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ABSTRACT

INNATE IMMUNE MECHANISMS INVOLVED IN AIRWAY INFLAMMATION IN
EQUINE RECURRENT AIRWAY OBSTRUCTION

By

Annerose Berndt

Introduction: Recurrent airway obstruction (RAO) is characterized by
neutrophilic airway inflammation and obstruction, and stabling of susceptible horses
triggers acute disease exacerbations. Stable dust is rich in endotoxin and fungi, such
as Faenia rectivirgula, Thermoactinomyces vulgaris and Aspergillus fumigatus. Toll-
like receptors (TLRs) are pathogen recognition receptors that are transmembrane
proteins on a variety of airway cells (e.g. epithelial cells). Toll-like receptor 4 is the
principal recognition receptor for lipopolysaccharide (LPS), and TLR2 is the
principal recognition receptor for fungal products. In human bronchial epithelium,
TLR4 and TLR2 stimulation leads to increased production of interleukin (IL)-8, a
potent neutrophil attractant. The zinc finger protein A20 negatively regulates these
pathways. Hypotheses: We hypothesized i) that horses in stables are exposed to
higher endotoxin concentrations than on pasture; ii) that during stabling TLR4, TLR2,
and IL-8 mRNA expression are increased in RAO-affected horses compared to
controls, and that this would be paralleled by elevated neutrophil counts in
bronchoalveolar lavage fluid (BAL); and iii) that A20 mRNA expression is not
increased in RAO-affected horses during stabling compared to controls. Materials
and Methods: We determined endotoxin concentrations in the breathing zone of six

horses. Furthermore, we measured the maximal change in pleural pressure (APplyax),
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determined inflammatory cell counts in BAL, and quantified TLR4, TLR2, IL-8, and
A20 mRNA in bronchial epithelium by quantitative real-time polymerase chain
reaction (QRT-PCR). For these experiments, we studied six age-matched horse pairs,
each pair consisting of one RAO-affected horse and one control horse. Each pair was
studied when the RAO-affected horse had airway obstruction induced by stabling,
and after 7, 14 and 28 days on pasture. Results: Endotoxin concentrations in the
breathing zone of stabled horses were significantly higher than in the breathing zone
of these horses on pasture. While stabling increased BAL neutophils and APplmay as
well as TLR4 and IL-8 mRNA expression significantly, TLR2 and A20 were
unaffected. TLR4, but not TLR2, correlated with IL-8 and IL-8 was significantly
correlated with BAL neutrophils and A20. When data were pooled, TLR2 and A20
were significantly correlated and A20 was negatively associated with inflammatory
cells. Conclusions: In our stables, ﬁorses are exposed to an at least 8-fold higher
concentration of endotoxin than on pastures. Elevated TLR4 expression and lack of
A20 upregulation in bronchial epithelial cells from RAO-affected horses may
contribute to elevated IL-8 production, leading to exaggerated neutrophilic airway
inflammation in response to inhalation of stable dust. Stable dust exposure does not
lead to an increase in TLR2 mRNA expression. The localization or the amount of the
TLR2 receptor complex rather than the amount of TLR2 mRNA may be important in
fungal-induced airway inflammation. Equine epithelial-derived A20 may protect
against airway inflammation by decreasing the number of bronchoalveolar lavage

inflammatory cells, and is involved in modulation of airway inflammation.
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LIST OF ABBREVIATIONS

%Lym - percentage of lymphocytes in BAL
% Mac - percentage of macrophages in BAL
%Neu - percentage of neutrophils in BAL
A20 - zinc finger protein A20
AF - aspergillus fumigatus
Arab - arabian horse
BAL - bronchoalveolar lavage fluid
BB - bronchial brushing sample
C5a - complement protein Sa
CB - clenbuterol
CXCL - CXC chemokine ligand
DNA - deoxyribonucleic aci
EMSA - electromobility shift assay
EU - endotoxin unit
FC - fold change
fMLP - formyl-methionylleucylphenylalanine
G-CSF - granulocyte-colony stimulating factor
GM-CSF - granulocyte macrophage-colony-stimulating factor
GPCR - G-protein-coupled receptor
Grd - grade horse
GRK - GPCR kinase
H&E - Hematoxylin and Eosin
hBD - human B-defensin
HDS - hay dust suspension
HMGB - high-mobility group box
HSP -heat shock protein
ICAM - intracellular adhesion molecule
IFNR - IFN receptor
IFN-y - interferon gamma
Ig - immunoglobulin
IKK complex - inhibitor of nuclear factor-kB (IxB)-kinase complex
IL - interleukin
IL-R - interleukin receptor
IRAK - IL-1 receptor associated kinase
IRF - interferon regulatory factor
ISH - in-situ hybridization
I-xB - inhibitor of NF-xB
kDa — kilo Dalton
LBP - LPS-binding protein
logLym - log10 transformed total BAL lymphocyte count
logMac - log10 transformed total BAL macrophage count
logNeu - log10 transformed total BAL neutrophil count
logTCC - logl0 transformed total BAL cell count
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LPS - lipopolysaccharide

LRR - leucine-rich repeat

LTB, - leukotrien By

Lym - total BAL lymphocyte count

Mac - total BAL macrophage count

MAC - macrophage antigen

MAL - MyD88 adaptor-like

MAP - mitogen-activated protein

MBL - mannan-binding lectin

MCP - monocyte chemotactic protein

MD2 - macrophage-derived molecule 2

MIP - macrophage inflammatory protein

mRNA - messenger RNA

MyD88 - myleloid differentiation primary response protein 88
n.m. - not measured

n/a - not applicable

Neu - total BAL neutrophil count

NF-kB - nuclear factor kappa B

NOD - nucleotide-binding oligomerization domain
PAF - platelet-activating factor

PAR - protein-activated

PBS - phosphate buffered saline

poly[I;C] - polyinosinic-polycytidylic acid

PRR - pattern recognition receptor

QH - quarter horse

qRT-PCR - quantitative real-time polymerase chain reaction
RNA - ribonucleic acid

S.D. - standard deviation

S.E.M. - standard error of the mean

SB - standard bred

SCC - spearman correlation coefficient

SP-A - surfactant protein A

SPAOPD - summer pasture associated obstructive pulmonary disease
STAT - signal transducer and activator of transcription
TAB - TAK1-binding protein

TAK - transforming-growth-factor-f-activated kinase
TB - thoroughbred horse

TCC - total BAL cell count

TICAM - TIR-containing adaptor molecule

TIR - toll/interleukin-1 receptor

TIRAP - TIR domain-containing adaptor protein
TLR - toll-like receptor

TNFR - TNF receptor

TNF-a - tumor necrosis factor alpha

TRAF6 - TNF receptor-associated factor 6

TRAM - TRIF-related adaptor molecule
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TRAM - TRIF-related adaptor molecule

TRIF - TIR domain-containing adaptor inducing [FN-f3
UBC13 - ubiquitin-conjugating enzyme 13

UEV1A - ubiquitin-conjugating enzyme E2 variant 1
APplyex — maximal change in pleural pressure
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INTRODUCTION

Airborne pathogens, such as bacterial products (e.g., lipopolysaccharide [LPS]),
fungal (e.g., spores, mycelium fragments, glucan), and yeast (e.g., zymosan) elements,
plant pollens, and dust mites are inhaled and subsequently deposited on the airway
mucosa. Different innate immune mechanisms involved in removing and defending the
airways against these pathogens are present in the lung. Initially, inhaled pathogens
become embedded in mucosal fluid and are removed by active transportation due to the
ciliary movement of the airway epithelium. In addition, airborne particles are recognized
by soluble factors, which are released into the mucosal surface fluid. Finally, pathogen
recognition receptors are expressed on cell membranes of a variety of airway cells, such
as alveolar macrophages, dendritic cells, epithelial cells, and airway smooth muscle cells.
These innate receptors belong to different families, such as the toll-like receptor (TLR)
family, the nucleotide-binding oligomerization domain (NOD) receptor family, and the
protein-activated receptor (PAR) family. /n vivo animal studies and in vitro studies using
monocytes, alveolar macrophages, and airway epithelial cell cultures have been used to
show the release of cytokines and chemokines (preferentially interleukin (IL-)1pB, tumor
necrosis factor (TNF-) a, IL-6, IL-8 etc.) upon stimulation with LPS, fungal and yeast
products, dust mites, and pollen. The signaling cascades of recognition receptors are
under feed-forward and feed-back regulatory mechanisms (e.g., feed-back mechanism
through the zinc finger protein A20 of the TLR4 and TLR2 signaling pathways).

Recurrent airway obstruction (RAO) is a common airway disorder in horses

characterized by recurrent neutrophilic airway inflammation and airway obstruction due
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to exposure to stable dust. Originally, it had been suggested that RAO is an allergic
condition — especially, a type I hypersensitivity reaction has been suggested by different
investigators — in response to inhalation of allergens found in hay dust. However, in the
recent literature there is also evidence that the pathogenesis of RAO may involve aberrant
innate immune mechanisms. Stable dust is a mixture of organic (e.g., bacterial, fungal,
and viral) products and, therefore, could potentially stimulate signaling pathways,
including those of TLRs. Toll-like receptors are the major cell membrane receptors that
are stimulated by the recognition of conserved structures found in microorganisms (e.g.,
LPS, peptidoglycan) and endogenous products produced during acute inflammation. In
the recent literature, inhalation of endotoxin from gram-positive bacteria and inhalation
of fungi, such as Faenia rectivirgula, Thermoactinomyces vulgaris, and Aspergillus
Sfumigatus, have been shown to trigger RAO in susceptible horses. Furthermore, the
neutrophilic chemokine IL-8 is elevated in RAO-affected horses during acute
exacerbations compared to control animals or to RAO-affected horses during remission.
Although there were some attempts to study TLR4, the principal recognition receptor for
LPS, and TLR2, the principal recognition receptor for fungal products, in equine airways,
the exact mechanisms involved in pathogen recognition and subsequent signaling are still
incompletely understood.

For my dissertation, I developed a pathway model (Figure 1-1) including molecules
and receptors involved in TLR signaling pathways that could potentially be altered in
RAO-affected horses and, therefore, contribute to the development of airway
inflammation and obstruction during stabling. The overall organization of my dissertation

follows the flow of this pathway model. Starting with the determination of endotoxin
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concentrations in the breathing zone of horses while stabled or maintained on pasture, I
subsequently quantified and compared gene expressions in bronchial brushing samples
(BBs) at the messenger ribonucleic acid (mRNA) level for TLR4, TLR2, IL-8, and A20
between RAO-affected and control horses during and at three different time points after
stabling. Finally, I adjusted the hypothetical pathway model for RAO to develop a
pathway that is potentially involved in airway inflammation in the general horse
population. The following is an overview of the topics covered in this dissertation:

1. The determination of endotoxin concentrations in the breathing zone of stabled
horses compared to horses on pasture. The mean concentrations within stables
were at least 8-fold higher than the inhaled endotoxin concentration on pasture
(chapter 2);

2. The quantification of mRNA expression of TLR4 and IL-8 in BBs and their
correlation with each other. TLR4 and IL-8 mRNA expression were increased
during stabling compared to periods on pasture and correlated with each other
(chapter 4);

3. The quantification of mRNA expression of TLR2 in BBs and its relation to the
IL-8 expression. TLR2 mRNA expression was not effected by stabling nor
correlated with IL-8 mRNA expression (chapter 5);

4. The quantification of mRNA expression of A20 in BBs and its relation to
inflammatory cell counts in bronchoalveolar lavage fluid (BAL). A20 mRNA
expression was not different between diagnostic groups and time points.
However, when data from both diagnostic groups were pooled, A20 in BBs and

inflammatory cells in BAL correlated negatively (chapter 6);



My

knov
WTitt
mate
publ;i
inder

or dr



5. A statistical pathway analysis discussing airway inflammation in RAQO-affected
horses and the general horse population (chapter 7);
6. An outlook for potential future research developments in studying immune
mechanisms involved in RAO’s pathogenesis (chapter 8).
My dissertation is divided into the following chapters. Chapter 1 provides the current
knowledge in the literature about the studied scientific field. Chapters 2, 4, 5, and 6 are
written in the form of scientific peer-review papers, including abstract, introduction,
materials and methods, results, and discussion. Their modified versions have been
published or have been submitted for publication. Whereas these chapters can be read
independently of each other, chapters 3, 7, and 8 either provide background information

or draw conclusions about the research results obtained in chapters 2, 4, 5, and 6.
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Figure 1-1: Pathway model of Toll-like receptors that are potentially involved in

RAO pathogenesis.
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CHAPTER 1

LITERATURE REVIEW

Recurrent Airway Obstruction — Definition and Pathogenesis

Recurrent airway obstruction (RAO), also known as heaves, is a common
pulmonary disorder in horses. Acute exacerbations are characterized by neutrophilic
airway inflammation, mucus accumulation, and bronchospasm, which are triggered by
exposure of susceptible horses to stable and hay dust. Recurrent airway obstruction is a
diffuse airway disease involving large conducting airways down to the terminal
bronchioles. Periods of acute exacerbation are interspersed by periods of remission,
which can be achieved by returning RAO-affected horses from stables to pasture (151).

The mechanisms responsible for airway inflammation in RAO-affected horses are
not well understood. Originally, it was suggested that RAO is an allergic condition (151).
Elevated immunoglobulin (Ig) E levels in bronchoalveolar lavage (BAL) of affected
animals support the assumption of a type-I hypersensitivity reaction (63, 162). Increased
expression of T-helper cell (Th) type 2 (Th-2) specific cytokines, such as IL-4 and IL-5,
as well as decreased expression of Th-1 specific cytokines, such as interferon gamma
(IFN-y), further support the suggestion that adaptive immune mechanisms are involved in
the pathogenesis of RAO (18, 29, 59, 99). Interleukin-4 is important for the
differentiation of uncommitted T-cells into the Th-2 subset and, therefore, an increase in
Th-2-type cytokine production. Furthermore, IL-4 is required for B-cell isotype switching
to IgE antibody production, which might contribute to the local IgE production in the

lungs of RAO-affected horses during acute exacerbations (63, 162). Interleukin-5 is a
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cytokine involved in proliferation of granulocyte progenitors, especially eosinophils, in
the bone marrow (119). The increase in IL-5 in stabled RAO-affected horses (29, 99) is
supported by an increase in IL-5 mRNA expression in sensitized ponies after ovalbumin
inhalation challenge (18). However, horses affected by summer pasture associated
obstructive pulmonary disease (SPAOPD) did not exhibit a difference in IL-5 production
(77). Since RAO is characterized by a neutrophilic rather than an eosinophilic influx into
the airway lumen, the reported increase of IL-5 in BAL lymphocytes needs to be the
subject of further studies. Interestingly, there was an increased expression of the IL-5
receptor (IL-5R) on peripheral neutrophils from RAO-susceptible horses compared to
controls on pasture and compared to RAO-affected horses after stabling (34). Thus, it
could potentially be interpreted that IL-5 might have a role in neutrophil recruitment into
the lung. On the other hand, mRNA expression of IL-17 — a cytokine, which is secreted
by activated T-cells and which is indirectly involved in maturation, chemotaxis and
activation of neutrophils — has been shown to be higher in the BAL of RAO-affected
horses than in control horses after stabling (4, 31). Cytokine expression profiles in RAO-
affected horses have been studied by different investigators and are inconsistent among
their studies (3, 29, 59, 99). For example, while Lavoie et al. showed an increase in IL-4
and IL-5 mRNA expression and a decrease in IFN-y expression in RAO-affected horses
during stabling (29, 99), Ainsworth et al. did not find changes in IL-4 and IL-5 mRNA
expression but rather showed an increase in IFN-y mRNA expression (3, 4). The latter is
supported by Giguere et al., who also showed an increase in IFN-y (3, 59). One should
keep in mind that the different results might be due to either different protocol designs or

the use of different analytical methods (e.g., in situ hybridization vs. q-PCR etc.). Finally,
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the finding that allergic skin reactions to common barn allergens lack significant
differences between affected and control horses (41, 115) supports the assumption that
adaptive immune mechanisms may only partially explain the RAO disease pathogenesis.
Beside adaptive immune mechanisms, innate immunity seems to play a crucial
role as well (142). Hay dust is a mixture of organic (e.g., bacterial, fungal, and viral
products) and non-organic (e.g., metals, particles) materials. Inhalation of endotoxin-
depleted hay dust significantly attenuates airway neutrophilia in affected horses (144).
The inflammatory response can be re-established by adding endotoxin back to the
endotoxin-depleted hay dust (141). These observations confirm that attenuation of airway
inflammation is due at least partially to endotoxin. Furthermore, horse stables contain
airborne fungi (128), such as Faenia rectivirgula and Aspergillus fumigatus, that when
inhaled can induce neutrophilic airway inflammation and deterioration of lung function in
susceptible horses (33, 116, 143, 162). Finally, pro-inflammatory cytokines and
chemokines, such as IL-1B, TNF-a, and IL-8 have been shown to be increased in either
BAL cells or airway epithelial cells in RAO-affected horses during acute exacerbations

(4,13, 51, 59).

