetrasaccharide structure (FIGURE 10) is
referred to as a sialylated Lewis X structure [SLeX] (Van den Steen et al., 1998).
Selectins can be endothelial cell-associated as well as leukocyte-associated.
Platelet selectin and endothelial cell selectin (P-selectin and E-selectin,
respectively) are molecules involved in leukocyte adhesion. Neither of these
selectins are constitutively present on endothelial cell surfaces, and are
expressed only following inflammatory stimuli (Wagner and Roth, 2000). Ligands
for P- and E- selectin are present on leukocyte surfaces. P-selectin glycoprotein
ligand (PSGL-1) is a glycoprotein dimer with terminal O-linked N-acetyl
neuraminic acids, and is capable of binding two P-selectin ligands simultaneously
(McEver and Cummings, 1997). As with L-selectin, the SLeX structure is the
required terminal configuration for effective binding of P-selectin to PSGL-1
(Hooper et al., 1996). Though the E-selectin ligand has not been fully
characterized, it contains vital fucose and sialic acid molecules as terminal

modifications (Van den Steen et al., 1998).
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The importance of the SLeX structure in normal leukocyte trafficking can be
demonstrated by a study where exogenously administered SLeX tetrasaccharide
diminished neutrophil-dependent lung damage following cobra-venom
administration (Mulligan et al., 1993). In this instance, binding of L-selectins by
the SLeX tetrasaccharide units decreased the initial margination activity of
neutrophils, and subsequently decreased neutrophil migration to the lung tissues.

An additional significant observation regarding leukocyte adhesion involves a
rare human inherited disorder termed leukocyte adhesion deficiency Il (LAD II).
LAD ll is a defect in the de-novo synthesis of GDP-fucose (Lowe, 1999), with the
end result being an inability to fucosylate oligosaccharide structures.
Immunodeficiency is observed in LAD I, as selectin ligands cannot be properly
synthesized. Peripheral neutrophil counts are high, as the neutrophils are unable
to adhere to the endothelium and leave the vasculature. In a study with one LAD
Il patient, oral fucose treatment resulted in reduction of peripheral neutrophils to
normal levels (Marquardt et al., 1999). LAD |l and evidence of effective treatment
for the condition with fucose speaks to the importance of oligosaccharide
fucosylation in normal leukocyte function and behavior.

Evidence exists that secreted mucins expressing specific oligosaccharide
structures can interact with leukocyte adhesion molecules. Mucins are
components of saliva as well as mucus, and a study centered on MG2 -- a low
molecular weight human salivary mucin encoded by the MUC7 gene (Bobek et
al., 1993) -- showed that MG2 oligosaccharide termini carry SLeX determinants

(Prakobphol et al., 1999). These SLeX structures demonstrated L-selectin ligand
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activity, and MG2 molecules were found in association with neutrophils,
suggesting specific neutrophil tethering activity by these mucins.

In summary, glycoprotein molecules that are not secreted mucins, but are
composed of the same sub-units as secreted mucins and share common
features with secreted mucins, are critical components of the complex system of
leukocyte adhesion and subsequent migration into tissues. Additionally, it has
been demonstrated that a SLeX determinant on a secreted salivary mucin can
confer L-selectin ligand activity to the mucin. Collectively, this knowledge
indicates that terminal oligosaccharide structure on secreted mucins can
potentially interact in a functional manner with leukocytes that migrate into airway
lumens.

D. Interactions between bacteria and mammalian mucins

i) Oligosaccharides. The mucus layer has long been recognized as an
important defensive structure, serving as a protective layer on mucosal surfaces
to trap foreign substances and facilitate their removal. The mucus layer can be
thought of as more than a non-specific adhesive layer, however, as mucin
oligosaccharide structures can impart specific functions. Structure/function
relationships of mucin oligosaccharides are well-illustrated by bacterial/mucus
interactions, as the peripheral regions of mucin oligosaccharide chains can serve
as specific receptors for common bacterial pathogens (Gaillard and Plotkowski,
1996). These interactions occur between bacterial surface proteins, termed
adhesins, and specific oligosaccharide structures that are components of either

epithelial cell surfaces or molecules such as mucins and collagen that surround
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epithelial surfaces (Gaillard and Plotkowski, 1996). Adhesins are typically protein
molecules that are expressed on the surface of bacteria, or the pili of piliated
strains (Lamblin and Roussel, 1993). Lamblin and Roussel have suggested that
mosaics of oligosaccharide side chains on mucins constitute a “vast array” of
potential binding sites for various bacteria.

Specific examples of bacterial organisms that are dependent on adhesin/host
glycoprotein interactions are Haemophilus influenzae, Helicobacter pylori,
Candida albicans, streptococcal species and Pseudomonas aeruginosa. H.
influenzae is an important pathogen in chronic bronchitis and cystic fibrosis, and
pilus-mediated adherence of the organism to human respiratory mucus takes
place (Kubiet et al, 2000). H. pylori is a Gram negative organism found in the
stomachs of a large percentage of the human population (Hooper and Gordon,
2001). H. pylon can interact directly with gastric epithelium that expresses the
Lewis b tetrasaccharide structure (Fuca-1,2GalB-1,3, GlcNAcB[Fuca-1,4]) (Boren
et al.,, 1993). Interestingly, the Lewis b tetrasaccharide displays structural
similarity to the type O determinant on erythrocytes of humans of blood group O
(Fuca-1,2GalB-1,4GIcNAc), also referred to as the H antigen. Type A and B
individuals express more complex oligosaccharide antigens on their erythrocyte
surfaces, with additional terminal GalNAc and Gal sugars, respectively (Voet and
Voet,1990). This difference has been proposed as a reason why there is an
increased incidence of H. pylon-associated gastric ulcers in type O individuals
(Hooper and Gordon, 2001), as type O individuals may not express

glycosyitransferases that are involved in the additional modification of the Lewis
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b and related structures, thus generating glycoproteins that can serve as more
specific receptors for H. pylori adhesins.

A different example of how oligosaccharide-mediated adhesion processes
have important and varied biological effects concerns a peptide produced by H.
pylori organisms, the H. pylori neutrophil activating protein (HPNAP). This
molecule recognizes and binds to specific surface carbohydrates of neutrophils
and induces increased expression of adhesion molecules on the neutrophil
surface, thus enhancing neutrophil adhesion to endothelial cells (Teneberg et al.,
1997).

In a protocol examining the mechanisms of C. albicans adhesion to both
buccal and vaginal epithelium, lectin and carbohydrate inhibition studies
indicated that there are at least two types of adhesion mechanisms — one
requiring presence of fucose and one requiring N-acetyl-glucosamine (Critchley
and Douglas, 1987). Additionally, fucose and N-acetyl-neuraminic acid have
been demonstrated to be of importance in the binding of oral viridans
streptococci (a taxonomic grouping of commensal bacteria in the oro-pharyngeal
cavity) to human epithelial cells (Vemier et al., 1996).

Of particular importance is Pseudomonas aeruginosa, a significant causative
organism of respiratory tract infections (Adam et al., 1997a). P. aureginosa
infection is also a major secondary complication in individuals with cystic fibrosis
(Adam et al., 1997b). P. aureginosa expresses a variety of surface molecules
that are involved in a range of bacterial adhesion processes with glycoconjugate

molecules. One P. aeruginosa adhesion molecule is PA-Il, a molecule that
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preferentially binds to the L-fucose of multisaccharide structures referred to as H,
A and B antigens (Gilboa-Garber et al., 1994). These structures possess a
terminal fucose in an a — 1,2 linkage, a different linkage form than the fucose
molecules found in the SLeX structure (a - 1,3). It has also been demonstrated
that P. aeruginosa strains isolated from cystic fibrosis patients have a high
binding affinity for mucin carbohydrates possessing the SLeX structure
(Scharfman et al., 1999). Further investigation has shown that P. aeruginosa
expresses a number of different adhesins, with flagellar cap protein, or FLiD,
binding to the SLeX epitope (Scharfman et al., 2001). In this study, additional P.
aeruginosa adhesins bound to different carbohydrate epitopes, such as the non-
sialylated Lewis X epitope (Gal B — 1,4GIcNac B — 1[Fuc a -1,3]) further indicating
that bacterial adhesion to host mucin molecules is a complex, multifactorial
association.

Pseudomonas aeruginosa/mucin interactions extend beyond simple adhesion,
as more complex functional consequences of this pairing have been reported.
The PA-Il lectin has ciliotoxic properties in addition to its role in specific binding.
This ciliotoxic activity is believed to be a survival mechanism on the part of the
bacteria, one that enables the bacteria to actively damage a component of the
host organism'’s defense system and thus facilitate colonization of the respiratory
system (Adam et al., 1997b).

The significance of bacterial adhesion/host glycoconjugate interaction is
underscored by a study that used nasal polyps from control and cystic fibrosis

patients to demonstrate that addition of exogenous fucose, to bind and cover the
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P. aeruginosa adhesin molecules, resulted in cilioprotective effects (Adam et al.,
1997b).

As mentioned, bacterial adhesion and host mucin oligosaccharide binding is
an important interaction, although the primary beneficiary of this interaction is not
necessarily clear. It can be argued that these specific interactions may be an
evolutionary development on the part of the host, as targeted binding of
xenobiotic organisms in the mucus layer to enhance their removal by the
mucociliary apparatus can clearly be seen as protective. However, the case of
the P. aeruginosa ciliotoxic adhesin PA-I| offers evidence that pathogenic
organisms can use these interactions to their own benefit. It is reasonable to
view these prokaryotic/host-mucin interactions as an example of adaptive
processes that occur continuously and simultaneously in evolutionary
adversaries, where natural selection leading to an advantage for one party is
countered by an adaptation on the part of the other.

ii) Bacteria and mucin apoproteins. The presence of bacteria in the
airways can have direct effects on production to mucin apoproteins. P.
aeruginosa can upregulate MUC 5AC and MUC 2 in human bronchial explants
and bronchial epithelial cell cultures that lack inflammatory cells, and this
upregulation can be mimicked by endotoxin molecules derived from P.
aeruginosa (Li et al., 1997, Dohrman et al., 1998).

P. aeruginosa is not alone in its ability to initiate or provoke a specific
response on the part of the host in regard to mucus production. Bordetella

pertussis, the causative organism of whooping cough in humans, has been
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demonstrated to upregulate MUC 2 and MUC 5 AC transcription in a human
bronchial epithelial cells (Belcher et al., 2000), as have Gram-positive bacteria
such as Staph aureus and Strep pyogenes (Dohrman et al., 1998). In the case
of B. pertussis, it was also determined that the organisms preferentially bound to
sialic acid-containing structures, which again speaks to important functional
interactions between pathogenic respiratory tract organisms and host mucins.
VIil. Airway Inflammation

A. Inflammation and the airways: introduction

Increased and/or altered mucus production in airways is a feature of diseases
such as asthma, chronic bronchitis and cystic fibrosis in humans, and recurrent
airway obstruction (RAO) of horses (Lundgren and Shelhamer, 1990; Robinson
et al., 1996; Shak, 1997). Common to all these conditions is some degree of
airway inflammation. The inflammatory response in the airways involves an
exquisitely complex interplay between inflammatory cells, inflammatory
mediators and airway tissues. Though the complete role and mechanism of
inflammation in these conditions is not fully elucidated, it is well established that
substances associated with inflammation, such as leukocyte proteases and
interleukins, can stimulate mucus production.

In the case of the respiratory system, the inflammatory response involves
resident immune system cells such as macrophages, cells that migrate to the
airways from blood or lymphatic vessels, and pulmonary tissues themselves --

specifically the airway epithelium.
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B. Inflammatory cells and the respiratory system: an overview

Inflammatory cells that play important roles in the airway inflammation are not
unique to the pulmonary vasculature or the respiratory system in general. These
cells include macrophages, lymphocytes, neutrophils, eosinophils and mast cells.

i) Macrophages

Macrophages are normal residents of the lung, not only in the alveoli but in
the airways as well, moving proximally via the mucociliary escalator.

Macrophages express MHC Il and are antigen-presenting cells. They function
in the lung as first-line defenders, phagocytizing inhaled bacteria and particulates
(Gant et al., 1998).

Pulmonary macrophages produce a variety of bioactive molecules involved in
the overall inflammatory response. These substances include reactive oxygen
species, proteinases, and proinflammatory cytokines such as tumor necrosis
factor a (TNFa), Interleukins 1 and 8, GM-CSF and the lipid mediator leukotriene
B4 [LTB4] (Gant et al., 1998; Daftary et al., 1998; Holt and Williams, 1998).
Additionally, macrophages express CD14, a glycosylphospatidylinositol-anchored
protein, on their surfaces (Hailman et al., 1994). CD14 is an endotoxin-binding
protein. Endotoxin/CD14 interactions result in intracellular signaling cascades
that activate macrophages, resulting in production of proinflammatory cytokines
(Su et al., 1995; Thorn, 2001). Macrophages therefore play a prominent role in

host responses to endotoxin.
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ii) Lymphocytes

Lymphocytes can be broadly classified as being either T lymphocytes
(thymus- derived) or B lymphocytes (bone marrow-derived). T lymphocytes
recognize antigens and can initiate cell mediated reactions, where various
effecter cells of the immune system are activated. B lymphocytes produce
antibodies (immunoglobulins), and are therefore principal cells of the humoral
immune response. T cells are also important in the humoral response, however,
as activation and proliferation of B cells is dependent on T cell function, for
example via production of B cell-stimulating cytokines.

T lymphocytes become activated when they physically interact with antigen
presenting cells that display antigenic peptides in concert with MHC || molecules.
Once activated, different subsets of T cells - either TH-1 or TH-2 subsets -- can
produce a variety of cytokines that are important in airway inflammation. These
include interferon gamma and TNFa by TH-1 cells, and interleukin 4 (IL-4), IL-13,
IL-5, IL-9, and IL-10 by TH-2 cells (Corrigan, 1998; Larsen and Holt, 2000).

iii) Neutrophils

Neutrophils are attracted from the vasculature to tissues of the airways by
chemoattractant cytokines such as leukotriene B4 (LTB4), platelet activating
factor (PAF) and interleukin 8 [IL-8] (O’Byrne, 1998; Holtzman et al., 1983;
Lellouch-Tubiana et al., 1988; Richman-Eisenstat et al., 1993). Major sources of
LTB4 are macrophages and neutrophils themselves (O’'Byrne, 1998).
Macrophages are producers of IL-8 and PAF, as are neutrophils themselves.

Production of LTB4 and IL-8 by neutrophils indicates a positive feedback system



of neutrophil attraction during inflammatory processes. Additionally, injured
airway tissues can independently recruit neutrophils, as the epithelium itself can
produce IL-8 (Proud, 1998; Marshall et al., 2001; Nakamura et al., 1991; Park et
al., 2000).

Once in the tissues, activated neutrophils can phagocytize bacteria and
particulates, and produce a wide array of bioactive substances. These include
reactive oxygen species (ROS), LTB4, PAF, IL-8, TNFa, IL-18 and proteinases
such as neutrophil elastase (O’'Byrne, 1998; Scapini et al., 2000).

iv) Eosinophils

Interleukin 5, produced primarily by the TH-2 subset of T lymphocytes, is a
chemoattractant for eosinophils, and a powerful stimulator of eosinophil
production and function (Broide, 2001). Like other inflammatory cells,
eosinophils produce multiple substances. These include major basic protein,
reactive oxygen species, proinflammatory cytokines such as TNFa and IL-1, and
lipid mediators such as PAF and leukotriene C4 and C5 (Kita et al., 1998).
These latter two compounds are also known as cysteinyl leukotrienes, and have
been implicated in causing bronchoconstriction and increased mucus secretion in
airway inflammatory disease (Bigby, 2000).

v) Mast cells

Mast cells are usually found within tissues such as the skin and mucosa of the
respiratory and gastrointestinal tract —- that is, tissues that can act as potential
entry portals for xenobiotic agents or foreign particles. Mast cell activation is a

multi-step process. IgE, produced by properly activated B lymphocytes, must
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bind to high-affinity IgE receptors (FCeR1) that are present on mast cell surfaces
(Schwartz and Huff, 1998). Two separate IgE molecules must then be
simultaneously bound be a single multivalent antigen (i.e. IgE cross linking).
Once activated, mast cells can release large quantities of important inflammatory
mediators such as LTC4, TNFa, histamine, and the neutral proteinases tryptase
and chymase (Schwartz and Huff, 1998; Gurish and Austin, 2001).

C. The airway epithelium as active participant in inflammation

The airway epithelium is a complex functional structure, being much more
than a mere physical barrier and the producer and transporter of a mucous
blanket. Examples of metabolic function of the airway epithelium include
synthesis of acetylcholine and metabolism of histamine and neuropeptides
(Folkert and Nijkamp, 1998).

Airway epithelium can also be a proactive participant in the inflammatory
process. Human bronchial epithelial cells have been shown to produce the
neutrophil chemoattractant IL-8 (Marshall et al., 2001; Park et al., 2000) in vitro.
Interleukin-8 has also been demonstrated to be produced by human epithelial
cells in vivo, as Ryhoo et al (1999) have shown IL-8 gene expression in surgical
biopsies of sinus mucosal tissue obtained from patients with rhinosinusitis.
Epithelial cells have also been shown to produce proinflammatory reactive
oxygen and nitrogen species in a study using guinea pig tracheal epithelial cells

in culture (Rochell et al., 1998).
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D. Airway inflammation and increased mucus production: specific

diseases

i) Asthma

Asthma is a disease characterized primarily by bronchial
hyperresponsiveness and reversible airway obstruction. Chronic inflammation is
associated with the condition, as is an increase in mucus production. A
pronounced eosinophilia has long been recognized as a prominent component of
asthma. Other inflammatory components are present in the disease, however,
and these components may have critical importance, as recent studies have
brought the eosinophil’s role in asthma into question. For example, Leckie et al.
(2000) showed that depletion of circulating and airway eosinophils had no effect
on clinical signs of asthma, and a study by Kips et al. (2000) demonstrated that
reduction of eosinophil numbers by corticosteroids did not result in concomitant
improvement in lung function. Inflammatory cell types other than eosinophils
may play important roles in the development and/or maintenance of asthma,
however. Lymphocytes of the TH-2 subset and the cytokines they produce, such
as interleukins 9 and 13, are recognized to be associated with asthma
(Robinson, 1992; Gavett et al., 1995; Bousqet et al, 2000), and neutrophils and
the bioactive compounds they produce are now thought to contribute to clinical
signs and symptoms of asthma (Jung and Park, 1999; Krawiec et al., 1999; Louis
et al., 2000; Martin et al., 1991; Park et al., 1999). Additionally, a bronchial
neutrophilia has been shown to be associated with severe, refractory prednisone-

dependent asthma (Wenzel et al., 1997 and 1999), and with status asthmatacus,

-47 -




or acute, severe asthma attacks (Lamblin et al., 1998). Ordonez et al, (2000)
also showed an increased number of neutrophils and an increase in levels of the
neutrophil chemoattractant interleukin 8 in airway secretions of patients with
acute asthma attacks that required intubation and mechanical ventilation. In a
study involving adults with persistent asthma and healthy controls, Gibson et al.
(2001) also described a heterogeneity of airway inflammation in asthma, with an
increase in IL-8 and a distinct role for neutrophils in noneosinophilic persistent
asthma.

Excessive mucus production can be quite a significant problem in asthma, as
extensive mucus plugging of the airways is a regular post-mortem finding in
individuals who die during status asthmatacus (Sheehan et al., 1995; Tonnel et
al., 2001).

Current therapy for asthma consists of regular, long term use of inhaled
corticosteroids to reduce inflammation, coupled with bronchodilator agents such
as long-acting B2 agonists or quaternary ammonium atropine compounds. Short
acting B2 agonists agents are also used during bouts of acute respiratory distress
(Global Initiative for Athma, NIH, 1998).

Asthma is a much-studied disease. And though much is known about this
disease, knowledge is still lacking concerning the relationship between
neutrophils and the increased presence of specific mucin structures in the
airways. Further research in this area is warranted, and is detailed later in this

thesis.
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ii) Cystic fibrosis

Cystic fibrosis (CF) is a genetic condition that is not confined to the respiratory
system, but is a body-wide condition that affects many exocrine tissues. The
primary problem is a defect in one gene that is required for proper construction of
a membrane protein, the CFTR [cystic fibrosis transmembrane conductance
regulator] (Doull, 2001). This membrane protein has many functions, including
conduction of chloride ions and the regulation of other types of membrane ion
channel proteins. An example of the latter is exertion of a negative regulatory
effect on an epithelial sodium channel (Krouse, 2001; Pitt, 2001). Though the
CFTR defect is well known, much of the pathogenesis of CF remains a mystery,
as the disease cannot be adequately and entirely explained by a defective apical
epithelial chloride channel alone (Scanlin and Glick, 1999).

The principal respiratory complication of CF is one of chronic P. aeruginosa
infection (Govan and Deretic; 1996). Chronic and permanent infection is by a
strain of P. aeruginosa that is of a mucoid phenotype (Tatterson et al, 2001)
where the bacteria themselves produce an exopolysaccharide called alginate.
There is currently controversy concerning the reasons why P. aeruginosa
infection occurs with CF (Krouse, 2001). One postulated reason is that abnormal
ion composition of airway surface liquid (increased salt content) inhibits the
activity of host antimicrobial peptides. A competing school of thought is that
there is decreased volume of airway surface liquid due to increased reabsorption
of sodium and water, secondary to loss of negative regulation of an epithelial

sodium channel. The decreased volume allows collapse of the cilia, resulting in
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cessation of normal mucus movement up the mucociliary escalator. Lack of
proper mucociliary escalator function then allows bacterial colonization. Although
recent studies have suggested that ion composition of the airway surface fluid is
indeed normal (Verkman, 2001), supporting the notion that decreased volume is
a critical aspect, the issue remains unresolved.

No matter the cause, bacterial colonization results in subsequent chronic
inflammation, primarily of a neutrophilic nature (Kahn et al., 1995; Armstrong et
al., 1997). It has also been reported that CF epithelium may have constitutively
upregulated IL-8 production, which would contribute to neutrophilic airway
inflammation (Doull, 2001; Tatterson, 2001).

No cure exists for CF. Current treatment in regard to airway pathology
involves a) inhaled or systemic antibiotics to fight chronic P. aeruginosa infection;
b) dornase alfa, an enzyme that fragments DNA, as intact DNA released from
bacteria and inflammatory cells can thicken the mucus blanket; c)
bronchodilators, such as B2 agonists; and d) mechanical disturbance and
mobilization of airway mucus, for example by physical percussion of the chest
(Mayo Foundation for Medical Education and Research, 2001).

There is no question as to the primary genetic defect in CF, and also no
question that one of the main clinical signs of CF is the presence of thick, viscous
mucus in the airways. Many reports have also demonstrated that mucins
produced by CF airway epithelium are different from mucins produced by non-CF
epithelium, with increased fucosylation and decreased sialylation of secreted

mucins being characteristic of CF (Scanlin and Glick, 1999). Interestingly, the
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fucose increase is of an a — 1,3 linkage (characteristic of Lewis antigens), and
the sialic acid is of a 2,6 linkage (differing from the 2,3 linkage found in the SLeX
structure). The precise reasons for the presence and characteristics of CF mucus
remain unknown, however, despite a great deal of research into the disease. As
Quinton points out in a historical overview of CF (1999), there is no clear
evidence to determine what occurs first, increased (abnormal) mucus production
and secretion in the airways, or infection and subsequent inflammation. If the
latter eventually is found to be true, increased mucus presence in CF may be
explained as a sequelae of infection by LPS-bearing bacteria and resultant
chronic inflammation, and abnormal viscosity may be due to presence of celiular
components such as DNA and actin.

Whatever the case in regard to CF, the fact remains that an excessive mucus
presence exists, along with Gram-negative bacterial colonization and chronic
inflammation. Some fraction of the altered mucus production may then be due to
effects of endotoxin and/or endotoxin-induced inflammatory mediators. The
mucus of CF, from mucin structure to gross characteristics, may therefore not be
pathognomonic to the disease, but may be the same type of mucus that occurs in
a variety of airway diseases.

With CF, as with asthma, the full relationship between inflammation and
altered quantity and/or quality of mucus is unknown. Further research is required
on many fronts before a thorough understanding of the connection between

these two factors is realized.
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iii) Recurrent airway obstruction of horses

Horses with recurrent airway obstruction (RAO) have a clinical presentation
that can include coughing, increased respiratory secretions (i.e. mucus), a
predominantly neutrophilic airways inflammation, and a forced expiratory
abdominal effort that gives the disease the common name of heaves (Robinson
et al.,, 1996). The labored breathing observed with RAO is due to an increase in
airway resistance. This increase in resistance is due primarily to bronchospasm,
or contraction of the airway smooth muscle (Robinson et al., 1996), although
other factors such as increased mucus production and airway wall thickening
may contribute.

The airways inflammation and clinical signs of respiratory distress follow
exposures to the instigating environment of a barn or stable, where hay and grain
dusts can be quite heavy in the air. Concentrations of dusts in the air of a horse
stall can be as high as 20 mg/m® (Woods et al, 1993). As a comparison, OSHA
guidelines for maximal dust exposure for humans are 10 mg/m?® for an 8 hour
period.

The principal pathologic feature of RAO is a bronchiolitis, where there is a
peribronchiolar accumulation of lymphocytes. Increased mucus presence in the
airways and infiltration of neutrophils into airway lumens are also characteristic
components of the disease (Breeze, 1979; Kaup et al., 1990, Robinson et al.,
1996, Robinson, 2001).

Neutrophil accumulation in the lung of RAO horses occurs at 3 to 5 hours

after initiation of natural challenge (Fairbairn et al., 1993), and neutrophils are
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present in increased numbers in the bronchoalveolar lavage fluid (BALF) by 5
hours (McGorum et al, 1993a).

In a study by Franchini et al, (2000) involving RAO and non-RAO horses,
increased levels of the neutrophil chemokine IL-8 and neutrophils were present in
RAO horses as compared to controls, and increases were also present in RAO
horses exposed to dust as compared to non-exposed RAO horses. As well as
underscoring the prominence of neutrophilic inflammation in RAO, the study
suggested a mechanism for neutrophil recruitment via increased IL-8 presence,
though roles for other neutrophil chemotactic compounds such as the
leukotrienes and macrophage inflammatory protein — 2 were not ruled out.

There is also evidence that demonstrates persistent airway pathophysiologic
changes to the airway epithelium in RAO-affected horses. Bureau et al (2000)
showed a persistent granulocyte-dependent activation of NFkB in bronchial
brushings from RAO horses removed from environmental challenge for 30 days.

Though neutrophils are the predominant cell type that can be recovered in
BALF of RAO-affected horses, lymphocytes may also be important in the
development and progression of the disease. A study by Lavoie et al (2001)
demonstrated that lymphocytes of the TH-2 subtype may be associated with
RAO. Using molecular techniques to assess expression of cytokines associated
with either TH-1 or TH-2 lymphocytes, this study showed that the TH-2 —
associated cytokines interleukin 4 and interleukin 5 (IL-4, IL-5) were increased in

RAO horses as compared to control horses, and there was a concurrent
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decrease in RAO horses of the TH-1 — associated cytokine interferon gamma
(INFy).

Similarities exist between RAO of horses and asthma. As well as
phenotypical similarities such as a reversible bronchoconstriction and mucus
accumulation in the airways, there are important parallels in regard to
inflammatory patterns. Both diseases exhibit an increase in TH-2 cell activity,
and activity of neutrophils may be important in the pathogenesis and progression
of both conditions. Parallels exist between RAO and CF, as well — most notably
the increased IL-8, neutrophil and mucus presence that are components of both
diseases.

Similarities exist between asthma and RAO in terms of treatment
approaches. As in asthma, treatment of RAO involves environmental control (i.e.
separation from a precipitating environment), use of corticosteroids to reduce
inflammation, and bronchodilators (Robinson et al., 2001).

Increased mucus presence in RAO has long been observed and noted, and
subjective scoring systems to assess levels of mucus accumulation have been
employed (Dixon et al, 1995; Mills et al, 1996). No objective methods of
quantifying airway mucus in RAO have been developed, however, and no
detailed examination of the cause(s) and significance of mucus in the disease
has been performed. Work in this thesis project addresses these unknown

areas.
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iv) Etiologies: RAO and asthma.

Exact triggers of airway inflammation in these conditions are varied or not fully
understood. In the case of asthma, for instance, most patients exhibit immediate
hypersensitivity responses to inhaled allergens and display rapid IgE-dependent
mast cell degranulation (Renauld, 2001), followed by development of signs and
symptoms of acute asthma, including an inflammatory response. In contrast to
this form of asthma (termed atopic asthma) is non-atopic asthma, a form seen in
a large proportion of asthma patients. In non-atopic asthma, an asthma
phenotype with airway inflammation develops without increases in IgE or
indications of an allergic response (Renauld, 2001). In either case, there is
nonetheless inflammatory cell influx into the airways, and generation of a
cytokine profile indicative of a T-Helper cell type-2 (TH-2) response (Bousquet et
al., 2000), a cytokine profile of great significance to an asthma phenotype.

