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Chapter 1: Introduction

1. Foreword

The horse is an extremely athletic mammal with a high relative oxygen uptake, enabling it to
cover long distances at high speed. All components of the horse’s respiratory tract thus serve a
common purpose: providing a potent airflow to exchange oxygen for carbon dioxide. A resting
horse breathes out 80 litres of air per minute (L/min) and this volume may add up to 1800 L/min
at maximal exertion. The latter increase in minute ventilation is accompanied by a simultaneous
increase in tidal volume (i.e. lung volume), breathing frequency and subsequent airflow
velocities. In turn, these velocities implicate tremendous air turbulences and pressure
fluctuations inside the respiratory system during heavy exercise. When taking into account that
breathing is the limiting factor for equine athletic performances, it is not surprising that a small
dysfunction in the respiratory tract leads to reduced performance, also known as poor
performance syndrome (Lekeux et al., 2014). Problems affecting the respiratory tract can be of
infectious (e.g. equine herpesviruses, influenza viruses, strangles, pneumonia), inherent (e.g.
dorsal displacement of the soft palate, laryngeal hemiplegia, epiglottic entrapment) and most
often multifactorial (inflammatory airway disease, laryngeal lymphoid hyperplasia, [summer
pasture-associated] recurrent airway obstruction) origin.

Respiratory problems are often a consequence of domestication and housing of these animals.
Horses are usually kept in closed barns or half-open boxes with poor ventilation and trained in
dusty arenas accompanied by high levels of dust, moulds, endotoxins, bacteria and ammonia
arising from the bedding, manure, hays, cereal foods and arena footing material (Vandenput et
al., 1997; Woods et al., 1993). The air breath by pasture-kept horses, although considered
healthier, also contains pollutants. Since equestrian enterprises are often located in (sub)urban
regions, horses are exposed to the air pollution caused by traffic and industrial activities. In
addition, the air is seasonally full of plant pollen allergens, which not only function as a vector
for carbon particles from diesel engine fumes and bacteria, but also carry endogenous hazardous
proteases (Knox et al., 1997; McKenna et al., 2017). These pollutants might alter mucosal
immunology, promote pathogen invasion and predispose horses for the development of airway
disease. In addition, the nature of equestrian sports and (international) competitions bring
together a considerable amount of horses from different premises in one place, thereby
imposing a major risk factor in the spread of infectious diseases. Indeed, most respiratory
pathogens spread through direct nose-nose contact or over short distances in the air, either
impacted in aerosol droplets or carried on fomites. The horse’s respiratory mucosal immunity,

airborne pathogens and respirable hazards form an integrated whole. These three main factors
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Chapter 1: Introduction

constantly influence one another and should therefore be studied in parallel. A complete
understanding of the interplay between these three factors is currently urgently needed to reveal

new strategies in respiratory (veterinary) medicine.

2. The horse’s respiratory tract

2.1. Anatomy - morphology

The respiratory tract starts at the nostrils, extends through the nasal cavities, the nasopharynx,
the larynx to the trachea, which bifurcates into two main bronchi, each leading to one of the
two lungs. Within the lungs, bronchi further divide and subdivide into bronchioli, eventually
ending in alveoli, microscopic air sacs where gas exchange occurs. A schematic overview of

the major organs comprising the respiratory tract is given in Figure 1.

Figure 1. Overview of the horse’s respiratory tract. Incoming air passes through the nostrils (a), the nasal cavities divided by a
cartilaginous nasal septum (b), the nasopharynx (c), the larynx (d), the trachea (e), the lung hilus (f) and eventually ends in the
alveoli, residing deeply within the lungs (g). The guttural pouches are designated by (h). Image courtesy of the Fédération
Equestre Internationale (FEI).

2.1.1. The upper airways

The sickle shaped nostrils, which become round during intense exercise, allow sufficient air

flow into the respiratory tract while simultaneously filtering out the largest debris.
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Chapter 1: Introduction

The nasolacrimal duct, draining excessive ocular fluid, ends at the ventromedial part into the
ostium nasolacrimale (Budras et al., 2003).

Each nostril leads to a nasal cavity, separated from one another by the cartilaginous nasal
septum. Because of the important vascularisation in the turbinates, the nasal septum and the
surrounding walls, the long nasal cavities provide a large area for heat and water exchange to
warm up and humidify incoming air (Walker et al., 1961). In addition, the rostral stratified
squamous epithelium abruptly shifts to a specialized pseudostratified columnar ciliated
epithelium, containing basal progenitor cells, ciliated cells, brush cells and goblet cells. A
lamina propria, containing serous, mucous and mixed glands and an underlying submucosa
support the epithelium (Bacha Jr and Bacha, 2012). Together with the overlying mucus blanket,
the respiratory epithelium efficiently entraps incoming debris. Synchronized beating of the cilia
pushes the mucus with entrapped materials distally towards the pharynx, where it is eventually
swallowed. Further, specialized lymphoid nodules reside in the respiratory mucosa and local
immune cells constantly patrol the respiratory epithelium. The latter common mucosal immune
system is denoted nasal-associated lymphoid tissue (NALT) and provides a specific defence
system against incoming pathogens (vide infra) (Mair et al., 1987, 1988).

The pharynx is divided into the dorsal nasopharynx and the ventral oropharynx by the soft
palate, which extends from the hard palate to the larynx. The nasopharynx is covered by a
respiratory epithelium (i.e. pseudostratified columnar ciliated epithelium), supported by a
lamina propria. Inside these mucous walls lining the nasopharynx, a repertoire of lymphoid
follicles are gathered together in the ‘nasopharyngeal tonsil’. Together with other more
dispersed and diffuse lymphoid deposits, the nasopharyngeal tonsil is part of the NALT.

The nasopharynx communicates with the guttural pouches through fissure-like openings. The
guttural pouches, uniquely present in the genus Equus, are paired diverticulae of the Eustachian
tubes extending between both mandibulae and are covered by a respiratory epithelium (Parillo

et al.,2009).
2.1.2. The lower airways

The larynx is located at the very cranial part of the trachea and serves as the dividing mark
between the upper and lower airways. The larynx consists of five different pieces of cartilage,
namely the cranial epiglottis, two dorsal corniculate (arytenoid) cartilages, the ventral thyroid
and the caudal circular cricoid cartilage, which are connected through a peculiar web of
ligaments and muscles. The larynx also resides two vocal cords, allowing horses to vocalize.

While adduction of the laryngeal structures prevents food aspiration, full abduction is necessary
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Chapter 1: Introduction

during exercise to minimize the resistance against airflow. Since the larynx is the bottleneck of
the respiratory tract, it daily encounters high air turbulences and is therefore partly provided
with a stratified squamous epithelium, besides another part of respiratory epithelium.

The trachea is a flexible but rigid tube of approximately 80 cm that connects the larynx to the
lung hilus. Between 68 to 80 C-shaped hyaline cartilage rings, enclosed and connected by fibro-
elastic ligaments, provide stability to the trachea’s structure. The complete surface of the
trachea is lined by the typical respiratory epithelium. A submucosa, containing serous, mucous
but mostly mixed glands lies below the epithelium (Bacha Jr and Bacha, 2012). The epithelium
is covered by a layer of mucus that is constantly being propelled by the ‘mucocilliary escalator’
proximally towards the pharynx, clearing the lower airways from foreign materials (Mair and
Lane, 2005). In addition, nodular lymphoid tissue and local patrolling immune cells (i.e.
laryngo-trachea-associated lymphoid tissue or LTALT) are widely present in the respiratory
mucosa of the equine trachea, as well as in that of the larynx (Mair et al., 1987, 1988).

The trachea bifurcates into a left and right principal bronchus at the level of the lung hilus,
each extensively branching into segmental bronchi, bronchioles and terminal bronchioles, often
referred to as the bronchial tree (Lekeux ef al., 2014). From proximal to distal, the respiratory
epithelium gradually shifts to a ciliated cuboidal epithelium, containing more and more Clara
cells (Plopper et al., 1980). In horses, lymphoid tissue inside the mucous walls of the bronchi
(bronchus-associated lymphoid tissue or BALT) is only poorly developed (Mair et al., 1987,
1988).

Finally, the terminal bronchioles, covered distally by a non-ciliated cuboidal epithelium, divide
into alveolar ducts that empty into alveoli, which are lined by a thin walled squamous
epithelium. This epithelium is exceedingly resided by type I pneumocytes, and to a lesser extent
by type II pneumocytes. The former cell type is responsible for gas exchange and upon cell
death, is replaced by the latter cell type. In addition, type II pneumocytes produce surfactant,
which not only reduces the surface tension of pulmonary fluids, but also neutralizes incoming
microbes (Hickman-Davis et al., 2001). Alveoli are wrapped within a bed of thin-walled
capillaries, designed for optimal gas exchange through simple diffusion. Foreign material that
would find its way to the alveoli is ultimately consumed by alveolar macrophages, controlling
the microscopic air sacs. Besides macrophages, lymphoid cells belonging to the bronchioli-
associated lymphoid tissue or BRALT, are dispersed across distal bronchioles and across the
lung interstitium. Remarkably, the number of lymphocytes within the BRALT showed a marked

variation among different horses (Mair et al., 1987).

18



Chapter 1: Introduction

2.1.3. The respiratory mucosa

As mentioned above, the respiratory mucosa lines the major parts of the respiratory tract,
including the nasal cavity, the nasopharynx, part of the larynx, the trachea and the proximal
parts of the bronchial tree (Bacha Jr and Bacha, 2012). The respiratory mucosa consists of a
luminal ciliated pseudostratified epithelium with an overlying mucus blanket, which is
stabilized onto a basement membrane and an underlying lamina propria built out of connective
tissue. At least 6 morphologically distinct epithelial cells reside in the equine respiratory
epithelium, besides the migrating immune cells (Knight and Holgate, 2003). Mesenchymal
cells, glands (mucous, serous or mixed), blood and lymph vessels, neuronal axons, local single
immune cells and lymphoid nodules are located within the underlying lamina propria. An

illustration of the respiratory mucosa is given in Figure 2.

Mucus
* Top viscous layer
ﬂﬂﬂ * Basal serous layer
— Epithelium
:\%4; 27 ) = } Basement membrane

— Lamina propria

\_///\ \\\< ) — ’/\\\

lymph vessels

Trigeminal ganglion

Figure 2. Schematic overview of the respiratory mucosa. A mucus layer, consisting of a top viscous layer (green) and a basal
serous layer (brown) forms a blanket on top of the epithelium. Within this luminal pseudo-stratified epithelium, the following
cell types reside: ciliated cells (1), basal cells (2), Clara cells (3), Goblet cells with mucoid secretory granules (green) (4), brush
cells (5) and serous cells with serous secretory granules (red) (6). A rigid basement membrane supports the epithelium and
connects the latter to the connective tissue of the lamina propia. Here, blood and lymph vessels together with neuronal axons
are located. In the upper respiratory tract, the majority of axons belong to the trigeminal nerve and end up in the trigeminal
ganglion, located at the apex of the petrous part of the temporal bone. Finally, local immune cells, such as dendritic cells (a),
lymphocytic cells (b), monocytic cells (c) and plasma cells (d) constantly patrol the respiratory mucosa. Drawings are based
on Smart Servier medical art templates.
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The epithelial cells can be classified in three major groups, based on ultrastructural, functional
and biochemical criteria: basal cells, ciliated cells and secretory cells.

Basal cells - The basal cell most likely functions as a progenitor cell, replacing other damaged
or attrited epithelial cells (Boers et al., 1998). In addition, basal cells rapidly flat out and thereby
cover the basement membrane upon loss of neighbouring epithelial cells (Erjefalt ez al., 1995).
Since basal cells are the only cell type within the respiratory epithelium capable of firmly
attaching to the basement membrane, they have a major role in fixation of the complete
respiratory epithelium. Besides desmosomes, basal cells can express hemidesmosomal
complexes, which have the necessary integrins (ae¢P4) to adhere to the basement membrane
(Evans et al., 1990; Evans and Plopper, 1988). Other epithelial cells only express desmosomes,
involved in intercellular attachment, but lack hemidesmosomes, rendering them dependent on
basal cells for firm attachment to the basement membrane. Basal cells are ubiquitously present
in the respiratory tract at the basal side of the respiratory epithelium, although their number
decreases more distally in the respiratory tract (Evans and Plopper, 1988).

Columnar ciliated epithelial cells - Ciliated cells are the predominant cell type in the
respiratory epithelium. These differentiated cells possess up to 300 motile cilia, together with
numerous apically located mitochondria to provide sufficient energy for their primary function:
propel the mucus towards the throat (Bacha Jr and Bacha, 2012).

Secretory cells - Brush cells, mucous or Goblet cells, serous cells and Clara cells are four
secretory cell types that reside in the respiratory epithelium.

Brush cells - Brush cells, or tuft cells, can easily be distinguished from other epithelial cells by
their morphologic appearance. These cells are characterized by the presence of a luminal brush
of long, rigid and blunt microvilli, a well-developed cytoplasmic tubulo-vesicular system and
by their connection to neuronal axons (Sato, 2007). These axons originate from the trigeminal
nerve and are able to trigger the sneeze reflex following certain stimuli, such as a sudden drop
in temperature or contact with chemical substances. Besides this chemoreceptive function,
brush cells are also presumed to participate in secretion and absorption. Brush cells are found
throughout the entire respiratory tract. Recently, studies showed that these cells are also
involved in mounting the ‘allergic’ type 2 immunity by producing certain cytokines (IL25),
which in turn stimulate specific ‘type two innate lymphoid cells’ (ILC2s) to produce IL13
(Grencis and Worthington, 2016) .

Mucous (Goblet) cells - Goblet cells morphologically resemble the shape of a goblet and contain
numerous membrane-bound electron-lucent mucous granules (see Figure 2, green dots) (Bacha

Jr and Bacha, 2012). They release mucins apically into the lumen, thereby forming the viscous
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part of the mucus layer. Secretion of these mucins may be triggered by acute exposure to certain
stimuli, such as sulphur dioxide. Mucous cells are found in all parts of the respiratory tract and
are capable of self-renewal.

Serous cells - In contrast to mucous cells, serous cells contain electron-dense granules with
substances ranging from neutral mucins to peptides and lipids (Jeffery and Li, 1997). Serous
cells are the predominant cell type in serous glands of mammals but are rarely found in the
luminal epithelium.

Clara cells - Although primarily present in the bronchi and bronchioli, Clara cells are also found
in the trachea’s epithelium. These peculiar cells lack cilia and harbour numerous secretory
vesicles, mitochondria and smooth endoplasmic reticulum inside their cytoplasm. These
components allow Clara cells to exert their specific functions: secrete material for the acellular
lining of bronchioles, metabolise xenobiotic compounds and serve as the progenitor for both

themselves and ciliated cells (Plopper ef al., 1980).

2.2. Host barriers

Since the respiratory mucosa is the first line of defence against incoming airborne pathogens
and respirable hazards, it is provided with a repertoire of both innate and adaptive barriers
(Bosch et al., 2013; Knight and Holgate, 2003). These barriers include the mucus layer, firm
intercellular connections between respiratory epithelial cells, the basement membrane, the
production of a repertoire of antimicrobial/immunomodulatory peptides and the presence of

local immune cells.
2.2.1. Mucus

Mucus is a semi-liquid layer lining the respiratory epithelium and is constantly replenished by
the mucous (Goblet) cells and by the subepithelial glands in the lamina propria. It is the first
line of defence against incoming hazards, having antioxidant, antiprotease and antimicrobial
activities.

Airway mucus typically forms two layers: (i) a top viscous (gel) layer that captures putative
pathogens, dust and irritant gasses from the air and (ii) a basal serous (sol) layer that surrounds
the cilia (Harkema et al., 2006). Synchronized beating of the cilia within the serous sol layer
pushes the overlying mucus with entrapped materials towards the pharynx, where it is then
swallowed and cleared through the digestive tract. Besides a normal ciliary beat frequency, an

optimal conformation, thickness and ratio of viscosity to elasticity of both the gel and sol layer
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are required to facilitate mucus transport. This conformation, thickness and ratio is mainly
determined by mucin glycoproteins and by the mucus’ hydration state (King, 1980; Randell and
Boucher, 2006; Voynow and Rubin, 2009). The periciliary sol layer contains a repertoire of
membrane-associated mucins (e.g. MUC1, MUC4, MUC16, MUC20), other glycoproteins and
glycolipids. In addition, these membrane-tethered mucins function as receptors and signalling
molecules. On the contrary, the luminal gel layer mainly consists of secreted mucins (MUCSAC
and MUCS5B). These mucins form long strands by interacting with globular proteins and retain
a vast amount of water, attending the viscoelastic properties required for particle retention and
transport (Voynow and Rubin, 2009). Under normal conditions, there is sufficient water to
hydrate both the sol and gel layer of the mucus and clearance proceeds at normal rates. Excess
fluid will selectively swell the gel layer, leaving the sol layer unchanged, eventually leading to
an increase in clearance due to a reduction of viscoelasticity. Conversely, loss of water will
cause both the gel and sol layer to collapse, enforcing the sticky gel layer to interact with
membrane-bound glycoproteins, eventually decreasing its clearance (Randell and Boucher,
2006). Alterations in mucus composition favour or impair mucociliary clearance. Acute
inflammation typically triggers the release of serous secretions and subsequent swelling of the
mucus, resulting in a rapid clearing of invading agents. Similarly, hypertonic saline and
mucolytics improve airway clearance by a decrease of the mucus’ viscosity (King, 2005).
Conversely, chronic inflammations (e.g. asthma, recurrent airway obstruction and cystic
fibrosis) are characterized by a relative dehydration and alteration in the macromolecular
composition of mucus, affecting its viscoelasticity and thereby hindering normal mucus-
clearance. Indeed, most chronic inflammations are accompanied by an overproduction and
hypersecretion of mucins or other macromolecules including DNA, filamentous actin, lipids,
and proteoglycans (Livraghi and Randell, 2007).

Previous experiments already demonstrated that the mucoprotein network is efficient in
entrapping microbes (e.g. Pseudomonas aeruginosa, influenza virus, respiratory syncytial
virus, pseudorabies virus) by the interaction of opposite charges on the pathogen and
mucoproteins (Yang et al., 2012; Zanin et al., 2016). In addition, the mucus layer contains
numerous other antimicrobial substances secreted by epithelial cells, submucosal glands and
immune cells. These substances include antimicrobial peptides (vide infra), hydrogen peroxide,
nitric oxide, protease inhibitors and immunoglobulins, especially secretory immunoglobulin A
(sIgA) (Ganesan et al., 2013; Marriott, 1990; Zanin et al., 2016). This sIgA is secreted as a
dimeric form by plasma cells residing beneath the epithelium. Upon binding to the

immunoglobulin receptor, located at the basolateral side of the epithelial cells, sIgA is taken up
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through endocytosis and transported to the apical side. Here, the epithelium releases the sIgA
into the airway lumen, where it captures specific pathogens before they can invade the host

(Marriott, 1990).
2.2.2. Intercellular junctions

The respiratory epithelium is highly polarized and carefully maintains its integrity by the action
of cell-cell and cell-matrix contacts. Polarization is characterized by the presence of two distinct
regions: the apical domain facing the lumen (i.e. the external environment) and the basolateral
domain, which comes in contact with adjacent cells and the basement membrane (Knust and
Bossinger, 2002). Consequently, transmembrane proteins are frequently sorted to one of the
two domains, resulting in a polarized plasma membrane. In addition, cellular polarization
implies that intracellular proteins, organelles and the cytoskeletal network are also unevenly
distributed. The connections between adjacent cells, or intercellular junctions (ICJ), form the
morphological, functional and impermeable barrier between apical and basolateral cell
domains. In addition to extracellular matrix connections, ICJ provide resistance against
mechanical forces (Staehelin, 1974). Multiple junctional complexes exist including tight
junctions, adherent junctions, desmosomes and gap junctions and are schematically represented

in Figure 3.
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Figure 3. Schematic overview of the different intercellular junctions. Drawings are based on Smart Servier medical art
templates.
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2.2.2.1 Tight junctions

Tight junctions (TJ) are the most apically located ICJ and function as a size- and ion-selective
gate for the passage of molecules in between adjacent cells (Balda and Matter, 2016; Matter
and Balda, 2003). In addition, they have a fence-like function, preventing diffusion and mixing
of plasma membrane lipids and (glyco)proteins from the apical to the basolateral surface and
vice versa.

The TJ complex is composed of both transmembrane proteins and cytoplasmic actin-binding
proteins. The former establish cell-cell contacts in the intercellular space, while the latter serve
as a link to the actin cytoskeleton. Although more than 40 TJ proteins have been identified,
claudins, occludins and junctional adhesion molecules (JAMs) are the primary constituents of
the transmembrane proteins and zonula occludens (ZO) proteins are the well-known
cytoplasmic actin binding proteins. Claudins form the backbone of TJ and regulate the passage
of molecules based on their size (Van Itallie and Anderson, 2006). Occludins, although
important for stability of the TJ complex, are dispensable for its formation (Schulzke et al.,
2005). Both claudins and occludins span the plasma membrane several times and their C- and
N-termini extend in the cytoplasm. On the contrary, JAMs are single membrane-spanning
proteins with an extracellular domain, a transmembrane domain and a cytoplasmic tail. By
recruiting polarity complex proteins, JAMs are important for maintaining epithelial integrity
and polarity (Ebnet et al., 2003). The extracellular domains of these transmembrane TJ proteins
typically form homophilic interactions with similar proteins on adjacent cells, while their
cytoplasmic tails interact with ZO proteins (Anderson, 2001). ZO proteins finally connect the
TJ complex to actin filaments and thus the complete inner cytoskeleton (Fanning and Anderson,

2009).

2.2.2.2 Adherent junctions

Adherent junctions (AJ) are located basally from the TJ and by connecting the cytoskeleton of
neighbouring cells, they provide stability and uniformity to the epithelium (Baum and
Georgiou, 2011).

Similarly to the TJ, AJ consist of transmembrane proteins, which connect AJ of adjacent cells
to cytoplasmic actin-binding proteins. Two major subtypes of AJ complexes exist: the nectin-
based adhesions and the cadherin-based adhesions. Both nectins and cadherins typically span
the plasma membrane only once, providing them with a cytoplasmic tail, a transmembrane area
and an extracellular domain. The cytoplasmic tail of nectin recruits afadin, which in turn binds

to actin molecules (Takai and Nakanishi, 2003). In cadherin-based AJ, the function of afadin is
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fulfilled by a- and B-catenins (Shapiro and Weis, 2009). The extracellular domain of both
nectins and cadherins contains a number of IgG-like loops, which enable them to trans-dimerize
with homophilic (or heterophilic) proteins on neighbouring cells. Functionally, cadherins are
considered to be of major importance in strong cell-cell connections, since nectins alone are
unable to support these complexes. On the other hand, nectins facilitate the establishment of
cell-cell connections and cell polarity (Campbell et al., 2017).

In the subplasma membrane domain, the cytoplasmic tails of both types of AJ (i.e. cadherin-
based and nectin-based complexes) and the TJ are joined to one another. More precisely,
a-catenins form the central key element by connecting ZO proteins, -catenins and afadins

(Campbell et al., 2017).
2.2.2.3 Desmosomes

In contrast to AJ, which circumvent each of the interacting cells, desmosomes and
hemidesmosomes form button-like points of contact. Desmosomes connect the intracellular
intermediate filaments of adjacent cells, thereby creating a network that gives mechanical
strength to the epithelium (Garrod and Chidgey, 2008). Desmosomal cadherins span through
the intercellular space and connect neighbouring cells. Their cytoplasmic domains are in turn
linked to intermediate filaments by plakin family proteins.

While AJ, TJ and desmosomes are present on all different cell types within the respiratory
epithelium, hemidesmosomes are limited to basal cells. Hemidesmosomes morphologically
resemble desmosomes but rather connect the intermediate cytoskeleton to the underlying
basement membrane instead of to adjacent cells (Litjens et al., 2006). This renders the complete
respiratory epithelium dependent on basal cells for firm attachment to the subepithelial layers.
It is the hemidesmosomal asf4 integrin that connects the cells to laminin, a major component
of the basement membrane, whereas cytoplasmic proteins (e.g. plectin) connect to the
intracellular intermediate filament system, thereby creating a stable anchoring complex. Other
integrins are also expressed on the rest of the respiratory epithelial cells, where they mainly

function in cell signalling pathways (Sheppard, 1998).

2.2.2.4 Gap junctions

Gap junctions serve as the communicating device of the epithelium by forming channels
between neighbouring cells. Two hemichannels, each of which is a hexamer composed of
connexin proteins, form an aqueous pore in the plasma membrane of two different adjacent
cells. Small molecules and ions can pass through these channels, which is essential for epithelial
cell synchronisation, differentiation and migration (Hervé et al., 2007).
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2.2.3. Basement membrane

Located between the epithelium and the underlying connective tissue, the basement membrane
serves as a supportive sheet for epithelial cells. The structural components of the basement
membrane comprise collagen (type I, III-VII), laminin, fibronectin, entactin and heparan sulfate
proteoglycans, and are secreted by either the above-located epithelial cells or the underlying
fibrocyts/fibroblasts (Pozzi et al., 2017). Besides as an anchorage for epithelial cells, the
basement membrane also functions as an impermeable barrier to cell migration and pathogen
invasion. However, specific proteolytic events allow normal cells to freely traffic the basement
membrane during morphogenesis and immune surveillance (Sekiguchi and Yamada, 2018).
Some pathogens, such as pseudorabies virus (PRV) in pigs, bovine herpesvirus type 1 (BoHV1)
in cows and herpes simplex virus 1 (HSV1) in humans, have evolved specific mechanisms to
misuse these proteolytic events, allowing them cross the basement membrane (Glorieux et al.,
2011a; Glorieux et al., 2011b; Steukers et al., 2012). In contrast, equine herpesvirus type 1
(EHV1) in horses cleverly hijacks diapeding immune cells as ‘Trojan horses’ to cross the

basement membrane (Vandekerckhove et al., 2010).
2.2.4. Antimicrobial peptides

Peptide molecules (< 100 amino-acids) with an antimicrobial activity (i.e. antimicrobial
peptides) are a key component of airway mucus and respiratory epithelial cells. These peptides
typically contain a large proportion of cationic and hydrophobic residues and comprise several
families such as lysozymes, cathelicidins, psoriasins and defensins (Bruhn et al., 2011). Solely
defensins will be discussed below, as a detailed description of the complete repertoire of

antimicrobial peptides is beyond the scope of this thesis.
2.2.4.1 Defensins

Defensins are small (= 20-45 amino-acids) cationic peptides that exhibit a broad-spectum
antimicrobial activity against (myco)bacteria, fungi and viruses, as well immunomodulatory
properties (Ganz, 2003; Pazgier et al., 2006; Selsted and Ouellette, 2005; White et al., 1995).
The hallmark of all defensins is the presence of three different intramolecular disulphide bonds,
pairing three antiparallel B-strands. Based on disulphide-connectivity, the defensin family is
divided in two main subtypes: a- and B-defensins. Theta-defensins, originally found in rhesus-
macaque monkeys, belong to an additional class of defensins, considering their circular
structure. While a-defensins are mainly expressed in mammalian leukocytes and intestinal

Paneth cells, B-defensins (BDs) are predominantly found in epithelial tissues lining internal and
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external cavities, but can also be synthetized in leukocytes. Since the respiratory epithelium
mainly expresses BDs, attention is focussed on this defensin type in this thesis.

The first identified mammalian BD was extracted from bovine tracheal mucosa and was named
‘tracheal antimicrobial peptide’ (Diamond et al., 1991). In the meantime, BDs have been
described in several other species including humans, mice, pigs, dogs, sheep and horses (Bals
et al., 1999; Bensch et al., 1995; Davis et al., 2004; Huttner et al., 1998; Sang et al., 2005;
Zhang et al., 1998). Mammalian (B-)defensins have the capacity to inactivate bacterial and
enveloped viral microorganisms by disrupting the microbial membrane (Bals et al., 1998;
Harder et al., 2001; Schroeder et al., 2011; Wilson et al., 2013). More precisely, cationic
residues on defensins initially interact with negatively charged phospholipids of microbial
membranes, followed by insertion of the amphipatic defensin into the bilipid layer which
subsequently permeabilizes the membrane, finally resulting in lysis of the pathogen. This
electrostatic interaction is diminished in increasing salt concentrations or in the presence of
bivalent cations (e.g. Ca®"). However, salt concentrations at mucosal surfaces are relatively low,
enabling defensins to exhibit their killing activities (Goldman et al., 1997; Quinones-Mateu et
al., 2003).

Besides this direct antimicrobial killing activity, defensins can also mask putative receptors that
project through microbial or cellular membranes (Hazrati et al., 2006; Leikina et al., 2005).
This lectin-like function is believed to be of major importance in the antiviral activity of
defensins and consequently is diminished in the presence of serum (Quinones-Mateu et al.,
2003; Wilson et al., 2013). As defensins are known to form multimeric structures, binding of
defensins to viral surface proteins can also aggregate virions, facilitating their disposal by the
mucocilliary clearance (Dugan et al., 2008). Instead of directly binding to viral or cellular
receptors, defensins can also induce changes in intracellular signalling, thereby impacting viral
infections. For example, protein kinase C activity is inhibited by defensins in vitro and is known
to be involved in the replication of several viruses (Charp et al., 1988; Contreras et al., 2012;
Leach and Roller, 2010; Sieczkarski et al., 2003). Furthermore, defensins can inhibit viral
replication through even more distinct, yet unknown, mechanisms after viral penetration has
been completed (Hazrati et al., 2006; Smith and Nemerow, 2008). An overview of the different

known antimicrobial actions of defensins is represented in Figure 4.
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Figure 4. Different modes of action of defensins against (A) bacteria and (B) viruses. (A) Cationic residues on defensins initially
interact with negatively charged phospholipids of microbial membranes (1), followed by insertion of the amphipatic defensin
into the bilipid layer (2), which subsequently permeabilizes the membrane (3), finally resulting in loss of cytoplasmic material
(red arrow) and lysis of the pathogen. (B) Viruses can be inhibited by defensins through permeabilization of the viral envelope
(a), aggregation and facilitated disposal of virus particles (b), binding of viral ligands (c), binding of cellular receptors (d),
inhibition of fusion (e), facilitating lysis in endosomes (f), activating or inhibiting cellular pathways through cell receptor
binding (g), inhibiting viral transport to the nucleus (h), inhibiting viral RNA/DNA transcription (i), preventing of
RNA/DNA/protein synthesis, impediment of progeny virus assembly (k) or finally, viral egress (1). Drawings are based on
Smart Servier medical art templates.

Finally, defensins bridge the innate and adaptive immune response by recruiting immune cells
to sites of infection. It has already been shown that defensins are elicited during viral infections

and efficiently attract neutrophils, dendritic cells, monocytes, T lymphocytes and mast cells to
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the site of infection (Chong et al., 2008; Niyonsaba et al., 2016; Proud et al., 2004; Quinones-
Mateu et al., 2003; Rohrl et al., 2010; Wu et al., 2003; Yang et al., 1999).
The equine variants of BDs are only poorly characterized at present but a detailed description

of the limited knowledge on these peptides is given in the introduction of Chapter 6.
2.2.5. Immune cells

Besides the above-mentioned innate immune barriers, the (horse’s) respiratory tract is guarded
by an ample population of immune cells, including monocytes, macrophages, dendritic cells
(DCs), T and B lymphocytes and natural killer cells. These cells are part of a common mucosa-
associated lymphoid tissue (MALT) and are located either inside specialized local inductive
sites (lymphoid nodules; organized or O-MALT) or patrol the respiratory mucosa individually
(diffuse or D-MALT) (Kraehenbuhl and Neutra, 1992). The latter MALT is designated NALT
in the nasal cavity together with nasopharynx, LTALT at the level of the larynx and trachea,
BALT in the bronchi and finally, BRALT in the bronchioli.

Neutrophils, monocytes, macrophages and DCs belong to the cells of the myeloid lineage
(CD172a"). Neutrophils play a key role in the first defence against (bacterial) pathogens,
although they essentially are not a part of the MALT. Neutrophils not only phagocytize
invading microbes, but can also kill them by releasing a repertoire of toxic substances.
Monocytes are mainly phagocytes and play an essential role as cells in the first line of defence
against pathogens. They originate from the bone marrow and are released into the peripheral
blood, where they circulate for several days before entering tissues to renew tissue macrophage
and DC populations (Auffray et al., 2009). Macrophages are resident cells in lymphoid and
non-lymphoid tissues, where they mainly function as phagocytes and are responsible for the
clearance of apoptotic and infected cells. These cells, although of minor importance, can also
act as antigen-presenting cells. Finally, they activate the inflammatory pathway by producing
tumor necrosis factor alpha (TNF-a), interleukins (IL) type 1 (IL-1) and type 6 (IL-6)
(Geissmann et al., 2010). Besides macrophages, dendritic cells can also be generated by the
differentiation of monocytes. They are specialized antigen-presenting cells and are also known
as ‘Langerhans cells’ in the respiratory mucosa. Upon activation, they migrate from tissues to
the draining lymph nodes, where they regulate T cell responses (Auffray et al., 2009; Fokkens
et al., 1989). The two predominant T lymphocyte populations (CD4" and CD8") reside in the
horse’s respiratory mucosa. CD8" T lymphocytes are known as cytotoxic T lymphocytes
(CTLs) and mainly function to lyse infected cells that present foreign antigens via their MHC I
molecules. These T lymphocytes are located within the epithelium, while CD4" T lymphocytes
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are mainly found in the lamina propria (Mair et al., 1987). CD4" T lymphocytes provide
B lymphocytes, CD8" T lymphocytes and macrophages with the crucial signals for maturation
and activation (Reiner, 2007). Once activated by an antigen and a CD4" T lymphocyte,
B lymphocytes differentiate into plasma cells. Plasma cells embedded in the lamina propria
secrete, besides regular IgG and IgM, the most predominant antibody in the respiratory mucosa:
sIgA (vide supra) (Fallgreen-Gebauer et al., 1993).

Natural Kkiller cells (NK cells) subdue viral infections until the adaptive immunity takes over.
More precisely, viruses can hamper the expression of MHC I class molecules at the infected
cell surface in order to escape the host’s immune system. NK cells, however, are able to
recognise these infected cells due to the down regulation of MHC I class molecules. Similarly
to CTLs, NK cells release their cytotoxic granules on the target cell upon activation, thereby
inducing programmed cell death through effector proteins (Vivier et al., 2008).

Although all of these immune cells are of crucial importance in the host’s defence, some
airborne pathogens misuse these cells to disseminate within the host. For example, EHV1 and

equine arteritis virus (EAV) depend on leukocytes for their spread to target organs (vide infra).

2.3. Models to study the respiratory tract
2.3.1. Continuous cell lines

A continuous cell line is the most widely used tool to study (respiratory) epithelial cell biology
and pathology. Continuous cell lines originate from specific parts of a multicellular organism
(e.g. the human trachea, bronchi or lungs) and can be passaged for prolonged periods in vitro,
due to genomic mutations (Cozens et al., 1994; Schweppe and Korch, 2018). These mutations
enable continuous cell lines to evade normal cellular senescence, thereby making them
‘immortal’. Immortalization of cells can occur spontaneously, but is most often experimentally
induced by introducing specific (viral) genes that remove biological brakes on proliferative cell
control and/or allow cells to extend the DNA sequence of telomeres. Although continuous cell
lines are easy to use and allow for the replication of homogeneous results, they exhibit many
inherent disadvantages. For instance, genetic mutations may alter cellular phenotypes and
mechanisms, leading to inconclusive or erroneous results when using these cells (Schweppe
and Korch, 2018). In addition, continuous cell lines cannot fully mimic the in vivo 3D

architecture.
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2.3.2. Animal models

Laboratory animals represent a full in vivo environment, making them presumably ideal
candidates to study the pathogenesis of respiratory diseases and test potential therapeutic
interventions (Barrios, 2008). In addition, transgenic mouse technology allows researchers to
investigate the role of specific genes and molecular interactions in the development of
respiratory diseases. However, animal experiments raise ethical questions and results cannot be

blindly extrapolated to other species, including human.
2.3.3. Explant model

Explants provide a good alternative to the previously mentioned models, as they maintain the
in vivo micro-environment, including mucus and normal cell-cell connections. In addition,
several explants can be obtained from one animal to test multiple conditions, limiting the
number of experimental animals and inter-animal variations. However, it should be taken into
account that explants lack a complete MALT-system and a systemic immunity. Therefore,
results obtained with explants should be verified in in vivo experiments, conducted with
representative animals (e.g. horses for equine pathogens).

The first documented airway explant model dates from 1925 and was further developed in the
50’s for humans and monkeys (Hoorn, 1964). Over the next years, the culture system of
respiratory explants was further optimized and extended to pigs, rats and dogs (Fanucchi et al.,
1999; Pol, 1990; Schierhorn et al., 1995; Stahl and Ellis, 1973). Cell viability tests confirmed
that these explants were on average viable for up to 4-7 days (Glorieux ef al., 2007; Kleinsasser
et al., 2004; Park et al., 2007). The majority of these studies agreed on one important feature:
respiratory explants should be cultivated at the air-liquid interface for optimal results. This
implies that the explants are apically in direct contact with the air and are nourished via the
basolateral side with medium. To obtain such a relevant environment, researchers used various
explant-supporting materials such as gauzes, gelatine sponges, agar, plastic plates or filter paper
(Ali et al., 1996; Glorieux et al., 2007; Jackson et al., 1996; Kleinsasser et al., 2004; Park et
al., 2007). In the meantime, respiratory explant models have been developed for a repertoire of
domestic mammals (e.g. pigs, cows, horses, cats, dogs and chickens) and used to study
pathogen-host interactions for viruses as well as for bacteria (Glorieux ef al., 2007; Hamilton
et al., 2006; Li et al., 2016; Li et al., 2015; Niesalla et al., 2009; Reddy et al., 2014;
Vandekerckhove et al., 2009). A schematic illustration of the mucosal explant model is given

in Figure SA.
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2.3.4. Respiratory epithelial cell model

Although respiratory explants represent most optimally the in vivo 3D architecture and micro-
environment of the respiratory mucosa, collecting and processing them is time-consuming. In
addition, explants usually die within a week and it is difficult to study merely epithelial
characteristics such as integrity and polarity. Therefore, researchers tried to establish an in vitro
cell culture model of respiratory epithelial cells through mechanical or enzymatic collection
(Harmon et al., 1977; Widdicombe ef al., 1985). Again, it became rapidly clear that cultivation
at the air-liquid interface, e.g. in transwells, was the most optimal design to maintain epithelial
cell differentiation (Clark et al., 1995; Nevo et al., 1975; Whitcutt et al., 1988). This respiratory
epithelial cell model appeared to mimic the in vivo airway epithelium very well, consisting of
a heterogeneous population of ciliated cells, basal cells and (mucus-)secreting cells (Quintana
etal.,2011; Rowe et al., 2004; Schwab et al., 2010). The formation of ICJ and thus integrity in
this model was also verified by measuring the transepithelial electrical resistance (TEER)
(Quintana et al., 2011; Rowe et al., 2004). Measuring the TEER is a generally accepted
technique to study integrity and permeability dynamics of epithelial or endothelial cell
monolayers, cultured on transwells (Srinivasan et al., 2015). The TEER is measured in ohms
(Q2) by an epithelial voltohmmeter using two electrodes, where one electrode is placed in the
apical compartment and the other one in the basolateral compartment. Firm intercellular
junctions will impair paracellular ionic conductance, resulting in increased resistance
measurements. Vice versa, disruption of epithelial integrity will allow the paracellular transport
of ions, decreasing the net resistance of the cell monolayer. The TEER method’s major
advantage is that it can be widely used to monitor live cells during their various stages of growth
and differentiation.

In the meantime, the respiratory epithelial cell model has been tested out for several species,
including laboratory animals, cows, horses and dogs, and the human model has even been
commercialized as MucilAir™ and EpiAirway™ (Coleman et al., 1984; Huang et al., 2008;
Kondo et al., 1993; Quintana ef al., 2011; Ren and Daines, 2011; Rowe et al., 2004; Schwab et
al., 2010). It has already successfully been used to study the replication of airborne pathogens,
allergy and immunologic features of the respiratory epithelium (Longphre et al., 1999; Quintana
etal.,2011; Sajjan et al., 2008). A schematic illustration of the respiratory epithelial cell model

is given in Figure 5B.
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Figure 5. Illustration of (A) the mucosal explant model and (B) the transwell cell culture system. EREC = equine respiratory
epithelial cells

3. Airborne pathogens of the horse

Respiratory tract infections are one of the most common illnesses in horses worldwide and are
usually initiated by viruses and might be aggravated upon secondary bacterial colonization
(Gilkerson et al., 2015; Slater, 2007). Equine herpesviruses (1, 2, 4 and 5), equine influenza
virus, picornaviruses (equine rhinitis A virus, equine rhinitis B virus), adenoviruses and equine
arteritis virus are the most frequent viral agents of respiratory tract infections in the horse
(Gilkerson et al., 2015). Several bacterial species, including Streptococcus equi subsp. equi,
Rhodococcus equi, Bordetella bronchiseptica and Mycoplasma felis, have been isolated from
horses with respiratory disease without the presence of viruses (Garcia-Cantu et al., 2000;
Hines, 2007; Sweeney et al., 2005; Wood et al., 1997). These organisms can therefore be
classified as primary pathogens, capable of causing respiratory disease in the absence of
predisposing factors. On the contrary, opportunistic bacteria such as Streptococcus equi subsp.
zooepidemicus and Staphylococcus aureus usually do not cause respiratory disease, unless their
host is (immuno)compromised (e.g. dysfunction in the innate or adaptive immune system or
reduced mucociliary clearance due to long-distance transports where the horse’s head is tied in
an upright position, poor hygiene conditions, anaesthesia and primary viral infections) (Slater,
2007). This thesis focussed on a limited number of these equine airborne pathogens, thought to

be of most importance in global horse industry. These pathogens are further discussed below.
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3.1. Equine herpesvirus type 1
3.1.1. Introduction

Equine herpesvirus type 1 (EHV1) is a major and ubiquitous pathogen in the horse population,
causing respiratory and neurological disorders, abortion and neonatal foal disease. Although
many EHV1 infections occur asymptomatically or are accompanied only by signs of mild
respiratory disease, severe outbreaks of abortion and neurological disease occur annually.
Therefore, the virus has the potential to cause serious economic losses in the horse industry
worldwide. EHV1 is one of nine equine herpesviruses (EHV1-9) currently known to infect
horses and has also been reported in mules, donkeys, zebras, onagers, giraffes and gazelles
(Borchers and Frolich, 1997; Hoenerhoff et al., 2006; Ibrahim et al., 2007). Together with
EHV3, EHV4, EHV6 (asinine herpesvirus type 1), EHV8 (asinine herpesvirus 3) and EHV9
(gazelle herpesvirus type 1), EHV1 is taxonomically classified as a member of the family
Herpesviridae, subfamily Alphaherpesvirinae, genus Varicellovirus (Roizman and Baines,
1991). The other three equine herpesviruses (EHV2, EHVS and EHV 7 or asinine herpesvirus
type 2) belong to the Gammaherpesvirinae subfamily.