Endotoxin-activated Inmune Mechanisms in the Lung

In conventional horse stables, airborne endotoxin concentrations exceed those on
pasture (117) and those that can induce airway inflammation in human subjects (171,
172). In our own stables, we observed that mean endotoxin concentrations in the
breathing zone of stabled horses are at least 8-fold higher than concentrations on pasture

(chapter 3). While endotoxin is present in barn dust in high concentrations, barn dust does
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not cause exaggerated airway inflammation in stabled control horses. Marti et al. showed
that there is a greater risk of RAO in the offspring from two affected parents than if only
one or no parent were affected (112). This suggests that RAO is a multifactorial equine
pulmonary disorder, in which environmental and genetic factors combined cause the
phenotypical outcome.

In many stables airborne endotoxin concentrations exceed those that can induce
pulmonary inflammation and bronchial hyperresponsiveness in human subjects
(occupational asthma), and those that can cause bronchospasm in humans with pre-
existing pulmonary conditions (25, 26, 171, 172). It has been reported that respiratory
symptoms of humans increase when the air endotoxin concentration is greater than 250
Endotoxin Units (EU)/m’> (1 ng/m3 ~ 10 EU). Therefore, the ‘Dutch Expert Committee on
Occupational Standards’ has recommended a health-based occupational exposure limit of
50 EU/m’ over an eight-hour period of endotoxin exposure. However, endotoxin levels in
stables greatly exceed these limits (177), and may be as high as 35,000 EU/m? within the
breathing zone of stabled horses (chapter 3).

Pathophysiology: Inhalation of endotoxin has been linked to increased amount of
neutrophils in BAL (129, 140, 142-144, 169). This may be either due to an elevated
migration of neutrophils from the pulmonary vasculature into the airway lumen or due to
delayed neutrophil apoptosis and clearance from the air lumen by alveolar macrophages
(20). Endotoxin stimulates neutrophil migration on different levels. In other animal
models and in in vitro studies, potent CXC-chemokines (e.g., IL-8 and macrophage
inflammatory protein 2 [MIP 2]), chemoattractants (e.g., platelet-activating factor (PAF),

leukotrien B; (LTB,), complement protein 5a [C5a]), and pro-inflammatory cytokines
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(e.g., TNF, IL-1 and IFN-y) that are involved in modulation of adhesion molecules (e.g.,
an L-selectin ligand on endothelial cells (176), P-selectin (114), E-selectin (88, 163), and
intracellular adhesion molecule 1 [I[CAM-1]; (80)) are elevated due to endotoxin
exposure (189, 190). During acute exacerbations due to stabling, RAO-affected horses
exhibit elevated amounts of IL-8 (4, 13, 50, 51, 59), MIP-2 (51), and ICAM-1 (21).

Sources of endotoxin in the environment: Endotoxin is found at high
concentrations in agricultural dust, such as dust from grain (164), poultry (35), swine
(36), dairy cow (94), and horse housings (117, 145) as well as in cotton mills (27) and
potato plants (76). Furthermore, endotoxin exposure is also an important contaminant in
water-mist generating industries, such as the paper (158), metal (1, 150), and fiber-glass
(120-122) industry. It has also been suggested that the sick building syndrome results at
least partially from the endotoxin loads found in office buildings (182). Humidifiers are
linked to an increased endotoxin concentration, whereas dehumidifiers decrease it. The
presence of a dog in family homes has been shown to be the strongest predictor for
endotoxin levels (120). Cigarette smokers are associated with an increased exposure to
endotoxin than non-smokers (64).

Measurement of endotoxin — Endotoxin concentrations are commonly detected
by the Limulus amebocyte lysate assay (LAL assay) (180). Amebocytes, which are
nucleated, granular cells that aggregate and clot at the site of an injury, from the
hemolymph of the horseshoe crab (Limulus) are used for this test. Aggregation of the
amebocytes in the limulus is caused by the endotoxin originating from the blue-green
algae. The content from the intracytoplasmic granules from the amebocytes is used in the

LAL assay. Enzyme activation can either be determined by clot formation (clot end-
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point) or by color changes over time using a dye that reacts with the enzyme (kinetic
chromogenic). The latter is frequently used to determine endotoxin in environmental
samples (160). Different endotoxin collecting and analytical methods (e.g., extraction,
dilution, storage, commercially available lysates) contribute to varying results (up to 100-
fold) among laboratories and, therefore, contribute to difficulties in establishing safety

regulations for endotoxin exposure (28, 177).

Recruitment of Inflammatory Cells into the Lung

Neutrophil Emigration Mechanisms that are Important during Lung
Inflammation - Neutrophil migration from blood to the lung lumen can be seen as a
series of sequential steps, including 1) capture and rolling of neutrophils on endothelial
cells (ECs) in postcapillary venules; 2) firm adhesion, which is mediated by integrins;

and 3) transmigration.

Capture and rolling is directed by adhesion molecules, called selectins. E-selectin
and P-selectins are expressed on endothelium and L-selectins on neutrophils. Whereas L-
selectin is important for neutrophil rolling on ECs, P-selectin is crucial for their capture.
Both, L- and P-selectin work in combination to initiate migration processes during
inflammation (30). Selectins are known to be autoproteolyzed in response to LPS and
TNF-« (190). On the other hand, in vitro studies showed induction of L-selectin ligand
expression after LPS or cytokine exposure of ECs (176). Endothelium-bound selectins (P-
and E-selectin) are membrane-expressed only when appropriate inflammatory stimuli are
present. P-selectin is stored in intracellular vesicles (Weibel-Palade bodies) and is

mobilized to the cell surface within minutes after exposure (114). E-selectins are

11
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transcribed upon stimulation with inflammatory cytokines, so that their membrane
expression is highest after 4 to 6 hours of stimulation (88, 163). The earliest accumulation
of neutrophils within the airways of RAO-affected horses was reported after 5 hours

stabling (20).

During the processes of firm adhesion, neutrophils bind to ECs, which is mediated
by CD18-containing integrins (e.g., CD11a/CD18 and CD11b/CD18). The integrin
CDI11b/CD18 (also termed macrophage antigen-1 [MAC-1]) plays a crucial role in
neutrophil migration during inflammatory processes (107). It is intracellularly stored and,
upon stimulation (e.g., LPS, TNF-q, etc.), it is translocated to the cell membrane (8). An
endothelial ligand for CD11b/CD18 is ICAM-1, which in general is expressed at low
levels. However, due to stimulation of ECs by cytokines, ICAM-1 becomes strongly up-
regulated (80, 88, 163). In addition, LPS and IL-8 stimulate the production of integrin-
modulating factor-1 on neutrophils, which is responsible for augmenting CD18-ligand
binding (89). ICAM-1 (21) and IL-8 (4, 13, 50, 51, 59) are elevated in lungs from RAO-

affected horses during acute exacerbations.

The final step of recruitment of neutrophils into the lung is called transmigration.
Migratory processes are accompanied by release of neutrophil-derived proteases (32). In
RAO-affected horses it has been shown that equine neutrophil elastase A2 is increased in

bronchoalveolar lavage during stabling than on pasture (20).

Soluble Mediators of Migration — There are two classes of promigratory stimuli,

i) nonchemotactic cytokines and ii) chemoattractants.

12



expr
chen

reles

IL-1
hors

of a.

cher
neut
pare
tran
rece
neut

prod



Cytokines: Inflammatory cytokines, for example TNF-a and IL-1f, increase
expression of adhesion molecules on neutrophils and ECs, but they do not exhibit
chemotactic functions for neutrophils. Within the lung, TNF-a and IL-1p are primarily
released by alveaolar macrophages due to stimulation with inflammatory stimulants, such
as LPS. Laan et al. showed that after 6 and 24 hours of stabling, production of TNF-a and
IL-1B by alveolar macrophages from RAO-affected horses was higher than in control
horses (95). TNF-a and IL-1p activate neutrophils and ECs by stimulating the expression
of adhesion molecules (e.g., ICAM-1) and chemoattractants (e.g., IL-8).

Chemoattractants: Beside the increase of adhesion molecule expression,

chemoattractants, such as IL-8, LTB4, C5a, and PAF primarily direct migration of
neutrophils through tissue. They are released by macrophages, neutrophils, lymphocytes,
parenchymal cells, endothelial and epithelial cells, etc. The initiation of neutrophilic
transendothelial and tissue migration is initiated by binding of chemoattractants to
receptors on the neutrophil surface. Specific receptors for chemoattractants on
neutrophils have been shown for chemokines, such as IL-8, for C5a, LTB4 and bacterial
products (e.g., endotoxin or formyl-methionylleucylphenylalanine [fMLP]).

Chemokines are small proteins (6 to 15 kDa) and function as the primary stimulus
for neutrophilic migration. Interleukin-8 is the most studied chemokine in this group and
has been shown to be produced by neutrophils themselves as well as endothelium,
epithelium, and a variety of parenchymal cells (139). Interleukin-8 belongs to the CXC-
chemokines. Chemokines are divided into two classes due to the sequence of their two
most amino-terminal cysteines. The CXC chemokines (also termed a-chemokines)

contain an amino acid (X) between the cysteines and attract most strongly neutrophils,

13
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whereas the cysteines in CC chemokines (also termed f—chemokines) are located next to
each other and elicit the stronglest chemoattractive effects for mononuclear cells.
Although IL-8 is the most potent stimulus for neutrophil migration in humans and most
of other mammals, rodents (e.g., mouse, rat) do not have IL-8. However, they have
proteins similar to growth-related oncogenes called cytokine-induced neutrophil
chemoattractants (CINCs), for example CINC3, also called macrophage-inflammatory
protein-2 (MIP-2) (166). LPS-stimulation of rat macrophages leads to elevated release of
CINCs (166). It has been shown that CINCs are involved in neutrophilic response in the
lung due to bacterial and inhalation challenges (38, 52, 53).

Interleukin-8 has been studied in RAO-affected horses by several research groups.
Franchini et al. showed for the first time that a high dust exposure was paralleled by an
increased chemotactic activity for neutrophils in BAL from RAO-affected versus control
horses. Isolated macrophages showed the secretion of two chemoattractants, which were
subsequently identified as IL-8 and MIP-2 (51). In addition, IL-8 was increased in
parallel with the percentage of neutrophils in BAL (50). Later, Giguere et al. showed that
IL-8 protein concentrations and mRNA expression were significantly higher in BAL
from heaves-affected horses than from controls (59). Recently, Ainsworth et al. reported
that IL-8 mRNA expression did not differ in bronchial epithelium and BAL neutrophils
between RAO-affected horses and controls during remission and after one day of
stabling. However, after 14, 35, and 49 days of stabling, RAO-affected horses exhibited
an up-regulation in IL-8 mRNA in epithelial cells (3.3-fold, 8.5-fold, and 10.3-fold,
respectively). After 1, 14, 35, and 49 days IL-8 was higher in BAL neutrophils (3.7-fold,

9.5-fold, 7.6-fold, and 14.8-fold, respectively) due to its down-regulation in controls,
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followed by an up-regulation in RAO-affected horses. The mRNA expression was
paralleled by increased staining of IL-8 protein in bronchial biopsy samples (4). Beside
IL-8, other chemokines, such as granulocyte-macrophage colony-stimulating factor (GM-
CSF), granulocyte CSF (G-CSF), and growth-related oncogene a (CXCL1) have also
been investigated in airway epithelial cells; however, their gene expression was not
altered between affected and control horses (4).

Leukotriene By (LTBy is a product of the arachidonic acid pathway and is
released from stimulated monocytes and neutrophils. It functions in neutrophilic
chemotaxis and supports the attachment of neutrophils to the endothelial cells in the
vasculature (131). Our laboratory reported previously that stabling is associated with an
increase in LTB; in RAO-affected horses and that this increase was correlated with the
migration of neutrophils into the airway lumen (103).

Complement protein C5a is a cleavage product of the complement protein C5 in
the classical complement as well as the alternative complement pathways. In the airways,
C5 is produced by alveolar macrophages and type II pneumocytes (178). Therefore,
neutrophils migrate along the C5a gradient, with their highest concentration within the
airway lumen and declining concentrations towards vasculature.

Another chemoattractant is PAF, which is produced by endothelial cells, platelets,
neutrophils, and alveolar macrophages. It consists of an acetylated phosphoglycerolipid,
which originates from cell membranes. Beside chemotaxis, PAF also modulates
neutrophilic adhesion to endothelial cells (15, 93, 202). Platelet-activating factor has also
been studied in RAO-affected horses in the last decade. Marr et al. showed that

administration of a PAF receptor antagonist (WEB 2086) did not suppress the
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neutrophilic migration from the vasculature into the airway lumen after seven hours of
stabling. Therefore, it was suggested that PAF may not play a central role in the
pathogenesis of neutrophilic airway inflammation in RAO-affected horses (110). On the
other hand, Fairbain and colleagues showed that intravenous administration of PAF led to
an immediate but transient increase of radiolabeled neutrophils in the lung of healthy and
asymptomatic RAO-susceptible horses. This response could be inhibited by the PAF
receptor antagonist. Therefore, PAF might be involved in the chemotaxis of neutrophils
into the lung due to inflammatory stimuli in the general horse population (42). In
addition, phosphodiesterase isoenzymes (PDE) have been shown to inhibit PAF release
(109). However, the PAF-induced adhesion of equine neutrophils obtained from RAO-
affected horses to fibronectin-coated plastic could not be modulated with the PDE4

inhibitor rolipram (149).

Pathways of Innate Immune Mechanisms within the Lung

Introduction: Our understanding of the innate immune system originated with the
recognition of leukocytes in inflamed tissue in 1779, and Metchnikov’s discovery of
mobile ameboid cells (phagocytes) in sea anemones in 1882 (168). Our current
understanding of innate immunity includes studies about microbial binding proteins and
microbial-recognizing receptors. Throughout evolution, strategies have evolved that
enable the differentiation between airborne pathogenic and nonpathogenic particles that
come in contact with the pulmonary epithelium. In higher vertebrates, two interactive
defense mechanisms, the innate and the adaptive immunity, have been developed. The

evolutionary older system, the innate immune system, consists of i) soluble factors,
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released into the airway mucosa by a variety of cells, that bind microbial products and,
therefore, make them available for clearance by phagocytic cells; ii) innate receptors on
phagocytic cells (e.g., macrophages, neutrophils, dendritic monocytes), that bind
microbial products and initiate other defense mechanisms (e.g., production of
chemokines); and iii) innate receptors on airway epithelial cells (e.g., toll-like-receptors).
The innate immunity is constantly ready to recognize and eliminate microbial products
and by recognizing common microbial patterns, the innate immune system exhibits broad
specificity.

In contrast, the adaptive immune system consists of lymphocytes that
specifically recognize peptide sequences that are presented on specialized antigen-
presenting cells (APCs). Upon recognition, these lymphocytes respond with the
production of high-affinity antibodies that are capable of opsonizing microbes that
express the same specific peptide sequences. Leukocytes (e.g., macrophages, neutrophils)
clear opsonized microbial products within the airways or adjacent lymph nodes. The
adaptive immunity is further characterized by its memory (i.e., specialized lymphocytes
initiate a faster response upon recognition of microbes, which were encountered at an
earlier time point).