Though a large body of evidence points to indoor housing and exposure to
hay dust as being responsible for the signs and symptoms of equine RAO, the
exact nature of the causative event is unknown. Some studies suggest an
immunologic-based etiology. Hay dust contains many allergenic substances,
including large amounts of respirable mold and actinomycete spores from
organisms such as Aspergillus fumigatus, Faeni rectivirgula and
Themmoactinomyces vulgaris (Clarke and Madelin, 1987; Robinson et al., 1996).
McGorum et al. (1993a) demonstrated that natural challenge with dusty hay
resulted in lung dysfunction and airway inflammatory cell infiltration in RAO but

not control horses, and that specific antigenic challenge with A. fumigatus and F.
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rectivirgula resulted in airway inflammatory cell influx but not in lung dysfunction.
A reaction by RAO horses in both types of challenges that was not observed in
control horses led the authors to conclude that RAO was a pulmonary
hypersensitivity disease, one similar to atopic asthma. Other evidence of RAO
being a hypersensitivity condition come from reports of increased numbers of
CD4+ lymphocytes [i. e. T Helper cells], in BALF of RAO horses, (McGorum et
al., 1993b), increased levels of TH-2 cytokines in BALF (Lavoie et al., 2001), and
increased serum IgE concentrations (Halliwell et al., 1993; Eder et al., 2000).
Controversy exists, however, as other investigators suggest that horses with
RAO do not have an exaggerated immune response. Ainsworth et al., (2002)
published a report demonstrating that RAO horses exposed to a nebulized
antigen (keyhole limpet hemocyanin — KLH) did not have an elevated IgG
response, and the IgG levels were actually lower than those of control horses.
Though the work of McGorum et al. (1993a) indicated that hay dust

exposure resulted in lung function deficits and airway inflammation, specific
antigen challenge resuited in inflammation but no pulmonary function deficits
characteristic of RAO. As pointed out by Robinson et al. (1996), this suggests
that factors other than hypersensitivity to specific antigens may be involved in the
pathogenesis of RAO.

Hay dust is composed of many constituents, and though there is some
evidence of RAO being a hypersensitivity condition, other, non-specific causes
cannot be excluded. One important component of hay dust and barn

environments is bacterial endotoxin, or lipopolysaccharide (LPS), a component of
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Gram negative cell walls. LPS is ubiquitous in the environment, and has been
implicated as being an important factor in respiratory diseases. McGorum and
coworkers (1998) reported that total airborne endotoxin concentration in the
breathing zone of stabled ponies exceeded levels which can induce airways
inflammation and bronchial hyperresponsiveness in humans. Other studies and
models have shown that LPS exposures result in increased airway mucus
presence (Yanagihara et al., 2001, Vernooy et al., 2002), though it is not always
clear if these changes can be stimulated by the direct effect of endotoxin, or if
they are secondary to endotoxin-induced inflammation. Additionally, LPS has
been proposed as a factor in exacerbation of asthma in humans (Park et al.,
2001; Schwartz, 2001).

As no precise etiology of RAO has been discovered at this point, a possibility
to be considered is that there may be no single cause in all cases, and that, like
asthma, there may be multiple causes that converge on a single phenotype.

E. Specific cellular responses to inhaled agents

As mentioned, the totality of an airway inflammatory response is intricate and
not fully elucidated. In regard to increased mucus production and inflammatory
airway disease, important links have been established between mediators
produced by TH cells of the TH-2 subtype and by neutrophils. It is therefore
useful to more closely examine the biology of inflammation regarding these

particular cell types.
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i) Airway mucosal dendritic cells

Airway mucosal dendritic cells (AMDC) are motile, phagocytic cells of
monocyte/macrophage lineage that are present in the airway epithelium (Sertl et
al., 1986; McWilliam et al., 1995). Morphologically they possess many branching
projections that interweave between epithelial cells and orient toward the airway
luminal surface. Functionally, these projections serve as individual environment
sampling stations, with many arising from a single cell body. AMDCs are
important in the inflammatory process, as they express many MHC |l surface
markers and are the principal antigen-presenting cells in the airway wall
(Lambrecht, 2001; Nicod et al., 2000). They are therefore a critical component in
the activation of T cells.

As well as being resident cells in the airway mucosa, dendritic cells can be
rapidly recruited to the airways. McWilliam et al (1996) demonstrated migration
of dendritic cells to the airways in response to CC chemokines and the bacterial
peptide fMLP (formyl-methionyl-leucyl-phenylalanine). Migration of dendritic cells
to the airway mucosa in response to the presence of inhaled pathogens and
inflammation can therefore be a mechanism for accelerating the airway immune
response.

Inhaled foreign particles that deposit onto the mucosal surface of the airways
can be detected by AMDCs, engulfed through endocytosis, phagocytized, and
thus converted into peptides that can be presented to other cells of the immune

system. Once a dendritic cell has taken in a foreign particle, it can migrate to
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regional lymphatic tissues in what is known as the afferent phase of the of the T
cell immune response (Lambrecht, 2001).

i) Macrophages

Though macrophages may be involved in antigen presentation processes in
regional lymph nodes, it is believed that macrophages act primarily as phagocytic
cells in the airways and alveolar regions, serving as first line defense against
inhaled particulates and bacteria.

When macrophages become activated in response to inhaled particulates,
they can produce a wide array of bioactive agents, including eicosanoids,
reactive oxygen species, and cytokines such as the proinflammatory mediator IL-
1 and the neutrophil chemoattactant IL-8 (Gant et al., 1998).

Macrophages can also be involved in airway remodeling by the production of
fibroblast growth factors, platelet derived growth facor, TGFB and fibronectin
(Bousqeut et al., 2000). Macropohages additionally produce matrix
metalloproteinase 12 (MMP12), or macrophage metalloelastase. This enzyme is
a member of the matrix metalloproteinase (MMP) family, a group with 23 known
members (Parks and Shapiro, 2001). MMPs are zinc-dependent proteinases,
that, as a group, can collectively degrade all connective tissue components of an
organism. MMPs function in situations where connective tissue turnover is
critical, such as during morphogenesis and wound repair (Dunsmore et al., 1998,;

Parks and Shapiro, 2001).
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iii) Lymphocytes

Lymphocytes of the CD4+ (T Helper) family that reside in regional lymph
tissues are referred to as TH-0 cells. These are naive cells, capable of
developing into either TH-1 or TH-2 cells. Antigenic presentation to TH-0 cells by
airway mucosal dendritic cells (AMDC) acts to regulate further T cell
development (Stumbles et al., 1999). The TH cell paradigm that has developed
since a first description by Mosmann and Coffman (1989) involves antigen
presentation to TH-0 cells by AMDCs, and development of the naive lymphocyte
into either a TH-1 or TH-2 lymphocyte. Antigens associated with a proliferative
invasion of the airways, such as by pathogenic bacteria, direct TH-0 cells down a
path toward development into TH-1 cells that then migrate to the site of invasion
(i.e. the airway mucosa and luminal surface). Activated TH-1 cells then produce
a variety of cytokines (a TH-1 cytokine profile) that stimulate a cell mediated
immune response. Notable cytokines of the TH-1 profile are interleukin 2 (IL-2),
interferon gamma (IFNy) and tumor necrosis factor beta (TNFB) (Corrigan,1998).

Antigens such as dusts, pollens and other allergens result in development of
TH-0 cells into TH-2 lymphocytes, producers of a TH-2 cytokine profile that acts
to promote an antibody mediated response. TH-2 cytokines are more prevalent
in allergic reactions. Cytokines of TH-2 cell origin include IL-4, IL-5, IL-9, IL-10
and IL-13 (Corrigan, 1998). All play important roles in inflammatory airway
disease, and selected TH-2 cytokines have been demonstrated to increase

mucus production. The efferent phase of the T cell response is the migration of
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activated TH-1 or TH-2 cells to the airways, where each type’s particular battery
of cytokines contributes to the immune/inflammatory reaction.

In a significant interplay between the two types of T cells, TH-1 cytokines,
especially IFNy, can have a negative regulatory effect on TH-2 cell development,
and TH-2 cytokines such as IL-4, 10 and 13, have a corresponding
downregulatory effect on TH-1 cells.

The basic premise of the TH-1/TH-2 paradigm is therefore that one TH
pathway is generated depending on the type of invasion or injury to the airway,
with a particular cytokine profile (1 or 2) being optimally designed to deal with the
original insult. Though numerous studies support this premise, it is now
generally accepted that there are no immune reactions with either complete TH-1
or 2 responses to the exclusion of the other sub-type, and that a particular
response is skewed or polarized to one of the two T Helper types.

iv) Neutrophils

Cellular responses in inflammatory reactions of the airways are highly
complex, and involve much more than T Helper cells. Of note in regard to mucus
production in airway disease are neutrophils, as proteinases released from
activated neutrophils are known to upregulate mucin production.

Neutrophils possess different receptor types for chemotactic stimuli, including
platelet activating factor (PAF), leukotriene B4 (LTB4), and bacterial peptides
such as fMLP (Wagner and Roth, 2000). Also of great importance are
chemokines (cytokines that exhibit chemoattractant properties), specifically those

of the CXC family. All chemokines have 4 cysteine residues at their amino-
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termini that form disulfide linkages. In CXC chemokines, the 2 most distal
cysteines are separated by an amino acid [X]. In contrast, in CC cytokines there
are no intervening amino acids between the two distal cysteines. This relatively
small structural difference translates into distinct and different abilities to attract
leukocytes, with CXC chemokines attracting neutrophils and CC chemokines
primarily attracting mononuclear cells such as lymphocytes (Wagner and Roth,
2000).

Interleukin 8 (IL-8) is a CXC cytokine and can be derived from multiple
sources, including macrophages, epithelial and endothelial cells (Metzger and
Page, 1998). Triggers for IL-8 release include the pro-inflammatory mediators
TNFa and IL-1, as well as the powerful inflammagen LPS (Smart and Casale,
1994; Rot et al., 1996; Wagner and Roth, 2000). Though there are multiple
sources of TNFa and IL-1, macrophages are major producers of these
inflammatory mediators.

Cellular responses and inflammatory pathways that can lead to a response
that includes increased airway mucus production can be summarized in a
simplified manner as follows: A) inhalation of an initiating agent, such as
allergenic peptides or bacterial LPS. B) macrophages respond to and
phagocytize the agent and become activated, whereupon they release mediators
such as TNFa, IL-1 and IL-8. These mediators in turn stimulate more IL-8
production from tissues such as airway epithelium, and IL-8 stimulates migration
of neutrophils from the pulmonary vasculature into the airway epithelium and

lumen. As neutrophils themselves are sources for neutrophil chemoattractants, a
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temporary positive feedback loop can be initiated, with continued influx of
neutrophils. C) simultaneously with neutrophil recruitment, airway mucosal
dendritic cells detect and engulf initiating agents, setting off the afferent phase of
T-helper cell activation. TH-0 cells in regional lymphatics are directed onto a TH-
2 path, and the efferent phase progresses, where TH-2 cells migrate to the
airway tissues and lumen. TH-2 cells produce cytokines of the TH-2 profile,
which include IL-4, 5, 9, and 13.

F. Inflammatory mediators and mucus production

A variety of stimuli have been linked to increased mucus production, including
PAF, interleukins 13 and 9, serine proteases such as neutrophil elastase, and
reactive oxygen species (Henderson et al., 2000; Longphre et al., 1999; Shim et
al., 2001; Takeyama et al., 2000; Voynow et al., 1999). As neutrophils are of
importance in asthma, cystic fibrosis, equine RAO and endotoxin exposures, the
effect of the serine protease neutrophil elastase and related compounds on
mucin production and structure must be carefully considered.
i) Neutrophil elastase

Neutrophil elastase [NE] is a serine protease produced and secreted by
neutrophils. Serine proteases are enzymes that possess a serine located at a
critical point in the three-dimensional configuration of the enzyme, which allows
for a nucleophilic attack on chemical bonds in substrate molecules (Voet and
Voet, 1990). The specific evolutionary purpose of neutrophil elastase remains a
subject of debate. As pointed out by Shapiro (2002), most knowledge

concerning neutrophil elastase revolves around its ability to cause tissue
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destruction. Neutrophil elastase may be principally designed to destroy
pathogens, as NE has been shown to catalytically cleave outer wall proteins of
Gram (-) bacteria (Belaaouaj et al., 1998). NE knockout mice have not been
shown to be more susceptible to spontaneous infection, however (Shapiro,
2002). Though this indicates that NE is not an essential front line defense
against pathogens, the proteolytic activity exhibited by NE may still be critical in
host defense, as redundant effects of other, similar, neutrophil-derived
proteinases such as cathepsin G may be essential. Controversy exists regarding
the necessity of NE for local proteolysis, thus allowing migration of neutrophils
through tissue barriers. One study has indicated that inhibition of NE can inhibit
migration of neutrophils through a membrane (Delacourt et al., 2002), whereas
others (Huber et al., 1989; Mackarel et al., 1999) have shown that elastase
inhibition does not effect neutrophil migration.

Neutrophil elastase has distinct effects apart from catalytic destruction of
pathogens or host tissue. For example, it can stimulate increased mucus
production from the airway epithelium. NE is a well-known secretagogue for
mucous goblet cells (Nadel et al., 1999), and several studies have demonstrated
that NE can increase expression of MUC 5AC gene, increase MUC 5AC mRNA
stability and increase MUC 5AC protein expression (Voynow et all, 1999; Martin
et al., 2000).

Though there are many descriptions of the secretagogue effect of NE, the
precise mechanisms of its effect is not fully known. Some light has recently been

shed on its mode of action, however. DiCamillo and coworkers (2002) have
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shown that soluble epidermal growth factor (EGF), proteolytically cleaved from
cell surfaces, can transactivate EGFr in lung cells. In turn, work by Nadel (2000)
and Takeyama et al. (2001a) has shown that EGFr activation can lead to
increased mucus production. Additionally, Fischer and Voynow (2000) have
demonstrated that NE increases Muc5AC mRNA expression through an oxidant-
dependent mechanism. In this study, NE was shown to increase intracellular
oxidant levels in human epithelial cell cultures, and NE’s effect on Muc5AC
expression was inhibited by addition of dimethylthiourea (DMTU), a scavenger of
hydroxyl radicals and other hydroxylated products.

ii) Macrophage metalloelastase (MMP12; macrophage elastase)

Macrophage elastase is a powerful enzyme, with functional properties very

similar to neutrophil elastase. Like NE, it contains a catalytic domain that can
cleave elastin, a polymer that is normally highly resistant to proteolytic
degradation (Parks and Shapiro, 2001).

As with all metalloproteinases (MMPs), macrophage elastase can be involved
in tissue remodeling processes that require breakdown of connective tissue.
These processes include morphogenesis and wound repair.

iii) Neutrophil-derived reactive oxygen species and the epidermal growth factor
receptor

Reactive oxygen species (ROS) are molecules such as hydrogen peroxide,
the hydroxyl radical and the superoxide anion. ROS can be produced by

neutrophils and other granulocytes, and are released by activated neutrophils
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during the inflammatory response (Larsen and Holt, 2000). ROS can have both
cytotoxic and cell regulatory effects (Kehrer, 2000; Lander, 1997).

The epidermal growth factor receptor (EGFr) is a molecular dimer that is
expressed on many cell types, either constitutively or induced, including the
airway epithelium (Takeyama, 1999). Activation of the EGFr by ligands such as
EGF or TGFa results in auto trans-phosphorylation of receptor intracellular
domains. Auto phosphorylaton in turn activates a number of intracellular signal
transduction events, for example signaling cascades involving the G protein-like
molecule ras and its downstream partner raf, and mitogen-activated protein
kinases [MAPKs] (Artaega, 2001). The phosphorylation event occurs because of
inherent tyrosine kinase activity in the EGFr. Nadel (2000) showed that
activation of EGFr can stimulate the growth of airway goblet cells, and Takeyama
et al (2001b) demonstrated that EGFr activation can increase MUCS5AC
production at both the gene expression and protein levels, and that selective
inhibition of EGFr tyrosine kinase activity can effectively block MUC5AC
production by goblet cells.

Though EGFr ligands result in receptor and signal cascade activation,
reactive oxygen species that can be produced by neutrophils, such as hydrogen
peroxide, have been implicated in the ligand-free activation of EGFr. Wang et al
(2000) showed that hydrogen peroxide can activate cell signaling in vitro through
an EGFr-dependent mechanism. The study by Takeyama et al (2000)

demonstrated that supernatant from stimulated neutrophils activated EGFr

-66 -



cascades in the presence of neutralizing antibodies of EGFr ligands, and this
effect was inhibited by antioxidants.
G. Leukocyte migration to the airways: a connection to glycoproteins

Presence of cells such as TH-2 lymphocytes and neutrophils in the airways is
obviously a keystone marker of inflammation, and cytokines and other mediators
they produce while in the airways are of great significance in terms of a
protective response against inhaled agents and also in terms of effect on airway
tissues (e.g. increased mucus production).

The process of migration of leukocytes from the pulmonary vasculature into
the airways is therefore also of great significance. As this migration involves
interactions between adhesion molecules and ligands that are mucin-type
glycoproteins, implications exist regarding potential leukocyte/mucin interactions.

The first step in the migration of white blood cells from the bloodstream to the
airways is the rolling of leukocytes along the endothelium, which involves
transient interactions between selectins and selectin ligands. As previously
detailed, neutrophils and lymphocytes express L-selectin, which interact with L-
selectin ligands that are expressed on endothelial cells. Evidence suggests L-
selectin ligands are both constitutively expressed and also induced by cytokines
and LPS (Spertini, 91, Von Adrian, 91, Wagner and Roth, 2000, Walchek, 96).

In systemic tissues, interactions between L-selectin and L-selectin ligands
leads to rolling behavior of white blood cells along the endothelium of post-

capillary venules, an event which momentarily slows leukocyte movement
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through the blood stream, thus allowing the subsequent steps of firm adhesion
and transmigration to occur if the appropriate stimuli are present.

Activity in the pulmonary circulation differs, however, in that approximately
97% of neutrophils found in the pulmonary vasculature locate in capillary
networks where vessel diameters are too small for rolling behavior (Doerschuk et
al., 1993).

Though leukocyte rolling does not occur in the lungs in the same manner as
within venules of the systemic circulation, there is evidence that demonstrates
the importance of L-selectin in the lung. Kuebler et al. (1997) treated rabbits with
fucoidan, a sulfated fucose polymer that adheres to selectin binding sites, and
showed substantial decreases in neutrophil stopping in pulmonary capillaries. L-
selectin’s role was further illuminated by the work of Yamaguchi et al. (1997) as
fucoidan treated rats had decreased leukocyte localization in alveolar capillaries.
This same study showed that antibodies to P-selectin did not slow neutrophil
transit in lungs, while rolling of neutrophils on systemic venule endothelium was
decreased. E-selectin is not expressed in non-inflamed rat lungs, thus indicating
all selectin-mediated binding in the lung was mediated by L-selectin.

Selectin/selectin ligand interactions are early steps in the transendothelial
migration process, followed by firm adhesion involving integrins present on white
blood cell surfaces, such as MAC-1 (macrophage antigen — 1), and their ligands,
such as ICAM - 1 (intercellular adhesion molecule), which is induced on
endothelial cells by inflammatory cytokines (Wagner and Roth, 2000). However,

it is important to recognize L-selectin’s presence on lymphocytes and neutrophils,
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not only for the role in movement of the cells from the vasculature to the lung and
airway tissues, but as potential interaction sites with terminal structures on
secreted mucin molecules. As previously indicated, the L-selectin ligand is a
terminally sulfated and fucosylated glycoprotein structure, similar in structure to
oligosaccharide side chains of secreted mucin glycoproteins.

All L-selectin molecules do not necessarily survive intact as leukocytes move
from the pulmonary vessels to the lung and airway tissue. L-selectin shedding
from neutrophils certainly occurs (Wagner and Roth, 2000). However, it is not
known to what degree, or to what degree shedding may occur from the surface of
lymphocytes. The intriguing possibility of interaction between L-selectin
molecules that may remain on the surface of leukocytes arriving at the airway
epithelial surface and secreted airway mucins therefore exists. This interaction
could be one of simple adhesion and anchoring, or could perhaps involve cellular
activation, as signal transduction occurring downstream of L-selectin/selectin
ligand, for example activation of ras and MAPKSs, is known to occur (Brenner et

al., 2002).
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SUMMARY

An increased or abnormal mucus layer is a significant feature of many airway
diseases. The purpose of this research project was to contribute to more
complete understanding regarding the quantity, composition and function of
mucus in the airways of animals with specific inflammatory airway conditions. To
achieve this goal, the following hypotheses were developed: 1) increased mucus
production from airway epithelium is a persistent phenomenon in RAO-
affected horses; 2) airway levels of the mucin-associated Sialyl Lewis X
tetrasaccharide increase during inflammatory conditions; and 3) rats
developing airway inflammation following bacterial endotoxin exposure
produce and release specific mucins into airway lumens in a distinct
temporal pattern. These hypotheses were tested, and this dissertation
describes:

a) The development of methods to quantify and characterize secreted mucus
(mucins) in bronchoalveolar lavage fluid of horses, application of these
methods to quantify mucus in control and RAO horses both during
housing and at pasture, and the effect of bronchodilation on these
methods of measurement

b) Examination of the association of airway inflammation, as measured by
inflammatory cell numbers and elastase level in bronchoalveolar lavage
fluid, with alterations in mucin production and secretion in both recurrent
airway obstruction of horses and a rodent model of inflammatory airway

disease
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c) The effect of both instilled and inhaled hay dust on mucus production and
secretion in F344 rats

d) An increased presence of the mucin-associated sialyl Lewis X
tetrasaccharide in horses and rodents with airway inflammation, and the
positive correlation of SLeX levels with elastase levels

e) Temporal differences in entry of specific mucin structures into airway
lumens of endotoxin-exposed rats

f) The possible functional consequences of specific mucin structures in

regard to interactions between cells and the mucous layer
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Chapter 2:

Development of methods to quantify mucus in
bronchoalveolar lavage fluid of horses, and
identification of persistent mucin glycoprotein
alterations in RAO-affected horses

Jefcoat, A.M., Hotchkiss, J.A., Gerber, V., Harkema, J.R., Basbaum, C.B.,
Robinson, N.E. Persistent mucin glycoprotein alterations in equine recurrent
airway obstruction. (2001). Am J Physiol Lung Cell Mol Physiol 281: L704-L712.
Embarking on a graduate project to study airway secretion in recurrent airway
obstruction (RAO)-affected horses first required development of methods to
quantify recovered mucus (mucins) in bronchoalveolar lavage fluid (BALF).
Chapter 2 of this thesis details development of these methods, using monoclonal
antibodies and lectins directed against various mucin glycoprotein structures.
Early results in the development of techniques to measure airway mucus in
BALF suggested that mucus levels in RAO-affected horses remained higher than
those of control horses, even when the RAO horses were in clinical remission.
These findings led me to hypothesize that increased mucus production was a
persistent phenomenon in RAO-affected horses, continuing after separation from

an instigating environment. Results of a study that tested this hypothesis are

presented in Chapter 2.
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Jefooat, A. M., J. A. Hotchkiss, V. Gerber, J. R.
Harkema, C. B. Basbaum, and N. E. Robinson. Persis-
tent mucin glycoprotein alterations in equine recurrent air-
way obstruction. Am J Physiol Lung Cell Mol Physiol 281:
L704-L712, 2001.—Horses with the episodic asthmalike con-
dition of recurrent airway obstruction (RAO) have bouts of
inflammation and bronchoconstriction associated with indoor
housing. To assess the potential differences in airway secre-
tions between RAO-affected and control horses, methods to
quantify mucus secretions were developed and applied to
bronchoalveolar lavage fluid. The relative difference in the
amount of mucin glycoproteins between control and RAO-
Mhﬂmwuwmthanrbohyduuadodnm
specific monoclonal antibody (4E4) in an enzyme-linked
mumbutmqtndbyarbnhydnmﬁcm
linked lectin assays. tly increased levels of 4E4-
immunoreactive glycoprotein and the mucin-associated car-
bohydrates fucose (a-1,2 linkage) and N-acetylglucosamine
were detected in RAO-affected horses in acute disease. RAO-
affected horses in remission maintained significantly ele-
vated levels of a-1,2-fucose and N-acetylglucosamine,
whereas the 4E4-immunoreactive glycoprotein levels dis-
played a trend toward an increase over control levels. These
results indicated that persistent changes in the quantity
and/or quality of mucus glycoproteins occurred in the RAO-
affected horses.

bronchoalveolar lavage ﬂmd. O-hnkod mucin glycoproteins;
oligosaccharide side chains; lectins

ACCUMULATION OF EXCESS MUCUS in airway lumens is a
clinical feature of human airway diseases such as
asthma, cystic fibrosis, and chronic bronchitis and of
recurrent airway obstruction (RAO) in horses (10, 18,
22). RAO is an asthmalike condition of mature horses
that is characterized by bronchoconstriction, airway
wall thickening, and increased airway secretions oc-
curring as a result of exposure to a dust, an allergen,
and an endotoxin-laden indoor (barn) environment
(18). Clinical signs are episodic, but the condition is
progressive and permanent. Disease remission follows
separation from the precipitating environment, but
clinical signs recur on reexposure.
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An increased mucus presence in airway lumens can
be a direct cause of bronchial obstruction and can
effectively increase resting airway wall thickness. This
latter effect can amplify the lumen-narrowing effect of
bronchoconstriction (15). Also, although RAO is not
eonnderedtobeofmfechousongm(ls),xthnboen
recognized in humans that mucus hypersecretion
and/or decreased mucus clearance from the tracheo-
bronchial tree can potentially predispose individuals to
secondary bacterial colonization (10).

The mucus blanket that overlies the airway epithe-
lium is composed of a liquid sol layer that surrounds
the cilia and a more viscous gel layer above the sol (24).
The gel layer is a complex mixture of water, electro-
lytes, lysozymes, cells, and mucin glycoproteins (10, 22,
24). Mucins are high molecular weight glycoproteins
(154,000 to >7,000,000) that impart viscoelastic prop-
erties to mucus. They are composed of a core protein
(the mucin apoprotein) to which numerous linear and
branching oligosaccharide side chains are attached by
means of specific O-glycosidic linkages (19, 20, 24).
These side chains are composed of various combina-
tions of five different individual sugar types: N-acetyl-
galactosamine, N-acetylglucosamine, galactose, sialic
acid (N-acetylneuraminic acid), and fucose (4, 23). The
addition of each sugar is dependent on the presence of
a specific glycosyltransferase enzyme (23). Individual
sugars in an oligosaccharide side chain can be linked to
the preceding sugar molecule in a variety of ways; for
example, a 1,2 linkage is a bond between the number 1
carbon of the distal sugar and the number 2 carbon of
the proximal sugar, whereas a 1,3 linkage is between
the distal carbon 1 and the proximal carbon 3.

The mucin oligosaccharide side chain structure can
have functional importance, imparting specific binding
activity toward structures such as bacterial adhesin
molecules (20, 21) and potentially contributing to the
degree of viscoelasticity of the mucous layer. As an
example of the latter, fucose concentration has been
positively correlated with mucus viscoelasticity (11).
Individual mucin sugars such as fucose have also been
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MUCIN GLYCOPROTEIN ALTERATIONS IN EQUINE RAO

used as markers of tracheobronchial mucus production
in humans (9).

'l‘hepurpooe of this mdywutodevelopmthodnfor
comparing mucus airway secretions in bronchoalveolar
lavage fluid (BALF) of RAO-affected and control
horses. This is a critical initial step in studying the
mechanisms of altered mucus production during air-
way disease and accurately assessing the time course
and functional significance of any accumulation. Al-
though visual scoring systems of mucus quantity and
quality have been previously employed (7, 14), a goal of
this study was to use a more objective method to
consistently analyze mucus secretion in the pulmonary
airways. This report describes 1) the development
and use of an enzyme-linked immunosorbent assay
(ELISA) as an immunochemical method to quantify
airway mucus secretions in horses and 2) the applica-
tion of ELISAs and carbohydrate-specific lectin assays
to the BALF from control and RAO-affected animals to
identify possible quantitative and/or qualitative differ-
ences in mucins in these two populations of horses.

METHODS

Identification of RAO-Affected and Control Horses

In this study, horses from an RAO-affected herd that is
maintained at Michigan State University (East Lansing)
were used. To enter this herd, horses must meet the following
criteria: I)chmalmlofRAO including cough, increased
respiratory sounds, and increased expiratory abdominal ef-
fort, are observed during housing and abate when the horses
are kept at pasture where there is no exposure to dust found
mhgylndsublu 2) horses develop changes in lung function
compatible with airway obstruction when stabled and fed hay
[maximal change in pleural pressure (APplm..) during tidal
breathing >16 cmH;0); and 3) airway obstruction is revers-
lble,mput.mtha&opme Control horses, also maintained
in university herds, hadnoknownhutoryofdlmwmay
disease and did not display any clinical signs characteristic of
obstructive airway disease when stabled.

Development of Murine Antibodies

Previous work (3) resulted in the generation of a panel of
murine monoclonal antibodies directed against sheep tra-
cheal secretions. Fifteen of these antibodies were screened
for immunoreactivity against stored and secreted equine
mucosubstances.