Dimonck and Edwards documented the virus for the first time in 1933 during an outbreak of
abortion. The virus was first designated ‘equine abortion virus’, was later renamed ‘equine
rhinopneumonitis virus’, but is now known as ‘equine herpesvirus type 1’ (Allen and Bryans,
1986). It took another three decades before scientists were able to isolate the virus for the first
time (Saxegaard, 1966). EHV1 and EHV4 are antigenically and genetically closely related and
were considered as two subtypes of the same virus prior to 1988 (Cullinane et al., 1988;
Roizman and Baines, 1991).

Over the next years, it became more and more apparent that two distinct EHV1 subtypes exist
in the field, differing in pathogenic capacity (abortion vs neurological) (Allen et al., 1985;
Maanen et al., 2001; McCann et al., 1995). In 2006, researchers assigned this distinction to a
single nucleotide polymorphism in the catalytic subunit of the viral DNA polymerase (Nugent
et al., 2006). Non-neurological/abortigenic strains mostly exhibit amino-acid asparagine at
position 752 (N752), whereas neurological strains express amino-acid aspartic acid at the latter
position (D752) (Goodman et al., 2007; Nugent et al., 2006; Perkins et al., 2009). However,
increasing evidence rises that more differences exist between the two subtypes (Laval et al.,

2017; Negussie et al., 2016; Zhao et al., 2017).
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3.1.2. Viral structure

EHV1 consists of a double-stranded DNA molecule of approximately 150 kilobase pairs (kbp),
an icosahedral capsid built up from 162 capsomers (12 pentons, 150 hexons), a layer of
tegument proteins and an outer lipid bilayer envelope, containing 12 different glycoproteins, as
shown in Figure 6 (Roizman and Baines, 1991; Roizmann et al., 1992; Telford et al., 1992).
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Figure 6. Structure of an EHV1 virion. (A) Schematic representation. Drawing is based on Motifolio art template.
(B) Transmission electron microscopic image. The bar represents 100 nm.

The envelope is derived from the trans-Golgi network of the host cell and forms the outer layer
of the virus (Granzow et al., 2001). Several glycoproteins are embedded in the envelope and
each have a specific role in virus attachment, entry, egress, cell-to-cell spread and/or immune-
modulation. All glycoproteins are homologous to other alphaherpesvirus glycoproteins (e.g. of
herpes simplex virus (HSV), varicella zoster virus (VZV), pseudorabies virus (PRV) and bovine
herpesvirus (BoHV)), except gp2. Briefly, glycoprotein B (gB) and gC are involved in the
initial attachment of EHV1 to host cell surfaces (Neubauer et al., 1997; Osterrieder, 1999).
Following initial non-essential binding, gD anchors the virus onto a putative cellular receptor
(Csellner et al., 2000). Next, glycoproteins gB, gD, gM and gK aid the virus in a process called
penetration/fusion, which is the release of naked nucleocapsids in the host cell cytoplasm
(Csellner et al., 2000; Neubauer et al., 1997; Neubauer and Osterrieder, 2004; Osterrieder et
al., 1996). Alternatively, gH and gD can guide the viral entry towards endocytosis through
interaction with 041 or av integrins (Azab et al., 2013; Van de Walle et al., 2008a). EHV-1 gB,
gD, gE/gl, gK, gM and gH assist the virus in an important and characteristic herpetic strategy:
cell-to-cell spread (Azab et al., 2012; Csellner et al., 2000; Flowers and O'Callaghan, 1992;
Matsumura et al., 1998; Neubauer et al., 1997; Neubauer and Osterrieder, 2004; Osterrieder et

35



Chapter 1: Introduction

al., 1996; Wellington et al., 1996). Glycoprotein K, gp2 and gC are essential during viral
egress and release of progeny virions (Neubauer and Osterrieder, 2004; Osterrieder, 1999;
Rudolph and Osterrieder, 2002). Glycoprotein G is both a structural component of the virion
and secreted by infected cells. Upon secretion, gG binds chemokines such as CCL3, CXCL1
and IL-8 and thereby impedes the recruitment of host immune cells and thus the onset of an
inflammatory response (Thormann et al., 2012; Van de Walle et al., 2007; Van de Walle et al.,
2008b). On the contrary, gp2 induces the production of cytokines and chemokines in infected
mice (Smith et al., 2005). The exact role that gp2 plays during infection of the horse remains
unclear so far. Glycoprotein N is necessary for functional processing of gM (Rudolph et al.,
2002). In addition, gN contributes to EHV1 immune evasion through inhibition of the antigen
transporter TAP and subsequent downregulation of cell surface MHC I (Koppers-Lalic et al.,
2008). Until present, the function of EHV1 gL remains unclear. In HSV, gL forms a functional
entity with gH and is critical for correct folding and trafficking of the latter glycoprotein (Fan
et al., 2009).

3.1.3. Replication cycle

A single EHV1 replication cycle generally takes 12 hours (h) and is illustrated in Figure 7.
The initial step in EHV1 replication is the attachment of the virus to the cell. EHV1 interacts
with sugar moieties (e.g. heparan sulphate, sialic acids and other putative glycans) on the cell
surface via gB and gC (Laval ef al., 2016; Neubauer et al., 1997; Osterrieder, 1999). Next,
EHV1 glycoprotein gD binds to a cellular receptor to stabilise the binding and trigger entry into
the cell (Csellner ef al., 2000). MHC I has been put forward as a putative receptor for EHV1
gD in equine brain microvascular cells (EBMEC), equine dermal (ED) cells and peripheral
blood mononuclear cells (PBMC) (Kurtz ef al., 2010; Sasaki et al., 2011). However, MHC I is
ubiquitously expressed in all cell types and, therefore, does not correlate with EHV1 tissue
tropism. In PBMC, attachment to and subsequent entry is additionally mediated by the binding
of EHV1 gD to cellular integrins (Laval et al., 2016; Van de Walle et al., 2008a). Nectin-1,
nectin-2 and herpesvirus entry mediator (HVEM) are known to interact with gD homologs of
several alphaherpesviruses including HSV1 and 2, PRV and BoHV1 (Geraghty et al., 1998).
Nonetheless, EHV1 presumably does not depend on nectins, since Chinese hamster ovary
epithelial cells (CHO-K1) lack HVEM, nectin-1 and -2 expression, although they are fully
susceptible to EHV1 (Frampton et al., 2005). Until present, the precise equine respiratory
epithelial cell (EREC) binding/entry receptor for EHV1 remains unknown.
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Figure 7. Schematic representation of EHV1’s replication cycle, illustrated with transmission electron micrographs of EHV1-
infected respiratory epithelial cells in explants. (1) EHV1 particles from the outer environment (O) attach to the host cell. (2)
EHV1 penetration into the cytoplasm (C) of the host cell. (3) Transport of EHV1 nucleocapsids to the nucleus (N) via
interaction with microtubules (MT). (4) The viral genome is released into the nucleus via a nuclear pore (NP). (5) Viral DNA
circulizes and is transcribed and replicated in the nucleus. (6) Viral proteins are synthetized in the cytoplasm and (7) capsid
proteins route to the nucleus. (8) Newly synthetized viral DNA is cleaved and packaged into capsids resulting in mature
nucleocapsids. (9) Nucleocapsids leave the nucleus by budding into the inner nuclear membrane. Nucleocapsids lose this
envelope when passing through the outer nuclear membrane. (10) Naked nucleocapsids travel towards the trans-Golgi network
(TGN). (11) Nucleocapsids acquire their secondary (final) envelope by budding into the trans-Golgi network. (12) Mature virus
particles are transported to the cell surface within sorting vesicles and released via exocytosis in the extracellular space.
Drawings are based on Smart Servier medical art templates. The scale bar measures 150 nm.

After binding, EHV1 has to get into the cell and depending on the cell type, is able to use two
distinct pathways for this purpose: fusion and/or endocytosis. EHV1 penetrates equine
endothelial cells (EC), ED cells and rabbit kidney (RK13) cells via fusion, while the virus can
enter PBMC, EBMEC (but not ECs), RK13 cells, CD172a" cells and CHO-K1 cells via
endocytosis (Frampton et al., 2007; Hasebe et al., 2009; Laval et al., 2016; Van de Walle et al.,
2008a). Determinants in the choice between fusion and endocytosis are viral gD and gH on the
one hand and cellular integrins on the other hand (Azab et al., 2013; Van de Walle et al., 2008a).
Both entry pathways require the activation of cell signalling via activation of the Rho-associated
coiled-coil kinase (ROCK1) (Frampton et al., 2007)

Irrespective of the entry route into the cell, the virus releases a naked nucleocapsid in the
cytoplasm, which travels along the microtubule network towards the nucleus. At the level of
nuclear membrane, the virus injects its DNA via the nuclear pore complex into the nucleus
(Frampton Jr et al., 2010).

Following circularization of viral DNA, its transcription occurs in a cascade-like manner. The

immediate-early (IE) gene is first synthesized and encodes for a major IE polypeptide (IEP),
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which functions as a regulatory protein. IEP expression is necessary for the expression of early
(E) genes and late (L) genes (Caughman et al., 1985; Gray et al., 1987). The E genes encode
proteins required for DNA replication, such as the DNA polymerase and thymidine kinase.
Viral DNA replication is then initiated in the nucleus. L genes encode multiple viral structural
proteins such as capsid proteins, tegument proteins and envelope glycoproteins.

Viral proteins are synthetized in the cytoplasm and capsid proteins reroute to the nucleus for
assembly of the capsids, prior to encapsidation of the viral DNA. The nucleocapsid then travels
via the inner and outer nuclear membrane, into the cytoplasm. Naked nucleocapsids, together
with structural viral late tegument proteins and glycoproteins enter the trans-Golgi complex.
Mature progeny virions receive their final envelope from the Golgi apparatus and exit their host

cell through vesicle-mediated exocytosis (Granzow et al., 2001).
3.1.4. Pathogenesis and accompanying clinical symptoms

The pathogenesis of EHV1 is illustrated in Figure 8.
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Figure 8. Schematic overview of the pathogenesis of EHV 1, adapted from Laval (2016). Pink = respiratory tract; red = blood
circulation; orange = lymph nodes; yellow = vertebrae; green = spinal cord; blue = uterus + vagina. (1) EHV1 first replicates
in the respiratory epithelium; EHV1 infection (a); viral spread and shedding (b); EHV1 crosses the basement membrane by the
use of single immune cells (c¢); viral dissemination (d). (2) Upon crossing the basement membrane, EHV1 penetrates the
connective tissues and reaches the bloodstream and draining lymph nodes. (3) Via a cell-associated viremia in PBMC, EHV1
is transported to target organs such as the pregnant uterus (3.a) and the central nervous system (3.b), where it initiates a
secondary replication in the endothelial cells lining the blood vessels of these organs.
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3.1.4.1 Entry

Horses become infected with EHV1 via the upper respiratory tract after inhalation of virus-
loaded aerosol droplets, originating from infectious secretions such as nasal discharge or from
contaminated foetal or placental tissues. Although of minor importance, infectious aerosols can
also be transmitted over a short distance through the air (Allen and Bryans, 1986; Patel et al.,
1982; Reed and Toribio, 2004). The exact distance EHV1 virions can travel through the air
remains unclear so far. The virus gets into contact with the epithelia lining the nasal cavities,
the nasal septum, the turbinates, the nasopharynx and the trachea. EHV1 infects these epithelial
cells in a plaque-wise manner, thereby causing cell destruction and shed of infectious progeny
virus particles into nasal secretions (Gryspeerdt et al., 2010; Van Maanen, 2002). EHV1 single
infected cells and plaques can be observed starting from 12 hours post-inoculation (pi) and 24
hours pi (hpi), respectively (Gryspeerdt et al., 2010; Vandekerckhove et al., 2010). Nasal
shedding of EHV1 can be detected starting from 1 day pi up until 14 days pi (Edington et al.,
1986; Gibson et al., 1992; Gryspeerdt et al., 2010).

Destruction of the epithelial cells and local inflammation results, after an incubation period of
2 to 10 days, in mild clinical symptoms, such as serous nasal discharge, coughing, mild pyrexia,
anorexia and depression (Allen and Bryans, 1986; Patel et al., 1982). Most EHV1 infections
are self-limiting and accompanying respiratory symptoms disappear 9 to 12 days pi (Gibson et
al., 1992). However, epithelial cell destruction might facilitate bacterial colonization.
Secondary bacterial infections aggravate and prolong respiratory symptoms, resulting in the
shed of mucopurulent discharge, severe coughing and severe pyrexia (McGavin and Zachary,

2007).
3.1.4.2 Viremia

During replication in the respiratory epithelium, EHV1 attracts and infects diapeding
leukocytes, enabling the virus to cross the basement membrane (Vandekerckhove et al., 2011;
Zhao et al., 2017). This strategy is in contrast with other alphaherpesviruses (e.g. HSV1, PRV,
BoHV1), which spread in a plaque-wise manner across the basement membrane by directly
infecting the underlying fibroblasts (Glorieux ef al., 2011a; Glorieux et al., 2007; Steukers et
al., 2012). EHV1-infected leukocytes then carry the virus either directly into the bloodstream
or along the lymph vessels towards the draining lymph nodes. EHV1 has been detected in the
submandibular, retropharyngeal and bronchial lymph nodes upon experimental inoculation.
Here, EHV1 infection is amplified in even more leukocytes, which then take the virus into the

blood circulation via the efferent lymph (Kydd et al., 1994).

39



Chapter 1: Introduction

Viremia can be detected starting from 1 day pi until 14 days pi, and peaks between day 4 and
10 pi (Gryspeerdt et al., 2010). In vivo infected leukocytes have been mainly identified as
CD172a" monocytic cells, followed by T lymphocytes and B lymphocytes (Gryspeerdt et al.,
2010; Scott et al., 1983). However, all PBMC subpopulations, including DCs, are susceptible
to EHV1 in vitro (Siedek et al., 1999; van der Meulen et al., 2000). Interestingly, replication is
restricted and the majority of these PBMC do not show late viral glycoproteins on their cell
surface upon EHV1 infection, suggesting that the virus misuses these cells as ‘Trojan horses’
to disseminate into the host (Gryspeerdt et al., 2010; Laval ef al., 2015a; van der Meulen et al.,
2000).

Spread to the local lymph nodes and in the bloodstream leads to clinical symptoms consisting
of lymph node swelling, moderate to severe temperature spiking, anorexia and depression

(Allen and Bryans, 1986; Patel et al., 1982).

3.1.4.3 Secondary replication

This cell-associated viremia enables the virus to reach secondary target organs, such as the
pregnant uterus, the central nervous system and the conjunctiva (Kydd et al., 1994). At the
target organs, EHV initiates a secondary replication cycle in endothelial cells lining the blood
vessels. Adhesion of EHV 1-carrying leukocytes to the endothelium is a key step in transferring
the virus from infected leukocytes to endothelial cells. EHV1 then switches its replication cycle
back on and infects the target cell (Laval ef al., 2015b). Some of these adhesion molecules on
CD172a" monocytic cells have been identified as aspi (VLA-4), arP2 (LFA-1), and avB3
integrins (Laval et al., 2015b). On endothelial cells, intercellular adhesion molecule (ICAM),
E-selectin and P-selectin were shown to be involved in the adherence of EHV1 infected
leukocytes (Smith et al., 2001). Adhesion of EHV1-infected leukocytes is favoured in the
presence of TNFa and is dependent on both cellular kinases (PI(3)K and ERK/MAPK) and viral
protein kinases (US3) (Laval et al., 2015b; Spiesschaert et al, 2015). Endothelial cells
upregulate specific adhesion molecules in the environment of 17-oestradiol, equine chorionic
gonadotropin (eCG), IL-2 or lipopolysaccharides (LPS) (Smith ez al., 2002)

Reproductive disorders

EHV1 replication in the endothelial cells of the pregnant uterus causes vasculitis and
thrombosis, subsequently leading to avascular necrosis and oedema of the endometrium
(Bryans and Prickett, 1970; Edington et al., 1991; Prickett, 1970). Widespread endometrial
vascular damage causes detachment of the foetal membranes and the foetus, thus leading to

abortion of a virus negative foetus. Less extensive endometrial vascular damage allows EHV1
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to invade the foetus through the utero-placental barrier (Edington et al., 1991). Here, EHV1
replicates in the endothelial cells of the umbilical cord and the allantochorion, amongst other
organs (Smith et al., 1997; Smith et al., 1993). Aborted EHV1-positive foeti typically show
multiple lesions, including multifocal hepatic necrosis, subcutaneous oedema, pleural fluid
accumulation, pulmonary oedema and splenic enlargement (Machida et al., 1997).
EHV1-induced abortion typically occurs in the last trimester of pregnancy, although one case
of abortion has been reported in the fourth month of gestation (Allen and Bryans, 1986; Prickett,
1970). Following infection or reactivation of EHV1 at late stage of gestation or at full term, a
live EHV1-infected foal can be delivered. However, most of these foals show signs of
weakness, jaundice and respiratory distress, due to infection of their inner organs. This
condition is also known as neonatal foal disease and these foals usually die within 7 days
(Murray et al., 1998). This gestation phase-dependent manner of viral transfer has been a
subject of investigation for several years. It has been suggested that the above-mentioned
endothelial surface adhesion molecules are increasingly expressed at the end of gestation under
the influence of cytokines (e.g. IL-2) and hormones (e.g. 17-oestradiol) (Smith ez al., 2002). In
addition, the immune system of the mare is compromised at that time, due to high
concentrations of cortisone, progesterone and oestrogens (Smith et al., 1996).

The incubation period of abortion following viremia, arising from either a primary infection or
a reactivation of latent virus, varies between 9 days and 4 months (Allen, 1999, 2002). Mares
may experience respiratory symptoms and fever prior to abortion, but can also abort without
showing any other clinical symptoms. The reproductive potential of the mare is usually not
affected and the virus is rapidly cleared from the reproductive tract.

Central nervous system disorders

EHV1 can also replicate in vessel endothelia at the level of the central nervous system (Edington
et al., 1986). Endothelial damage subsequently leads to local inflammation, vasculitis,
thrombosis and oedema in a similar manner as in the pregnant uterus. The lack of nutrients and
oxygen and the elevated levels of inflammatory cytokines cause neurons to degenerate,
eventually leading to equine herpes myeloencephalopathy (EHM) (Jackson and Kendrick,
1971; Wilson, 1997). Neurological symptoms go from ataxia to a complete fore and hind limb
paralysis. Other clinical signs comprise faecal and/or urinary incontinence, head tilting, tail
paralysis, distal limb oedema, oedema of testes, penis prolapse and even blindness (Borchers et
al., 2006; Gryspeerdt et al., 2011; Jackson et al., 1977; Maanen et al., 2001).

Researchers and clinicians have tried to identify risk factors for the development of EHM. They

found that the level of CTLs (low), gender (female), age (elder), breed (Standardbred), season
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(late autumn, winter, spring) and type of EHV1 strain (neurovirulent) increase the risk of EHM
development (Allen, 2008; Goehring et al., 2006; Henninger et al., 2007; Perkins et al., 2009;
Pusterla ef al., 2016). In fact, neurovirulent strains are more likely to cause central nervous
system disorders, not due to the fact that they are neurotropic but because they initiate a higher
and longer viremia (Allen and Breathnach, 2006).

The incubation period of EHM varies between 6 to 8 days (Jackson and Kendrick, 1971;
Mumford et al., 1994). The prognosis for non-recumbent horses is favourable, although full
recovery can last up to several months. Recumbent horses usually develop fatal complications

and require euthanasia.

3.1.4.4 Latency and reactivation

The hallmark of all herpesviruses is the establishment of lifelong latency in their host to ensure
survival and spread of the virus within the natural host population (Grinde, 2013). Following
primary EHV1 replication in the respiratory epithelium, the virus spreads to latency-inducible
cells such as leukocytes and neurons. CD8" T lymphocytes and neurons of the trigeminal
ganglion were found to be the predominant site of EHV1 latency (Baxi ef al., 1995; Chesters et
al., 1997; Edington et al., 1994; Slater et al., 1994). Except for transcription of latency-
associated transcripts, latent virus shuts down the transcription of its genome, allowing the virus
to stay hidden from the host’s immune surveillance (Roizmann et al., 1992). During the latent
phase, the viral genome is associated with de-acetylated and thus closed heterochromatin.
Acetylation results in opening up of the chromatin, which in turn allows transcription of the
viral DNA and initiation of the viral lytic cycle (Danaher et al., 2005; Laval et al., 2015a). Upon
reactivation, weeks, months or even years after primary infection, EHV1 travels back to the
upper respiratory tract. Spread to the upper respiratory tract can occur via infected leukocytes
or via infected neurons through anterograde axonal transport. EHV1 initiates a new lytic
replication in the respiratory epithelium, causing the horse to shed the virus to new potential
hosts. In addition, another cell-associated viremia is initiated upon reactivation, elevating the
risk for abortion or development of EHM. Reactivation of herpesviruses is typically associated
with periods of stress (e.g. weaning, transport, surgery, heavy training or competitions) or with
the administration of corticosteroids (Burrows and Goodridge, 1984; Edington et al., 1985;
Slater et al., 1994).
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3.1.5. Immune evasion mechanisms

As a herpesvirus, EHV1 is among the most ancient viruses and thus, experienced a long-term
co-evolution with its host. As a result, the virus has evolved multiple strategies to overcome the
host’s immune system (Karlin et al., 1994).

First, the virus hampers expression of its late glycoproteins gD, gC and to a lesser extent gB
and gM in infected leukocytes (Gryspeerdt et al., 2012; Laval et al., 2015a; van der Meulen et
al., 2006; van der Meulen et al., 2003). As a result, exposure of viral proteins at the plasma
membrane is declined and an infected cell is protected from antibody-dependent cell lysis. Most
of the studies addressing this phenomenon were performed with an abortigenic/non-
neurovirulent strain (97P70). Although Gryspeerdt et al. (2012) did not observe a significant
difference in glycoprotein suppression in PBMC infected with abortigenic (97P70) or
neurovirulent strains (03P37), a clear distinction between the two subtypes was found in
infected CD172a" cells a few years later (Laval ef al., 2015a; Laval et al., 2017). Interestingly,
abortigenic EHV1 (97P70) is able to delay its replication in CD172a" monocytic cells by
epigenetic silencing of its gene expression through the activity of histone deacetylases (Laval
et al., 2015a). Conversely, neurovirulent strains (95P105 and 03P37) only showed a restriction
of infection, but no association with histone deacetylase activity and no subsequent delay in
gene and protein expression (Laval ef al., 2017). These findings are in line with a previous in
vivo study, where 3-7 times more PBMC expressing late viral glycoproteins were found in the
lamina propria of infected animals upon inoculation with the neurovirulent strain compared to
the non-neurovirulent strain (Gryspeerdt ef al., 2010). These results indicate that besides the
single nucleotide polymorphism, more differences exist between neurovirulent and non-
neurovirulent strains.

Complement-mediated cell lysis is additionally suppressed by EHV1 gC binding to C3, a key
component in mounting the alternative complement cascade pathway (van der Meulen ef al.,
2003).

Next, EHV1 is able to downregulate MHC 1 cell surface expression in equine cells
(Ambagala et al., 2004; Rappocciolo et al., 2003). MHC I presents viral peptides, arising from
the proteasome and the ‘transporter associated with antigen processing’ (TAP). This MHC I-
mediated antigen presentation is required for CTLs to recognize and lyse infected cells. The
latter immune evasion mechanism has been a topic of interest over the past years and studies
showed that one of the IEP or EP (e.g. pUL43 and pUL56) is responsible for endocytosis of
MHC I molecules (Huang et al., 2014; Ma et al., 2012; Rappocciolo et al., 2003). In addition,
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EHV1 glycoprotein N inhibits viral protein loading onto MHC I molecules by preventing ATP
binding to TAP (Koppers-Lalic et al., 2008). Cells with reduced MHC I expression at the
plasma membrane are normally recognized and cleared by host NK cells. EHV1 may affect
MHC I expression in an allele-specific manner, thereby leaving a small amount of MHC 1
present on the plasma membrane, which may enable the virus to evade NK-activated lysis of
infected cells (Rappocciolo ef al., 2003).

The onset of a strong immune response is additionally avoided by inhibition of interferon and
a broad range of chemokines (Sarkar et al., 2015; von Einem et al., 2007). More precisely,
EHV1 has been shown to modulate the onset of antiviral type I interferon production in
endothelial cells (Sarkar et al., 2015). In addition, EHV1 glycoprotein gG acts as a chemokine-
binding protein and effectively blocks chemokines such as CCL3, CXCL1 and IL-8 (Bryant et
al., 2003; Van de Walle et al., 2007; Van de Walle et al., 2008b). These chemokines play a
crucial role in mounting the inflammatory immune response to clear the infection.

Finally, direct cell-to-cell spread is another major strategy for EHV1 to bypass the hostile
extracellular environment, containing phagocytes, antibodies and complement (van der Meulen
et al., 2002). Cell-to-cell spread in the respiratory epithelium rapidly induces virus plaque
formation and ensures the production of virion progeny in nasal secretions. In addition, this
mode of transfer is key for the virus to spread from infected leukocytes to local endothelial cells

in the presence of neutralizing antibodies (Goehring et al., 2011; Smith et al., 2001).
3.1.6. Concluding remarks

Over years of co-evolution with the horse, EHV1 has mastered various strategies to persist in
an immunocompetent host population. The virus is ubiquitous and an important pathogen in the
horse population and therefore has raised a lot of interest by owners, veterinarians, as well as
researchers. This led to the discovery of a number of immune-evasive, survival and spreading
mechanisms of EHV, as described above. Despite all the knowledge that has been gathered on
EHV1, no fully effective vaccine or antiviral therapy could be developed yet. Therefore, further
research into the pathogenesis of EHV1 is urgently needed, starting with its primary replication

in the respiratory tract.
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3.2. Equine herpesvirus type 5
3.2.1. Introduction

Equine herpesvirus type 5 (EHVS) is a ubiquitous, yet obscure pathogen in the horse population.
Although probably more than 80% of all horses carry the virus latently, only a slight amount of
them develop fatal equine multimodal pulmonary fibrosis (EMPF) (Marenzoni et al., 2010;
Williams et al., 2007). So far, the exact pathogenic role played by EHVS in EMPF is unknown.
The virus may be an etiologic agent or cofactor in the development of EMPF (Williams et al.,
2013; Wong et al., 2008).

EHVS is classified as a member of the family Herpesviridae, subfamily Gammaherpesvirinae,
genus Percavirus. EHVS shares this classification with equine herpesvirus type 2 (EHV2) and
mustelid herpesvirus type 1 (MusHVI1). The virus is closely related to other equine
gammaherpesviruses such as EHV2 and EHV7 (asinine herpesvirus type 2), as well as to
herpesviruses from other species, such as Epstein-barr virus (EBV), human herpesvirus type 8
(HHVS or Kaposi’s sarcoma-associated herpesvirus), bovine herpesvirus type 4 (BoHV4) and
murid herpesvirus type 4 (MuHV4) (Davison ef al., 2009). EHVS and EHV2 have previously
been described as one and the same equine cytomegalovirus (subfamily Betaherpesvirinae),
due to their similar slow cytopathic effect in cell cultures. Only in 1987, a distinction between
EHV2 and EHVS5 was made and it took another 6 years before they were reclassified to the
subfamily Gammaherpesvirinae (Browning and Studdert, 1987; Roizman and Baines, 1991;
Telford et al., 1993). Consequently, it is unclear whether the findings in most studies before
1988 refer to EHV2 or EHVS.

The initial isolates of EHV5 were obtained in Australia from horses with upper respiratory tract
disease (Turner and Studdert, 1970; Wilks and Studdert, 1974). In the meantime, EHVS has
been detected in nasal swabs and PBMC of horses with and without clinical symptoms all over
the world (Akkutay et al., 2014; Bell et al., 2006b; Dunowska et al., 1999; Dynon et al., 2001;
Hue et al., 2014; Wang et al., 2007). Remarkably, EHVS isolates from different horses, housed
in the same premise or region, showed a vast heterogeneity in their gB genes, showing that
multiple genotypes are circulating in the field (Back et al., 2016; Dunowska et al., 2000). Some
horses were even infected with two or more strains from different genotypes, suggesting that

host-virus interactions influence the viability of different strains.
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3.2.2. Viral structure

EHVS is structurally built up from a dsSDNA molecule with a length of 179 kbp, surrounded by
a capsid, tegument proteins and an outer bilipidic envelope. At least one major and five minor

glycoproteins, including glycoproteins B, H, L and M, are embedded in the viral envelope

(Agius et al., 1994; Agius et al., 1992).
3.2.3. Pathogenesis and accompanying clinical symptoms

Little is known about the pathogenesis of EHV5 and many statements remain speculative. A lot
of information is deduced from its sister virus EHV2 but cannot automatically be assumed for
EHVS.

Infectious virus is frequently recovered from nasal fluids, suggesting that the virus uses the
respiratory tract as a port of exit and entry. Although other gammaherpesviruses, e.g. HHVS,
BoHV4 and MuHV4, commonly spread through sexual contact or intrauterine transmission,
presence of EHVS in the equine reproductive tract has not been reported yet (Davison, 2011;
Donoftio ef al., 2007; Frangois et al., 2013). Upon entry, EHVS infects leukocytes originating
from either the lymphoid nodules or single patrolling cells within the MALT. In vivo, viral
DNA was predominantly found in equine blood B lymphocytes and T lymphocytes and to a
lesser extent in monocytes (Bell et al., 2006a; Mekuria et al., 2017). Alveolar macrophages
were also found to harbour the virus. However, whether this observation was due to an actual
viral infection or whether it was merely a consequence of phagocytosis is speculative (Williams
et al.,2007). The virus presumably uses these PBMC populations to establish latency inside its
host and to persist in the horse population (Mekuria et al., 2017).

How exactly the virus escapes from leukocytes and transmits to new potential hosts is currently
unknown. As for Epstein Barr virus (EBV), latently infected leukocytes might reroute from the
blood circulation or secondary lymphoid tissues, e.g. tonsils, to the respiratory tract and either
transfer infectious virus to local epithelial cells, which then amplify the infection, or directly
shed new virus into respiratory secretions (Shannon-Lowe and Rowe, 2011).

The most dreadful complication of an EHVS infection in horses is the development of
progressive nodular fibrotic lung disease, also known as equine multinodular pulmonary
fibrosis (EMPF). The clinical appearance of an EMPF-affected horse is shown in Figure 9. The
precise causes of such condition and the role of EHVS5 herein are rarely identified (Williams et
al., 2007). EMPF is characterized by the presence of multiple fibrotic nodules throughout the
lungs. Histologically, marked interstitial fibrosis with an ‘alveolar-like’ architecture, lined by

cuboidal epithelial cells and thickening of the alveolar walls is visible. In the alveoli, few
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intraluminal alveolar macrophages contain intranuclear viral inclusion bodies, positive for
EHVS5 DNA (Poth ef al., 2009; Williams et al., 2007; Wong et al., 2008). Interstitial lesions are
most often infiltrated by lymphocytes, plasma cells and neutrophils, and to a lesser extent by
mast cells and eosinophils (Poth et al., 2009). The high correlation between the presence of
EMPF and EHVS5 DNA suggests that the virus is a causative agent of lung fibrosis. This is
corroborated with the findings of a study on MuHV4, where the virus induces lung fibrosis in
mice with a progressive deposition of interstitial collagen, increased transforming growth factor
B and T helper 2 cytokine expression and hyperplasia of type II pneumocytes (Mora et al.,
2005). In addition, Williams et al. (2013) were able to experimentally induce lung fibrosis in
horses upon direct delivery of virulent EHVS strains into the lungs. However, the choice of
viral strain, experimental animals and inoculation route may have favoured the outcome of
disease. Moreover, a lot of clinically healthy animals carry the virus their entire life-span and
never develop any signs of EMPF. Thus, other predisposing conditions besides EHV5 must be
present in order to trigger disease.

The clinical signs associated with EHVS infection or reactivation are not well defined and
include nasal discharge, tachypnea coughing, fever, pharyngitis, enlarged lymph nodes,
anorexia, poor body condition and depression (Dunowska et al., 2002; Franchini et al., 1997;
Hart et al., 2008; Wong et al., 2008). EMPF progressively worsens as horses age and eventually
forces veterinarians to euthanize the horse.

One study reported the presence of EHVS inclusion bodies in a dermatitis lesion rostrally to the
left eye of a horse, which was suggested to resemble herpes-associated erythema multiform in

humans (Herder ef al., 2012).
3.2.4. Concluding remarks

Severe clinical symptoms of EHVS infection are only rare encountered, as EHVS, like many
other gammaherpesviruses, is optimally adapted to its natural host. Further investigation of this
virus-host relationship during infection should help in elucidating the mechanisms regulating
disease and triggering the development of EMPF. Future studies on EHVS should trace back
roots and elucidate the pathogenesis of the virus. Representative in vitro and/or ex vivo models
would be very helpful to study primary infection, induction of latency and reactivation and

finally, mimic the onset of EMPF.
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Figure 9. Clinical case of equine multinodular pulmonary fibrosis (EMPF), from Rush and Mair (2008). (A) A 15-year-old
Thoroughbred gelding presenting for weight loss and poor appetite was diagnosed with EHV5-associated EMPF. (B) Thoracic
ultrasound revealed multiple peripherally located nodular lesions (arrows). (C) Thoracic radiographs confirmed the presence
of a diffuse nodular interstitial radiographic pattern (arrows). (D) Failure to respond to therapy necessitated euthanasia, which
revealed gross pulmonary changes consistent with EMPF. Arrows point at fibrotic nodules. (E) Cross section of EMPF lesions.
Arrows point at fibrotic nodules.

48



Chapter 1: Introduction

3.3. Equine influenza virus
3.3.1. Introduction

Equine influenza virus (EIV) is a highly contagious virus, capable of causing explosive, yet
self-limiting outbreaks of respiratory disease in naive horse populations. The viral capacity to
cause epidemics, together with the global transportation of horses has led to the spread of EIV
all over the world, except for geographically isolated countries, such as New Zealand and
Iceland (Burrows et al., 1982; Cowled et al., 2009; Gerber, 1970; Klingeborn et al., 1980;
Powell et al., 1995; Virmani et al., 2010). These outbreaks have a significant economic impact
on the equine industry due to loss of performance and time out of work. Despite numerous
studies on different mammalian influenza viruses and the development of vaccines, EIV still
circulates in the field. Naive horses infected with EIV typically display a distinctive harsh and
dry cough, together with nasal discharge, anorexia, depression and high fever (Gerber, 1970).
EIV is a member of the family Orthomyxoviridae, genus Influenza A/B, species influenza A
virus. Influenza A viruses can be further divided into subtypes, differing in hemagglutinin
(H1-H14) and/or neuraminidase (N1-N9). Although various combinations of HxNx subtypes
have been described in birds and other mammals, only H7N7 and H3N8 subtypes have been
reported in equine species to date.

EIV was diagnosed and isolated for the first time in 1956 in Prague, during a widespread
epidemic of respiratory disease among horses in Eastern Europe (A/equine/1/Prague/56). This
EIV strain was characterized as H7N7 and was classified as equine 1 subtype (A/equine 1)
(Sovinova et al., 1958). Since the latter subtype has not been isolated since 1979, it is currently
of less or even no importance (Webster, 1993). A few years after the first outbreak in Eastern
Europe, a second major epidemic occurred in Miami, USA. Here, an EIV of the subtype H3N8
was recovered (A/equine/1Miami/63) and was classified as equine 2 subtype (A/equine 2)
(Waddell, 1963). Viruses of the H3NS subtype evolved into two distinct evolutionary lineages,
American and Eurasian. Further genetic divergence of the American lineages resulted in the
formation of three American-like sublineages (South American, Kentucky and Florida).
Eurasian lineage viruses have not been isolated since 2005 and are therefore considered as

unimportant at present (Elton and Cullinane, 2013).
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3.3.2. Viral structure

The general structure of an EIV virion is represented in Figure 10. The EIV genome has a total
size of 13.6 kbp, which is divided over eight negative-sense ssSRNA segments and encodes at
least 10 polypeptides (Skehel and Schild, 1971). These RNA strands are coated by a
ribonucleoprotein (NP), which in turn is associated with three RNA polymerase proteins (PB1,
PB2 and PA). All segments are enclosed by a layer of matrix proteins M1 and a lipid bilayer,
through which two main viral molecules project: hemagglutinin (H) and neuraminidase (N). H
is used by the virus to bind to susceptible host cells and is considered to be the major antigen
against which neutralizing antibodies are generated. N exhibits hydrolytic/proteolytic activities
and thus enables the virus to detach from sugar residues during virus release from infected cells
and viral transport through the mucus (Saito et al., 1993; Yang et al., 2014).
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Figure 10. Structure of an EIV virion. (A) Schematic representation. Drawing is based on Motifolio art template. (B)
Transmission electron microscopic image. Image courtesy of EMBL-UVHCI. The scale bar represents 50 nm.

The RNA-based genome, present in different segments, confers influenza viruses with the
capacity for rapid evolution. As viral RNA-dependent RNA polymerases lack proofreading
mechanisms, genetic point mutations often occur and allow a fast antigenic change if they affect
surface proteins H and/or N. In addition, genetic recombination of nucleocapsid segments can
occur in cells simultaneously infected with different influenza strains. However, to date, there
is no evidence that EIV participated in genetic recombination and antigenic changes in EIV are
only minor, compared to human and swine influenza viruses (Kawaoka et al., 1989; Landolt,
2014; Webster et al., 1992). Nonetheless, genetic and antigenic change in EIV allowed the virus

so far to survive in the horse population.
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3.3.3. Replication cycle

Infection of the host cell with EIV is initiated when viral H adsorbs to cellular glycoprotein
receptors whose oligosaccharide side chains terminate in sialic acid (SA). Equine respiratory
epithelial cells predominantly express non-human N-glycolylneuraminic acid (Neu5Gc) a2,3-
galactose linked residues, which are the preferential binding site of EIV (Daly et al., 2008;
Suzuki et al., 2000; Yamanaka et al., 2010). The virus enters permissive cells through
endocytosis, which allows a conformational change in H to occur at pH 5.0, essential for
membrane fusion and subsequent release of the nucleocapsids within the cytoplasm. EIV
nucleocapsids migrate to the nucleus, where viral mRNA is transcribed by the use of its own
nucleoprotein and viral polymerase proteins. Following viral protein synthesis, the RNA
segments are incorporated into new virions, which finally mature by budding from the apical
surface of the cell (Studdert, 1996). During virus release, viral H sticks to cellular surface SA
and progeny virus particles must cleave this binding by viral N. Remarkably, EIV N substrate
specificity (N-acetylneuraminic acid or NeuSAc) is in disagreement with the virus binding
specificity (Neu5Gc) (Takahashi et al., 2016). This suggests that viral N is predominantly of
importance during viral transport through the mucus towards the cell. More precisely, viral N
cleaves off mucus-associated NeuSAc SA, allowing fast migration of virus particles and leaves
Neu5Gc intact, essential for viral binding and entry. The replication cycle of influenza is usually

completed within 6 h (Frensing et al., 2016).
3.3.4. Pathogenesis and accompanying clinical symptoms

Horses become infected with EIV through inhalation of aerosolized EIV particles, originating
from the air, nose-nose contacts or fomites. The virus is then embedded in the respiratory
mucus, but with the help of viral N rapidly drills its way towards susceptible epithelial cells
(Myers and Wilson, 2006; Yang et al., 2014). EIV efficiently replicates in the respiratory
epithelium (Lin ef al., 2002). Progeny virus particles then travel along with the mucociliary
escalator and re-infect new epithelial cells. A fast replication cycle and the fact that its binding
receptor is readily available on the cell surface allows EIV to replicate in an explosive way
within the respiratory tract (Gerber, 1970). Viral replication is accompanied by the loss of
respiratory epithelial cells and their associated cilia. Reduced mucociliary clearance enables the
virus to disperse towards the bronchial tree, where more virus particles replicate and cause
necrosis and desquamation of respiratory epithelial cells. These pathologies cause a distinctive
harsh and dry cough, nasal discharge, pyrexia and depression in the infected horse, usually

within 48 hpi (Willoughby et al., 1992). At this time point, horses also start to shed new virus
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particles in nasal fluids. Symptoms usually last less than a week but might persevere upon
secondary bacterial infection. The horse’s local and systemic antibody- and cell-mediated
immune responses rapidly clear the virus from the respiratory tract and protect them from
re-infection with the same strain (Hannant and Mumford, 1989; Kumanomido and Akiyama,
1975). Complete recovery of epithelial damage takes a minimum of three weeks, during which
horses should be rested.

Viremia is rare but possible if the virus breaches the basement membrane and disseminates in
the bloodstream. Secondary replication potentially causes inflammation of skeletal and cardiac

muscles (myositis and myocarditis), encephalitic signs and limb oedema (Wilson, 1993).
3.3.5. Concluding remarks

Despite the availability of (semi-)efficacious vaccines, EIV still cannot be fully controlled and
remains an important respiratory pathogen among horses. This can be attributed to the fact that
inactivated vaccines only elicit a systemic humoral, but no local or cellular immunity and that
influenza viruses continuously evolve (genetically and antigenically). Several recent EIV
outbreaks, some of which occurred in vaccinated horses, clearly highlight the need for constant
surveillance, periodic updating of vaccines and further research (Beuttemmiiller ef al., 2016;

Martella et al., 2007; Yamanaka et al., 2008).

3.4. Equine arteritis virus
3.4.1. Introduction

Equine arteritis virus (EAV) causes equine viral arteritis (EVA), a respiratory and reproductive
disease of equids. EAV belongs to the genus Arterivirus, family Arteriviridae and order
Nidovirales. The virus shares this taxonomy with porcine reproductive and respiratory
syndrome virus (PRRSV), simian hemorrhagic fever virus (SHFV) and lactate dehydrogenase-
elevating virus (LDV) of mice (Cavanagh, 1997).

EAV was first isolated from an outbreak of respiratory disease and abortion on a Standardbred
breeding farm near Bucyrus, Ohio, USA, in 1953 (Bryans et al., 1957). As the virus was
associated with distinctive vascular lesions leading to arteritis, it was designated ‘equine
arteritis virus’. A decade later, the first important EAV outbreak in Europe was reported in
Bern, Switzerland (Burki and Gerber, 1966). Since then, EAV outbreaks were occasionally
reported all over the world and recently drastically increased due to globalisation of horse and

semen transport (Echeverria et al., 2003; Eichhorn et al., 1995; Gryspeerdt et al., 2009; Holyoak
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et al., 2008; Larsen et al., 2001; Monreal ef al., 1995; Timoney, 1984; van der Meulen et al.,
2001; Wood et al., 1995). Serological surveys confirmed that EAV is distributed worldwide,
except for Iceland, Japan and New Zealand. However, the seroprevalence of EAV in horse
populations varies markedly among different countries and different horse breeds, ranging from
0.5% to 93% (Holyoak et al., 2008; Hullinger et al., 2001; Newton et al., 1999).