Innate Immunity of the Airways: The respiratory system is the largest interface
between host and environment. For humans, it has been estimated that the alveolar
epithelium alone equals about the size of a tennis court (199). At rest humans breathe
about 10,000 liters (11) of air daily and it has been established that the average horse
breathes at least 70,000 liters of air daily. Therefore, the lung is constantly exposed to a

large number of airborne pathogens. However, infectious airway diseases are relatively
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rare and this is evidence for a highly efficient defense mechanism located within the
airway mucosa. The innate immunity of the airways is a combination of humoral and
cellular components. The humoral component includes antimicrobial products released
into the epithelial lining fluid, such as collectins, defensins, lysozyme, lactoferrin,
cathelicidins, complement, and immunoglobulins (e.g., IgG) (199). The cellular
component consists of leukocytes, such as neutrophils, alveolar macrophages, dendritic
monocytes, cytotoxic T cells, natural killer cells, and airway epithelial cells. Although
different innate receptor families, such as TLRs, NODs, and PARs, can be found on
leukocytes and epithelial cells, TLRs are the major cell surface receptors for recognition
of microbial and toxic endogenous products (199).

Recognition of respiratory pathogens by the airway epithelium: As a response
to inhaled pathogens, airway epithelial cells activate defense mechanisms, such as the
release of microbicidial products into the airway lumen as well as the release of cytokines
and chemokines into the submucosa. Chemokines and cytokines play a crucial role in
recruiting phagocytes for clearance of airways and airway wall of airborne pathogens that
could not be removed by the movement of the mucosal cilia. Additionally, dendritic cells
and lymphocytes are also attracted by mechanisms of epithelial cells. Therefore, airway
epithelium plays a central role in stimulating and modulating the immune response in the
respiratory system.

The response of epithelial cells to inhaled pathogenic molecules, such as
lipopolysaccharides and leipoteichoic acid, has been studied over the last decades.
However, detailed mechanisms and molecules involved in the recognition process were

still incompletely understood. Airway epithelium uses pattern recognition receptors
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(PRRs) for recognition of conserved molecular patterns presented on inhaled pathogens.
These receptors can be found as transmembrane receptors on epithelial cells (e.g., TLRs)
or can be released into the epithelial lining fluid or the circulation in soluble forms (e.g.,
mannan-binding lectins [MBLs]). TLRs are recognized in almost all cells that have been
studied. Their function lies not only in initiating innate immune processes, but also in
modulating the cross-talk between the innate and the adaptive immunity. For example,
TLRs have been shown to be distributed widely on dendritic cells, where they modulate
the adaptive immune response by influencing dendritic cells in the way they interact with
T-cells. In airway epithelial cells, as in many other cell types, recognition of microbial
products by TLRs leads to the production of cytokines and chemokines, as well as
antimicrobial peptides. Additionally, TLRs have also been reported to modulate the
function of surfactant protein A. For that reason, TLRs play a crucial role in chronic
fungal and allergic asthma and inflammatory lung diseases, as well as allograft rejection
after lung tranplantation.

Toll-like receptors (TLRs) are highly conserved across the animal kingdom and
were first recognized as proteins involved in the dorsal-ventral development in
Drosophila melanogaster. Later they were found to be important in antifungal defenses.
Medzhitov et al. recognized that the intracellular domain of one of these proteins, termed
Drosophila Toll, was highly homologous with the human interleukin (IL)-1 receptor (12).
Therefore, TLRs belong to the Type I transmembrane receptor family (i.e. TLR/IL-1 R
superfamily), which bears a leucine-rich repeat (LRR) domain at the extracellular amino
(NH,)-terminus and a toll/interleukin-1 receptor (TIR) domain at the intracellular

carboxy (COOH)-terminus, which is critical for adaptor protein binding. Currently,
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thirteen mammalian TLRs have been identified. In mice, TLR1-9 and TLR11-13 have
been discovered. Table 1-1 gives an overview of human and mouse TLRs and their
ligands. Among the TLRs, TLR4 and TLR2 have been the most intensively studied TLRs
in the recent literature. Their most important function is the detection and response to
pathogen associated molecules, such as LPS (TLR4) or lepoteichoic acid (TLR2) (71,
124, 146, 147). However, endogenous factors that are released during inflammation and
cell damage can also activate TLRs. For example, the transcription factor high-mobility
group box 1 (HMGBI1) can activate TLR4 and TLR2 when it is released extracellularly
during inflammation (138). In addition, TLR4 responds to tissue break-down products,
such as hyaluronan oligosaccharides (181, 183), and to proteins that are common at
inflammatory sites, such as fibrinogen (173), surfactant protein A (SP-A) that activates
macrophages by binding to TLR4, and B-defensin-2, which activates dendritic cells by
binding to TLR4. However, activation of TLR4 by heat shock protein 60 and 70 (HSP60
and 70) is potentially caused by LPS contamination of commercially available
preparations (54, 55) as it was the case with TLR2 activation by LPS-contaminated
preparations (71). Toll-like receptors have been shown to be expressed in a variety of
lung cells, such as alveolar macrophages, dendritic cells (183, 188), epithelial cells (61,
123), endothelial cells (10, 181), and airway smooth muscle cells (125).

Toll-like receptor 4 is best known for its response to LPS. In 1998-99, research
groups identified the gene responsible for LPS resistance in two inbred strains of mice
(C3H/HeJ and C57BL/10ScCr) (78, 146). Whereas C3H/HeJ mice have a single point
mutation in the cytosolic TIR domain (see below), C57BL/10ScCr mice do not express

TLR4 mRNA. In C3H/HeJ mice a point mutation in the 712" amino acid of TLR4
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replaces the proline residue with a histidine residue, which renders TLR4, and therefore,
the animals LPS unresponsive (84). However, mutations observed in the equine TLR4
sequence could not be related to an altered LPS response in this species (193). Mutations
in the signaling domain of TLR4 in these LPS-hyporesponsive mice initiated a search for
polymorphisms in the human homolog. Subsequently, polymorphisms in the human
TLR4 gene were associated with diseases (e.g., gram-negative bacterial infections in
patients in intensive care units) (66). Inhaled LPS is bound to LPS-binding protein (LBP),
which is an acute phase protein, produced not only by liver cells but also by airway
epithelium. Lipopolysaccharide, bound to LBP, is transferred to GPI-anchored or soluble
protein CD14. Beside CD14 the LPS recognition complex also consists of the LRR-
domain of TLR4 and the macrophage-derived molecule 2 (MD2). In addition to TLR4,
genomic sequence alterations of CD14 and MD2 have been shown to be associated with
altered responses to LPS in mice and humans. No alterations could be found in equine
CD14 and MD2, however (193). The LPS recognition complex (TLR4/CD14/MD2)
initiates an intracellular signaling cascade by recruiting adaptor molecules, such as the
myleloid differentiation primary response protein 88 (MyD88), to the intracellular
domain of TLR4 (details of the signaling cascade are discussed below).

Toll-like receptor 2 recognizes a wide variety of microbial products from bacteria
and fungi. Like TLR4, it is expressed in epithelial cells. However, whereas TLR4 seems
to be localized more basolaterally, TLR2 is generally recognized on the apical cell
membrane (65). Although TLR2 is the principal receptor involved in the recognition of
leipoteichoic acid from gram-positive bacteria, TLR2 also detects structural variants of

LPS, e.g., from leptospira spp. Additionally, TLR2 is involved in the recognition of
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mycobacterial lipoarabinomannan. It has been suggested that TLR2 might have a role in
defense against atypical mycobacterial infections and M. tuberculosis. There is evidence
that TLR2 is important in fungal pneumonias, as TLR2 knock-out mice have a decreased
survival when challenged intra-nasally with Cryptococcus neoformans when compared
with wild-type controls and TLR4 knock-outs (198). However, the survival of MyD88
knock-out mice in this study was worse in comparison to the TLR2 knock-outs, outlining
the complexity and redundancy of components involved the innate immunity (198). Most
interestingly, the pathogen involved in the most common cause of gram-positive
pneumonia (Streptococcus. pneumoniae), does not exert its pathology through TLR2
signaling (90). Although, alveolar macrophages need TLR2 to response to S. pneumoniae
in vitro, TLR2 knock-outs and control mice do not respond differently when stimulated
with S. pneumoniae intranasally. Other immune mechanisms might be involved in the
defense against this pathogen. Toll-like receptor 2 recognizes airborne pathogens, such
as products from gram-positive bacteria, mycobacteria, and fungi by heterodimerization
with TLR1 or TLR6. For example, alterations in the expression or availability of one of
the TLR2 co-receptor (e.g., TLR1 or TLR6) have been shown to be important in
contributing to disease processes. Indeed, recently it has been reported that a defect of
TLR2/1 signaling may be due to decreased TLR1 surface expression, while TLR2
expression was unchanged (186).

Toll-like receptor 3 knock-out mice experiments revealed that TLR3 recognizes
double stranded (ds) ribonucleic acid (RNA), which is released during viral infection (7).
A role for TLR3 in epithelial cells has been suggested in experiments using rhinovirus,

rhinovirus dsRNA, and synthetic dsSRNA (polyinosinic-polycytidylic acid; poly[I;C]),
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leading to increased expression of chemokines as well as defensins (human B-defensins
[hBD-2 and hBD-3]) (39, 58).

Toll-like receptor 5 recognizes bacterial flagellins (67). Interestingly, human and
mouse TLRS can recognize different flagellins due to an amino acid variation in the
TLRS residue 268 within the extracellular domain (9). In addition, mutational studies in
conserved surface domains proved the importance of the residues D295 and D367 for the
flagellin recognition (9, 174). There is evidence that TLRS is involved in important
inflammatory mechanisms against invading pathogens (126, 148).

Toll-like receptor 9 recognizes bacterial deoxyribonucleic acid (DNA), resulting
in increased expression of IL-8 in colonic epithelial cells (5).

Activation of TLRs leads primarily to an increase in cytokine and chemokine
production. However, it has also been shown that expression of other antimicrobial
proteins (e.g., hBD-2) can also be stimulated through TLR signaling. Finally, TLR
activation may result in increased expression of TLRs themselves. For example
Haemophilus influenzae stimulates TLR2, resulting in an increased TLR2 expression on
bronchial epithelial cells (81, 167). In addition, stimulation of TLR4 with LPS results in
TLR2 expression (43). Furthermore, cytokines, such as INF-y, can also lead to an
increased expression of selected TLRs (195). Finally, TLR4 expression is up-regulated in
airway epithelial cells due to stimulation with respiratory syncytial virus (123).

How can a specific response to the variety of microbes develop from ‘just’ 13
different TLRs? Some of the individual TLRs may have their own signaling pathways;
others may share pathways, but different cell types may only express a subset of TLRs.

Simultaneous activation of different TLRs creates the unique response that is

23



chara
signal
intrac
residu
consel
TIR d
most
which
termin
Stumu]
associ;
recep
asso¢
dissocj
B-actiy
Mmemby
at the
(consjg,
the yh;,
COnjUga
TAK], |
the IKK

ConSiS[g



characteristic for the cell type and the microorganism. In recent years, the intracellular
signaling cascades of TLR pathways have been studied in detail. The common
intracellular TIR domain of TLRs plays a central role in TLR signaling. TIR is about 200
residues long and contains the TIR consensus motif including 3 consensus boxes (6). The
consensus box 2 reveals a proline residue, which is critical for the interaction between
TIR domains, and therefore, for the interaction between TLRs and adaptor proteins. Like
most of the TLR proteins, TLR4 is involved in the activation of a signaling cascade,
which involves MyD88 (MyD88 dependent pathway). MyD88 itself contains a carboxy-
terminal TIR domain, through which it interacts with the TIR domain of TLRs.
Stimulation of TLR4 with LPS triggers MyD88 to recruit IRAK4 (IL-1 receptor
associated kinase 4) allowing the association and phosphorylation of IRAK1. The TNF
receptor-associated factor-6 (TRAF6) is also recruited to the receptor-complex, by
association with phosphorylated IRAK1. Phosphorylated IRAK1 and TRAF6 then
dissociate from the receptor to form a complex with TAK1 (transforming-growth-factor-
B-activated kinase 1), TAB1 (TAKI-binding protein 1) and TAB2 at the plasma
membrane, which induces the phosphorylation of TAB2 and TAK1. IRAKI1 is degraded
at the plasma membrane, leading to the translocation of the remaining complex
(consisting of TRAF6, TAK1, TAB1 and TAB2) to the cytosol, where it associates with
the ubiquitin ligases UBC13 (ubiquitin-conjugating enzyme 13) and UEV1A (ubiquitin-
conjugating enzyme E2 variant 1). Ubiquitination of TRAF6 induces the activation of
TAK1, which in turn phosphorylates both mitogen-activated protein (MAP) kinases and

the IKK complex (inhibitor of nuclear factor-kB (IkB)-kinase complex). The latter

consists of IKK-a, IKK-B and IKK-y and phosphorylates IkB, which leads to its
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ubiquitination and subsequent degradation. Therefore, stimulation of the TLR4 signaling
cascade allows nuclear factor kappa B (NF-xB) to translocate to the nucleus and induce
the expression of its target genes (6). This MyDS88-dependent pathway contributes
primarily to the activation of NF-kB and the production of pro-inflammatory cytokines,
such as TNF-a, IL-1, IL-6, and IL-8 (early-phase NF-kB response). A second MyD§S-
independent/TRIF (TIR-containing adaptor inducing interferon (INF)-f3)-dependent
pathway leads to the activation of the transcription factor IRF-3 (interferon regulatory
factor 3), which controls IFN-B production (72, 197). IFN-B binding to IFN receptor
(IFNR) initiates signaling through STATs 1 and 2 (signal transducers and activators of
transcription 1 and 2), activating additional genes. The TRIF-dependent pathway of
TLR4 also collaborates with the MyD88-dependent pathway by activating NF-xB (/ate-
phase NF-xB response) and various MAPKs pathways, promoting pro-inflammatory
cytokine production (6). During the discovery of the MyD88-independent pathway
additional adaptor molecules have been found: MyD88 adaptor-like (MAL; also known
as TIR domain-containing adaptor protein [TIRAP]; TIR domain-containing adaptor
inducing IFN-f (TRIF; also known as TIR-containing adaptor molecule-1 [TICAM-1]);
TRIF-related adaptor molecule (TRAM) and a- and HEAT-Armadillo motifs. Like
MyD88, these adaptor molecules have the TIR domain, but they show structural
difference to MyD88 (132). This might be the reason for the different down-stream
signaling due to different transducer binding. The advantage of using different adaptor
molecules is the response specificity in the defense against different microorganisms. As

a matter of fact, it is tempting to speculate that these adaptor molecules are future
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therapeutic targets, for example in fighting pro-inflammatory cascades initiated through
TLRs, while maintaining TLR-mediated protective responses.

Beside the production of the potent chemotactic factors for neutrophils, such as
IL-8, the TLR4 signaling pathway also cross-talks with the G-protein-coupled receptor
(GPCR) signaling pathway in neutrophils, which is used by chemokine receptors (44).
Endotoxin-activated signaling through TLR4 transcriptionally down-regulates the
expression of GRK 2 and 5 (GPCR kinases), which are cytosolic proteins that desensitize
the GPCR signaling cascade by binding to activated GPCRs, uncoupling them from their
cognate G-proteins. The reduced expression of GRKs lowers the chemokine receptor
desensitization (i.e., preserves GPCR expression) and markedly augments the neutrophil
migratory response (44).

Negative regulation of TLR signaling: Negative feedback mechanisms are
known to be important for the regulation of TLR initiated signaling, and, therefore also
play an important role in protecting the lung against excessive responses to airborne
pathogens (6, 133). A20, a zinc finger binding protein, is encoded by an immediate early
response gene (133). In primary cultured human AECs A20 expression is significantly
increased by the binding of LPS to TLR4 (60). Expression of A20 is regulated by NF-xB,
which is mediated by two adjacent NF-kB-binding sites in the A20 promoter (92). A20
exhibits ubiquitin ligase activity and, therefore, targets proteins fos degradation (194).
Due to the poly-ubiquitination of the receptor interacting protein (RIP), an essential
mediator of the proximal TNF receptor 1 (TNFR1) signaling complex, TNF-a-dependent
NF-xB activation is attenuated. Beside RIP, other proteins such as TRAF6 (69) and IxK-

v (187), which are important signaling molecules along the TLR4 pathway, can also bind
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to A20, therefore, clearly identifying anti-inflammatory characteristics of A20. It has
been demonstrated that A20” mice are highly susceptible to chronic inflammation and
cell death (100) and that A20 in human airway epithelial cells inhibits NF-kB-dependent
TNF-a- and IL-1B- expression (82). Also, A20 is able to inhibit TLR4 and TLR2-
dependent production of IL-8 (60). In that study it was shown in detail that dominant-
negative myeloid differentiation protein (MyD88) and a mutant form of IkB-a attenuates
the LPS activation of NF-kB and IL-8 and that over-expression of A20 inhibits activation
of NF-kB and the IL-8 promoter by LPS in a similar way. These results suggest that A20
acts in different ways as a negative regulator of the TLR4/NF-xB/IL-8 axis. Failure to
down-regulate NF-«kB transcriptional activity results in chronic inflammation and cell

death (100).