Screening of Antibodies

Immunofluoresence studies. Frozen microdissected horse
pulmonary airways were embedded in optimum cutting tem-
perature compound (Miles, Elkhart, IN), snap-frozen in a
liquid nitrogen-cooled isopentane slush, and stored at —80°C.
Sections were fixed in zinc-formalin for 6 min, washed two
times with phosphate-buffered saline (PBS; pH 7.4), and
blocked with 2% normal horse serum-0.3% Triton X-100
(Sigma, St. Louis, MO) in PBS for 256 min to cover irrelevant
binding sites. The primary antibodies were diluted in the 2%
normal horse serum solution: 1:100 for ascites antibodies and
1:20 for antibodies harvested from the culture supernatant.
The antibodies were applied to airway sections and incubated
at 37°C for 90 min. After a wash with rinsing buffer (1:10
dilution of 10X automation buffer; Biomedia, Foster City,
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CA), biotinylated horse anti-mouse IgG (VECTASTAIN Elite
ABC kit, Vector Laboratories, Burlingame, CA) diluted 1:200
in 2% normal horse serum solution was added to each slide,
mdtheuhdammh&edﬁrwmmuSTCfolbwedby
a wash with automation buffer. Fluorescein-conjugated avi-
din D (Vector Laboratories) was diluted 1:260 in automation
;buffer, applied to the tissue sections, and incubated for 30
‘min at 87°C. The sections were then washed with PBS and
examined with an Olympus microscope equipped for epifiuo-
rescence studies. Eachaechonwuevaluatadforloaﬁonmd
intensity of immunofluorescent

ELISA. Three ascites-derived and two culture superna-
tant-derived monoclonal antibodies with significant immuno-
reactivity to mucous goblet cells (based on immunofluores-
cence results) were screened for reactivity to mixed horse
BALF in an ELISA. Serial dilutions from 1:100 to -1:1,280
were used for ascites antibodies, whereas dilutions for super-
natant antibodies were 1:20 to 1:2,650. The diluent and
blocking agent was 2% horse serum-0.3% Triton X-100 in
PBS. The BALF was treated with 0.1% dithiothreitol (DTT;
Sigma), shaken for 20 min to disperse the mucins, and then
centrifuged at 1,600 rpm for 12 min to remove the cells. The
supernatant was collected and dialyzed against distilled wa-
ter overnight at 4°C to remove DTT. For the ELISA, 100 ul of
cell-free tant were added to the wells of Inmulon-4
HBX%weﬂphm(DynuTechmlopu,Chlnhﬂy VA) in
duplicate and incubated overnight at 40°C to thoroughly fix
the antigen to the bottom of the wells. One hundred microli-
ters of blocking agent (2% normal horse serum-0.3% Triton
X-100 in PBS) was then added to each well to cover irrelevant
binding sites and incubated at 37°C for 26 min. The plates
were washed four times with 1X automation buffer, and then
lwgdduchpnmmmﬁhodylpmvpnahlydﬂubdmtbe
blocking solution were added to the wells in duplicate fol-
lowed by incubation at 37°C for 90 min. Washes with auto-
mation buffer were repeated, and 100 ul of biotinylated
secondary antibody (VECTASTAIN Elite ABC kit) diluted
1:200 in 1X automation buffer was added to each well. The
plates were incubated at 37°C for 30 min and then washed
four times with automation buffer. One hundred microliters
of VECTASTAIN ABC reagent were added to each well
followed by 30 min of incubation at 37°C. After four washes
with automation buffer, 100 ul of chromagen (o-phenylene-
diamine in 0.05 M phosphate-citrate buffer at 0.4 mg/ml;
Sigma) were applied to each well. Just before addition to the
wells, 30% h; peroxide was added to the chromagen at
a dilution of 1:2,500. After 5 min, the plates were read with

lpectmphotOtnetﬂ'lt(SOnm.whlcbmophuldennty
(OD)mdmg:thnteonupoudedtoanhmkvehmthe
samples (colorimetric assay). -

Antibody Immunoreactivity With Purified Standard Mucins
Purified mucins from porcine stomach and bovine salivary
gland (Sigma) were diluted with carbonate binding buffer

(pH 9.5) at 10 ug/100 pul, and ELISA was performed with
identical methods as described in ELISA.

Sodium Periodate Incubation

Porcine gastric mucin in carbonate binding buffer (10
12/100 pl) and lavage samples from four RAO-affected horses
were compared by ELISA before and after sodium periodate
treatment. Sodium periodate oxidation attacks vicinyl
groups of the sugars of glycoproteins, cleaving O-glycosidic
linkages to the protein (2). Samples were dried to the bottom
of Immulon-4 HBX 96-well plates at 40°C and then incubated
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with 2% horse serum blocking buffer (as described in ELISA)
at 37°C for 90 min. One hundred microliters of 100 mM
sodium periodate in 50 mM sodium acetate were added to the
appropriate wells in duplicate. For comparison, untreated
control wells (sample only) and wells with sample, sodium
periodate, and glucose were utilized [glucose blocks the ac-
tion of sodium periodate (2)). For wells with added glucose,
100 pl of 100 mM sodium periodate-0.1 M glucose in 50 mM
sodium acetate were used. The plates were then incubated at
room temperature overnight (in the dark). After the over-
night incubation, sodium periodate and sodium periodate-
glucose wells were incubated for 30 min at room temperature
with 10 mM sodium borohydride to prevent nonspecific cross-
linking of antigen to antibody by Schiff base formation. The
plates were washed four times with 1X automation buffer,
and then ELISA was performed as described in ELISA.

Chondroitinase ABC and Heparinase Incubation

ELISA comparison of BALF before and after incubation
with the i iti

ELISAofSemmhwnCouhdandRAO—Aﬁecdem

Colorimetric ELISA was performed on the serum from 10
conhvlanleRAOMhuntohctﬂortheprmof
:‘:n-airwuy-cpedﬂc immunoreactive antigen in both groups

ELISA of Native Tracheal Mucus

Mucus was harvested directly from the trachea of an
RAO-affected horse at necropsy. The mucus was weighed,
diluted to 10% in PBS, and then applied to microtiter plates
for colorimetric 4B4-based ELISA.

High Molecular Weight Cutoff Dialysis

BALF was collected from four RAO-affected horses and
prepared as described in ELISA. The BALF was then dia-
lyzed overnight at 4°C against distilled milliQ water in
100,000 molecular weight cutoff (MWCO) dialysis tubing
(Spectra/Por, Spectrum Medical Industries, Houston, TX).
ELISA was then performed on milliQ water and nondialyzed
BALF as controls and on all dialyzed samples and dialysates.
The dialysate was tested in both native and 56X concentrated
forms. Concentrations were made with 80,000 MWCO cen-
trifugal concentrators (Centriprep, Amicon, Beverly, MA).
For ELISAs, the samples were plated (100 pliwell in tripli-
cate), incubated overnight, and blocked with an 8% purified
casein solution (Roche Diagnostics, Indianapolis, IN). After
secondary antibody and ABC reagent incubations, with dilu-
tions and volumes identical to those described in ELISA, 100
#l of QuantaBlu fluorogenic peroxidase substrate (Pierce,
Rockford, IL) were added to each well, and the plates were
read at 5-min intervals for 20 min (kinetic runs) with a

MUCIN GLYCOPROTEIN ALTERATIONS IN EQUINE RAO

SpectraMax Gemini fluorescent plate reader (Molecular De-
vices, Sunnyvale, CA), which detected the amount of fluores-
cence emitted from the reaction (in relative

units). The maximum slope of the kinetic display of relative
fluorescence units versus time was calculated with SOFTmax
PROooﬁwm(MolecularDevicea)mdianpmduV."
units per second. Vﬁ.;; units per second values were then
used as end points for sample comparisons (Auorogenic as-
say), with higher values corresponding to increased presence
of target molecule.

ELISA of BALF From Control and RAO-Affected Horses

BALFmeollectadfmmBeontrol(ﬁbeing'lyrofageor
younger, 1 being 12 yr of age) and 6 RAO-affected horses
(10+ yr of age). Control horses were sampled after 48 h of
indoor housing (exposure). The BALF from RAO-affected
horses was collected and tested after the horses were stabled

for 48 h (exposure) and after pasture for 30 days (pasture).
The BALF was collected by means of a 3-m

Miami, FL). With the exception of aliquots taken for cell
counts, the samples were treated with 0.1% DTT and centri-
fuged at 1,500 rpm for 12 min to remove the cells. The
supernatant was collected and dialyzed overnight at 4°C.
ELISAs were performed with fluorogenic peroxidase sub-
strate and a fluorescent plate reader as described in ELISA.
Negative control well values (background) were subtracted
from all sample readings.

Lectins are well recognized as specific carbohydrate-bind-
ing molecules. Lectins for each of the five sugar types found
in O-linked mucins (Table 1) were used in enzyme-linked
lectin assays (ELLAs). BALF samples from RAO-affected
horses at pasture and after 48 h of housing were compared
with BALF samples from control horses after 48 h of expo-
sure. BALF samples were incubated overnight in the same
manner as described for ELISAs. The wells were blocked for
385 min with 8% casein blocking reagent. After being blocked,
the wells were washed three times with 1X automation
buffer. One hundred microliters of biotinylated lectins spe-
cific for a-1,2-fucose [Ulex europaeus agglutinin (UEA) I; 0.5
ng/ml], N-acetylglucosamine [succinylated wheat germ ag-
glutinin (WGA); 0.6 pug/ml], N-acetylgalactosamine [soybean
agglutinin (SBA; Glycine max); 1.0 pg/mll, sialic acid
[Maackia amurensis lectin (MAL) II; 0.756 pg/ml PBS), and

Table 1. Lectins used in enzyme-linked assays

Lectin

Glycine max (soybean agglutinin)
Succinylated Triticum vulgaris (wheat
germ agglutinin)

Preferred Binding Sugar
N-acetylgalactosamine

N-acetylglucosamine

Ricinus communis agglutinin | Galactose
Ulex europaeus agglutinin [ Fucose (a-1,2)
Maackia amurensis lectin I1 N-acetylneuraminic

acid (sialic acid)
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galactose [Ricinus communis agglutinin (RCA) I; 0.5 pg/ml
PBS] were then added to each well and incubated for 45 min
at 37°C (all lectins from Vector Laboratories). Diluent for
each lectin was per supplier recommendation. The plates
were then washed four times with 1x automation buffer.
ABC reagent and QuantaBlu were added as described in
High Molecular Weight Cutoff Dialysis, and fluorescence (in
Vmex unita/s) was measured. As with the ELISA, negative
control well values (background) were subtracted from all
sample readings.

Lectin assays with UEA 1, succinylated WGA, and MAL I
horlelm‘l.o performed on serum collected from two control

BALF Protein Content

BALF samples were analyzed for protein content with the
bicinchoninic acid method. Ten microliters of bovine serum
albumin standard (serially diluted 1:2 from 1,000 to 8.44
udml)andeuhnmplemphtedmduphaﬁeonls&well
microtiter plate. Two hundred microliters of bicinchoninic
acid working reagent (Pierce, Rockford, IL) were added to
each well. The plate was shaken for 30 s and incubated at
37°C for 30 min. The plate was then cooled to room temper-
ature, and absorbance was measured at 5560 nm.

Lung Function Testing

For confirmation of chronic RAO in disease-affected ani-
mals, APpl.... was recorded during the indoor housing period
and after time at pasture. The change in pleural pressure
(APpl) was measured by use of an esophageal balloon con-
nected to a preesure transducer (Validyne model DP45-22)
system. Calculations were performed with a lung function
computer (Buxco, Sharen, CT) (1) from 30 breaths (17).

ELLA and High MWCO Dialysis

BALF samples from four RAO-affected horses were dia-
lyzed in the same manner as for high MWCO ELISA. ELLA
procedures with UEA I, succinylated WGA, and MAL II were
performed on samples before and after dialysis.

Mucin Standard Serial Dilutions

All ELISA and ELLA plates contained a serial dilution of
porcine gastric and bovine salivary gland mucins (from 100 to
0.001 1g/100 ul) diluted in PBS as a means to quantify the
amount of mucin in samples and standardize multiple plates.
Mucin standards were treated in an identical manner as
BALF samples.

Statistical Analyses

For direct comparisons of one factor between two groups,
means of groupe were compared with Student’s ¢-test. For
comparisons of one factor within a group, a paired ¢-test was
employed. Multiple comparisons between groups were per-
formed with one-way ANOVA. Tukey’s test was used for post
hoc analysis. P < 0.05 was considered significant.

RESULTS
Confirmation of RAO-Affected Population

All RAO-affected horses displayed clinical signs of
obstructive pulmonary disease during housing, with
APpl exceeding 15 cmH20 (mean + SE = 59.4 * 9.8
cmH20). The mean value on day 30 (pasture) was
15.1 + 2.7 (SE) cmH20. The control horses did not
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display any signs of obstructive pulmonary disease
during 48 h of indoor housing. BALF cytology from the
horses used for the ELISA and ELLA experiments is
presented in Table 2. Both total cell counts and percent
neutrophils were increased in RAO-affected horses af-

_ter the housing period compared with pasture and
" control values.

Screening of Antibodies

Immunofiuoresence. Five of fifteen antibodies bound
strongly to secretory cells in the surface epithelium
and submucosal glands of airway sections. These anti-
bodies, 4E4, 5C7C6, IGEC11F10, 3F11 and 3C10, were
selected for use in pilot ELISA studies. Figure 1 is a
photomicrograph of the binding activity of antibodies
5C7C6, 3F11, and 4E4.

ELISA on mixed BALF. Only antibodies 4E4, 5C7C86,
and 3F11 displayed noticeable immunoreactivity with
BALF (Fig. 2).

As shown in Fig. 2, ELISA-negative control values
were near zero, and the highest value generated at the
greatest antibody concentration was an OD of 2.0.
Therefore, an OD of 1.0 at 460 nm was arbitrarily
chosen as a standard reference value to quantify secre-
tory product in BALF with a colorimetric assay. Dilu-
tions of antibodies 4E4, 5C7C6, and 3F11 that corre-
sponded with an approximate OD of 1.0 (1:400, 1:100
and 1:80, respectively) were then chosen for future
studies.

ELISA on Standard Mucins

Antibodies 4E4, 5C7C6, and 3F11 all generated OD
values of >1.0 when applied to beef salivary gland
mucin. 5C7C6 and 3F11 displayed similar low levels of
reactivity toward porcine gastric mucin as toward bo-
vine mucin, but 4E4 exhibited strong immunoreactiv-
ity to porcine mucin (Fig. 3).

Sodium Periodate Incubation
With 4E4 as the primary antibody, a mean post-

sodium periodate incubation OD value of 0.44 * 0.08
(SD) between duplicate wells was significantly differ-

Table 2. Bronchoalveolar lavage cytology from control
and RAO-affected horses

Control Horses RAO-Affected Horses
Indoor housing  Indoor exposure Pasture
Cell count, x10°
cells/ml 99.2+21 1,367+416* 1125=30
Neutrophils, % 186+8 87+35* 28.75x11
Macrophages, % 37.56+8.5¢ 614 41=11¢
Lymphocytes, % 42+ 4% 63 25+5.5¢
Mast cells, % 2+16 05+0.2 4*15
Average volume
returned, ml 135+ 5¢ 47+9 41=+8

Values are means * SE. RAO, recurrent airway obstruction. Three
hundred milliliters were infused. * Significantly elevated over control
and RAO pasture. tSignificantly elevated over RAO indoor exposure.
$Significantly elevated over RAO indoor exposure and RAO pasture.
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from the mean preincubation OD value of 1.19 +
0.15 (SD). The mean negative control well value (no
unﬁbndy) was 0.132. Sodium periodate effects were

locked by the presence of 0.1 M glucose in glucose-

MUCIN GLYCOPROTEIN ALTERATIONS IN EQUINE RAO

added wells.

Chondroitinase ABC and Hzpurl'lwu Incubation
Neither af-

fected 4E4 binding. The pol’amb-hon OD val-

ues of 1.33 + 0.37 (SD)hetwunduplmlu wells for
chondroitinase and 1.26 + 0.35 (SD) for heparinase
were not cantly different from the mean prein-
cubation vllueoflﬂ + 0.32 (SD).

Serum ELISA

4E4-immunoreactive antigen was not detected in the
serum of either control or RAO-affected horses. The
mean OD for 10 control horses was 0.197 + 0 025 (SD),
whereas the mean OD for 10 disease-affe horses
was 0.191 * 0.006 (SD). No ngmﬂmnt differences
existed between the two groups. Negative control val-
ues were 0.220 + 0.009 (SD).

Tracheal Mucus ELISA

4E4-immunoreactive glycoprotein was detected in
diluted harvested tracheal mucus. The amount
of 4E4 binding in 10% tracheal mucus was similar to
that of the porcine mucin standard at 10 ug/100 ul (OD
values of 1.418 and 1.366, respectively).

High MWCO Dialysis

4E4-based ELISA showed no decrease in signal after
BALF samples had been dialyzed in 100,000 MWCO
tubing. The mean value for predialysis samples was

3.1074 * 0.866 (SE) Vmax units/s, whereas the postdi-
alysis value was 2.746 * 0.464 (SE) Vpax units/s.

«each group of horses are given in Table 2.
ELLAs
Significant elevations were noted in a-1,2-fucose and
0-affected

horses
during pared with those in
control horses (Fig. 4, B and C). There were also in-
creased sialic acid levels in RAO- nﬂectadhoxwduﬂng

mucin lundudrupandedmwybmnnggluunm the
detected level of N- mtylgalncmmme in all groups of
horses was not di from the
level, and no significant differences existed. No mgmf
icant rhﬂ'erencu in the levels of galactose existed
tween grou

UEA 19 luev:inylnud WGA, and MAL II did not re-
spond to serum elements. Mean Vpmex values for the
lectins were 0.319 + 0.02 (SD), 0.336 + 0.06, and
0.277 * 0.10 Vomax units/s, respectively. None of these
w:lre elevated over background Vmax units per second
values.

Protein Assay

Total protein in BALF from RAO-affected horses in
acute disease was significantly greater than that in

AJPLung Cell Mol Physiol + VOL 281  SEPTEMBER 2001 + www.ajplung.org

s,



MUCIN GLYCOPROTEIN ALTERATIONS IN EQUINE RAO

A
200 «
- &4
17 4 —e— SCT08
—o— IGEC19F10
.89 < —o— -AS (i)
£
§ -
go.n-
.80 1
amq o
o—o———;"’f\\:::=t=.
080 duy v v v v - - v
1M 20 s M WN JWO N W0
B Primary antibody diluion
238
200 4
-
178 < —— 0
—a— 48 corere)
Ei.--
g™
q **1
O .
.00 4
1 e,
3
wl—
2 4 N W W @ un 20
Primary antibody dilution
Fig. 2. mudmumummmm
in Mh@MAM

fected horses in remission remained elevated over con-
trol levels, but there was no significant difference. The
mean absorbance value for RAO horses in acute dis-
ease was 0.394 * 0.038 (SE), which corresponded to
800 pg/ml of protein. Absorbance values for control and
RAO-affected horses in remission were 0.198 *+ 0.025

and 0.290 *+ 0.047, respectively, corresponding to 250
and 500 pg/ml of protein.

High MWCO Dialysis ELLAs

No decrease in signal compared with that in the
predialyzed sample was noted in BALF after 100,000
MWCO dialysis for any of the tested lectins (Fig. 5).

DISCUSSION

The experimental findings detailed in this study are
the results of the first study, to our knowledge, to
utilize monoclonal antibodies and lectins to examine
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disease-associated changes in glycoprotein secretion in
RAO-affected horses during exacerbation and remis-
sion. Novel investigation regarding airway secretion in
RAO can be of benefit on two fronts because RAO is
both a significant disease of the horse population and a
condition with similarities to chronic human airway
diseases such as asthma.

Confirmation of Study Populations

Inclusion of individual horses into either control or
RAO-affected populations was determined by three
factors accepted as criteria for establishing a pheno-
type of RAO (16): presence of clinical signs, BALF
cytology data, and lung function testing. Clinical signs
of obstructive airway disease were observed in RAO-
affected but not in control horses after indoor housing.
RAO-affected horses showed significant increases in
both total cell counts and percent neutrophils in BALF
during indoor housing compared with pasture or to
control horses. This pattern is characteristic of RAO (6,
12). Lung function test results showed that all RAO-
affected horses had APpl,.,, values of >15 cmH3zO after
48 h of indoor housing, paralleling development of
clinical signs of obstructive disease and increases in
total cells and percent neutrophils in BALF. This pat-
tern of an elevated APpl in to natural chal-
lenge is typical of RAO (13).

Monoclonal Antibody 4E4 as a Tool for Identification
and Quantification of Secreted Mucous Cell Product

4E4 was chosen from a panel of monoclonal antibod-
ies as a primary antibody for use in an ELISA that can
be applied to BALF from horses to quanﬁfy mucus
secretions. The recognition by 4E4 of a mucin or mu-
cinlike molecule was evidenced by its binding to mu-
cous cells in airway epithelium and its immunoreactiv-
ity to a large (>100,000) glycoprotein present in BALF.
Antibody binding was not affected by chondroitinase or

0.D. 480 nm (glycoprotein levels)
s

“ 4
1 2 3 4
Fig. 3. Monoclonal antibody binding to purified porcine gastric mu-
cin. 1, 4E4; 2, 3F11; 3, 5C7C6; 4, negative control (no antibody).
Values are means * SD of 4 replicates. *4E4 binding was signifi-
cantly elevated over negative control, P < 0.05.
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Fig, 5. ELLAs of 4 BALF samples rom RAQ-affected Mfw- before
‘molecular weight cutoff dialysis. 1, a-1,2-fucose; 2,
N-acetylglucosamine; 3, siaic acid. Values aro means = SB. No
decrease in signal indicated that lectin-specific sugars are compo-
nents of molecules > 100,000,
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4E4-Based ELISAs and ELLAs of BALF

Levels of a 4E4-immunoreactive molecule were sig-
mﬁandy increased in the RAO-affected horses during
expncurempuedmchthmemthemtml
horses. Levels in RAO-affected horses decreased when
the horses were in remission but remained elevated
compared with the control levels, which were near
background readings. Levels of sialic acid followed the
same pattern as 4E4, although signi t differences
were not present (P = 0.074). These results indicated
that 4E4 and, to a lesser degree, sialic acid measured
n.n mauu in mucus production in RAO-affected
and that there is

a parnmnt nature to altered mucus production in the

m-uxu of enzyme-lmked assays with a-1,2-fucose-
and N- ..w lectins
disease-dependent increases in these sugars that per-
sisted 30 days after the horses were removed from
environmental challenge. Although mean values at 30
days were less than those observed during acute dls
ease, a signi elevation i The
neutrophilic inflammation in RAO-affected horses in
acute disease markedly abated during clinical remis-
sion, but elevations in total protein and percent neu-
trophils did remain in diseased horses after 30 days at
pasture compared with control levels. Inflammatory
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mediators such as neutrophil elastase have long been
known to be mucus secretagogues (8). It is therefore
possible that the persistently increased levels of mucin
glycoproteins detected in BALF may be secondary to
sustained, although attenuated, inflammation. Sup-
porting this hypothesis is a recent study (5) describing
persistent granulocyte-dependent activation of nuclear
factor-xB in bronchial brushing samples from RAO-
affected horses even after removal from challenge for
21 days. Although a link between sustained inflamma-
tion and increased mucin secretion can be hypothe-
sized, the exact mechanisms of persistent glycosylation
changes, such as upregulation of specific glycosyltrans-
ferases and mucin apoproteins, increased glycosyl-
transferase and apoprotein mRNA stability, or altered
availability of mucin sugar molecules, have not been
identified.

High MWCO dialysis experiments with multiple lec-
tins yielded similar results as with the 4E4-based as-
say, where no loss of signal was detected in samples
after dialysis in 100,000 MWCO tubing. This demon-
strated that lectin-based differences detected in BALF
were due to glycosylation patterns that are integral
parts of larger molecules (i.e., mucin glycoproteins) and
are not due to individual sugar or small soluble sugar-
bearing molecules in airway fluids. In addition, lack of
target molecules in serum indicated that serum leak-
age into the airways, as expected with airway inflam-
mation, did not influence the test results.

The mean APpl value in the RAO-affected horses in
remission, although significantly lower than the mean
value in acute disease, remained >15 cmHgO, the
minimum value accepted as an indicator of airway
obstruction in RAO-affected horses postexposure (16).
Although other factors such as airway wall thickening
may be involved, maintenance of airway obstruction
while at pasture coupled with persistent mucin alter-
ations suggested that an increased or abnormal mucus
presence in remission may have contributed to long-
hterm low-level airway obstruction in the RAO-affected

orses.

Alt.hough not measures of the absolute amounts of
mucin glycoproteins or mucin carbohydrates in the
urways,t.heELlSAsandELLAsusedmthmsmdy
characterized mucin glycoprotein components and
demonstrated significant relative differences in the
levels of the target molecules in BALF from RAO-
affected and control horses, highlighting disease and
exposure effects on airway secretory products.

Collectively, these results indicated that disease-
dependent alterations in the quantity and/or quality of
mucin oligosaccharide side chains occurred in the
horses with the asthmalike condition of RAO. Most
significantly, persistent elevations in secreted mucin
glycoproteins were evident in the airways of RAO-
affected horses, perhaps secondary to sustained low-
level inflammation.
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Chapter 3:

Quantification of mucin glycoproteins and
inflammatory cells in BALF of horses is
unaffected by bronchodilation

Results of the initial foray into studying mucus production and secretion in
control and RAO-affected horses showed persistent increases in mucin
glycoproteins in bronchoalveolar lavage fluid (BALF) of RAO horses (detailed in
Chapter 2). These results were most evident in levels of a-1,2 fucose, a
deoxyhexose sugar that is a common terminal component of mucin
oligosaccharide side chains.

Bronchospasm is a powerful component of RAO. As the airways in disease-
affected horses are hyperreactive, this raised the concern that the physical
process of bronchoalveolar lavage resulted in localized bronchospasm in RAO
horses. This bronchospasm could in turn affect the nature of the mucin (mucus)
return, for example due to prolonged lavage fluid contact with a limited airway
surface area. To address this concern, | first developed the hypothesis that
bronchodilation of horses would result in decreased levels of measured airway
mucins in BALF. Then, to test this hypothesis, a protocol was developed to
bronchodilate control and RAO horses, followed by collection of bronchoalveolar

lavage fluid to quantify mucins by methods detailed in Chapter 2.
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Abstract

Accurate analysis of inflammatory cells and mucin glycoproteins in
bronchoalveolar lavage fluid (BALF) is critical in the study of secreted mucin
glycoproteins in inflammatory airway disease. By widening airways and
minimizing constriction, bronchodilator medications can potentially increase
volume of return of lavage fluid and/or allow lavage fluid access to more
peripheral airway regions, thereby altering the nature of BALF returns. To test
the hypothesis that bronchodilation affects the return of mucins and inflammatory
cells, bronchoalveolar lavage was performed on control and recurrent airway
obstruction-affected (RAO) horses both before and after bronchodilation with
intravenous atropine followed by an inhaled B-2 agonist. Bronchoalveolar lavage
was performed on horses both prior to indoor housing and after housing in
stables with straw bedding for 48 hours. BALF total and differential cell counts
were performed, and levels of the mucin-associated sugar a-1,2 fucose were
measured. No significant effect of bronchodilation was seen in cell counts or in
levels of either elastase or fucose. A group effect was observed, however, with a
persistent increase of a-1,2 fucose detected in BALF of RAO-affected horses.
This latter finding confirms earlier results obtained by our laboratory. For
quantification of inflammatory cells and specific mucin markers, these results
indicated that equivalent results could be obtained from bronchoalveolar lavage

fluid collected both before and after bronchodilation.
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Introduction

The airway mucus blanket is a heterogeneous layer containing a variety of
molecules, but it is high molecular weight mucin glycoproteins secreted from
goblet cells that give mucus its viscoelastic properties. Mucins are composed of
a central protein to which are attached linear and branching oligosaccharide side
chains. Mucin oligosaccharides are typically 2 to 20 sugars in length (Hanisch,
2001; Rose, 1992), and the deoxyhexose sugar fucose (Fuc) can be a terminal
component of these chains (Bhatia and Mukhopadhyay, 1998; Lamblin, et al.,
1991).

An increased or altered mucus presence in the airways is a feature of
recurrent airway obstruction (RAO; heaves) of horses, and is also characteristic
of the significant human diseases asthma and cystic fibrosis (Bousquet, et al.,
2000; Kaup, et al., 1990; Quinton, 1999; Robinson, 2001). Neutrophilic airway
inflammation is a component of RAO (Robinison, et al., 1996), asthma (Krawiec,
et al., 1999; Louis, et al., 2000, Park, et al., 1999) and cystic fibrosis (Armstrong,
et al., 1997; Kahn, et al., 1995), and the inflammatory mediator neutrophil
elastase has been demonstrated to increase mucin glycoprotein production
(Fischer and Voynow, 2000; Martin et al., 2000; Voynow, et al., 1999).

RAO is a significant disease of the horse population in the northern
hemisphere, and can potentially serve as a useful model of inflammatory airway
disease in humans. Increasing understanding of RAO can therefore be of benefit
to horse and human populations. As such, studying altered mucin production in

RAO is an important advance in understanding the overall pathophysiology of
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this disease. To this end, we have previously demonstrated persistent mucin
glycoprotein alterations in RAO-affected horses as compared to controls
(Jefcoat, et al., 2000) by analyzing bronchoalveolar lavage fluid (BALF).

In order to fully study RAO, it is essential to be able to consistently analyze
the molecular components of BALF. It is therefore critical to identify
circumstance or treatments that may alter the nature of collected lavage fluid.
One treatment that can potentially alter lavage fluid return is bronchodilation.
Bronchodilation can potentially alter mucin content in lavage fluid by allowing
increased access of lavage fluid to terminal areas of the airways (alveolar ducts
and sacs, where mucus-producing cells are absent), or by widening and
stretching airways, which in turn may stretch the mucus layer and make washing
and retrieval of mucins less likely (Dixon, 1992). This study tested the
hypothesis that bronchodilation would alter (decrease) measured amounts of
both inflammatory cells and the mucin-associated sugar fucose in lavage fluid of

control and RAQO-affected horses.