The majority of EAV infections are asymptomatic but occasionally, horses develop clinical
signs such as nasal discharge, conjunctivitis, depression, pyrexia, limb and ventral oedema. In
addition, pregnant mares may abort due to foetal infection and in-utero or neonatally infected
foals most often die of bronchopneumonia or enteritis (Timoney and McCollum, 1987, 1993).
The hallmark of EAV is its unique strategy to establish a persistent infection in the reproductive
tract of stallions, which in turn functions as a ‘viral reservoir’. Herein, EAV is harboured
between breeding seasons and genetic diversification of the virus occurs, enabling the virus to

survive in the host population.

3.4.2. Viral structure
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Figure 11. (A) Schematic structure of an EAV virion. (B) Electron microscopy picture of a PRRSV virion, a close relative of
EAYV, from Spilman et al. (2009). The scale bar measures 25 nm.

The general structure of an EAV virion is represented in Figure 11. The genome of EAV
consists of a 12.7 kbp positive-sense ssSRNA molecule and is surrounded by nucleocapsid
proteins. The genome with nucleocapsid proteins is enclosed by a lipid bilayer envelope,
embedded with up to six (glyco)proteins, two major envelope proteins that heterodimerize (M
and GP5 protein) and four minor envelope proteins (E, GP2b, GP3 and GP4) of which the last
three form a heterotrimer (De Vries et al., 1992; Wieringa et al., 2002; Wieringa et al., 2003).
In vitro, the replication cycle of EAV is usually completed within 6 h (Moore et al., 2002).
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3.4.3. Pathogenesis and accompanying clinical symptoms

Horses can become infected with EAV via either aerosol spread (respiratory route), sexual
transmission (venereal route) or vertical spread (trans-placental route). Inhalation of
EAV particles originating from virus-positive nasal fluids, urine, faeces, placental fluids,
aborted foetuses, vaginal fluids or fomites disperses the virus over the respiratory mucosa of
the complete respiratory tract, including the tonsils. Copulation or insemination with
contaminated semen deposits EAV particles onto the vaginal mucosa or endometrium. In the
respiratory or reproductive tract, the virus infects diapeding leukocytes, originating from the
local and/or diffuse MALT (Timoney and McCollum, 1993). Susceptible PBMC populations
were identified as pulmonary macrophages, CD172a" monocytic cells, CD3" T lymphocytes
and to a lesser extent IgM" B lymphocytes (Vairo et al., 2013). Infected leukocytes travel
through submucosa-associated capillaries, to which they transfer infectious virus, or through
the draining lymph nodes into the bloodstream. Replication in the respiratory tract is
accompanied by respiratory symptoms (e.g. nasal discharge), lymph node swelling, depression
and fever (Timoney and McCollum, 1993; Vairo ef al., 2012).

Cell-free and cell-associated viremia is detectable starting from 1 dpi and the cell-associated
viremia can last up to several weeks (MacLachlan et al., 1996; Neu et al., 1988; Vairo et al.,
2012). The virus then systemically spreads to the lymphoid tissues and capillaries of various
organs, including the subcutis, the liver, the conjunctiva, the respiratory, intestinal, reproductive
and urinary tract (McCollum et al., 1971; Timoney and McCollum, 1993; Vairo ef al., 2012).
In these target organs, EAV infects local leukocytes, endothelial cells and myocytes, which
results in vasculitis with local inflammation, fluid exudation, thrombosis and ischemia of local
tissues. Subsequently, these pathologies typically lead to oedema, urticaria, lacrimal and nasal
discharge, stiffness and fever. Viral spread to the placenta and foetus during the first months of
gestation will result in abortion, due to endometrial and placental vascular damage but mostly
due to foetal infection (Del Piero, 2000; Timoney and McCollum, 1993). When mares become
infected at the end of gestation, foetal infection occurs but does not result in abortion. However,
these foals most often die after delivery due to extensive respiratory and/or intestinal damage
(Piero et al., 1997).

Spread to and replication in the respiratory, reproductive and urinary tract, which follow a
respiratory infection, but also venereal transmission, is key for viral spread to new hosts.
Horses usually recover within 3 weeks pi and by that time, the virus is cleared from all organs,

except for the reproductive tract of some stallions. Here, EAV may cause a persistent infection
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and thereby induce a carrier state in its host, essential for virus survival over longer periods

(Neu et al., 1988; Timoney and McCollum, 1993).
3.4.4. Concluding remarks

Although EAV has no direct epithelial cell tropism in the respiratory tract, it is one of the most
important viruses causing respiratory disease in horses. Moreover, the virus’s ability to establish
a natural reservoir in stallions allowed viral genetic evolution and maintenance within the horse
population. Although vaccines are available, they lack the ability to clear these carrier stallions
from persistent infection. Therefore, prevention procedures (e.g. serosurveillance and semen

testing) and further research are of major importance in the control of EAV.

3.5. Bacteria
3.5.1. Streptococcus equi

Streptococci are the most important respiratory bacterial pathogens of the horse and are the
major etiological agents of strangles and (broncho)pneumonia, either as single infections or
mixed infections with other pathogens.

Streptococcus equi subspecies equi (S. e. equi) is a virulent Gram-positive, -haemolytic
bacterium belonging to the antigenic Lancefield C group and most likely evolved from the
closely related commensal Streptococcus equi subspecies zooepidemicus (S. e. zooepidemicus)
(Chanter et al., 1997). Both subtypes belong to the family Streptococcaceae, order
Lactobacillales.

The streptococcal cell wall consists of a lipid bilayer cell membrane, surrounded by a cell wall
consisting of peptidoglycan and teichoic acid and an outer capsule of hyaluronic acids. Since
hyaluronic acid is a polysaccharide found in mammalian tissues, it is not recognized as foreign
by the horse and is thus not opsonized (Anzai et al., 1999). A variety of surface proteins form
fibrillary structures that project into the environment and are responsible for adherence, immune
evasion and other, yet unknown, functions. In addition, streptococci secrete a variety of
proteins, referred to as exotoxins, that are cytolytic to host cells including respiratory epithelial
cells and leukocytes (Boyle et al., 2018).

Horses acquire strangles via the oral or nasal uptake of S. e. equi-contaminated droplets,
originating from other horses or fomites. These bacteria then adhere to the epithelial cells of
the upper respiratory tract, including the tonsillar epithelium of the oro- and nasopharynx,

before colonizing the draining lymph nodes, including the submandibular, parotid,

55



Chapter 1: Introduction

retropharyngeal, and cervical lymph nodes (Timoney and Kumar, 2008). As these bacteria are
not well recognized by the host’s immune system, their continued survival within the lymph
nodes drives further recruitment of neutrophils and eventually abscess formation. Strangles is
accompanied by unambiguous clinical symptoms: high fever, purulent nasal discharge, lymph
node swelling and abscessation, which might drain externally or internally into the respiratory
tract or the guttural pouches (Judy et al., 1999; Timoney, 1993).

Release of bacteria from the efferent lymph into the bloodstream results in systemic bacterial
dissemination, with potential metastatic abscessation. The presence of bacterial antigens in the
systemic circulation might also trigger the development of ‘purpura hemorraghica’, a severe
immune complex-mediated vasculitis resulting in systemic oedema, petechiae, ecchymotic
hemorrhages and skin lesions. The exact pathogenesis of this disease is not fully understood
(Pusterla et al., 2003).

Unlike S. e. equi, S. e. zooepidemicus belongs to the residential microbial community of the
horse’s upper respiratory tract. This opportunistic bacterium does not usually cause respiratory
disease, unless the horse’s mucosal immunity and/or mucociliary escalator is suppressed and/or
the respiratory epithelium is damaged. Events leading to such conditions are for example stress,
long-distance transports where the horse’s head is tied in an upright position, poor hygiene
conditions, anaesthesia and primary viral infections. These bacteria then colonize the
respiratory tract and thereby cause bronchitis and pneumonia. Affected horses show pyrexia,
depression, coughing, variable mucopurulent nasal discharge and tachypnea or dyspnea (Slater,
2007). Finally, people should take preventive hygienic measurements when handling S. e.
zooepidemicus-infected horses, as this zoonotic pathogen can cause severe infections in humans
upon transmission (e.g. septicaemia, meningitis, polysynovitis and abscessations) (Pelkonen et

al., 2013).
3.5.2. Rhodococcus equi

Rhodococcus equi (R. equi) normally resides within the environment (soil and faeces) and the
intestinal tract of adult horses, but can cause a severe pyogranulomatous pneumonia upon
inhalation by foals 3 weeks to 6 months of age.

The ubiquitous Gram-positive bacterium belongs to the genus Rhodococcus, family
Nocardiaceae, order Actinomycetale and shares this order with other pathogenic organisms
such as Mycobacterium, Corynebacterium and Nocardia (Gurtler and Seviour, 2010). All these
bacteria are characterized by a layer of mycolic acids within the inner lipid-rich cell envelope,

which anchors to the outer peptidoglycan-arabinogalactan cell wall. This distinct layer is
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thought to be of significant clinical importance, because it protects bacteria from external
aggressions, either from the environment or from the host (e.g. phagocytosis) (Sutcliffe et al.,
2010). In addition, virulent strains carry a large virulence plasmid which confers them the
ability to survive and replicate within macrophages (Letek et al., 2008).

Inhalation of dust particles containing virulent R. equi is the major route of infection in foals.
The bacterium then colonizes the respiratory tract and infects monocytes/macrophages. Due to
extensive bacterial replication and the inability to clear infection, host cells die and release a
vast amount of cytokines and chemokines. These are not only responsible for pulmonary
damage, but also attract more immune cells and induce the formation of pyogranulomas (Hines,
2007; Sutcliffe et al., 2010). Migration of infected cells to the lymph nodes might eventually
disseminate the bacteria to the circulation. This pyogranulomatous bronchopneumonia with
abscessation and suppurative lymphadenitis results in clinical symptoms such as fever,
tachypnea or dyspnea, coughing, depression, anorexia and variable mucopurulent nasal
discharge (Chaffin et al., 2011).

Systemic spread of bacteria and subsequent replication of bacteria in extrapulmonary sites or
immune-mediated disorders might result in non-septic polysynovitis (immune-mediated),
haemolytic anemia or thrombocytopenia (immune-mediated), polyarthritis or osteomyelitis and
metastatic abscessations in other organs or the subcutis (Reuss et al., 2009).

Finally, ingestion of environmental or mucociliary-conveyed contaminated sputum delivers the
bacteria to the foal’s intestinal tract. Although rare, R. equi can cause enterocolitis, typhlitis,
abdominal abscesses and peritonitis in these foals, which is often accompanied with colic or

diarrhea (Zink et al., 1986).
3.5.3. Staphylococcus aureus

Another commensal, yet often opportunistic bacterium of the horse is Staphylococcus aureus
(S. aureus). As it accounts for the vast majority of staphylococcal infections and it tends to
acquire resistance against antimicrobials, S. aureus (e.g. the methicillin-resistant
Staphylococcus aureus or MRSA) is the most notorious bacterium within the species
Staphylococcus (Sieber et al., 2011).

S. aureus 1is a Gram-positive, coagulase-positive bacillus, belonging to the genus
Staphylococcus, family Staphylococcaceae and order Bacillales. Cytoplasmic material is
enclosed by a lipid cell membrane and protected by an outer cell wall of peptidoglycans and
teichoic acids, embedded with a number of wall-associated surface proteins (Dmitriev et al.,

2004). Staphylococcus aureus typically produces multiple enzymes (e.g. catalase, coagulase,
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hyaluronidase, deoxyribonuclease, lipase, collagenase, staphylokinase and [-lactamase),
providing the bacterium with opportunities for immune and antibiotic evasion, survival and
spread within its host. In addition, bacterial toxins such as a-, - and o-toxins are involved in
the alteration of junction integrity, formation of biofilms, hemolysis and cell lysis, thereby
contributing to bacterial virulence, survival and spread (Berube and Wardenburg, 2013; Huseby
et al., 2010; Kwak et al., 2012; Marshall et al., 2000).

Merely the presence of S. aureus in the horse’s upper respiratory tract will not cause disease.
Similarly to S. e. zooepidemicus, S. aureus is an opportunist, meaning that one or more risk
factors (e.g. stress, anesthesia, surgery, viral infections) must be present before disease can
occur. The precise pathogenesis remains unclear, but upon colonization of the upper or lower
respiratory tract, the bacterium can cause rhinitis, sinusitis and/or bronchopneumonia with
typical accompanying symptoms, as described above (Anderson et al., 2009).

Since S. aureus not only resides in the respiratory system, but also on the horse’s skin, intestinal
tract and conjunctiva, it is often associated with bacterial infections of the latter organs.
Lymphatic and/or systemic spread can typically result in a number of immune- and/or
bacterial-mediated pathologies, such as toxic shock syndrome, lymphangitis, osteomyelitis,

meningitis, etc. (Anderson et al., 2009; Sieber ef al., 2011).
3.5.4. Actinobacillus equuli

Although characteristically found as commensal organism in the intestinal mucosa of normal
horses, Actinobacillus equuli (A. equuli) is a potential respiratory pathogen, causing pneumonia
and septicaemia with accompanying symptoms in foals and occasionally infections in adult
horses.

Two subspecies of 4. equuli exist, i.e. A. equuli subspecies equuli and A. equuli subspecies
haemolyticus, which can be differentiated based on the disability or ability to induce hemolysis,
respectively (Christensen ef al., 2002). Both Gram-negative subspecies belong to the genus
Actinobacillus, family Pasteurellaceae and order Pasteurellales and harbour in the digestive
tract of healthy horses (Ward et al., 1998). In a recent retrospective study of equine
actinobacillosis cases, A. equuli subspecies haemolyticus was most commonly isolated from
clinical cases of septicaemia and respiratory disease, suggesting that this subspecies is more
virulent than its sister subspecies. (Layman et al., 2014).

The pathogenesis of A. equuli-induced respiratory disorders in horses resembles that of other

commensal bacteria, e.g. S. e. zooepidemicus and S. aureus.
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3.5.5. Bordetella bronchiseptica

Bordetella bronchiseptica (B. bronchiseptica) is especially known for its major role in atrophic
rhinitis in swine and infectious tracheobronchitis in dogs and guinea pigs, although it is
occasionally isolated from horses with respiratory disorders. Whether B. bronchiseptica is a
commensal or primary pathogen in horses is still speculative, although most studies suggest
that it is a non-commensal opportunistic pathogen (Christley et al., 2001; Garcia-Cantu et al.,
2000; Saxegaard et al., 1971; Vaid et al., 2018)

The Gram-negative bacterium belongs to the genus Bordetella, family Alcaligenaceae, order
Burkholderiales and typically produces a repertoire of attachment factors (e.g. filamentous
hemagglutinin, fimbrae and pertactin) and toxins (e.g. dermonecrotic toxin, tracheal toxin).

B. bronchiseptica reaches the ciliated epithelium of the horse’s respiratory tract following
uptake of contaminated droplets, originating from other mammals or fomites. With the help of
attachment factors, the bacteria then firmly adhere to the ciliated epithelium. Attachment of the
bacteria to the epithelial cilia rapidly induces ciliostasis and production of toxins (e.g.
dermonecrotic toxin and tracheal toxin) eventually destructing the epithelial cells (Bemis et al.,
1977). The bacteria then further replicate and colonize the respiratory mucosa, while they
circumvent the action of macrophages and neutrophils (e.g. respiratory burst) through the
production of cyclolysin (Confer and Eaton, 1982). Further steps in its pathogenesis and elicited
clinical symptoms resemble that of other bacterial-induced respiratory disorders, as mentioned

above.
3.5.6. Concluding remarks

Taken together, bacterial-induced respiratory disorders are often secondary to other
environmental factors (e.g. overcrowding in dusty premises with poor hygiene, long distance
transports with the horse’s head tied in an upright position, anaesthesia, surgery, etc.) or to viral
infections (e.g. EHV1, EHV4, EIV). However, a minority of virulent bacteria (e.g. S. e. equi,
R. equi and B. bronchiseptica) can cause serious purulent bronchopneumonia or abscesses in
the absence of predisposing factors. Bacteria pose a major challenge to horse breeders and
veterinarians, due to the limited availability of efficacious vaccines and the rise of antimicrobial
resistance against antibiotics. In addition, most bacteria are omnipresent in the horse’s
environment, making them hard to eradicate. Therefore, a better understanding of the

pathogenesis of these bacteria is urgently needed.
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4. Respirable hazards

4.1. Pollens

The male gametophytes or pollen grains are seasonally released from anthers and serve to
deliver the male gametes to the female partner deeply within the flower pistil. After landing on
the top of the pistil, the pollen grain needs to penetrate the pistil’s transmission tract through
the formation of a pollen tube. The assembly of this peculiar conduit requires participation of a
series of (enzymatic) complexes, including proteases (Radlowski, 2005; Swanson et al., 2004).
These proteases are localized to the pollen wall, from which they are easily washed, in pollen
secretions during hydration and in the germinating pollen tube.

Proteases hydrolyse peptide bonds, either by acting from the ends of the polypeptide chain
(exopeptidases) or within them (endopeptidases). Exoproteases are divided in two classes
according to their substrate specificity; aminopeptidases, which cleave peptides at the
N-terminus and carboxypeptidases, which degrade peptides at the C-terminus. Endoproteases
are classified according to their active site (aspartic, cysteine, serine, threonine, metallo, etc.)
(Gonzélez-Rabade et al., 2011; Rawlings and Barrett, 1994).

Plant proteases have mainly been identified as serine, cysteine, threonine and metalloproteases
in several plants including maize, white birch, pine, giant ragweed, rye and blue grass, Easter
lily and olive tree (Gonzalez-Rabade et al., 2011; Hollbacher et al., 2017; Runswick et al.,
2007; Vinhas et al., 2011; Widmer et al., 2000). They have acquired more attention during the
past several years, due to their role in pollen allergy. More precisely, it is believed that pollen
allergens are delivered to subepithelial antigen-presenting cells through degradation of
epithelial integrity by these proteases (Robinson et al., 1997; Taketomi et al., 2006; Xiao et al.,
2011). Mammalian epithelia lack endogenous protease inhibitors, as plant proteases are
completely different from their mammalian homologs and are therefore susceptible to
degradation. Indeed, several studies already showed that plant proteases are capable of
disrupting epithelial integrity (Runswick et al., 2007; Vinhas et al., 2011; Widmer et al., 2000).
Nonetheless, additional factors must contribute to the development of allergy, since pollens
with ‘low allergenicity’ also exhibit proteolytic activities and disrupt epithelial integrity
(Vinhas et al., 2011). Finally, pollens contribute to allergic disease and asthma by delivering
other hazards into the respiratory tract, such as carbon particles from diesel engine fumes and
bacteria (Knox et al., 1997; McKenna et al., 2017). In pasture-kept horses, the inhalation of
pollens has already been shown to be associated with chronic allergies, also known as ‘summer

pasture recurrent airway obstruction (SP-RAO) (Costa et al., 20006).
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4.2. Mycoses and mycotoxins

Mycoses are fungal infections in humans and animals and mycotoxins are the toxic secondary
metabolites produced by fungi. These fungi mainly belong to the genera Fusarium, Aspergillus
and Penicillium. Aflatoxins, ochratoxins, fumonisins, trichothecenes (e.g. deoxynivalenol or
DON) and zearalenone are five frequently encountered mycotoxins in equine feeds such as
green forages, hays, silages and grains (Liesener et al., 2010; Ogunade et al., 2018). Pathologic
effects following ingestion of one or more of these toxins range from liver degeneration to
reproductive problems, immunosuppression, central nervous system disorders and even death
(Caloni and Cortinovis, 2011; Marasas et al., 2014; Schumann et al., 2016; Zain, 2011).

In horses, inhalation of these toxins or potentially toxin-producing moulds can cause acute
respiratory disease, such as guttural pouch mycosis and/or a more chronic asthma-like
syndrome, recurrent airway obstruction (RAQO) (Laan et al., 2006; Lepage et al., 2004).
Consequently, a correlation between mycotoxins and epithelial integrity could be assumed.
Indeed, mycotoxins such as deoxynivalenol, ochratoxin and fumonisin have already been
shown to alter epithelial integrity in intestinal epithelia in vivo and in vitro through inhibition
of intercellular junction protein neosynthesis (Bracarense et al., 2012; Gao et al., 2017; Gerez

et al.,2015; Van De Walle et al., 2010).

4.3. Air pollutants

The majority of air pollution consists of diesel exhaust, a mixture of particulate matter,
hydrocarbons (e.g. benzene), gases (e.g. nitrogen oxide), sulfur and particulate matter, produced
during the combustion of diesel fuel in engines from vehicles, as well as industrial plants. Over
the past two decades, numerous studies have highlighted the hazardous nature of diesel exhaust,
as it affects multiple organ functions, including the respiratory, cardiovascular, renal and central
nervous system. Especially the particulate matter, mainly comprised of soot, contributes to the
toxic effects of diesel exhaust as these small particles (ranging from 0.1 um to 10 um) can easily
reach the deeper structures of the respiratory tract upon inhalation (Mohankumar and
Senthilkumar, 2017; Reis et al., 2018). In addition, these small particles function as vehicles
for toxic metals and sulfur, which can be absorbed into the bloodstream, together with diesel
exhaust toxic gases, thereby causing systemic effects.

The majority of respiratory and systemic symptoms are a consequence of the toxic gas- and
particulate matter-induced oxidative stress and accompanying inflammatory processes. Indeed,

most studies find elevated levels of H202 and pro-inflammatory cytokines (e.g. IL-6, IL-1,

61



Chapter 1: Introduction

TNF-a) in target organs of laboratory animals upon diesel exhaust exposure (Allen et al., 2017
Ma and Ma, 2002; Salvi et al., 2017; Zhao et al., 2009). Long-term exposure to air pollution
also increases the (lung and systemic) carcinogenic risk, which is related to oxidative DNA-
damage, as well as direct binding and alteration of DNA by diesel exhaust components (Beland
et al., 1994; Grevendonk et al., 2016). Moreover, these compounds have been shown to alter
gap junction intercellular communication by decreasing the amount of connexin, which in turn
promotes tumorigenesis (Heussen and Alink, 1992; Rivedal and Witz, 2005; Song and Ye,
1997).

At the level of the respiratory tract, diesel exhaust is implicated in the development of allergic
diseases and asthma. The oxidative damage and release of specific cytokines and chemokines
in the respiratory mucosa initiates a cascade of airway inflammatory reactions, mucus secretion
and bronchial smooth muscle contractions (Totlandsdal et al., 2015; Zhao et al., 2009). In
addition, diesel exhaust particles promote the expression of Th2 immunologic response, by
inhibiting the recruitment of Thl cells and thereby promote the development of allergies
(Meldrum et al., 2017). Most of the above-mentioned data arose from human cell lines or rodent
models. To our knowledge, the effect of diesel exhaust on the horse’s respiratory epithelium

has not been studied so far.

4.4. Aerosol drugs

In humans as well as in animals such as the horse, aerosol therapy is the preferential delivery
route in the treatment of pulmonary diseases. The key advantage of inhaled drug administration
is that it enables delivery of drugs directly to their site of action, i.e. the respiratory mucosa and
the lung alveoli, for a localised effect. This leads to a rapid clinical response and minimizes the
undesirable systemic side-effects (Duvivier et al., 1999). Nonetheless, aerosolized drugs should
be administered in the correct way in order to reach the deeper structures of the respiratory tract.
Inappropriate vaporizers or nebulizers might result in the production of large particles (>10
um), which are filtered out in the upper respiratory tract and do not effectively reach the lower
airways. In addition, horses are obligatory nasal breathers and do not breath on command,
necessitating the use of proper spacers to deliver pressurized cartridge dispensers (Cha and
Costa, 2017). Nostril masks for horses include the Equine Haler™, the AeroHippus™, and the
AeroMask™. Drug solutions or suspensions might also be delivered to the horse’s respiratory

tract through nebulisation via a fitted muzzle, e.g. the Flexineb™ Equine Nebulizer.
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Aerosol therapy with mucolytic agents (e.g. acetylcysteine together with isotonic saline),
bronchodilators (2-adrenergic agonists and the muscarinic antagonists) and corticosteroids is
commonly used in the treatment of equine asthma, including recurrent airway obstruction
(RAO) and inflammatory airway disease (IAD) (Breuer and Becker, 1983; Dauvillier et al.,
2011; Mair and Derksen, 2000; Olson et al, 1989). In addition, horses suffering from
pneumonia might benefit from direct aerosolic delivery of mucolytic agents and antibiotics,
such as gentamicin, ceftiofur and cefquinome (Cha and Costa, 2017). Apart from the beneficial
effects of aerosol therapy, veterinarians should be cautious when selecting the drugs and the
therapy dose. Some drugs might be harmful if overdosed, not only because of their direct effects

but also because of accompanying preservatives or stabilizers.

4.5. Concluding remarks

In modern equestrian society, the air breath by horses is inevitably filled with respirable
hazards, ranging from dust and ammonia to mycotoxins, pollens and air pollutants. Despite this
daily struggle, the well-equipped respiratory tract of most horses seems to efficiently cope with
these constant threats. Nonetheless, today, the number of horses exhibiting asthma or other
chronic respiratory diseases is high, pointing out that research on these airborne hazards is

urgently needed.
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Chapter 2: Aims of the thesis

Respiratory disease is an important clinical manifestation in today’s Westernized horses.
Although they are often directly triggered upon pathogen infection, most problems affecting
the conducting airways are of multifactorial origin. Horses nowadays are commonly kept and
trained in poorly ventilated premises with high levels of dust and moulds. Increasing air
pollution and plant pollination creates a constant or seasonal threat for pasture-kept horses.
Besides, today’s racing and competition requirements are an important physical and
physiological stressor on the competing horse. The weekly recruitment of these stressed horses
in one place for competition also facilitates the spread of respiratory pathogens. To counter
these threats, the horses’ respiratory tract is guarded with a repertoire of immune barriers,
including mucus, firm intercellular junctions and the production of antimicrobial peptides such
as B-defensins. Therefore, the majority of horses seems to cope with these constant threats very
well and remains free of disease. Nonetheless, respiratory disease is one of the main causes of
poor performance in competing horses and thus, has a serious economic impact on the horse
industry worldwide. The aim of this thesis was to unravel the interplay between predominant
pathogen-specific, host-specific and environmental factors that cause respiratory mucosal
damage and trigger the onset of respiratory disease.

Both viral (EHVI1, EHVS, EIV and EAV) and bacterial pathogens (S. e. equi, S. e.
zooepidemicus, S. aureus, A. equuli and B. bronchiseptica) were examined in this PhD thesis,
but we emphasized our work on equine herpesviruses. Equine herpesviruses, especially EHV1,
are currently considered by many to represent the most important pathogens worldwide.
Available vaccines fail to fully protect horses from infection or severe secondary symptoms
and effective antiviral therapies are lacking. Besides, over 90% of the horse population is
latently infected with one or more herpesviruses and foals cannot be efficiently protected from
acquiring infection. The development of effective vaccines or antiviral therapies is impeded by
the vast amount of immune-evading mechanisms herpesviruses have evolved during a long-
term co-evolution with the horse. New insights in equine herpesvirus pathogenesis are urgently

needed, starting with their primary replication at the level of the respiratory tract.

The specific research questions of the thesis are presented below.

e What is the importance of specific host immune barriers (i.e. mucus, intercellular
junctions and B-defensins) against pathogen invasion, especially against infection by the
host-adapted EHV1? The answers are formulated in Chapter 3 and 6.

e In Chapter 3, we found that the intercellular junctions form a major host barrier against

EHV1 infection, as EHV1’s main binding receptor is located basolaterally in the
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respiratory epithelium. Therefore, we addressed the following question in Chapters 4
and 5: Which environmental factors (e.g. pollens, diesel exhaust and mycotoxins) could
affect respiratory epithelial intercellular junctions and thereby facilitate a primary
EHV1 infection?

e The final research question traced back roots on the pathogenesis of the emerging, yet
ancient, pathogen EHV5 (Chapter 7): Could we unravel the first steps in EHVS

pathogenesis using in vitro and ex vivo equine models?
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Chapter 3: EHV1’s binding receptor is masked by intercellular junctions

Summary

The respiratory epithelium of humans and animals is frequently exposed to alphaherpesviruses,
originating from either external exposure or reactivation from latency. To date, the polarity of
alphaherpesvirus infection in the respiratory epithelium and the role of respiratory epithelial
integrity herein has not been studied. Equine herpesvirus type 1 (EHV1), a well-known member
of the alphaherpesvirus family, was used to infect equine respiratory mucosal explants and
primary equine respiratory epithelial cells (EREC), grown at the air-liquid interface. EHV1
binding to and infection of mucosal explants was greatly enhanced upon destruction of the
respiratory epithelial integrity with EGTA or N-acetylcysteine. EHV1 preferentially bound to
and entered EREC at basolateral cell surfaces. Restriction of infection via apical inoculation
was overcome by disruption of intercellular junctions. Finally, basolateral, but not apical EHV 1
infection of EREC was dependent on cellular N-linked glycans. Overall, our findings
demonstrate that integrity of the respiratory epithelium is crucial in the host’s innate defence
against primary alphaherpesvirus infections. In addition, by targeting a basolaterally located
receptor in the respiratory epithelium, alphaherpesviruses have generated a strategy to

efficiently escape from host defence mechanisms during reactivation from latency.
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Introduction

Alphaherpesviruses replicate in the mucosae of the upper respiratory and/or the genital tract of
their specific host, which is essential for their efficient transmission. Primary replication in
epithelial cells of the mucosa is followed by viral spread in neurons and/or lymphoid tissues
and establishment of a lifelong latency (Grinde, 2013). Alphaherpesviruses can reactivate from
latency sites when the immune system is compromised, such as during periods of stress.
Reactivated virus travels back to respiratory or genital mucosae via anterograde axonal
transport or via infected immune cells and efficiently replicates in the epithelium, which results
in shedding of infectious virus in respiratory or genital secretions.

The long-term evolutionary relationship between alphaherpesviruses and their hosts has led to
the development of several innate mucosal barriers in the latter. These barriers include the
mucus layer, the mucociliary escalator, firm intercellular connections and the production of
several antimicrobial peptides (Jacquot ef al., 1992). Mucus forms the first layer of defence
against incoming pathogens. For example in swine, the mucus layer entraps pseudorabies virus
(PRV) in the mucoprotein network by charge (Yang et al., 2012). In respiratory mucosal
explants, however, removing the mucus merely increases the number of plaques (unpublished
data). We therefore hypothesize that alphaherpesviruses are somehow hindered in their primary
replication in the respiratory mucosa by another specific barrier, the intercellular junctions
(ICJ). The ciliated pseudo-stratified columnar epithelium has to carefully maintain its integrity
and polarity by the action of ICJ. ICJ are specialized regions of contact between adjacent cells
and form the morphological and functional barrier between apical and basolateral cell domains.
In addition, they ensure resistance against mechanical forces (Staehelin, 1974). Tight junctions
(TJ) are the most apically located ICJ and function as a size and ion selective gate for the
passage of molecules in between adjacent cells (Balda and Matter, 2016; Matter and Balda,
2003). In addition, they prevent diffusion of not only plasma membrane lipids and
(glyco)proteins from the apical to the basolateral surface and vice versa, but also of incoming
pathogens attached to apical surfaces. Adherent junctions (AJ) are located basally from the TJ
and by connecting the cytoskeleton of neighbouring cells, they provide stability and uniformity
to the epithelium (Baum and Georgiou, 2011).

Virus binding and subsequent entry may occur selectively at either the apical or basolateral
domains of polarized cells, due to the specific sorting of cell surface receptors. Some viruses
(e.g. simian virus 40, respiratory syncytial virus, hepatitis A virus, West Nile virus,

chikungunya virus) preferentially infect polarized cells at the apical surfaces, while other
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viruses (e.g. adenoviruses) prefer basolateral surfaces (Blank et al., 2000; Chu and Ng, 2002;
Clayson and Compans, 1988; Lim and Chu, 2014; Zabner et al., 1997; Zhang et al., 2002). In
vitro, herpes simplex virus 1 (HSV1) entry in polarized human uterine (ECC-1), colonic
(Caco-2), and retinal pigment (ARPE-19) epithelial cells occurs most efficiently from the apical
surfaces, due to the presence of nectin-1. However, at basolateral surfaces, another putative
receptor must function for HSV1 entry, since downregulation of nectin-1 does not influence
infection at this site (Galen et al., 2006). Moreover, basolateral surfaces of Madin-Darby canine
kidney epithelial (MDCK) cells are infected more effectively by HSV1 than their apical
surfaces (Marozin et al., 2004; Topp et al., 1997). In respiratory epithelial cells, the primary
target cells of most alphaherpesviruses, polarity of infection and the importance of ICJ has not
been studied to our knowledge. An experimental limitation in previous studies with continuous
cell lines is that these do not really reflect the in vivo situation. Therefore, we used a respiratory
mucosal explant model, which mimics in vivo conditions almost perfectly, to investigate the
importance of ICJ for the infection of equine herpesvirus type 1 (EHV1), one member of the
alphaherpesvirus family. In addition, we isolated primary equine respiratory epithelial cells
(EREC) and cultivated them on transwells to examine the polarity of EHV1 binding and
subsequent viral replication.

In horses and wild equids, EHV1 infection is widespread and economically very important and
induces respiratory disorders, abortion and neurological symptoms (Allen and Bryans, 1986;
Lunn ef al., 2009). The tissue tropism of EHV1 resembles that of the closely related varicella
zoster virus (VZV) and HSV1, since these viruses all replicate well in upper respiratory
epithelia and to a lesser extent in genital epithelia (Glorieux et al., 2011; Negussie et al., 2016;
Steukers et al., 2014; Zerboni et al., 2014). Horses become infected by EHV1 after uptake of
virus-containing secretions, which are transferred between horses through direct or indirect
contact (Dayaram et al., 2017; Gibson et al., 1992). In contrast with HSV1, PRV and bovine
herpesvirus type 1 (BoHV1), EHV1 is not able to directly cross the basement membrane or to
infect respiratory mucosa-associated fibroblasts during primary replication in the respiratory
epithelium (Glorieux et al., 2011; Glorieux et al., 2007; Steukers et al., 2012; Vandekerckhove
et al., 2009; Vandekerckhove et al., 2010). Instead, similar to VZV, EHV1 hijacks leukocytes
to cause viremia, spread in the host and establish latency (Gibson ef al., 1992; Zerboni et al.,
2014). EHV1-infected leukocytes then transfer the virus to local vascular endothelial cells,
where viral replication results in vasculitis, thrombosis and edema. In turn, these pathologies
lead to severe symptoms such as abortion and nervous system disorders. Viral DNA has also

been found in the trigeminal ganglia, suggesting that the virus also establishes latency in
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neuronal tissues (Baxi ef al., 1995; Slater et al., 1994). Because vaccines and antivirals are not
fully effective, a complete understanding of EHV1 pathogenesis is needed, starting with its

primary replication in the respiratory epithelium.
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Material and methods

Virus

Two different Belgian EHV1 isolates were used in this study. The non-neurovirulent strain
97P70 was isolated in 1997 from the lungs of an aborted foetus (van der Meulen et al., 2000).
The neurovirulent strain 03P37 originates from the blood taken of a paralytic horse during an
outbreak in 2003 (van der Meulen et al., 2003a). Both virus stocks were sequenced in their
ORF30 region to confirm the correct genotype and were used at their 6™ passage

(Vandekerckhove et al., 2010).
EHV1 purification and Dio-labelling

Virus purification and subsequent Dio-labelling were performed as described previously (Laval
et al., 2016; Yang et al., 2014). Briefly, culture fluids of EHV1-infected RK13 cells were
clarified by centrifugation at 60,000 g for 2 h at 4°C. The virus pellet was pooled onto a
discontinuous OptiPrep™ gradient (Sigma-Aldrich, St. Louis, MO, USA) containing 10-30%
(w/v) of iodixanol and centrifuged at 100,000 g for 2.5 h at 4°C. After centrifugation, purified
opalescent virus bands were harvested at the interface of the 15% and 20% layers. To ensure
efficient virus lipophilic labelling, the buffer was exchanged to HNE buffer (5 mM HEPES,
150 mM NacCl, 0.1 mM EDTA, pH 7.4) by the use of a 50 K filter device (Millipore corporation,
Bedford, MA, USA). While vortexing, 2 nM of 3,3’-Dioctadecyloxacarbocyanine perchlorate
(Dio) dissolved in dimethyl sulfoxide (DMSO) (Molecular probes, Oregon, USA) was added
to the virus. Subsequently, unbound Dio was removed by centrifugation onto a MicroSpin™
G-50 fine column (GE Healthcare, Buckinghamshire, UK). The degree of Dio-labelled virus
purity (>90%) was evaluated by simultaneous immunofluorescent staining of EHV1 gB with
mouse monoclonal antibody 3F6 (kindly provided by Prof. U. Balasuriya, University of

Kentucky, USA) and quantitative analysis by confocal microscopy.
Tissue collection and processing

The nasal septa and tracheae from different healthy horses were collected at the slaughterhouse
and transported in phosphate-buffered saline (PBS) with calcium and magnesium,
supplemented with 0.1 mg/mL gentamicin (ThermoFisher Scientific, Waltham, MA, USA), 0.1
mg/mL kanamycin (Sigma-Aldrich), 100 U/mL penicillin, 0.1 mg/mL streptomycin
(ThermoFisher Scientific) and 0.25 pg/mL amphotericin B (ThermoFisher Scientific). A

physical examination of the selected horses (3 to 15 years of age) was performed before culling
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to check the horses’ overall health. Horses in bad condition or exhibiting ocular or nasal
discharge were excluded from the selection process. Mock inoculations confirmed that selected
horses were not experiencing an acute respiratory EHV1 infection at the time of slaughter.
Nasal and tracheal explant supernatants tested negative for specific anti-EHVI
immunoglobulins A and G, ruling out the possibility that these antibodies, potentially mounted
by the horse during a previous EHV1 infection or vaccination, interfered with our experimental

set-up.
Respiratory mucosal explants

Nasal septum mucosal explants and tracheal mucosal explants were prepared as previously
described (Vandekerckhove et al., 2009). Briefly, the respiratory mucosa was stripped from the
underlying cartilage and washed in PBS to remove excess blood. Tissues were cut into small
square pieces (25 mm?), placed with the epithelial side facing upwards onto fine-meshed gauzes
and cultured in a 37°C, 5% CO:z-humidified incubator for 24 h at the air-liquid interface in
serum-free medium containing DMEM/RPMI (ThermoFisher Scientific), supplemented with
0.1 mg/mL gentamicin, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 pg/mL

amphotericin B.
EREC

Primary equine respiratory epithelial cells (EREC) were isolated and cultured as described by
Quintana et al. (2011). In summary, tracheae were trimmed upon arrival in the lab and washed
in PBS to remove excess blood. Tissues were submerged into an enzyme mix of 1.4% pronase
(Roche Diagnostics Corporation, Basel, Switzerland) and 0.01% deoxyribonuclease I (Sigma-
Aldrich) in calcium- and magnesium-free PBS supplemented with 0.45% glucose (VWR
International, Leuven, Belgium), 1% sodium pyruvate (ThermoFisher Scientific), 100 U/mL
penicillin and 0.1 mg/mL streptomycin for 48 h at 4°C. Detached cells were then incubated in
DMEM/F12 (ThermoFisher Scientific) containing 1% MEM non-essential amino-acids
(ThermoFisher Scientific), 2.4 pg/mL insulin (Sigma-Aldrich), 100 U/mL penicillin and 0.1
mg/mL streptomycin in a plastic petri dish for 2 h to reduce fibroblast contamination by
adherence. Isolated EREC were either seeded immediately or stored in liquid nitrogen at a
density of 2x10° cells per cryovial until further use. EREC were seeded at a concentration of
1.8x10° cells/insert overnight into type IV collagen-coated (Sigma-Aldrich) 0.4 pm pore size
transwell cell culture wells (Costar, Corning, Fisher Scientific, Fair Lawn, USA) in DMEM/F12
(ThermoFisher Scientific) supplemented with 5% non-heat inactivated foetal calf serum (FCS)
(ThermoFisher Scientific), 1% MEM non-essential amino-acids, 100 U/mL penicillin, 1 mg/mL
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streptomycin and 1.25 pg/mL amphotericin B. The next day, seeding medium was removed and
the bottom platewells were filled with DMEM/F12, containing 2% Ultroser G (Pall Life
Sciences; Pall Corp., Cergy, France), 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 1.25
pg/mL amphotericin B (EREC medium). The transwell, comprising the apical surface of the
EREC, was left empty to mimic an air-liquid interface. EREC were incubated in a 37°C, 5%
COz-humidified incubator and medium was changed every 1-2 days until full differentiation.

After 5-7 days, the EREC attained a transepithelial electrical resistance (TEER) of
~500-700 Qxcm™. TEER was measured using an epithelial voltohmmeter (Millipore). The net
resistance was calculated by subtracting the background resistance and multiplying the

resistance by the surface area of the membrane.
Disruption of intercellular junctions
Respiratory mucosal explants

Explants were cultured 24 h for adaptation before thoroughly washing and embedding them in
agarose diluted in 2X MEM, to mimic in vivo conditions, as previously published (Vairo et al.,
2013). Next, the apical surface of the epithelium was exposed for 1 h at 37°C to 8 mM ethylene
glycol tetra-acetic acid (EGTA) (VWR International, Leuven, Belgium), 500 mM
N-acetylcysteine (NAC) (Sigma-Aldrich), 20 mM dithiotreitol (DTT) (Sigma-Aldrich) or 50
mM B-mercaptoethanol (ThermoFisher Scientific) in PBS. As a control, PBS supplemented
with calcium and magnesium was used. Explants were removed from the agarose and washed
three times in PBS and fixed in a phosphate-buffered 3.5% formaldehyde solution for 24 h,
either immediately after the last wash or after an additional 24 h incubation on metal gauzes.
Explants were then stored into 70% alcohol until further processing.

An automated system was used for paraffin embedding of the samples (Thermo Scientific™
STP 120 Spin Tissue Processor). Eight um paraffin sections were first deparaffinised in xylene,
then rehydrated in descending grades of alcohol, subsequently stained with haematoxylin-eosin,
dehydrated in ascending grades of alcohol and xylene and finally mounted with DPX (Sigma-
Aldrich). Ten pictures on five different sections per treated explant were taken with an Olympus
IX50 light microscope fitted with 40X objective. The percentage of intercellular space in the
epithelium was measured using ImageJ software (ImageJ, U.S. National Institutes of Health,
Bethesda, Maryland, USA). The region of interest (ROI, i.e. the epithelium) was drawn
manually for each picture in the ‘ROI manager tool’. Next, the threshold value to distinguish
blank spaces from cellular material was determined and the percentage of blank spaces between

the cells (i.e. the intercellular space) was calculated.
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To guarantee a sufficient viability (>90%) of the explants after treatment with different drugs,
an In Situ Cell Death Detection Kit (Roche Diagnostics Corporation, Basel, Switzerland), based
on terminal deoxynucleotidyl transferase dUTP nick end-labelling (TUNEL), was used.