Summary of Literature Review and Hypotheses

Recurrent airway obstruction in horses is characterized by neutrophilic airway
inflammation and obstruction, and stabling of susceptible horses triggers acute disease
exacerbations. Stable dust is rich in endotoxin from gram-negative bacteria and fungi,
such as Faenia rectivirgula, Thermoactinomyces vulgaris, and Aspergillus fumigatus.
Toll-like receptors (TLRs) are pathogen recognition receptors that are trans-membrane
proteins on a variety of airway cells, such as alveolar macrophages, dendritic cells,
epithelial cells, and airway smooth muscle cells. Toll-like receptor 4 is the principal
recognition receptor for LPS, and TLR2 is the principal recognition receptor for fungal
products. In human bronchial epithelium, TLR4 and TLR2 stimulation leads to increased

production of interleukin (IL)-8, a potent neutrophil attractant, through activation of the
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transcription factor NF-kB. During stabling, RAO-affected horses exhibit an elevated
NF-kB activity and IL-8 production compared to control animals and RAO-affected
horses on pasture. In laboratory animal models and cell culture studies, the zinc finger

protein A20 negatively regulates the TLR4 or TLR2/NF-xB/IL-8 axis.

Therefore, I hypothesized i) that horses in stables are exposed to higher endotoxin
concentrations than on pasture; ii) that during stabling TLR4, TLR2, and IL-8 mRNA
expression are increased in RAO-affected horses compared to controls, and that this
would be paralleled by elevated neutrophil counts in bronchoalveolar lavage fluid (BAL);
and iii) that A20 mRNA expression is not increased in RAO-affected horses during

stabling compared to controls.
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Table 1-1: Human and murine Toll-like receptors and their ligands.

Animal
Receptor | Species Ligands
TLR1 Human, Mouse | Tri-acyl-lipoproteins
Associates with TLR2
TLR2 Human, Mouse | Lipoproteins
Lipoteichoic acid (gram positive)
Lipoarabinomannan (mycobacteria)
Peptidoglycan
zymosan (yeast)
Aspergilus fumigatus conidia
Associates with TLR1 and TLR6
TLR3 Human, Mouse | Poly(I-C)
ds RNA (viral)
Influenza A
TLR4 Human, Mouse | LPS (gram negative)
Host heat shock protein 60 and 70
Host hyaluronic acid
RSV protein F
Taxol
Aspergillus fumigatus conidia and hyphae
TLRS Human, Mouse | Flagellin
TLR6 Human, Mouse | Di-acyl-lipopeptides
Zymosan (yeast)
Associates with TLR2
Single-stranded viral RNA, imiquimod, resiquimod
TLR?7 Human, Mouse | 848
Single-stranded viral RNA, imiquimod, resiquimod
TLRS8 Human, Mouse | 848
TLRY Human, Mouse | Unmethylated CpG DNA
TLR10 Human Uncertain
TLR11 Mouse Uncertain
TLR12 Mouse Uncertain
TLR13 Mouse Uncertain
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CHAPTER 2

ENDOTOXIN CONCENTRATIONS WITHIN THE BREATHING ZONE OF HORSES

IS HIGHER IN STABLES THAN ON PASTURE

Abstract

Dust in horse stables is rich in respirable, pathogenic material, such as endotoxin.
The amount of respirable dust is associated with the concentration of endotoxin in stable
dust. Our laboratory has shown previously that the amount of dust in the breathing zone
of stabled horses is higher than dust concentrations in stables that were measured with
area samplers as well as dust concentrations in the breathing zone of horses on pasture.
Hay dust endotoxin causes equine neutrophilic airway inflammation. Endotoxin
concentrations in outdoor environments are influenced by ambient temperature and
relative humidity. We hypothesized that endotoxin concentrations in the breathing zone
of stabled horses are higher than in the breathing zone of horses kept on pasture. We
further hypothesized that the endotoxin exposure for horses kept on pasture is associated
with changes in ambient temperature and relative humidity. We measured endotoxin
concentrations in the breathing zone of six stabled horses and six horses on pasture using
the Limulus Amebocyte Lysate (LAL) Kinetic Chromogenic Assay and reported the
climatological data of ambient temperature and percent relative humidity from the

National Climatic Data Center. Mean endotoxin concentrations in the breathing zone of
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stabled horses were significantly higher (about 8-fold) than of horses on pasture.
Concentrations of endotoxin on pasture were not associated with changes in ambient
temperature or relative humidity. We concluded that stabled horses are exposed to higher
endotoxin concentrations than horses on pastures. Differences in individual behavior
rather than ambient climatic conditions may contribute to the actual endotoxin exposures

of individual horses in stables and on pasture.

Introduction

In the northern hemisphere it is common to keep horses in stables, where they are
fed hay. The economical advantage of this practice, however, can be diminished by the
impairment of horse’s welfare and exercise performance due to exposure to high
concentrations of airborne pathogenic/inflammogenic materials. For example, we and
others have reported that stabled horses without clinical signs or a history of airway
disease experience influx of inflammatory cells into the airway lumen (29, 31, 57, 73,
184). Furthermore, feeding hay from round bales, where horses are assumed to have a
higher dust exposure than feeding hay from traditional square bales, exhibit an about 5-
fold increased risk for >20% neutrophils in trachea (152). From these data, it can be
inferred that hay dust exposure increases the risk of equine inflammatory airway disease
(IAD). The prevalence of IAD in Michigan pleasure horses has been reported to be

17.3% (152).
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Airway inflammation has functional consequences as increased mucus
accumulation, which is associated with airway inflammation, is a risk factor for poor
racing performance of stabled race horses (74). Dust exposure can have even more
important consequences in horses with lung disease. For example, in horses with
Recurrent Airway Obstruction (RAO) organic substances that are frequently found in
equine stables and hay dust can cause airway inflammation. Specifically, endotoxin and
fungal products (from e.g., Faenia rectivirgula, Aspergillus fumigatus) within stable dust
can trigger neutrophilic airway inflammation and obstruction in RAO-susceptible horses
(33, 143, 144). A 12 to 50% prevalence of RAO has been reported for horses in North
America and Europe (19, 98, 118).

We have previously reported that the respirable airborne dust concentration in the
breathing zone of horses in conventional stables (straw bedding and hay feed) are
significantly higher than in recommended stables (shavings as beddings and complete
pelleted diet) (196). McGorum et al. showed a strong correlation between dust
concentrations and airborne endotoxin concentrations (117). In this study, the authors
also showed that the content of endotoxin within respirable dust in conventional stables
was significantly higher than in respirable dust collected on pasture. Endotoxin in horse
stables contributes at least partially to the development of airway inflammation in both
healthy and RAO-susceptible horses (144). Beside the amount of dust, endotoxin
concentrations are also influenced by seasonal and climatological factors, such as
temperature and relative humidity (24).

Endotoxin in horse stables arises from different point sources (e.g., hay, manure

etc.). Due to differences in the individual behavior of horses or in stable hygiene, area
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samplers may not be adequate to reflect the actual endotoxin exposure of stabled horses.
Indeed, Woods et al. reported that, by using personal samplers, total and respirable dust
concentrations in the breathing zone of horses in conventional stables are higher than
concentrations measured in stables with area samplers (196).

Therefore, in the present study we determine the endotoxin concentration in the
breathing zone of horses by use of a personal sampler device. We hypothesized that the
endotoxin concentrations in the breathing zone of stabled horses are higher than of horses
on pasture. We also hypothesized that ambient temperature and relative humidity are

associated with endotoxin concentrations in the breathing zone of horses on pasture.

Materials and Methods

Animals and study design: Horses were selected from a herd maintained by the
Pulmonary Laboratory at Michigan State University. Six horses (three mares, three
geldings; 21 £ 6.7 years; two Quarter horses, one Quarter Horse/Arabian mix, one Grade
horse, one Thoroughbred horse and one Standardbred horse) were studied.

Endotoxin exposure was measured when horses were stabled in conventional
stables and subsequently on pasture. For determination of endotoxin concentrations in the
breathing zone of stabled horses, animals were brought into the stable and were allowed
to adjust to the environment for one hour before the personal sampler for endotoxin
measurement was attached (see below). The stable was cleaned and horses were fed

between 7 and 8 AM and fed again in the afternoon between 4 and 5 PM. For the first
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measurement horses were brought into the barn between 8 and 10 AM. After the stable
measurement, horses were returned to the pasture. The second measurement (pasture)
was performed with all horses on the same pasture. Horses were allowed to move around
freely with the personal sampler attached to the halter and surcingle. The study was
performed between the 15™ and the 26™ of September, 2005. The protocol was approved
by the All-University Committee for Animal Use and Care of Michigan State University.

Determination of endotoxin concentrations in the breathing zone of horses in
stables and on pasture. For the collection of endotoxin in the breathing zone around the
horse nostril, personal samplers were attached to each horse (Figure 2-1). The personal
sampler consisted of a filter cassette that was attached to the halter, and an AirCheck 52
Personal Sample Pump (kindly provided by EMSL Analytical, Inc., Westmont, NJ) that
was attached to a surcingle. The filter cassette and the air pump were connected by a
rubber hose. Endotoxin was sampled as described previously (191). Briefly, the breathing
zone air was sampled at a flow rate of 1.5 liters per minute for an average of 245 minutes
(~ 4 hours). Endotoxin that was collected on the air filter was quantified by the IH
Laboratory at EMSL Analytical, Inc. (Westmont, NJ) using the Limulus Amebocyte
Lysate (LAL) Kinetic Chromogenic Assay (104).

Climatological data: Climatological data for Lansing, MI, were obtained from the

National Climatic Data Center (http://www7.ncdc.noaa.gov/IPS/). We report four dew

point temperature and relative humidity measurements in three-hourly intervals (7:00AM,
10:00 AM, 1:00PM, and 4:00PM) on the days when endotoxin measurements were taken.
Statistical analysis. Raw data of endotoxin concentrations were not normally

distributed (Kolmogorov-Smirnov P < 0.05). Therefore, data were logl0-transformed.
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Means of endotoxin concentrations in stables and on pasture were compared using
Student’s t-test. Data are reported as geometric means (anti-log-transformed) with the 5%
and 95% values. Mean values were calculated for the climatological data. Data were
analyzed by use of SAS version 8, SAS/STAT Software (SAS Institute Inc., Cary, North

Carolina, USA). Differences were considered significant for P-values < 0.05.

Results

Endotoxin concentrations: Endotoxin concentrations (ECs) for each horse are
shown in Table 2-1. Mean values of endotoxin concentrations in the breathing zone of
stabled horses (EC = 7.08 * 10° EU/m’) were significantly higher than of horses on
pasture (EC = 0.85 * 10° EU/m®) (Figure 2-2). The mean difference was more than 8-
fold. Endotoxin concentrations for each horse were always less on pasture than in the
stable (Figure 2-2).

Climatological data. Data for temperature and percent relative humidity are
shown in Table 2-2. The average ambient temperature during stabling (10.4 + 1.3 °C) was
not significantly different from the average ambient temperature on pasture (11.4 +
1.8°C) (P = 0.35). In addition, there was no significant difference between the relative
humidity on days when horses were stabled (60.75 + 6.66 %) as compared to days when

horses were kept on pasture (68 + 0.24 %) (P = 0.3).
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Associations between endotoxin concentrations and climatological data.
Endotoxin concentrations did not correlate with the ambient temperature or the relative

humidity when horses were kept on pasture (Figure 2-3A or 2-3B, respectively).

Discussion

In this study we showed that the mean endotoxin concentration measured in the
breathing zone of stabled horses is more than 8-fold higher than that of horses kept on
pasture. Our results are in agreement with a study reported previously by McGorum et
al., in which the authors showed an approximately 15-fold higher airborne endotoxin
concentration in conventional stables as compared to concentrations on pasture (117).
However, in that study average endotoxin concentration in stables and on pasture were
higher than in our study (1.67 mg/m’ (= 139.2 * 10’ EU/m®) and 0.11 mg/m’ (= 9.2 * 10°
EU/m>), respectively). While in the present study, we used a pump flow rate of 1.5 /min
over 4 hours to collect endotoxin concentrations in the horse’s breathing zone, McGorum
et al. collected dust with a rate of 2 I/min over periods of 4 to 10 hours (117).
Alternatively, the differences might be due to differences in experimental design.
Whereas McGorum et al. obtained measurements by using one pony under three different
maintenance situations we attached personal samplers to six individual horses at the
different collection occasions. The differences in endotoxin concentrations between the
studies may, therefore, be a function of individual, behavioral differences between the

horses. This might also explain the wider range in endotoxin concentrations in our data.
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Outdoor endotoxin concentrations, when measured with area samplers, are
positively correlated with temperature and negatively with percent of relative humidity
(24). Here we reported that the endotoxin concentration in the breathing zone of horses
on pastures, which was measured with personal samplers, does not correlate with the
ambient temperature or the percent of relative humidity. This suggests that endotoxin
concentrations in the breathing zone of horses are dependent on the immediate
environment in which the horse keeps its nose, rather than on environmental conditions,
such as temperature or humidity, which might contribute to the production of endotoxin
due to bacterial growth. Therefore, differences in the individual behavior (e.g., head
positioning, sniffing, frequency of moving) of the animals is likely to result in variations
in endotoxin exposures.

In summary, we reported here that the use of personal samplers in a population of
horses—stabled or on pasture—allows for detection of endotoxin exposure of the individual
horse. On average, stabled horses are exposed to at least 8-fold higher concentrations of
endotoxin than horses maintained on pastures. Differences in individual behavior rather
than ambient climatological conditions, such as temperature or humidity, may contribute

to variations in endotoxin exposures between individual horses.
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Table 2-1: Endotoxin concentrations in the breathing zone of stabled horses and horses

kept on pasture. (*) indicates significant different (P < 0.05) from endotoxin
concentration measured on pasture.
Endotoxin concentration
(10° x EU/m®)
Stable Pasture

Horse 1 5.94 1.13

Horse 2 6.48 0.45

Horse 3 6.8 0.74

Horse 4 359 0.71

Horse 5§ 2.82 2.58

Horse 6 498 0.56
Geometric mean

7.08 (2.82; 36.3)* 0.85(0.45;2.57)
(5%, 95%)
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Table 2-2: Climatological data (ambient temperature and percent relative humidity) at
days of endotoxin measurments obtained from the National Climatic Data Center. E =
Environment, in which horses were maintained, S = Stable, P = Pasture, QH = Quarter

Horse, Grd = Grade Horse, TB = Thoroughbred, SB = Standard bred, Arab = Arabian

E Age Breed Temperature Relative Humidity
Date Time

(yrs.) O (%)
Horsel S 19 QH 9/15/05  8:40-12:45 9.4 56.5
Horse2 S 28 Grd 9/15/05  8:40-12:45 9.4 56.5
Horse3 S 21 TB 9/16/05  10:15-2:15 12 80.75
Horse4 S 28 QH 9/16/05 10:15-2:15 12 80.75
HorseS§ S 20 SB 9/21/05 8:30-12:35 9.7 45
Horse6 S 10 Arab/QH  9/21/05  8:30-12:35 9.7 45
Horsel P 19 QH 9/23/05  9:10-1:15 9.2 67.5
Horse2 P 28 Grd 9/23/05  9:00-1:05 9.2 67.5
Horse3 P 21 TB 9/17/05  11:10-3:15 13 68.75
Horse4 P 28 QH 9/17/05  11:50-3:55 13 68.75
HorseS5 P 20 SB 9/24/05  10:30-2:35 12 67.75
Horse6 P 10 Arab/QH  9/24/05 10:35-2:40 12 67.75
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Figure 2-1: Personal sampler device for endotoxin in the breathing zone
around the horse nostril. The personal sampler consisted of a filter cassette that was
attached to the halter, and an AirCheck 52 Personal Sample Pump (kindly provided by
EMSL Analytical, Inc., Westmont, NJ) that was attached to a surcingle. The filter

cassette and the air pump were connected through a rubber hose. Endotoxin was sampled

at a flow rate of 1.5 liters per minute for an average of 245 minutes (~ four hours)

Rubber hose
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Figure 2-2: Endotoxin concentrations (10> x EU/m?) in the breathing zone of stabled
horses and horses on pasture. Individual diamonds represent individual measurements.
Horizontal bars represent the geometric means. (*) indicates significantly different (P <

0.05) from endotoxin concentration measured on pasture.
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Figure 2-3: Associations between endotoxin concentrations (103 X EU/mz) in the
breathing zone of horses maintained on pasture and ambient temperature (°C) (A) and

relative humidity (%) (B). Individual diamonds represent individual measurements.
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CHAPTER 3

PRIMER DESIGN AND QUANTITATIVE REAL TIME POLYMERASE CHAIN

REACTION (qRT-PCR)

The Quantitative Real Time Polymerase Chain Reaction Assay

Introduction: In the following, I describe the thought processes that led me to
choose the standard curve method of relative quantitative real-time polymerase-chain
reaction (RT-PCR) using SYBR Green chemistry for gene expression analysis in the
research described in the following chapters of this dissertation.