Material and methods

Animals. Control and recurrent airway obstruction (RAO)-affected horses
from herds maintained at Michigan State University (East Lansing) were used.
To be classified as an RAO-affected horse, animals had to meet the following
criteria: 1) clinical signs of RAO, including cough, increased respiratory sounds,
and increased expiratory abdominal effort, were observed during housing and

abated when the horses were kept at pasture where there was no exposure to
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dust found in hay and stables; 2) horses developed changes in lung function
compatible with airway obstruction [maximal change in pleural pressure (APplmax)
during tidal breathing > 15 cm H,0] when stabled and fed hay; and 3) airway
obstruction was reversible, in part, with atropine. Control horses had no known
history of chronic airway disease and did not display any clinical signs
characteristic of obstructive airway disease when stabled.

Protocol. Four control and four RAO-affected horses were used for this
protocol. Bronchoalveolar lavage was performed on RAO-affected horses and
control horses before housing in a barn environment (time 0). Horses were kept
in individual stalls with straw bedding, and were fed hay. Prior to the first lavage,
one half of these animals were bronchodilated with intravenous atropine (0.02
mg/Kg), followed in 20 minutes by 8 puffs of inhaled B2 agonist (perbuterol),
administered by use of an AeroMask® device, (Trudell Medical, London, Ont.,
Canada). Lavage was repeated on horses after indoor housing for 48 hours, with
time 0 bronchodilated horses once again receiving bronchodilator in identical
fashion. After the 48 hour lavage, horses were returned to pasture for at least
three weeks. The protocol was then repeated. In a crossover design, horses not
receiving bronchodilator for the initial round of the protocol were bronchodilated,
and vice versa.

Bronchoalveolar lavage. Bronchoalveolar lavage was collected by means of
a 3-m endoscope wedged in a peripheral bronchus, with alternate lungs used at
time 0 and 48 hours. Three 100 ml aliquots of sterile phosphate buffered saline

(PBS) were infused and recovered by suction after each 100-ml infusion, and
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samples were pooled. Samples were treated with 0.1% dithiothreitol [DTT]
(Sigma, St. Louis, MO) and shaken for 30 minutes to disperse mucins. With the
exception of aliqouts taken for total and differential cell counts, samples were
centrifuged at 1500 rpm for 10 minutes to remove cells. Supernatant for
immunochemistry and lectin chemistry was collected and stored at -20°C.
Analysis of bronchoalveolar lavage fluid

1) Cell counts. Total and differential white blood cell counts were performed
on all bronchoalveolar lavage fluid (BALF) samples. Total cell counts were
performed by use of a hemacytometer within 2 h of collection. For differential cell
counts, slides prepared with a Cytospin 3 centrifuge (Shandon, Pittsburgh, PA)
were stained with Diff-Quick (Baxter Health Care, Dade Division, Miami FL), and
200 cells were examined.

2) Enzyme-linked lectin assay (ELLA) for a - 1,2 fucose

ELLA procedure: one hundred pl of BALF supernatant from each animal was
applied in triplicate to wells of an Immulon-4 HBX 96-well plate (Dynex
Technologies, Chantilly, VA) and incubated overnight at 40°C to thoroughly fix
protein to the bottom of wells. One hundred pl of 6.5% casein blocking reagent
(Roche Diagnostics, Indianapolis, IN) was then added to each well to cover
potential irrelevant binding sites and incubated for 30 minures at 37°C. The plate
was washed four times with 1X automation buffer (Biomedia Corp., Foster City,
CA), and Biotinylated Ulex europaeus | (UEAI) lectin (Vector Laboratories,
Burlingame,CA), at .5 ug/ml in diluent as recommended by the supplier, was

applied for 1 hour at 37°C. UEA1 is specific for a — 1,2 fucose, a mucin-
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associated deoxyhexose sugar. Lectin histochemistry by our laboratory has
localized fucose of this linkage to secretory (goblet) cells (data not shown).
Washes with automation buffer were repeated, and 100 microliters of
VECTASTAIN ABC reagent were added to each well followed by 30 min of
incubation at 37°C. After four washes with automation buffer, 100 mi of
QuantaBlu® fluorogenic peroxidase substrate (Pierce, Rockford, IL) were added
to each well, and the plate were read at 3-min intervals for 21 min (kinetic runs)
with a SpectraMax Gemini fluorescent plate reader (Molecular Devices,
Sunnyvale, CA) which detected the amount of fluorescence emitted from the
reaction (in relative fluorescence units). Excitation and emission wavelengths
were 318 nm and 410 nm, respectively. The maximum slope of the kinetic
display of relative fluorescence units versus time was calculated with SOF Tmax
PRO software (Molecular Devices, Sunnyvale, CA) and reported as Vmax units
per second. Vmax units per second values were then used as end points for
sample comparisons (fluorogenic assay), with higher values corresponding to
increased presence of target molecule.

Statistical analysis. Multiple comparisons between groups, time and
treatment were performed by three-way ANOVA (SigmaStat statistical software,
Jandel Scientific Software, San Rafael, CA). Tukey's test was used for post hoc

analysis. P < 0.05 was considered significant.
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Results

Cell counts. No significant treatment (bronchodilator) effect was observed in
regard to total cell counts (P = .667) or neutrophil counts (P = .431) in horses at
any of the time points. Significant time and group effects existed regarding total
cell counts and numbers of neutrophils, with increases seen at 48 hours, and in
RAO-affected horses. Data are shown in Figures 1 and 2.

ELLA for a-1,2 fucose. No significant bronchodilator effect on level of the
mucin-associated sugar a-1,2 fucose was observed in lavage fluid of control or
RAO-affected horses [treatment effect P = .231] (Fig. 3). A group effect was
observed, however, showing an elevated level of fucose in RAO-affected horses
(P =.004). Mean Vmax units per second values for RAO horses at time 0 and 48
hours were 34.4 and 33.3, respectively, whereas corresponding control horse

values were 26.3 and 21.4.

Discussion

Though | hypothesized that bronchodilation would alter cell counts and
measurements of fucose in bronchoalveolar lavage fluid, this demonstrated that
bronchodilation of horses had no significant effect on measurement of either cells
or fucose-possessing mucin molecules in lavage fluid. Fucose levels in lavage
fluid from bronchodilated control or recurrent airway obstruction-affected horses,
as measured by enzyme-linked assays, were not significantly altered from levels
in these same horses under identical environmental conditions without

bronchodilation. Total cell counts and numbers of neutrophils in lavage fluid
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likewise showed no treatment effect, though group and time effects were present.
These latter effects were an increase in inflammatory cells in RAO horses after
housing, a well-reported characteristic of this disease. Of interest, a group effect
regarding fucose was noted, where RAO-affected horses had persistently
increased levels of this mucin-associated sugar. This observation is identical to
that reported in the previous chapter (Jefcoat, et. al., 2001).

Analysis of lavage fluid cannot be a sole mechanism for arriving at a complete
understanding of the pathophysiology of altered mucus production in
inflammatory airway disease. Yet it remains a necessary tool, and as such it is
critical to understand how analysis of lavage returns can be affected by different
conditions of lavage fluid collection. The findings from this study indicate that
bronchodilation is neither necessary for obtaining useful lavage samples from

RAO-affected horses, nor is it detrimental to the recovery of useful samples.
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Figure 11. Total cell counts per ml bronchoalveolar lavage fluid (BALF) from
non-bronchodilated and bronchodilated control and RAO-affected horses.

Bronchoalveloar lavage was performed on control and RAO-affected horses
before indoor housing (time 0) and after 48 hours of indoor housing (48 hours),
with and without bronchodilator treatment. Cells in BALF were quantified as
described in Methods. Results are expressed as mean + SEM. Three way
ANOVA, with time, group and treatment as factors, was performed. Tukey’s test
was used for post-hoc analysis. No significant treatment (bronchodilation) effect
was present (P = .667). Significant time (48 hr greater than time 0 in RAO
horses) [a] and group (RAO 48 hr greater than control 8 hr) [b] effects were
present (P = 0.027 and 0.027, respectively).
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Figure 12. Number of neutrophils per ml bronchoalveolar lavage fluid (BALF)
from non-bronchodilated and bronchodilated control and RAO-affected horses.

Bronchoalveloar lavage was performed on control and RAO-affected horses
before indoor housing (time 0) and after 48 hours of indoor housing (48 hours),
with and without bronchodilator treatment. Cells in BALF were quantified as
described in Methods. Results are expressed as mean + SEM. Three way
ANOVA, with time, group and treatment as factors, was performed. Tukey's test
was used for post-hoc analysis. No significant treatment (bronchodilation) effect
was present (P = .458). Significant time (48 hr greater than time 0 in RAO
horses) [a] and group (RAO 48hr greater than control 48 hr) [b] effects were
present (P < 0.001 and < 0.001, respectively).
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Figure 13. a-1,2 fucose levels in bronchoalveolar lavage fluid (BALF) from non-

bronchodilated and _bronchodilated control and RAO-affected horses.
Bronchoalveloar lavage was performed on control and RAO-affected horses
before indoor housing (time 0) and after 48 hours of indoor housing (48 hours),
with and without bronchodilator treatment. a-1,2 fucose in BALF was quantified
by enzyme-linked lectin assay as described in Methods. Results are expressed
as mean + SEM. Three way ANOVA, with time, group and treatment as factors,
was performed. Tukey's test was used for post-hoc analysis. No significant
treatment (bronchodilation) or time effects were present (P = .231 and .406,
respectively). A significant group effect (RAO greater than control) [a] was
evident (P = 0.004).
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Chapter 4:

Effect of intranasal endotoxin instillation on mucus
production in F344 rats

Recurrent airway obstruction of horses is characterized in part by a
pronounced neutrophilic airway inflammation that follows exposure to a dust- and
endotoxin-laden environment. As detailed in Chapters 2 and 3, increased
airway mucus production, as measured by fucose-bearing mucin glycoproteins,
was detected in RAO horses over controls during both acute disease and clinical
remission. Additionally, it was postulated in Chapter 2 that persistent increases
in mucus production may be secondary to sustained inflammation and/or
inflammatory effects that are present in RAO horses while at pasture.

Increased a-1,2 fucose levels were detected in the airways of RAO-affected
horses (Chapters 2 and 3). RAO is a disease characterized in part by
neutrophilic airways inflammation, and acute bouts are associated with exposure
to an allergen and endotoxin-rich environment. Exposure to bacterial endotoxin
causes a neutrophilic airways inflammation, and is known to result in increased
stored and secreted mucosubstances in rats. | therefore hypothesized that
increased airway a-1,2 fucose levels would be associated with a neutrophilic
inflammation in endotoxin-exposed rats, similar to the finding in RAO-affected
horses.

Chapter 4 of this thesis describes a study protocol that tests this hypothesis.

Some of the work detailed in this chapter was conducted by Dr. James

Wagner, who worked with me on this project.
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Abstract

F344 rats were exposed to doses of 0, 2, 20 or 200 pg of bacterial endotoxin
by intranasal instillation to test the hypothesis that intranasal administration of
endotoxin would increase airway mucus production in a dose-dependent manner.
Rats exposed to 20 or 200 pg endotoxin had elevations over both control and 2
Hg animals in amount of stored intraepithelial mucosubstances in intrapulmonary
airways and secreted mucus as measured by MUCS5AC protein and the mucin-
associated sugar a-1,2 fucose in bronchoalveolar lavage fluid. No significant
differences were found between rats receiving 20 or 200 pg endotoxin, or
between control rats and rats exposed to 2 ug. These results demonstrated that
endotoxin administration via intranasal administration can cause mucous cell
metaplasia and increased mucus secretion in intrapulmonary airways in F344
rats, and that 20 pg total dose of endotoxin is a sufficient dose to cause
significant pathologic changes. Additionally, this study demonstrated that a-1,2
fucose is associated with molecules produced in mucous goblet cells, and that
fucose of the a-1,2 linkage is an important marker of secreted mucin

glycoproteins.
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Introduction.

Bacterial endotoxin, a ubiquitous environmental contaminant, causes a
neutrophilic airway inflammation and causes or exacerbates a variety of
respiratory disorders, including asthma (Park, et al., 2001; Schwartz, 2001;
Thorn, 2001). Intratracheal administration of endotoxin (1 mg total dose)
increases stored mucosubstances and levels of secreted mucin-like molecules in
rats (Steiger, et al., 1995). Additionally, airway level of mucin glycoprotein-
associated fucose molecules increases in horses with recurrent airway
obstruction, an asthmalike condition that is exacerbated by dust- and endotoxin-
laden environments (Jefcoat, et al., 2001).

Mucus is a heterogeneous substance, with mucin glycoproteins being the
most functionally significant component. Mucins are composed of a protein core,
the mucin apoprotein, to which are attached numerous O-linked carbohydrate
side chains. Nineteen different genes that code for mucin apoproteins, called
MUC genes, have thus far been identified. The product of the MUCS5AC gene is
a secreted mucin that is produced by airway epithelium (Van Klinken, et al.,
1995). Several different hexose sugars serve as components of mucin
carbohydrate chains. One of these sugars, fucose, is an important terminal
component of these chains (Bhatia and Mukhopadhyay, 1998), and increased
airway fucose levels have been detected in horses with the asthmalike condition
recurrent airway obstruction (Jefcoat, et al, 2001).

In the study detailed in this chapter, F344 rats were instilled intranasally with

increasing doses of bacterial endotoxin to test the hypotheses that level of the
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mucin-associated sugar fucose increases in the airways of endotoxin-exposed
rats, and that intranasal endotoxin exposure results in dose-dependent increases

in stored and secreted airway mucosubstances.

Material and methods.

Animals. Sixteen male F344 rats (Harlan Sprague-Dawley, Indianapolis, IN),
10-12 weeks of age, were randomly assigned to one of 4 experimental groups (n
= 4/group). Rats were used in accordance with guidelines set forth by the All-
University Committee on Animal Use and Care at Michigan State University.

Protocol. Rats were instilled with either sterile pyrogen-free saline, or 2, 20
or 200 ug total dose of endotoxin suspended in sterile pyrogen-free saline.
Volume of instillation for each animal was 150 ylL/naris. For instillations, rats
were anesthetized with 4% halothane in oxygen.

Necropsy and tissue preparation. Rats were sacrificed 48 hours after a
single dose of saline or endotoxin. Rats were anesthetized with sodium
pentobarbital, then killed by exsanguination via the abdominal aorta. The chest
cavity was opened and trachea exposed. The trachea was nicked just below the
larynx, and a cannula (teat infusion cannula, Jorgensen Laboratories, Inc.,
Loveland, CO) was inserted and tied tightly in place with suture material. Lungs
were removed, and the left primary bronchus was gently clamped off with an
alligator clamp. Bronchoalveolar lavage was performed on the right lung with 10
ml of sterile saline. With the exception of aliquots taken for total and differential

cell counts, samples were centrifuged at 1500 rpm for 10 minutes to remove
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cells. Supernatant for immunochemistry was collected and stored at -20°C.
After lavage, the lung was perfused with zinc formalin under 30 cm pressure and
processed for light microscopy.

Quantification of stored intraepithelial mucosubstances. Pulmonary
airways were collected and stained with Alcian blue (pH 2.5)/periodic acid-Schiff
(AB/PAS) sequence to highlight stored acidic and neutral mucosubstances. To
estimate the amount of intraepithelial mucosubstances at the level of 5™ and 11"
generation airways (G5 & G11), the volume density (Vs) of AB/PAS-stained
mucosubstances was quantified using computerized image analysis and
standard morphometric techniques. The area of AB/PAS-stained
mucosubstance was calculated from the automatically circumscribed perimeter of
stained material on a Power Macintosh 7100/66 computer using the public

domain NIH Image program (written by Wayne Rasband, U.S. National Institutes

of Health, and available on the internet at http:/rsb.info.nih.gov/nih-image/). The

length of the basal lamina underlying the surface epithelium was calculated from
the contour length of the digitized image of the basal lamina. The volume of
stored mucosubstances per unit of surface area of epithelial basal lamina was
determined as described previously (Harkema, et al., 1997). It was expressed as
nl of intraepithelial mucosubstances per mm? of basal lamina (i.e., volume
density).

Lectin histochemistry. Fifth generation airways were used for lectin
histochemistry. Tissues from rats instilled with both saline and endotoxin were

used. Lung sections containing fifth generation airways were embedded in
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paraffin and mounted on Probe-on® plus glass slides. Slides were
deparaffinized with xylene and hydrated with decreasing concentrations of
ethanol in water, then washed with PBS. Endogenous peroxidases were blocked
with a mix of 3% hydrogen peroxide in deionized water, then rinsed with PBS.
Slides were nonspecifically blocked with a mixture of 2% horse serum in PBS,
rinsed with PBS, and incubated overnight at room temperature with biotinylated
Ulex europaeus 1 lectin (UEA 1) [Vector Laboratories, Burlingame, CA] diluted in
PBS. UEA 1 is a specific binding lectin for a-1,2 fucose, a mucin-associated
deoxyhexose sugar (Van den Steen, et al., 1998). Slides were then washed in
PBS. ABC-AP reagent (VECTASTAIN Elite kit) was next applied for 30 minutes
and slides incubated at 37°C. Slides were washed in PBS, and Vector Red®
(Vector Laboratories, Burlingame, CA) was applied for 30 min at 37°C. After a
final wash in PBS and rinse in deionized water, slides were dehydrated in
ethanol, cleared with xylene, and a coverslip was applied.

Analysis of bronchoalveolar lavage fluid

1) Cell counts. Total and differential white blood cell counts were performed
on all bronchoalveolar lavage fluid (BALF) samples. Total cell counts were
performed by use of a hemacytometer within 2 h of collection. For differentials,
slides prepared with a Cytospin 3 centrifuge (Shandon, Pittsburgh, PA) were
stained with Diff-Quick (Baxter Health Care, Dade Division, Miami FL), and 200
cells were examined to obtain a differential count. Following removal of aliquots
for the purpose of cell counts, BALF was centrifuged at 1500 rpm for 12 minutes

to remove cells, and supernatant was collected.
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2) Enzyme linked immunosorbent assay (ELISA) for MUC5AC.

a) Primary antibody: anti-MUCS5AC was obtained from Neomarkers (Fremont,
CA) and diluted 1:500 in PBS.

b) ELISA procedure: one hundred pl of BALF supernatant from each animal
was applied in duplicate to wells of Immulon-4 HBX 96-well plates (Dynex
Technologies, Chantilly, VA) and incubated overnight at 40°C to thoroughly fix
protein to the bottom of wells. One hundred pl of 6.5% casein blocking reagent
(Roche Diagnostics, Indianapolis, IN) was then added to each well to cover
potential irrelevant binding sites and incubated at 37°C for 30 minutes. Plates
were washed four times with 1X automation buffer (Biomedia Corp., Foster City,
CA), and then 100 pl of primary antibody in appropriate dilutions was added to
the wells, followed by incubation at 37°C for 90 minutes. Washes with
automation buffer were repeated, and 100 pl of biotinylated secondary antibody
(VECTASTAIN Elite ABC kit, Vector Laboratories, Burlingame, CA) was added to
each well. Secondary antibody was diluted 1:200 in 1X automation buffer. Two
hundred ul of rat serum was added to 10 ml of secondary antibody to eliminate
any non-specific binding. The plates were incubated at 37°C for 30 minutes,
then washed four times with automation buffer. One hundred microliters of
VECTASTAIN ABC reagent were added to each well followed by 30 min of
incubation at 37°C. After four washes with automation buffer, 100 ml of
QuantaBIu® fluorogenic peroxidase substrate (Pierce, Rockford, IL) were added
to each well, and the plates were read at 3-min intervals for 21 min (kinetic runs)

with a SpectraMax Gemini fluorescent plate reader (Molecular Devices,
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Sunnyvale, CA) which detected the amount of fluorescence emitted from the
reaction (in relative fluorescence units). Excitation and emission wavelengths
were 325 nm and 420 nm, respectively. The maximum slope of the kinetic
display of relative fluorescence units versus time was calculated with SOFTmax
PRO software (Molecular Devices, Sunnyvale, CA) and reported as Vmax units
per second. Vmax units per second values were then used as end points for
sample comparisons (fluorogenic assay), with higher values corresponding to
increased presence of target molecule.
3) Enzyme-linked lectin assay (ELLA) for a — 1,2 fucose

Samples were plated, biocked and washed as for ELISAs. Biotinylated Ulex
europaeus | (UEAI) lectin (Vector Laboratories, Burlingame,CA), at 0.5 pg/ml in
diluent as recommended by the supplier, was then applied for 1 hour at 37°C.
Plates were then treated with ABC, QuantaBlu® and read as for ELISAs.

Statistical analysis. Multiple comparisons between groups were performed
with one-way ANOVA (SigmaStat statistical software, Jandel Scientific Software,
San Rafael, CA). Tukey's test was used for post hoc analysis. P < 0.05 was

considered significant.

Resuits.

Stored intraepithelial acidic and neutral mucosubstances. Rats exposed
to 20 and 200 pg endotoxin had significantly increased levels of stored
intraepithelial mucosubstances (Vs) at the level of fifth generation (G5)

intrapulmonary airways (Fig. 1 and 2) as compared to controls and animals
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exposed to 2 ug endotoxin. No significant differences in Vs existed between the
20 and 200 pg groups.

UEA 1 histochemistry for a-1,2 fucose. Lectin histochemistry with UEA 1
lectin localized a-1,2 fucose to the interiors of secretory mucous goblet cells (Fig.
2) in rat airway epithelium.

BALF cytology. Significant increases in number of neutrophils per ml of
lavage fluid were noted in 20 and 200 pg groups as compared to controls and 2
Hg (Fig. 3).

MUCS5AC ELISA. MUC5AC protein was significantly elevated in BALF of rats
exposed to 200 pg endotoxin over the control and 2 pg groups [P = 0.003 and
0.003 for both groups] (Fig. 4). A trend toward increased levels existed in the 20
pg group as compared to controls and 2 pg rats (P = 0.062 and 0.069,
respectively). No significant differences were noted between the 20 and 200 ug
groups, or between the control and 2 pg groups.

UEA 1 ELLA. a-1,2 fucose levels detected by UEA1 ELLA were significantly
elevated in BALF of rats exposed to 20 and 200 pg endotoxin over controls and 2
ug (Fig. 5). No significant differences were noted between the 20 and 200 g

groups, or between the control and 2 ug groups.

Discussion.
Quantification of intraepithelial acidic and neutral mucosubstances
demonstrated significant increases in stored airway mucus in rats exposed to 20

and 200 pg total dose of bacterial endotoxin as compared to saline controls or
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rats exposed to 2 pg endotoxin. Increased levels of MUC5AC protein and a-1,2
fucose in bronchoalveolar lavage fluid were also detected in the 20 and 200 pg
endotoxin groups as compared to control and 2 ug endotoxin rats. These results
indicated that intranasal instillation of endotoxin resulted in intrapulmonary
changes in mucus production and secretion, and that a single instillation of 20 pg
total dose endotoxin is sufficient to cause pathologic changes to the airway
mucus-producing apparatus in F344 rats.

No significant differences were observed between the 20 and 200 pg groups
with respect to stored or secreted mucosubstances, and no differences were
detected between the control and 2 ug groups. A classic dose-response curve
was therefore not generated with the endotoxin doses used for this study. A
trend toward a dose-related response to endotoxin existed, however, as the 200
Hg exposure group had the highest values for stored intraepithelial
mucosubstances and for secreted MUC5AC and a-1,2 fucose.

Intranasal instillation also resulted in significant elevations in numbers of
neutrophils per ml of lavage fluid in rats treated with 20 and 200 pg of endotoxin.
Neutrophil elastase has been demonstrated to cause increased mucus
production (Fischer and Voynow, 2000; Martin et al., 2000; Voynow et al., 1999).
Increases in stored and secreted mucosubstances detected in this study may
therefore be due at least in part to airway neutrophilic inflammation.

Lectin histochemistry with the fucose-specific lectin UEA-1 localized a-1,2
fucose to secretory cells in the airway epithelium, and enzyme-linked lectin assay

showed an increase in fucose in lavage fluid of endoxin-treated rats. These
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results strongly support the hypothesis that production and secretion of mucin-
associated a-1,2 fucose molecules increase in airways of rats following endotoxin
exposure.

Presence of increased fucose levels in bronchoalveolar lavage fluid has been
demonstrated in recurrent airway obstruction-affected horses (Jefcoat, et al.,
2001; Chapters 2 and 3 of this thesis), and results of this study showed
increased fucose in the airways of endotoxin-exposed rats. There may be
functional significance to these increased fucose levels. Fucose is typically a
terminal component of mucin carbohydrate side chains (Bhatia and
Mukhopadhyay, 1998; Lamblin, et al, 1991), and terminal mucin carbohydrate
structures can interact with a variety of cell adhesion molecules, including many
expressed on bacterial surfaces (Gaillard and Plotkowski, 1996; Scharfman, et
al, 2001). Fucose-bearing mucins may therefore be involved in specific binding
activities that occur in the airway mucous blanket, such as in adhesive

interactions between bacteria and mucin glycoproteins.
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Figure 14. Stored intraepithelial acidic and neutral mucosubstances in s
generation intrapulmonary airways of F344 rats exposed to increasing doses of
bacterial endotoxin. Rats were intranasally instilled with sterile saline or 2, 20 or
200 pg total dose of endotoxin (n = 6/g]roup). The amount of stored intraepithelial
mucosubstances at the level of 5" generation airways was quantified as
described in Methods. Results are expressed as means + SEM. Stored
mucosubstances in rats receiving 20 and 200 pg were significantly elevated over

saline controls (P < 0.05) [a].
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Figure 16. Neutrophil numbers in bronchoalveolar lavage fluid (BALF) of F344
rats exposed to increasing doses of bacterial endotoxin. Rats were intranasally
instilled with sterile saline or 2, 20 or 200 pg total dose of endotoxin (n =
6/group). Total and differential cell counts were performed on BALF as
described in Methods. Results are expressed as means + SEM.
Bronchoalveolar lavage fluid neutrophil numbers were significantly elevated in

the 20 and 200 ug endotoxin groups compared to saline controls (P < 0.001) [a]..
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Figure 17. MUCS5AC protein levels in bronchoalveolar lavage fluid (BALF) of
F344 rats exposed to increasing doses of bacterial endotoxin. Rats were

intranasally instilled with sterile saline or 2, 20 or 200 ug total dose of endotoxin
(n = 6/group). Enzyme-linked immunosorbent assay for MUC5AC levels in BALF
was performed as described in Methods. Results are expressed as means +
SEM. Bronchoalveolar lavage fluid MUC5AC levels were significantly elevated in
the 200 ug endotoxin group compared to saline controls and rats exposed to 2
Mg endotoxin (P = 0.003 and 0.003 for both groups) [a]. A trend toward increase
in the 20 pg group over controls and 2 pg rats existed (P = 0.062 and P = 0.069,

respectively)
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Figure 17. MUCS5AC protein levels in bronchoalveolar lavage fluid (BALF) of
F344 rats exposed to increasing doses of bacterial endotoxin. Rats were
intranasally instilled with sterile saline or 2, 20 or 200 ug total dose of endotoxin
(n = 6/group). Enzyme-linked immunosorbent assay for MUCSAC levels in BALF
was performed as described in Methods. Results are expressed as means +
SEM. Bronchoalveolar lavage fluid MUCSAC levels were significantly elevated in
the 200 ug endotoxin group compared to saline controls and rats exposed to 2
Hg endotoxin (P = 0.003 and 0.003 for both groups) [a]. A trend toward increase
in the 20 pg group over controls and 2 ug rats existed (P = 0.062 and P = 0.069,
respectively)
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Figure 18. a-1.2 fucose levels in bronchoalveolar lavage fluid (BALF) of F344
rats exposed to increasing doses of bacterial endotoxin. Rats were intranasally

instilled with sterile saline or 2, 20 or 200 ug total dose of endotoxin (n =
6/group). Enzyme-linked lectin assay for fucose levels in BALF was performed
as described in Methods. Results are expressed as means t+ SEM.
Bronchoalveolar lavage fluid a-1,2 fucose levels were significantly elevated in the
20 and 200 ug endotoxin groups compared to saline controls and rats exposed to
2 ug endotoxin (P < 0.05) [a].
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Chapter 5:

Instillation and inhalation of hay dust increases
stored and secreted mucosubstances in airways
of F344 rats

Dusty hay, rife with allergens and endotoxins, is recognized to be the main
instigator of acute attacks of respiratory distress in RAO-affected horses.
Endotoxin, as detailed in Chapter 4, was shown to increase stored and secreted
mucosubstances in F344 rats. Data presented in Chapters 2, 3 and 4 showed
that a-1,2 fucose can serve as a marker of secreted mucus production in both
rats and horses, and that increased airway levels of this mucin-associated sugar
is a shared characteristic of RAO-affected horses and endotoxin-exposed rats.
Chapter 5 tests the hypothesis that hay dust challenge to rats results in similar
changes in the airway apparatus to those observed in endotoxin-challenged rats
and RAO-affected horses. As nasal instillation of endotoxin resulted in increased
airway mucus production in F344 rats, this method of exposure was repeated in
rats using a hay dust suspension. The effect of inhalation of hay dust in rats was
also explored, to test the hypothesis that this system would serve as an effective
model of natural inhalation of agricultural dusts, mimicking exposures

experienced by both horses and humans in barn and stable settings.