EREC

Cells were grown to confluency and the transepithelial electrical resistance (TEER) was
measured daily until a steady TEER of ~500-700 Qxcm™ was attained. TEER was measured
prior to and following treatment with 8 mM EGTA in PBS or, as a control, PBS supplemented
with calcium and magnesium. After 30 min, cells were washed three times in PBS. Control
cells were incubated an additional 24 h to verify whether damage to the ICJ could be repaired.
Viability of the cells was assessed by ethidium monoazide bromide (EMA) staining, ensuring

that the treatment with EGTA did not cause a significant cell loss.
Infection assays
Respiratory mucosal explants

Explants were cultured at the air-liquid interface for 24 h, prior to extensive washing and
embedment in agarose. Next, explants were treated with EGTA, NAC or PBS to dissociate ICJ,
as described above. The apical surface of the epithelium was subsequently inoculated with
10% TCIDso of the neurovirulent 03P37 strain or the non-neurovirulent 97P70 strain for 1 h at
37°C. Explants were removed from the agarose and washed 3 times in PBS to remove unbound
virus particles. Finally, explants were placed back onto their gauzes and serum-free medium
was added. Twenty-four hours post-inoculation, explants were placed in methylcellulose-filled

plastic tubes and frozen at -80°C until further processing.
EREC

Apical versus basolateral infection by HSV1 and 2 in a transwell system has already been
described by Galen et al. (2006). EREC were grown to full differentiation in a transwell cell
culture system and following disruption of ICJ, cells were exposed to 100 uL EHV1
neurovirulent 03P37 or non-neurovirulent 97P70 strain (MOI of 1) at either the apical or the
inverted basolateral surface for 1 h at 37°C. Non-adsorbed virus particles were removed by
washing the EREC three times with DMEM/F12. Fresh EREC-medium was added to the
platewells and cells were further incubated at the air-liquid interface. Ten hours
post-inoculation, cells were fixed in methanol for 20 min at -20°C and stored dry at -20°C until

further processing.
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Binding assays

To characterize the attachment of EHV1 to respiratory mucosal explants and EREC, direct
virus-binding studies were carried out with Dio-labelled EHV1 particles. After disruption of
the ICJ, cells or explants were chilled on ice for 5 min and washed 3 times with cold PBS.
Respiratory mucosal explants were subsequently inoculated with Dio-labelled virus particles at
a TCIDso of 10% for 1 h at 4°C. EREC were inoculated at a MOI of 10 with Dio-labelled virus
particles at either the apical or inverted basolateral surfaces for 1 h at 4°C. Unbound virus was
removed by washing the explants and cells 3 times with cold PBS. Explants were embedded in
methylcellulose and frozen at -80°C until further processing. Cryosections were fixed for 15
min in 4% phosphate buffered paraformaldehyde (PFA) and cells were fixed for 10 min in 1%
PFA. Nuclei were counterstained with Hoechst 33342 (10 pg/ml; ThermoFisher Scientific) for
10 min at room temperature and slides were mounted with glycerol-DABCO. Twenty
cryosections of each explant were analysed and the total number of virus particles attached to
the apical or basolateral surfaces was counted. The percentage of EREC with bound EHV1
particles was calculated based on the number of cells with viral particles bound on the plasma
membrane of 300 randomly selected cells. The number of virus particles attached per cell was
calculated based on the number of particles attached at the plasma membrane of 10 random
EHV1-positive cells. For each cell, the entire plasma membrane was screened for the presence

of virus particles by the use of confocal microscopy.

Enzymatic removal of cell surface N-linked glycans and sialic acids prior to EHV1

inoculation

To determine the role of different cellular N-linked glycan structures and sialic acids in EHV1
infection of EREC, basolateral and apical cell surfaces were pre-incubated with different
enzymes (PNGase F and neuraminidase) or control PBS prior to inoculation with EHV1.

PNGase F (New England Biolabs, Ipswich, UK) removes complex, hybrid and oligomannose
N-glycosylations and was applied onto apical or basolateral EREC surfaces for 12 h at a
concentration of 25,000 U/mL, diluted in EREC medium, supplemented with 10% glycobuffer
(New England Biolabs; Ipswich; UK). Neuraminidase from Vibrio cholera (Sigma-Aldrich) has
a broad substrate spectrum for sialic acids and was used for 1 h at 50 mU/mL in PBS. The
influenza A/Equine/Kentucky/98 (H3N8) strain served as a positive control during
neuraminidase treatment of EREC. The virus was propagated in embryonated eggs and titrated
onto Madin-Darby canine kidney (MDCK) cells. Influenza A strains can easily infect MDCK

cells through interaction with cell-associated sialic acids, which can be removed with

99



Chapter 3: EHV1’s binding receptor is masked by intercellular junctions

neuraminidase (Stray et al., 2000). Equine influenza virus (EIV) A nucleoprotein was stained
with the mouse monoclonal antibody HB-65 (ATCC) and subsequently visualized with
FITC®-labelled secondary goat anti-mouse IgG antibodies. Nuclei were counterstained with
Hoechst 33342 and coverslips were mounted using glycerol-DABCO. The percentage of
positive cells was calculated based on the total number of positive cells out of 300 randomly
selected cells. Correct cleavage of the respective sialic acids was verified by immunofluorescent
staining of EREC with biotinylated Maackia Amurensis lectin II (Vector laboratories). This
complex was subsequently stained with Streptavidin-FITC® (ThermoFisher Scientific). Ten
Z-stack confocal pictures were taken to distinguish apical from basolateral treatment. The
means of the fluorescent apical or basolateral signals were compared with ImagelJ software and
dropped significantly after treatment with neuraminidase, compared to control. Following
enzymatic treatment, cells were washed 3 times with DMEM/F12 and the inoculum was
delivered on top of the respective surfaces for 1 h at 37°C. Concurrently, and as a positive
control for enzymatic treatment, MDCK cells were treated with neuraminidase before
inoculation with EIV. After 1 h inoculation, unbound virus particles were removed by washing

and cells were incubated for 10 h before fixation in methanol, as described above.
Virus titration

Twenty-four hours after inoculation, explant supernatant was collected and stored at -80°C until
titration. EHV1 titrations were conducted on RK13 cells, which were incubated at 37°C for

7 days. Titers were expressed as TCIDso.
Immunofluorescent staining and confocal microscopy

Respiratory mucosal explants

Explants were embedded in methylcellulose and frozen for subsequent cryosectioning.
Cryosections were immunofluorescently stained to label late viral glycoproteins, the basement
membrane, nuclei, heparan sulfate, chondroitin sulfate or sialic acids.

Sixteen pum thick cryosections were cut using a cryostat at -20°C and loaded onto
3-aminopropyltriethoxysilane-coated (Sigma-Aldrich) glass slides. Slides were then fixed in
4% PFA for 15 min and subsequently permeabilized in 0.1% Triton-X 100 diluted in PBS.
Non-specific binding sites were blocked by 15 min incubation with avidin and biotin
(ThermoFisher Scientific) at 37°C. To label late viral glycoproteins, a polyclonal biotinylated
horse anti-EHV1 antibody was used for 1 h at 37°C (van der Meulen et al., 2003b), followed
by incubation with streptavidin-FITC® (ThermoFisher Scientific) for 1 h at 37°C. The basement
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membrane of the tissues was stained with monoclonal mouse anti-collagen VII antibodies
(Sigma-Aldrich), followed by secondary Texas Red®-labelled goat anti-mouse antibodies
(ThermoFisher Scientific). Nuclei were detected by staining with Hoechst 33342
(ThermoFisher Scientific). Slides were mounted with glycerol-DABCO and analysed using a
Leica (TCS SPE) confocal microscope. The total number of plaques was counted on
50 cryosections and plaque latitude was measured using the Leica confocal software package.
Five cryosections per explant were completely photographed and the percentage of infection in
the epithelium (i.e. ROI) was determined using ImagelJ software. The ROI (i.e. the epithelium)
was drawn manually for each picture in the ‘ROI manager tool’. Next, the threshold value to
distinguish the FITC®-positive signal from the background signal was determined and the
percentage of FITC®-positive signal (i.e. infection) was calculated.

Cellular glycosaminoglycans, heparan sulfate, chondroitin sulfate A and B and sialic acids were
respectively stained with a monoclonal mouse anti-heparan sulfate antibody (10E4; Ambsio,
Abingdon, UK), a monoclonal mouse anti-chondroitin sulfate (CS-56; Bio-rad; Oxford; UK)
or biotinylated Maackia Amurensis lectin II (Vector Laboratories; Peterborough; UK) followed

by a goat anti-mouse FITC®-conjugated antibody or streptavidin-FITC®.
EREC

Immunofluorescent staining to visualize EHV1 immediate early protein (IEP) and cell nuclei
was performed directly in the transwells.

Antibodies were incubated directly in the transwells for 1 h at 37°C. Cells were first incubated
with a 1:1,000 dilution of a polyclonal rabbit anti-IEP antibody, kindly provided by Dr. D.
O’Callaghan, Louisiana State University, USA. The diluent used was PBS containing 10%
negative goat serum. This was followed by incubation with a goat anti-rabbit IgG
FITC®-conjugated antibody (ThermoFisher Scientific). Nuclei were counterstained with
Hoechst 33342 for 10 min at 37°C. Transwell membranes were excised from the culture inserts
and mounted on glass slides using glycerol-DABCO. Slides were examined using a Leica
confocal microscope. The total number of plaques was counted on 5 random fields of
approximately 3x10* cells per insert. Plaque latitude was measured on 10 individual plaques

using the Leica confocal software package.
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Statistical analyses

Significant differences (P<0.05) between different treatments, different virus strains and
different inoculation sites were identified by multiple-way analysis of variances (ANOVA)
followed by Tukey’s post-hoc test. If homoscedasticity of the variables was not met as assessed
by the Levene’s test, the data were log-transformed prior to ANOVA. Normality of the residuals
was verified by the use of the Shapiro-Wilk test. If the variables remained heteroscedastic or
normality was not met after log-transformation, a Kruskall-Wallis’ test, followed by a Mann-
Whitney’s post-hoc test were performed. All analyses were conducted in IBM SPSS Statistics
for Windows, version 23.0 (IBM Corp, Armonck, NY, USA).
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Results

EGTA and NAC, but not B-mercaptoethanol nor DTT reversibly disrupt

respiratory epithelial intercellular junctions
Respiratory mucosal explants

As shown in Figure 1A, the percentage of intercellular space in the respiratory epithelium of
both nasal and tracheal mucosal explants increased after treatment with 8 mM EGTA (16 £ 7%
and 26 + 8%) and 500 mM NAC (11 £ 6% and 17 + 12%), but not after treatment with 20 mM
DTT (2 £ 1% and 2 + 1%), 50 mM B-mercaptoethanol (2 + 1% and 2 + 1%) or control PBS (2 +
1% and 2 + 1%). Representative haematoxylin-eosin images are shown in Figure 1B. The effect
of NAC on intercellular bridges disappeared after decreasing its concentration by ten-fold.
Increasing the concentration of DTT or B-mercaptoethanol by ten-fold did not alter the
intercellular space, but did decrease cell viability, as assessed with TUNEL-staining (data not
shown). Cell viability in the respiratory mucosal explants did not significantly drop after
treatment with 8§ mM EGTA or 500 mM NAC, compared to control PBS (Figure 2). Notably,
the intercellular space are wider in tracheal mucosal explants, when compared to nasal mucosal
explants after disruption with NAC and EGTA. Twenty-four hours after the 1 h treatment,
samples were analysed to determine whether the respiratory epithelium was able to repair its
ICJ. Indeed, the percentage of intercellular space in the respiratory epithelium of tracheal
mucosal explants decreased back to 4 + 3% 24 h after the 1 h treatment with NAC and to 3 +
2% 24 h after the 1 h treatment with EGTA (Figure 1A). In nasal mucosal explants, a similar
decrease in percentage of intercellular space was observed 24 h after the 1 h treatment with

NAC and EGTA (2 £ 1% and 2 + 1%, respectively).

103



Chapter 3: EHV1’s binding receptor is masked by intercellular junctions

A
Il Trachea

[ INasal septum

N W

|

=

A A
AAAAAA ATA

% intercellular space
in the epithelium
N
<

I

=

Prior to! 1 h treatment ! 24 h after
treatment 1 h treatment

B

Prior to treatment 1 h treatment

PBS DTT B-ME NAC EGTA

Trachea

Nasal
septum

24 h after 1 h treatment

PBS DTT B-ME NAC EGTA

Trachea

Nasal
sepum

Figure 1. Disruption of ICJ in respiratory mucosal explants. (A) The percentage of intercellular space in equine respiratory
mucosal explants after 1 h treatment with PBS (control), DTT, B-mercaptoethanol, NAC or EGTA (left) and 24 h after the 1 h
treatment (right). Three independent experiments were performed and data are represented as means + SD, different lower case
letters indicate significant (P<0.05) differences after 1 h treatment, while different upper case letters indicate significant
(P<0.05) differences 24 h later. (B) Representative haematoxylin-eosin-stained images of the explants 1 h after treatment (up)
and 24 h after the treatment (down). The scale bar represents 50 um.
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Figure 2. Cell viability in respiratory mucosal explants. TUNEL-staining data of tracheal (left) and nasal (right) mucosal
explants after different treatments. Three independent experiments were performed and data are represented as means + SD.
The lower case letters indicate significant (P<0.05) differences in the epithelium, while the upper case letters indicate significant
differences in the lamina propria.

EREC

EREC attained a steady transepithelial electrical resistance (TEER) of ~500-700 Qxcm™ after
5-7 days of incubation at the air-liquid interface in a transwell cell culture system. The TEER
significantly dropped to baseline levels after treatment with EGTA, but not after treatment with
PBS (Figure 3A). EGTA did not alter cell viability, as determined by EMA-staining
(Figure 3B). Twenty-four hours after treatment, EREC regained a stable TEER of 500-700

Qxcm?, indicating that EREC are able to restore their intercellular bridges efficiently.
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Figure 3. The disruption of intercellular bridges in EREC. (A) Transepithelial electrical resistance of EREC prior to treatment
and after 30 min treatment with PBS (control) or EGTA. Three independent experiments were performed and the data are
represented as means + SD. Different letters indicate significant (P<0.05) differences. (B) EMA-staining confirmed no
significant differences in cell viability after different treatments, when compared to cell viability prior to treatment. Three
independent experiments were performed and data are represented as means + SD. Different letters indicate significant (P<0.05)
differences.
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Intercellular junctions protect respiratory mucosal explants from EHV1 infection

Number of plaques - As shown in Figure 4A, upper left panel, the number of plaques per
50 cryosections increased from 23 + 10 (03P37) and 30 + 5 (97P70) in control-pretreated
tracheal mucosal explants to 49 = 11 (03P37) and 59 + 16 (97P70) in NAC-treated racheal
mucosal explants and to 95 + 24 (03P37) and 92 + 26 (97P70) in EGTA-treated tracheal
mucosal explants. Similarly, the number of plaques was significantly higher in nasal mucosal
explants after NAC (50 + 14 for 03P37 and 29 + 15 for 97P70) and EGTA (8 £+ 3 for 03P37 and
19 £ 17 for 97P70) pretreatment, compared to control pretreatment (1 +£ 1 03P37 and 1 £+ 1
97P70). In control-pretreated explants, the number of plaques in nasal mucosal explants was
significantly lower compared to tracheal mucosal explants. After disruption of the ICJ by NAC
however, the number of plaques in nasal mucosal explants did no longer significantly differ
from NAC-pretreated tracheal mucosal explants. Remarkably, pretreatment with EGTA did not
completely overcome this restriction in nasal mucosal explants.

Plaque latitude - The plaque latitude gives an indication about the ease of viral spread in the
explant and is shown in Figure 4A, upper right panel. The average latitude of 03P37 strain
plaques increased from 82 + 18 pm in control-pretreated tracheal mucosal explants to 106 + 32
um and 157 £ 38 um after NAC and EGTA pretreatment, respectively. Similarly, the average
latitude of the 97P70 strain plaques was significantly higher after NAC and EGTA pretreatment
(113 £33 um and 215 + 93 pum respectively), compared to control (79 + 15 pm). A similar
pattern was observed in nasal mucosal explants.

Percentage of infection in the epithelium - In order to obtain a general view of EHV1 infection
in explants, the percentage of infection in the epithelium (i.e. ROI) was calculated and is
illustrated in Figure 4A, lower left panel. In control-pretreated tracheal mucosal explants, 1.38 +
0.21% of the epithelium was infected by the 03P37 strain and 1.71 £ 0.83% by the 97P70 strain.
Pretreatment of tracheal mucosal explants with NAC led to a significant increase of this
percentage to 6.35 = 2.15% (03P37) and 5.12 £ 0.69% (97P70) 24 hpi. Up to 19.57 + 10.49%
and 13.48 + 4.86% of the epithelium got infected by the 03P37 strain and the 97P70 strain,
respectively, after pretreatment with EGTA. A similar trend, although with lower values, was
observed in nasal mucosal explants. In control-pretreated explants, only 0.23 £+ 0.17 % was
infected with the 03P37 strain and 0.35 + 0.48% with the 97P70 strain. This percentage
increased significantly to 3.81 + 2.29 (03P37), 4.24 + 1.24 (97P70) and 1.93 + 0.24% (03P37),
2.88 £0.4% (97P70) after NAC and EGTA pretreatment, respectively.
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Figure 4. EHV1 infection of respiratory mucosal explants after disruption of ICJ with NAC or EGTA. (A) Respiratory mucosal
explants were pre-incubated with NAC, EGTA or control PBS, prior to inoculation with EHV1 03P37 or 97P70 strain for 1 h
at 37°C (10%° TCIDso). Explants were frozen 24 hpi and cryosections were stained for late viral antigens. The total number of
plaques was counted on 50 consecutive cryosections, the average plaque latitude was calculated based on a maximum of 10
individual plaques, the percentage of EHV1 infection in the epithelium was analysed on 5 random cryosections and the virus
titer was determined in supernatant on RK13 cells. Data are represented as means + SD and different lower case numbers
indicate significant (P<0.05) differences in 03P37 strain infection, different upper case letters represent significant (P<0.05)
differences in 97P70 strain infection. Experiments were performed on 3 individual horses. (B) Representative confocal images
of EHVI plaques (green) in respiratory mucosal explants. The basement membrane is shown in red. Cell nuclei were
counterstained with Hoechst (blue). The scale bar represents 50 pm

107



Chapter 3: EHV1’s binding receptor is masked by intercellular junctions

Virus titer - More efficient virus replication in the epithelium most likely results in the
production of more extracellular virus particles. Indeed, virus titration on RKI13 cells
(Figure 4A, lower right panel) confirmed this hypothesis showing that EGTA-pretreated
tracheal mucosal explant supernatant contained a 2 to 3 log higher (03P37) and 1 to 2 log higher
(97P70) EHV1 titer than control-pretreated tracheal mucosal explants supernatant. NAC-
pretreated tracheal mucosal explants supernatant was on average 1 log (03P37 and 97P70)
higher than control supernatant. In general, the 03P37 and 97P70 titers of nasal mucosal explant
supernatant were 0.5 to 1.5 log higher after pretreatment with NAC or EGTA, compared to
controls.

Representative confocal images of EHV 1 plaques in the respiratory mucosal explants are shown

in Figure 4B.
EHV1 preferentially infects basolateral surfaces of respiratory epithelial cells

Number of plaques - To investigate whether EHV1 preferentially infects either apical or
basolateral surfaces of EREC, we inoculated the cells by either route. On 3x10* EREC, we
counted an average of 1 £ 1 viral plaques after apical inoculation with both the 03P37 and the
97P70 strain. Basolateral inoculation with the respective strains led to a 58 &+ 30-fold and 61 +
14-fold increase in the number of plaques on an area of 3x10* EREC, as shown in Figure 5A,
left panel.

To determine whether ICJ also protect the basolateral surfaces of primary EREC from EHV1
infection, cells were treated with 8 mM EGTA before inoculation at the apical or inverted
basolateral surfaces. Disruption of the ICJ increased EREC infection by 37 + 20-fold and 45 +
21-fold after inoculation at the apical surface with the 03P37 and 97P70 strain, respectively.
Pretreatment with EGTA did not significantly change infection after inoculation at the
basolateral surfaces with neither of the 2 strains.

Plaque latitude - No significant difference in EHV1 plaque latitude was found between
different inoculation routes or between different pretreatments (Figure 5A, right panel).
Representative confocal images are shown in Figure 5B. Since no significant differences were
observed between the two different strains, all further experiments were conducted with the

03P37 strain only.
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Figure 5. EHV1 preferentially infects the basolateral surface of EREC and disruption of ICJ overcomes the restriction to EHV1
infection at the apical surface. (A) To compare EREC susceptibility to EHV1, cells were exposed at either the apical surface
or basolateral surface to EHV1 (MOI 1). Cells were fixed in methanol 10 hpi and stained for IEP. The total number of plaques
was counted in five different fields of approximately 3x10* cells for each condition (left). Average plaque latitudes were
measured on 10 individual plaques (right). Experiments were performed in triplicate on primary EREC of 3 different horses.
Data are represented as means + SD and significant (P<0.05) differences for 03P37 strain infection are indicated by lower case
letters and for the 97P70 strain infection by upper case letters. (B) Representative confocal images of EHV1 IEP-positive
plaques (green) in EREC monolayers, nuclei were detected with Hoechst (blue). The scale bar represents 50 pm
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Increased epithelial cell susceptibility to EHV1 at the basolateral surfaces is

correlated with the virus binding step

Here, we examined EHV1 binding to respiratory mucosal explants after control PBS, EGTA or

NAC pretreatment and to EREC after control PBS or EGTA pretreatment.
Respiratory mucosal explants

The 03P37 strain was purified and Dio-labelled as previously described (Laval et al., 2016). In
PBS-pretreated tracheal mucosal explants and nasal mucosal explants, a respective total number
of 320 £ 28 and 179 £ 61 virus particles was counted on the plasma membrane. This difference
shows that the limited infection of nasal mucosal explants, compared to tracheal mucosal
explants, can in part be related to a reduced viral attachment.

To more specifically evaluate the area of virus attachment, virus particles attached to either the
apical surface or the basolateral surface were separately counted. As shown in Figure 6A, the
difference in virus binding between both types of tissue was only found at the apical surface
and not at the basolateral surfaces. Upon PBS pretreatment, 289 + 28 EHV1 particles bound to
the apical surface of tracheal mucosal explants, compared to 150 £ 52 EHV1 particles at the
apical surface of nasal mucosal explants, whereas only 30 + 1 and 30 + 8 EHV1 particles were
found at the basolateral surfaces of the respective mucosal explants.

Prereatment with EGTA and subsequent disruption of ICJ integrity did not significantly
increase the binding of EHV 1 to the apical surfaces of both tracheal mucosal explants and nasal
mucosal explants (203 = 33 and 227 + 32, respectively). However, EHV1 binding to the
basolateral surfaces increased to 322 + 114 in tracheal mucosal explants and 216 + 33 in nasal
mucosal explants. Pretreatment of the explants with NAC, which was shown above to damage
intercellular bridges and which is also being used as a mucolytic drug, did increase the number
of viral particles attached to both the apical and basolateral surfaces of tracheal mucosal
explants (1017 £ 378 and 830 + 109) and nasal mucosal explants (654 + 136 and 659 £ 155).

Representative confocal images are shown in Figure 6B.
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Figure 6. EHV1 attachment to equine respiratory mucosal explants is enhanced after disruption of intercellular junctions with
NAC and EGTA. (A) Dio-labelled EHV1 particles (10%° TCIDso) were added for 1 h at 4°C to the pretreated tracheal mucosal
explants and nasal mucosal explants (PBS, NAC or EGTA). The total number, the number bound to the apical surfaces and to
the basolateral surfaces were individually counted on 20 cryosections of 16 pm. Three independent experiments were performed
and data are represented as means + SD, different lower case letters represent significant (P<0.05) differences in the total
number of attached EHV1 particles. Significant (P<0.05) differences in the number of EHV1 particles bound to the apical
surfaces of explants are indicated by upper case letters. Different Greek letters indicate significant (P<0.05) differences in the
number of EHV1 particles bound to the epithelial basolateral surfaces of explants. (B) Representative confocal images of
Dio-labelled EHV1 particles attached to tracheal mucosal explants and nasal mucosal explants upon different pretreatments
(PBS, NAC or EGTA). The white arrows point at virus particles and the red dotted line represents the basement membrane.
The scale bar measures 10 um.
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EREC

These findings in explants were corroborated in EREC from three individual horses. As
represented in Figure 7A, left panel, the percentage of EREC with bound EHV1 particles was
significantly higher (46 &+ 16%) after inoculation at the basolateral surfaces, compared to apical
inoculation (3 £ 1%). Disruption of ICJ had a similar effect on EHV1 binding to EREC as in
explants, where 25 + 8% of the cells had virus particles attached to their plasma membrane
upon apical inoculation. ICJ disruption in EREC had no effect on EHV1 binding upon
basolateral inoculation (45 £+ 9%), compared to control EREC with intact ICJ.

The number of virus particles bound to the plasma membrane of EHV1-positive EREC
significantly increased after pretreatment with EGTA (3 £ 1), compared to PBS pretreatment
(1 £ 1), upon apical inoculation (Figure 7A, right panel). Upon basolateral inoculation, the
number of virus particles per EHV1-positive cell in either PBS- or EGTA-pretreated EREC was

similar (2 = 1 and 2 + 1, respectively). These results are visualized with confocal images in

Figure 7B.
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Figure 7. EHV1 binds up to 10-fold better at basolateral surfaces than at apical surfaces of EREC with intact intercellular
junctions. (A) Cells were pre-incubated with PBS or EGTA and inoculated at 4°C for 1 h with Dio-labelled EHV1 particles
(MOI 10). The percentage of cells with bound virus particles was calculated based on 5 random fields of 300 cells (left panel).
The total number of particles per EHV 1-positive cell was counted (right panel). Three independent experiments were performed
and data are represented as means + SD, different letters indicate significant (P<0.05) differences.
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Figure 7. EHV1 binds up to 10-fold better at basolateral surfaces than at apical surfaces of EREC with intact intercellular
junctions. (B) Representative confocal images of EREC with bound EHV 1 particles (green), cell nuclei are stained in blue, the
scale bar represents 10 um.
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N-glycans, but not heparan sulfate, chondroitin sulfate or sialic acids play a role in

EHV1 infection of respiratory epithelial cells

Expression pattern in the respiratory epithelium - Cellular glycosaminoglycans and sialic acids
are known to play a role in the attachment of several herpesviruses including HSV1, PRV,
BoHVI1 and EHV1 (Banfield et al., 1995; Laval ef al., 2016; Osterrieder, 1999; Spear, 1993).
The presence of these cellular glycosaminoglycans and sialic acids was first verified by
immunofluorescent staining of respiratory mucosal explant cryosections. As shown in Figure 8,
left panel, heparan sulfate is present solely at the basal site of the equine respiratory epithelium.
A similar pattern was observed for the distribution of chondroitin sulfate in equine respiratory
epithelium (Figure 8, middle panel). The lectin Maackia Amurensis lectin II binds a2,3-linked
sialic acids with high affinity, and not a2,6-linked sialic acids. Sialic acids are distributed
equally all over the plasma membrane of epithelial cells in respiratory mucosal explants, as
shown in Figure 8, right panel. Isolation of primary cells might affect their glycosaminoglycan
expression pattern and indeed, immunofluorescent staining of EREC turned out negative for
heparan sulfate and chondroitin sulfate, but remained positive for sialic acids.

Role in EHVI infection - To explore whether these sialic acids or, more generally, N-linked
glycans, are involved in EHV1 infection, sialic acids or N-linked glycans were enzymatically
cleaved by neuraminidase or PNGase F, respectively, from either the apical or basolateral cell
surfaces prior to inoculation with EHV1 at the respective routes. As a positive control, MDCK
cells were inoculated by an A/equine/Kentucky/98 influenza strain (H3N8) after neuraminidase
pretreatment. Basolateral enzymatic removal of N-linked glycans rendered EREC 4-fold less
susceptible to EHV1, compared to the control, as determined by counting the number of plaques
on 3x10* EREC (Figure 9A). No significant difference in number of plaques could be detected
between control PBS-pretreated cells and neuraminidase-pretreated cells, while equine
influenza virus (EIV) infection of MDCK cells was significantly lower after enzymatic removal
of sialic acids by neuraminidase (Figure 10 A). To further verify the correct cleavage of sialic
acids on EREC surfaces, immunofluorescent staining was performed to compare the relative
amount of sialic acids before and after enzymatic treatment by measuring the intensity of the
fluorescent signal on 10 different Z-stacks. The enzyme could correctly remove sialic acids on
either the apical or basolateral cell surfaces (Figure 10 B). Finally, plaque latitude did not
significantly differ among different enzymatic pretreatments (Figure 9B). These findings
demonstrate that EHV1 uses cellular N-linked glycans, but not heparan sulfate, nor chondroitin

sulfate, nor sialic acids for initial infection of EREC.
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Figure 8. Localisation of heparan sulfate, chondroitin sulfate and 0.2,3-linked sialic acid expression by confocal microscopy.
Cryosections and cells were fixed in PFA before permeabilisation with Triton X-100. Heparan sulfate and chondroitin sulfate
were visualized by labelling with monoclonal antibodies 10E4 and CS-56 (green), a2,3-linked sialic acids were detected by
biotinylated Maackia Amurensins lectin II (green). Hoechst stained cell nuclei blue. Respiratory mucosal explant epithelia
express heparan sulfate and chondroitin sulfate at the basolateral membrane and a2,3-linked sialic acids all over the plasma
membrane (green) (upper and middle panel). Isolated EREC monolayers solely express 02,3-linked sialic acids and not heparan
sulfate, nor chondroitin sulfate (lower panel). The scale bar represents 50 pm.
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Figure 9. N-linked glycans, but not sialic acids play a role in EHV1 infection of EREC after basolateral inoculation. EREC
were grown to confluency on transwells before enzymatic treatment with neuraminidase (1 h, 37°C) or PNGase F (12 h, 37°C)
at either the apical or basolateral surface. Next, the same route was used for inoculation with EHV1 (MOI 1, 1 h, 37°C) and
cells were fixed in methanol 10 hpi before IEP staining. The total number of plaques was counted in five different fields of
approximately 3x10* cells for each condition (left). Average plaque latitudes were measured on 10 individual plaques (right).
Experiments were performed in triplicate on primary EREC of 3 different horses. Data are represented as means + SD and
significant (P<0.05) differences are indicated by different letters.
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Figure 10. Validation neuraminidase assay. (A) During enzymatic treatment of EREC, MDCK cells were similarly pretreated
with neuraminidase before inoculation with EIV. Cells were fixed at 6 hpi in methanol and EIV-positive cells were visualized
using the monoclonal HB65 antibody. Five random fields of approximately 100 cells were screened to calculate the percentage
of EIV-positive cells. Experiments were performed in triplicate. Data are represented as means + SD and different letters
represent significant differences. (B) Correct sialic acid-cleavage from EREC surfaces was confirmed by confocal analysis of
10 different Z-stacks per treatment. EREC were grown to confluency on transwells and treated at either the apical surface (left)
or basolateral surface (right) with neuraminidase or control PBS for 1 h at 37°C. Cells were then fixed in PFA and permeabilized
in Triton X-100. Sialic acids were stained with biotinylated Maackia Amurensis lectin II and the percentage of fluorescent
signal in either the apical or the basolateral domain of EREC was calculated. Data are represented as mean + SD. Significant
differences after apical exposure are indicated by different lower case letters and after basolateral exposure by different upper
case letters.
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Discussion

The respiratory mucosa plays a vital role in the transmission of alphaherpesviruses. These
viruses not only enter their host through infection of the respiratory tract, they also use the
respiratory system to spread to new hosts later on in their life-cycle. Until now, the specific
relationship between respiratory mucosa integrity and polarity on one hand and
alphaherpesvirus infection on the other hand has not been studied. Previous studies examining
polarity of alphaherpesvirus infections have been conducted in continuous cell lines, different
from the in vivo replication sites. Here, we use an established equine respiratory mucosal
explant model and to our knowledge, this study is the first to disrupt intercellular bridges in a
mucosal explant system. In cell cultures, measuring the transepithelial electrical resistance or
the leakage of labelled dextran or albumin across the apical and basolateral compartments of
transwells is the standard method to verify epithelial permeability (Balda ef al., 1996; Galen et
al., 2006; Shasby and Shasby, 1986; Vinhas et al., 2011; Wang et al., 2000). In vivo, epithelial
integrity could be assessed by measuring the transepithelial electrical voltage with an electrode,
placed in the trachea (Wang et al., 2000). However, none of these methods could be applied on
mucosal explants and therefore, we set up a new protocol to verify ICJ integrity by examining
the intercellular space in haematoxylin-eosin-stained paraffin coupes by means of image
analysis. Equine tracheal and nasal mucosal explants were incubated with various
metal-chelating and/or reducing drugs in order to disrupt epithelial integrity. Only the drugs
affecting extra- and intracellular calcium levels (EGTA and NAC), and not the reducing agents
affecting disulfide bonds in adhesion proteins (DTT or B-mercaptoethanol), were able to alter
nasal and tracheal epithelial integrity. Calcium is the most important ion in regulating
intercellular junction stability. Homophilic interactions between AJ directly depend on
extracellular calcium availability (Baum and Georgiou, 2011). Alteration of intracellular
calcium concentrations or depletion of extracellular calcium also mediates the redistribution of
AJ and TJ proteins (Brown and Davis, 2002; Nilsson et al., 1996). EGTA specifically
sequestrates extracellular calcium and adding it to cell culture medium of polarized epithelial
cells rapidly results in splitting of their ICJ (Volberg et al., 1986). NAC modulates intracellular
calcium levels but until present, it was not proven to alter integrity of ICJ (Naziroglu et al.,
2014). Of these two drugs, EGTA most efficiently destroyed the ICJ, possibly due to its direct
action in the destruction of ICJ protein interactions, compared to NAC, which indirectly
modulates ICJ proteins. Notably, a rather high concentration of NAC was necessary to disrupt

epithelial integrity in explants, which was toxic when applied directly on EREC. These findings
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point out that care must be taken when using the mucolytic drug Lysomucil® to treat horses
with chronic obstructive pulmonary disease or with severe pneumonia (Breuer and Becker,
1983; Mair and Derksen, 2000).

Although not significantly, destruction of epithelial integrity by both EGTA and NAC occurs
more efficiently in tracheal mucosal explants, compared to nasal mucosal explants. Our
observations complement those of previous in vitro and ex vivo studies, showing that the
average transepithelial electrical resistance and subsequent ICJ integrity progressively
decreases from proximal to distal airways (Ballard et al., 1992; Boucher et al., 1981; Lopez-
Souza et al., 2009). The resistance against incoming pathogens is also obvious after challenging
the nasal septum with EHV1. In control-pretreated explants, EHV1 infection is significantly
lower in nasal mucosal explants than in tracheal mucosal explants. This limited infection is
presumably a direct consequence of impaired virus binding, considering the low number of
EHV1 particles attached to nasal mucosal explants. As the primary air filter, the nasal septum
is guarded with an overlying mucoprotein network, a specialized glycocalix, a repertoire of
antimicrobial peptides and firm intercellular contacts, which might entrap and neutralize
incoming virus particles more efficiently (Fokkens and Scheeren, 2000). Disruption of ICJ with
EGTA did not completely overcome the restriction to EHV1 infection of nasal mucosal
explants. However, after pretreatment with NAC, infection was greatly enhanced to a similar
level as in tracheal mucosal explants. It is known that NAC acts as a mucolytic by disrupting
disulfide bonds in the mucoprotein network (Reas, 1963). Remarkably, using DTT and
B-mercaptoethanol prior to EHV1 inoculation did not increase subsequent infection (data not
shown). Thus in nasal mucosal explants, a similar destruction of the mucoprotein network and
of ICJ is necessary in order for EHV1 to efficiently infect the epithelial cells. In addition, we
observed a significant increase in EHV1 binding to apical surfaces of nasal and tracheal
mucosal explants after NAC pretreatment, pointing out the relevance of the overlying
mucoprotein network in both tissues. Disruption of intercellular contacts also results in greater
virus binding to basolateral surfaces of the explants. First of all, virus particles are able to
migrate in between neighbouring cells and get in direct contact with basolateral surfaces.
Secondly, virus particles attached to transmembrane proteins in apical surfaces can freely move
to the basolateral side of the plasma membrane, since cell polarity is lost (Mateo et al., 2015).
The results obtained with ex vivo respiratory mucosal explants most likely reflect what happens
in vivo when epithelial integrity is lost. It has been shown that ICJ integrity is affected by several
factors including pollens, mycotoxins, bacterial toxins, inflammatory cytokines (INF-y, TNF-a

and interleukins) and hormones (estradiol) (Capaldo and Nusrat, 2009; Gerez et al., 2015;
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Groten et al., 2005; Kwak et al., 2012; Runswick et al., 2007; Van De Walle et al., 2010; Vinhas
et al.,2011). Pollens exhibit proteolytic activities for efficient pollination, but when inhaled by
humans or animals, these proteases can destruct TJ proteins (Runswick et al., 2007; Vinhas et
al., 2011). Allergic reactions to pollens are linked to asthma and in humans, it is known that
allergic patients tend to have a less firm epithelial barrier (Xiao et al., 2011). Chronic allergies
in pasture-kept horses are known as ‘summer pasture recurrent airway obstruction’ (SP-RAO)
and are associated with inhaling pollens, moulds and mycotoxins (Costa ef al., 2006). It can be
postulated that as a consequence, horses affected with SP-RAO might have a deficiency in
epithelial integrity and therefore be more receptive for an EHV1 infection and shed EHV1 more
easily towards other horses. Chronic airway inflammation is also linked to chronic microbial
infections. Bacterial toxins and cellular cytokines produced upon viral and/or bacterial
infections can directly alter ICJ protein redistribution and induce the development of asthma
(Capaldo and Nusrat, 2009; Kwak et al., 2012). Hormones such as estrogens are important for
the regulation of the estrous cycle and the maintenance of pregnancy. In order to modulate their
vascular functions (i.e. angiogenesis), estrogens need to disrupt cell-cell adhesions to allow the
migration of endothelial cells (Groten et al., 2005). In horses, fetoplacental estrogens slowly
increase during pregnancy and blood concentrations peak at late term gestation. Remarkably,
horses are most susceptible to EHV1 abortion during this period (Allen and Bryans, 1986).
Smith et al. (2002) showed that 17B-oestradiol activates the expression of adhesion molecules
on endothelial cells of the reproductive tract, which is a key step in transferring virus from
infected leukocytes to endothelial cells. The precise role of 17B-oestradiol on the integrity of
equine endothelial cells and subsequent transfer of EHV1 has not been studied. Destruction of
endothelial integrity might facilitate the spread of EHV1 and furthermore, mares might be more
sensitive for a respiratory re-infection when the intercellular bridges at the respiratory tract are
damaged by estrogens. Indeed, it has been shown that the nasal respiratory epithelium is an
estrogen target (Caruso et al., 2003).

Since disruption of respiratory epithelial integrity leads to enhanced EHV1 binding, we
hypothesized that its primary binding/entry receptor is located basolaterally. Therefore, we
isolated EREC and inoculated them at either apical or basolateral surfaces. Indeed, we found
that EHV1 preferentially binds to and infects EREC at basolateral surfaces. Along with EHV1,
more respiratory viruses target a basolaterally located receptor, which is only exposed in a
compromised epithelium. Adenoviruses bind to an integral TJ protein named ‘coxsackievirus
and adenovirus receptor’, which is only accessible after disruption of epithelial integrity

(Walters et al., 2002). HSV1 most efficiently infects human epithelial cells from the apical
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surface, due to the presence of nectin-1. However, downregulation of nectin-1 had no impact
on basolateral infection, indicating that HSV1 can also use this putative basolaterally located
receptor (Galen et al., 2006).

It is known that EHV1 initially interacts with heparan sulfate on cell surfaces via gB and gC
(Neubauer et al., 1997; Osterrieder, 1999). The respiratory epithelium expressed heparan
sulfate solely at the level of the basement membrane. This distribution pattern is in accordance
with MDCK and murine mammary epithelial cells, which preferentially sort heparan sulfate to
their basolateral domain (Caplan et al., 1987; Rapraeger et al., 1986). However, primary EREC
lacked expression of heparan sulfate and in addition, pretreatment of EHV1 with heparin did
not reduce subsequent EREC infection (unpublished data). Similar to heparan sulfate,
chondroitin sulfate was present in the basolateral membrane of nasal and tracheal mucosal
explant epithelia, but was absent in EREC. As assessed by immunofluorescent staining, sialic
acids were ubiquitously expressed on EREC. Moreover, sialic acids are shown to play a role in
EHV1 entry in monocytic CD172a" cells (Laval et al., 2016). Therefore, we specifically
removed sialic acids with neuraminidase prior to EHV1 inoculation. However, no significant
reduction in number of virus plaques was observed between neuraminidase- and control-
pretreated EREC. These results indicate that other glycosaminoglycans play a role in EHV1
infection of EREC. Indeed, after non-specifically removing cellular N-linked glycans,
subsequent EHV1 infection was impaired. Next, EHV1 glycoprotein gD binds to a cellular
receptor to stabilise the binding and trigger entry into the cell (Csellner ef al., 2000). MHC I is
shown to be a putative receptor for EHV1 gD in equine brain microvascular cells, dermal cells
and PBMC (Kurtz et al., 2010; Sasaki et al., 2011). However, MHC I is ubiquitously expressed
and therefore, does not correlate with EHV1 tissue tropism. EHV1 entry in PBMC is initiated
by binding of gD to cellular integrins (Laval et al., 2016; Van de Walle et al., 2008). Integrins
such as a3P1, aePs and avPs are sorted to the basolateral domains of respiratory epithelial cells,
allowing firm attachment to the extracellular matrix (Sheppard, 2003). The importance of these
integrins in EHV1 infection of EREC is still unknown. Finally, nectins aid in calcium-
independent cellular adhesion and are known to interact with several alphaherpesviruses,
including HSV1 and 2, PRV and BoHV1 (Geraghty et al., 1998). Nonetheless, EHV1
presumably does not depend on nectins, since CHO-K1 lack nectin-1 and -2 expression,
although they are fully susceptible to EHV1 (Frampton et al., 2005). Until present, the precise
EREC binding/entry receptor for EHV1 remains unknown. Our observations point out that it is
located at cellular basolateral surfaces and becomes apically accessible when intercellular

adhesion is impaired.
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We hypothesize that EHV1, among other alphaherpesviruses, exhibits a specific strategy for
host invasion and subsequent spread. Upon inhalation, primary virus replication in respiratory
epithelial cells is limited in order to avoid the onset of a strong immune response, but high
enough to infect latency-inducible cells (leukocytes and neurons). Once present inside the host,
the virus can invade the respiratory epithelium from its basolateral side upon reactivation.
Spread can occur from infected leukocytes or from infected neurons through anterograde axonal
transport. This is key for efficient secondary replication in the respiratory epithelium and shed
of progeny virus to new hosts.