RT-PCR versus end-point PCR: In comparison to the end-point PCR, where data
are collected only at the end of the PCR cycle, RT-PCR allows measurement of the
accumulation of amplification products, also termed amplicons, throughout the PCR
cycle (i.e., in real time (RT)). During RT-PCR, the amount of amplification products is
measured at the time of first fluorescence detection rather than after a fixed number of
cycles. Therefore, the higher the copy numbers within a sample, the sooner its detection.

SYBR Green I dye versus Taqgman chemistry: For the detection of PCR products
two different types of chemistry are commercially available: TagMan chemistry and
SYBR Green I dye chemistry. For the detection of these chemistries Sequence Detection
System (SDS) instruments have been developed by Applied Biosystems (e.g. SDS 7500,

7700, 7900). Whereas TagMan chemistry uses fluorogenic probes for the detection of

43



specific PCR products, SYBR Green chemistry uses SYBR Green I dye for the detection
of double-stranded DNA. The PCR-products (i.e., amplicons) are detected by binding of
SYBR Green I dye to each amplified target sequence as they are produced by DNA
polymerase amplification during the PCR cycles. The result is an increased fluorescence
signal that is proportionate to the number of amplicons produced. SYBR Green chemistry
can be used to detect the amplification of any double-stranded DNA sequence and, in
comparison to TagMan chemistry, it does not require the labor and cost intensive
generation of specific probes. However, SYBR Green chemistry is error-prone, especially
for false-positive signals, due to non-specific double-stranded DNA sequences within
samples. Therefore, when using SYBR Green chemistry additional optimization
experiments become necessary.

In quantitative RT-PCR, concentrations of nucleic acid targets (i.e., RNA,
cDNA/DNA) that are amplified during each cycle are measured. In our studies, we
measured the amount of transcribed RNA of the genes of interest (i.e., TLR4, TLR2, IL-
8, A20, and 18S rRNA) after its reverse transcription into complementary DNA (cDNA).
We assumed a 100% efficacy of the reverse transcription. The SDS 7900 instrument by
Applied Biosystems was used to detect the increase of fluorescence signal during each
cycle and results were shown in amplification plots (i.e., plot of fluorescence signal
versus cycle number). During the initial cycles, usually between the 5™ and the 15" cycle
number, only minor changes in the fluorescence signal could be detected (baseline). In
our studies, we adjusted the baseline cycles as follows: for 18S rRNA: from the 5" to the
10" cycle number; for TLR4: from the 3" to the 15" cycle number; for TLR2: from the

11" to the 17" cycle number; for IL-8: from the 2™ to the 15™ cycle number; and for
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A20: from the 5™ to the 25™ cycle number. The detection of a fluorescence signal above
the baseline specifies accumulated PCR products. A specific cycle (threshold cycle or Cr)
is usually defined within the linear part of the S-shaped amplification plot to compare
quantities of an amplicon within (e.g., standard curve) or between samples (e.g., test
samples).

Relative versus absolute quantification: There are two types of PCR product
quantification. Whereas the absolute quantification measures the amounts of unknown
PCR products by interpolating their amount using a standard curve with known
concentrations, relative quantification compares the amounts of PCR products in a
sample of interest (e.g., bronchial brushing sample from RAO-affected horses) in relation
to a reference sample (e.g., bronchial brushing sample from control horses).

Standard curve versus comparative Cr method: The calculation of relative
quantification is either performed using the standard curve method or the comparative Cr
method. In the present research, we decided to use the standard curve method for relative
quantification, because i) we only detected five different genes and, therefore, the labor
and cost intensity were low enough to run the target genes (TLR4, TLR2, IL-8, and A20)
and the reference gene (18S rRNA) in separate tubes, and ii) we did not test for
amplification efficacies of each target and the reference gene over all samples. For each
target and the reference gene, standard curves (10-fold serial dilution) were designed
using the bronchial brushing samples with the lowest Ct value (highest amount of
cDNA). Each standard curve sample was measured in triplicate. The following standard
curves were obtained during our studies:

TLR4:y =26.1 - 3.2x (R*70.99),

< 1}



TLR2: y =29.3 - 3.6x (R?70.99),
IL-8: y =28.7 - 3.7x (R =0.99),
A20:y=138.1 -3.8x (R270.99) and

18s rRNA: y = 17 -3.1x (R*=0.99).

Primer design: Primer pairs were designed using Primer Express software from
Applied Biosystems. This software automatically uses a set of parameters to select primer
and probe sets. Therefore, it can be used for the design of primer pairs used in both
TagMan and SYBR Green chemistry assays. Although no probe is needed in the SYBR
Green chemistry assay it is advantageous to automatically design a probe, in case
verification experiments using a TagMan assay are required to a later time point.
Furthermore, the default setting in Primer Express meets all required criteria for sequence
detection when using SYBR Green chemistry (i.e., amplicon size: 50 to 150 base pairs,
G/C content: 20 to 80%, avoids runs of identical nucleotides, especially four and more Gs
in a row, melting temperature: 58 to 60°C). By using Primer Express software we also
controlled for possible primer-dimer formation.

Beside for 18S rRNA, primer pairs used in our studies were designed using
nucleotide sequences available online. The Genbank accession numbers of the sequences
used for primer pair design using Primer Express software are shown in Table 3-1.
Complete mRNA sequences for TLR4, TLR2, and IL-8 were available for Equus
caballus. The primer set for A20 was designed by aligning the known human and murine
c¢DNA sequences and choosing regions of high sequence identity. Care was taken that

this primer pair would span known intron-exon borders.
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Verification of amplification product for primer pairs: 18S rRNA, TLR4, TLR2,
IL-8: Amplified equine genomic DNA, using the primer pairs of 18S rRNA, TLR4,
TLR2, and IL-8, yielded a single band of approximately the amplification product sizes
reported in Table 3-1 in agarose gel electrophoresis (Figure 3-1). Therefore, primer pairs
for these genes did not span intro-exon borders. Further verification steps were necessary
to show that we indeed amplified the transcription products of the genes of interest.
Therefore, we subsequently performed automated (18S rRNA, TLR4) or manual (TLR2)
sequencing of the PCR products from genomic DNA. The primer pair for 18S rRNA was
presented in another dissertation previously by the Pulmonary Laboratory (56).
Automatic sequencing resulted in the following nucleotide sequence:

ttagtccctgecctitgtacacaccgeccgtegetactaccgattggatggtitagigag.

A BLAST (basic local alignment search tool) analysis at the NCBI web site

(http://www.ncbi.nlm.nih.gov/BLAST/) showed that this sequence aligned with many

different species. We did not find a horse-specific sequence in the online database for this

18S rRNA sequence. Automatic sequencing of the TLR4 amplified PCR product from

genomic DNA resulted in the following sequence:
fcctgetggactccacggtitaccatccageaaggctticctgagtcgicicc.

This sequence matched the published equine TLR4 sequence in the nr database exactly.

By using BLAT at the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgBlat)

this sequence detected the TLR4 sequence in the human genome. BLAT analysis on
DNA finds sequences of 95% or more similarity. The amplified PCR product when using

TLR2 primer set was manually sequenced and the sequence (Figure 3-2) yielded the
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highest BLAST hit to the equine TLR2. In BLAT this sequencing product detected the
TLR2 sequence in human genome.

A20: No sequence has been published for equine A20; therefore, the primer
pair was designed by using the published A20 human mRNA sequence (Genbank
accession number for human A20: NM_006290) in a region of high identity to the
published murine mRNA sequence (Genbank accession number for mouse A20:
NM_009397). Recently, the unassembled whole equine genome sequence became
available with over 31 x 10° traces published at the Trace Archive at NCBI (about 8-fold
coverage). A cross-species MegaBLAST of the human A20 against the whole equine
genome showed high sequence identity in the region used for the A20 primer pair. One
nucleotide mismatch for the forward primer and one for the reverse primer were found
(Figure 3-3). Single nucleotide mismatches are known to have little impact on
amplification of targeted sequences and, therefore, our A20 primer set was specific for
detecting equine A20 mRNA (79).

During sample analysis we added additional verification steps. A dissociation
curve for each amplicon in each sample was generated to verify specificity of primer
pairs. Finally, each RNA sample was analyzed for genomic contamination by testing RT-
negative samples (use of RNAse free H,O instead of Omniscript Reverse Transcriptase in

RT reaction) for the reference gene.
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Table 3-1: The oligonucleotide primer pair sequences used for amplification of 18S
rRNA, TLR4, TLR2, IL-8 and A20 transcripts in bronchial brushing samples. Amplicon

length of the primer pairs and Genbank accession numbers of sequences used during

primer design or sequence source are shown.

Forward primer Reverse primer Amplicon Genbank
length accession
number
18S GCA ATT ATT CCC CAT GGC CTC ACT AAACCA 123 See (56)
GAA CG TCC AA
rRNA
TLR4 TCT GGA GAC GAC TCA GCA AGA AGCACCTCA 91 AY005808
GGA AAGC GGAGTTT
TLR2 AGC TGT AGC AGT TGG GAC ACATCC GGC TGA 66 AY429602
CTTAGTTCAT AATCTATT
IL-8 CAG CAT CTC GTC TGA AGA GCT GCA GAA AGC 73 AY184956
ACATGACT AGG AAG A
A20 CCT CAT TGA GCA GTC TCC ACA CTC ACCCAC 69 Human:
CAT GCT CAGTTC
NM_006290
Mouse:
NM_009397
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Figure 3-1: Agarose gel electrophoreses of 3ul Lambda DNA — HindllI Digest (lane 1),
3pl 18S rRNA PCR product (lane 2), 3ul TLR4 PCR product (lane 3), 3ul TLR2 PCR

product (lane 4) and 3pl IL-8 PCR product (lane 5). 18S rRNA, TLR4, TLR2 and IL-8

were amplified using equine genomic DNA.
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Figure 3-2: Manually sequenced PCR products using the TLR2 forward (A) and reverse

(B) primer.

A)

5’...ACATCAACACCATAGAGGAAGACTCTTTTTCCTCCCTGAGGAGTCTTGAA
CATTTGGACTGTCAATAATCACTTATCTAATTTATCGTCCTCCTGGTTCAGGCC
CCTTTCTTCTTTAAAATTCTTAAACTTATGGGAAGCACTTACAAAACACTCGG
GGAAACATCTCTTTTTTTCTCATCTCACATTGCGATCTGAAGTGGAATATCAC
TCACTGAGATCAGGAAGATTGCTGGCCATCTGAGACTGGATG...3’

B)

5’... TAGCATCAATCTCAAGTTCTTCAAGGAAAGTGAGCCCAGCAAAATCCTTT
CCCTGAATCTCAGTGAAGTGAATATTTCCCACTTTCAGGATTCGCAAATTGGT
GAGATGAGAAAAAAGAGATGTTTCCCGAGTGTTTTGTAAGTGCTTCCCAGTA
AG...>
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Figure 3-3: Cross-species MegaBLAST of human A20 mRNA against horse whole
genome sequences in Trace Database.

A20 forward primer shown underlined
CCTCATTGAGCAGTCCATGCT

Lineups show human sequence on top, equine sequence below
>gnllti[1233324679 G836P67577RA9.TO

Length=893
Get TBLASTX alignments

Score = 404 bits (210), Expect = 1e-108
Identities = 222/228 (97%), Gaps = 0/228 (0%)
Strand=Plus/Minus

Query 475 AAAACGCCTGTCTAGGGGCATCTCCCACGCCAGCTCCAGCATTGTTTCCCTGGCCCGGTC 534

FEEEEErerrrrererrrerer e e e e et rrererrrre e eerrrrerinl
Sbjct 873 AAAACGCCTGTCTAGGGGCATCTCCCACGCCAGTTCCAGCATTGTTTCCCTGGCCCGGTC 814

Query 535 CCATGTCTCCTCCAATGGT : :: . .; :AGCAATGAGCACCCCCTGGAAATGCCCAT 594

PErrrrrrerrerrrrr e et rererrr et el
Sbjct 813 CCATGTCTCCTCCAATGGTGGGGGTGGGGGGAGCAGTGAGCACCCCCTGGAAATGCCCAT 754

Query 595 CTGTGCCTTCCAGCTTCCAGATCTCACTGTATACAATGAAGACTTCCGCAGCTTCATAGA 654

Prrrrrerrrrrrrrrrrerrrrr et rrrrerrrrerrererrrri e
Sbjct 753 CTGTGCCTTCCAGCTTCCAGATCTCACTGTGTACAATGAAGACTTCCGCAGCTTCATAGA 694

Query 655 GAGAGACCTCATTGAGCAGTCCATGCTGGTTGCCTTGGAACAGGCAGG 702

Prerrrrerrertee rrererrrrrrrer v rrrvrrrry et
Sbjct 693 GAGAGACCTCATTGAACAGTCCATGCTGGTCGCTTTGGAACAGGCAGG 646

A20 reverse primer
TCCACACTCACCCACCAGTTC

GAACTGGTGGGTGAGTGTGGA - reverse complement shown underlined
>onl]ti|1248973705 G836P611230RI110.TO

Length=933
Get TBLASTX alignments

Score = 167 bits (87), Expect = 2e-37

Identities = 99/105 (94%), Gaps = 0/105 (0%)

Strand=Plus/Plus

Query 700 AGGGCGTTTGAACTGGTGGGTGAGTGTGGATCCCACCTCTCAGAGGCTGCTTCCTTTGGC 759

Perrrrrrrrirerrrerree rreprrrrrrrr e rrrreer rrrv e
Sbjct 401 AGGGCGTTTGAACTGGTGGGTAAGTGTGGATCCCACCTGTCAGAGGTTGCTTCCTTTGGC 460

Query 760 AACTACTGGAGATGGGAACTGCCTCCTGCATGCAGCCTCCCTTGG 804

PEE Pt rrreerrrrrrrrr e e e i
Sbjct 461 AACAACTGGAGATGGAAACTGCCTCCTGCATGCAGCCTCTCTTGG 505
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CHAPTER 4

ELEVATED TOLL-LIKE RECEPTOR 4 mRNA LEVELS IN BRONCHIAL
EPITHELIAL CELLS IS ASSOCIATED WITH AIRWAY INFLAMMATION IN

HORSES WITH RECURRENT AIRWAY OBSTRUCTION

Abstract

Recurrent airway obstruction (RAQO) is characterized by neutrophilic airway
inflammation and obstruction, and stabling of susceptible horses triggers acute disease
exacerbations. Stable dust is rich in endotoxin, which is recognized by toll-like receptor
(TLR) 4. In human bronchial epithelium, TLR4 stimulation leads to elevation of
interleukin (IL)-8 mRNA expression. IL-8 is a potent neutrophil chemoattractant, known
to increase BAL neutrophils within the lung. We hypothesized that TLR4 and IL-8
mRNA, and neutrophil numbers are elevated in RAOs during stabling compared to
controls and compared to RAOs on pasture. We measured the maximal change in pleural
pressure (APplmax), determined inflammatory cell counts in bronchoalveolar lavage fluid
(BAL), and quantified TLR4 and IL-8 mRNA in bronchial epithelium by qRT-PCR. We
studied six horse pairs, each pair consisting of one RAO and one control horse. Each pair
was studied when the RAO-affected horse had airway obstruction induced by stabling,
and after 7, 14, and 28 days on pasture. Stabling increased BAL neutophils, APplyax and

TLR4 (4.14-fold change) significantly. TLR4 correlated with IL-8 (R? = 0.75). During
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stabling, IL-8 was elevated in all horses and positively correlated with BAL neutrophils
(R2 = 0.43), however, only in RAO-affected horses. Elevated TLR4 expression in
bronchial epithelial cells from RAO-affected horses may contribute to elevated IL-8
production, leading to exaggerated neutrophilic airway inflammation in response to

inhalation of stable dust.