-118 -



ABSTRACT

Organic dusts rich in bacterial endotoxins are ubiquitous in barn
environments. These dusts are associated with occupational respiratory
diseases in humans, and with the asthma-like condition recurrent airway
obstruction (RAO) of horses. Previous work in our laboratory has demonstrated
increased stored mucosubstances and levels of the mucin-associated sugar a-
1,2 fucose in bronchoalveolar lavage fluid (BALF) of F344 rats exposed to
endotoxin, and that RAO-affected horses have a persistent elevation of a-1,2
fucose in BALF. | therefore hypothesized that hay dust challenge to rats will
result in similar changes in the airway apparatus to those observed in endotoxin-
challenged rats and RAO-affected horses. Hay representative of that found in
barn environments was used as bedding material for F344 rats. Rats were
housed on hay for 3 or 10 days. A single dose of dust suspension prepared from
barn hay in sterile saline was nasally instilled into a 3" group (200 pL/naris, 5 mg
dust total exposure). 50,000 endotoxin units/ml of suspension was measured by
Limulus amoebocyte assay. BALF was recovered at necropsy, and large
diameter airways were collected and stained to highlight stored epithelial
mucosubstances. Necropsy of rats housed on hay occurred immediately after
end of the housing period, while necropsy of instilled rats took place 72 hours
post exposure. Nasally instilled rats and rats housed on hay for 10 days showed
a significant increase in stored mucosubstances in 5™ generation (G5) airways
compared to controls (12x and 4x, respectively). Level of a-1,2 fucose in BALF

of nasally-instilled rats was significantly elevated over controls (P = .002). A
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trend toward elevated MUC5AC apomucin levels in BALF of instilled rats was
also present (P = .079). Numbers of neutrophils and lymphocytes per ml of
lavage fluid were significantly increased in nasally instilled rats as compared to
controls. Conclusion: hay dust components, i.e. endotoxin or other factors,

increased stored and secreted airway mucosubstances in F344 rats.

Introduction

Organic dusts rich in endotoxins are common in barns and stalls in
agricultural settings, and respirable endotoxin (lipopolysaccharide — LPS)
concentration in barns can exceed minimum threshold exposure levels for
respiratory health effects (Kuliman, et al., 1998). LPS-rich dusts have been
associated with occupational respiratory diseases of humans (Schwartz, et al.,
1995; Thorn, 2001) and declines in lung function (Post, 1998, Thorn, 2001).
Endotoxin inhalation is known to cause a powerful neutrophil inflammation in the
airways (Thorn, 2001), and it has been implicated in the development and
exacerbation of asthma (Park, et al., 2001; Schwartz, 2001).

Increased airway mucus is a feature of a number of airway diseases,
including asthma and cystic fibrosis (Bousquet, et al., 2000; Quinton, 1999), and
it is also a sequela to endotoxin exposure (Gordon, et al., 1996; Harkema and
Hotchkiss, 1991; Steiger et. al., 1995). High molecular weight mucin
glycoproteins are a major component of the mucus layer, and these molecules
provide mucus with the majority of its viscoelastic properties. Mucin

glycoproteins are composed of a protein core to which are attached linear and
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branching oligosaccharide side chains. The protein core is a product of a family
of genes called MUC genes, and the specific product of the MUCS5AC gene is a
component of secreted mucus (Hannisch and Muller, 2000; Perez-Vilar and Hill,
1999). MUCS5AC is known to be expressed in airway epithelium (Wills-Karp,
2000). Oligosaccharide side chains are composed of 2 to 20 individual sugars
linked together by covalent bonds (Rose, 1992). The deoxyhexose sugar fucose
is a common terminal component to these mucin carbohydrate chains (Bhatia
and Mukhopadhyay, 1998), and increased levels of fucose in the airways have
been demonstrated in inflammatory airway conditions (Jefcoat, et al., 2001;
Chapter 4).

Earlier work presented in this thesis (Chapter 4) has demonstrated that nasal
instillation of endotoxin causes increased stored and secreted mucosubstances
in airways of F344 rats, including increased airway fucose levels. Steiger and
coworkers (1995) have also shown increased release of mucin-like molecules by
rat epithelial cells in response to endotoxin. Additionally, | have demonstrated
increases in fucose-bearing mucins in the airways of recurrent airway
obstruction-affected horses (Chapters 2 and 3). For this study, | hypothesized
that a) nasal instillation of hay dust extract in F344 rats would cause mucus
secretory changes similar to those observed following endotoxin instillation,
including increases in airway fucose levels; and b) that housing of F344 rats on
hay bedding would result in sufficient dust exposure to cause significant airway

pathology.
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Materials and Methods

Animals. Twenty male F344 rats (Harlan Sprague-Dawiley, Indianapolis,
IN), 10-12 weeks of age, were randomly assigned to one of 4 experimental
groups (n = 5/group). Rats were used in accordance with guidelines set forth by
the All-University Committee on Animal Use and Care at Michigan State
University.

Protocol. Control group rats were kept on Cell-Sorb Plus® bedding (A & W
Products, Cincinnati, OH). Two additional groups of rats were housed in
polycarbonate boxes, with hay collected from university farms and representative
of that used in barn environments used as bedding material. One group was
housed for 3 days, and a second group housed for 10 days. The hay bedding
was changed daily. Animals in a third treatment group were intranasally instilled
with a single dose of hay dust extract. For preparation of the extract, dust was
collected under suction from a flake of hay obtained from a stable setting.
Vacuum suction was used on a bagged (with an inlet to allow air flow) flake of
hay for collection of both fine and coarse dust. The collected dust was
suspended in pyrogen-free sterile saline. Limulus amoebocyte assay (Kinetic-
QCL, BioWhittaker, Walkerville, MD) of the suspension indicated an endotoxin
concentration of 50,000 endotoxin units (EU)/ml. By definition, 10 EU is the
equivalent of 1 nanogram endotoxin. For instillations, rats were anesthetized
with 4% halothane in oxygen, and 200 pl of hay dust extract was instilled into
each nasal passage. The total volume instilled in each rat was representative of

5 mg dust (original dry weight), and the 400 pl of suspension administered to
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each rat was the equivalent of 20,000 EU (2000 ng). Instilled rats were housed
on traditional bedding. Control group rats were housed on traditional bedding
and were not intranasally instilled.

Necropsy and tissue preparation. Treated animals were sacrificed either
immediately after the housing period, or 72 hours after intranasal instillation of
hay dust extract. Seventy two hours was chosen as an end point to correspond
with the 3 day group of hay-bedded rats. Rats were anesthetized with sodium
pentobarbital, then killed by exsanguination via the abdominal aorta. The chest
cavity was opened and trachea exposed. The trachea was incised just below the
larynx, and a cannula (teat infusion cannula, Jorgensen Laboratories, Inc.,
Loveland, CO) was inserted and tied tightly in place with suture material. Lungs
were removed, and the left primary bronchus was gently clamped with an
alligator clamp. The right lung was lavaged with 10ml of sterile saline. With the
exception of aliquots taken for total and differential cell counts, samples were
centrifuged at 1500 rpm for 10 minutes to remove cells. Supernatant for
immunochemistry was collected and stored at -20°C. After lavage, the lung was
perfused with zinc formalin under 30 cm pressure, and processed for light
microscopy.

Quantification of stored intraepithelial mucosubstances. Pulmonary
airways were collected and stained with Alcian blue (pH 2.5)/periodic acid-Schiff
(AB/PAS) sequence to highlight stored acidic and neutral mucosubstances. To
estimate the amount of intraepithelial mucosubstances at the level of 5" and 11"

generation airways (G5 & G11), the volume density (Vs) of AB/PAS-stained
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mucosubstances was quantified using computerized image analysis and
standard morphometric techniques. The area of AB/PAS-stained
mucosubstance was calculated from the automatically circumscribed perimeter of
stained material on a Power Macintosh 7100/66 computer using the public
domain NIH Image program (written by Wayne Rasband, U.S. National Institutes

of Health, and available on the internet at http://rsb.info.nih.gov/nih-image/). The

length of the basal lamina underlying the surface epithelium was calculated from
the contour length of the digitized image of the basal lamina. The volume of
stored mucosubstances per unit of surface area of epithelial basal lamina was
determined as described previously (Harkema, et al., 1997). It was expressed as
nl of intraepithelial mucosubstances per mm? of basal lamina (i.e., volume
density).

Analysis of bronchoalveolar lavage fluid

1) Cell counts. Total and differential white blood cell counts were performed
on all bronchoalveolar lavage fluid (BALF) samples. Total cell counts were
performed by use of a hemacytometer within 2 h of collection. For differential cell
counts, slides prepared with a Cytospin 3 centrifuge (Shandon, Pittsburgh, PA)
were stained with Diff-Quick (Baxter Health Care, Dade Division, Miami FL), and
200 cells were examined to obtain a differential count. Following removal of
aliquots for the purpose of cell counts, BALF was centrifuged at 1500 rpm for 12

minutes to remove cells, and supematant was collected.
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2) Enzyme linked immunosorbent assay (ELISA) for MUCS5AC.

a) Primary antibody: anti-MUC5AC (MUCS5AC) was obtained from Neomarkers
(Fremont, CA), and diluted 1:500 in PBS.

b) ELISA procedure: one hundred pl of BALF supernatant from each animal
was applied in duplicate to wells of Immulon-4 HBX 96-well plates (Dynex
Technologies, Chantilly, VA) and incubated overnight at 40°C to thoroughly fix
protein to the bottom of wells. One hundred pl of 6.5% casein blocking reagent
(Roche Diagnostics, Indianapolis, IN) was then added to each well to cover
potential irrelevant binding sites and incubated at 37°C for 30 minutes. Plates
were washed four times with 1X automation buffer (Biomedia Corp., Foster City,
CA), and then 100 pl of primary antibody in appropriate dilutions was added to
the wells, followed by incubation at 37°C for 90 minutes. Washes with
automation buffer were repeated, and 100 pl of biotinylated secondary antibody
(VECTASTAIN Elite ABC kit, Vector Laboratories, Burlingame, CA) was added to
each well. Secondary antibody was diluted 1:200 in 1X automation buffer. Two
hundred ul of rat serum was added to 10 ml of secondary antibody to eliminate
any non-specific binding. The plates were incubated at 37°C for 30 minutes,
then washed four times with automation buffer. One hundred microliters of
VECTASTAIN ABC reagent were added to each well followed by 30 min of
incubation at 37°C. After four washes with automation buffer, 100 ml of
QuantaBIu® fluorogenic peroxidase substrate (Pierce, Rockford, IL) were added
to each well, and the plates were read at 3-min intervals for 21 min (kinetic runs)

with a SpectraMax Gemini fluorescent plate reader (Molecular Devices,
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Sunnyvale, CA) which detected the amount of fluorescence emitted from the
reaction (in relative fluorescence units). Excitation and emission wavelengths
were 325 nm and 420 nm, respectively. The maximum slope of the kinetic
display of relative fluorescence units versus time was calculated with SOFTmax
PRO software (Molecular Devices, Sunnyvale, CA) and reported as Vmax units
per second. Vmax units per second values were then used as end points for
sample comparisons (fluorogenic assay), with higher values corresponding to
increased presence of target molecule.
3) Enzyme-linked lectin assay (ELLA) for a - 1,2 fucose

Samples were plated, blocked and washed as for ELISAs. Biotinylated Ulex
europaeus | (UEAI) lectin (Vector Laboratories, Burlingame,CA), at 0.5 yg/mlin
diluent as recommended by the supplier, was then applied for 1 hour at 37°C.
UEA1 is specific for a — 1,2 fucose, a mucin-associated deoxyhexose sugar.
Lectin histochemistry by our laboratory has localized fucose of this linkage to
secretory (goblet) cells (data not shown). Plates were then treated with ABC,
QuantaBlu® and read as for ELISAs.

Statistical analysis. Comparisons between groups were performed with

one-way ANOVA (SigmaStat statistical software, Jandel Scientific Software, San
Rafael, CA). Tukey's test was used for post hoc analysis. P < 0.05 was

considered significant.
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Results

Intraepithelial mucosubstances

The volume density (Vs) of stored intraepithelial mucosubstances at the G5
airway level of nasally-instilled rats was significantly elevated over control and 3
day hay-bedded rats. A trend toward increased Vs of stored mucosubstances at
the G5 level existed in 10 day rats compared to controls [P = 0.062] (Figs. 1 and
2). A trend toward increased Vs of stored mucosubstances at the G11 level of
nasally instilled rats was also present (P = 0.070). Figure 3 is a photomicrograph
of epithelia from the G5 airway of a rat from the control group, the 10-day housed
on hay group, and the nasally-instilled group, showing mild increases in stored
mucosubstances in the 10-day group, and substantial increases in the nasally

Total and differential cell counts

Bronchoalveolar lavage fluid total cell counts of treated rats were not

statistically different from controls (Fig. 4). Significant elevations in neutrophil
number per mi of lavage fluid existed in nasally instilled rats compared to controls
and 10 day hay-bedded rats, but not in comparison to the 3 day hay-bedded rats.
Significant elevations in neutrophil number per ml BALF existed in 3 day hay-
bedded rats compared to control rats (Fig. 5). Significant elevations in
lymphocyte number per ml lavage fluid existed in nasally-instilied rats compared
to control and 3 and 10 day hay-bedded groups (Fig. 5).

MUCS5AC ELISA

Elevated levels of MUCS5AC detected in nasally-instilled rats were statistically

significant over 3 day hay-bedded rats only [P = .004] (Fig. 6).
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a-1,2 fucose ELLA
a-1,2 fucose level in BALF of nasally-instilled rats was significantly elevated

over control and 3 and 10 day hay-bedded groups (Fig. 7).

Discussion

Agricultural dusts known to contain high concentrations of bacterial endotoxin
can cause or exacerbate a variety of respiratory disorders. This report details the
first study to our knowledge to explore a) the effect of intranasal instillation of hay
dust extract on production of specific markers of airway mucus, and b) the effect
of natural inhalation of hay dust on laboratory rodents. For this study, rats were
either intranasally instilled with a hay dust suspension that was rich in endotoxin
(50,000 endotoxin units/ml), or were housed on hay bedding for 3 or 10 days.

Effect of intranasal instillation of hay dust extract. The hay dust suspension
instilled in the nares of F344 rats, equivalent to 5 mg of hay dust and 20,000 EU
(2000 ng) endotoxin, resulted in an airway inflammatory response as measured
by an increase in lavage fluid total cell count, and number of neutrophils and
lymphocytes per mi BALF. Other studies by our laboratory have shown that
intranasal instillation of 20 ug endotoxin in F344 rats resulted in significant airway
inflammation at 48 hours post instillation (Chapter 4). As lavage fluid was
collected at 72 hours post instillation, it is likely that an even more robust
inflammatory cell influx into the airways occurred at earlier time points.

Instillation of hay dust resulted in significant increases in the amount of stored

intraepithelial mucosubstances in both fifth and eleventh generation airways
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compared to amounts in control rats and rats housed on hay, and also resulted in
a significant increase in levels of the mucin-associated sugar a-1,2 fucose in
bronchoalveolar lavage fluid. A trend toward elevated MUC5AC levels in the
nasally-instilled group was also present.

Effect of natural exposure to hay dust. Regarding mucus production, the only
difference detected in rats that inhaled dust from hay bedding was a trend toward
increase in stored intraepithelial mucosubstances in fifth generation airways of
animals housed on hay for 10 days. No effects of housing on hay in regard to
secreted airway mucins were detected. Rats housed on hay for 3 days showed a
significant elevation over control rats in number of neutrophils per milliliter of
lavage fluid. These results suggest that natural inhalation of hay dust from
housing on hay initiated a mild early inflammation that abated by 10 days.

Though early airway inflammatory cell increases were observed in rats
housed on hay, the relatively mild nature of these changes indicated that housing
of rats on dusty hay as a sole means of exposure is insufficient to cause
significant airway pathology in F344 rats. Significant inflammation and increases
in stored and secreted mucosubstances were detected in rats nasally-instilled
with hay dust suspension, however, indicating that this method of exposure can
be used in modeling the effects of agricultural dusts on airway disease. Changes
in stored and secreted mucosubstances may have been secondary to the airway
inflammation instigated by instillation of hay dust suspension, as it has been
demonstrated that neutrophil elastase can increase production of airway mucins

(Fischer and Voynow, 2000; Martin, et al., 2000; Voynow, et al., 1999). Direct
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effects of endotoxin or other hay dust components on airway epithelium cannot
be ruled out, however.

Collectively, the results of this study indicate that hay dust components, i.e.
bacterial endotoxin and/or other factors, can cause airway inflammation and

increase both stored airway mucosubstances and secreted mucins in F344 rats.
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Figure 19. Stored intraepithelial acidic and neutral mucosubstances in 5"
generation intrapuimonary airways of F344 rats exposed to hay dust by

inhalation or intranasal instillation. Rats were housed on hay for 3 or 10 days, or
intranasally instilled with hay dust suspension (n = 5/group). Rats housed on hay
were sacrificed at the end of the housing period. Instilled rats were sacrificed 72
hours after a single instillation.  Stored intraepithelial mucosubstances, as
detected by alcian blue/periodic acid Schiffs sequence, at the level of 5™
generation airways was quantified as described in Methods. Results are
expressed as means + SEM. A trend toward increased intraepithelial
mucosubstances existed in 10 day rats compared to controls (P = 0.062). Stored
mucosubstances in nasally instilled rats were significantly elevated over controls
and 3 day rats. (P < 0.001 and P = 0.015, respectively) [a].
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Figure 20. Stored intraepithelial acidic and neutral mucosubstances in 11"
generation _intrapulmonary airways of F344 rats exposed to hay dust by
inhalation or intranasal instillation. Rats were housed on hay for 3 or 10 days, or
intranasally instilled with hay dust suspension (n = 5/group). Rats housed on hay
were sacrificed at the end of the housing period. Instilled rats were sacrificed 72
hours after a single instillation.  Stored intraepithelial mucosubstances, as
detected by alcian blue/periodic acid Schiffs sequence, at the level of 11"
generation airways was quantified as described in Methods. Results are
expressed as means + SEM. A trend toward increased intraepithelial
mucosubstances existed in nasally-instilled rats. (P = 0.070).
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Figure 22. Total cell count per ml bronchoalveolar lavage fluid (BALF) in F344
rats exposed to hay dust by inhalation or_intranasal instillation. Rats were
housed on hay for 3 or 10 days, or intranasally instilled with hay dust suspension
(n = 5/group). Rats housed on hay were sacrificed at the end of the housing
period. Instilled rats were sacrificed 72 hours after a single instillation. Total and
differential cell counts were performed on BALF as described in Methods.
Results are expressed as means + SEM. Though elevated total cell counts per
ml BALF were noted in 3 day hay rats and nasally-instilled rats, increases were
not significant.
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Figure 23. Number of neutrophils and lymphocytes per ml bronchoalveolar
lavage fluid (BALF) of F344 rats exposed to hay dust by inhalation or intranasal
instillation. Rats were housed on hay for 3 or 10 days, or intranasally instilled
with hay dust suspension (n = 5/group). Rats housed on hay were sacrificed at
the end of the housing period. Instilled rats were sacrificed 72 hours after a
single instillation. Total and differential cell counts were performed on BALF as
described in Methods. Results are expressed as means £+ SEM. Number of
neutrophils in nasally-instilled rats was significantly elevated over controls and
rats housed on hay for 10 days (P < 0.001 and P = 0.011, respectively) [a].
Number of neutrophils in rats housed on hay for 3 days was significantly elevated
over control rats (P = 0.036) [b]. Number of lymphocytes in nasally instilled rats
was significantly elevated over all groups (P < 0.05) [c].
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Figure 24. MUCSAC protein levels in bronchoalveolar lavage fluid (BALF) of
F344 rats exposed to hay dust by inhalation or intranasal instillation. Rats were
housed on hay for 3 or 10 days, or intranasally instilled with hay dust suspension
(n = S/group). Rats housed on hay were sacrificed at the end of the housing
period. Instilled rats were sacrificed 72 hours after a single instillation. MUC5AC
level in BALF was detected by enzyme-linked immunosorbent assay as
described in Methods. Results are expressed as means + SEM. Elevated
levels in nasally-instilled rats were statistically increased over 3 day hay rats only
(P =0.004).
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Figure 25. a-1.2 fucose levels in bronchoalveolar lavage fluid (BALF) of F344
rats exposed to hay dust by inhalation or intranasal instillation. Rats were
housed on hay for 3 or 10 days, or intranasally instilled with hay dust suspension
(n = 5/group). Rats housed on hay were sacrificed at the end of the housing
period. Instilled rats were sacrificed 72 hours after a single instillation. a-1,2
fucose level in BALF was detected by enzyme-linked lectin assay as described in
Methods. Results are expressed as means £+ SEM. Fucose levels in nasally
instilled rats were significantly elevated over all other groups (P < 0.002) [a].
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Chapter 6:

Temporal differences in airway mucus
composition in F344 rats exposed to endotoxin

Increased airway levels of the mucin-associated sugar fucose in RAO-
affected horses and in rats exposed to endotoxin and hay dust suspension have
been described in preceding chapters. These findings led me to more detailed
background research into biochemical and functional aspects of the carbohydrate
side chains of mucin glycoproteins. This research revealed important functional
roles of a specific fucose-containing tetrasaccharide structure referred to as the
sialyl Lewis X (SLeX) structure. The SLeX tetrasaccharide is a significant
intercellular adhesion structure, capable of binding with selectins expressed on
leukocyte surfaces and with adhesion molecules on bacterial surfaces. The
fucose sugar in the SLeX structure is connected by a 1,3 glycosidic linkage,
rather than a 1,2 linkage as is detected by the UEA 1 lectin used in previous
studies detailed in this thesis. Disease-associated increases in one of many
possible forms of fucose linkages (1,2), and increases found in other sugar types
such as sialic acid and N-acetyl-glucosamine (Chapter 2), suggested that
multiple sugar linkages and structures may be increased in inflammatory airway
diseases.

Endotoxin and hay dust instillation studies presented thus far in this thesis
have examined animals at a single time point, either 48 or 72 hours post
exposure. As the mucous layer in the airways is highly heterogeneous, |

speculated that the production and secretion of airway mucus in inflammatory
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conditions may be a dynamic event, with qualitative differences in composition
evident at different time points of the inflammatory process.

| therefore hypothesized that the SLeX tetrasaccharide is a component of the
airway mucous blanket and that levels of SLeX would increase in rats exposed to
bacterial endotoxin. Additionally, | hypothesized that there are temporal
differences in the qualitative composition of the airway mucus layer during airway
inflammation. The study presented in Chapter 6 tests these hypotheses, and
offers speculations regarding the functional significance of SLeX presence in the

airways during inflammatory disease.
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Abstract

| hypothesized that the presence of sialyl Lewis X tetrasaccharide molecules
increases in airway mucus during inflammation, and that there are temporal
differences in airway mucin production during inflammatory airway disease. To
test these hypotheses, F344 rats were exposed to endotoxin, sacrificed at 6, 24,
48 and 72 hours post exposure, and bronchoalveolar lavage fluid (BALF) was
assayed for multiple mucin glycoprotein markers. Bronchoalveolar lavage fluid
levels of the sialyl Lewis x (SLeX) tetrasaccharide were measured by enzyme-
linked immunosorbent assay, and levels were significantly elevated over saline
controls at 6 hours. High molecular weight cut-off dialysis and sodium periodate
incubation indicated the SLeX epitope was located on a high molecular weight O-
linked glycoprotein characteristic of mucins. Levels of the membrane-associated
mucin MUC 1 were also significantly increased in BALF at 6 hours. Levels of
the goblet cell-associated molecules MUCS5AC and o — 1,2 linked fucose were
not significantly increased in treated animals at 6 hours, but were elevated by 24
hours and remained elevated at 72 hours. These results demonstrated 1) that
the SLeX tetrasaccharide is a component of airway mucus in F344 rats, and
levels of SLeX increase following endotoxin exposure; and 2) that there are
temporal differences in the production and/or release of specific mucins during

the inflammatory process that follows endotoxin exposure.
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Introduction

The mucus blanket that overlies the airway epithelium is composed of a
liquid sol layer that surrounds the cilia and a more viscous gel layer above the sol
(Wanner, et al., 1996). Mucins are high molecular weight glycoproteins that
impart viscoelastic properties to the gel layer. They are composed of a core
protein (the mucin apoprotein), coded for by one of a number of MUC genes, to
which numerous linear and branching oligosaccharide side chains are attached
by means of specific O-glycosidic linkages (Rose, 1992; Roussel, et al., 1996;
Wanner, et al., 1996). A number of MUC genes are expressed in airway
epithelium, including the secreted mucin MUC5AC and the membrane-bound
mucin MUC1 (Wills-Karp, 2000). Secreted mucins, produced by mucous goblet
cells, form the bulk of the mucus layer. Transmembrane mucins such as MUC 1
may serve as components of the mucus blanket, however, being released into
the gel layer via proteolytic cleavage from cell surfaces (Gendler, 2001).

The mucus layer has long been recognized as an important defensive
structure, serving as a protective layer on mucosal surfaces to trap foreign
substances and facilitate their removal. The mucus blanket can be thought of as
more than a non-specific adhesive layer however, as mucin oligosaccharide side
chains can impart specific functions. Functional aspects of mucin
oligosaccharides can be well-illustrated by interactions between microorganisms
and mucus, as the peripheral regions of mucin oligosaccharide chains can serve

as receptors for common bacterial pathogens (Gaillard and Plotkowski, 1996).
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Mucin oligosaccharides are composed of several different hexose sugars,
including fucose and N-acetyl-neuraminic acid (sialic acid). Both of these sugars
are necessary subcomponents of the sialyl Lewis X (SLeX) tetrasaccharide. The
SLeX unit is an important binding structure, functioning as an adhesion site for L-
selectins expressed by leukocytes, and serving as a docking site for bacterial
adhesion molecules, including surface adhesins expressed by Pseudomonas
aeruginosa (Hooper, et al, 1996; Sharfman, et al, 2001). The fucose component
of the SLeX structure is attached by a 1,3 glycosidic linkage, where the #1
carbon of the fucose molecule is linked to the #3 carbon of the preceding hexose
sugar.

Bacterial endotoxin has been shown to increase the presence of a-1,2 linked
fucose in the airways of F344 rats, and that fucose of this linkage is associated
with mucins produced by secretory cells (Chapter 4). Endotoxin has additionally
been shown to cause a pronounced neutrophilic airway inflammation and leads
to increased mucus production (Gordon et al., 1996; Harkema and Hotchkiss,
1991; Thorn, 2001; Steiger, et al., 1995; Yanagihara, 2001). These studies have
not quantified different specific markers of airway mucus production at a variety
of time points after endotoxin exposures, however.

This study was designed to test the hypotheses that 1) the SLeX
tetrasaccharide is a component of the airway mucous blanket and that levels of
SLeX would increase in rats exposed to bacterial endotoxin; and 2) there are
temporal differences in release of mucin glycoproteins into the airway mucus

layer during airway inflammation.
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Materials and Methods

Animals. Forty-eight male F344 rats (Harlan Sprague-Dawley,
Indianapolis, IN), 10-12 weeks of age, were randomly assigned to one of 8
experimental groups (n = 6/group). Rats were used in accordance with
guidelines set forth by the All-University Committee on Animal Use and Care at
Michigan State University. Animals were housed two per cage in polycarbonate
boxes, on Cell-Sorb Plus bedding (A&W Products, Cincinnati, OH), covered with
filter lids, and had free access to tap water and food (Tek Lad 1640, Harlan
Sprague Dawley, Indianapolis, IN). Room lights were set on a 12-h light/dark
cycle beginning at 6:00 am, and temperature and relative humidity were
maintained between 21-24 °C and 40-55%, respectively.

Protocol. Treated rats were intranasally instilled with a single dose of 20 pg
Pseudomonas aeruginosa-derived endotoxin in 300 pl of saline (150 pl/naris),
and sacrificed at 6, 24, 48 and 72 hours post instillation (n = 6 for each time
point). Chapter 4 of this thesis showed that this dose of endotoxin causes a
robust mucous metaplasia in airways of F344 rats. Control group rats were
intranasally instilled with an equal volume of saline, and sacrificed at identical
time points.

Animals were intranasally instilled with endotoxin by methods described in
Harkema and Hotchkiss, 1991. Briefly, rats were anesthetized with 4%
halothane in oxygen, and 150 pl of endotoxin (lipoplysaccharide from

Pseudomonas aeruginosa, Sigma Chemical Co., St. Louis, MO) in pyrogen-free
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saline was instilled into each nasal passage (total dose 20 ug). Control rats were
instilled with an equivalent volume of pyrogen-free saline.

Necropsy and tissue preparation. Rats were anesthetized with sodium
pentobarbital, then killed by exsanguination via the abdominal aorta. The chest
cavity was opened and trachea exposed. The trachea was incised just below the
larynx, and a cannula (teat infusion cannula, Jorgensen Laboratories, Inc.,
Loveland, CO) was inserted and tied tightly in place with suture material. Lungs
were removed, and the left primary bronchus was gently clamped off with an
alligator clamp. The right lung was lavaged with 10ml of sterile saline, With the
exception of aliqouts taken for total and differential cell counts, samples were
centrifuged at 1500 rpm for 10 minutes to remove cells. Supernatant for
immunochemistry was collected and stored at -20°C. After lavage, the lung was
perfused with glutaraldehyde/paraformaldehyde under 30 cm pressure, and
processed for light microscopy.