Taken together, our results shed new light on the pathogenesis of alphaherpesviruses in their
specific target host cells, a significant aspect of medical research on herpesvirus-induced

diseases.
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Chapter 4: Pollen proteases disrupt ICJ and facilitate EHV1 infection

Summary

Pollens are well-known triggers of respiratory allergies and have been shown to disrupt the
epithelial barrier in continuous cell lines. How pollens interact with the respiratory mucosa
remains largely unknown due to lack of representative model systems. Following pollen
inhalation, pollen protease-induced loss-of-barrier function might predispose the respiratory
epithelium for alphaherpesvirus invasion, as these viruses target a basolaterally located
receptor. We here demonstrate how pollen proteases of Kentucky bluegrass, white birch and
hazel selectively destroy integrity of columnar respiratory epithelial cells, but not of basal cells,
in both ex vivo equine respiratory mucosal explants and in vifro primary equine respiratory
epithelial cells (EREC). In turn, this pollen protease-induced damage to respiratory epithelial
cell anchorage resulted in increased infection by the host-specific and ancestral
alphaherpesvirus equine herpesvirus type 1 (EHV1). Pollen proteases of all three plant species
were characterized by zymography and those of white birch were fully identified for the first
time as serine proteases of the subtilase-family and meiotic prophase aminopeptidase 1 using
mass spectrometry-based proteomics. Together, our findings demonstrate that pollen proteases
selectively and irreversibly damage anchorage of columnar respiratory epithelial cells.
Alphaherpesviruses benefit from this partial loss-of-barrier function, resulting in increased

infection of the respiratory epithelium.
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Introduction

Alphaherpesviruses often colonize new hosts through the respiratory mucosae, where they
initiate a primary replication in the respiratory epithelium. This primary replication is usually
restricted in healthy hosts (Glorieux ef al., 2011; Glorieux et al., 2009; Steukers et al., 2012;
Vandekerckhove et al., 2010). We recently showed that the intercellular junctions (ICJ), formed
by a network of close connections between adjacent cells, hinder alphaherpesvirus infection of
the epithelium by masking access to a basolaterally located major viral binding receptor (Van
Cleemput et al., 2017). So far, airborne factors that predispose the respiratory epithelium for
alphaherpesvirus infection remain unknown. Interestingly, respiratory allergies are associated
with impaired barrier function by ICJ in the respiratory epithelium (Xiao et al., 2011a). Plant
pollens are well-known triggers of respiratory allergies and their proteases have been shown to
affect the ICJ of continuous cell lines (Cortes et al., 2006; Runswick et al., 2007; Vinhas et al.,
2011). We hypothesized that this pollen protease-induced loss-of-barrier function might
predispose the respiratory epithelium for alphaherpesvirus infection.

Pollen protease-induced disruption of epithelial integrity is believed to facilitate the delivery of
pollen allergens to the subepithelial antigen-presenting cells and subsequent priming of
T helper 2 (Th2) cells (Taketomi et al., 2006; Xiao et al., 2011b). In turn, the inflammatory
reaction elicited by Th2 cell-specific cytokines (IL-4, IL-5 and IL-13) and failure of
T regulatory cells to suppress these events further drives the immunopathology of allergies
(Barnes, 2011; Batanero et al., 2002; Griinig ef al., 1998). Pollen proteases are mainly localized
at the pollen wall and assist in the assembly of a pollen tube within the flower pistil’s
transmission tract (Radlowski, 2005; Swanson et al., 2004). However, they are easily liberated
by hydration upon inhalation in the human and/or animal respiratory tract. Pollen proteases
have already been characterized as serine, cysteine, threonine and metalloproteases in several
plants including maize, white birch, pine, giant ragweed, rye and blue grass, easter lily and olive
tree (Gonzalez-Rabade et al., 2011; Hollbacher et al., 2017; Runswick et al., 2007; Vinhas et
al.,2011; Widmer et al., 2000). However, limited knowledge on plant genomics and proteomics
hindered previous researchers from fully identifying these proteases.

Our study aimed at identifying specific plant proteases and depicting their impact on the
respiratory epithelium and on subsequent alphaherpesvirus host invasion, using representative
models. Previous studies examining pollen-induced loss-of-barrier function mainly used
continuous cell lines. However, these continuous cell lines do not reflect the in vivo situation.

Here, the horse (Equus caballus) and the horse-specific alphaherpesvirus equine herpesvirus
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type 1 (EHV1) were used as our study system. Similarly to human pollen allergies, horses
commonly suffer from summer pasture-associated recurrent airway obstruction (SP-RAO)
during late winter-spring, as a result of peaking pollen concentrations in the ambient air. In
addition, the horse has already been shown to act as a representative model to study allergies
(Bullone and Lavoie, 2015). The horse-specific EHV1 is a well-known member of the
alphaherpesvirus family and is closely related to other alphaherpesviruses (e.g. varicella-zoster
virus, herpes simplex virus, pseudorabies and bovine herpesvirus type 1) (Davison, 2002;
Karlin et al., 1994). Interestingly, EHV1 even stood out as the most central one among all
examined alphaherpesviruses (Karlin et al., 1994). Thus, pollen-induced effects and host-
specific alphaherpesvirus infections can optimally be studied using representative equine ex
vivo and in vitro models, known to mimic in vivo conditions (Quintana et al., 2011;

Vandekerckhove et al., 2009).
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Material and methods

Preparation of pollen diffusates

Pollen diffusates were prepared as previously described (Runswick et al., 2007). In summary,
pollens from Kentucky bluegrass (KBG; Poa pratensis), white birch (WB; Betula pendula) and
hazel (H; Corylus americana) were purchased from Stallergeens Greer (Cambridge, MA,
USA). Pollens were shaken at a concentration of 100 mg/mL in phosphate buffered saline (PBS)
for 2 h at 4°C prior to centrifugation at 10,000 g for 10 min at 4°C. The supernatant was
harvested and filtered through 0.22 pm pore size filters (VWR International, Radnor, PA,
USA). Finally, the protein concentration in the pollen diffusates was determined using the
Bradford assay (ThermoFisher Scientific, Waltham, MA, USA) and a Nanodrop®
spectrophotometer, following the manufacturer’s instructions. All pollen diffusates were
diluted with PBS to a final concentration of 5 mg/mL and either used immediately or frozen in

aliquots at -20°C.
Gel electrophoresis

Pollen diffusates were diluted 1:1 in Laemmli sample buffer for 20 min at room temperature
(RT) and loaded onto 10% SDS polyacrylamide (ThermoFisher Scientific) gels (Laemmli,
1970). The gels were run at 100 V for 110 min using a Mini Protean Tetra apparatus (Bio-Rad,
Hercules, CA, USA). To assess the protein profile of the pollen diffusates, gels were stained
for 1 h with Coomassie blue R-250 (Imperial™ Protein Stain; ThermoFisher Scientific) and de-
stained in H20 overnight. White birch protein bands with corresponding enzymatic activity, as
assessed by zymography, were excised from the gel, transferred to Eppendorf tubes, washed

two times in H20 and frozen at -20°C until further processing.
Proteomics sample preparation

Gel bands were washed with 500 pl H20, incubated for 15 min with 500 pl water/acetonitrile
(1:1, v/v) and incubated for 15 min with 500 pul 100% acetonitrile before they were dried
completely in a vacuum concentrator. 150 ng sequencing-grade trypsin (Promega) in 50 mM
ammonium bicarbonate in water/acetonitrile (9:1, v/v) was added to the dried gel bands and
proteins were digested overnight at 37°C. Peptides eluted from every gel band were dried
completely in a vacuum concentrator and re-dissolved in 20 ul loading solvent A (0.1% TFA

in water/acetonitrile (98:2, v/v)) for LC-MS/MS analysis.
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LC-MS/MS and data analysis

From each gel band, 2 pl of re-dissolved peptides was injected for LC-MS/MS analysis on an
Ultimate 3000 RSLCnano system in-line connected to an LTQ Orbitrap Elite mass spectrometer
(ThermoFisher Scientific). Trapping was performed at 10 pl/min for 4 minutes in loading
solvent A on a 20 mm trapping column (made in-house, 100 um internal diameter [[.D.], 5 um
beads, C18 Reprosil-HD, Dr. Maisch, Germany) and the sample was loaded on a 200 mm
analytical column (made in-house, 75 pm [.D., 1.9 um beads C18 Reprosil-HD, Dr. Maisch).
Peptides were eluted by a non-linear increase from 2 to 56% MS solvent B (0.1% FA in
water/acetonitrile (2:8, v/v)) over 25 min at a constant flow rate of 250 nl/min, followed by a
10 min wash reaching 99% MS solvent B and re-equilibration with MS solvent A (0.1% FA in
water/acetonitrile (2:8, v/v)). The mass spectrometer was operated in data-dependent mode,
automatically switching between MS and MS/MS acquisition for the 20 most abundant ion
peaks per MS spectrum. Full-scan MS spectra (300-2000 m/z) were acquired at a resolution of
60,000 in the orbitrap analyzer after accumulation to a target value of 3,000,000. The 20 most
intense ions above a threshold value of 500 were isolated for fragmentation by CID at a
normalized collision energy of 35% in the linear ion trap (LTQ), after filling the trap at a target
value of 5,000 for maximum 20 ms (rapid scan rate mode).

Data analysis was performed with MaxQuant (version 1.6.1.0) using the Andromeda search
engine with default search settings including a false discovery rate set at 1% on both the peptide
and protein level. Spectra from all three gel bands were searched together against a database of
Betula Pendula protein sequences reported by Salojarvi e al. (2017) (containing 29,919 protein
sequences downloaded from https://genomevolution.org on March 27 2018). The mass
tolerance for precursor and fragment ions was set to 4.5 and 20 ppm, respectively, during the
main search. Enzyme specificity was set as C-terminal to arginine and lysine (trypsin), also
allowing cleavage at arginine/lysine-proline bonds with a maximum of two missed cleavages.
Oxidation of methionine residues (to sulfoxides), acetylation of protein N-termini and
propionamide modification of cysteine residues were set as variable modifications. Identified
proteins were reported from the proteinGroups.txt MaxQuant output files and putative
proteases, glycosidases and lipases (Table 1) were manually selected based on the annotation

of the orthologues Arabidopsis proteins provided by Salojarvi et al. (2017).
Zymography

Prior to gel electrophoresis, pollen diffusates were incubated with or without protease inhibitors

for 2 h at 4°C under gentle agitation. The following protease inhibitors were used: (i) an
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irreversible serine protease inhibitor 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF); 500 uM (Sigma-Aldrich; St. Louis, MO, USA), (i1) a metal chelator ethylene diamine
tetra-acetic acid (EDTA); 2.5 uM (VWR), (iii) an irreversible cysteine protease inhibitor
epoxide 64 (E-64); 15 uM (Sigma-Aldrich) and (iv) a reversible aspartic acid protease inhibitor
pepstatin A; 10 uM (Sigma-Aldrich). Gels impregnated with 0.1% gelatine (from bovine skin;
Sigma-Aldrich, St. Louis, MO, USA) were used and gel electrophoresis was performed as
described above. Next, proteins were renatured by incubating the gels in 2.5% Triton-X 100 for
20 min at RT. Following a washing step in H20, the gels were transferred to a new tray
containing development buffer (50 mM Tris-HCI pH 7.5, 200 mM NacCl, 5 mM CaClz, 1 uM
ZnClz; Sigma-Aldrich) supplemented with or without the above-described protease inhibitors.
The gels were incubated overnight at 37°C and stained using Coomassie blue R-250, as
described above. A ChemiDocMP Imaging System (Bio-Rad) was used to take pictures of the
Coomassie blue-stained gels. RGB-pictures were converted to 8-bit grey-scaled images using
ImageJ (ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA). Finally,
presence or absence of proteolytic bands was determined by plot-profiling the zymogram lanes

in Imagel.
Tissue collection and processing

The tracheae from different healthy horses were collected at the slaughterhouse and transported
in PBS with calcium and magnesium, supplemented with 0.1 mg/mL gentamicin
(ThermoFisher Scientific, Paisley, UK), 0.1 mg/mL kanamycin (Sigma-Aldrich), 100 U/mL
penicillin, 0.1 mg/mL streptomycin (ThermoFisher Scientific) and 0.25 pg/mL amphotericin B
(ThermoFisher Scientific).

Respiratory mucosal explant isolation and cultivation

Tracheal mucosal explants were prepared as previously described (Van Cleemput et al., 2017;

Vandekerckhove et al., 2009).
EREC isolation and cultivation

Primary equine respiratory epithelial cells (EREC) were isolated and cultured as described by

Quintana et al. (2011) and Van Cleemput ef al. (2017).
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Pollen diffusate treatment of respiratory mucosal explants and EREC
Respiratory mucosal explants

Explants were cultured 24 h for adaptation before thoroughly washing and embedding them in
agarose diluted in 2X MEM, to mimic irn vivo conditions, as previously published (Vairo et al.,
2013; Van Cleemput ef al., 2017). Next, the apical surface of the epithelium was exposed for
12 h at 37°C to the pollen diffusates supplemented with or without the protease inhibitor
mixture (PI) containing 500 uM AEBSF, 15 uM E-64 and 2.5 uM EDTA. As negative control,
PBS with or without PI was used. One hour treatment with EGTA was included as positive
control (Van Cleemput et al., 2017). As negative control, PBS with or without protease
inhibitors was used. Explants were removed from the agarose and washed three times in PBS
and fixed in a phosphate-buffered 3.5% formaldehyde solution for 24 h, either immediately
after the last wash or after an additional 24 h incubation on metal gauzes. Explants were then

stored into 70% alcohol until further processing.
EREC

Cells were grown to confluency and the transepithelial electrical resistance (TEER) was
measured daily until a steady TEER of ~500-700 Qxcm™ was reached. The pollen diffusates
with or without the above-described protease inhibitor mixture (PI) were added to the apical
surface of the cells. EGTA was used as positive control and PBS with or without the PI was
used as negative control. Cells were incubated for 12 h, while epithelial integrity and cell

viability was assessed, as described below.
Assessment of epithelial integrity

Respiratory mucosal explants

Integrity of the intercellular junctions was verified by examining the intercellular space in
haematoxylin-eosin-stained paraffin coupes, as previously described (Van Cleemput et al.,
2017). Briefly, explants were washed 3 times to remove excess pollen diffusates and fixed in
phosphate-buffered 3.5% formaldehyde solution, either immediately or after an additional 24 h
incubation. An automated system was used for paraffin embedding of the samples (Thermo
Scientific™ STP 120 Spin Tissue Processor). Eight pm paraffin sections were first
deparaffinised in xylene, then rehydrated in descending grades of alcohol, subsequently stained
with haematoxylin-eosin, dehydrated in ascending grades of alcohol and xylene and finally

mounted with DPX (Sigma-Aldrich). Pictures were taken with an Olympus IX50 light
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microscope fitted with 40X objective. The percentage of intercellular space in the epithelium
was measured using ImageJ software. The region of interest (ROI) was drawn manually for
both the basal cell layer and the columnar cell layer in each picture using the ‘ROI manager
tool’. A schematic distinction between basal and columnar cells is given in the middle panel of
Figure 3A. Next, the threshold value to distinguish blank spaces from cellular material was
determined and the percentage of blank spaces between the cells (i.e. the intercellular space)
was calculated. In addition, the thickness of the epithelium was measured 24 h after the 12 h

treatment in five randomly chosen places per explant, using ImageJ software.
EREC

To assess epithelial integrity of the EREC, both the transepithelial electrical resistance (TEER)
and the migration of rhodamine B isothiocyanate (RITC)-labelled Dextran 70S (Sigma-
Aldrich) across the epithelium were determined. The TEER was measured using an epithelial
voltohmmeter (Millipore corporation, Bedford, MA, USA) and the net resistance was
calculated by subtracting the background resistance and multiplying the resistance by the
surface area of the membrane. Following 2 h of incubation with the pollen diffusates, 50 pL of
100 pM RITC-labelled Dextran 70S was added to the apical compartment of the transwell for
another 10 h. Next, 50 puL of the basolateral compartment was transferred to a 96-well plate,
suitable for fluorescent measurement (Greiner). Plates were measured at 530/590 nm, using a
Flouroskan Ascent FL (ThermoFisher Scientific) plate reader. Finally, epithelial permeability
was calculated as the percentage of RITC-dextran 70S in the basolateral chamber solution over

that in the apical chamber solution.
Assessment of epithelial cell viability

Respiratory mucosal explants

Viability of the cells was determined on cryosections, using an In Situ Cell Death Detection Kit
(Roche Diagnostics Corporation, Basel, Switzerland), based on terminal deoxynucleotidyl
transferase dUTP nick end-labelling (TUNEL). The manufacturer’s instructions were followed
and slides were analysed using a Leica (TCS SPE) confocal microscope. The percentage of

TUNEL-positive cells was calculated based on 300 randomly selected cells.
EREC

EREC viability was assessed by ethidium monoazide bromide (EMA) staining. Briefly, the
apical surfaces of the cells were washed on ice for 5 min, prior to incubation with 50 pg/mL

EMA for 20 min on ice. Next, the cells were exposed to candescent light for 10 min, washed
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and fixed in 1% paraformaldehyde (PFA) diluted in PBS for 10 min at RT. Nuclei were
counterstained with Hoechst 33342 for 10 min at RT. Transwell membranes were excised from
the culture inserts and mounted on glass slides using glycerol-DABCO. Slides were examined
using a Leica (TCS SPE) confocal microscope. The percentage of EMA-positive cells was
calculated based on 300 randomly selected cells. Finally, cell suspensions were cytospinned on

glass slides and mounted using glycerol-DABCO.
Viral infection assays
Virus

A Belgian EHV1 isolate (03P37) was used in this study and originates from the blood taken of
a paralytic horse during an outbreak in 2003 (van der Meulen et al., 2003). The virus was

propagated on rabbit kidney (RK13) cells and used at the 6 passage.
Respiratory mucosal explants

Explants were cultured at the air-liquid interface for 24 h, prior to extensive washing and
embedment in agarose. Next, explants were exposed to the pollen diffusates or PBS with or
without PI (negative control) for 12 h or to EGTA (positive control) for 1 h, as described above.
Following a washing step, the apical surface of the epithelium was inoculated with 10%> TCIDso
of'the 03P37 EHV 1 strain for 1 h at 37°C. Explants were removed from the agarose and washed
3 times in PBS to remove non-adherent virus particles. Finally, explants were placed back onto
their gauzes and serum-free medium was added. Twenty-four hpi, explants were placed into

methylcellulose-filled plastic tubes and frozen at -80°C until further processing.
EREC

EREC were grown to full differentiation in a transwell cell culture system prior to treatment
with the pollen diffusates with or without the protease inhibitor mixture, EGTA (positive
control) or PBS with or without the protease inhibitor mixture (negative control). Following a
thorough washing step, cells were exposed for 1 h to 100 uL EHV1 03P37 strain (MOI of 1) at
the apical surface. Non-adsorbed virus particles were removed by washing the EREC three
times with DMEM/F12. Fresh EREC-medium was added to the platewells and cells were
further incubated at the air-liquid interface. Ten hours post-inoculation, cells were fixed in

methanol for 20 min at -20°C and stored dry at -20°C until further processing.
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Immunofluorescent staining and confocal microscopy
Respiratory mucosal explants.

Explants were embedded in methylcellulose and snap-frozen for subsequent cryosectioning.
Sixteen pum thick cryosections were cut using a cryostat at -20°C and loaded onto
3-aminopropyltriethoxysilane-coated (Sigma-Aldrich) glass slides. Slides were then fixed in
4% paraformaldehyde for 15 min and subsequently permeabilized in 0.1% Triton-X 100 diluted
in PBS. Non-specific binding sites were blocked by 15 min incubation with avidin and biotin
(ThermoFisher Scientific) at 37°C. To label late viral glycoproteins, a polyclonal biotinylated
horse anti-EHV1 was used for 1 h at 37°C (van der Meulen et al., 2003), followed by incubation
with streptavidin-FITC® (ThermoFisher Scientific) for 1 h at 37°C. The basement membrane
of the tissues was stained with monoclonal mouse anti-collagen VII antibodies (Sigma-
Aldrich), followed by secondary Texas Red®-labelled goat anti-mouse antibodies
(ThermoFisher Scientific). Nuclei were detected by staining with Hoechst 33342
(ThermoFisher Scientific). Slides were mounted with glycerol-DABCO and analysed using a
Leica (TCS SPE) confocal microscope. The total number of plaques was counted on
50 cryosections and plaque latitude was measured using the Leica confocal software package.
Five cryosections per explant were completely photographed and the percentage of infection in
the epithelium (i.e. region of interest or ROI) was determined using Image J software. The ROI
(i.e. the epithelium) was drawn manually for each picture in the ‘ROI manager tool’. Next, the
threshold value to distinguish the FITC®-positive signal from the background signal was

determined and the percentage of FITC®-positive signal (i.e. infection) was calculated.
EREC

Antibodies were incubated directly in the transwells for 1 h at 37°C. Cells were first incubated
with a 1:1,000 dilution of a polyclonal rabbit anti-IEP antibody, kindly provided by Dr. D.
O’Callaghan, Louisiana State University, USA. The diluent used was PBS containing 10%
negative goat serum. This was followed by incubation with a goat anti-rabbit IgG
FITC®-conjugated antibody (ThermoFisher Scientific). Nuclei were counterstained with
Hoechst 33342 for 10 min at 37°C. Transwell membranes were excised from the culture inserts
and mounted on glass slides using glycerol-DABCO. Slides were examined using a Leica
confocal microscope. The total number of plaques was counted on 5 random fields of
approximately 3x10* cells per insert. Plaque latitude was measured on 10 individual plaques

using the Leica confocal software package.
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Virus titration

Twenty-four hours after inoculation, explant supernatant was collected and stored at -80°C until
titration. EHV1 titrations were conducted on RK13 cells, which were incubated at 37°C for

7 days. Titers were expressed as TCIDso.
Statistical analyses

Significant differences (P<0.05) between different treatments were identified by one-way
analysis of variances (ANOVA) followed by Tukey’s post-hoc test. If homoscedasticity of the
variables was not met as assessed by the Levene’s test, the data were log-transformed prior to
ANOVA. Normality of the residuals was verified by the use of the Shapiro-Wilk test. If the
variables remained heteroscedastic or normality was not met after log-transformation, a
Kruskall-Wallis’ test, followed by a Mann-Whitney’s post-hoc test was performed. All analyses
were conducted in IBM SPSS Statistics for Windows, version 25.0 (IBM Corp, Armonck, NY,
USA).
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Results

Pollen grains of Kentucky bluegrass (KBG), white birch (WB) and hazel (H)

release proteases with major metalloprotease and serine peptidase activities

Proteolytic activities of the pollen diffusates were first determined by gelatine zymography
using specific protease inhibitors (Figure 1). Plot profiling of treated pollen diffusate lanes was
performed by means of image analysis to determine the absence or presence of specific
proteolytic bands. Following control treatment with PBS, all three pollen diffusates contained
proteolytic bands with motilities ranging from 70 kDa to over 250 kDa. In the KBG, WB and
H lanes, one, three and two major proteolytic bands were identified, respectively. Sequestration
of metal ions by EDTA inhibited metalloproteases as well as proteases that require metal ions
for stabilisation and/or activation. This was sufficient to block merely all proteolytic bands in
the three pollen diffusates, as designated by a drop in the respective plot profiles. Treatment of
all three pollen diffusates with the serine protease inhibitor AEBSF clearly inhibited enzymatic
activities in all proteolytic bands, except for two proteolytic bands in the WB lane, located
slightly above 250 kDa and at 70 kDa. The former band was only efficiently blocked following
sequestration of metal ions by EDTA, suggesting that it harboured a metalloprotease, while the
latter band disappeared after inhibition of cysteine protease activity with E-64. Inhibiting
aspartyl proteases with pepstatin A was not sufficient to block the proteolysis of gelatine in the
proteolytic lanes of all pollen diffusates. Together, our zymography data indicate the presence

of significant protease activity in plant pollen diffusates.
Protease identification in the pollen diffusate of white birch

The recent genomic sequencing of WB and accompanying annotation of its putative protein
sequences (Salojérvi ef al., 2017) enabled us to reveal the identity of WB proteases using mass
spectrometry (MS)-based proteomics. For this purpose, LC-MS/MS analysis was performed on
three protein bands corresponding to different enzymatic bands on the zymograms (i.e. mobility
at>250 kDa [1], 100-150 kDa [2] and 70 kDa [3]), which were excised following regular SDS-
PAGE (Figure 2). The raw MS/MS data were searched against a database of Betula Pendula
proteins for which functional annotation is available from orthologous proteins in Arabidopsis
thaliana, a widely used model in molecular plant biology and an overview of identified
proteases, glycosidases and lipases is given in Table 1. Further information on the Arabidopsis

thaliana orthologous proteases can be found using their MEROPS accession number. MEROPS
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is a peptidase database which groups proteases of similar evolutionary origins into (sub)clans

and (sub)families.
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Figure 1. Pollen diffusates of Kentucky bluegrass (KBG; upper panel), white birch (WB; middle panel) and hazel (H; lower
panel) contain proteolytically active compounds. Pollen diffusates were incubated with several protease inhibitors (2.5 uM
EDTA, 500 uM AEBSF or 15 uM E-64) prior to and during zymography on a gelatin substrate. Following overnight digestion
at 37°C, Coomassie blue staining of the gelatin gels was performed. RGB-pictures were taken with a ChemiDocMP Imaging
System (Bio-Rad) and converted to 8-bit grey-scaled images using ImageJ. A complete overview of the zymogram lanes of
PBS-treated pollen diffusates is shown on the left. The red box designates the area that was used for plot profiling in ImageJ.
Plot profiles and their corresponding zymogram lanes are shown in the right set of graphs. Proteolytic bands appear as white
zones in the Coomassie blue-stained gelatin gel and are, together with their corresponding grey value peaks, designated by
arrowheads.

In accordance with our zymography results, primarily serine proteases were identified in all
three  protein bands. In  particular, the ‘subtilisin-like protease = SBT1.7’
(Bpev01.c0015.20096.m0001) was predominantly recovered from all three lanes, indicating
that it exists in multiple forms. The identification of two additional subtilisin-like serine
proteases (i.e. Bpev01.c1354.g0003.m0001 or ‘subtilisin-like protease SBT5.4> and
Bpev01.¢0577.20026.m0001 or ‘subtilisin-like serine protease’) in two out of three protein
bands depicts a major presence of subtilases in the WB pollen diffusate. In addition, meiotic
prophase aminopeptidase 1 (Bpev01.c0170.g0046.m0001), a metalloprotease with
aminopeptidase activity was identified in the protein band with a size corresponding to 100-150
kDa. Besides these proteases, a repertoire of glycosidases and lipases were also found in

different WB lanes (Table 1).
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Figure 2. Protein (left) and proteolytic (right) profiles of pollen diffusates of Kentucky bluegrass (KBG), white birch (WB) and
hazel (H). Three bands (1-3, left red boxes), corresponding to major proteolytic spots on zymography (1-3, right red boxes),
were excised in the WB lane following SDS-PAGE and were subjected to LC-MS/MS analysis for protein identification.

Corresponding Lane Sequence Nr. of
Type (and Protein ID Arabidopsis Description (kD) coverage unigue
MEROPS gene % peptides
accession)
Serine protease  Bpev01.c0015.g0096.m0O001 ATEGE7360 Subtilisin-like protease SBT1.7 1 33 2
(508.112)
2 14.6 10
3 3 2
Serine protease  Bpevl1.c1354.g0003. m0O001 ATEGE9810 Subtilisin-like protease SBT5.4 2 1.2
(S08.AZ6)
3 12 1
Serine protease  Bpev01.c0577.g0026.m0001 AT1G20160 Subtilisin-like serine protease 2 18 1
(S08.A22)
Metalloprotease, Bpev01.c0170.g0046 m0O0O01 AT1GB3ITT0 Meiotic prophase 2 15 1
aminopeptidase aminopeptidase 1
(M01.029)
Glycosidase Bpev01.c0504.g0008.m0O001 AT4G20050 Palygalacturonase QRT3 1 8.4 4
2 331 18
Glycosidase Bpev01.c0298.g0032.m0O001 AT3G48950 Endo-polygalacturonase-ike 3 31 2
protein
Glycosidase Bpev01.c1877.g0001.m0001 AT5GE4570 Beta-d-xylosidase 1 18 1
2 58 4
Glycosidase Bpev01.c0313.00001.m0O001 ATEG04885 Glycosyl hydrolase family protein 1 15 1
2 6.3 1
Glycosidase Bpev01.c0313.g0002.m0001 AT5G20950 Glycosyl hydrolase family protein 2 14 1
3 33 1
Glycosidase Bpev01.c0031.g0026.m0001 AT5G12950 Putative glycosyl hydrolase of 3 31 3
unknown function (DUF1680)
Lipase Bpev01.c0547 g0017.m0O001 AT4G13550 Triglyceride lipase 1 17
2 32 2
3 41

Table 1. Proteases, glycosidases and lipases identified via proteome analysis of three protein bands (>250 kDa [1], 100-150
kDa [2], and 70 kDa [3]) from the white birch pollen diffusate, corresponding to proteolytic spots on zymography (shown in
Figure 2).
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Pollen proteases selectively and irreversibly alter intercellular junctions of

columnar equine respiratory epithelial cells
Respiratory mucosal explants

Pollen proteases of KBG and WB have been shown to affect epithelial integrity in Madin-Darby
canine kidney (MDCK) cells and in human lung adenocarcinoma Calu-3 cells (Runswick et al.,
2007; Vinhas et al., 2011). However, these continuous cell lines do not reflect the in vivo
situation. Therefore, we examined the effect of pollen proteases on representative ex vivo
respiratory mucosal explants, using our previously described protocol (Van Cleemput et al.,
2017).

As shown in the haematoxylin-eosin-stained images of Figure 3A, the intercellular space open
up following treatment with all three pollen diffusates, compared to control treatment with PBS.
There was no effect of any of the three pollen diffusates on epithelial integrity when protease
inhibitors (PI; 500 uM AEBSF, 15 uM E-64 and 2.5 uM EDTA) were added, demonstrating
that pollen proteases affect epithelial intercellular junctions (ICJ). Notably, basal cell ICJ were
resistant to treatment with pollen proteases throughout the course of the experiment, as shown
by the intact basal cell layer on haematoxylin-eosin-stained sections. Indeed, the intercellular
space significantly (P<0.05) increased in the columnar cell layer (left graph), but not in the
basal cell layer (right graph). As a control, treatment with the Ca®’-chelating agent EGTA
efficiently disrupted the ICJ of both basal and columnar cells, as demonstrated by the significant
increase (P<0.05) in intercellular space in both cell layers. Viability of cells within the
respiratory epithelium did not significantly drop after treatment with pollen diffusates,
compared to control PBS (Figure 4A, left panel). However, desquamating cells did show signs
of apoptosis, as shown in the right panel of Figure 4A (green signal).

In contrast to EGTA, the pollen diffusates irreversibly affected epithelial morphology, as
assessed by measuring the thickness of the epithelium. Twenty-four hours after the 12 h pollen
protease treatment, the height of the epithelium was significantly lower (KBG, 30 + 8 pm; WB,
24 + 8 um; H, 28 £ 8um), compared to PBS or EGTA treatment (62 = 15 pm and 60 + 12 pm,
respectively), as shown in Figure 3B. In addition, the ciliated appearance of the respiratory
epithelium was lost upon incubation with the pollen diffusates. Again, these effects were
attributed to the protease activities of all three pollen diffusates, as the addition of protease
inhibitors prevented these changes in epithelial morphology. Representative haematoxylin-

eosin images are given in the upper panel of Figure 3B.
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Figure 3. Pollen proteases selectively and irreversibly alter intercellular junctions of columnar equine respiratory epithelial
cells in respiratory mucosal explants. Explants were treated with PBS (control), pollen diffusates (Kentucky bluegrass or KBG,
white birch or WB and hazel or H) supplemented with or without protease inhibitors (PI) for 12 h or EGTA for 1 h.
(A) Representative haematoxylin-eosin-stained images of the explants after treatment. The scale bar measures 50 um (upper
panel). Schematic representation of the columnar and basal layer of normal and pollen protease-affected respiratory epithelia
(middle panel). The percentage of intercellular space in the columnar (left graph) and basal (right graph) cell layer of the
respiratory epithelium after treatment (lower panels). Experiments were performed on explants from 3 individual horses and
data are represented as means + SD. Different lower case letters indicate significant (P<0.05) differences in treatments without
PI, different upper case letters indicate significant (P<0.05) differences in treatments with PI. (B) Representative haematoxylin-
eosin-stained images of the explants 24 h after the treatment. The scale bar measures 50 um (upper panel). The height of the
epithelium was measured 24 h after the treatment (lower panel). Experiments were performed on explants from 3 individual
horses and data are represented as means + SD. The lower case letters indicate significant (P<0.05) differences in treatments
without PI, different upper case letters indicate significant (P<0.05) differences in treatments with PI.
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Figure 4. Cell viability of the cells within the epithelium was not affected upon treatment with pollen diffusates of Kentucky
bluegrass (KBG), white birch (WB) or hazel (H), supplemented with or without protease inhibitors (PI). (A) TUNEL staining
data of 12 h pollen diffusate-treated respiratory mucosal explants. Experiments were performed on explants from 3 individual
horses and data are represented as means + SD. The lower case letters indicate significant (P<0.05) differences in treatments
without PI, different upper case letters indicate significant (P<0.05) differences in treatments with PI (left). Representative
confocal image of pollen protease-induced apoptosis (shown in green) in detaching epithelial cells (right). Cell nuclei are shown
in blue. The scale bar represents 50 pm. (B) EMA staining confirmed no significant (P<0.05) differences in viability of the
EREC monolayer after different treatments. Three independent experiments were performed and data are represented as means
+ SD. The lower case letters indicate significant (P<0.05) differences in treatments without PI, different upper case letters
indicate significant (P<0.05) differences in treatments with PI (left). Representative confocal image of pollen diffusate-treated
EREC. Cell nuclei are shown in blue and a postive EMA-signal is shown in red. Scale bar measures 100 pm.
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EREC

ICJ integrity of EREC was examined by measuring both the transepithelial electrical resistance
(TEER) and transepithelial permeability to RITC-labelled dextran. EREC reached a steady
TEER of ~500-700 Qxcm after 5-7 days of incubation at the air-liquid interface in a transwell
cell culture system. Starting from 30 min post addition, the TEER significantly dropped to
baseline levels after treatment with EGTA (positive control), but not after treatment with PBS
or with different pollen diffusates (Figure 5A). In contrast, the TEER increased in a time-
dependent manner and reached values that were up to 2.5-fold higher at 12 h after exposure
than at 0 h in both PBS- and pollen diffusate-treated EREC. The TEER of additional EREC that
did not receive any treatment, i.e. had air-filled apical compartments, remained stable
throughout the experiment (data not shown). TEER values did not significantly differ among
PBS- and pollen diffusate-treated EREC. The pattern of TEER values was similar in EREC
treated with pollen diffusates, supplemented with protease inhibitors, over time (data not
shown). Similarly, the transepithelial permeability, as assessed by the percentage of migrated
RITC-labelled dextran and shown in the right graph of Figure 5B, did not significantly differ
between EREC exposed for 12 h to different pollen diffusates and control-treated EREC.
Chelation of extracellular Ca*" with EGTA, however, was able to significantly increase the
percentage of migrated RITC-labelled dextran across the EREC up to 20%. Nonetheless,
treatment with all three pollen diffusates, but not with PBS, EGTA or after supplementation of
protease inhibitors, induced cell desquamation. Illustrative light microscopy pictures are given
in Figure 5C. The loss of columnar cells upon pollen diffusate treatment was also apparent on
the 3D reconstruction of 20 consecutive Z-stack confocal images of the EREC layer, shown in
the left panels of Figure 5D and on haematoxylin-eosin-stained images of the EREC layer,
shown in the right panels of Figure 5D. Viability of the EREC was not significantly affected
upon treatment with pollen diffusates with or without protease inhibitors, as determined by
EMA -staining (Figure 4B).

Together, these results show that integrity of the upper, i.e. columnar, respiratory epithelial cell
layer is selectively disrupted by pollen proteases, while the basal cell layer somehow resists

their damaging effect.
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Figure 5. Pollen proteases selectively and irreversibly alter intercellular junctions of columnar primary equine respiratory
epithelial cells (EREC). Polarized EREC were treated with PBS (control), pollen diffusates (Kentucky bluegrass or KBG, white
birch or WB and hazel or H) or EGTA, supplemented with or without protease inhibitors (PI). (A) Transepithelial electrical
resistance of EREC was measured over time and was normalized to time point 0 h. (B) Percentage of RITC-labelled dextran
70S in the basolateral chamber solution over that in the apical chamber solution. RITC-laballed dextran 70S was added 2 h
after the initiation of the treatment and incubated for another 10 h (right panel). Three independent experiments were performed
and the data are represented as means + SD. Asterisks indicate significant differences (***: P<0.001). (C) Representative light
microscopy pictures of EREC. Note the desquamating cells in EREC treated with pollen diffusates without PI (KBG, WB and
H -PI). The scale bar measures 50 pm. (D) Cross-section of the EREC layer from a 3D visualisation built up out of 20
consecutive confocal Z-stack images (left) or haematoxylin-eosin-stained paraffin coupes of the EREC layer (right) following
treatment with PBS (control, upper panels) or pollens (lower panels). Cell nuclei are shown in blue (left) or purple (right) and
the scale bar measures 50 um.
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Pollen proteases predispose respiratory epithelial cells for efficient EHV1 infection

Respiratory mucosal explants

Number of plaques - As shown in Figure 6A, upper left panel, the number of plaques per
50 cryosections significantly (P<0.05) increased from 12 + 6 in PBS-pretreated explants
(negative control) to 45 + 9 (KBG), 51 £ 17 (WB) and 57 + 16 (H) in pollen diffusate-pretreated
explants. The number of plaques was significantly (P<0.05) higher after EGTA pretreatment
(positive control), compared to PBS pretreatment and did not significantly differ from the
number of plaques in the pollen diffusate-pretreated explants. Inhibition of the proteases in the
pollen diffusates with the protease inhibitors (PI) completely prevented the increase in
subsequent EHV1 infection, as the number of plaques following pollen diffusate with PI
pretreatment (6 + 5 for KBG, 8 = 7 for WB and 6 + 6 for H) did not significantly differ from
PBS pretreatment (with or without PI; 10 + 6 and 12 + 6, respectively).

Plaque latitude - The plaque latitude gives an indication about the ease of viral spread in the
explant epithelium and is shown in Figure 6A, upper right panel. The average latitude of EHV 1
plaques increased significantly from 81 £ 5 um in PBS-pretreated explants to 127 + 22 pm
(KBG), 126 £ 5 pm (WB) and 114 = 8 um (H) after pollen diffusate pretreatment. Similarly,
the average EHV1 plaque latitude was higher after EGTA pretreatment (157 + 38 pm),
compared to control. The average EHV1 plaque latitude in pollen diffusate with Pl-pretreated
explants (92 + 31 pm for KBG, 88 = 27 pm for WB and 90 + 28 pum for H) was similar to
PBS-pretreated explants (with or without PI; 89 &+ 32 um and 81 + 5 um, respectively).
Percentage of infection in the epithelium - In order to obtain a general overview of EHV1
infection in explants, the percentage of infection in the epithelium (i.e. ROI) was calculated and
is illustrated in Figure 6A, lower left panel. In PBS-pretreated explants, 2.20 + 1.78% of the
epithelium was infected by EHV1. Pretreatment of the explants with pollen diffusates led to a
significant (P<0.05) increase of this percentage to 12.83 + 6.63% (KBG), 10.24 + 2.07% (WB)
and 12.19 + 3.61% (H). Up to 22.90 + 6.70% of the epithelium got infected by EHV1 after
pretreatment with EGTA. A similar trend as in the number of plaques was observed for the
percentage of infection in the epithelium of explants pretreated with PBS or pollen diffusates,
supplemented with PI. Here, 1.41 + 0.37% (PBS), 2.46 + 2.38% (KBG), 3.38 = 1.01% (WB)
and 3.41 = 1.74% (H) was infected with EHV1.

Virus titer - More efficient virus replication in the epithelium most likely results in the
production of more extracellular virus particles. Indeed, virus titration (Figure 6A), lower right

panel) confirmed this hypothesis showing that the supernatant of all pollen diffusate-pretreated
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explants contained on average a 1 to 1.5 logio higher titer (4.74 + 0.70 for KBG, 4.90 + 0.36 for
WB and 4.91 + 0.92 for H) than control-pretreated explants (3.84 + 0.2). EGTA-pretreated
explant supernatant was on average 1.5 logio higher (5.02 + 0.26) than control supernatant.
Again, preventing protease activities by supplementing PI to the pollen diffusates resulted in a
similar virus titer (4.06 = 1.1 for KBG, 3.69 £ 0.78 for WB and 4.02 + 0.96 for H), compared
to control (3.72 £ 0.21). Representative confocal images of EHV1 plaques in the respiratory

mucosal explants are shown in Figure 6B.

Number of plaques/
4 mm? epithelium

PBS KBG WB H EGTA

354 b :-'é'e_
O 30+ © g ]
cE 5
=25
S E L 244
532 L3
= O w = 34
.E_—,E1 5 E
5 g S ®,]
2 o 101 o
3
£ =
(=]
£ &
S o-

PBS KBG WB H EGTA PBS KBG WB H EGTA

KBG

-PI

+ Pl

Figure 6. EHV1 infection of respiratory mucosal explants after pretreatment with PBS (control), pollen diffusates (Kentucky
bluegrass or KBG, white birch or WB and hazel or H) or EGTA, supplemented with or without protease inhibitors (PI). Explants
were frozen 24 hpi and cryosections were stained for late viral antigens. (A) The total number of plaques was counted on
50 consecutive cryosections (upper left panel), the average plaque latitude was calculated based on a maximum of 10 individual
plaques (upper right panel), the percentage of EHV1 infection in the epithelium was analysed on 5 random cryosections (lower
left panel) and the virus titer (lower right panel) was determined in supernatant on RK13 cells. Experiments were performed
on explants from 3 individual horses and data are represented as means + SD. Different lower case letters indicate significant
(P<0.05) differences in pretreatments without PI, different upper case letters indicate significant (P<0.05) differences in
pretreatments with PI. (B) Representative confocal images of EHV1 plaques (green) in respiratory mucosal explants. The
basement membrane is shown in red. Cell nuclei were counterstained with Hoechst (blue). The scale bar represents 50 pum.
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EREC

Number of plaques - On 3x10* EREC, we counted an average of 6 + 4 EHV 1 plaques following
PBS pretreatment of the cells. Disruption of columnar cell ICJ with proteases of KBG, WB and
H increased the number of EHV1 plaques in 3x10* EREC to 8 + 4, 12 = 3 and 11 + 4,
respectively. Complete disruption of epithelial integrity with EGTA completely overcame the
restriction upon apical inoculation, resulting in an average of 58 + 10 EHV 1 plaques per 3x10*
EREC (Figure 7A, left panel). Addition of PI to the pollen diffusates during EREC pretreatment
inhibited the increase in EHV1 infectivity.