Introduction

Recurrent airway obstruction (RAQO), also known as heaves, is a common
pulmonary disorder in horses. Acute exacerbations are characterized by neutrophilic
airway inflammation, mucus accumulation, and bronchospasm, which are triggered by
exposure of susceptible horses to stable and hay dust. RAO is a diffuse airway disease
involving large conducting airways down to the terminal bronchioles. Periods of acute
exacerbation are interspersed by periods of remission, which can be achieved by
returning RAO-affected horses from stables to pasture (151).

Although adaptive immune mechanisms were shown to contribute to the
pathogenesis of RAO (2, 29), innate immune mechanisms are also important (142). Hay
dust is rich in microbial products such as endotoxin (144, 145), and inhalation of
endotoxin-depleted hay dust significantly attenuates airway neutrophilia in affected
horses (144). The inflammatory response can be re-established by adding endotoxin back
to the endotoxin-depleted hay dust (141). These observations confirm that attenuation of

airway inflammation is due specifically to endotoxin. In conventional horse stables,
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airborne endotoxin concentrations exceed those on pasture (117) and those that can
induce airway inflammation in human subjects (171, 172). In our own stables, we
observed that the endotoxin concentrations in the breathing zone of stabled horses are at
least 8-fold higher than concentrations on pasture (chapter 2).

Microbial-derived products, such as endotoxin, have been shown to play an
important role in human lung diseases such as asthma, acute respiratory distress
syndrome, and chronic obstructive pulmonary disease (159). Pathogen-associated
molecules are recognized by pattern recognition receptors commonly referred to as toll-
like receptors (TLRs). Toll-like receptor 4 (TLR4) is crucial for the recognition of
endotoxin, in particular lipopolysaccharide (LPS) (159). TLR4 is expressed in a variety
of cell types within the lung, including pulmonary epithelial cells (4, 68, 123), alveolar
macrophages (46), endothelial cells (10, 192), and airway smooth muscle cells (ASM)
(125), and its own expression can be stimulated by LPS itself (4, 127, 170). The TLR4

stimulation leads to production of cytokines, such as interleukin (IL)-8 (60, 123).

Little is known about TLR signaling in horses. Toll-like receptor 4 mRNA can be
found in the lung tissue of healthy horses (170). The effect of LPS on TLR4 expression in
bronchial epithelial cells of horses is unclear. Whereas, in lung tissue obtained from
unaffected horses, LPS exposure increases TLR4 mRNA expression (170), a recent
report suggests that hay dust exposure does not change the TLR4 mRNA expression in
the bronchial epithelial cells of RAO-affected horses (4). Furthermore, IL-8 mRNA
expression and protein concentration measured in bronchoalveolar lavage fluid (BAL) are
elevated in RAO-affected horses compared to control animals during stabling and to

RAO-affected horses in remission (3, 4, 59).
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In the present study, we hypothesized that the amount of TLR4 mRNA is elevated
in RAO-affected horses during stabling compared to control horses and to RAO-affected
horses on pasture. We further hypothesized that in RAO-affected horses the increased
mRNA expression of the receptor would be paralleled by an elevated expression of IL-8
mRNA. Furthermore, we hypothesized that the severity of neutrophilic airway
inflammation in RAO-affected horses during stabling is correlated with an increase in IL-

8 and TLR4 mRNA expression.

Materials and Methods

Animals. RAO-affected horses were selected from a herd maintained by the
Pulmonary Laboratory at Michiganl State University. These animals have a history and
clinical signs compatible with a diagnosis of RAO. To enter the herd, animals fulfilled the
following criteria: a) Horses develop airway obstruction and inflammation when stabled and
fed hay; b) Airway obstruction and inflammation are reversed by pasturing, where horses
have no exposure to stable dust or hay; c) Airway obstruction is reversible with atropine.
Control animals did not develop airway obstruction when stabled and fed hay (151).

Study design. Six RAO-affected horses (2 mares, 4 geldings; 18.3 + 3.3 years) and
six control horses (3 mares, 3 geldings; 16 + 4.6 years) were studied in age-matched
horse pairs. Prior to the study, horses were kept on pasture. Acute airway obstruction was
initiated by stabling horses in a barn. Horses were brought into the barn in pairs
consisting of one RAO-affected and one control horse and were bedded on straw and fed

dusty hay. We defined the beginning of the study as the day the RAO-affected horse of
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each pair developed acute airway obstruction (day 0). When the RAO-affected horses
developed a clinical score of 5 or greater, we measured the total change in pleural
pressure during tidal breathing (APplma). The clinical criterion to define acute
exacerbations in RAOQ-affected horses was a APplmax of 15 cm H;O or greater.
Furthermore, we obtained bronchial brushing samples for gene expression analyses and
bronchoalveolar lavage samples for total and differential cell count analyses. Horses were
then returned to the pasture. Subsequent measurements were obtained on days 7, 14 and
28. The protocol was approved by the All-University Committee for Animal Use and
Care of Michigan State University.

Determination of the total clinical score (TCS): A scoring system for the
subjective clinical assessment of respiratory effort was used as previously described
(157). Nasal flaring and abdominal movement were each scored separately on a scale of 1
(normal) to 4 (severe signs). To determine the TCS, scores for nasal flaring and
abdominal movement were summed. Therefore, the TCS could range from 2 (normal) to

8 (severe signs).

Measurement of the maximal change in pleural pressure during tidal breathing
(APplp,y). The maximal change in pleural pressure was used as an indicator of airway
obstruction. Measurements were made in unsedated horses by means of an oesophageal
balloon connected via a 240-cm-long polypropylene catheter and a pressure transducer
(Validyne Model DP/45-22) to a physiograph (Dash Model 18, Astro-Med, Inc.). The
balloon was passed through the nose, and placed into the middle third of the esophagus.

Twenty breaths were averaged at each measurement period.
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Collection of bronchial brushing samples (BB). Bronchial brushings were made
between the 3™-and 6‘h-generation bronchi via bronchoscopy. Bronchoscopy was
performed with a 3-meter-long endoscope (9-mm-diameter) using a transnasal approach.
The brushing was performed by advancing a cytology brush (CytoSoft Cytology Brush,
MPO) throughout the biopsy channel of the endoscope into the bronchial lumen. The brush
was gently stroked against the airway wall 15 to 20 times. Care was taken to avoid
bleeding. The brush was then withdrawn into the biopsy channel and the endoscope was
removed from the horse’s airways. The cytology brushes were then flushed in 1 ml
phosphate-buffered saline (PBS) and stored on ice until further analysis. The procedure was
repeated twice in the same lung. The side of the lung chosen for brushing was alternated
between the measurement periods. The beginning lung side was chosen randomly for
each horse.

Quantification of cells. Total and differential cell counts in BBs were performed
manually using a hemacytometer. Cell preparations were made with a cytocentrifuge and
stained with Hematoxylin and Eosin (H&E) stain. Differential cell counts were performed
by counting 200 cells per slide.

Collection of bronchoalveolar lavage fluid (BAL). Bronchoalveolar lavage was
obtained by means of a 3-meter-long endoscope that was passed via the nose and wedged in
a peripheral bronchus. Three 100 ml aliquots of PBS were infused into the tube and
recovered by suction. The lavaged fluids were pooled and the volume was determined.

Quantification of inflammatory cells. Total and differential cell counts in BAL were

performed using a hemacytometer. Cell smears were made by use of a cytocentrifuge and
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stained with Wright-Giemsa stain. Differential cell counts were performed by counting 200
cells per slide.

RNA isolation and quantitative reverse transcription-polymerase chain reaction
(QRT-PCR). Total RNA was isolated from BBs using a phenol/guanidine isothiocyanate
mixture (TRI Reagent, Sigma) and 1-Bromo-3-Chloro-propane (Sigma-Aldrich, St.
Louis, MO). Total RNA was treated with DNA-free kit (Ambion). Yields of total RNA
were determined using NanoDrop technology (ND-1000 Spectrophotometer) and the
integrated software version 3.1.2. The quality of total RNA was assessed using the
Agilent 2100 Bioanalyzer and the integrity of the 18S and 28S rRNA was determined
visually and by determination of the 18S:28S ratio. Depending on the total RNA yield of
each sample, 40 to 200 ng total RNA were used as template for reverse transcription (RT)
reaction using the OMNISCRIPT reverse transcriptase kit 200 (Qiagen), according to the
manufacturer’s protocols. The RT reaction contained 10X RT buffer, 0.5 mM of each
dNTP, 10 pM random hexamer primers (Applied Biosystems), 10 U/ul of RNAse
inhibitor and 4 U of Omniscript Reverse Transcriptase. The conditions for the RT
reaction were 37°C for 60 min, followed by 93°C for 5 min using an Eppendorf
Mastercycler. Quantitative PCR (qPCR) was performed using the ABI 7900 Sequence
Detection System (Applied Biosystems). The qPCR reaction contained 20ng of cDNA as
template, QuantiTect SYBR Green PCR Kit (Qiagen), and oligonucleotide primer pairs
specific to each mRNA of interest (see Table 3-1). Thermal cycling conditions in the ABI
7900 were: 95°C for 15 min, followed by 40 cycles: 95°C for 15 seconds and 60°C for 60
seconds. A dissociation curve for each amplicon in each sample was generated to verify

specificity of primer pairs. In addition, each RNA sample was analyzed for genomic
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contamination by testing RT-negative samples (use of RNAse free H,O instead of
Omniscript Reverse Transcriptase in RT reaction) for the reference gene. The
oligonucleotide primer pair sequences used for amplification of TLR4, IL-8 and 18S
rRNA transcripts, their amplicon length and their Genbank accession number or the
source for the sequence used in the study are listed in Table 3-1. 18S rRNA served as the
reference gene. Primer pairs were designed with Primer Express Software version 2.0
System (Applied Biosystems).

Statistical analysis. The relative amount of mRNA was calculated using the
relative standard curve method. Quantitative means and their standard deviations (S.D.) for
TLR4 and IL-8 of each BB sample were standardized to the reference gene (18S rRNA).
If standardized quantitative mRNA expression data were not normally distributed
(Kolmogorov-Smirnov P < 0.05), they were log10 transformed. Only BBs with more than
80% epithelial cells were included in the statistical analysis. Standardized data were
analyzed by repeated measure ANOVA. Fold changes in mRNA expression were
determined by calculating the ratio between RAO-affected and control horses at the
different time points or between different time points within each horse group. Associations
between single variables were determined using Spearman correlation and regression
analysis. Associations were determined within a treatment group (RAO or control group) by
taking the measurements of all time points (day 0, 7, 14, and 28) into account. Data were

analyzed by use of SAS v. 9.1. Differences were considered significant for P-values < 0.05.
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Results

Airway function (APpln.). In RAO-affected horses during acute exacerbation
(day 0) APplyax was significantly elevated compared to control horses and to RAO-
affected horses during remission (Figure 4-1A). No statistical significant differences in
APplnax were observed between horse groups at day 7, 14, and 28 as well as between the
time points within the control group.

Cellular composition of bronchoalveolar lavage fluid (BAL). Total and
differential cell counts of BAL for the two horse groups at the 4 different time points are
shown in Table 4-1. In RAO-affected horses at day 0, differential neutrophil numbers
were significantly greater (Figure 4-1B) and differential lymphocyte counts were
significantly reduced compared to control horses and to RAO-affected horses during
remission. No statistically significant differences in the differential neutrophil and
lymphocyte numbers were observed between horse groups at days 7, 14, and 28 and
between the time points within the control group. Macrophage, eosinophil, and mast cell
counts did not differ between groups or time points, except for the day 14 measurement
period, where the differential macrophage count in BAL of RAO-affected horses was
significantly lower than in control horses.

Quantitative mRNA expression analyses in bronchial brushing samples. TLR4
mRNA expression: RAO-affected horses during acute exacerbation showed a
significantly greater TLR4 mRNA expression compared to control horses (P = 0.05) and
to RAO-affected horses at days 7, 14, and 28 (P = 0.01, P = 0,005 and P = 0.002,

respectively) (Figure 4-2A). The fold changes (FCs) in mRNA expression are shown in
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Table 4-2. The FC in TLR4 mRNA expression between RAO-affected and control horses
at day 0 was FC = 4.14 (P = 0.05). The TLR4 mRNA expression in control horses was
significantly lower at day 28 than at day 0 (P=0.03). No statistically significant
differences in TLR4 expression were observed between horse groups at day 7, 14, and 28
and between other time points within the RAO or the control horse group. IL-8 mRNA
expression: RAO-affected horses during acute exacerbation had a significantly higher IL-
8 mRNA expression compared to remission values at day /4 and 28 (P = 0.04 and P =
0.04, respectively) (Figure 4-2B). The IL-8 mRNA expression in control horses was
significantly lower at days 7, 14, and 28 than at day 0 (P = 0.009, P = 0.05 and P = 0.01,
respectively). No statistically significant differences in IL-8 expression were observed
between horse groups at any other time points.

Associations among mRNA expression with clinical responses. We observed a
highly significant correlation between TLR4 and IL-8 mRNA expression in bronchial
brushing samples when data were pooled from RAO-affected and control horses (r =
0.81, P <0.0001) as well as in RAO-affected and control horses separately (r = 0.77, P =
0.0003 and r = 0.84, P < 0.0001, respectively). The least square regression line between
TLR4 and IL-8 mRNA expression shows an r’-value of about 0.75 when data were
pooled from all horses, 0.77 in the RAO group (Figure 4-3A) and 0.78 in the control
group (Figure 4-3B). TLR4 and IL-8 mRNA expression were significantly correlated
with the percentage of neutrophils within BAL in RAO-affected horses (r = 0.56, P =
0.02 and r = 0.61, P = 0.006, respectively) and their least square regression line showed
r’-values of about 0.32 and 0.43, respectively (Figure 4-3C and 4-3E, respectively).

However, in control horses the correlations between TLR4 or IL-8 and percent BAL
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neutrophils were not significant (r = 0.34, P = 0.16 and r = 0.39, P = 0.06, respectively,

Figure 4-3D and 4-3F, respectively).

Discussion

LPS is able to increase expression of TLR4 in inflammatory cells (4, 127) and in
lung tissue from healthy horses (170). Our data demonstrate that this may also be true in
bronchial epithelial cells from horses, as in our control group the amount of TLR4
mRNA in BBs decreased gradually from day 0, when endotoxin exposure was greatest, to
day 7, 14, and 28 (Figures 4-2A, Table 4-2). When horses were on pasture, there was no
significant difference in the amount of epithelial-derived TLR4 mRNA between control
and RAO-affected horses, but stable dust exposure increased amounts of TLR4 mRNA in
BBs from RAO-affected horses more than in controls (Figure 4-2A, Table 4-2). This
observation could explain the exacerbated neutrophilic airway inflammation of RAO-

affected horses to airborne endotoxin (141, 144).

During stabling, there was no significant difference in the amount of epithelial-
derived IL-8 mRNA between RAO-affected and control horses (Figures 4-2B, Table 4-
2). In both horse groups, stable dust exposure was associated with significantly higher
amounts of epithelial-derived IL-8 as compared to pasture. We observed a strong and
highly significant association between the expressions of TLR4 and IL-8 mRNA in BBs
in RAO-affected and control horses (Figures 4-3A and 4-3B, respectively). This suggests

a role for TLR4 in the stimulation of IL-8 production in equine bronchial epithelial cells.
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Similarly, asthmatic patients also show elevated production of IL-8 in bronchial epithelial
cells (113, 179) and in cell cultures of human airway epithelial cells stimulation of TLR4
with LPS leads to increased IL-8 production (60, 123). However, in contrast to IL-8
expression, we found TLR4 expression to be higher in RAO-affected horses compared to
control horses at day 0 (Figure 4-2A, Table 4-2). This suggests that the amount of
epithelial-derived TLR4 is most likely not the only factor responsible for IL-8 production
in horses’ airways. Other factors that may stimulate IL-8 expression include bradykinin
(154), TNF-a (137), IL-1B (83), or inhaled air pollution particles (23).