B. Sialyl Lewis X immunohistochemistry

Lung tissues sections containing fifth generation airways were used for
immunohistochemistry. Tissues from rats instilled with both saline and
endotoxin were used. Fifth generation airway sections were embedded in
paraffin and mounted on Probe-on® plus glass slides. Slides were
deparaffinized with xylene, hydrated with decreasing concentrations of ethanol in
water, then washed with PBS. Endogenous peroxidases were blocked with a
mix of 3% hydrogen peroxide in deionized water, then rinsed with PBS. Slides

were non-specifically blocked with a mixture of 2% horse serum in PBS, rinsed
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with PBS, and incubated overnight at room temperature with primary antibody
[mouse anti-SLeX, KM93 clone] (Chemicon, Temecula, CA) diluted 1:40 in PBS.
Slides were washed in PBS and incubated with biotinylated anti-mouse
secondary antibody (VECTASTAIN Elite ABC kit, Vector laboratories,
Burlingame, CA) for 30 minutes at 37°C followed by a wash with PBS. ABC-AP
reagent (VECTASTAIN Elite kit) was applied for 30 minutes and slides incubated
at 37°C. Slides were washed in PBS, and Vector Red® alkaline phosphatase
substrate (Vector laboratories, Burlingame, CA) was applied for 20 min in the
dark at room temperature. After a final wash in PBS and rinse in deionized
water, slides were dehydrated in ethanol, cleared with xylene, and coverslips
were applied.
C. Analysis of bronchoalveolar lavage fluid

1) Cell counts. Total and differential white blood cell counts were performed
on all bronchoalveolar lavage fluid (BALF) samples. Total cell counts were
performed by use of a hemacytometer within 2 h of collection. For differential cell
counts, slides prepared with a Cytospin 3 centrifuge (Shandon, Pittsburgh, PA)
were stained with Diff-Quick (Baxter Health Care, Dade Division, Miami FL), and
200 cells were examined to obtain a differential count. Following removal of
aliquots for the purpose of cell counts, BALF was centrifuged at 1500 rpm for 12

minutes to remove cells, and supematant was collected.
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2) Enzyme linked immunosorbent assay (ELISA) for elastase, sialyl
Lewis X, MUC1 and MUCSAC.

a) Primary antibodies: monoclonal antibody directed against neutrophil
elastase (rabbit anti-human) was obtained from Calbiochem (La Jolla, CA),
monoclonal antibodies against the sialyl Lewis X antigen (KM93 clone) and
MUC1 were obtained from Chemicon (Temecula, CA). Anti-MUC5AC was
obtained from Neomarkers (Fremont, CA). Anti-elastase antibody was diluted
1:1000 in sterile PBS. Twenty pl of 100ug/ml Anti-SLeX antibody was added to
10 ml of sterile PBS. Anti-MUC1 was diluted 1:200 in PBS. Anti-MUC5AC was
diluted 1:500 in PBS.

b) ELISA procedure: one hundred ul of BALF supernatant from each animal
was applied in triplicate to wells of Immulon-4 HBX 96-well plates (Dynex
Technologies, Chantilly, VA) and incubated overnight at 40°C to thoroughly fix
protein to the bottom of wells. One hundred pl of 6.5% casein blocking reagent
(Roche Diagnostics, Indianapolis, IN) was then added to each well to cover
potential irrelevant binding sites and incubated at 37°C for 30 minutes. Plates
were washed four times with 1X automation buffer (Biomedia Corp., Foster City,
CA), and then 100 pl of primary antibody in appropriate dilutions was added to
the wells, followed by incubation at 37°C for 90 minutes. Washes with
automation buffer were repeated, and 100 pl of biotinylated secondary antibody
(VECTASTAIN Elite ABC kit, Vector Laboratories, Burlingame, CA) was added to
each well. Secondary antibody was diluted 1:200 in 1X automation buffer. For

SLeX, MUC1 and MUCS5AC ELISA, 200 pi of rat serum was added to 10 ml of
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secondary antibody to eliminate any non-specific binding. The plates were
incubated at 37°C for 30 minutes, then washed four times with automation buffer.
One hundred microliters of VECTASTAIN ABC reagent were added to each well
followed by 30 min of incubation at 37°C. After four washes with automation
buffer, 100 ml of QuantaBlu® fluorogenic peroxidase substrate (Pirece, Rockford,
IL) were added to each well, and the plates were read at 3-min intervals for 21
min (kinetic runs) with a SpectraMax Gemini fluorescent plate reader (Molecular
Devices, Sunnyvale, CA) which detected the amount of fluorescence emitted
from the reaction (in relative fluorescence units). Excitation and emission
wavelengths were 318 nm and 410 nm, respectively. The maximum slope of the
kinetic display of relative fluorescence units versus time was calculated with
SOFTmax PRO software (Molecular Devices, Sunnyvale, CA) and reported as
Vmax units per second. Vmax units per second values were then used as end
points for sample comparisons (fluorogenic assay), with higher values
corresponding to increased presence of target molecule.
3) Enzyme-linked lectin assay for a - 1,2 fucose

Samples were plated, blocked and washed as for ELISAs. Biotinylated Ulex
europaeus | (UEAI) lectin (Vector Laboratories, Burlingame,CA), at .5 pg/ml in
diluent as recommended by the supplier, was then applied for 1 hour at 37°C.
UEA1 is specific for a — 1,2 fucose, a mucin-associated deoxyhexose sugar.
Plates were then treated with ABC, QuantaBlu® and read as for ELISAs.
4) Localization of SLeX to mucin-like molecules: High molecular weight cutoff

dialysis and sodium periodate incubation of lavage fluid was performed to
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confirm that the SLeX-immunoreactive molecule was of a molecular weight
characteristic of mucins, and was associated with an O-linked glycoprotein.

High molecular weight cutoff dialysis: fractions of rat BALF samples were

pooled and dialyzed for 6 hours at 4°C against distilled milliQ water in 300,000
molecular weight cutoff (MWCO) dialysis tubing (Spectra/Por, Spectrum medical
laboratories, Houston, TX). SLeX ELISA as described above was performed on
pooled samples before and after dialysis.

Sodium periodate incubation: sodium periodate oxidation is a common
procedure to cleave O-glycosidic linkages from glycoproteins. Two individual rat
lavage samples were dried to the bottom of Immulon-4 HBX 96 well plates and
blocked as described above. One hundred microliters of 100 mM sodium
periodate in 50 mM sodium acetate were added to the appropriate wells. For
comparison, untreated control wells (sample only) and wells with sample, sodium
periodate, and glucose were utilized [glucose blocks the action of sodium
periodate]. For wells with glucose added, 100 pl of 100 mM sodium periodate-
0.1 M glucose in 50 mM sodium acetate were used. Plates were then incubated
at room temperature overnight (in the dark). After overnight incubation, sodium
periodate and sodium periodate-glucose wells were incubated for 30 min at room
temperature with 10 mM sodium borohydride (100 ul/iwell) to prevent nonspecific
crosslinking of antigen to antibody by Schiff base formation. The plates were
washed four times with 1X automation buffer, and then ELISA was performed as

described above.
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Statistical analysis. Linear regressions and correlation analyses were
performed using SigmaStat® statistical software (Jandel Scientific Software, San
Rafael, CA). For direct comparisons of one factor between two groups, means of
groups were compared with Student's t-test. Multiple comparisons between
groups were performed with one-way ANOVA. Tukey's test was used for post

hoc analysis. P < 0.05 was considered significant.

Results
SLeX Immunohistochemistry

The SLeX primary antibody bound strongly to apical surfaces of airway
epithelial cells. Antibody binding did not take place in the interiors of secretory
cells. Figure 1 is a photomicrograph of SLeX binding activity on airway
epithelium.
BALF Cytology

Total cell counts and number of neutrophils per milliliter of lavage fluid were
significantly elevated in endotoxin-treated rats over respective saline control
groups at all time points (P < 0.05). Mean number of neutrophils/ml for each
group and time are shown in Figure 2.
BALF Elastase Levels

Bronchoalveolar lavage fluid elastase levels in endotoxin-treated rats were
significantly elevated at all time points over respective saline control values [P <

0.05] (Figure 3). No significant time differences existed in endotoxin-treated rats.
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BALF SLeX levels

Bronchoalveolar lavage fluid SLeX levels in endotoxin-treated rats were
significantly elevated at all time points over respective saline control values [ P <
0.05] (Figure 4). No significant time differences existed in endotoxin-treated rats.
BALF MUC1 levels

Soluble MUC1 levels in bronchoalveolar lavage fluid were significantly
elevated over respective saline control at 6 and 24 hours [P = 0.003 and 0.024,
respectively] (Figure 5). Increases noted over saline controls at all other time
points were not statistically significant. No significant time differences existed in
endotoxin-treated rats.
BALF MUCS5AC levels

MUCSAC levels in BALF were significantly elevated over respective saline
controls at 24, 48 and 72 hours (Figure 6). MUCS5AC levels of endotoxin-treated
rats at 24 hours were significantly elevated over endotoxin-treated rats at 6, 48
and 72 hours.
BALF a-1,2 fucose levels in rats

a-1,2 fucose levels in BALF were significantly elevated over respective saline
controls at 24, 48 and 72 hours (Figure 7). a-1,2 fucose levels in endotoxin-
treated rats at 24 and 48 hours were significantly elevated over endotoxin-treated
rats at 6 hours. Lectin histochemistry described in Chapter 4 has localized

fucose of this linkage to secretory (goblet) cells (Figure 8).
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Elastase and SLeX correlations

Linear regression analysis of BALF elastase levels (independent variable) and
BALF SLeX (dependent variable) is shown in Figure 9. Statistical analysis of the
correlation of BALF elastase levels to BALF SLeX levels in all animals resulted in
a correlation coefficient (R value) of .717 (regression P value < 0.001)
Elastase and MUC1 correlations in rats

An R value of .657 (regression P value < 0.001) was determined in linear
regression analysis of BALF elastase and BALF MUC1 levels.
SLeX and MUC1 correlations in rats

An R value of .710 (regression P value < 0.001) was determined in linear
regression analysis of BALF SLeX and BALF MUC1 levels.
High MWCO dialysis.

Dialysis did not result in loss of signal detected by ELISA, indicating that
target molecules were greater in size than 300,000 daltons. Pre-dialysis Vmax
units/sec values of pooled rat BALF was 6. Post-dialysis Vmax units/sec values
were 6.5.

Sodium periodate incubation

Sodium periodate oxidation resulted in decrease in signal detected by ELISA,
indicating that epitopes for the SLeX antibody were associated with O-linked
glycoproteins. Pre-incubation Vmax units/sec values for two rats were 16 and

15. Post-incubation values were 7 and 8.
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Discussion

This study reports 1) the identification of the sialyl Lewis X (SLeX)
tetrasaccharide, associated with high molecular weight O-linked glycoproteins
characteristic of mucins, in the airways of F344 rats; 2) increased SLeX levels in
bronchoalveolar lavage fluid of rats following exposure to bacterial endotoxin;
and 3) temporal differences in entry of different mucin glycoproteins into the
airway mucus layer of F344 rats with neutrophilic airways inflammation following
endotoxin exposure.

The sialyl Lewis X epitope was identified in BALF using a monoclonal primary
antibody directed against SLeX. High molecular weight cut-off dialysis did not
result in passage of molecules bearing the SLeX epitope through 300,000
molecular weight tubing. Sodium periodate incubation of BALF to cleave O-
linked oligosaccharides resulted in loss of antibody reactivity. These results
indicated that SLeX detected in BALF was associated with high molecular weight
O-linked molecules, both characteristic features of mucin glycoproteins.

At 6 hours post exposure to 20 ug endotoxin, increased levels of SLeX and
the cell surface-associated mucin MUC1 were present in BALF as compared to
saline controls, whereas no statistically significant differences existed with
respect to MUC5AC and a-1,2 fucose. Strong correlations existed between
SLeX and MUC1. Strong correlations were also noted between elastase and
both SLeX and MUC1. Additionally, immunohistochemistry localized SLeX to the
surfaces of airway epithelial cells, and not to the interiors of mucous goblet cells.

MUCS5AC and a-1,2 fucose levels, goblet cell-associated molecules and markers
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of secreted mucus production, were not elevated in BALF at 6 hours post
exposure. Significant elevations of these molecules over saline controls were
present by 24 hours, however, and levels remained elevated at 72 hours.

The SLeX antigen has previously been reported to be a component of MUC1
carbohydrate side chains (Ho, et al., 1995; Hey and Aplin, 1996; Gendler, 2000).
Neutrophil elastase has been demonstrated to cleave MUC1 molecules from cell
surfaces (Lillehoj, et al., 2001), and to increase MUC5AC production (Fischer
and Voynow, 2000; Martin, et al., 2000). Additionally, although neutrophil
elastase is present in intracytoplasmic granules in resting neutrophils, it has been
demonstrated that activated neutrophils express elastase on cell surfaces, and
this surface expression results in cleavage of elastase-specific substrates (Owen,
et al., 1997; Nadel et al., 1999). This information, together with the findings
described in this report, suggest the following scenario: the presence of bacterial
endotoxin in the airways, a signal to the body of Gram negative bacterial
infection, results in a powerful neutrophilic inflammatory response. Neutrophils
migrating through the airway epithelial layer come in close contact with epithelial
cells. Production of the enzyme elastase, expressed on the surfaces of activated
neutrophils, results in proteolytic cleavage of cell surface-associated molecules
such as MUC1 that possess the SLeX epitope. Glycoproteins which possess
SLeX therefore enter the mucus blanket as an early event in host response to
endotoxin. A later increase (at 24 hours) in production and release of secreted
mucins from goblet cells, indicated by increased levels of a-1,2 fucose and

MUCS5AC, stimulated at least in part by neutrophil elastase, then occurs. This
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stimulation of production and release of secreted mucins may be instigated
during the early phases of inflammation, such as during neutrophil/goblet cell
contact during neutrophil migration, but a time lag takes place between initial
stimulation and gene transcription and translation.

The early entry of MUC1 into the mucus blanket supports the concept that
transmembrane MUC1 molecules form a pre-constructed and readily releasable
pool of functional mucins. This method of quickly adding a specific mucin type to
the mucus layer, by neutrophil-directed proteolytic cleavage of pre-existing
surface mucins, may be more efficient than construction, packaging and release
of secreted mucins from secretory cells.

Entry of mucins that possess the SLeX epitope into airway lumens may serve
an important functional role. The presence of SLeX in the airway mucus layer
during the airway inflammatory process that follows endotoxin exposure may be
to specifically bind adhesion molecules present on the surfaces of Gram (-)
bacteria, facilitating their entrapment and removal by the mucociliary escalator.
SLeX-bearing molecules in the mucous blanket may also bind with selectins
expressed on leukocytes in the airways. Selectin/selectin-ligand interactions are
relatively weak, as evidenced by their involvement in the transient adhesive
processes of initial leukocyte margination in the vasculature (Wagner and Roth,
2001), and rather than serving to fix leukocytes to the mucus layer, these
interactions may be to aid leukocyte movement through the airway mucus during

inflammation.
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Figure 27. Neutrophil numbers in bronchoalveolar lavage fluid (BALF) of F344
rats exposed to saline and bacterial endotoxin. Rats were intranasally instilled

with sterile saline or 20 ug total dose of endotoxin, and sacrificed at 6, 24, 48 and
72 hours post-exposure (n = 6/group). Total and differential cell counts were
performed on BALF as described in Methods, and neutrophil numbers per ml
BALF were calculated. Results are expressed as means t+ SEM.
Bronchoalveolar lavage fluid neutrophil numbers were significantly elevated in
endotoxin-exposed animals over respective saline controls at all time points (P <
0.05).
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Figure 28. Elastase levels in bronchoalveolar lavage fluid (BALF) of F344 rats
exposed to saline and bacterial endotoxin. Rats were intranasally instilled with
sterile saline or 20 g total dose of endotoxin, and sacrificed at 6, 24, 48 and 72
hours post-exposure (n = 6/group). Elastase level in BALF was measured by
enzyme-linked immunosorbent assay as described in Methods. Results are
expressed as means + SEM. Bronchoalveolar lavage fluid elastase levels were
significantly elevated in endotoxin-exposed animals over respective saline
controls at all time points (P < 0.05).
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Figure 29. SLeX levels in bronchoalveolar lavage fluid (BALF) of F344 rats
exposed to saline and bacterial endotoxin. Rats were intranasally instilled with
sterile saline or 20 ug total dose of endotoxin, and sacrificed at 6, 24, 48 and 72
hours post-exposure (n = 6/group). SLeX level in BALF was measured by
enzyme-linked immunosorbent assay as described in Methods. Results are
expressed as means + SEM. Bronchoalveolar lavage fluid SLeX levels were
significantly elevated in endotoxin-exposed animals over respective saline
controls at all time points (P < 0.05).
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Figure 30. MUCH1 levels in bronchoalveolar lavage fluid (BALF) of F344 rats
exposed to saline and bacterial endotoxin. Rats were intranasally instilled with
sterile saline or 20 g total dose of endotoxin, and sacrificed at 6, 24, 48 and 72
hours post-exposure (n = 6/group). MUC1 level in BALF was measured by
enzyme-linked immunosorbent assay as described in Methods. Results are
expressed as means + SEM. Bronchoalveolar lavage fluid MUC1 levels were
significantly elevated in endotoxin-exposed animals over respective saline
controls at 6 (P = 0.003) and 24 hours (P = 0.024) post-exposure.
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Figure 31. MUC5AC levels in bronchoalveolar lavage fluid (BALF) of F344 rats
exposed to saline and bacterial endotoxin. Rats were intranasally instilled with
sterile saline or 20 pg total dose of endotoxin, and sacrificed at 6, 24, 48 and 72
hours post-exposure (n = 6/group). MUCS5AC level in BALF was measured by
enzyme-linked immunosorbent assay as described in Methods. Results are
expressed as means + SEM. Bronchoalveolar lavage fluid MUCS5AC levels were
significantly elevated in endotoxin-exposed animals over respective saline
controls at 24 (P < 0.001), 48 (P = 0.004) and 72 hours (P = 0.038) post-
exposure.
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Figure 32. a-1,2 fucose levels in bronchoalveolar lavage fluid (BALF) of F344
rats exposed to saline and bacterial endotoxin. Rats were intranasally instilled
with sterile saline or 20 pg total dose of endotoxin, and sacrificed at 6, 24, 48 and
72 hours post-exposure (n = 6/group). a-1,2 fucose level in BALF was measured
by enzyme-linked lectin assay as described in Methods. Results are expressed
as means + SEM. Bronchoalveolar lavage fluid a-1,2 fucose levels were
significantly elevated in endotoxin-exposed animals over respective saline
controls at 24 (P < 0.001), 48 (P < 0.001), and 72 hours (P = 0.032) post-
exposure.
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Figure 34. Positive correlation between elastase and SLeX levels in
bronchoalveolar lavage fluid (BALF) of F344 rats exposed to saline and bacterial
endotoxin. Rats were intranasally instilled with sterile saline or 20 ug total dose
of endotoxin, and sacrificed at 6, 24, 48 and 72 hours post-exposure (n =
6/group). Elastase and SLeX levels in BALF were measured by enzyme-linked
immunosorbent assay as described in Methods. Statistical analysis of the
correlation of BALF elastase levels to BALF SLeX levels in all animals resulted in
a correlation coefficient (R value) of .717. An R value of 0 indicates no
relationship between 2 variable, while an R value of 1 indicates a perfect positive
relationship between 2 variables, with both always increasing together. R values
closer to 1 indicate increasing positive relationships between 2 variables.
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Chapter 7:

The amount of sialyl Lewis X-bearing mucin molecules
in bronchoalveolar lavage fluid, originating from cell
surfaces, is correlated with elastase levels in airways of
horses
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ABSTRACT

Mucin molecules that possess the Sialyl Lewis X (SLeX) tetrasaccharide
have been demonstrated to be present in bronchoalveolar lavage fluid of rats
exposed to endotoxin, and | have shown that levels of SLeX-bearing mucins are
correlated with inflammation. | therefore hypothesized that mucins possessing
the SLeX epitope would also be present in the airways of horses, and that levels
would be associated with airway inflammation. Recurrent airway obstruction
(RAO) of horses is an asthmalike condition characterized by neutrophilic
inflammation, airway hyperreactivity and increased mucus production, with acute
episodes instigated by housing in dust-laden indoor (barn or stable)
environments. Bronchoalveolar lavage was performed on control and (RAO)-
affected horses both at pasture and after housing in an exacerbating indoor
environment. The SLeX epitope was determined to be associated with surfaces
of ciliated epithelial cells, and levels of SLeX-bearing mucins were correlated with
elastase levels. These findings suggest that proteinases released during airway
inflammation can cleave SLeX-possessing molecules from cell surfaces, and
these molecules enter the airway lumens to become components of the mucus

blanket.
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Introduction

A correlation between airway inflammation in rats and the presence of mucins
that possess the sialyl Lewis X (SLeX) tetrasaccharide has been demonstrated
as part of this thesis project (Chapter 6). The SLeX structure is present across
animal species, and is a functional unit that has specific intercellular binding
activity. | therefore hypothesized that the SLeX structure would be present in
airways of horses, and that levels in the airways would correlate with the degree
of airway inflammation. This protocol tests the hypothesis that SLeX-bearing
mucin molecules are present in airway lining fluids of horses, and that levels in

airway lumens increase with increasing inflammation in puimonary airways.

Methods

Animals. Control horses and recurrent airway obstruction (RAO)-affected
horses from herds maintained at Michigan State University (East Lansing, Ml)
were used. To be classified as an RAO-affected horse, animals must meet the
following criteria: 1) clinical signs of RAO, including cough, increased respiratory
sounds, and increased expiratory abdominal effort, must be observed during
housing and must abate when the horses are kept at pasture where there is no
exposure to dust found in hay and stables; 2) horses must develop changes in
lung function compatible with airway obstruction [maximal change in pleural
pressure (APplmax ) during tidal breathing > 15 cm H.O] when stabled and fed
hay; and 3) airway obstruction must be reversible, in part, with atropine. Control

horses used in this study had no known history of chronic airway disease and did
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not display any clinical signs characteristic of obstructive airway disease when
stabled.

Protocol. Bronchoalveolar lavage fluid was obtained from RAO horses and
control horses (n = 4/group, 8 total) before housing in a barn environment (time
0), and after indoor housing for 48 hours. After housing, horses were returned to
pasture for at least three weeks, and additional BALF samples were then
obtained from the same horses both before and after housing. This resulted in a
total of 16 time O lavages and 16 48 hour lavages, performed on 8 different
horses.

Bronchoalveolar lavage. Bronchoalveolar lavage was collected by means of
a 3-m tube wedged in a peripheral bronchus. Three 100 ml aliquots of sterile
phosphate buffered saline (PBS) were infused and recovered by suction after
each 100-ml infusion, and samples were pooled. Samples were treated with
0.1% dithiothreitol [DTT] (Sigma, St. Louis, MO) and shaken for 30 minutes to
disperse mucins. With the exception of aliqouts taken for total and differential
cell counts, samples were centrifuged at 1500 rpm for 10 minutes to remove
cells. Supernatant forimmunochemistry and lectin chemistry was collected and
stored at -20°C.

Sialyl Lewis X immunohistochemistry

Tissue sections of tracheal mucosa from control and RAO-affected horses
had been collected from earlier necropsies and stored. Tissues were embedded
in paraffin and mounted on Probe-on® plus glass slides. Slides were

deparaffinized with xylene and hydrated with decreasing concentrations of
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ethanol and water, then washed with PBS. Endogenous peroxidases were
blocked with a mix of 3% hydrogen peroxide in deionized water, then rinsed with
PBS. Slides were non-specifically blocked with a mixture of 2% horse serum in
PBS, rinsed with PBS, and incubated overnight at room temperature with primary
antibody [mouse anti-SLeX, KM93 clone] (Chemicon, Temecula, CA) diluted 1:40
in PBS. Slides were washed in PBS and incubated with biotinylated anti-mouse
secondary antibody (VECTASTAIN Elite ABC kit, Vector laboratories,
Burlingame, CA) for 30 minutes at 37°C followed by a wash with PBS. ABC
reagent (VECTASTAIN Elite kit) was applied for 30 minutes and slides incubated
at 37°C. Slides were washed in PBS, and a mix of DAB/NiICL2 + 30% hydrogen
peroxide was applied for 30 min at 37°C. After a final wash in PBS and rinse in
deionized water, slides were dehydrated in ethanol, cleared with xylene, and
coverslips were applied.

Analysis of bronchoalveolar lavage fluid

1) Cell counts. Total and differential white blood cell counts were performed
on all bronchoalveolar lavage fluid (BALF) samples. Total cell counts were
performed by use of a hemacytometer within 2 h of collection. For differentials,
slides prepared with a Cytospin 3 centrifuge (Shandon, Pittsburgh, PA) were
stained with Diff-Quick (Baxter Health Care, Dade Division, Miami FL), and 200
cells were examined to obtain a differential count. Following removal of aliquots
for the purpose of cell counts, BALF was centrifuged at 1500 rpm for 12 minutes

to remove cells, and supernatant was collected.
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2) Enzyme linked immunosorbent assay (ELISA) for neutrophil
elastase and sialyl Lewis X.

a) Primary antibodies: monoclonal antibody directed against neutrophil
elastase (rabbit anti-human) was obtained from Calbiochem (La Jolla, CA), and
monoclonal antibody against the sialyl Lewis X antigen (KM93 clone) was
obtained from Chemicon (Temecula, CA). Anti-elastase antibody was diluted
1:1000 in sterile PBS. Twenty pl of 100ug/mi Anti-SLeX antibody was added to
10 ml of sterile PBS.

b) ELISA procedure: one hundred pl of BALF supernatant from each animal
was applied in triplicate to wells of Immulon-4 HBX 96-well plates (Dynex
Technologies, Chantilly, VA) and incubated overnight at 40°C to thoroughly fix
protein to the bottom of wells. One hundred pl of 6.5% casein blocking reagent
(Roche Diagnostics, Indianapolis, IN) was then added to each well to cover
potential irrelevant binding sites and incubated at 37°C for 30 minutes. Plates
were washed four times with 1X automation buffer (Biomedia Corp., Foster City,
CA), and then 100 pl of primary antibody in appropriate dilutions was added to
the wells, followed by incubation at 37°C for 90 minutes. Washes with
automation buffer were repeated, and 100 pl of biotinylated secondary antibody
(VECTASTAIN Elite ABC kit, Vector Laboratories, Burlingame, CA) was added to
each well. Secondary antibody was diluted 1:200 in 1X automation buffer. The
plates were incubated at 37°C for 30 minutes, then washed four times with
automation buffer. One hundred microliters of VECTASTAIN ABC reagent were

added to each well followed by 30 min of incubation at 37°C. After four washes
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with automation buffer, 100 ml of QuantaBlu® fluorogenic peroxidase substrate
(Pirece, Rockford, IL) were added to each well, and the plates were read at 3-
min intervals for 21 min (kinetic runs) with a SpectraMax Gemini fluorescent plate
reader (Molecular Devices, Sunnyvale, CA) which detected the amount of
fluorescence emitted from the reaction (in relative fluorescence units). Excitation
and emission wavelengths were 318 nm and 410 nm, respectively. The
maximum slope of the kinetic display of relative fluorescence units versus time
was calculated with SOFTmax PRO software (Molecular Devices, Sunnyvale,
CA) and reported as Vmax units per second. Vmax units per second values
were then used as end points for sample comparisons (fluorogenic assay), with
higher values corresponding to increased presence of target molecule.
Localization of SLeX to mucin-like molecules

High molecular weight cutoff dialysis and sodium periodate incubation of
lavage fluid was performed to confirm that the SLeX-immunoreactive molecule
was of a molecular weight characteristic of mucins, and was associated with an
O-linked glycoprotein.

High molecular weight cutoff dialysis: fractions of BALF samples were pooled
and dialyzed for 6 hours at 4°C against distilled milliQ water in 100,000 and
300,000 molecular weight cutoff (MWCO) dialysis tubing (Spectra/Por, Spectrum
medical laboratories, Houston, TX). SLeX ELISA as described above was
performed on pooled samples before and after dialysis.

Sodium periodate incubation: sodium periodate oxidation is a common

procedure to cleave O-glycosidic linkages from glycoproteins. Two individual
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horse lavage samples were dried to the bottom of Immulon-4 HBX 96 well plates
and blocked as described above. One hundred microliters of 100 mM sodium
periodate in 50 mM sodium acetate were added to the appropriate wells. For
comparison, untreated control wells (sample only) and wells with sample, sodium
periodate, and glucose were utilized [glucose blocks the action of sodium
periodate]. For wells with glucose added, 100 pl of 100 mM sodium periodate-
0.1 M glucose in 50 mM sodium acetate were used. Plates were then incubated
at room temperature overnight (in the dark). After overnight incubation, sodium
periodate and sodium periodate-glucose wells were incubated for 30 min at room
temperature with 10 mM sodium borohydride to prevent nonspecific crosslinking
of antigen to antibody by Schiff base formation. The plates were washed four
times with 1X automation buffer, and then ELISA was performed as described
above.

Statistical analysis. Linear regressions and correlation analyses were
performed using SigmaStat® statistical software (Jandel Scientific Software, San
Rafael, CA). For correlation analysis, each bronchoalveolar lavage sample
collected, regardless of group or time, was considered to be a separate,
individual sample. Comparisons between groups, factoring group and time, were
performed with two-way ANOVA (SigmaStat®). Tukey’s test was used for post

hoc analysis. P < 0.05 was considered significant.
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Results
SLeX Immunohistochemistry

The SLeX primary antibody bound strongly to apical surfaces of ciliated cells
in airway epithelium. Figure 1 is a photomicrograph of SLeX binding activity in
horse airway epithelium.
BALF Cytology

Significant group and time effects for total cell counts and number of
neutrophils per milliliter of BALF were evident for RAO-affected horses at 48
hours (P = 0.024 and 0.025, respectively). Means of neutrophils/ml for each
group and time are shown in Figure 2.
BALF Elastase Levels

No statistically significant differences in mean elastase values in
bronchoalveolar lavage fluid were detected between control or RAO-affected
horses at any time point (Figure 3). Elastase levels in control horses were
sporadically quite high (Table 1).
BALF SLeX levels

No statistically significant differences in mean SLeX values in bronchoalveolar
lavage fluid were detected between control or RAO-affected horses at any time
point (Figure 4).
Elastase and SLeX correlations

Linear regression analysis of BALF elastase levels (independent variable)
and BALF SLeX (dependent variable) in all horses (control and RAO-affected) is

shown in Figure 5. Statistical analysis of the correlation of BALF elastase levels
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to BALF SLeX levels in all samples resulted in a correlation coefficient (R value)
of .750 (regression P value < 0.001).
High MWCO dialysis.