Plaque latitude - No significant difference in EHV1 plaque latitude was found between
different pretreatments (Figure 7A, right panel).

Representative confocal images of EHV1 plaques in EREC are shown in Figure 7B.

Taken together, the partial disruption of respiratory epithelial integrity by pollen proteases is
sufficient to enhance subsequent EHV1 infection, but not to the same level as after a complete

disruption of epithelial integrity with EGTA.
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Figure 7. EHV1 infection of equine respiratory epithelial cells (EREC) after pretreatment with PBS (control), pollen diffusates
(Kentucky bluegrass or KBG, white birch or WB and hazel or H) or EGTA, supplemented with or without protease inhibitors
(PI). Cells were fixed 10 hpi and stained for immediate early protein (IEP). (A) The total number of plaques was counted in
five different fields of approximately 3x10* cells for each condition (left). Average plaque latitudes were measured on 10
individual plaques (right). Experiments were performed in triplicate on primary EREC of 3 different horses. Data are
represented as means + SD and different lower case letters indicate significant (P<0.05) differences in pretreatments without
PI, different upper case letters indicate significant (P<0.05) differences in pretreatments with PI. (B) Representative confocal
images of EHV1 IEP-positive plaques (green) in EREC monolayers, nuclei were detected with Hoechst (blue). The scale bar
represents 100 pm.
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Discussion

Alphaherpesviruses spread to new hosts through the respiratory tract, where they target a
basolaterally located receptor in the epithelium (Van Cleemput et al., 2017). In today’s modern
society, the human and animal respiratory tract is constantly exposed to respirable hazards,
ranging from moulds and other airborne pathogens to air pollutants, dust and pollens. Pollen
proteases were shown to affect epithelial barrier function in continuous cell lines and thus,
might predispose the epithelium for alphaherpesvirus invasion (Cortes et al., 2006; Runswick
et al.,2007; Vinhas et al., 2011).

Consistent with previous studies, we observed that PBS-submerged pollens release high
molecular weight proteases with major metalloprotease and serine peptidase activities (Cortes
et al., 2006; Runswick et al., 2007; Vinhas et al., 2011; Widmer et al., 2000). These results
were corroborated with our proteomics-derived data of the white birch (WB) pollen diffusate.
Indeed, we mainly identified serine proteases of the subtilase family in all three WB proteolytic
lanes, besides the metalloprotease meiotic prophase aminopeptidase 1 in the 100-150 kDa lane.
The identified subtilases presumably occur in multiple forms, as some of them (e.g.
Bpev01.¢0015.20096.m0001 or subtilisin-like serine protease 1.7) were derived from different
proteolytic lanes following non-denaturing SDS-PAGE. Multiple other proteases were
presumably present in the WB proteolytic lanes, as also EDTA and E-64 could efficiently block
enzymatic activity on zymograms and the majority of MS/MS spectra could not be assigned to
specific proteins by means of proteomics. For instance, our zymography results showed the
presence of an additional major metalloprotease lacking serine protease activities in the >250
kDa band and a cysteine protease in the 70 kDa band of WB, but proteomics did not (yet) allow
us to identify these proteases. Future knowledge on the complete protein database of WB should
eventually unravel the identities of these putative proteases.

In line with previous studies in continuous cell lines, we found that pollen proteases disrupt
epithelial integrity in ex vivo equine respiratory mucosal explants (Cortes et al., 2006; Runswick
et al., 2007; Vinhas et al., 2011). Remarkably, we found that only the intercellular junctions of
columnar epithelial cells were affected by pollen proteases. This phenomenon was strikingly
different from that observed after addition of the calcium-depleting agent EGTA, which rapidly
caused splitting of both basal and columnar cell intercellular junctions (ICJ) (Van Cleemput et
al.,2017). As a result, the damage caused by pollens to the ICJ must have been independent of
calcium concentration. First, the degradation of ICJ might be a direct consequence of

proteolytic actions. The exposed domains of basal cell transmembrane proteins might be less
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accessible to exogenous proteases, compared to those of columnar cells. A more tighter sealing
in between basal cells would not be surprising, as loss of these cells would have detrimental
effects on the epithelium. Basal cells not only function as progenitor cells, but also play a major
role in fixation of the complete respiratory epithelium by expressing hemidesmosomal
complexes (Boers et al., 1998; Evans et al., 1990). Second, activation of a protease-activated
receptor (PAR) at the surface of epithelial cells could also induce a disruption of the epithelial
integrity (Reed and Kita, 2004). PAR are G protein-coupled receptors that are activated after
proteolytic cleavage of their N-terminus (Déry et al., 1998). It was proposed by Vinhas et al.
(2011) that the disruption of the epithelial barrier by pollen proteases could occur via the
activation of a protease-activated receptor or PAR. Allergenic products of mites, moulds and
the Japanese Cedar pollens have already been shown to activate PAR2, thereby initiating the
disassembly of ICJ (Chiu et al., 2007; Kato et al., 2009; Kumamoto et al., 2016). Interestingly,
PARI and 2 are exclusively expressed by the columnar cells of the epithelium of the human
respiratory tract and/or skin (Bocheva et al., 2009; Knight ef al., 2001). It would be interesting
to localize different PAR in the horse’s respiratory epithelium to uncover their role in pollen
protease-induced loss of epithelial integrity. Unfortunately, we were unable to visualize PAR2
in the horse’s respiratory epithelium, as none of the commercially available antibodies against
human PAR2 recognized equine PAR2 in immunofluorescent staining. Further support for a
potential contribution of PAR2 in the pollen-induced loss of epithelial integrity comes from our
zymography and proteomics results, as almost all proteolytic activities of the pollen diffusates
were blocked with AEBSF. In addition, we mainly identified serine proteases of the subtilase
family in the WB pollen diffusate using proteomics. Notably, PAR?2 is selectively activated by
serine proteases, through cleavage of its N-terminus (Cocks and Moffatt, 2001). We
additionally identified a metalloprotease ‘meiotic prophase aminopeptidase 1° in the WB pollen
diffusate, together with a plethora of glycosidases and lipases. As described for matrix
metalloprotease 9, meiotic prophase aminopeptidase 1 might also alter airway epithelial
integrity (Vermeer et al., 2009). Based on these findings, it seems reasonable to propose that
pollen-derived glycosidases clear passage through the mucus blanket by destroying the
mucoprotein network. This strategy not only allows for the delivery of pollen proteases and
allergens, but also airborne pathogens to the respiratory epithelium.

Delivery of pollen-derived proteases to the respiratory epithelium clearly caused irreversible
damage. Twenty-four hours after normalizing the medium, merely a thin layer of basal cells
persisted in the explants upon treatment with pollen proteases. The normal ciliated appearance

of the respiratory epithelium disappeared due to loss of desquamated and apoptotic epithelial
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cells. In vivo, this reduced mucociliary clearance might even further promote the damaging
effect of pollen substances, as the induced stasis might further concentrate them in one place.
Cellular desquamation was also observed in the EREC upon exposure to pollen diffusates,
which is in line with previous studies (Cortes et al., 2006; Hassim et al., 1998). However, in
contrast with studies using continuous cell lines, we did not observe a decrease in transepithelial
electrical resistance or an increase in transepithelial permeability across the EREC upon apical
exposure to the pollen diffusates (Lee et al., 2014; Vinhas et al., 2011). This corroborates our
observations in ex vivo respiratory mucosal explants, where integrity of the basal cells resisted
treatment with pollen diffusates. Upon loss of their neighbouring epithelial cells, the basal cells
may have rapidly flatted out and thereby covered the underlying surface, as they would do in
vivo (Erjefalt et al., 1995). Indeed, haematoxylin-eosin-stained paraffin coupes of the EREC
layer confirmed that basal cells resisted pollen protease treatment, while covering the basement
membrane. Surprisingly, coverage of the apical EREC surface with either PBS or pollen
diffusates led to an increase of their TEER. As these results are consistent with those obtained
from primary human bronchial epithelial cells after exposure to grass pollen extracts, we want
to emphasize the importance of using appropriate representative models (Blume et al., 2012).
Here, the increase in epithelial integrity might have acted as a self-defence mechanism in a
harmful environment (Lanaspa et al., 2008). Indeed, respiratory epithelial cells generally thrive
well at the air-liquid interface, but fail to maintain their differentiation level after full immersion
in medium (Clark et al., 1995; Grainger ef al., 2006; Whitcutt et al., 1988).

We previously showed that upon destruction of epithelial integrity, infection of the respiratory
epithelium with the alphaherpesvirus equine herpesvirus type 1 (EHV1) was greatly enhanced
(Van Cleemput et al., 2017). As this ancestral alphaherpesvirus targets a receptor located at the
basolateral surface of epithelial cells, primary infections are limited and most often occur
subclinically. Here, we demonstrated that the respiratory epithelium is more easily infected by
EHV1 upon disruption of the ICJ by pollen proteases. Nonetheless, the increase in subsequent
EHV1 infection was not to the same degree as following a complete destruction of epithelial
integrity with EGTA. Indeed, the basal cells remained able to seal the epithelium upon exposure
to pollen proteases, avoiding unlimited passage of virus particles. Nonetheless, the basolateral
surface of (semi-)detaching columnar cells was still exposed to virus particles, enabling
efficient infection. Especially in the more representative respiratory mucosal explants, EHV 1
infection was predominantly enhanced upon pollen protease pretreatment, which was less
obvious in EREC. Although the EREC, grown in optimal conditions, differentiate into a

pseudo-stratified respiratory epithelium, they presumably cannot fully mimic the in vivo
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differentiated respiratory epithelium of mucosal explants (Quintana et al., 2011). Therefore, we
hypothesize that EHV1 infection is only enhanced at certain islands within the EREC layer,
where affected cells did not fully detach. Indeed, cells in the EREC layer more easily detached,
compared to those embedded within the respiratory epithelium of mucosal explants. Loss of
these cells in the EREC layer prevented EHV1 from infecting them which may explain why
subsequent EHV1 infection was not as efficient as in the respiratory mucosal explants.

Our results are corroborated by the seasonally observed EHV1-associated symptoms (i.e.
respiratory disease, central nervous system disorders and abortion), as these occur most often
during late winter and spring, when pollen concentrations in the outdoor air peak (Goehring et
al., 2006; Sherman et al., 1979; Wilson, 1997). Indeed, in Europe, hazel is the first to shed
pollens in the air (December-April), followed by birch (March-April) and grasses (May-June)
(D’amato et al., 2007). In addition, climate change has already led to an earlier onset of
biological spring and today’s air pollution further amplifies and/or alters pollination (D'Amato
et al., 2001; Pefiuelas and Filella, 2001). Nonetheless, other factors such as crowding of horses
during winter and the seasonal breeding cycle of horses also contribute to these seasonally
observed symptoms.

Vice versa, the enhanced replication of (alpha)herpesviruses in the respiratory epithelium might
further promote the detrimental effects of pollens. First, the viral-induced destruction of
epithelial cells leads to impaired mucociliary clearance, which may further concentrate pollen
substances in one place (Houtmeyers ef al., 1999). Furthermore, epithelial damage will facilitate
the delivery of these pollen substances to the underlying cells of the immune system to promote
airway sensitization (Robinson et al., 1997; Taketomi et al., 2006; Xiao et al., 2011b). Next,
alphaherpesviruses might selectively activate T helper 2 cells or suppress T regulatory cells in
certain individuals, which are both of key importance in the development of allergies. Indeed,
T helper 2 responses have already been shown to exacerbate HSV1-induced keratitis in mice
(Jayaraman et al., 1993). However, further studies using appropriate host-specific models are
required to uncover the role of alphaherpesviruses in T helper 2 cell priming.

Besides alphaherpesviruses, multiple other airborne pathogens might co-migrate along with
pollen substances and benefit from this barrier dysfunction to enhance infection. For example,
adenoviruses and reoviruses likewise preferentially infect the basolateral surface of respiratory
epithelial cells (Excoffon et al., 2008; Zabner et al., 1997). In addition, damage to the ciliated
epithelial cells by pollen proteases might favour subsequent attachment of and colonisation by
respirable bacterial pathogens (e.g. Streptococcus species) (Lopez and Martinson, 2017;

Plotkowski et al., 1986).
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Taken together, we shed new light on the detrimental effects of pollens on the respiratory
epithelium and their role in pathogen invasion. More precisely, we found that pollen proteases
selectively and irreversibly disrupt intercellular junctions of columnar epithelial cells, while the
indispensable basal cells are resistant and succeed in maintaining the epithelial barrier. Upon
exposure to pollen proteases, the flatted basal cells can partly prevent the alphaherpesvirus
EHV1 from reaching its binding receptor, located basolaterally in the epithelium. However,
they cannot fully prevent infection of the respiratory epithelium, as EHV1 can still bind to the
basolateral surface of semi-detaching epithelial cells. Furthermore, we hypothesize that a
concurrent alphaherpesvirus invasion of the respiratory mucosa might further drive the onset

and persistence of allergies through mechanisms yet to be elucidated.
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Summary

The horse’s respiratory tract daily encounters a plethora of respirable hazards including air
pollutants such as diesel exhaust and mycotoxins, toxic by-products of moulds. To date, their
effect on respiratory epithelial integrity has not been studied. Diesel exhaust particles (DEP)
and three major mycotoxins; deoxynivalenol (DON), aflatoxin B1 (AFB1) and fumonisin B1
(FB1) were applied to the apical surfaces of both ex vivo respiratory mucosal explants and
in vitro primary equine respiratory epithelial cells (EREC), grown on transwells. DON, but not
AFB1, FB1 or DEP affected epithelial intercellular junctions in both ex vivo and in vitro
systems, as demonstrated by histological changes in respiratory epithelial morphology and a
drop in transepithelial electrical resistance across the EREC monolayer, respectively. Since we
previously showed that respiratory epithelial intercellular junctions form the main barrier
against equine herpesvirus type 1 (EHVI1) infection, we subsequently inoculated
DON-pretreated mucosal explants and EREC with EHV1. Compared to control diluent and
FB1-pretreated respiratory mucosal explants, DON-pretreated explants showed on average
6.5 £ 4.5-fold more EHV1 plaques and produced on average 1 logio more extracellular virus
particles, as assessed by confocal microscopy and virus titration, respectively. Similarly, EHV1
infection was greatly enhanced in EREC upon pretreatment with DON. Based on our findings,
we propose that inhalation of DON from moulds predisposes horses for infections with EHV1,

by affecting respiratory epithelial integrity.
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Introduction

In modern equestrian society, the air breath by horses is inevitably filled with respirable
hazards, ranging from dust and ammonia to mycotoxins, pollens and air pollutants. Despite this
daily struggle, the well-armed respiratory tract of most horses seems to cope efficiently with
these constant threats. Nonetheless, a vast amount of horses develops asthma or other chronic
respiratory diseases during their life-span (Bracher et al., 1991; Robinson et al., 2006; Winder
and Von Fellenberg, 1987; Wood et al., 2005). In addition, (subclinical) respiratory disease is
one of the mainly recognized causes of poor performance in competing horses and thus, has
serious economic impacts on the horse industry worldwide (Allen et al., 2006; Couetil and
Denicola, 1999; Pirrone et al., 2007). Besides imposing direct damage to the respiratory tract’s
mucosa, these threats are likely to predispose the horse for subsequent pathogen invasion.
Indeed, we previously showed that pollen proteases disrupt integrity of the horse’s respiratory
epithelium and thereby enhance subsequent equine herpesvirus type 1 (EHV1) infection
(Chapter 4). The precise effect of dust, ammonia, mycotoxins and air pollution on the horse’s
respiratory mucosa and its role in subsequent EHV1 infection still remains obscure. Since
mycotoxins and air pollutants have been shown to alter epithelial intercellular junctions, this
study examined their effect on the horse’s respiratory epithelium using well-established ex vivo
and in vitro equine models (Bracarense et al., 2012; Gao et al., 2017; Gerez et al., 2015;
Heussen and Alink, 1992; Lehmann et al., 2009; Quintana et al., 2011; Van Cleemput ef al.,
2017; Van De Walle et al., 2010; Vandekerckhove et al., 2009).

Mycotoxins are toxic secondary metabolites produced by fungi mainly belonging to the genera
Fusarium, Aspergillus and Penicillium. Aflatoxins, ochratoxins, fumonisins, trichothecenes
(e.g. deoxynivalenol or DON) and zearalenone are five frequently encountered mycotoxins in
equine feeds such as green forages, hays, silages and grains (Liesener ef al., 2010; Ogunade et
al., 2018). Upon inhalation in the horse’s respiratory tract, these toxins or potentially toxin-
producing moulds can cause acute respiratory disease, such as guttural pouch mycosis and/or a
more chronic asthma-like syndrome, recurrent airway obstruction (RAO) (Laan et al., 2006;
Lepage et al., 2004). Mycotoxins such as deoxynivalenol, alfatoxin and fumonisin have already
been shown to alter epithelial integrity in intestinal epithelia in vivo and in vitro through
inhibition of intercellular junction protein neosynthesis (Bracarense et al., 2012; Gao et al.,
2017; Gerez et al., 2015; Van De Walle et al., 2010). Here, we investigated their role on
respiratory epithelial integrity and subsequent infection with EHV1.
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Since equestrian enterprises are mainly located in (sub)urban regions, horses are often exposed
to air pollution. Air pollution majorly consists of diesel exhaust, a mixture of particulate matter,
hydrocarbons (e.g. benzene), gases (e.g. nitrogen oxide or NOx) and sulfur, produced during
the combustion of diesel fuel in engines from vehicles, as well as industrial plants. Especially
the particulate matter, mainly comprised of soot, contributes to the toxic effects of diesel
exhaust, as these small particles (ranging from 0.1 um to 10 pum) can easily reach the deeper
structures of the respiratory tract upon inhalation (Mohankumar and Senthilkumar, 2017; Reis
et al., 2018). Diesel exhaust particles (DEP) are therefore commonly used to study the toxic
effects of air pollution. Upon inhalation, these DEP cause oxidative stress with accompanying
inflammatory processes and DNA damage (Grevendonk et al., 2016; Ito et al., 2000; Ma and
Ma, 2002; Shukla et al., 2000; Zhao et al., 2009). High concentrations of DEP have been shown
to alter tight junctions in 16 hBE cells, a human bronchial epithelial cell line (Lehmann et al.,
2009). By facilitating antigen delivery to subepithelial antigen-presenting cells, epithelial
barrier dysfunction is involved in the initiation or progression of allergic diseases (Xiao et al.,
2011). Besides, diesel exhaust-induced inflammatory processes typically promote a T helper 2
immunologic response, stimulate mucus secretion and induce bronchial smooth muscle
contractions (Meldrum et al., 2017; Totlandsdal et al., 2015; Zhao et al., 2009). These
symptoms are hallmark of the development of allergic diseases and asthma. In addition,
tumorigenesis is promoted through the induction of DNA damage and the alteration of gap
junction intercellular communication by diesel exhaust compounds (Heussen and Alink, 1992;
Rivedal and Witz, 2005; Song and Ye, 1997). This study is the first to study the effect of these
diesel compounds on the equine respiratory tract, more precisely on representative ex vivo

respiratory mucosal explants and primary in vifro equine respiratory epithelial cells.
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Material and methods

Reagents

Mycotoxines aflatoxin B1 (AFB1) from Aspergillus flavus, fumonisin B1 (FB1) from Fusarium
moniliforme and deoxynivalenol (DON) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and stock solutions were prepared in ethanol. Diesel exhaust particles (DEP; NIST®
SRM® 2975) were purchased from Sigma-Aldrich and stock solutions were dissolved in

dimethyl sulfoxide (DMSO).
Tissue collection and processing

The tracheae from different healthy horses were collected at the slaughterhouse and transported
in phosphate-buffered saline (PBS) with calcium and magnesium, supplemented with 0.1
mg/mL gentamicin (ThermoFisher Scientific, Waltham, MA, USA), 0.1 mg/mL kanamycin
(Sigma-Aldrich), 100 U/mL penicillin, 0.1 mg/mL streptomycin (ThermoFisher Scientific) and
0.25 pg/mL amphotericin B (ThermoFisher Scientific).

Respiratory mucosal explant isolation and cultivation

Tracheal mucosal explants were prepared as previously described (Van Cleemput et al., 2017;

Vandekerckhove et al., 2009).
EREC isolation and cultivation

Primary equine respiratory epithelial cells (EREC) were isolated and cultured as described by

Quintana et al. (2011) and Van Cleemput et al. (2017).
Mycotoxin treatment of respiratory mucosal explants and EREC
Respiratory mucosal explants

Explants were cultured 24 h for adaptation before thoroughly washing and embedding them in
agarose diluted in 2X MEM, to mimic irn vivo conditions, as previously published (Vairo et al.,
2013; Van Cleemput et al., 2017). Next, the apical surface of the epithelium was exposed for 3
h at 37°C to 2 nM AFB1, 10 uM FB1, 50 uM DON or 1 pg/mL DEP, dissolved in serum-free
medium (DMEM/RPMI [ThermoFisher Scientific], supplemented with 0.1 mg/mL gentamicin,
100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 pg/mL amphotericin B). An ethanol-
and DMSO-based diluent was used as solvent control. Explants were removed from the agarose

and washed three times in PBS and fixed in a phosphate-buffered 3.5% formaldehyde solution
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for 24 h, either immediately after the last wash or after an additional 24 h incubation on metal

gauzes. Explants were then stored into 70% alcohol until further processing.
EREC

Cells were grown to confluency and the transepithelial electrical resistance (TEER) was
measured daily until a steady TEER of ~500-700 Qxcm™ was attained. Mycotoxins, DEP and
control diluents were applied onto the apical EREC surfaces at the above-described
concentrations. Cells were incubated for 3 h and cell viability was evaluated by means of
ethidium monoazide bromide (EMA)-staining and was not significantly affected upon different

treatments.
Assessment of epithelial integrity
Respiratory mucosal explants

Integrity of the intercellular junctions was verified by examining the intercellular space in
haematoxylin-eosin-stained paraffin coupes, as previously described (Van Cleemput et al.,

2017).
EREC

To assess epithelial integrity of the EREC, the transepithelial electrical resistance (TEER) was
measured using an epithelial voltohmmeter (Millipore corporation, Bedford, MA, USA). The
net resistance was calculated by subtracting the background resistance and multiplying the

resistance by the surface area of the membrane.
Viral infection assays
Virus

A Belgian EHV1 isolate (03P37) was used in this study and originates from the blood taken of
a paralytic horse during an outbreak in 2003 (van der Meulen et al., 2003a). The virus was

propagated on rabbit kidney (RK13) cells and used at the 6" passage.
Respiratory mucosal explants

Explants were cultured at the air-liquid interface for 24 h, prior to extensive washing and
embedment in agarose. Next, explants were exposed to the reagents or control diluents for 3 h,
as described above. Following a washing step for removal of the reagents, the apical surface of
the epithelium was inoculated with 10%° TCIDso of the 03P37 EHV1 strain for 1 h at 37°C.

Explants were removed from the agarose and washed 3 times in PBS to remove non-adherent
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virus particles. Finally, explants were placed back onto their gauzes and serum-free medium
was added. Twenty-four hours post-inoculation, explants were placed into methylcellulose-

filled plastic tubes and frozen at -80°C until further processing.
EREC

EREC were fully grown in a transwell cell culture system prior to treatment with the reagents
or control diluents. Following a thorough washing step, cells were exposed for 1 h to 100 pL.
EHV1 03P37 strain (MOI of 1) at the apical surface. Non-adsorbed virus particles were
removed by washing the EREC three times with DMEM/F12. Fresh EREC medium
(DMEM/F12, containing 2% Ultroser G [Pall Life Sciences; Pall Corp., Cergy, France], 100
U/mL penicillin, 0.1 mg/mL streptomycin, and 1.25 pg/mL amphotericin B) was added to the
platewells and cells were further incubated at the air-liquid interface. Ten hours post-
inoculation, cells were fixed in methanol for 20 min at -20°C and stored dry at -20°C until

further processing.
Immunofluorescent staining and confocal microscopy

Respiratory mucosal explants.

Explants were embedded in methylcellulose and snap-frozen for subsequent cryosectioning.
Sixteen pum thick cryosections were cut using a cryostat at -20°C and loaded onto
3-aminopropyltriethoxysilane-coated (Sigma-Aldrich) glass slides. Slides were then fixed in
4% paraformaldehyde for 15 min and subsequently permeabilized in 0.1% Triton-X 100 diluted
in PBS. Non-specific binding sites were blocked by 15 min incubation with avidin and biotin
(ThermoFisher Scientific) at 37°C. To label late viral glycoproteins, a polyclonal biotinylated
horse anti-EHV1 was used for 1 h at 37°C (van der Meulen et al., 2003b), followed by
incubation with streptavidin-FITC® (ThermoFisher Scientific) for 1 h at 37°C. The basement
membrane of the tissues was stained with monoclonal mouse anti-collagen VII antibodies
(Sigma-Aldrich), followed by secondary Texas Red®-labelled goat anti-mouse antibodies
(ThermoFisher Scientific). Nuclei were detected by staining with Hoechst 33342
(ThermoFisher Scientific). Slides were mounted with glycerol-DABCO and analysed using a
Leica (TCS SPE) confocal microscope. The total number of plaques was counted on

50 cryosections and plaque latitude was measured using the Leica confocal software package.
EREC

Antibodies were incubated directly in the transwells for 1 h at 37°C. Cells were first incubated

with a 1:1,000 dilution of a polyclonal rabbit anti-IEP antibody, kindly provided by Dr. D.
168



Chapter 5: Deoxynivalenol disrupts ICJ and facilitates EHV1 infection

O’Callaghan, Louisiana State University, USA. The diluent used was PBS containing 10%
negative goat serum. This was followed by incubation with a goat anti-rabbit IgG
FITC®-conjugated antibody (ThermoFisher Scientific). Nuclei were counterstained with
Hoechst 33342 for 10 min at 37°C. Transwell membranes were excised from the culture inserts
and mounted on glass slides using glycerol-DABCO. Slides were examined using a Leica
confocal microscope. The total number of plaques was counted on 5 random fields of
approximately 3x10* cells per insert. Plaque latitude was measured on 10 individual plaques

using the Leica confocal software package.
Virus titration.

Twenty-four hours after inoculation, explant supernatant was collected and stored at -80°C until
titration. EHV1 titrations were conducted on RK13 cells, which were incubated at 37°C for

7 days. Titers were expressed as TCIDso.
Statistical analyses

Significant differences (P<0.05) between different treatments were identified by one-way
analysis of variances (ANOVA) followed by Tukey’s post-hoc test. If homoscedasticity of the
variables was not met, as assessed by the Levene’s test, the data were log-transformed prior to
ANOVA. Normality of the residuals was verified by the use of the Shapiro-Wilk test. If the
variables remained heteroscedastic or normality was not met after log-transformation, a
Kruskall-Wallis’ test, followed by a Mann-Whitney’s post-hoc test were performed. All
analyses were conducted in IBM SPSS Statistics for Windows, version 25.0 (IBM Corp,
Armonck, NY, USA).
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Results

Deoxynivalenol (DON), but not alfatoxin B1 (AFB1), fumonisin B1 (FB1) or diesel

exhaust particles (DEP) disrupt respiratory epithelial intercellular junctions
Respiratory mucosal explants

Mycotoxins and diesel exhaust particles (DEP) have already been shown to alter the integrity
of intestinal and lung epithelial cells, respectively (Bracarense et al., 2012; Gao et al., 2017;
Gerez et al., 2015; Lehmann et al., 2009; Van De Walle et al., 2010). Here, we examined for
the first time their effect on the horse’s respiratory epithelium using ex vivo respiratory mucosal
explants and in vitro primary respiratory epithelial cells. The examined concentrations were
based on data from the above-mentioned studies and most likely correspond to clinically
relevant concentrations. For instance, diesel exhaust particle concentrations in the ambient air
of urban regions go up to 25 ug/m? (Steiner et al., 2016). In addition, a global mycotoxin survey
found deoxynivalenol (DON) and fumonisin B1 (FB1) doses of up to 2-20 mg/kg in European
roughage and cereal feeds (Biomin, 2016). Taking into account that the horse’s nose is often in
direct contact with these feeds, it seems reasonable to assume that inhaled mycotoxin
concentrations range from several nanograms to even micrograms.

As shown in Figure 1A left panel, the percentage of intercellular space in the epithelium of
respiratory mucosal explants was significantly (P<0.05) higher after treatment with 50 uM
DON (10 + 2%), but not after treatment with 2 nM AFBI (3 + 1%), 10 uM FBI1 (2 £ 1%), 1
ug/mL DEP (2 £ 1%), compared to after treatment with control diluent (2 = 1%). Increasing
the concentration of AFB1, FB1 or DEP by ten-fold did not alter the intercellular space, but did
decrease cell viability, as assessed by TUNEL staining (data not shown). Cell viability in the
respiratory mucosal explants did not significantly drop after treatment with 50 pM DON or
control diluent. Increasing the concentration of DON by 2-fold resulted in a significant drop in
cell viability. Twenty-four hours after pretreatment, samples were analysed to determine
whether the respiratory epithelium was able to repair its ICJ. Indeed, the percentage of
intercellular space in the respiratory epithelium of the explants pretreated with DON decreased
from 10+ 2% to 3 + 1% (Figure 1A, right panel). Figure 1B shows representative haematoxylin-
eosin-stained images of explants fixed at 3 h post-treatment (upper panel) or 24 h after the

treatment (lower panel).
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EREC

EREC attained a steady transepithelial electrical resistance (TEER) of ~500-700 Qxcm™ after
5-7 days of incubation at the air-liquid interface in a transwell cell culture system. The TEER
significantly dropped to baseline levels after treatment with DON, but not after treatment with
AFBI, FB1, DEP or control diluent (Figure 1C). DON did not alter cell viability, as determined
by EMA-staining.
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Figure 1. The effect of diesel exhaust particles (DEP) and mycotoxines (AFB1; aflatoxin B1, FB1; fumonisin B1 and DON;
deoxynivalenol) on respiratory epithelial integrity. (A) The percentage of intercellular space in the respiratory epithelium of
mucosal explants after 3 h treatment (left) and 24 h after the 3 h treatment (right). Experiments were performed on respiratory
mucosal explants of 3 individual horses and data are represented as means + SD. Different letters indicate significant (P<0.05)
differences between different treatment. (B) Representative haematoxylin-eosin-stained images of respiratory mucosal explants
3 h after treatment (upper panel) and 24 h after the 3 h treatment (lower panel). The scale bar measures 50 pm. (C) The
transepithelial electrical resistance of EREC 3 h after treatment. Experiments were performed on the EREC of 3 individual
horses and data are represented as means + SD. Different letters indicate significant (P<0.05) differences between different
treatment.
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DON predisposes respiratory epithelial cells for subsequent EHV1 infection

We previously showed that disruption of intercellular junctions predisposes respiratory
epithelial cells for EHV1 infection (Van Cleemput et al., 2017). Since DON affected epithelial
integrity in both respiratory mucosal explants and in EREC, we analysed its effect on
subsequent EHV1 infection. FB1 was included as an internal control, as this mycotoxin did not

affect the ICJ of explants or EREC.
Respiratory mucosal explants

Number of plaques - As shown in Figure 2A left panel, the number of plaques per
50 cryosections significantly (P<0.05) increased from 5 + 5 in control diluent-pretreated
explants to 32 + 20 in DON-pretreated explants. The number of plaques following FB1
pretreatment (5 + 2) did not significantly differ from the number of plaques in control diluent-
pretreated explants.

Plaque latitude - The plaque latitude gives an indication about the ease of viral spread in the
explant epithelium and is shown in Figure 2A, middle panel. The average latitude of EHV1
plaques increased significantly from 101 + 14 pm in control diluent-pretreated explants to 180
+ 73 um after DON pretreatment. The average EHV 1 plaque latitude in FB1-pretreated explants
(103 £ 41 um) was similar to control diluent-pretreated explants.

Virus titer - Increased viral replication in the epithelium most likely results in an increased
production of extracellular infectious virus particles. Indeed, virus titrations (Figure 2A, right
panel) showed that the supernatant of DON-pretreated explants contained on average a 1 logio
higher virus titer (4.74 &= 1.18) than control- or FB1-pretreated explants (3.69 &+ 0.34 and 3.52 +
0.48). However, this increase was not significant (P=0.196). Representative confocal images of

EHV1 plaques in the respiratory mucosal explants are shown in Figure 2B.
EREC

Number of plaques - On 3x10* EREC, we counted an average of 4 =2 EHV 1 plaques following
control diluent pretreatment of the cells (Figure 3A, left panel). Following disruption of ICJ
with DON, the number of EHV1 plaques in 3x10* EREC significantly (P<0.05) increased to 16
+ 3. Pretreatment of EREC with FB1 did not significantly increase the number of EHV 1 plaques
(3 + 3 on 3x10* EREC), compared to control diluent pretreatment.

Plaque latitude - No significant difference in EHV1 plaque latitude was found between
different pretreatments (Figure 3A, right panel). Representative confocal images of EHV1

plaques in EREC are shown in Figure 3B.
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Figure 2. EHVI1 infection of respiratory mucosal explants after pretreatment with PBS (control) or mycotoxines (FB1;
fumonisin B1 and DON; deoxynivalenol). Explants were frozen 24 hpi and cryosections were stained for late viral antigens.
(A) The total number of plaques was counted on 50 consecutive cryosections (left panel), the average plaque latitude was
calculated based on a maximum of 10 individual plaques (middle panel) and the extracellular virus titer was determined by
titration on RK13 cells (right panel). Experiments were performed on 3 individual horses and data are represented as means +
SD. Different letters indicate significant (P<0.05) differences in pretreatments. (B) Representative confocal images of EHV1
plaques (green) in respiratory mucosal explants. The basement membrane is shown in red. Cell nuclei were counterstained with
Hoechst (blue). The scale bar represents 50 pm.
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Figure 3. EHV1 infection of equine respiratory epithelial cells (EREC) after pretreatment with PBS (control) or mycotoxines
(FB1; fumonisin B1 and DON; deoxynivalenol). Cells were fixed 10 hpi and stained for immediate early protein (IEP). (A)
The total number of plaques was counted in five different fields of approximately 3 x10* cells for each condition (left). Average
plaque latitudes were measured on 10 individual plaques (right). Experiments were performed in triplicate on primary EREC
of 3 different horses. Data are represented as means + SD and the different letters indicate significant (P<0.05) differences
between pretreatments. (B) Representative confocal images of EHV1 IEP-positive plaques (green) in EREC monolayers, nuclei
were detected with Hoechst (blue). The scale bar represents 50 pum.
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Discussion

With every breath, a number of potential respirable hazards enters the horse’s respiratory tract.
In today’s equestrian world, these hazards range from air pollutants to dusts and mould. For
example, horses kept in (sub)urban regions are constantly exposed to air pollution caused by
traffic and industrial activities. Although Lehmann et al. (2009) reported that diesel exhaust
particles (DEP) affected integrity of a human bronchial epithelial cell (16hBE) monolayer, we
did not observe this in primary equine respiratory epithelial cells (EREC). The loss of specific
differentiation markers during the immortalization process might have caused this discrepancy.
Indeed, the formation of a tight and realistic intercellular network within a respiratory epithelial
cell monolayer is one of the hallmarks of differentiation (Knust and Bossinger, 2002).
Furthermore, the authors showed that by co-culturing 16 hBE cells with dendritic cells, the
damaging effect of DEP on epithelial integrity was no longer observed. The authors proposed
that by phagocytosing a major amount of deposited DEP, dendritic cells lowered the DEP
burden on the epithelial cells. Similarly, dendritic cells might have phagocytosed DEP in our
ex vivo respiratory mucosal explants. In our primary EREC culture system, residual dendritic
cells could presumably also remove part of the DEP.

Moulds and their toxic secondary metabolites, i.e. mycotoxins, are ubiquitous contaminants in
equine feeds such as green forages, hays, silages and grains (Liesener ef al., 2010; Ogunade et
al., 2018). While eating, especially from up-hanging hay racks, the horse’s nose is in close
contact with food and thus potentially breaths in a considerable amount of these toxic
substances. The respiratory epithelium is the first barrier to encounter incoming hazards and
could therefore be exposed to high doses of mycotoxins. Until now, the specific impact of these
mycotoxins on the equine respiratory epithelium has not been studied. Previous studies
examined the role of mycotoxins on epithelial integrity focussing on intestinal cells (Bracarense
etal.,2012; Gao et al., 2017; Gerez et al., 2015; Van De Walle et al., 2010). Here, we used an
established ex vivo equine respiratory mucosal explant model and in vitro primary equine
respiratory epithelial cells, grown on transwells, to study the effect of mycotoxins.

DON, but not FB1 or AFB1 damaged epithelial integrity in both mucosal explants and EREC.
Several other groups already reported that exposure to DON decreases the transepithelial
electrical resistance (TEER) of intestinal epithelial cell monolayers (Kasuga et al., 1998; Pinton
et al., 2009; Van De Walle et al., 2010). This decrease in TEER was caused by a selective
downregulation of claudin-4 and E-cadherin, but not of occludin or zonula occludens (ZO)1

protein expression upon DON exposure (Bracarense ef al., 2012; Pinton et al., 2009; Van De
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Walle et al., 2010). It has already been described that tricothecenes (e.g. DON) inhibit protein
neosynthesis by blocking the peptidyl transferase subunit of actively translating ribosomes
(Feinberg et al., 1989). Consequently, DON exposure of intestinal epithelial cells led to a
significant decrease in the level of alkaline phosphatase and several nutrient transporters
(Kasuga et al., 1998; Maresca et al., 2002; Turner et al., 2008). Therefore, most authors
concluded that the DON-induced downregulation of claudin-4 and E-cadherin was caused by a
block in protein neosynthesis. It is not surprising that the expression of occludin was not
affected upon exposure to DON, as this tight junction protein is recycled from and to the cell
surface and thus, its formation depends less on protein neosynthesis (Morimoto ef al., 2005). In
addition, blocking the ribosomal subunit by DON also induced the onset of an inflammatory
cascade in both intestinal, as well as in immune cells. (Moon and Pestka, 2002; Moon et al.,
2007; Ouyang et al., 1996; Sergent et al., 2006; Van De Walle et al., 2008; Zhou et al., 2003).
By impacting on protein synthesis and increasing inflammation, a thin line exists between a
cytotoxic or non-cytotoxic outcome upon exposure to DON. Indeed, in our experiment, DON
did not affect cell viability at the carefully chosen concentration and duration of exposure.
However, increasing the concentrating of DON by 2-fold or the duration time by 6-fold rapidly
resulted in a significant loss of cell viability. Likewise, very low concentrations of AFB1 and
FB1 were required in order to avoid the onset of apoptosis. These results complement those of
others, reporting AFB1- and FB1-induced cytotoxicity at low concentrations (Du et al., 2017,
Wan et al., 2013; Zhang et al., 2015).

In contrast to previous studies examining the effects of chronic dietary mycotoxin exposure, we
studied merely the acute effect on respiratory epithelial cells. As the nasal cavities filter out
incoming debris, mycotoxin concentrations are likely to reach peak values in the surface-lining
epithelium (Harkema ef al., 2006). Nonetheless, the mucociliary escalator and sneezing reflex
rapidly remove incoming hazards upon inhalation, limiting the duration of exposure (Cohn and
Reinero, 2007). Nonetheless, this acute exposure was sufficient to destroy epithelial integrity
in both our respiratory mucosal explants and EREC.

Here, we demonstrated that the respiratory epithelium is more susceptible to EHV1 infection
after complete disruption of the epithelial barrier by the mycotoxin DON. We previously
demonstrated that EHV1 targets a receptor located at the basolateral surface of epithelial cells
(Van Cleemput et al., 2017). Consequently, this receptor becomes exposed upon disruption of
epithelial integrity and subsequent loss of epithelial polarity. These data strongly suggest that
feeding mouldy hay predisposes horses for a primary EHV1 infection. In addition, we

previously showed that pollen proteases selectively affect the intercellular junctions of
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columnar cells and therefore predispose them for EHV1 infection. In addition, multiple other
airborne pathogens might benefit from this defective barrier. For instance, adenoviruses and
reoviruses likewise preferentially infect the basolateral surface of respiratory epithelial cells
(Excoffon et al., 2008; Zabner et al., 1997).

Taken together, our study is the first to show the detrimental effects of mycotoxins on the
respiratory epithelium and the role of deoxynivalenol in invasion of the alphaherpesvirus equine

herpesvirus type 1.
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Summary

The horse’s respiratory tract needs to counter airborne pathogens on a daily base. As a result,
the luminal-lining epithelium is guarded with a repertoire of immune barriers, including
antimicrobial peptides such as B-defensins. The three main equine B-defensins (eBD1, 2 and 3)
have not been fully characterized in horses. Especially at the level of the respiratory tract, their
distribution profile and their role as antimicrobial and immunomodulatory peptide remains
obscure. Therefore, this study aimed at unravelling the interplay between local eBDs and
important equine airborne pathogens. The presence of eBD1-3 was first mapped in the horse’s
respiratory tract using RT-PCR and immunofluorescent staining. Minimal inhibitory
concentration tests and synchronized virus plaque assays showed that eBD2 and especially
eBD3 were active against several bacterial (Streptococcus sp., Rhodococcus sp., Actinobacillus
sp. and Bordetella sp.) and viral (equine arteritis virus and equine influenza virus) field isolates
through direct actions. Remarkably, infectivity of the ancient alphaherpesvirus equine
herpesvirus type 1 (EHV1) in rabbit kidney epithelial cells (RK13) was enhanced upon virus
pretreatment with eBD2 and 3. Binding assays using Dio-labelled EHV1 particles showed that
these eBDs enhanced EHV1 attachment by concentrating virus particles as aggregates on the
cell surface. Deletion of the multiple transmembrane-spanning viral envelope glycoprotein M,
but not of the single transmembrane-spanning glycoprotein gp2, rendered EHV1 susceptible to
the direct inhibitory actions of eBD2. Furthermore, all eBDs facilitated EHV1 binding to and
entry in primary equine respiratory epithelial cells (EREC), grown at an air-liquid interface,
through cell-mediated actions. Finally, EHV1 orchestrated EREC to synthetize eBDs, which in
turn attracted blood leukocytes in a chemotaxis assay. As leukocytes disseminate EHV1 into
the horse, eBD-induced chemotaxis may contribute to viral spread within the host. In
conclusion, our results show that while bacteria and some viruses are susceptible to eBDs, the
ancient alphaherpesvirus EHV1 resists eBDs by incorporating the membrane-stabilising
glycoprotein M in the viral envelope. Moreover, we demonstrated that the virus exploits these

eBDs to increase its infectivity and ensure spread within the host.
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Introduction

The respiratory epithelium lining the majority of the respiratory tract is challenged by air
turbulences and incoming pathogens on a daily basis. Among these pathogens, the
orthomyxovirus equine influenza virus (EIV), the alphaherpesvirus equine herpesvirus type 1
(EHV1) and the arterivirus equine arteritis virus (EAV) are three major viral causes of
respiratory infections in horses (Allen and Bryans, 1986; Timoney and McCollum, 1996; van
Maanen and Cullinane, 2002). EIV is a widespread and highly contagious virus, capable of
causing explosive outbreaks of respiratory disease in naive horse populations. Besides primary
respiratory symptoms, EHV1 can cause abortion and central nervous system disorders
following a cell-associated viremia. In contrast to EIV and EHV1, EAV does not display an
epithelial cell tropism and rather directly targets immune cells for spread within the host.
Nonetheless, the virus occasionally induces respiratory symptoms in horses, besides
conjunctivitis, peripheral oedema and abortion. In addition to viruses, bacterial pathogens are
constantly conveyed to the respiratory tract along with incoming air. Examples of bacteria
naturally colonizing the equine airways are the Gram-positive Staphylococcus aureus and
Streptococcus equi subspecies zooepidemicus (Lindahl et al., 2013; Weese et al., 2005). The
Gram-positive Streptococcus equi subspecies equi causes upper respiratory tract catarrh in
horses, which is often referred to as ‘strangles’ (Sweeney et al., 2005; Timoney, 2004). The
Gram-positive Rhodococcus equi resides in the equine intestinal tract but can cause severe
pneumonia in foals upon inhalation (Takai, 1997). Although characteristically found as
commensal organism in the intestinal mucosa of normal horses, Actinobacillus equuli is a
potential pathogen, causing pneumonia and septicaemia in foals and sporadically in adult horses
(Layman et al., 2014; Ward et al., 1998). Finally, Gram-negative Bordetella bronchiseptica is
thought to be a non-commensal opportunistic pathogen in the horse and is occasionally isolated
from horses with lower airway disease (Christley et al., 2001; Garcia-Cantu et al., 2000; Vaid
et al., 2018). To counter these tremendous threats, the respiratory epithelium is guarded with a
repertoire of innate barriers and is able to efficiently recruit immune cells to mount an adaptive
immune response. Therefore, most of these pathogens are overcome before the onset of
respiratory disease.