Interleukin-8 is a potent neutrophil chemoattractant in human inflammatory
airway diseases (130), and this has also been demonstrated for RAO-affected horses (51).
Indeed, in RAO-affected horses there was a significant correlation between the amounts
of epithelial cell derived IL-8 mRNA and neutrophils in BAL (Figure 4-3E). However,
while there was no significant difference in epithelial-derived IL-8 mRNA between
RAO-affected and controls at day 0, there were significantly higher numbers of
neutrophils in RAO-affected compared to control horses at this time point (Figure 4-1B).
Therefore, epithelial-derived IL-8 mRNA is unlikely to be the only source for stimulation
of neutrophil migration into the airway lumen in horses. Other cells, such as BAL cells
(4), airway smooth muscle cells (136), endothelial cells (85), and monocytes (45), also
release IL-8 upon stimulation. Also, other neutrophil chemotactic agents such as
leukotriene B4, TNF-a, GM-CSF, complement activation, and reduced apoptosis (62,
103, 160), may contribute to accumulation of neutrophils in the airways.

In the present study we measured the amount of TLR4 and IL-8 mRNA in

bronchial epithelial cells from RAO-affected and control horses following natural
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challenge induced by stabling. It has been shown previously that stable dust is rich in
endotoxin (38, 39) and that endotoxin is involved in the pathogenesis of RAO (36, 38).
Because hay dust contains other pro-inflammatory agents (38, 39) that may interact with
endotoxin to cause airway inflammation, we chose this natural challenge model. The
disadvantage of this approach is, however, that these other pro-inflammatory agents may

have contributed to airway inflammation in a TLR4 signaling independent manner.

In conclusion, we showed that exposure to stable dust leads to increased TLR4
mRNA expression in bronchial epithelial cells from RAO-affected horses and that the
amount of epithelial TLR4 mRNA correlates with IL-8 mRNA expression as well as
neutrophil accumulation in the airways during acute exacerbations in RAO-affected
horses induced by stabling. These data suggest that an increased TLR4 signaling is an

important contributor to the pathogenesis of RAO.
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Table 4-1: Cellular composition of bronchoalveolar lavage fluid (BAL). Only horses that
contained more than 80% epithelial cells within their BB samples were included. Mean +
S.E.M. of total (logl0 transformed) and differential cell counts in BAL from RAO-
affected and control horses during stabling (day 0) and after stabling (days 7, 14 and 28).
(a) indicates significant difference (P < 0.05) between the horse groups (control, RAO)
within a time point (day 0, 7, 14, and 28). (b) indicates significant difference (P < 0.05)
from day 0.

logTCC = log10 transformed total BAL cell count; logNeu = log10 transformed total
BAL neutrophil count; %Neu = percentage of neutrophils in BAL; logMac = log10
transformed total BAL macrophage count; %Mac = percentage of macrophages in BAL;
logLym = log10 transformed total BAL lymphocyte count; %Lym = percentage of

lymphocytes in BAL
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Table 4-2: Fold changes (FC) for the amount of TLR4 and IL-8 mRNA in bronchial
brushing samples (BBs) between RAO-affected and control horses (RAO/Control) during
stabling (day 0) and after stabling (days 7, 14 and 28) as well as between time points
within the RAO-affected (RAO/RAO) and within the control horse group
(Control/Control). Only horses that contained more than 80% epithelial cells within their

BBs were included. (*) indicates that the FC is significant different (P < 0.05) to 1 (no

change).

time TLR4 IL8

RAO/Control day 0 4.14* 1.72
day 7 0.98 3.10

day 14 1.49 1.24

day 28 1.85 1.74

RAO/RAO day 0 —day 7 7.10 * 4.40
day 0 — day 14 9.29 * 6.83 *
day 0 — day 28 9.99 * 7.10 *

day 7 - day 14 1.31 1.55

day 7 — day 28 1.41 1.61

day 14 — day 28 1.07 1.04
Control/Control day 0 — day 7 1.68 7.91*
day 0 — day 14 3.33 4.92 *
day 0 — day 28 4.46 * 7.18 *

day 7 - day 14 1.99 0.62

day 7 — day 28 2.66 0.91

day 14 — day 28 1.34 1.46
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Figure 4-1: Clinical parameters in RAO-affected and control horses during stabling and
on pasture. Only horses that contained more than 80% epithelial cells within their BB
samples were included. A) Lung function (APplma, [cm H20]) and B) percentage of
neutrophils in bronchoalveolar lavage fluid (BAL) (Neu) from control (grey bars) and
RAO-affected horses (black bars) during stabling (day 0) and after stabling (days 7, 14
and 28). (a) indicates significant difference (P < 0.05) between the horse groups (control,
RAO) within a time point (day 0, 7, 14, and 28). (b) indicates significant difference (P <

0.05) from day 0.
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Figure 4-2: Relative mRNA quantification of A) TLR4 and B) IL-8 in bronchial
brushing cells from control and RAO-affected horses during stabling (day 0) and after
stabling (days 7, 14, and 28). Only horses that contained more than 80% epithelial cells
within their BB samples were included. Vertical bars show the 5 to 95% range with the
mean of the standardized mRNA expression (horizontal bar) (data in antilog
transformation). (a) indicates significant difference (P < 0.05) between the horse groups
(control, RAO) within a time point (day 0, 7, 14, and 28). (b) indicates significant

difference (P < 0.05) between time points within a horse group.
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Figure 4-3: Least square regressions between mRNA expressions and clinical responses.
Only horses that contained more than 80% epithelial cells within their BB samples were
included. Least square regressions between relative amount of TLR4 and IL-8 mRNA in
bronchial brushing samples (BB) in (A) RAO-affected and (B) control; between relative
amount of TLR4 mRNA in BB and percentage of neutrophils in bronchoalveolar lavage
(BAL) (% Neu) in (C) RAO-affected and (D) control horses; and between relative
amount of IL-8 mRNA in BB and percentage of neutrophils in BAL in (E) RAO-affected
and (F) control horses including measurements at all time points. For least square
regressions with P < 0.05, R%-values are given in the figures. Curves represent the least

square regression line between variables.
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CHAPTER 5

EXPRESSION OF TOLL-LIKE RECEPTOR 2 mRNA IN BRONCHIAL EPITHELIAL

CELLS IS NOT INDUCED BY EXPOSURE OF HORSES TO STABLE DUST

Abstract

Neutrophilic airway inflammation and obstruction are characteristic of recurrent
airway obstruction (RAO). Acute disease exacerbations can be triggered by housing in
stables. Fungi, such as Faenia rectivirgula, commonly found in stable dust, have been
reported to initiate RAO in susceptible horses. Fungal products activate innate immune
mechanisms by stimulating toll-like receptor (TLR) 2. In normal equine lung tissue TLR2
mRNA expression is increased by LPS exposure. In human airway epithelium, TLR2
stimulation leads to elevation of interleukin (IL)-8, a potent neutrophil attractant. We
hypothesized that the amount of TLR2 mRNA in bronchial epithelium is increased when
horses are stabled and decreases when they return to pasture. We further hypothesized
that TLR2 and IL-8 mRNA expression are correlated with each other and with the
numbers of neutrophils in bronchoalveolar lavage fluid (BAL). We measured airway
obstruction (maximal change in pleural pressure; APplna), determined cell counts in
BAL, and quantified TLR2 and IL-8 mRNA in bronchial epithelial cells by QRT-PCR.
We studied six horse pairs, each consisting of one RAO and one control horse. Each pair

was studied when the RAO-affected horses had airway obstruction induced by stabling,
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and after 7, 14, and 28 days on pasture. APplnma and neutrophils were increased in RAO-
affected horses during stabling. While stabling increased IL-8, TLR2 mRNA expression
was unaffected. TLR2 was not associated with numbers of neutrophils in BAL. While
TLR2 mRNA is detectable in bronchial epithelial cells from all horses, stable dust does
not lead to an increase in its mRNA expression. The localization or the amount of
receptor complex rather than the amount of TLR2 mRNA may be more important in

fungal-induced airway inflammation.

Introduction

Recurrent airway obstruction (RAO) is a common asthma-like disorder in horses.
Susceptible animals develop recurrent neutrophilic airway inflammation and airway
obstruction due to exposure to stable dust, and clinical remission can be re-established by
returning RAO-affected horses from the disease-initiating stable environment to the
pasture. This naturally occurring pulmonary disorder in horses closely resembles

occupational asthma in humans (151).
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Horse stables contain airborne fungi such as Faenia rectivirgula and Aspergillus
Sfumigatus (128). Inhaled fungal products induce neutrophilic airway inflammation and
changes of lung function in susceptible horses (33, 116, 143, 162). Originally, it had been
suggested that RAO is an allergic condition as response to inhalation of, for example,
fungal pathogens (151). Elevated IgE levels in bronchoalveolar lavage (BAL) of affected
animals support a type-I hypersensitivity reaction (63, 162). Increased expression of T-
helper cell (Th) type II (Th-2) specific cytokines, such as interleukin (IL-) 4 and IL-5
mRNA (99), further supports the suggestion that adaptive immune mechanisms are
involved in the pathogenesis of RAO. However, allergic skin reactions to common barn
allergens do not differ between affected and control horses (41, 115). Furthermore,
cytokine expression profiles in RAO-affected horses vary among studies (3, 29, 59).
Therefore, adaptive immune mechanisms may only partially explain the disease
pathogenesis.

Innate immune mechanisms are also involved in the disease processes of RAO.
There is evidence that endotoxin within stable dust can trigger neutrophilic airway
inflammation in RAO-susceptible horses (144). Inhalation of endotoxin-depleted hay dust
significantly attenuates airway neutrophilia and the inflammatory response can be re-
established by adding endotoxin back to the endotoxin-depleted hay dust (144). Our
laboratory has recently reported that Toll-like receptor (TLR) 4 mRNA expression in
equine airway epithelium is increased during stabling (13). Toll-like receptors are
transmembrane receptors that recognize pathogen-derived molecules, such as LPS or
lipopeptides, and once stimulated they initiate signaling cascades that culminate in

production of pro-inflammatory cytokines (12). TLR4 but not TLR2 mRNA is expressed
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in normal horse lung tissue, and LPS exposure induces TLR4 and TLR2 mRNA
expression (170). Whereas TLR4 is important for the recognition of LPS, TLR2 is crucial
for recognition of 4. fumigatus (108). In RAO-affected horses, inhalation of particulates
isolated from hay dust that mainly contains fungal spores caused an increased influx of
neutrophils into the airway lumen (144). Stimulation of TLR2 initiates a signaling
cascade that eventually leads to activation of nuclear factor kB (NF-kB) activity and to
the production of IL-8 (175), which is a potent neutrophil attractant (51, 130).

In the present study, we tested if the amount of TLR2 mRNA in bronchial
epithelial cells of RAO-affected horses is greater than in control animals and we
hypothesized that in both horse groups the amount of TLR2 mRNA expression is higher
during stabling than on pasture. We also hypothesized that the amounts of TLR2 and IL-8
mRNA expression and the severity of airway inflammation are correlated among each

other.

Materials and Methods

Animals. We studied RAO-affected and control horses in the research herd of the
Pulmonary Laboratory at Michigan State University. RAO-affected animals were chosen
because of a history of airway obstruction and inflammation when stabled and fed hay;
because pasturing reversed their airway obstruction and inflammation; and because their
airway obstruction was reversible with atropine. Control animals did not develop airway

obstruction when stabled and fed hay (151).
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Study design. We studied RAO-affected (2 mares, 4 geldings; 18.3 £ 3.3 years)
and control horses (3 mares, 3 geldings; 16 + 4.6 years) in age-matched pairs, with one
RAO and one control horse per pair. Prior to the study, horses were kept on pasture.
Measurements were made at four different time points. Horses were stabled until clinical
signs of acute exacerbation were observed in the RAO-affected horse (day 0). When the
RAO-affected horses developed a total clinical score of 5 or greater (153), we measured
the change in pleural pressure during tidal breathing (APplnax). A APplnax of 15 cm H,O
or greater was used to define acute exacerbation in RAO-affected horses. In addition, we
obtained bronchial brushing samples for RNA extraction and gene expression analyses
and bronchoalveolar lavage samples for total and differential cell count analyses. Horses
were then returned to the pasture. Subsequent measurements were obtained on days 7, 14,
and 28. The protocol was approved by the All-University Committee for Animal Use and
Care of Michigan State University.

Determination of the total clinical score (TCS): A scoring system for the
subjective clinical assessment of respiratory effort was used as previously described
(157). Nasal flaring and abdominal movement were each scored separately on a scale of 1
(normal) to 4 (severe signs). To determine the TCS, scores for nasal flaring and
abdominal movement were summed. Therefore, the TCS could range from 2 (normal) to

8 (severe signs).

Measurement of the maximal change in pleural pressure during tidal breathing
(APplmay). The maximal change in pleural pressure was used as an indicator of airway
obstruction. Measurements were made in unsedated horses by means of an oesophageal

balloon connected via a 240-cm-long polypropylene catheter and a pressure transducer
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(Validyne Model DP/45-22) to a physiograph (Dash Model 18, Astro-Med, Inc.). The
balloon was passed through the nose, and placed into the middle third of the esophagus.
Twenty breaths were averaged at each measurement period.

Collection of bronchial brushing samples (BB). Bronchial brushings were made
between the 3"- and 6"-generation bronchi via bronchoscopy. Bronchoscopy was
performed with a 3-meter long endoscope (9-mm-diameter) using a transnasal approach.
The bronchial brushing was performed by advancing a cytology brush (CytoSoft
Cytology Brush, Medical Packaging Corporation) throughout the biopsy channel of the
endoscope into the bronchial lumen. The brush was gently stroked against the airway wall
15 to 20 times. Care was taken to avoid bleeding. The brush was then withdrawn into the
biopsy channel and the endoscope was removed from the horse’s airways. The cytology
brushes were then flushed in 1 ml phosphate-buffered saline (PBS) and stored on ice until
further analysis. The procedure was repeated twice in the same lung. The side of the lung
chosen for brushing was alternated between the measurement periods. The beginning
lung side was chosen randomly for each horse.

Quantification of cells. Total and differential cell counts in BBs were performed
manually using a hemacytometer. Cell preparations were made with a cytocentrifuge and
stained with H&E stain. Differential cell counts were performed by counting 200 cells per
slide.

Collection of bronchoalveolar lavage fluid (BAL). Bronchoalveolar lavage was
obtained by means of a 3-meter long endoscope that was passed via the nose and wedged in
a peripheral bronchus. Three 100 ml aliquots of PBS were infused into the tube and

recovered by suction. The lavaged fluids were pooled and the volume was determined.

78



Quantification of inflammatory cells. Total and differential cell counts in BAL were
performed using a hemacytometer. Cell smears were made by use of a cytocentrifuge and
stained with Wright-Giemsa stain. Differential cell counts were performed by counting 200
cells per slide.