Dialysis did not result in loss of signal detected by ELISA, indicating that
target molecules were greater in size than 300,000 daltons. Pre-dialysis Vmax
units/sec values of pooled BALF was 12. Post-dialysis Vmax units/sec values
was 10.8.

Sodium periodate incubation

Sodium periodate oxidation resulted in decrease in signal detected by ELISA,
indicating that epitopes for the SLeX antibody were associated with O-linked
glycoproteins. Pre-incubation Vmax units/sec values for two horses were 32 and

35. Post-incubation values were 10 and 10.

Discussion

This study demonstrated that the sialyl Lewis X (SLeX) structure was present
on cell surface-associated mucin-like molecules in horses, and that the level of
this molecule in airway lumens was highly correlated with elastase levels in
bronchoalveolar lavage fluid. The correlation of SLeX with elastase levels was
irrespective of disease status, as individual horses from the control group, though
having no clinical signs of recurrent airway obstruction, had episodes of greatly
increased elastase levels in the airways during the course of this protocol. High
elastase levels in BALF of control horses resulted in no significant differences in

mean elastase levels between the RAO-affected and control groups. Episodes
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of greatly increased elastase level were accompanied by an increased SLeX
level in individual control horses, however. These results, coupled with similar
findings in F344 rats exposed to endotoxin, suggest that it is an increased
elastase presence in the airways, and not a specific disease, that leads to
increased SLeX presence in the airway mucus blanket. As with rats (detailed in
Chapter 6), | therefore hypothesize that the proteolytic enzyme elastase cleaves
SLeX-bearing mucins from airway cell surfaces of horses, and these molecules

subsequently enter the airway mucus layer.
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Table 1

Control horse BALF elastase (Vmax units/sec)
#1 Time O 46
#1 48 hour 34
#2 Time 0 23
#2 48 hour 63
#3 Time O 34
#3 48 hour 23
#4 Time O 9
#4 48 hour 18
RAQ-affected horse

#1 TimeO 42
#1 48 hour 33
#2 Time O 17
#2 48 hour 23
#3 TimeO 30
#3 48 hour 21
#4 Time O 16
#4 48 hour 35

Table 1: Elastase values in bronchoalveolar lavage fluid (BALF) of control and
RAO-affected horses before indoor housing (time 0) and after 48 hours of indoor
housing (48 hours). Values are Vmax units/sec (from kinetic enzyme-linked
immunosorbent assay, as described in methods).
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Figure 36. Neutrophil numbers per ml in bronchoalveolar lavage fluid (BALF) of

control and RAO-affected horses. Bronchoalveolar lavage was performed on
control and RAO-affected horses before indoor housing (time 0) and after 48
hours of housing in a dusty environment (48 hr). Total and differential cell counts
were performed on BALF as described in Methods, and neutrophil numbers per
mi BALF were calculated. Results are expressed as means + SEM. Significant
group and time effects for 48 hr RAO-affected horses existed (P = 0.024 and

0.025, respectively).
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Figure 37. Elastase levels in bronchoalveolar lavage fluid (BALF) of control and
RAO-affected horses. Bronchoalveolar lavage was performed on control and
RAO-affected horses before indoor housing (time 0) and after 48 hours of
housing in a dusty environment (48 hr). BALF elastase levels were determined
by enzyme-linked immunosorbant assay as described in Methods. Results are
expressed as means + SEM. No significant group or time effects existed.
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Figure 38. Sialyl Lewis X (SLeX) levels in_bronchoalveolar lavage fluid (BALF)
of control and RAO-affected horses. Bronchoalveolar lavage was performed on
control and RAO-affected horses before indoor housing (time 0) and after 48
hours of housing in a dusty environment (48 hr). BALF SLeX levels were
determined by enzyme-linked immunosorbant assay as described in Methods.
Results are expressed as means + SEM. No significant group or time effects
existed.
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Figure 39. Correlation analysis of elastase and SLeX levels in bronchoalveolar
lavage fluid (BALF) of control and RAO-affected horses. Bronchoalveolar lavage
was performed on control and RAO-affected horses before indoor housing (time
0) and after 48 hours of housing in a dusty environment (48 hr). BALF elastase
and SLeX levels were determined by enzyme-linked immunosorbant assay as
described in Methods. Statistical analysis of the correlation of BALF elastase
levels to BALF SLeX levels in all animals resulted in a correlation coefficient (R
value) of .7560. An R value of 0 indicates no relationship between 2 variable,
while an R value of 1 indicates a perfect positive relationship between 2
variables, with both always increasing together. R values closer to 1 indicate
increasing positive relationships between 2 variables.
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SUMMARY

Three major hypotheses were developed and tested during this thesis project:
1. Recurrent airway obstruction-affected horses have increased amounts
of airway mucus as compared to control horses, and this increase is of a
persistent nature.

My results showed that RAO-affected horses have increased levels of airway
mucus compared to control horses, and this alteration is of a persistent nature,
evident even during clinical remission. Alterations detected were in the form of
increased levels of the mucin glycoprotein-associated sugars a-1,2 fucose, sialic
acid, and N-acetyl-glucosamine.

This information contributes to the greater understanding of RAO by
demonstrating that increased mucus production in RAO horses can be quantified
by biochemical means, and that this increased mucus production is not a short
term phenomenon that is associated only with acute episodes of the disease.
The identification of long-term changes is significant, as this prolonged mucus
production may be an indicator of the wide-ranging effects of sustained airway
inflammation, which may be driving persistent alterations in mucin glycoprotein
production. Prolonged increases in mucus production may also have long-term
pathophysiological effects, contributing to airway narrowing or enhancing the
binding of bacteria or leukocytes to the mucus blanket.

Additionally, the findings derived from testing this hypothesis can be of

practical importance in that the biochemical identification of persistently
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increased mucus production can provide a marker for the identification of RAO or
other chronic inflammatory airway condition in the absence of obvious clinical
signs.
2. The Sialyl Lewis X tetrasaccharide is a component of airway mucus in
horses and rats, and levels of SLeX increase during airway inflammation.
The sialyl Lewis X (SLeX) tetrasaccharide has well known functional
properties, including serving as a binding site for prokaryotic and eukaryotic
adhesion molecules. SLeX, associated with high molecular weight O-linked
glycoproteins characteristic of mucins, was identified in bronchoalveolar lavage
fluid of both horses and rats. Levels of SLex were increased following endotoxin
administration in rats, and SLeX levels were positively correlated with elevated
elastase levels in both rats and horses.
3. Temporal differences exist in the composition of airway mucus during
inflammation. ’

Using bacterial endotoxin as a mechanism for inducing airway inflammation, |
have shown in this thesis that there are temporal differences in the qualitative
composition of mucus that enters the airway lumen during inflammation. That is,
mucins released into the mucous blanket early in inflammation are not the same
types of mucins that are produced and released at later time points. Specifically,
SLeX-bearing mucins, released from epithelial cell surfaces, enter the mucous
blanket first (SLeX presence can be detected by 6 hours post-challenge).

Mucins produced and secreted from mucous goblet cells (as measured by
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MUCS5AC and a-1,2 fucose) then follow, and are present in the mucous layer by
24 hours post-challenge.

This finding is significant, in that it contributes to a better understanding of the
dynamic nature of mucin release through the course of an inflammatory airway
condition. This understanding is a vital addition to the overall concept that mucus
production is not a highly generalized and non-specific host response to injury
and inflammation, but a precise and directed event, with airway mucins providing
specific functions at specific time points as part of their protective role in host

defense.

-204 -



BIBLIOGRAPHY

- 205 -



BIBLIOGRAPHY

Abeijon, C., Mandon, E.C., Hirschberg, C.B. (1997). Transporters of
nucleotide sugars, nucleotide suifate and ATP in the Golgi apparatus.
TIBS 22: 203-207.

Adam, E.C., Mitchell, B.S., Schumacher, D.U., Grant, G., Schumacher, U.
(1997a). Pseudomonas aeruginosa |l lectin stops human ciliary beating:
therapeutic implications of fucose. Am J Respir Crit Care Med 155(6): 2102-
2104.

Adam, E.C., Schumacher, D.U., Schumacher, U. (1997b). Cilia from a cystic
fibrosis patient react to the ciliotoxic Pseudomonas aeruginosa |l lectin in a
similar manner to normal control cilia — a case report. J Laryngology Otology
111: 760-762.

Adler, K.B., Li, Y., Martin, L.D. (2000). Myristoylated alanine-rich C-kinase
substrate protein — a major intracellular regulatory molecule controlling secretion
of mucin by human airway goblet cells. Chest 117: 266S-267S.

Ainsworth, D.M., Appleton, J.A., Antczak, D.F., Santiago, M.A., Aviza, G.
(2002). 1gG antibody responses to an inhaled antigen in horses with “heaves”
(recurrent airway obstruction). Vet Immunol Immunopathol 84(3-4): 169-180.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., Watson, J.D. (1994).
Molecular biology of the cell. Garland Publishing, Inc. New York, NY, USA. Ch.
12 and 13.

Amdur, M., Mead, J. (1958). Mechanics of respiration in unanesthetized guinea
pigs. Am J Physiol 192: 916-921.

Armstrong, D.S., Grimwood, K., Carlin, J.B., Carzino, R., Gutierrez, J.P.,
Hull, J., Olinsky, A., Phelen, E.M., Roberson, C.F., Phelan, P.D. (1997).
Lower airway inflammation in infants and young children with cystic fibrosis. Am
J Respir Crit Care Med 256(4 pt 1): 1197-1204.

Arteaga, C.L. (2001). The epidermal growth factor receptor: from mutant

oncogene in nonhuman cancers to therapeutic target in human neoplasia. J Clin
Oncol 19: 32s-40s.

- 206 -



Asker, N., Axelson, M.A.B., Olofson, S-O., Hansson G.C. (1998a).
Dimerization of the human MUC2 mucin the endoplasmic reticulum is followed by
a N-glycosylation-dependent transfer of the mono-and dimers to the Golgi
apparatus. J. Biol Chem 273(30): 18857-18863.

Asker, N., Axelson, M.A.B., Olofson, S-O., Hansson G.C. (1998b). Human
MUCSAC mucin dimerizes in the rough endoplasmic reticulum, similarly to the
MUC2 mucin. Biochem J 335: 381-387.

Baenziger, J.U. (1994). Protein-specific glycosyltransferases: how and why
they do it!t FASEB J. 8: 1019-1025.

Belaaouaj, A., McCarthy, R., Baumann, M., Gao, Z., Ley, T.J., Abraham, S.N.,
Shapiro, S.D. (1998). Mice lacking neutrophil elastase reveal impaired host
defense against gram negative pathogens. Nat Med 4: 615-619.

Basbaum, C.B., Mann, J.K., Chow, A.W., Finkbeiner, W.E. (1984).
Monoclonal antibodies as probes for unique antigens in secretory cells of mixed
exocrine organs. Proc Natl Acad Sci USA 81: 4419-4423.

Basbaum, C.B., Chow, A., Macher, B.A., Finkbeiner, W.E., Veissiere, D.,
Forsberg, L. (1986). Tracheal carbohydrate antigens identified by monoclonal
antibodies. Acrh Biochem Biophys 249: 363-373.

Belcher, C.E., Drenkow, J., Kehoe, B., Gingeras, T.R., McNamara, N.,
Lemjabbar, H., Basbaum, C., Relman, D.A. (2000). The transcriptional
responses of respiratory epithelial cells to Bordetella pertussis reveal host
defensive and pathogen counter-defensive strategies. Proc Nat/ Acad Sci, USA
97(25): 13847-13852.

Bhatia, P.K., Mukhopaphyay, A. (1999). Protein glycosylation: implications for
in vivo functions and therapeutic applications. Adv Biochem Eng Biotechnol 64:
155-201.

Bigby, T.D. (2000). The leukotriene C4 synthase gene and asthma. Am J
Respir Cell Mol Biol 23: 273-276.

Bobek, L.A., Tsai, H., Biesbrock, A.R., Levine, M.J. (1993). Molecular
cloning, sequence, and specificity of expression of the gene encoding the low
molecular weight human salivary mucin (MUC7). J Biol Chem 268(27): 20563-
20569.

Bochner, B.S. (1998). Allergy, Principles and Practices, Vol I, Middleton, et al.,
eds. Mosby, St. Louis, MO, USA. Ch. 6.

-207 -



Boren, T., Falk, P., Roth, K.A,, Larson, G., Normark, S. (1993). Attachment of
Helicobacter pylori to human gastric epithelium mediated by blood group
antigens. Science 262(5141): 1892-1895.

Bousquet, J., Jeffery, P.K., Busse, W.W., Johnson, M., Vignola, A.M. (2000).
Asthma: from bronchoconstriction to airways inflammation and remodeling. Am J
Respir Crit Care Med 161: 1720-1745.

Breeze, R.G. (1979). Heaves. The problem of disease definition. Vet Clin North
America: large animal practice 1: 219-230.

Brenner, B.C., Kadel, S., Grigorovich, S., Linderkamp, O. (2002).
Mechanisms of L-selectin-induced activation of the nuclear factor of activated T
lymphocytes (NFAT). Biochem Biophys Res Commun 291(2): 237-244.

Broide, D.H. (2001). Molecular and cellular mechanisms of allergic disease. J
Allergy Clin Immunol 108(2 Suppl): S65-S71|

Buisine, M-P., Desseyn, J-L., Porchet, N., Degand, P., Laine, A., Aubert, J-
P. (1998). Genomic organization of the 3'-region of the human MUC5AC mucin
gene: additional evidence for a common ancestral gene for the 11p15.5 mucin
gene family. Biochem J. 332: 729-738.

Bureau, F., Delhalle, S., Bonizzi, G., Fieviz, L., Dogne, S., Kirshvink, N.,
Vanderplasschen, A., Merville, M-P., Bours, V., Lekeux, P. (2000).
Mechanisms of persistent NF-kB activity in the bronchi of an animal model of
asthma. J /mmunol 165: 5822-5830.

Clarke, A.F., Madelin, T. (1987). Technique for assessing respiratory health
hazards from hay and other source materials. £Eq Vet J 19: 442-447.

Cohen-Salmon, M., El-Amraoui, A., Leibovici, M. Petit, C. (1997). Otogelin: a
glycoprotein specific to the acellular membranes of the inner ear. Proc. Natl.
Acad. Sci. USA 94: 14450-14455.

Corrigan, C.J. (1998). Allergy, Principles and Practices, Vol I, Middleton, et al.,
eds. Mosby, St. Louis, MO, USA. Ch. 17.

Critchley, |.A., Douglas, L.J. (1987). Role of glycosides as epithelial receptors
for Candida albicans. J Gen Microbiol 133(Pt 3): 637-643.

Daftary, S.S., Calhoun, W.J., Jarjour, N.N. (1998). Macrophages and
macrophage diversity in asthma (Ch. 18). Inflammatory Mechanisms in Asthma:
Vol 117 Lung Biology in Health and Disease Holgate and Busse, eds. Marcel
Dekker, New York, NY, USA.

- 208 -



Dekker, J., and Strous, G.J. (1990). Covalent oligomerization of rat gastric
mucin occurs in the rough endoplasmic reticulum, is N-glycosylation-dependent,
and precedes initial O-glycosylation. J.Biol Chem 265(30): 18116-18122.

Delacourt, C., Herigault, S., Delclaux, C., Poncin, A., Lavame, M., Harf, A.,
Saudubray, F., Lafuma, C. (2002). Protection against acute lung injury by
intaveneous or intratracheal pretreatment with EPI-HNE-4, a new potent
neutrophil elastase inhibitor. Am J Respir Cell Mol Biol 26: 290-297.

Dell, A., Morris, H.R. (2001). Glycoprotein structure determination by mass
spectrometry. Science 291: 2351-2356.

Dennis, R.A., Rhodey, M., McCammon, M.T. (1999). Yeast mutants of
glucose metabolism with defects in the coordinate regulation of carbon
assimilation. Arch Biochem Biophys 365(2): 279-288.

Derksen, F.J., Scott, J.S., Miller, D.C., Slocombe, R.F., Robinson, N.E.
(1985). Broncho-alveolar lavage in ponies with recurrent airway obstruction
(heaves). Am Rev Respir Dis 132: 1066-1070.

Desseyn, J-L., Aubert, J-P., Van Seuningen, |., Porchet, N., Laine, A. (1997).
Genomic organization of the 3’ region of the human mucin gene MUCS5B. J. Biol
Chem 272(27): 16873-16883.

DiCamillo, S.J., Carreras, |., Panchenko, M.V., Stone, P.J., Nugent, M.A.,
Foster, J.A., Panchenko, M.P. (2002). Elastase-released epidermal growth
factor recruits epidermal growth factor receptor and extracellular signal-regulated
kinases to down-regulate tropoelastin mRNA in lung fibroblasts. J Biol Chem
277(21): 18938-18946.

Dixon, P.M. (1992). Respiratory mucociliary clearance in the horse in health
and disease, and its pharmaceutical modification. Veterinary Record 131: 229-
235.

Dixon, P.M., Railton, D.l., McGorum, B.C. (1995). Equine pulmonary disease:
a case control study of 300 referred cases. Part 1. examination techniques,
diagnostic criteria and diagnoses. Equine Vet J 27: 416-422.

Doerschuk, C.M., Beyers, N., Coxson, H.O., Wiggs, B., Hogg, J.C. (1993).
Comparison of neutrophil and capillary diameters and the relation to neutrophil
sequestration in the lung. J Appl Physiol 74: 3040-3045.

Dohrman, A., Miyata, S., Gallup, M., Li, J-D., Chapelin, C., Coste, A.,
Escudier, E., Nadel, J., Basbaum, C. (1998). Mucin gene (MUC2 and
MUCSAC) upregulation by Gram-positive and Gram-negative bacteria.
Biochimica et Biophysica Acta 1406: 251-259.

-209 -



Doull, 1.J.M. (2001) Recent advances in cystic fibrosis. Arch Dis Child 85: 62-
66.

Drickamer, K., Taylor, M.E. (1998). Evolving views of protein glycosylation.
Trends Biochem Sci 23(9): 321-324.

Dunsmore, S.E., Saarialho-Kere, U.K., Roby, J.D., Wilson, C.L., Matrisian,
L.M., Welgus, H.G., Parks, W.C. (1998). Matrilysin expression and function in
airway epithelium. J Clin Invest 102(7): 1321-1331.

Eckhardt, A.E., Timpte, C.S., Abernethy, J.L., Toumadje, A., Johnson, W.C.,
Hill, R.L. (1987). Structural properties of porcine submaxillary gland apomucin.
J. Biol Chem 262(23): 11339-11344.

Eder, C., Crameri, R., Mayer, C., Eicher, R., Straub, R., Gerber, H., Lazary,
S., Marti, S. (2000). Allergen-specific IgE levels against crude mould and
storage mite extracts and recombinant mould allergens in sera from horses
affected with chronic bronchitis. Vet Immunol Immunopathol 73(3-4): 241-253.

Fairbairn, S.M., Page, C.P., Lees, P., Cunningham, F.M. (1993). Early
neutrophil but not eosinophil or platelet recruitment to the lungs of allergic horses
following exposure. Clinical and Experimental Allergy 23: 821-828.

Fischer, B., Voynow, J. (2000). Neutrophil elastase induces MUCSAC
messenger RNA expression by an oxidant-dependent mechanism. Chest 117:
317S-3208S.

Folkert, G., Nijkamp, F.P. (1998). Airway epithelium: more than just a barrier!
TiPS 19: 334-341.

Franchini, M., Gill, U., von Fellenberg, R., Bracher, V.D. (2000). Interleukin-8
concentration and neutrophil chemotactic activity in bronchoalveolar lavage fluid
of horses with chronic obstructive pulmonary disease following exposure to hay.
Am J Vet Res 61(11): 1369-1374.

Freeze, H.H. (1999). Glycobiology, Varki, et al., eds. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, USA. Ch. 6.

Gaillard, D., Plotkowski, M.C. (1996). Changes in airway structure after airway
infection. Environmental impact on the airways, vol 93, Lung Biology in Health
and Disease, Chretien and Dusser, eds. Marcel-Dekker, New York, NY. Ch. 18.

Gant, V.A., Hawrylowicz, C.M., Lee, T.H. (1998). Allergy, Principles and
Practices, Vol I, Middleton, et al., eds. Mosby, St. Louis, MO, USA. Ch. 23.

-210-



Gao, Z., Garbers, D.L. (1998). Species diversity in the structure of zonadhesin,
a sperm-specific membrane protein containing multiple cell adhesion molecule-
like domains. J. Biol Chem 273(6): 3415-3421.

Gavett, S.H., O’Hearn, D.J., Li, X., Huang, S.K., Finkelman, F.D., Wills-Karp,
M. (1995). Interleukin 12 inhibits antigen-induced airway hyperresponsiveness,
inflammation, and TH2 cytokine expression in mice.

Gendler, S.J. (2001). MUC1, the renaissance moleculel J Mammary Gland Biol
Neoplasia Jul;6(3): 339-353.

Gibson, P.G., Simpson, J.L., Saltos, N. 2001. Heterogeneity of airway
inflammation in persistent asthma. Chest 119: 1329-1336.

Gilboa-Garber, N., Sudakevitz, D., Sheffi, M., Sela, R., Levene, C. (1994).
PA-I and PA-Il lectin interactions with the ABO(H) and P blood group
glycosphingolipid antigens may contribute to the broad spectrum adherence of
Pseudomonas aeruginosa to human tissues in secondary infections. Glycoconj J
11(5): 414-417.

Gordon, T., Harkema, J.R. (1995). Cotton dust produces an increase in
intraepithelial mucosubstances in rat airways. Am J. Respir Crit Care Med
151(6): 1981-1988.

Gordon, T. Nadziejko, C., Plant, M., Rodger, L.W., Pon, D.J. (1996). One-
month exposure to inhaled endotoxin produces a dose-dependent increase in
stored mucosubstances in rat intrapulumonary airways. Exp Lung Res 22(5):
509-523.

Govan, J.R., Deretic, V. (1996). Microbial pathogenesis in cystic fibrosis:
mucoid Pseudomonas aeruginosa and Burkholderia cepacia. Microbiol Rev
60(3): 539-574.

Green, P.J., Tamatani, T., Watanabe, T., Miyasaka, M., Hasegawa, A., Kiso,
M., Yuen, C.T., Stoll, M.S., Feizi T. (1992). High affinity binding of the
leukocyte adhesion molecule L-selectin to 3'-sulphated-Le(a) and —Le(x)
oligosaccharides and the predominance of sulphate in this interaction
demonstrated by binding studies with a series of lipid-linked oligosaccharides.
Biochem Biophys Res Commun 188(1): 244-251.

Gurish, M.F., Austen, K.F. (2001). The diverse roles of mast cells. J Exp Med
94(1): F1-F5.

-211-



Hailman, E., Lichenstein, H.S., Wurfel, M.M., Miller, D.S., Johnson, D.A.,
Kelley, M., Busse, L.A., Zukowski, M.M., Wright, S.D. (1994).
Lipopolysaccharide (LPS)-binding protein accelerates the binding of LPS to
CD14. J Exp Med 179(1): 269-277.

Halliwell, R.E.W., McGorum, B.C., Irving, P., Dixon, P.M. (1993). Local and
systemic antibody production in horses affected with chronic obstructive
pulmonary disease. Vet Immunol Immunopathol 38: 201-215.

Hanisch, F-G., Muller, S. (2000). MUC1: the polymorphic appearance of a
human mucin. Glycobiology 10(5): 439-449.

Hanisch, F-G. (2001). O-glycosylation of the mucin type. Biol. Chem. 382:
143-149.

Harkema, J.R., Hotchkiss, J.A. (1991). In vivo effects of endotoxin on nasal
epithelial mucosubstances: quantitative histochemistry. Exp Lung Res 17: 743-
761.

Harkema, J.R., Barr, E.B., Hotchkiss, J.A. (1997). Responses of rat nasal
epithelium to short- and long-term exposures of ozone: image analysis of
epithelial injury, adaptation and repair Microsc Res Tech 36: 276-286.

Helenius, J., Davis, T.W., Marolda, C.L., Walters, P., Valvano, M.A., Aebi, M.
(2002). Translocation of lipid-linked oligosaccharides across the ER membrane
requires Rft1 protein. Nature 415: 447-450.

Henderson, W.R., Lu, J., Poole, K.M., Dietsch, G.N., Chi, E.Y. (2000).
Recombinant human platelet activating factor-acetylhydrolase inhibits airway
inflammation and hyperreactivity in a mouse asthma model. J Immunol 164(6):
3360-3367.

Hey, N.A,, Aplin, J.D. (1996). Sialyal-Lewis x and Sialyl-Lewis a are associated
with MUC1 in human endometrium. Glyconj J 13(5): 769-779.

Ho, J.J., Siddiki, B., Kim, Y.S. (1995). Association of sialyl-Lewis(a) and sialyl-
Lewis(x) with MUC-1 apomucin in a pancreatic cancer cell line. Cancer Res
55(16): 3659-3663.

Holt, P.G., McWilliam, A.S. (1998). Macrophage and dendritic cell populations
in airway tissues (Ch. 20). Inflammatory Mechanisms in Asthma: Vol 117 Lung
Biology in Health and Disease Holgate and Busse, eds. Marcel Dekker, New
York, NY, USA.

-212-



Holtzman, M.J., Aizawa, H., Nadel, J.A., Goetzl, E.J. (1983). Selective
generation of leukotriene B4 by tracheal epithelial cells from dogs. Biochem
Biophys Res Commun 114(3): 1071-1076.

Hooper, L.V., Manzella, S.M., Baenziger, J.U. (1996). From legumes to
leukocytes: biological roles for sulfated carbohydrates. FASEB J 10(10): 1137-
1146.

Hooper, L.V., Gordon, J.I. (2001). Glycans as legislators of host-microbial
interactions: spanning the spectrum from symbiosis to pathogenicity.
Glycobiology 11(2): 1R-10R.

Huber, A.R., Weiss, S.J. (1989). Disruption of the subendothelial basement
membrane during neutrophil diapedesis in an in vitro construct of a blood vessel
wall. J Clin Invest 83: 1122-1136.

Imai, Y., Lasky, L.A., Rosen, S.D. (1993a). Sulphation requirement for
GlyCAM-1, an endothelial ligand for L-selectin. Nature 361(6412): 555-557.

Imai, Y., Rosen, S.D. (1993b). Direct demonstration of heterogeneous, sulfated
O-linked carbohydrate chains on an endothelial ligand for L-selectin. Glycoconj J
10(1): 34-39.

Jackson, A.D. (2001). Airway goblet cell mucus secretion. TiPS. 22(1): 3945.

Jefcoat, A.M., Hotchkiss, J.A., Gerber, V., Harkema, J.R., Basbaum, C.B.,
Robinson, N.E. (2001). Persistent mucin glycoprotein alterations in equine
recurrent airway obstruction. Am J Physiol Lung Cell Mol Physiol 281: L704-712.

Jung, K.S,, Park, H.S. (1999). Evidence for neutrophil activation in
occupational asthma. Respirology 4(3): 303-306.

Kahn, T.Z., Wagener, J.S., Bost, T. (1995). Early pulmonary inflammation in
infants with cystic fibrosis. Am J Respir Crit Care Med 1151: 1075-1082.

Katsumi, A., Tuley, E.A., Bodo’, |., Sadler, J.A. (2000). Localization of
disulfide bonds in the cystine knot domain of human von-Willebrand factor. J.
Biol Chem 275(33): 25585-25594.

Kaup,, F-J., Drommer, W., Deegen, E. (1990). Ultrastructural findings in
horses with chronic obstructive pulmonary disease (COPD) I: alterations of the
larger conducting airways. Eq Vet J 22: 343-348.

Kehrer, J.P. (2000). Cause-effect of oxidative stress and apoptosis. Teratology
62: 235-236.

-213-



Kips, J.C., O’Connor, B.J., Inman, M.D., Svensson, K., Pauwels, R.A.,
O’Byrne, P.M. (2000). A long-term study of the anti-inflammatory effect of low-
dose budesonide plus formoterol versus high-dose budesonide in asthma. Am J
Respir Crit Care Med 161(3 Pt 1): 996-1001.

Kita, H., Adolphson, C.R., Gleich, G.J. (1998). Allergy, Principles and
Practices, Vol I, Middleton, et al., eds. Mosby, St. Louis, MO, USA. Ch. 19.

Krawiec, M.E., Wenzel, S.E. (1999). Inhaled nonsteroidal anti-inflammatory
medications in the treatment of asthma. Respir Care Clin N Am 5(4): 555-574.

Krouse, M.E. (2001). Is cystic fibrosis lung disease caused by abnormal ion
composition or abnormal volume? J Gen Physiol 118: 219-221.

Kubiet, M., Ramphal, R., Weber, A., Smith, A. (2000). Pilus-mediated
adherence of Haemophilus influenzae to human respiratory mucins. Infection
and Immunity 68(6): 3362-3367.

Kuebler, W.M., Kuhnle, G.E.H., Groh, J., Goetz, A.E. (1997). Contribution of
selectins to leukocyte sequestration in pulmonary microvessels by intravital
microscopy in rabbits. J Physiol 501: 375-386.

Kullman, G.J., Thorne, P.S., Waldron, P.F., Marx J.J., Ault, B., Lewis, D.M.,
Siegel, P.D., Olenchock, S.A., Merchant, J.A. (1998). Organic dust exposures
form work in dairy barns. Am Ind Hyg Assoc J 59(6): 403-13.