One of first epithelial defence mechanisms against incoming pathogens is the production of
antimicrobial peptides, such as B-defensins (BDs). BDs belong to the defensin family, small
cationic peptides that exhibit a broad-spectrum antimicrobial activity against (myco)bacteria,

fungi and viruses, as well immunomodulatory properties and have already extensively been
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reviewed (Ganz, 2003; Pazgier et al., 2006; Selsted and Ouellette, 2005; White et al., 1995;
Yang et al., 2002). The hallmark of all defensins is the presence of three different intramolecular
disulphide bonds, pairing three antiparallel B-strands. Based on disulphide connectivity, the
defensin family is divided in two main subtypes, a and B-defensins. While a-defensins are
mainly expressed in leukocytes and intestinal Paneth cells, p-defensins (BDs) are
predominantly found in epithelia lining internal and external lumina, but can also be synthetized
in leukocytes.

The first identified mammalian BD was extracted from bovine tracheal mucosa and was named
‘tracheal antimicrobial peptide’ (Diamond et al., 1991). In the meantime, BDs have been
described in several other species including humans, mice, pigs, dogs, sheep and horses (Bals
et al., 1999; Bensch et al., 1995; Davis et al., 2004; Huttner ef al., 1998; Sang et al., 2005;
Zhang et al., 1998). Genes encoding BDs are usually clustered on the same chromosome, but
vary in number and complexity among different species due to evolutionary diversification.
However, regional similarities exist in the amino-acid sequence of individual BD members of
different mammals. For example, human BD2 closely resembles the phylogenetically related
porcine BD1, murine BD3 and equine BD1 (Bals et al., 1999; Davis et al., 2004; Zhang et al.,
1998). Unfortunately, nomenclature of defensins usually refers to the order in which defensins
were discovered in each individual species, instead of to the similarity with other mammalian
BD members. Therefore, we chose to name the herein-examined equine BDs (eBDs) according
to their homologs in humans: eBD1, eBD2 and eBD3.

Unlike the a-defensins, BDs have only poorly been characterized in horses (Bruhn et al., 2009).
The first identified BD of the horse was denoted B-defensin 1 by Davis et al. (2004) (GenBank
CAJ01797.1), but referring to its homology with human BD2, it was termed eBD?2 in this study.
Gene expression (mMRNA) of the latter eBD has been detected in several equine tissues including
liver, heart, spleen, kidney, small intestines, uterus, larynx, trachea and bronchus (Davis et al.,
2004; Marth et al, 2015; Quintana et al., 2011). EBD2 protein expression has
immunohistochemically been visualized in the basal layers of the equine oesophagus, the
apocrine ceruminous glands of the equine external auditory canal, the luminal and glandular
epithelial cells of the equine endometrium and the apocrine glands of the equine scrotum
(Hornickel ef al., 2011a, b; Schoniger et al., 2013; Yasui et al., 2007; Yasui et al., 2005). Two
years after the discovery of the first eBD, eBD2 and additional defensin genes, including
eBD103, were mapped to a cluster on equine chromosome 27 following analysis of an equine
BAC library (Looft et al., 2006). Translation of eBD103-coding mRNA results in production
of the equine B-defensin 103 (GenBank CAJ01801.1), which shows 79% similarity to human
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BD3. Consequently, the latter eBD was denoted eBD3 in this study. It has already been shown
that eBD3 is transcribed in the equine tongue and produced in the equine oesophagus (Bruhn ef
al.,2011; Hornickel et al., 2011a, b). Adjacent to the latter defensin cluster on chromosome 27,
an additional cluster of defensin genes is present (EquCab3.0 genomic database). A repertoire
of a-defensins, which have been studied by Bruhn ef al. (2009), precedes the cluster-closing
DefB1 gene (NCBI Reference Sequence: XP_005606479.1). The product of this gene resembles
human BD1 and was therefore named eBD1 in the present study. Until now, the existence of a
BD1-homologue in horses has not been described.

The three main BDs (eBD1, 2 and 3) have not been fully characterized in horses. Especially at
the level of the respiratory tract, their distribution profile and their role as antimicrobial and
immunomodulatory peptide remain obscure. Defensins generally block infections, either by
direct inactivation of the pathogen or by affecting the target cell (Ganz, 2003; Klotman and
Chang, 2006; Wilson et al., 2013). However, some defensins can also promote viral infections
(Rapista et al., 2011). It is currently unknown whether equine respiratory pathogens are
sensitive or resistant to eBDs. Moreover, some pathogens may have developed defensin-
exploiting strategies during co-evolution with their host. Understanding the impact of eBDs on
equine pathogens and their role in host adaptive immunity could reveal new prevention and
treatment strategies against important equine diseases. Therefore, this study aimed at

unravelling the interplay between eBDs and equine airborne pathogens.

186



Chapter 6: Equine -defensins

Material and methods

Tissue collection

The nasal septa, tracheae and lungs from 5 different healthy horses were collected at the
slaughter house and transported in phosphate-buffered saline (PBS) with calcium and
magnesium, supplemented with 0.1 mg/mL gentamicin (ThermoFisher Scientific, Waltham,
MA, USA), 0.1 mg/mL kanamycin (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin,
0.1 mg/mL streptomycin (ThermoFisher Scientific) and 0.25 pg/mL amphotericin B
(ThermoFisher Scientific). The nasal and tracheal mucosa was stripped from the underlying
cartilage and along with the lung tissues, cut into small square pieces (25 mm?). Tissue
fragments for immunofluorescent staining were placed into methylcellulose-filled plastic tubes
and tissue fragments for RT-PCR (0.3mg) were transferred into cryovials. All tissues were

snap-frozen and stored at -80°C until further processing.
Immunofluorescent staining and confocal microscopy

Tissue fragments

Fifteen pm thick cryosections were cut using a cryostat at -20°C and loaded onto
3-aminopropyltriethoxysilane-coated (Sigma-Aldrich) glass slides. Slides were then fixed in
4% paraformaldehyde (PFA) for 15 min and subsequently permeabilized in 0.1% Triton-X 100
diluted in PBS. To stain eBD1, eBD2 and eBD3, a rabbit polyclonal anti-human BD1
(ab115813, Abcam, Cambridge, UK), anti-human BD2 (ab183214, Abcam) and anti-human
BD3 (ab19270, Abcam) diluted in PBS™“*™¢ with 10% negative goat serum (NGS), was used
overnight at 4°C, followed by incubation with a goat anti-rabbit IgG FITC®-conjugated
antibody (ThermoFisher Scientific) for 1 h at 37°C. Nuclei were detected by staining with
Hoechst 33342 (ThermoFisher Scientific). Slides were mounted with glycerol-DABCO and
pictures were taken using a Leica confocal microscope (TCS SPE, Leica Microsystems,
Wetzlar, Germany). A rabbit polyclonal antibody against Streptococcus suis (Emelca
Bioscience, Antwerp, Belgium) was used as an isotype control antibody. Anti-BD antibodies
were chosen based on the homology between their immunogens and the respective eBD amino-
acid sequences, published in the NCBI database. To ensure sensitivity of the antibodies for
eBDs, electrophoresis and western blot of synthetically produced eBD1, 2 and 3 was performed,
as described below. All antibodies could immunodetect the respective synthetic eBDs, as shown

in Figure 2C.
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EREC

Immunofluorescent staining was performed directly in the transwells and antibodies were
incubated for 1 h at 37°C, unless stated otherwise. Cells were first incubated with a polyclonal
biotinylated horse anti-EHV 1 antibody (van der Meulen et al., 2003b) or a mouse monoclonal
anti-influenza A nucleoprotein antibody (HB-65, ATCC) diluted in PBS with 10% NGS,
followed by incubation with streptavidin-FITC® (ThermoFisher Scientific) or a goat anti-mouse
IgG FITC®-conjugated antibody (ThermoFisher Scientific), respectively. If indicated, cells
were simultaneously stained for viral proteins and eBDs overnight at 4°C. For this, the
transwells were incubated with the latter anti-EHV1 or anti-EIV antibodies, together with the
rabbit polyclonal anti-BD1, 2, 3 or isotype control antibodies. EHV1 and EIV proteins were
subsequently visualized with streptavidin-TexasRed® (ThermoFisher Scientific) or a
TexasRed®-conjugated goat anti-mouse IgG antibody (ThermoFisher Scientific), while eBDs
were detected with a goat anti-rabbit FITC®-conjugated antibody. Nuclei were counterstained
with Hoechst 33342 for 10 min at 37°C. Transwell membranes were excised from the culture
inserts and mounted on glass slides using glycerol-DABCO. Slides were examined using a

Leica confocal microscope.
RT-PCR

Fragments from all tissues were disrupted in RTL-lysis buffer, supplied with the RNeasy
Minikit (Qiagen, Hilden, Hermany) and homogenized by passing the lysate several times
through a blunt 20G needle. Total RNA was extracted from the lysate using the Qiagen RNeasy
Minikit (Qiagen), following the manufacturer’s instructions, and treated with 120 U
deoxyribonuclease I (New England BioLabs, Ipswich, MA, USA) to eliminate genomic DNA
contamination. RNA quantity and quality was assessed using a Nanodrop® spectrophotometer
(ThermoFisher Scientific, Waltham, USA). Reverse transcriptase polymerase chain reaction
(RT-PCR) of 1 pg of RNA was performed in the Bio-Rad T100 thermal cycler using the Qiagen
One-Step RT-PCR kit following the manufacturer’s guidelines, with eBD-specific forward and
reverse primers, shown in Table 1. Primers were designed based on published and predicted
equine nucleotide sequences from the NCBI database, using the Integrated DNA Technologies
(IDT) Primer Design tool, and were commercially synthetized (IDT, Coralville, IA, USA). All
RT-PCR reactions included GAPDH (housekeeping gene) as a positive control. In addition,
reactions without RNA functioned as negative controls. PCR products were run on a 1%
agarose gel, subsequently stained with ethidium bromide and visualized with a Gel Doc 1000

imaging system (Bio-Rad). All PCR reaction products were purified for sequencing using the
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PCR Clean-up Gel extraction kit (Macherey-Nagel, Diiren, Germany) and sent to GATC
Biotech (Constance, Germany) for Sanger sequencing. All sequenced PCR products were

confirmed using MEGA software, version 6 (Molecular Evolutionary Genetics Analysis

[MEGA], Philadelphia, PA, USA).

Gene Foward primer (5’-3’) Reverse primer (5’-3’) NCBI accession number
GAPDH AGGTCGGAGTAAACGGATTTG CATAAGGTCCACCACCCTATTG NM_001163856

eBD1 CCTCTGGAAGCCTCTGTCA TTCCCGCCGTAACAAGTGC XM_005606422
eBD2 CTTCCTCATTGTCTTCCTGTT  TAGCAGTTTCTGACTCCACATC NM_001081887
eBD3 TCTTCGCATTGCTCTTTCT GCTTCTATAAACTTCAAGGAGGCA XM_003364245

Table 1. Primer design (5’ to 3°) for respective eBD1-3 and GAPDH. Primers were designed based on published and predicted

equine nucleotide sequences from the NCBI database (right column).

Peptide synthesis, purification and oxidative folding

EBDI, 2 and 3 were chemically synthesized via in-house techniques at Biomatik (Cambridge,
Canada) and subsequently high performance liquid chromatography (HPLC)-purified to >95%.
The eBD molecular weights were verified by electrospray ionization mass spectrometry (ESI-
MS). In the final step, toxic trifluoroacetic acid (TFA), essential during peptide synthesis, was
exchanged for non-toxic HCl-salt in order to enable downstream cell experiments. All eBDs
were stored as a lyophilized powder at -20°C until further processing. Lyophilized eBD2 and 3
were thawed and dissolved in 10 mM phosphate buffer (pH 7,7) at a concentration of 0.5
mg/mL. The folding reaction occurred through air-oxidation in open vessels, which were gently
shaken overnight at room temperature. Oxidation of eBD1 was performed in 20% DMSO
diluted in 0.1 M Tris buffer pH 6 for 2 h at room temperature (RT), essentially as described by
Tam et al. (1991). Solutions were finally filtered sterile through 0.22 um pore size filters.

Electrophoresis and Western blot

Ten pg of oxidized synthetic peptides was boiled in tricine sample buffer with or without
-mercaptoethanol (Sigma) and loaded onto 18% T, 6% C tricine-SDS polyacrylamide minigels
(Jiang et al., 2016; Schigger, 2006). The gels were run at 60 V for 1 h and 80 V for 3 h using a
Mini Protean Tetra apparatus (Bio-Rad, Hercules, CA, USA) and transferred at 4°C for 50 min
at 100 V onto 0.2 um pore size polyvinylidene difluoride (PVDF) membranes (Bio-Rad) in
Towbin buffer. The blot membrane was dried and kept at -20°C. After briefly being soaked in

methanol and rinsed in ultrapure water, aspecific binding sites were blocked by incubating the
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membrane in PBS with 0.01% Tween 20 (PBST) and 5% non-fat milk for 1 h at RT. Peptides
were immunodetected using the respective polyclonal rabbit anti-BD1, 2 and 3 antibodies,
diluted 1:1,000 in PBST with 5% milk, followed by incubation of the membrane with a goat
anti-rabbit IgG horseradish peroxidase (HRP)-conjugated antibody (Agilent, Santa Clara, CA,
USA). The blot was developed with the Amersham ECL Prime detection kit (GE Healthcare
Life Sciences, Pittsburgh, PA, USA). Following gel electrophoresis, additional gels were fixed
and stained with Coomassie dye as described in Schagger (2006). Pictures were taken with the

ChemiDocMP Imaging System (Bio-Rad).
Mass spectrometry
Protocol

Bottom-up analysis was performed in triplicate to confirm oxidation of the eBDs and quantify
the relative abundance of disulphide bridges in the oxidized vs reduced forms. For this,
lyophilized oxidized eBD1-3 was dissolved in triethylammonium bicarbonate (TEABC) buffer
(Sigma-Aldrich) at a concentration of 50 pg/mL. One part was reduced by adding dithiotreitol
(DTT) (Sigma-Aldrich) to a final concentration of 1 mM and another part was left oxidized for
1 h at 60°C. Next, free cysteine (C)-molecules were alkylated by adding methyl
methanethiosulfonate (MMTS) (Sigma-Aldrich) to a final concentration of 10 mM for 10 min
at RT. Acetonitrile (Sigma-Aldrich) was added to a final concentration of 5% to facilitate mass
spectrometry (MS) analysis of the samples. Finally, trypsin (trypsin:protein ratio of 1:20;
Promega) and 10 mM final concentration CaCl. were added for overnight digestion at 37°C.
Peptides were then identified through LC-ESI-MS. LC was performed using a nano Acquity
UPLC system (Waters, Zellik, Belgium). First, samples were delivered to a trap column (180
um % 20 mm nano Acquity UPLC 2G-V/MTrap 5 pum Symmetry C18, Waters) at a flow rate
of 8 uL/min for 2 min in 99.5% buffer A (0.1% formic acid). Subsequently, peptides were
transferred to an analytical column (100 pm x 100 mm nano Acquity UPLC 1.7 um Peptide
BEH, Waters) and separated at a flow rate of 300 nL/min using a gradient of 60 min going from
1% to 40% buffer B (0.1% formic acid in acetonitrile). MS data acquisition parameters were

set according to Helm et al. (2014), with minor adaptations.
Data Analysis

Progenesis QI for Proteomics (Progenesis QIP 2.0, Nonlinear Dynamics, Waters) was used to
process the raw LC-MS data of the triplicate measurements. Rank 3 MS/MS spectra of the MS

precursors were exported as separate *.mgf peaklists. An error tolerant search against NCBI
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Equus FASTA file (downloaded Februari 2018) supplemented with internal standards and the
CRaP database was performed using a Mascot 2.5 in-house server (Matrix Science), with
methylthio and ammonia-loss (KNQR) as variable modifications. Mass error tolerance for the
precursor ions was set at 10 ppm and for the fragment ions at 50 ppm. Enzyme specificity was
set to trypsin, allowing for up to two missed cleavages. These results were loaded back into
Progenesis and the eBD peptides were flagged and exported with their ion intensities. Relative
abundance of disulphide bridge formation was assessed by summing all methylthio peptide
intensities and dividing them by the total sum of methylthio peptides in the reduced samples,

i.e. 100%.
Bacteria and minimal inhibitory concentration assays

Clinical isolates were used in a minimal inhibitory concentration (MIC) assay to investigate the
sensitivity of predominant bacterial pathogens from the equine respiratory tract to eBDs. Test
organisms included Gram-positive Streptococcus equi subspecies zooepidemicus (4001),
Streptococcus equi subspecies equi (3830), Staphylococcus aureus (3939), Rhodococcus equi
(3851) and Gram-negative Actinobacillus equuli subspecies equuli (4005) and Bordetella
bronchiseptica (3033). All organisms were grown on Oxoid™ sheep blood agar plus plates
(ThermoFisher Scientific) overnight in a humidified incubator (5% COz2) at 37°C. Inoculum
was prepared by swabbing bacterial colonies from the plates, suspending them into PBS
(turbidity equivalent to a 0.5 McFarland standard) and diluting this suspension 1:100 in Mueller
Hinton IT (MH) broth (BD biosciences, San Jose, CA, USA) achieving a final concentration of
approximately 10° colony forming units (CFU)/mL. EBD were serially 2-fold diluted in MH
broth with concentrations ranging from 200 pg/mL to 0.02 pg/mL and pipetted into 96-well
microtiter plates (Greiner Bio, Kremsmiinster, Austria). Inoculum was added to eBD dilutions
1:1 and incubated in a humidified incubator (5% CO2) at 37°C for 24 h. MIC values were

determined as the lowest concentration of eBD at which there was no visible bacterial growth.
Cells
RK13 cells

Rabbit kidney (RK13) cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and maintained in minimal essential medium (MEM)
(ThermoFisher Scientific) with 10% foetal calf serum (FCS) (ThermoFisher Scientific) and
antibiotics. RK13 cells were used for propagating EHV1 and EAV virus stocks and for the

respective antiviral assays.
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MDCK cells - Madin-Darby canine kidney (MDCK) epithelial cells (ATCC) were seeded in
MEM containing foetal calf serum (FCS) 10% FCS, 1 mg/mL lactalbumin (Sigma-Aldrich) and
antibiotics. Cells were further maintained with identical medium without FCS. MDCK cells

were used for EIV antiviral assays.
EREC

Primary equine respiratory epithelial cells (EREC) were isolated and cultured as described

previously (Quintana et al., 2011; Van Cleemput et al., 2017).
Equine monocytes, T lymphocytes and polymorfonuclear cells

Equine peripheral blood mononuclear cells (PBMC) and polymorfonuclear (PMN) cells were
isolated as described previously (Kuhns et al., 2015; Laval et al., 2015). Briefly, blood was
collected on heparin (15 U/ml) (Leo, Ballerup, Denmark) by jugular venipuncture of three
different healthy horses. The collection of blood was approved by the ethical committee of
Ghent University (EC2017/118). Blood was diluted 1:1 in PBS and density centrifuged on
Ficoll-Paque (GE Healthcare Life Sciences). The interphase band, containing the PBMC was
collected before aspirating the remaining plasma together with the Ficoll-Paque medium,
leaving the PMN cell- and erythrocyte-rich pellet. The latter pellet was diluted in PBS and
mixed with an equal volume of 3% dextran, diluted in PBS (500.000 M, Sigma-Aldrich).
Erythrocytes were allowed to sediment for 20 min at RT, before transferring the PMN-rich
supernatant to a new tube. Following centrifugation at 300 g, remaining erythrocytes were lysed
in ultrapure water for 30 s, followed by the quick addition of 10X PBS to restore isotonicity.
PMN were further diluted in PBS and centrifuged at 300 g. Supernatant fluid was aspirated and
the remaining PMN were re-suspended in RPMI, counted using a Biirker counting chamber and
used immediately. After additional washing and centrifugation steps, PBMC were re-suspended
in RPMI (ThermoFisher Scientific), supplemented with 1% MEM non-essential amino-acids,
1% sodium pyruvate (ThermoFisher Scientific), 4 U/mL interleukin-2 (202-IL, R&Dsystems,
Minneapolis, Canada) and antibiotics. Ten hours post seeding, CD172a" monocytic cells had
adhered to the plastic (purity >90%, as assessed by flow cytometry) and non-adherent cells
consisted of two dominant leukocyte populations: T and B lymphocytes. Following removal of
non-adherent cells, CD172a" monocytic cells were cultivated overnight in RPMI containing 1%
MEM non-essential amino-acids, 1% sodium pyruvate, 1% bovine serum albumin (Sigma-
Aldrich) and antibiotics. In the non-adherent cell population, equine T lymphocytes were

separated from B lymphocytes by negative selection magnetic-activated cell sorting (MACS).
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In summary, 5x107 cells were incubated with a mouse anti-horse pan B lymphocyte antibody
(clone CVS36, Bio-Rad) diluted in PBS with 10% NGS for 1 h at 4°C. Cells were washed in
ice-cold elution buffer (PBS + 2 mM EDTA + 2% FCS) and re-suspended in elution buffer
containing 100 pL rat anti-mouse IgG microbeads for 1 h at 4°C. Next, cells were washed in
elution buffer before transferring them onto an LS column (MACS Miltenyi Biotech, Cologne,
Germany). The cell-fraction that went through the column was collected and contained over
95% CD3"-positive T lymphocytes, as assessed by flow cytometry. Finally, equine
T lymphocytes were seeded in RPMI supplemented with 1% MEM non-essential amino-acids,
1% sodium pyruvate, 4 U/mL interleukin-2 and antibiotics. The next day, CD172a" monocytic
cells were detached from the plastic by incubation with Accumax® (Sigma-Aldrich) for 30 min
at 37°C, 5% COz. CD172a" monocytic cells and T lymphocytes were washed in RPMI,
centrifuged at 300 g, re-suspended in RPMI and counted using a Biirker counting chamber

before further use.
Viruses, antiviral assays and virus binding assays
Viruses

Equine herpesvirus type 1 (EHV1), equine arteritis virus (EAV) and equine influenza virus
(EIV) comprise the three most abundant viruses causing respiratory symptoms in the horse. A
Belgian EHV1 isolate (03P37) was used in this study and originates from the blood taken of a
paralytic horse during an outbreak in 2003 (van der Meulen et al., 2003a). In addition, the
virulent RacL11 EHV1 strain, isolated from an aborted foal, was used (Mayr et al., 1968).
Construction of the EHV1 RacL11 lacking gM or gp2 (RacL11 AgM and RacL11 Agp2,
respectively) has already been reported (Osterrieder et al., 1996; Rudolph et al., 2002). To
ensure that RacL.11 AgM did not express gM, infected RK13 cells were immunofluorescently
stained with the mouse monoclonal anti-EHV1 glycoprotein M antibody (12B2), kindly
provided by prof. Balasuriya. All EHV1 strains were propagated in RK 13 cells and used at the
7" passage. The Belgian EAV 08P178 strain was isolated from a neonatal foal suffering from
respiratory distress (Vairo et al., 2012). The virus was grown on RK 13 cells and used at the 7%
passage. The final passages of EHV1 and EAV on RK13 cells were propagated in FCS-deprived
medium to obtain a serum-free virus stock. Stock solutions were titrated onto RK13 cells. The
influenza A A/equine/Kentucky/98 influenza strain (H3N8) was propagated on eggs and titrated
onto MDCK cells.
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Purification and Dio-labelling of EHV1 for binding assays

Virus purification and subsequent Dio-labelling were performed as described previously (Laval

et al.,2016; Van Cleemput et al., 2017).
Antiviral assay on RK13 and MCDK cells

Cells were grown to confluency in 24-well plates before thoroughly washing them with MEM
to remove excess FCS. Serum contains several lectin-binding proteins, which are known to
inactivate BDs (Maisetta et al., 2008; Quinones-Mateu et al., 2003). In a synchronized assay,
the impact of eBD1-3 on different steps in the viral replication was evaluated. More specifically,
in a first set of wells (i) direct virus inactivation was investigated by pre-incubating the 100X
inoculum diluted in 10 mM phosphate buffer (PB) with eBD1-3 at concentrations ranging from
0 to 100 pg/mL for 1 h at 37°C. Heparin treatment (100 U/mL; Leo) was included as a positive
control for EHV1 binding inhibition. Inoculum was then diluted 1:100 in MEM in order to
dilute remnant eBD in the inoculum. Cells were inoculated with pretreated inoculum at a final
multiplicity of infection (MOI) of 0.001 for 2 h at 4°C. In a second set of wells, (ii) cells were
pretreated with eBD1-3 (0-100 pg/mL) diluted in MEM for 1 h at 37°C, prior to inoculation, to
examine whether eBDs protect cells from subsequent viral infection. Before inoculation (MOI
0.001, 2 h, 4°C), excess eBD1-3 was washed away with MEM. Virus binding occurs at 4°C and
can be experimentally differentiated from viral entry, which depends on cellular mechanisms
and therefore solely occurs after a temperature shift to 37°C. Following virus binding at 4°C,
non-adherent virus particles were removed by washing all cells 3X on ice. In a third set of wells,
(iii) eBD1-3 (0-100 pg/mL) diluted in MEM were added to the cells during virus entry at 37°C
(1 h). Following the viral entry step at 37°C (1 h), all cells were briefly exposed to 40 mM
citrate buffer (pH 3) to destroy any non-penetrated virus particles. Finally, all cells were covered
with a solution containing 50% 2X MEM (ThermoFisher Scientific) and 50% 1.88%
carboxymethylcellulose (Sigma-Aldrich). In a final set of wells, the latter solution was
supplemented with eBD1-3 at concentrations ranging from 0 to 100 pg/mL to evaluate their
effect during (iv) post-entry. Ganciclovir (10 pug/mL; Cymevene®, Roche), a herpetic kinase-
activated nucleoside analogue terminating assembly of the viral DNA chain, was included as a
positive control for the inhibition of EHV 1 replication. Incubation of influenza virus-inoculated
cells with N-acetylcysteine (NAC) has already been shown to inhibit viral replication and was
therefore included as a positive control during EIV infection post-entry (Geiler et al., 2010).
EHV1 and EAV plaques were visualized 48 h after inoculation by fixing and staining the RK 13
cell monolayers with a mixture of 0.5% crystal-violet (Sigma-Aldrich), 3% formaldehyde and

194



Chapter 6: Equine -defensins

20% ethanol. The addition of trypsin to MDCK cell medium was omitted in this virus plaque
assay to avoid destruction of the eBDs. Therefore, EIV was unable to induce viral plaques but
merely infected single cells. MDCK cell monolayers were washed in PBS, air-dried at 37°C for
1 h and frozen at -20°C for a minimum of 2 h. After thawing, cell monolayers were fixed in 4%
PFA at 4°C for 15 min. Aspecific binding sites were blocked by incubating the cells with a
mixture of Tris-buffered saline (TBS), supplemented with 0.1% saponin and 5% NGS for 20
min at 37°C. EIV-positive cells were stained with the mouse monoclonal HB-65 antibody,
diluted in TBS with 0.1% saponin and 2% NGS. After washing, a HRP-conjugated goat anti-
mouse secondary antibody (Agilent, Santa Clara, CA, USA) was added in TBS with 0.1%
saponin. For detection, a 5% aminoethyl carbazole (AEC) solution, supplemented with 0.025%
H202 was added to the wells for 10 min at 37°C. The enzymatic reaction was stopped by
washing the cells in PBS. With the use of an inverted light microscope, the total number of
EHV1 and EAV plaques per well was counted, together with the total number of EIV-positive
MDCK cells per well. Pictures were taken with the CTL ImmunoSpot F-419 (Cellular
Technology Limited, Cleveland, OH, USA) and the latitude of EHV1 plaques was measured
using ImageJ software (ImageJ, U.S. National Institutes of Health, Bethesda, MD, USA).
Viability of the cells was assessed by ethidium monoazide bromide (EMA) staining, ensuring

that the treatment with eBDs did not cause a significant cell loss.
Antiviral assay on EREC

Cells were grown to full differentiation in a transwell cell culture system prior to inoculation
with EHV1 or EIV. EAV does not readily infect EREC and was therefore excluded from this
experiment. Inocula were pretreated with 0 or 100 pg/mL eBD1-3 in 10 mM PB for 1 h at 37°C
and diluted 1:10 to obtain a final MOI of 0.2 (EHV1) or 2 (EIV) prior to inoculation (2 h, 4°C)
of the cells at either the apical surfaces (EIV) or the inverted basolateral surfaces (EHV1). We
previously showed that EHV1 preferentially infects EREC at their basolateral surfaces,
compared to their apical surfaces (Van Cleemput et al., 2017). On the contrary, more cells
became infected with EIV following apical inoculation, compared to basolateral inoculation. In
another set of wells, EREC were pretreated with 0 or 100 pg/mL eBD1-3 in DMEM/F12 for 1
h at 37°C at either apical or basolateral surfaces, prior to inoculation (2 h, 4°C) with EIV (MOI
2) or EHV1 (MOI 0.2), respectively. Non-adsorbed virus particles were washed away on ice.
In a third set of wells, EREC were treated with 0 or 100 ng/mL eBD1-3 in DMEM/F12 during
the virus entry step at 37°C (1 h). Next, cellular apical or basolateral surfaces were exposed to

40 mM citrate buffer (pH 3) to neutralize remnant non-penetrated virus particles (EIV or EHV1,
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respectively). Fresh medium was added to the bottom wells and cells were further incubated at
the air-liquid interface. In a last set of wells, 0 or 100 pg/mL of eBD1-3 was supplemented in
the medium to examine its antiviral effect during the viral post-entry step. Eighteen hours post-
inoculation, cells were fixed in methanol for 20 min at -20°C and immunofluorescently stained
for EIV or EHV1 proteins. Using confocal microscopy, the total number of EHV1 plaques was
counted on 5 random fields of approximately 3x10* cells per insert. Plaque latitude was
measured on 10 individual plaques using the Leica confocal software package. The total number
of EIV-positive cells was counted on 5 random fields of approximately 1.5x10* cells per insert.
Viability of the cells was assessed by EMA staining, ensuring that the treatment with eBD1-3

did not cause a significant cell loss.
EHV1 binding assay

To characterize the attachment of EHV1 to RK 13 cells and EREC upon treatment with different
eBDs, direct virus binding studies were carried out with Dio-labelled EHV1 particles.
Following virus (100X inoculum) or basolateral EREC pretreatment with 0 or 100 ug/mL
eBD1-3 diluted in PB, cells were chilled on ice for 5 min and washed 3 times with cold PBS.
Pretreated Dio-labelled virus particles were diluted 1:100 before inoculating RK13 cells at a
MOI of 0.01 for 2 h at 4°C. Pretreated EREC were inoculated at the inverted basolateral surfaces
with Dio-labelled EHV1 particles at a MOI of 0.2 for 2 h at 4°C. Non-adsorbed virus was
removed by washing the cells 3 times with cold PBS. Cells were then fixed for 10 min in 1%
PFA. Nuclei were counterstained with Hoechst 33342 (10 pg/ml; ThermoFisher Scientific) for
10 min at room temperature and slides were mounted with glycerol-DABCO. The percentage
of cells with bound EHV1 particles was calculated based on the number of cells with viral
particles bound on the plasma membrane of 300 randomly selected cells. The number of virus
particles attached per cell was calculated based on the number of particles attached at the plasma
membrane of 10 random EHV 1-positive cells. For each cell, the entire plasma membrane was

screened for the presence of virus particles by the use of confocal microscopy.
Chemotaxis assay

Chemotactic activity of eBD1-3 was determined using a 96-well Boyden chamber containing
5 um pore size membranes (CytoSelect™, Cell Biolabs, San Diego, Ca, USA), following the
manufacturer’s instructions. Briefly, various concentrations of eBD1-3 (150 uL) were applied
into the wells of the feeder tray before inserting the membrane tray. Equine polymorfonuclear

cells, CD172a" monocytes and CD3" T lymphocytes were re-suspended in RPMI at a
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concentration of 2x10° cells/mL and 100 pL of each solution was added to the wells of the
membrane tray. The chemotaxis chamber was transferred to a CO2-humidified incubator for
5 h, before dislodging the cells from the underside of the membrane in the harvesting tray. In a
clean 96-well plate, 75 puL from the feeder tray and 75 uL from the harvesting tray were mixed
with 50 uL of lysis buffer, containing CyQuant® GR dye. Finally, 150 uL of the latter mixture
was transferred to a 96-well plate, suitable for fluorescent measurement (Greiner). Cell
migration values were reported as relative fluorescence units (RFU) measured at 480/520nm,
using a Flouroskan Ascent FL (ThermoFisher Scientific) plate reader. Finally, background RFU
from RPMI supplemented with eBD1-3, 10 mM PB (negative control) or 10% FCS (positive

control) were subtracted from the respective cell migration values.

Induction of B-defensin expression in EREC in response to EHV1 and EIV

infection

Primary equine respiratory epithelial cells (EREC) were grown on transwells and allowed to
grow stable intercellular junctions, as assessed by transepithelial electrical resistance
measurement. Mock or virus suspensions were applied at MOI 2 (EIV) or 0.2 (EHV1) to
cellular apical or inverted basolateral surfaces, respectively for 1 h at 37°C. Unbound virus
particles were then removed by washing the cell surfaces 3 times with PBS. Inserts were placed
back into the platewells, fresh medium was added to the basolateral sides and cells were further
incubated for 18 h. Cells were fixed in 1% PFA for 10 min, washed in PBS and simultaneously
immunofluorescently stained for EIV or EHV1 proteins and eBD1-3.

The mean percentage of eBD fluorescent signal was calculated on 5 complete Z-stack confocal
images using ImageJ. Finally, mean percentage of fluorescent signal (i.e eBD) from the mock-
inoculated cells was compared to that of EHV1- or EIV-inoculated cells, the latter two groups
containing infected as well as non-infected areas. More specifically, the threshold value to
distinguish the FITC®-positive signal from the background signal was determined and the

percentage of FITC®-positive signal (i.e. eBD) was calculated.
Statistical analyses

Significant differences (P<0.05) between different treatments with or without eBDs and
between mock-, EHV1- and EIV-inoculated cells were identified by analysis of variances
(ANOVA) followed by a two-sided Dunnett’s post-hoc test. [f homoscedasticity of the variables
was not met as assed by the Levene’s test, the data were log-transformed prior to ANOVA.

Normality of the residuals was verified by using the Shapiro-Wilk test. If the variables remained
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heteroscedastic or normality was not met after log-transformation, a Kruskall-Wallis’ test,
followed by a Mann-Whitney’s post-hoc test were performed. All analyses were conducted in

IBM SPSS Statistics for Windows, version 25.0 (IBM Corp, Armonck, USA).
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Results

Distribution of eBDs across the equine respiratory tract

Respiratory tissue samples (nasal septum, trachea and lungs) were obtained from five different
healthy horses in the slaughterhouse and immediately snap-frozen in liquid nitrogen. First,
transcription of eBD-coding genes was verified by means of RT-PCR on total extracted RNA
of different tissue samples. Second, the exact location of the three major eBDs was mapped to
specific regions in the horse’s respiratory tract by immunofluorescent staining of cryosections.
As shown in Figure 1A, RNA specific for eBD1, 2, 3 and GAPDH (positive control) was
expressed throughout all three respiratory tract locations (i.e. the nasal septum, the trachea and
the lungs) of all five horses. RT-PCR products were Sanger-sequenced and identities were
confirmed through comparison with the respective sequences, published in the NCBI-database.
However, mRNA expression does not necessarily correlate with protein expression. By means
of immunofluorescent staining, eBD1, 2 and 3 protein expression was detected in the nasal
septum and in the trachea of all five horses, but not in the lungs (Figure 1B). More specifically,
eBD1 was located within the cytoplasm of the nasal septum’s secretory gland cells, but was
rarely found in the epithelial cells lining the luminal surface. In tracheal tissues on the other
hand, eBD1 was clearly visible in the cytoplasm of surface epithelial cells, especially at their
apical side, as well as in that of the glandular cells. EBD2 was mainly expressed in the basal
layers of both the surface epithelium and glands of the nasal septum and trachea. In addition,
eBD2 appeared as a ‘secreted smear’ on top of the surface epithelia. EBD3 displayed a
heterogeneous distribution pattern throughout the surface epithelium and an intense
cytoplasmic immuno-positive staining was observed within the glandular cells. All antibodies

were able to recognize synthetic eBD1, 2 and 3 following Western blot (Figure 2C).
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Figure 1. Distribution of eBD1-3 across the equine respiratory tract. (A) mRNA expression of eBD1-3 in the equine nasal
septum, trachea and lungs. RT-PCR was performed on 1 pg of total extracted RNA. PCR products were run on a 1% agarose
gel and subsequently stained with ethidium bromide. GAPDH was the housekeeping gene used as an internal positive control.
Reactions without RNA functioned as negative controls. (B) Representative confocal images of eBD1-3 protein expression
(green) in the equine nasal septum, trachea and lungs. Cell nuclei were counterstained with Hoechst (blue). The scale bar

represents 50 um.
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Characterization of synthetic eBDs

Linear eBDI1, 2 and 3 peptides, shown in Figure 2A, were commercially synthetized and
oxidized in-house. Tricine SDS-PAGE and Coomassie blue staining of the reduced peptides
revealed a step-wise pattern in eBD separation, where eBD1 showed the fastest migration,
followed by eBD2 and eBD3 (Figure 2B). Inspection of both oxidized and reduced forms
indicated that a major change had occurred during peptide oxidation. Oxidized forms migrated
slower compared to reduced forms and this was especially true for eBD3. In addition, all eBDs
oligomerized in vitro during oxidation. The eBD1 mixture contained an equal amount of
monomer and dimer forms, while the eBD2 mixture was predominantly characterized by
monomers. Similar to eBD1, eBD3 formed an equal amount of monomers and dimers. The
reduced peptides were immunodetected by the use of the above-described antibodies against
human BDs following Western blot, as shown in Figure 2C.

The fact that oxidation induced a major change in peptide conformation, is also visible in the
LC-MS analysis. A schematic overview of the workflow used to investigate the efficiency of
oxidation is given in Figure 2D. The in vitro oxidized peptides were either reduced by DTT or
not, followed by MMTS treatment. Using this approach, the relative amount of cysteines that
were complexed in a disulphide bridge, i.e. did not get modified by MMTS in the non-reduced
form, could be estimated. Figure 2E shows the relative abundance of methylthio-carrying
peptides, i.e. the relative decrease in open cysteines when the eBDs were oxidized. In line with
the clear changes seen on gel electrophoresis, all eBDs thus showed a clear increase in oxidized
cysteines. Especially in the oxidized eBD2 mixture, no cysteines were modified by MMTS, i.e.
were unbound following oxidation. In addition, two precursor masses could be found in the
oxidized eBD2 mixture with a charge state above 4+ that disappeared following reduction:
4327.039 (866.416 as 5+ and 1082.767 as 4+) and 4256.000 (852.207 as 5+) (Figure 2F). The
first is the calculated mass of the amino-acid sequence (4336.12) minus 6 Da, i.e. three
disulphide bridges formed. The latter is this sequence without the initial alanine (71.037 Da).
This residual undigested precursor can be expected based on the fact that the folded form is less
accessible to trypsin, resulting in a top down MS signal. Together, the MS data suggest that
eBD?2 is oxidized most efficiently and that eBD1 and eBD3 occur in more alternative forms,
possibly comprising oligomers. In part, this could be due to the lyophilisation done after the

peptides were oxidized and prior to MS analysis.
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Figure 2. Characterisation of synthetic eBD1-3. (A) The amino-acid sequence of eBD1-3. Amino-acids indicated in grey were

not covered in the MS bottom-up analysis described in D-F. (B) Tricine-SDS polyacrylamide (18%) gel electrophoresis of

oxidized and reduced synthetic eBD1-3. Ten pg of eBD1-3, diluted in tricine sample buffer with and without f-mercaptoethanol
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was boiled for 5 min and loaded into the indicated lanes. The locations and sizes (kDa) of molecular weight markers are shown.
(C) Western blot analysis of reduced eBD1-3. Synthetic peptides were run on tricine-SDS polyacrylamide gels (18%) and
transferred onto PVDF membranes. EBD1-3 were immunodetected using the respective rabbit-anti human BD1-3 antibodies
(BD1-3 AD). A rabbit anti-Streptococcus suis functioned as isotype control antibody (Co Ab). The sizes (kDa) of molecular
weight markers are shown. (D) Workflow used to investigate the efficiency of oxidation. Commercially synthetized eBD1-3
(shown in blue) were folded through air-oxidation (eBD2 and 3) or DMSO-oxidation (eBD1). Disulphide bonds between
cysteine (C)-molecules are shown in yellow. Next, bottom-up analysis was performed in triplicate to confirm oxidation of the
eBDs and quantify the relative abundance of disulphide bridges in the oxidized vs reduced forms. Free C-molecules (yellow)
in the reduced and oxidized eBD1-3 mixtures were alkylated by adding methyl methanethiosulfonate (MMTS; red dots) prior
to overnight digestion in trypsin. Peptides were then identified through LC-ESI-MS. (E) Relative abundance of disulphide
bridge formation in the reduced and oxidized eBD1-3 mixture. Peptides were grouped by the methylthio-cysteine that they
contain and the average abundance of the triplicate measurements of each of those forms was summed. By dividing these
abundances by the summed abundance of the methylthio-cysteines in the DTT sample, the relative change in methylthio-
cysteine can be estimated per location. It is clear that all eBDs were considerably oxidized, i.e. have reduced amounts of
methylthio-cysteine compared to the DTT samples. In the case of eBD2, almost no methylthio-cysteine could be detected,
implying full oxidation. (F) Detection of the undigested oxidized form of eBD2. Small region of interest of the aggregate run
from the eBD2 analysis is shown in 3D, comprising m/z, retention time (RT) and intensity as dimensions. The signal of the
1082.767 (4+) is delineated in pink at RT 39.0 minutes (upper panel) in both reduced and oxidized form. In the lower panel,
2D representations (RT vs m/z) of extended regions of the LC-MS are shown. Left panel: the 4+ is highlighted in pink co-
eluting with its 5+ form (866.416) and the 5+ minus alanine (852.207) form highlighted in brown. Right panel: complete
overview of the aggregate LC-MS run (i.e. joint representation of the six runs on eBD2) with the region of interest depicted by

the zoom box.