RNA isolation and quantitative reverse transcription-polymerase chain reaction
(QRT-PCR). Total RNA was isolated from BBs using a phenol/guanidine isothiocyanate
mixture (TRI Reagent, Sigma) and 1-Bromo-3-Chloro-propane (Sigma-Aldrich, St.
Louis, MO). Total RNA was treated with DNA-free kit (Ambion). Yields of total RNA
were determined using NanoDrop technology (ND-1000 Spectrophotometer) and the
integrated software version 3.1.2. The quality of total RNA was assessed using the
Agilent 2100 Bioanalyzer and the integrity of the 18S and 28S rRNA was determined
visually and by determination of the 18S:28S ratio. Depending on the total RNA yield of
each sample, 40 to 200 ng total RNA were used as template for reverse transcription (RT)
reaction using OMNISCRIPT reverse transcriptase kit 200 (Qiagen), according to the
manufacturer’s protocols. The RT reaction contained 10X RT buffer, 0.5 mM of each
dNTP, 10 puM random hexamer primers (Applied Biosystems), 10 U/ul of RNAse
inhibitor and 4 U of Omniscript Reverse Transcriptase. The conditions for the RT
reaction were 37°C for 60 min, followed 93°C for 5 min using an Eppendorf
Mastercycler. Quantitative PCR (QPCR) was performed using the ABI 7900 Sequence
Detection System (Applied Biosystems). The qQPCR reaction contained 20 ng of cDNA as
template, QuantiTect SYBR Green PCR Kit (Qiagen), and oligonucleotide primer pairs
specific to each mRNA of interest (see Table 3-1). Thermal cycling conditions in the ABI

7900 were 95°C for 15 min, followed by 40 cycles 95°C for 15 seconds; and 60°C for 60
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seconds. A dissociation curve for each amplicon in each sample was generated to verify
specificity of primer pairs. In addition, each RNA sample was analyzed for genomic
contamination by testing RT-negative samples (use of RNAse free H,O instead of
Omniscript Reverse Transcriptase in RT reaction) for the reference gene. The
oligonucleotide primer pair sequences used for amplification of TLR2, IL-8, and 18S
rRNA transcripts, their amplicon length and their Genbank accession numbers or the
source for the sequence used in the study are listed in Table 3-1. 18S rRNA served as the
reference gene. Primer pairs were designed with Primer Express Software version 2.0
System (Applied Biosystems).

Statistical analysis. The relative amount of mRNA was calculated using the
relative standard curve method. Quantitative means and their standard deviations (S.D.) for
TLR2 and IL-8 of each BB were standardized to the reference gene (18S rRNA). If
standardized quantitative mRNA expression data were not normally distributed
(Kolmogorov-Smirnov P < 0.05), they were logl0 transformed. Log-transformed data are
reported as geometric means with the 5% and 95% range. Non-log-transformed data are
reported as means + S.E.M. Standardized data were analyzed by repeated measure
ANOVA. Associations between single variables were determined using Spearman
correlation analysis. Data were analyzed by use of SAS version 8, SAS/STAT Software
(SAS Institute Inc., Cary, North Carolina, USA). Differences were considered significant for

P-values <0.05.
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Results

Airway function (APplpy,,). Data are shown in Table 5-1. At day 0 APplnax was
significantly increased in RAQO-affected horses compared to control horses and to RAO-
affected horses returned to pasture (Figure 5-1). At days 7, 14, and 28 no statistically
significant differences in APplyax were observed between horse groups.

Cellular composition of bronchoalveolar lavage fluid (BAL). Table 5-1 shows
total BAL cell counts for the two horse groups at the four different measurement periods.
Total number of neutrophils showed a significant time effect (Figure 5-2). When data
from RAO-affected and control horses were pooled, the total numbers of BAL
neutrophils were significantly increased at day 0 as compared to the BAL neutrophil
numbers during days 7, 14, and 28.

Quantitative mRNA expression analyses in bronchial brushing samples. We did
not observe significant group, time, or group*time effects for the TLR2 expression in
BBs (Table 5-1). There were significant group and time effects for IL-8 expression
(Figure 5-3A and Figure 5-3B, respectively); however, the interaction between group and
time was not significant (Table 5-1). When pooling data from all time points, IL-8
mRNA expression was significantly higher in RAO-affected than control horses (Figure
5-3A). When data from RAO-affected and control horses were pooled, IL-8 mRNA
expression was significantly higher during stabling (day 0) than on pasture (day 7, 14,
and 28) (Figure 5-3B).

Correlations between mRNA expression and BAL inflammatory cells. A

correlation matrix between TLR2 and IL-8 mRNA expression as well as numbers of BAL
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neutrophils is shown in Table 5-2. Neutrophil numbers correlated with IL-8 and TLR2
mRNA expression in RAO-affected horses (Figure 5-4A and 5-4B, respectively) or when
data from all horses were pooled. Whereas the correlation between neutrophils and IL-8
(RAO: r = 0.42; pooled: r = 0.29) appeared to be positive, we observed negative
correlations between neutrophils and TLR2 (RAO: r = -0.5; pooled: r = -0.36). The
correlation of pooled data between neutrophils and IL-8 tended to be significant at P =

0.06).

Discussion

This study demonstrates for the first time that TLR2 mRNA is detectable in
equine bronchial epithelial cells, and that this expression is unchanged by stabling.
Furthermore, we did not observe a difference in TLR2 mRNA expression in bronchial
epithelial cells between RAO-affected and control animals (Table 5-1). It is known that
LPS, through stimulation of TLR4, leads to an increase in TLR2 expression (43).
Because stable dust is rich in LPS (144, 145), and because we have previously shown an
increase in TLR4 expression during stabling (13), we expected an increase in TLR2
expression on day 0 and a decreasing amount during pasturing. However, a lack of a
change in TLR2 mRNA expression does not mean that the TLR2 signaling pathway is
unimportant in the pathogenesis of RAO. Altered mRNA stability (156), processes
involved in the dynamics of RNA transport and translational regulation (86) or changes

in cellular receptor protein localizations (175) could lead to unchanged amounts of
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mRNA but increased receptor protein availability for signal transduction. Alternatively,
alterations in the expression or availability of one of the TLR2 co-receptor (e.g., TLR1 or
TLR6) may be important in contributing to the phenotype of RAO. Indeed, recently it has
been reported that a defect of TLR2/1 signaling may be due to decreased TLR1 surface
expression, while TLR2 expression was unchanged (186). Interestingly, the amount of
intracytoplasmatic TLR1 was not different as compared to control subjects; therefore,
suggesting that posttranslational mechanisms control the formation of the membrane
receptor complex availability. The authors of this study also suggested that the threshold
of TLR2/1 involvement in intracellular signaling is elevated compared to other TLRs due
to low baseline TLR1 surface expression. Therefore, in future studies it would be of
interest to determine TLR2 co-receptor mRNA and protein expression as well as to
determine the cellular localization of TLR2 in relation to its co-receptors in bronchial
epithelial cells in RAO-affected horses compared to control animals.

Our current findings are not in agreement with Singh Suri et al., who reported that
unstimulated equine lung tissue does not express TLR2 mRNA, and that LPS exposure
causes a measurable up-regulation in TLR2 mRNA expression (170). Whereas in the
present study we quantified TLR2 mRNA expression in bronchial epithelial cells after
natural challenge, Singh Suri et al. used qualitative mRNA expression analysis in whole
lung tissue after intravenous LPS exposure (170). Therefore, differences in study design

and methodology are likely explanations for these different outcomes.

In human airway epithelial cells, stimulation of the TLR2 signaling cascade leads
to an elevation of IL-8 production (175). Clinical evidence suggests that inhalation of

fungal products, such as from F. rectivirgula, is an important contributor to neutrophilic
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airway inflammation in RAO-affected horses during stabling (33). Because IL-8 is a
potent neutrophilic attractant in RAOQO-affected horses (51), we expected a positive
association between TLR2 and IL-8 mRNA expression. The lack of correlation between
the expression of TLR2 and IL-8 mRNA (Table 5-2) further supports the contention that
the quantity of TLR2 protein or a change in the cellular localization of the receptor/co-
receptor complex may be more important for TLR2 signal transduction than the amount

of TLR2 mRNA.

We observed significantly more epithelial-derived IL-8 mRNA in RAO-affected
versus control horses (Figures 5-3A) and a higher IL-8 mRNA expression during stabling
than on pasture (Figure 5-3B). However, we observed a significant time effect (Figure 5-
2) but no group effect (Table 5-1) for numbers of neutrophils in BAL. This might explain
the correlation between IL-8 and neutrophils in RAO-affected horses (Figure 5-4A) and
the lack of correlation between those variables in control horses (Figure 5-4B). Our
laboratory and others have reported that stabled horses without clinical signs or a history
of airway disease experience influx of inflammatory cells into the airway lumen (29, 31,
57, 73, 184). The results we report here suggest that in control horses either epithelial-
derived IL-8 mRNA is not the only source for stimulation of neutrophil migration into the
airway lumen or that other neutrophil chemotactic agents, such as leukotriene B4, TNF-a
and GM-CSF, complement activation or reduced neutrophilic apoptosis (62, 103, 160)
may contribute to accumulation of neutrophils in the airways. Alternatively, regulators of
IL-8 production, such as the zinc finger protein A20, may lead to a down-regulation of

initially induced IL-8 expression (see below chapter 6).
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Clinical evidence demonstrates that fungi, such as F. rectivirgula, are important in
airway inflammation in RAO-affected horses. In the present study, we reported that while
TLR2 mRNA expression is detectable in bronchial epithelial cells from all horses,
inhalation of stable dust does not lead to an increase in TLR2 mRNA expression. Further
studies are needed to determine whether the quantity of TLR2 protein or a change in the
cellular localization of the receptor/co-receptor complex contribute to regulation of

inflammation in RAO.
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Table S-1: Clinical parameters, cellular composition of bronchoalveolar lavage fluid
(BAL) and TLR2 and IL-8 mRNA expression in bronchial brushing samples (BBs).
*Mean + S.EM. of APplnax (difference between inspiratory and expiratory pleural
pressure during tidal breathing) values, *geometric means of BAL cell counts and
amounts of TLR2 and IL-8 mRNA in BBs from RAO-affected and control horses during
stabling (day 0) and after stabling (days 7, 14, and 28) as well as P-values for fixed
effects (horse group (RAO, control), time, horse group*time) of APplma, BAL
inflammatory cells (neutrophils, macrophages and lymphocytes) as well as TLR2 and IL-
8 mRNA expression in BBs. (a) indicates significant difference (P < 0.05) between the
horse groups (control, RAO) within a time point (day 0, 7, 14, and 28). (b) indicates
significant difference (P < 0.05) from day 0.

TCC = Total BAL cell count (/ul); Neu = Total BAL neutrophil count (/ul); Mac = Total
BAL macrophage count (/ul); Lym = Total BAL lymphocyte count (/ul); TLR2 = Toll-

like receptor 2; IL-8 = interleukin 8.
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Day 0 Day 7 Day 14 Day 28 P-values for fixed effects
Horse
Control RAO Control RAO Control RAO Control RAO Horse group Time group*Time
APl 3.79+0.34 37.16 £ 7.89 4.73£0.66 15.84 +9.2° 3374032 11.74+7.22° 2.87+0.74 7.75+397° 0.0003 0.03 0.04
e 29.5 (11;245) 21.4 (2.09: 200) 40.7 (10.5: 129) 34.7 (3.16: 269) 39.8 (10.5; 166) 21.9 (3.72; 87.1) | 25.7 (4.17; 275) 12.9 (0.53; 219) 0.32 0.72 0.97
Ne 1.55 (0.28; 11.5) 9.55 (1.62; 102) 0.91(0.21;5.13) 0.87 (0.02; 3.98) 2.19 (0.83; 3.98) 1.38 (0.07:7.94) | 0.53 (0.04;2.75) | 0.27 (0.03; 6.46) 0.79 0.02 0.37
Mac 3.8 (0.5;37.2) 1.74 (0.18; 6.46 (1.05;24.5) | 4.27(0.14:29.5) | 9.55 (1.86;29.5) | 9.55 (1.86:29.6) | 4.27 (0.47; 120) | 4.27 (0.47; 120) 0.06 0.77 0.75
Lym” 1SI242N0: 10 6.46 (0.28; 28.8(9.12: 110) 26.9 (2.85; 229) 23.4(2.14; 132) 17 (3.39:72.4) 17.8 (3.47; 148) 10 (0.41; 186) 0.28 0.47 0.9
TLR2" 0.78 (0.4- 0.59(0.22;1.48) | 0.85(0.38;1.95) | 0.54 (0.07:2.45) | 0.93(9.37;1.91) | 0.72(0.16; 1.48) | 0.91 (0.49; 1.95) 0.21 0.97 0.97
1L-8" 0.58 (0.15; 5.5) 82 (0.18; 17.38 0.07 (0.01: 0.37) | 0.35(0.04:2.19) | 0.14(0.02:0.39) | 0.15 (0.06: 0.36) 0.08 (0.01; 0.5) 0.14 (0.06; 0.72) 0.047 0.0013 0.54
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Table S5-2: Correlation matrix of Spearman correlations among total numbers of
bronchoalveolar lavage (BAL) neutrophils, and bronchial brushing (BB) TLR2 mRNA
and BB IL-8 mRNA in all horses, RAO-affected or control horses.

Neu = Total BAL neutrophil count (/ul); TLR2 = Toll-like receptor 2; IL-8 = interleukin

8; SCC = Spearman correlation coefficient; P = P-value; N = number of samples; n/a =

not applicable

Neu TLR2 IL-8
RAO + SCS 1.00
Control P a
N 44
SCC 1.00
Neu RAO P n/a
N 24
SCC 1.00
Control P n/a
N 20
RAO + SCC -0.36 1.00
Control P 0.02 n/a
N 43 47
SCC -0.50 1.00
TLR2 RAO P 0.01 n/a
N 23 23
SCC -0.27 1.00
Control P 0.25 n/a
N 20 24
SCC 0.29 0.13 1.00
g;?r; P 0.06 0.41 wa
N 42 46 46
SCC 0.42 -0.27 1.00
IL-8 RAO P 0.05 0.22 n/a
N 22 22 22
SCC -0.01 0.38 1.00
Control P 0.95 0.06 n/a
N 20 24 24
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Figure 5-1: Lung function (APplna, [cm H,0]) in RAO-affected and control horses
during (day 0) and after (day 7, 14, and 28) stabling. Grey bars show RAOQO-affected
horses and black bars show control horses. (a) indicates significant difference (P < 0.05)
between the horse groups (control, RAO) within a time point (day 0, 7, 14, and 28). (b)

indicates significant difference (P < 0.05) from day 0.
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Figure 5-2: Total bronchoalveolar lavage (BAL) neutrophils as a function of time. Data
from RAO-affected and control horses are pooled for times during stabling (day 0) and
after stabling (days 7, 14, and 28). Individual diamonds represent individual
measurements. Horizontal bars represent the geometric means of total BAL neutrophils at
each time point. (*) indicates significantly (P < 0.05) higher than on days 7, 14, and 28.

Total numbers of BAL neutrophils are log;o transformed.
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Figure 5-3: Interleukin (IL)-8 mRNA expression in bronchial epithelial cells between the
diagnostic groups (RAO, control) and between the time points. A) Data from all time
points are pooled for RAO-affected and control horses. Individual diamonds represent
individual measurements. Horizontal bars represent the geometric means. (*) indicates a
significant difference (P < 0.05) between the diagnostic groups. B) Data from RAO-
affected and control horses are pooled for times during stabling (day 0) and after stabling
(days 7, 14, and 28). Individual diamonds represent individual measurements. Horizontal
bars represent the geometric means of IL-8 mRNA expression at each time point. (*)
indicates a significant difference (P < 0.05) from days 7, 14, and 28. IL-8 mRNA

expression is shown in relation to 18S rRNA (reference gene) expression.
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Figure 5-4: Associations between total bronchoalveolar lavage (BAL) neutrophils and
IL-8 (A) or TLR2 (B) mRNA expression in bronchial brushing samples in RAO-affected
horses. Total numbers of BAL neutrophils are logo transformed. IL-8 and TLR2 mRNA

expressions are shown in relation to 18S rRNA (reference gene) expressions.
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CHAPTER 6

A20 mRNA EXPRESSION IN EQUINE BRONCHIAL EPITHELIAL CELLS IS
NEGATIVELY CORRELATED WITH INFLAMMATORY CELL COUNTS IN

BRONCHIAL LAVAGE FLUID

Abstract

Neutrophilic airway inflammation and obstruction are characteristic of recurrent
airway obstruction (RAO). In human airway epithelium, TLR4 stimulation leads to
elevation of interleukin (IL)-8, a potent neutrophil attractant. We reported previously that
in horses IL-8 mRNA expression in bronchial epithelial cells paralleled the expression of
toll-like receptor 4 (TLR4) expression (chapter 4). In other species, the TLR4 signaling
cascade is negatively regulated by the zinc finger protein A20. Here we hypothesize that
in RAO-affected horses the epithelial-derived A20 expression is not elevated compared
to control horses. We further hypothesize that A20 is negatively associated with the
numbers of inflammatory cells in BAL in control horses, but not in RAO-affected horses.
We measured airway obstruction (maximal change in pleural pressure; APplpa),
determined cell counts in BAL, and quantified A20 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>