Kurashima, K., Fujimura, M., Hoyano, Y., Takemura, K., Matsuda, T. (1995).
Effect of thromboxane A2 synthase inhibitor OKY-046, on sputum in chronic
bronchitis and diffuse panbroncheolitis. Eur Resp J 8: 1705-1711.

Lambrecht, B.N. (2001). Allergen uptake and presentation by dendritic cells.
Current Opinion in Allergy and Clinical Immunology 1: 51-59.

Lamblin, G., Lhermitte, M., Klein, A., Houdret, N., Scharfman, A., Ramphal,
R., Roussel, P. (1991). The carbohydrate diversity of human respiratory
mucins: a protection of the underlying mucosa? Am Rev Respir Dis 144: S19-
S24.

Lamblin, G., Roussel, P. (1993). Airway mucins and their role in defence
against micro-organisms. Respiratory Medicine 87: 421-426.

Lamblin, C., Gosset, P., Tillie-Leblond, l., Saulnier, F., Marquette, C-H.,

Wallaert, B., Tonnel, A.B. (1998). Bronchial neutrophilia in patients with
noninfectious status asthmaticus. Am J Respir Crit Care Med 157(2): 394-402.

-214 -



Lander, H.M. (1997). An essential role for free radicals and derived species in
signal transduction. FASEB J 11(2): 118-124.

Larsen, G.L., Holt, P.G. (2000). The concept of airway inflammation. Am J
Respir Crit Care Med 162: S7-S10.

LaVoie, J-P, Maghni, K., Desnoyers, M., Taha, R., Martin, J.G., Hamid, Q.A.
(2001). Neutrophilic airway inflammation in horses with heaves is characterized
by a TH2-type cytokine profile. Am J Respir Crit Care Med 164: 1410-1413.

Leckie, M.J., ten Brinke, A., Khan, J., Diamant, Z., O’'Connor, B.J., Walls,
C.M,, Mathur, A.K., Cowley, H.C., Chung, K.F., Djukanovic, R., Hansel, T.T.,
Holgate, S.T., Sterk, P.J., Barnes, P.J. (2000). Effects of an interleukin-5
blocking monoclonal antibody on eosinophils, airway hyperresponsiveness, and
the late asthmatic response. Lancet 356(9248): 2144-2116.

Lellouch-Tubiana, A., Lefort J., Simon, M.T., Pfister, A., Vargaftig, B.B.
(1988). Eosinophil recruitment into guinea pig lungs after PAF-acether and
allergen administration. Modulation by prostacyclin, platelet depletion, and
selective antagonists. Am Rev Respir Dis 137(4): 948-954.

Li, D., Gallup, M., Fan, N., Szymkowski, D.E., Basbaum, C.B. (1997). Cloning
of the amino-terminal and 5’-flanking region of the human MUCSAC mucin gene
and transcriptional up-regulation by bacterial exoproducts. J. Biol Chem 263(12):
6812-6820.

Li, J-D., Dohrman, A.F., Gallup, M., Miyata, S., Gum, J.R,, Kim, Y.S., Nadel,
J.A,, Prince, A., Basbaum, C.B. (1997). Transcriptional activation of mucin by
Pseudomonas aeruginosa lipopolysaccharide in the pathogenesis of cystic
fibrosis lung disease. Proc Natl Acad Sci, USA 94: 967-972.

Lillehoj, E.P., Hyun, S.W., Kim, B.T., Zhang, G., Lee, D.l., Rowland, S., Kim,
K.C. (2001). Muc1 mucins on the cell surface are adhesion sites for
Pseudomonas aeruginosa. Am J Physiol Lung Cell Mol Physiol 280: L181-L187.

Lillehoj, E.P., Kim, B.T., Kim, K.C. (2002). Identification of Pseudomonas
aeruginosa flagellin as an adhesion for Muc1 mucin. Am J Physiol Lung Cell Mol
Physiol 282: L751-L7556.

Longphre, M., Li, D., Gallup, M., Drori, C.L., Redman, T., Wenzel, S., Bice,
D.E., Fahy, J.V., Basbaum, C. (1999). Allergen-induced IL-9 directly stimulates
mucin transcription in respiratory epithelial cells. J Clin Invest 104(10): 1375-
1382.

Louis, R, Lau, L.C.K,, Bron, A.O., Roldaan, A.C., Radermacher, M.,

Djukanovic, R. (2000). The relationship between airways inflammation and
asthma severity. Am J Respir Crit Care Med 161: 9-16.

-215-



Lowe, J.B. (1999). Glycobiology, Varki, et al., eds. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, USA. Ch. 32.

Lowe, J.B., Varki, A. (1999). Glycobiology, Varki, et al., eds. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY, USA. Ch. 17.

Lundgren, J.D., Shelhamer, J. H. (1990). Pathogenesis of airway mucus
hypersecretion. J Allergy Clin Immunol 85(2): 399-417

Mackeral, A.J., Cottell, D.C., Russell, K.J., FitzGerald, M.X., O’'Connor, C.M.
Migration of neutrophils across human pulmonary endothelial cells is not blocked
by matrix metalloproteinase or serine protease inhibitors. Am J Respir Cell Mol
Biol 20: 1209-1219.

Majima, Y., Harada, T., Shimizu, T., Takeuchi, K., Sadadura, Y., Yasuoka, S.,
Yoshinaga, S. (1999). Effect of biochemical components on rheologic
properties of nasal mucus in chronic sinusitis. Am J Respir Crit Care Med 160:
421-426.

Marquardt, T., Luhn, K., Srikrishna, G., Freeze, H.H., Harms, E., Vestweber,
D. (1999). Correction of leukocyte adhesion deficiency type Il with oral fucose.
Blood 94(12): 3976-3985.

Marshall, L.J., Perks, B., Ferkol, T., Shute, J.K. (2001). IL-8 released
constitutively by primary bronchial epithelial cells in culture forms an inactive
complex with secretory component. J /Immunol 167: 2816-2823.

Marth, J.D. (1999). Glycobiology, Varki, et al., eds. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, USA. Ch. 7.

Martin, R.J., Cicutto, L.C., Smith, H.R., Ballard, R.D., Szefler, S.J. (1991).
Ariways inflammation in nocturnal asthma. Am Rev Respir Dis 143(2): 351-357.

Martin, L.D., Norford, D., Voynow, J., Adler, K.B. (2000). Response of human
airway epithelium in vitro to inflammatory mediators. Chest 117: 267S.

Mayadas, T.N., Wagner, D.D. (1992). Vicinal cysteines in the prosequence
play a role in von Willebrand factor multimer assembly. Proc. Natl. Acad. Sci.
USA 89: 3531-3535.

Mayo Foundation for Medical Education and Research. (2001). Cystic
fibrosis. www.mayoclinic.com

McEver, R.P., Cummings, R.D. (1997). Role of PSGL-1 binding to selectins in
leukocyte recruitment. J Clin Invest 100(11 Suppl): S97-S103.

-216-



McGorum, B.C., Dixon, P.M., Halliwell, R.E.W. (1993a). Responses of horses
affected with chronic obstructive puimonary disease to inhalation challenges with
mould antigens. Eq Vet J 25: 261-267.

McGorum, B.C., Dixon, P.M., Halliwell, R.E.W. (1993b). Phenotypic analysis
of peripheral blood and bronchoalveolar lavage fluid lymphocytes in control and
chronic obstructive pulmonary disease affected horses, before and after ‘natural
(hay and straw) challenges’. Vet Immunol Immunopath 36: (201-222).

McGorum, B.C., Ellison, J., Cullen, R.T. (1998). Total and respirable airborne
dust concentrations in three equine management systems. Eq Vet J 30(5): 430-
434,

McPherson, E.A., Lawson, G.H.K., Murphy, J.R., Nicholson, J.M., Fraser,
J.A., Breeze, R.G., Pirie, H.M. (1978). Chronic obstructive pulmonary disease
(COPD). identification of affected horses. Equine Vet J 10: 47-53.

McWilliam, A.S., Nelson, D.J., Holt, P.G. (1995). The biology of airway
dendritic cells. Immunol cell Biol 73(5): 405-413.

McWilliam, A.S., Napoli, S., Marsh, A.M., Pemper, F.L., Nelson, D.J., Pimm,
C.L., Stumbles, P.A., Wells, T.N. Holt, P.G. (1996). Dendritic cells are
recruited into the airway epithelium during the inflammatory response to a broad
spectrum of stimuli. J Exp Med 184(6): 2429-2432.

Metzger, W.J., Page, C.P. (1998). Allergy, Principles and Practices, Vol |,
Middleton, et al., eds. Mosby, St. Louis, MO, USA. Ch. 22.

Mills, P.C., Roberts, C.A., Smith, N.C. (1996). Effects of ozone and airway
inflammation on glutathione status and iron homeostasis in the lungs of horses.
Am J Vet Res 57: 1359-1363.

Moreno, R.H., Hogg, J.C., Pare, P.D. (1986). Mechanics of airway narrowing.
Am Rev Respir Dis 133: 1171-1180.

Mosmann, T.R., Coffman, R.L. (1989). TH1 and TH2 cells: different patterns of
lymphokine secretion lead to different functional properties. Annu Rev Immunol
7: 145-173.

Mulligan, M.S., Paulson, J.C., DeFrees, S., Zheng, Z.L., Lowe, J.B., Ward,
P.A. (1993). Protective effects of oligosaccharides in P-selectin-dependent lung
injury. Nature 364(6433): 149-151.

Nadel, J.A., Takeyama, K., Agusti, C. (1999). Role of neutrophil elastase in
hypersecretion in asthma. Eur Resp J 13(1): 190-196.

-217 -



Nadel, J.A. (2000). Mechanisms of airway hypersecretion and novel therapy.
Chest 117: 262S-266S.

Nakamura, H., Yoshimura, K., Jaffe, H.A., Crystal, R.G. (1991). Interleukin-8
gene expression in human bronchial epithelial cells. J Biol Chem 266(29):
19611-19617.

National Institutes of Health, National Heart, Lung, and Blood Institute
(1998). Global Iniative for Asthma — Pocket guide for asthma management and
prevention (1998).

Nicod, L.P., Cochand, L., Dreher, D. (2000). Antigen presentation in the lung:
dendritic cells and macrophages. Sarcoidosis Vasc Diffuse Lung Dis 17(3): 246-
255.

Nieuw Amerongen, A.V., Bolscher, J.G.M., Bloemena, E., Veerman, E.C.I.
(1998). Biol Chem 379(1): 1-18.

O’Byrne, P.M. (1998). Allergy, Principles and Practices, Vol I, Middleton, et al.,
eds. Mosby, St. Louis, MO, USA. Ch. 18.

Ordonez, C.L., Shaughnessy, T.E., Matthay, M.A., Fahy, J.V. (2000).
Increased neutrophil numbers and IL-8 levels in airway secretions in acute
severe asthma. Am J Respir Cnit Care Med 161: 1190-2000.

Owen, C.A., Campbell, M.A., Boukedes, S.S., Campbell, E.J. (1999).
Cytokines regulate membrane-bound leukocyte elastase on neutrophils: a novel
mechanism for effector activity. Am J Physiol 272(3 Pt 1): L385-393.

Pandey, P., Kharbanda, S. Kufe, D. (1995). Association of the DF3/MUC1
breast cancer antigen with Grb2 and the Sos/Ras exchange protein. Cancer Res
55(18): 4000-4003.

Park, H., Jung, K., Kim, H., Nahm, D., Kang, K. (1999). Neutrophil activation
following TDI bronchial challenges to the airway secretion from subjects with TDI-
induced asthma. Clin Exp Allergy 29(10): 1395-13401.

Park, H-S., Suh, J-H., Kim, S-S., Kwon, O-J. (2000). Grain dust induces IL-8
production from bronchial epithelial cells: effect on neutrophil recruitment. Ann
Allergy Asthma Immunol 84: 623-627.

Park, J., Gold, D.R., Spiegelman, D.L., Burge, H.A., Milton, D.K. (2001).

House dust endotoxin and wheeze in the first year of life. Am J Respir Crit Care
Med 163: 322-328.

-218 -



Parks, W.C., Shapiro, S.D. (2000). Matrix metalloproteinases in lung biology.
Respir Res 2(1): 10-19.

Perez-Vilar, J., Eckhardt, A.E., Hill, R.L. (1996). Porcine submaxillary mucin
forms disulfide-bonded dimers between its carboxyl-terminal domains. J Biol
Chem 271(16): 9845-9850.

Perez-Vilar, J., Hill, R.L. (1999). The structure and assembly of secreted
mucins. J Biol Chem 274(45): 31751-31754.

Pitt, B.R. (2001). CFTR trafficking and signaling in respiratory epithelium. Am
J. Physiol Lung Cell Mol Physiol. 281:L13-L15.

Post, W., Heederik, D., Houba, R. (1998). Decline in lung function related to
exposure and selection processes among workers in the grain processing and
animal feed industry. Occup Environ Med 55(5): 349-355.

Prakobphol, A., Tangemann, K., Rosen, S.D., Hoover, C.l., Leffller, H.,
Fisher, S.J. (1999). Separate oligosaccharide determinants mediate interaction
of the low-molecular-weight salivary mucin with neutrophils and bacteria.
Biochemistry 38(21): 6817-6825.

Proud, D. (1998). Allergy, Principles and Practices, Vol I, Middleton, et al., eds.
Mosby, St. Louis, MO, USA. Ch. 24.

Quinton, P.M. (1999). Physiologic basis of cystic fibrosis: a historical
perspective. Physiological Reviews T9(Suppl., No. 1): S3-S22.

Renauld, J.C. (2001). New insights into the role of cytokines in asthma. J Clin
Pathol 54(8): 577-589.

Rhyoo, C., Sanders, S.P., Leopold, D.A., Proud, D. (1999). Sinus mucosal IL-
8 gene expression in chronic rhinosinusitis. J Allergy Clin Immunol 103(3 pt 1):
395-400.

Rietschel, E.T., Kirikae, T., Schade, U.F., Ulmer, A.J., Holst, O., Brade, H.
(1993). The chemical structure of bacterial endotoxin in relation to bioactivity.
Immunobiol 187:169-90.

Richman-Eisenstat, J.B., Jorens, P.G., Herbert, C.A., Ueki, |., Nadel, J.A.

(1993). Interleukin-8: an important chemoattractant in sputum of patients with
chronic inflammatory airway diseases. Am J Physiol 264(4 Pt 1): L413-418.

-219-



Robinson, D.S., Hamid, Q., Ying, S., Tsicopoulos, A., Barkans, J., Bently,
A.M,, Corrigan, C., Durham, S.R., Kay, A.B. (1992). Predominant TH2-like
bronchoalveolar T-lymphocyte population in atopic asthma. N Engl J Med
326(5): 298-304.

Robinson, N.E., Derksen, F.J., Berney, C., Goossens, L. (1993). The airway
response of horses with recurrent airway obstruction (heaves) to aerosol
administration of ipratropium bromide. Equine Vet J 25: 299-303.

Robinson, N.E., Derksen, F.J., Olszewski, M.A., Buechner-Maxwell, V.A.
(1996). The pathogenesis of chronic obstructive pulmonary disease of horses.
Br Vet J 152: 283-306.

Robinson, N.E. (2000). International workshop on equine chronic airway
disease. Equine Vet J 33: 5-19.

Robinson, N.E., Derksen, F.J., Jackson, C.A., Peroni, D., Gerber, V. (2001).
Management of Heaves. Equine Vet Education 13(5): 247-259.

Rochelle, L.G., Fischer, B.M., Adler, K.B. (1998). Concurrent production of
reactive oxygen and nitrogen species by airway epithelial cells in vitro. Free
Radic Biol Med 24(5): 863-868.

Rose, M.C. (1992). Mucins: structure, function, and role in pulmonary diseases.
Am J. Physiol 263 (Lung Cell. Mol. Physiol. 7): L413-L429.

Rot, A., Hub, E., Middleton, J., Pons, F., Rabeck, C., Thierer, K. Wintle, J.,
Wolff, B., Zsak, M., Dukor, P. (1996). Some aspects of IL-8 pathophysiology.
Ill: chemokine interaction with endothelial cells. J Leukoc Biol 59(1): 39-44.

Roussel, P., Lamblin, G., Ramphal, R. (1996). Bacterial infection and airways
epithelium. Environmental impact on the airways, vol 93, Lung Biology in Health
and Disease, Chretien and Dusser, eds. Marcel-Dekker, New York, NY. Ch. 17.

Rylander, R. (1986). Lung diseases caused by organic dusts in the farm
environment. Am J Ind Med 10(3): 221-227.

Sadler, J.E. (1998). Biochemistry and genetics of von Willebrand factor. Annu
Rev Biochem 67: 395-424.

Scanlin, T.F., Glick, M.C. (1999). Terminal glycosylation in cystic fibrosis.
Biochimica et Biophysica Acta 1455: 241-253.

Scapini, P., Lapinet-Vera J.A., Gasperini, S., Calzetti, F., Bazzoni, F.,

Cassatella, M.A. (2000). The neutrophil as a cellular source of chemokines.
Immunol Rev 177: 195-203.

-220-



Scharfman, A., Degroote, S., Beau, J., Lamblin, G., Roussel, P., Mazurier, J.
(1999). Pseudomonas aeruginosa binds to neoglycoconjugates bearing mucin
carbohydrate determinants and predominantly to sialyl-Lewis x conjugates.
Gycobiology 9(8): 757-764.

Scharfman, A., Arora, S.K., Delmotte, P., Van Brussel, E., Mazurier, J.,
Ramphal, R., Roussel, P. (2001). Recognition of Lewis x derivatives present
on mucins by flagellar components of Pseudomonas aeruginosa. Infection and
Immunity Sept: 5243-5248.

Schroeder, J.A., Thompson, M.C., Gardner, M.M., Gendler, S.J. (2001).
Transgenic MUC1 interacts with epidermal growth factor receptor and correlates

with mitogen-activated protein kinase activation in the mouse mammary gland. J
Biol Chem 276(16): 13057-13064.

Schwartz, D.A. (2001). Does inhalation of endotoxin cause asthma? Am J
Respir Crit Care Med 163(2): 305-306.

Schwartz, D.A., Thorne, P.S., Yagla, S.J., Burmeister, L.F., Olenchock, S.A.,
Watt, J.L., Quinn, T.J. (1995). The role of endotoxin in grain-induced lung
disease. Am J Respir Crit Care Med 152(2): 603-608.

Schwartz, L.B., Huff, T.F. (1998). Allergy, Principles and Practices, Vol |,
Middleton, et al., eds. Mosby, St. Louis, MO, USA. Ch. 20.

Sertl, K., Takemura, T., Tschachler, E., Ferrans, V.J., Kaliner, M.A., Shevach,
E.M. (1986). Dendritic cells with antigen-presenting capability reside in airway
epithelium, lung parenchyma, and visceral pleura. J Exp Med 163(2): 436-541.

Shak, S. (1997). Mucins and lung secretions. The Lung: Scientific Foundations,
Vol 1. Crystal, R.G. et al., eds. Lippincott-Raven, Philadelphia, PA, USA. 479-
486.

Shapiro, S.D. (2002). Neutrophil elastase: path clearer, pathogen killer, or just
pathogenic? Am J Respir Cell Mol Biol 26: 26-268.

Sheehan, J.K., Thornton, D.J., Somerville, M. Caristedt, I. (1991). The
structure and heterogeneity of respiratory mucus glycoproteins. Am Rev Respir
Dis 144: S4-S9.

Sheehan, J.K., Richardson, P.S., Fung, D.C., Howard, M., Thornton, D.J.
(1995). Analysis of respiratory mucus glycoproteins in asthma: a detailed study
form a patient who died in status asthmaticus. Am J Respir Cell Mol Biol 13(6):
748-756.

-221 -



Sheehan, J.K., Thornton, D.J., Howard, M., Caristedt, |., Corfield, A.P.,
Paraskevas, C. (1996). Biosynthesis of the MUC2 mucin: evidence for the slow
assembly of fully glycosylated units. Biochem J 315: 1055-1060.

Shim, J.J., Dabbagh, K., Ueki, |.F., Dao-Pick, T., Burgel, P.R., Takeyama, K.,
Tam, D.C., Nadel, J.A. (2001). IL-13 induces mucin production by stimulating
epidermal growth factor receptors and by activating neutrophils. Am J Physiol
Lung Cell Mol Physiol 280(1): L134-140.

Smart, S.J., Casale, T.B. (1994). TNFa-induced transendothelial migration is
IL-8 dependent. Am J Physiol 266: L238-L245.

Spertini, O., Luscinskas, F.W., Munro, J.M., Griffin, J.D., Grimbone, M.A.,
Tedder, T.F. (1991). Leukocyte adhesion molecule-1 (LAM-1), L-selectin)
interacts with an inducible endothelial cell ligand to support leukocyte adhesion.
J Immunol 147: 2565-2573.

Steiger, D., Hotchkiss, J., Bajaj, L., Harkema, J., Basbaum, C. (1995).
Concurrent increases in the storage and release of mucin-like molecules by rat
airway epithelial cell in response to bacterial endotoxin. Am J Resp Cell Mol Biol
12: 307-314.

Stumbles, P.A. (1999). Regulation of T helper cell differentiation by respiratory
tract dendritic cells. /mmunol Cell Biol 77(5): 428-433.

Su, G.L., Simmons, R.L., Wang, S.C. (1995). Lipopolysaccharide binding
protein participation in cellular activation by LPS. Cnit Rev Immunol 15(3-4): 201-
214,

Takeyama, K., Dabbagh, K., Lee, H-M, Agusti, C., Lausier, J.A., Ueki, |.F.,
Grattan, K.M., Nadel, J.A. (1999). Epidermal growth factor system regulates
mucin production in airways. Proc Natl Acad Sci 96: 3081-3086.

Takeyama, K., Dabbagh, K., Shim, J.J., Dao-Pick, T., Ueki, |.F., Nadel, J.A.
(2000). Oxidative stress causes mucin synthesis via transactivation of epidermal
growth factor receptor: role of neutrophils. J Immunol 164: 1546-1552.

Takeyama, K., Fahy, J.V., Nadel, J.A. (2001a). Relationship of epidermal
growth factor receptors to goblet cell production in human bronchi.
Am J Respir Crit Care Med 163: 511-516.

Takeyama, K., Jung, B., Shim, J.J., Burgel, P.R., Dao-Pick, T., Ueki, I.F.,
Protin, U., Kroschel, P., Nadel, J.A. (2001b). Activation of epidermal growth
factor receptors is responsible for mucin synthesis induced by cigarette smoke.
Am J Physiol Lung Cell Mol Physiol 280(1): L165-172.

-222 -



Tanaka, T. (1981). Gels. Sci Am 244: 124-138.

Tatterson, L.E., Poschet, J.F., Firoved, A., Skidmore, J., Deretic, V. (2001).
CFTR and Pseudomonas infections in cystic fibrosis. Frontiers in Bioscience 6:
d890-897.

Teneberg, S., Miller-Proraza, H., Lampert, H.C., Evans, D.J., Evans, D.G.,
Danielsson, D., Karisson, K-A. (1997). Carbohydrate binding specificity of the
neutrophil-activating protein of Helicobacter pylori. J Biol Chem 272(30): 19067-
19071.

Thorn, J. (2001). The inflammatory response in humans after inhalation of
bacterial endotoxin: a review. Inflamm res 50: 254-261.

Tonnel, A.B., Gosset, P., Tillie-LeBlond, I. (2001). Characteristics of the
inflammatory response in bronchial lavage fluids from patients with status
asthmaticus. Int Arch Allergy Immunol 124(1-3): 267-271.

Van den Steen, P., Rudd, P.M., Dwerk, R.A., Opdenakker, G. (1998).
Concepts and principles of O-linked glycosylation. Cnit Rev Biochem Molec Biol
33(3): 151-208.

Van den Toorn, L.M., Overbeek, S.E., de Jongste, J.C., Leman, K.,
Hoogsteden, H.C., Prins, J.B. (2001). Airway inflammation is present during
clinical remission of atopic asthma. Am J Respir Crit Care Med 164(11): 2107-
2113.

Van Klinken, B.J., Dekker, J., Buller, H.A., Einerhand, AW.C. (1995). Mucin
gene structure and expresseion: protection vs. adhesion. Am J. Physiol 269
(Gastrointest. Liver Physiol. 32): G613-G627.

Varki, A. (1999). Glycobiology, Varki, et al., eds. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, USA. Ch. 1.

Verdugo, P. (1991). Mucin exocytosis. Am Rev Respir Dis 144: S33-S37.

Verkman, A.S. (2001). Lung disease in cystic fibrosis: is airway surface liquid
composition abnormal? Am J Physiol Lung Cell Mol Physiol 281: L306-L308.

Vernier, A., Diab, M., Soell, M., Haan-Archipoff, G., Beretz, A. Wachsmann,
D., Klein, J.P. (1996). Cytokine production by human epithelial and endothelial
cells following exposure to oral viridans streptococci involves lectin interactions
between bacteria and cell surface receptors. Infect Immun 64(8): 3016-3022.

-223 -



Vernooy, J.H., Denener, M.A,, van Suylen, R.J., Buurman, W.A., Wouters,
E.F. (2002). Long-term intratracheal lipopolysaccharide exposure in mice
results in chronic lung inflammation and persistent pathology. Am J Respir Cell
Mol Biol 26(1): 152-159.

Voet, D., Voet, J.G. (1990). Biochemistry John Wiley and Sons, New York, NY,
USA. Chapter 10.

von Adrian, U.H., Chambers, J.D., McEvoy, L.M., Bargatze, R.F., Arfors, K.E.
Butcher, E.C. (1991). Two-step model of leukocyte-endothelial cell interaction in
inflammation: distinct roles for LECAM-1 and the leukocyte B2-integrins in vivo.
Proc Natl Acad Sci USA 88: 7538-7542.

Voynow, J.A,, Young, L.R., Wang, Y., Horger, T., Rose, M.C., Fischer, B.M.
(1999). Neutrophil elastase increases MUCSAC and protein expression in
respiratory epithelial cells. Am J Physiol 276 (Lung Cell Mol Physiol 20): L835-
L843.

Wagner, J.G., Roth, R.A. (2000). Neutrophil migration mechanisms, with an
emphasis on the pulmonary vasculature. Pharmacol Rev 52: 348-374.

Walchek, B., Kahn, J., Fisher, J.M., Wang, B.B., Fisk, R.S., Payan, D.G.,
Fehan, C., Betagari, R., Darlak, K., Spatola, A.F., Kishimoto, T.K. (1996).
Neutrophil rolling altered by inhibition of L-selectin shedding in vitro. Nature
(Lond) 380: 720-723.

Wang, Y., Hollingsworth, R.l. (1996). An NMR spectroscopy and molecular
mechanics study of the molecular basis for the supramolecular structure of
lipopolysaccharides. Biochemistry 35(18): 5647-5654.

Wang, X., McCullough, K.D., Franke, T.F., Holbrooke, N.J. (2000). Epidermal
growth factor receptor-dependent Akt activation by oxidative stress enhances cell
survival. J Biol Chem 275(19): 14624-14631.

Wanner, A., Salathe, M., O’'Riordan, T.G. (1996). Mucociliary clearance in the
airways. Am J Respir Crit Care Med 154:1868-1902.

Wenzel, S.E., Szefler, S.J., Leung, D.Y.M,, Sloan, S.I., Rex, M.D., Martin, R.J.
(1997). Bronchoscopic evaluation of severe asthma: persistent inflammation
associated with high dose glucocorticoids. Am J Respir Crit Care Med 156: 737-
743.

Wenzel, S.E., Schwartz, LB., Langmack, E.L., Halliday, J.L., Trudeau, J.B.,
Gibbs, R.L., Chu, HW. (1999). Evidence that severe asthma can be divided
pathologically into two inflammatory subtypes with distinct physiologic and clinical
characteristics. Am J Respir Crit Care Med 160: 1001-1008.

-224 -



Williams, S. J., Wreschner, D.H., Tran, M., Eyre, H.J., Sutherland, G.R.,
McGuckin, M.A. (2001). MUC13, a novel human cell surface mucin expressed
by epithelial and hemopoietic cells. J Biol Chem 276:18327-18336.

Wills-Karp, M. (2000). Trophic slime, allergic slime. Am J Respir Cell Mol Biol
22: 637-639.

Woods, P.S.A., Robinson, N.E., Swanson, M.C., Reed, C.E., Broadstone,
R.V., Derksen, F.J. (1993). Airborne dust and aeroallergen concentration in a
horse stable under two different management systems. Eq Vet J 25: 208-213.

Wu, G.J,, Varma, V.A., Wu, M.W,, Wang, S.W,, Qu, P,, Yang, H., Petros, J.A,,
Lim, S.D., Amin, M.B. (2001). Expression of a human cell adhesion molecule,
MUC18, in prostate cancer cell lines and tissues. Prostate 48(4): 305-315.

Yamaguchi, K., Nishio, K., Sato, N., Tsumura, H., Ichihara, A., Kudo, H.,
Aoki, T., Anoki, K., Suzuki, K., Miyata, A., Suzuki, Y., Morooka, S. (1997).
Leukocyte kinetics in the pulmonary microcirculation: observations using real-
time confocal luminescence microscopy coupled with high-speed video analysis.
Lab Invest 76: 809-822.

Yanagihara, K., Seki, M., Cheng, P.W. (2001). Lipopolysaccharide induces
mucus cell metaplasia in mouse lung. Am J Respir Cell Mol Biol 24(1): 66-73.

-225-



Ui
'3 ‘12‘9:‘;‘0”2L7‘2 ‘

9712