EBD2 and 3, but not eBD1 inhibit equine bacterial pathogens

Human defensins are able to destroy bacteria by permeabilizing the bacterial cell membrane
(Lehrer et al., 1989; White et al., 1995). Whether bacterial pathogens are sensitive to eBD1-3
is currently unknown. Therefore, we performed a MIC test to determine bacterial growth
inhibition by eBDs on a number of Gram-positive and Gram-negative bacteria, found in the
equine respiratory tract. The examined concentration range of eBDs (0.1ng-100 pg/mL)
corresponds to clinically relevant concentrations found in mucus swabs, breast milk and
bronchoalveolar lavages from humans (Ghosh et al., 2007; Jia et al., 2001).

The minimal concentrations of eBD1-3 inhibiting bacterial growth ranged from 25 to 100
ng/mL and are represented in Table 2. While eBD1 (100 pg/mL) shows no antibacterial activity
and eBD2 solely inhibited growth of the Gram-negative bacteria (Actinobacillus equuli at 25
ng/mL and Bordetella bronchiseptica at 100 ng/mL), eBD3 exhibited a broad-spectrum activity
against both Gram-negative and Gram-positive bacteria. In particular Rhodococcus equi and
Actinobacillus equuli subsp. equuli showed high sensitivity for eBD3 at a concentration of 25

ug/mL. Growth of Bordetella bronchiseptica and Streptococcus equi subsp. equi was both
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inhibited at 100 pg/mL, while that of Streptococcus equi subsp. zooepidemicus and of

Staphylococcus aureus was not affected.

Bacterium Gram MIC values (pug/mL)

eBD1 eBD2 eBD3
Streptococcus equi subsp. equi (3830) + > 100 > 100 100
Streptococcus equi subsp. zooepidemicus (4001) + >100 >100 >100
Staphylococcus aureus (3939) + >100 >100 >100
Rhodococcus equi (3851) + > 100 >100 25
Actinobacillus equuli subsp. equuli (4005) - > 100 25 25
Bordetella bronchiseptica (3033) - >100 100 100

Table 2. Activity of eBD1-3 on the growth of 4 Gram-positive and 2 Gram-negative equine bacterial isolates, commonly
associated with respiratory disease. Bacteria were co-cultured with 0-100 pg/mL eBDI, 2 or 3 for 24 h and MIC values were

determined as the lowest concentration of eBD at which there was no visible bacterial growth.

While eBDs act against EIV and EAV, they enhance EHV1 infectivity

The temporal effects of eBD1-3 on different steps in the infection of RK13 cells (by EAV and
EHV1), MDCK cells (by EIV) or EREC (by EIV and EHV1) were studied. To analyse viral
infectivity, the total number of EHV1 and EAV plaques per well, as well as the total number of
single EIV-positive cells were counted. In addition, EHV1 and EAV plaque latitudes were
measured using image analysis. Incubation of the cells (RK13, MDCK, EREC) with the highest
concentration of eBD1-3 (i.e. 100 ug/mL) did not cause a significant loss in cell viability, as
assessed by EMA staining (data not shown).

Antiviral assay on RK13 and MCDK cells — (1) As shown in Figure 3A, virus pretreatment with
50 or 100 pg/mL eBD2 and 3, but not with eBDI1, significantly (P<0.01 and P<0.001,
respectively) decreased the formation of EIV and EAV plaques in MDCK and RK13 cells,
respectively, compared to 0 pg/mL. Especially eBD3 was particularly active against EIV,
almost completely preventing infection at a concentration of 100 pg/mL. Remarkably, the same
eBD2 and 3 (50 or 100 pg/mL) caused an average 3.5-fold increase (P<0.001) in EHV1
infection of RK13 cells, observed both in the number of plaques and in plaque latitude
(Figure 3A and Figure 4A upper panel, respectively). As expected, heparin pretreatment of
EHV1 hindered the virus from subsequently binding to RK13 cells and significantly (P<0.001)
inhibited EHV1 plaque formation, but did not alter final plaque latitude. Representative images
of EHV1 plaques are shown in Figure 4A (lower panel). (ii) Pretreatment of the cells with
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eBD1-3 failed to protect them from subsequent EIV, EAV or EHV1 infection. In contrast,
pretreatment of RK13 cells with 50 or 100 pg/mL eBD3 significantly (P<0.001) increased their
susceptibility to EHV1 (number of plaques) by 1.5-fold (Figure 3B). Cell pretreatment with
eBDs did not alter subsequent EHV 1 plaque spread (data not shown). (iii) Supplementation of
the medium with 50 or 100 pg/mL eBD3 during the virus entry step significantly (P<0.01)
decreased EIV infectivity, but had no effect on EAV or EHV1 infectivity (Figure 3C). In
addition, EHV1 plaque latitude was not affected by treating the RK13 cells with eBDs during
virus entry (data not shown). (iv) As shown in Figure 3D, all eBDs failed to alter the number
of plaques post virus penetration. However, the presence of eBD2 and 3 allowed EHV1 to
spread faster to neighbouring cells in a dose-dependent manner, doubling the average viral
plaque latitude at 100 pg/mL compared to control (P<0.001) (Figure 4B, upper panel). As
expected, addition of the herpetic kinase-activated nucleoside analogue, ganciclovir, to RK13
cells almost completely blocked the formation and spread of EHV1 plaques (P<0.001). The
presence of 20 mM N-acetylcysteine in MDCK cell medium acted on the course of EIV
infection, significantly reducing the final number of EIV-positive cells by 2.5-fold (P<0.001).
Representative images of EHV 1 plaques are shown in Figure 4B, lower panel. Over the course

of the experiment, EAV plaque latitude was never affected (data not shown).
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Figure 3. The impact of eBD1 (left graph panels), 2 (middle graph panels) and 3 (right graph panels) on different steps in the
infection of continuous cell lines (RK13 cells for EHV1 and EAV or MDCK cells for EIV) with EHV1 (MOI 0.001; black
bars), EIV (MOI 0.001; grey bars) and EAV (MOI 0.001; white bars). The total number of plaques (EHV1 and EVA) or
individual infected cells (EIV) per well (+ 10° cells) was counted and data are represented as means + SD. Experiments were
performed in triplicate. Significant differences are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001. (A) Virus particles
were pretreated with 0-100 pg/mL eBD1-3 prior to inoculation for 2 h at 4°C. Heparin (Hep; 100 U/mL) was used as a positive
internal control for blocking subsequent EHV1 binding. (B) Cells were pretreated with 0-100 ng/mL eBD1-3 prior to virus
inoculation for 2 h at 4°C. (C) EBD1-3 (0-100 pg/mL) were added during the virus entry step for 1 h at 37°C. (D) Following
citrate treatment (pH 3), 0-100 pg/mL eBD1-3 were added to the inoculated cells during the virus post-penetration step for 48
h. Ganciclovir (Gan; 10 pg/mL) or N-acetylcysteine (NAC; 20mM) were used as positive controls to block EHV1 or EIV
replication, respectively.
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Figure 4. The effect of 0-100 png/mL eBD1 (left graph panels), eBD2 (middle graph panels) or eBD3 (right graph panels) on
EHV1 spread in RK13 cells when added during (A) the virus pretreatment step or (B) the virus post-penetration step. The
average plaque latitude was calculated based on 10 individual plaques. Experiments were performed in triplicate. Data are
represented as means + SD (upper panels). Significant differences are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001.
Heparin (Hep; 100 U/mL) was used as a positive internal control during virus pretreatment for blocking subsequent EHV1
binding. Representative images of EHV1 plaques in crystal-violet stained RK 13 cell monolayers are shown in the lower panels.
The scale bar represents 200 pm.
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Antiviral assay on EREC - EREC were grown in transwells to full differentiation as assessed
by measuring the transepithelial electrical resistance. Since EHV1 preferentially infects EREC
at their basolateral surfaces and EIV more efficiently infects EREC at their apical surfaces, cells
were inoculated via the respective preferential route with EHV1 or EIV (Van Cleemput ef al.,
2017). EAV does not readily infect EREC and was therefore excluded from this experiment.
(1) In accordance with what was observed in MDCK cells, eBD2 and 3 acted on EIV virions
during virus pretreatment, significantly (P<0.05 and P<0.001, respectively) diminishing
subsequent infection of EREC (Figure 5A). While eBD2- and 3-pretreated EHV1 virions more
efficiently infected RK 13 cells, they were not able to infect EREC more easily. (ii) Pretreatment
of EREC with eBD1, 2 and 3 did not alter EIV infectivity, while they did render the cells more
permissive for EHV1 infection, as demonstrated by the significant increase in number of
plaques (P<0.01 for eBD1 and P<0.001 for eBD2 and 3). Results are shown in Figure 5B. (iii)
As shown in Figure 5C, addition of the eBDs during virus entry enhanced subsequent EHV1
infection in EREC (P<0.001 for eBD1, P<0.05 for eBD2 and P=0.1 for eBD3), while it did not
affect EIV entry. (iv) None of the eBDs had an effect on viral infectivity after EHV1 or EIV
entry was completed (Figure 5D). As expected, addition of the herpetic kinase-activated
nucleoside analogue ganciclovir to EREC almost completely blocked the formation and spread
of EHV1 plaques (P<0.001). Remarkably, supplementation of the medium with NAC did not
significantly inhibit EIV infection. Representative confocal images of EHV 1- and EIV-infected
EREC are shown in the right panels of Figure 5. EHV1 plaque latitude did not significantly

change upon addition of eBDs in any of the examined viral infection steps (data not shown).
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Figure 5. The impact of eBD1-3 on different steps in the infection of primary equine respiratory epithelial cells (EREC) with
EHV1 (MOI 0.2; black bars) and EIV (MOI 2; grey bars). (A) Virus particles were pretreated with 0 or 100 pug/mL eBD1-3
prior to inoculation for 2 h at 4°C. (B) Cells were pretreated with 0 or 100 pg/mL eBD1-3 prior to virus inoculation for 2 h at
4°C. (C) EBDI1-3 (0 or 100 pg/mL) were added during the virus entry step for 1 h at 37°C. (D) Following citrate treatment (pH
3), 0 or 100 pg/mL eBD1-3 were added to the inoculated cells during the virus post-penetration step for 48 h. Ganciclovir (Gan;
10 pg/mL) or N-acetylcysteine (NAC 20 mU/mL) were used as a positive internal control to block EHV1 or EIV replication,
respectively. The total number of plaques (EHV1) or individual infected cells (EIV) was counted on 5 microscopic fields (£
3x10* cells for EHV1 and 1.5x10%cells for EIV) for each condition (left panels). Experiments were performed in triplicate on
primary EREC of 3 different horses. Data are represented as means + SD and significant differences are indicated by asterisks:
* P<0.05; ** P<0.01; *** P<0.001. Representative confocal images of EHV 1-positive plaques or EIV-positive individual cells
(green) are shown in the right panels of each step. Cell nuclei were counterstained with Hoechst (blue). The scale bar represents
75 um.
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Envelope glycoprotein M renders EHV1 resistant to eBD2 - Glycoprotein M is a type III
integral membrane protein, conserved throughout the herpesvirus family. As this glycoprotein
spans the viral envelope multiple times, we hypothesized that it stabilizes and thereby protects
the viral envelope from damage by the eBDs. Similarly as the 03P37 strain, infectivity of the
parental RacLL11 strain in RK13 cells was enhanced (P<0.05) upon virus pretreatment with
100 pg/mL eBD2, although to a lesser extent. In contrast, infectivity of the RacL11 strain
deficient of glycoprotein M (RacL11 AgM) was significantly (P<0.05) diminished upon
incubation with 100 pg/mL eBD2, compared to control (0 pg/mL) as shown in Figure 6A. The
RacL11 strain deficient in glycoprotein 2 (RacL11 Agp2) was included as an internal control
and showed a similar significant (P<0.05) increase in infectivity as the parental RacL11 strain
upon virus pretreatment with eBD2. Representative images of the EHV 1-infected RK 13 cell
monolayers, stained with crystal-violet, are shown in the upper and middle panel of Figure 6B.
Immunofluorescent staining of RK13 cells infected with either the 03P37 strain, the RacL.11
parental strain, the RacL.11 Agp2 strain or the RacLL11 AgM strain confirmed that the latter does

not express gM, while the former three strains do express gM (Figure 6B, lower panel).
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Figure 6. The role of glycoprotein M in EHV1 resistance against eBD2. (A) The EHV1 03P37 strain (black bars), parental
RacL11 strain (grey bars), RacL11 strain lacking glycoprotein 2 (gp2) (striped bars) and RacL11 strain lacking glycoprotein
M (gM) (dotted bars) were pretreated with 0 or 100 pg/mL eBD2 prior to inoculation of RK13 cell monolayers. The total
number of plaques per well (+ 10° cells) was counted and experiments were performed in triplicate. Significant differences are
indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001. (B) Representative images of EHV1 plaques in crystal-violet stained
RK13 cell monolayers (upper and middle panel). The scale bar represents 1 mm. Confocal images of EHV1 infected RK13
cells, stained with the mouse monoclonal anti-EHV1 gM antibody (12B2) (lower panel). The scale bar represents 50 um.
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EBDs enhance EHV I infectivity by aggregating virions on the cell surface - To characterize the
attachment of either eBD1-3-pretreated EHV1 particles to RK13 cells or untreated EHV1
particles to eBDI-3-pretreated EREC, a binding assay was carried out with purified and
Dio-labelled EHV1 particles. As shown in the upper panel of Figure 7A, the percentage of
RK13 cells with bound EHV1 particles was slightly, but not significantly higher after virus
pretreatment with 100 pg/mL eBD3 (1,26 + 1,34), compared to after eBD1 (100 pg/mL; 0,78
+ 0,76%), eBD2 (100 pg/mL; 0,86 = 0,97%) or control (0 pg/mL; 0,92 + 0,92%) pretreatment.
However, per positive cell up to 2-fold more virus particles were able to bind to the cell surfaces
on average upon treatment with eBD2 and 3, compared to eBD1 or control treatment. As shown
in representative confocal images, given in the lower panel of Figure 7A, EHV1 particles are
concentrated to one specific area of the RK13 cell plasma membrane by eBD2 and 3.
Conversely, EREC pretreatment with all eBDs (100 pg/mL) did significantly increase the
percentage of EREC with bound EHV1 particles from 7 + 3% to 17 = 6%, 17 + 5% and 36 +
8% upon treatment with eBD1, 2 and 3, respectively (Figure 7B upper panel). The number of
EHV1 particles bound per EHV1 positive cell did not significantly differ between control-,
eBD1- and eBD2-pretreated EREC. However, eBD3 pretreatment of EREC on average doubled
the amount of bound EHV1 particles per positive cell. Representative confocal images are

shown in the lower panel of Figure 7B.
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100 pg/mL)-pretreated EREC. The percentage of cells with bound virus particles was calculated based on 5 random fields of
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independent experiments were performed with RK13 cells and EREC of three different horses were used. Data are represented
as means + SD and significant differences are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001. The lower panels
show representative confocal Z-stack images of (A) eBD1-3-pretreated and Dio-labelled EHV1 particles (green) attached to
RK13 cells or (B) untreated and Dio-labelled EHV1 particles (green) bound to eBD1-3-pretreated EREC. Note the virus
aggregates (arrows) bound to the RK13 cells upon virus pretreatment with eBD2 and 3. Cell nuclei were counterstained with
Hoechst (blue). The scale bar represents 10 um.
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Viral infections induce eBD expression in EREC

Above, we demonstrated that eBDs are able to inhibit EIV, but enhance EHV 1 infectivity. Here,
we investigated whether these viruses elicit eBD expression at their target site of infection,
EREC. This innate immune response would help the epithelium clear an EIV infection.
Conversely, EHV1 would benefit from this response. Most studies in humans and mice examine
the upregulation of cytokines or antimicrobial peptides by means of qRT-PCR. In horses,
however, one of the main limiting factors to obtain a reliable outcome of qRT-PCR
experiments, is the lack of good reference genes. Therefore, we chose to quantify the relative
amount of eBD peptides in EIV-, EHV1- and mock-inoculated EREC by immunofluorescent
staining of viral and eBD proteins, followed by confocal microscopy and image analysis with
ImagelJ. In EHV1- and ElV-inoculated cells, infected cells were distinguished from non-
infected cells based on immunofluorescent staining of viral proteins. Representative images and
results are shown in Figure 8A and B, respectively. EREC constitutively expressed a low
amount of eBD1, which did not significantly differ among mock-inoculated cells (0.92 +
0.41%), EHV 1-inoculated cells (1.05 £+ 0.84%) and EIV-inoculated cells (1.12 + 0.89%). The
mean percentage of eBD2-positive signal was significantly (P<0.001) higher in EHV1-
inoculated cells (22.32 + 11.38%), compared to mock-inoculated cells (7.49 + 2.67%).
Especially infected cells within the EHV1-inoculated EREC monolayers showed a high
percentage of eBD2-positive signal (27.54 + 7.32%), while their non-infected neighbouring
cells expressed only 17.68 + 12.67% of eBD2. EIV-inoculated cells displayed a slight, but not
significant increase in eBD2 expression (8.92 + 6.21%). Among EIV-inoculated cells, infected
cells did show statistically significant higher levels of eBD2-positive signal (11.33 + 6.90%),
when compared to neighbouring non-infected cells (6.21 + 4.22%). Similarly to eBD2, eBD3
was significantly (P<0.001) elevated in EHV 1-inoculated cells (13.94 + 8.00%), compared to
mock-inoculated cells (3.44 + 3.08%). Again, EHV 1-infected cells expressed on average more
eBD3 (19.40 + 6.79%) than adjacent non-infected cells (8.47 + 4.74%). EIV inoculation did
not lead to a significant increase in eBD3 expression in EREC (3.64 + 2.61%), compared to

mock inoculation
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Figure 8. Viral infections elicit eBD2-3 protein expression in EREC. Cells were either mock-inoculated or inoculated with EHV1 (MOI 0.2) or EIV (MOI 2) for 18 h. (A) Representative confocal
Z-stack images of eBD1-3 protein expression in mock-, EHV1- or EIV-inoculated EREC, the latter two groups containing infected as well as non-infected areas. EBD1-3 were visualized in green,
while EHV1 late proteins and EIV nucleoprotein were simultaneously stained in red to distinguish infected from non-infected areas. Cell nuclei were counterstained with Hoechst (blue). The scale
bar represents 10 pm.
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Figure 8. Viral infections elicit eBD2-3 protein expression in EREC. Cells were either mock-inoculated or inoculated with
EHV1 (MOI 0.2) or EIV (MOI 2) for 18 h. (B) The mean percentage of eBD1 (left graph panel), eBD2 (middle graph panel)
or eBD3 (right graph panel) fluorescent signal was calculated on 5 complete Z-stack confocal images using ImageJ. The mean
fluorescent signal of the mock-inoculated cells (black bars) was compared to that of EHV1- or EIV-inoculated cells, the latter
two groups containing infected (grey bars) as well as non-infected areas (white bars). Experiments were performed in triplicate
on primary EREC of 3 different horses. Data are represented as means + SD and significant differences are indicated by
asterisks: * P<0.05; ** P<(.01; *** P<0.001.

EBDs are chemotactic for equine leukocytes

The upregulation of eBD production at sites of infection might be a key step in mounting the
adaptive immune response by attracting resident and blood leukocytes. However, EHV1 might
benefit from this chemotaxis, since the virus requires leukocytes for dissemination within the
horse. In order to investigate chemotactic activity of eBD, CytoSelect™ cell migration assays
were performed with equine polymorfonuclear (PMN) cells, CD172a" mononuclear cells and
CD3" T lymphocytes, isolated from the blood taken from three different healthy donor horses.
Results are shown in Figure 9 and reveal a dose-dependent migration of these blood leukocytes
towards the different eBDs in a typical Gaussian manner. More specifically, eBD1 induced a
dose-dependent migration of equine PMN cells and of equine T lymphocytes, with maximal
migration at 1 ng/mL (P<0.01) and 1 pg/mL (P=0.08), respectively. The chemotactic effect of
eBD2 peaked between 1 (P=0.08) and 10 ng/mL (P<0.05) for equine PMN cells and at 1 pg/mL
(P<0.05) for T lymphocytes. EBD3 induced migration of equine PMN cells, monocytic cells,
T lymphocytes, reaching a maximum at a concentration of 1 ng/mL (P<0.01), 1 pg/mL (P<0.05)
and 1 pg/mL (P<0.05), respectively. While eBD1 and 2 failed to induce chemotaxis of equine
monocytic cells, 1 pg/mL of eBD3 was sufficient to induce monocytic cell migration. RPMI,
supplemented with 10% FCS served as a positive control and efficiently (P<0.001) induced

chemotaxis of all cell types examined.
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Figure 9. Chemotactic activity of eBD1-3 on equine blood leukocytes using a 96-well Boyden chamber. Migration of (A)
polymorphonuclear cells, (B) CD172a" monocytes and (C) CD3* T lymphocytes induced by 0-10 pg/mL eBD1 (left panels),
eBD2 (middle panels) or eBD3 (right panels). Foetal calf serum (FCS) was used as an internal positive control. Experiments
were performed in triplicate on blood leukocytes of three different healthy horse donors. Cell migration values are reported as
relative fluorescence units (RFU) and represented as means + SD. Significant differences are indicated by asterisks: * P<0.05;
** P<0.01; *** P<0.001.
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Discussion

Beta defensins (BDs) are an essential protective component of respiratory epithelial cells and
mucus, as they are not only able to directly kill incoming pathogens, but also modulate the onset
of the host’s adaptive immunity by recruiting immune cells (Ganz, 2003; Lehrer and Ganz,
2002; Selsted and Ouellette, 2005; Yang et al., 2002). The equine variants have not been studied
so far and although they resemble other phylogenetically related mammalian BDs, they clearly
exhibit peculiarities of their own. First, we found that the three major eBDs were expressed in
the upper respiratory tract of all five examined horses. In humans, solely BD1 is constitutively
produced, while BD2 and 3 are only expressed at a low basal level or in response to microbial
products and/or inflammatory cytokines (Harder et al., 2001; Lee et al., 2002; Singh et al.,
1998). In addition, we observed a marked difference in eBD1 expression between equine nasal
and tracheal epithelial cells, which was low to absent in the former and present in the latter. The
nasal cavities filter out most of the respirable debris and are colonized by a microbial flora,
which in turn might silence eBD1 production in the luminal epithelial cells. Indeed, it has been
shown that Haemophilus influenza is capable of downregulating human BDI release in
bronchial epithelial cells (Tregidgo ef al., 2016). Since the expression of human BD2 and 3 is
regulated in a distinct manner than that of BD1, it is not surprising that eBD1 expression and
induction differed from that of 2 and 3 (Lee ef al., 2002; Starner et al., 2005). The distribution
patterns of eBD2 and 3 were similar between nasal and tracheal respiratory epithelia and
showed vast homologies with previously reported expression profiles in the equine oesophagus,
where eBD2 was mainly expressed in the basal layers and eBD3 expression extended from
basal to more superficial layers (Hornickel ef al., 2011b). Correspondingly, mRNA for human
BD2 and BD3 has been localized to epithelial and glandular cells in respiratory tissues from
humans (Bals et al., 1998; Harder et al., 2001; Lee et al., 2002; Singh et al., 1998; Starner et
al.,2005). While these studies on human BD isolated BD2 and 3 from the lungs, we were unable
to detect eBD protein expression in equine lung parenchym (Bals et al., 1998; Ishimoto et al.,
2006; Singh et al., 1998). This may be attributed to the fact that BDs from bronchoalveolar
lavage or lung explants might arise from the epithelial cells lining the small bronchioles and
not from the pneumocytes composing the alveoli. Indeed, BD3 protein was solely localized to
human bronchial epithelial cells and was absent in the lung alveoli (Ishimoto et al., 2006).

Mammalian BDs have the capacity to inactivate bacterial and enveloped viral microorganisms
by disrupting the microbial membrane (Bals et al., 1998; Harder et al., 2001; Schroeder et al.,

2011; Wilson et al., 2013). Here, we investigated for the first time the exact antimicrobial
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properties of the three eBDs. Similarly to its human homologue, oxidized eBD1 exhibited
minimal antibacterial or antiviral effects (Doss et al., 2009; Hazrati et al., 2006; Howell et al.,
2004; Quinones-Mateu et al., 2003; Singh et al., 1998; Starner et al., 2005). However,
Schroeder et al. (2011) found that the human BD1’s antimicrobial killing activity is revealed in
reducing conditions (e.g. in the intestines). The human BD1 might even form bacteria-
entrapping nets under these circumstances (Raschig et al., 2017). Unfortunately, concentrations
of DTT necessary for such reducing environments (i.e. the conversion of resaruzin to resorufin)
affected bacterial and mammalian cell growth, making it impossible to examine the role of
reduced eBD1. The existence of such an environment in the respiratory tract has not been shown
so far, questioning the importance of eBD1 in in vivo innate respiratory mucosal immunity.
Nonetheless, respiratory epithelial cell chaperones (e.g. thioredoxin) might shape eBD1 in a
specific manner, unmasking bactericidal and/or virucidal actions (Jaeger et al., 2013; Schroeder
et al., 2011). In addition, oxidized eBDI is involved in the chemo-attraction of equine
leukocytes, thereby aiding in the onset of adaptive immunity.

Oxidized eBD2 and especially eBD3 efficiently inhibited a range of equine bacterial and viral
pathogens, primarily through direct actions on the pathogen. Gram-negative bacteria were
generally more sensitive to eBDs, compared to Gram-positive bacteria, which is not surprising
considering the outer cell structure of these microorganisms. In contrast to Gram-positive
bacteria, which are protected by an outer peptidoglycan layer, Gram-negative bacteria are
coated with an anionic lipopolysaccharide (LPS) exterior cell wall. Due to their polycationic
and amphipatic nature, defensins can efficiently interact with and subsequently destroy this
lipid bilayer (Dhople et al., 2006; Lehrer et al., 1989; White et al., 1995). Similarly, EIV and
EAYV nucleocapsids are enclosed by a susceptible negatively charged phospholipid bilayer.
Although several strains of Staphylococcus aureus showed sensitivity towards human BD2 and
especially 3, our field strain of Staphylococceus aureus resisted treatment with all eBDs (Harder
et al., 1997; Harder et al., 2001; Sass et al., 2010). Field strains might have acquired counter
measurements against eBDs, such as the production of exoproteins (e.g. staphylokinase) which
can bind and inactivate defensins (Jin et al., 2004). Additionally, Staphylococcus aureus is able
to reduce the charge of its membrane surface by modifying phosphatidylglycerol with I-lysine,
thereby repulsing cationic defensins (Peschel et al., 2001). Noteworthy, none of the eBDs
inhibited Streptococcus equi subsp. zooepidemicus growth, while eBD3 did affect
Streptococcus equi subsp. equi. This might be related to the fact that the former is a commensal
pathogen in the horse, while the latter is not, suggesting that eBDs, like other antimicrobial

proteins, shape the composition of microbiota at respiratory mucosal surfaces. Indeed, the two
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resistant bacteria are known to reside in the horse’s respiratory tract, while the sensitive bacteria
are opportunistic pathogenic bacteria in the respiratory tract (Lindahl et al., 2013; Sweeney et
al., 2005; Takai, 1997; Timoney, 2004; Weese et al., 2005). Finally, Rhodococcus equi and
Actinobacillus equuli were affected by eBD3 at relatively low concentrations. These bacteria
are only rarely isolated from adult horses suffering from respiratory disease. On the contrary,
these bacteria are amongst the major causes of pneumonia in foals up to 6 months of age. It has
been documented that infants lack expression of human BD3, which might be extrapolated to
foals and explain this peculiar age dependency of bacterial respiratory disease (Tugizov et al.,
2011).

It is not surprising that eBD3 was the most potent biocidal peptide out of all three eBDs,
considering the fact that eBD3, followed by eBD2, has the highest content of cationic
amino-acids, which are clustered as a ‘functional unit’ near the C-terminus of the peptide. This
functional unit orchestrates the initial interaction of defensins with negatively charged
phospholipids or glycoproteins. In addition, the mixture of oxidized eBD3 contained more
dimeric forms, compared to eBD2. Following insertion of the amphipathic defensin through the
lipid bilayer of a putative pathogen, defensins supposedly oligomerize to form a pore, which in
turn is facilitated by dimer formation (Hill ef al., 1991). However, direct antibacterial activities
of human BD2 and 3 were later shown to be independent of BD dimerization (Boniotto ef al.,
2003; Hoover et al., 2001). Nonetheless, dimer formation might still play an important role for
eBDs in other biological (e.g. receptor-mediated) functions. Finally, human BD3 is a lectin,
capable of interacting with glycoproteins or glycolipids that project through biological
membranes (Hazrati ef al., 2006; Leikina et al., 2005). As the majority of the eBD3 amino-acid
sequence is homologous to that of human BD3, we can assume that eBD3 exhibits lectin-
functions as well. Although such activity has not been reported for human BD2, eBD2 differs
substantially from its human homologue and thus might display lectin properties as well.
Indeed, following removal of N-linked glycans with the use of PNGase F on EHV1 surfaces,
the pro-viral effect of eBD2 and 3 was nearly abolished (unpublished results). Lectin-binding
is thought to be primarily of importance in the antiviral effects of BD3, by blocking receptors
on either the viral envelope or the cell plasma membrane. It has already been shown that human
BD3 blocks influenza virus fusion by forming a protective barricade of immobilized host cell
glycoproteins (Leikina et al., 2005). Although we saw a similar antiviral effect when adding
eBD3 during viral entry in MDCK cells, we cannot exclude the fact that eBD3 merely
inactivated surface-bound EIV particles prior to entry. Such direct anti-influenza effects have

been reported for human BD1 and 2 (Doss et al., 2009). Notably, we could not observe EIV

219



Chapter 6: Equine B-defensins

inhibition by pretreating MDCK or EREC cell surfaces prior to inoculation. In addition, eBD3
had no effect on EIV entry in EREC, suggesting that the virus was rapidly internalized by EREC
and eBD3 lacked the time to inactivate infective surface-bound virions. Whether the direct
inactivation (i.e. virus pretreatment) of EIV and EAV by eBD2 and 3 was a consequence of
either direct viral envelope penetration or blocking/crosslinking viral binding/entry proteins
remains speculative. It would be interesting to co-immunoprecipitate eBDs upon incubation
with virus particles to determine glycoprotein interactions or perform electron microscopy
studies to examine viral envelope structures.

Surprisingly, we demonstrated that eBD2 and 3 enhance EHV1 infectivity by concentrating
virus particles on the RK13 cells, thereby promoting virion attachment. A similar pro-viral
effect on human immunodeficiency virus (HIV) has been shown for the human a-defensins 5
and 6 (Rapista et al., 2011). In addition, a recent study showed that human BD2-3 and human
a-defensin 5 facilitated binding of HIV and human adenovirus (HAdV), respectively, to
epithelial cells. Still, viral infectivity was diminished through co-internalisation of virus
particles and defensins, which led to virus neutralization (Gounder et al., 2012; Herrera et al.,
2016). This study is the first to reveal a pro-viral effect for BDs and moreover, we demonstrated
that the viral ‘non-essential’ glycoprotein M (gM) renders EHV1 resistant to eBDs. Indeed,
infectivity of the gM-lacking mutant was attenuated upon treatment with eBD2, while that of
the parental and gp2-lacking strains remained enhanced. As gM harbours multiple
transmembrane-spanning domains, we propose that it protects the virus from lipid bilayer-
attacking eBDs by stabilizing the viral envelope (Osterrieder ef al., 1996; Pilling et al., 1994).
Further evidence of the role of gM in membrane-stabilization comes from the fact that gM of
pseudorabies (PRV) and EHV1 inhibit the fusion induced by artificially optimized gB and gD
(Klupp et al., 2000). Nonetheless, other more glycosylated viral membrane proteins might
facilitate eBD binding and subsequent EHV1 infectivity. More precisely, the highly cationic
and possible lectin-like eBDs could aggregate negatively charged EHV1 particles through
oligomerization and subsequent formation of high-order aggregates. The findings are consistent
with our observation that eBDs have the tendency to self-associate in solution and with our
binding experiments. In line with our observations, human o-defensins have been shown to
aggregate virions of influenza virus, HAdV and BK virus (Doss et al., 2009; Dugan et al.,
2008). Additionally, following removal of N-linked glycans with the use of PNGase F on EHV 1
surfaces, the pro-viral effect of eBDs was diminished (unpublished results). The fact that we
could not observe an increase in EHV1 infection upon inoculation of EREC, could be attributed

to the pore size of the transwells. As EHV1 particles measure on average 150 nm, virus
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aggregates may not efficiently reach the basolateral surface of EREC, grown on 400 nm pore
size membranes. Unfortunately, membranes with larger pores did not support cell growth and
apical inoculation of the cells did not yield a sufficient infection to test the eBDs (Van Cleemput
et al., 2017). Nonetheless, pretreatment of EREC with all eBDs increased subsequent EHV 1
infectivity by facilitating virus binding and/or entry. Here, the effect was not attributed to the
formation of aggregates, since we merely saw an increase in the number of EREC with bound
EHV1 particles and did not observe virion aggregates. Since a similar pro-viral effect was
observed when eBD1-3 were added during the viral entry step, we suggest that eBD1-3 directly
bind to EHV1 binding/entry receptor(s) on the cell surface and thereby facilitate subsequent
EHV1 binding to and entry in the cell. EBD1-3 might facilitate direct viral binding through
neutralizing the net negative charge between the virion and cellular glycoproteins.
Alternatively, by inducing a conformation change in EHV1’s binding/entry receptor(s),
subsequent EHV1 binding and entry might be enhanced. Finally, eBD1-3 might bind to other
putative receptors on the cell surface, thereby inducing an upregulation and/or a conformational
change of the EHV1 binding/entry receptor. It is not surprising that the effect of eBDs during
cell pretreatment of RK13 cells was strongly attenuated, considering the fact that RK13 cells
do not natively recognize foreign eBDs, while EREC are the natural target cells of eBDs.
Finally, in RK13 cells but not in EREC, co-internalisation of these virus aggregates resulted in
rapid cell-to-cell spread in the cell monolayer. The high crosslinkage of viral proteins to eBDs
might have facilitated the formation of syncytia in these cells, since defensins have been shown
to promote fusion of membranes (Fujii ef al., 1993). A similar enhancement of viral spread in
RK13 cells was observed when eBDs were added post virus penetration. In EREC grown on
transwells, EHV1 does not induce syncytia, corroborating our hypothesis that eBDs facilitate
membrane-fusion and subsequent syncytia formation.

Our observations on EHV1 are strikingly different from those on the closely related human
alphaherpesviruses herpes simplex virus 1 and 2, which were inactivated by human BD3
(Hazrati et al., 2006). In evolution however, EHV1 most likely came into existence long before
HSV, giving it a lead start in the development of immune evasion mechanisms, such as
anti-defensin and even defensin-exploiting strategies (Karlin et al., 1994).

EHV1 not only misuses these eBDs to infect EREC, but also upregulates the expression of
eBD2 and 3 in EREC upon inoculation. This is presumably a direct consequence of EHV1
infection, followed by a paracrine signalling of neighbouring cells, since the expression is
higher in infected cells than in adjacent non-infected cells. Epithelial BDs are often induced in

response to viral infections in other species as well, e.g. in the respiratory tract of mice upon
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influenza A infection, in human oral cavities upon challenge with HIV or in human bronchial
epithelia infected with rhinovirus (Chong et al., 2008; Proud et al., 2004; Quinones-Mateu et
al., 2003). Similarly, EIV also induced eBD2 and 3 protein expression, but to a lesser extent
than EHV1. The increase in eBD production attracted blood leukocytes, which are key in the
clearance of infection. However, EHV1 depends on these leukocytes for viral spread within the
horse and may cleverly take advantage of the induced increase in eBD expression during
infection.

Taken together, we demonstrated that the horse’s respiratory tract constitutively produces
eBDI1, 2 and 3, thereby potentially shaping the microbiota of the upper respiratory tract and
protecting the lower respiratory tract from pathogen invasion. While the two less host-adapted
equine viruses (EIV and EVA) are sensitive to eBDs, the ancestral alphaherpesvirus EHV1, a
virus that has evolved with its host over long periods of time and is exquisitely well adapted to
it, is resistant to eBDs (Davison, 2002). Moreover, the virus exploits these eBDs for
enhancement of infectivity and attraction of potential virus-carrying leukocytes. These new
insights into alphaherpesvirus host entry may be of great significance in medical research on

herpesvirus-associated diseases.
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Chapter 7: Unravelling EHVS5 pathogenesis

Summary

Equine herpesvirus type 5 (EHVS) is an ubiquitous, yet obscure pathogen in the horse
population and is commonly associated with fatal equine multinodular pulmonary fibrosis
(EMPF). To date, little is known about the precise pathogenesis of EHV5. Here, we evaluated
the dynamics of EHVS infection in representative ex vivo and in vitro equine models, using
immunofluorescent staining and virus titration. EHVS was unable to infect epithelial cells lining
the mucosa of nasal and tracheal explants. Similarly, primary equine respiratory epithelial cells
(EREC) were not susceptible to EHVS following inoculation at the apical or basolateral
surfaces. Upon direct delivery of EHVS particles to lung explants, few EHVS5-positive cell
clusters were observed at 72 hours post-inoculation (hpi). These EHV5-positive cells were
identified as cytokeratin-positive alveolar cells. Next, we examined the potential of EHVS to
infect three distinct equine PBMC subpopulations (CD172a” monocytes, CD3" T lymphocytes
and Ig light chain” B lymphocytes). Monocytes did not support EHV5 replication. In contrast,
up to 10% of inoculated equine T and B lymphocytes synthetized intracellular viral antigens
24 hpi and 72 hpi, respectively. Still, the production of mature virus particles was hampered, as
we did not observe an increase in extracellular virus titer. After reaching a peak, the percentage
of infected T and B lymphocytes decayed, which was partly due to the onset of apoptosis, but
not necrosis. Based on these findings, we proposed a model for EHVS pathogenesis in the horse.

Uncovering EHVS pathogenesis is the corner step to finally contain or even eradicate the virus.
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Introduction

As a member of the Gammaherpesvirus subfamily, equine herpesvirus type 5 (EHVY) is
optimally adapted to its natural host, meaning that infected horses are mainly asymptomatic
(Davison et al., 2009). EHVS is endemic in the horse population and plenty of horses shed the
virus in nasal secretions and/or carry the virus in peripheral blood mononuclear cells (PBMC)
or lymphoid organs. Nonetheless, only a small fraction of them develop severe clinical
symptoms (Akkutay et al., 2014; Bell et al., 2006b; Dunowska et al., 1999; Dunowska et al.,
2002; Marenzoni et al., 2010; Richter et al., 2009; Torfason et al., 2008; Wang et al., 2007;
Wong et al., 2008). The virus typically causes upper respiratory tract disease (e.g. pharyngitis)
or keratoconjunctivitis accompanied with clinical signs such as nasal and ocular discharge,
tachypnea, coughing, fever, enlarged lymph nodes, anorexia, poor body condition and
depression (Dunowska et al., 2002; Franchini et al., 1997; Hart et al., 2008; Rushton ef al.,
2013; Wong et al., 2008). Single case reports linked EHVS to B cell lymphomas, T cell
leukemia and dermatitis (Herder et al., 2012; Schwarz et al., 2012; Vander Werf and Davis,
2013). However, the most dreadful complication of an EHVS infection is the development of
fatal equine multinodular pulmonary fibrosis (EMPF) (Williams et al., 2007). EMPF is
characterized by the presence of multiple fibrotic nodules throughout the lungs. Histologically,
marked interstitial fibrosis with an ‘alveolar-like’ architecture, lined by cuboidal epithelial cells
and thickening of the alveolar walls is visible (Poth et al., 2009; Williams et al., 2007; Wong
et al., 2008). The high correlation between the presence of EMPF and EHVS DNA suggests
that the virus is involved in the development of lung fibrosis. This is corroborated with the
findings of a study on a closely related gammaherpesvirus murine herpesvirus type 4 (MuHV4).
MuHV4 induces lung fibrosis in mice with a progressive deposition of interstitial collagen,
increased transforming growth factor B and T helper 2 cytokine expression and hyperplasia of
type II pneumocytes (Mora et al., 2005). Similarly in humans, the development of idiopathic
pulmonary fibrosis has been linked to the gammaherpesvirus Epstein Barr virus (EBV) (Egan
et al., 1995; Vergnon et al., 1984). In addition, Williams et al. (2013) were able to
experimentally induce lung fibrosis in horses upon direct delivery of virulent EHVS strains into
the lungs. However, the choice of viral strain, immunologic status of experimental animals and
inoculation route may have favoured the outcome of disease. So far, the exact pathogenic role
played by EHVS5 in EMPF is unknown. The virus may be an etiologic agent or cofactor in the
development of EMPF (Williams et al., 2013; Wong et al., 2008).
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Despite the large number of epidemiological studies, little is known about the exact
pathogenesis of EHVS and many statements remain speculative. It is assumed that foals become
infected through the upper respiratory tract around the age of 1 - 6 months (Bell et al., 2006a).
Closely related gammaherpesviruses, such as human herpesvirus type 8 (HHVS), bovine
herpesvirus type 4 (BoHV4) and MuHV4 commonly spread through sexual contact or
intrauterine transmission. Still, the presence of EHVS5 in the equine reproductive tract has not
been reported yet (Davison, 2011; Donofrio et al., 2007; Frangois et al., 2013). Following
primary infection, EHVS establishes latency to persist in its host. Viral DNA is commonly
isolated from blood-derived PBMC (mainly T and B lymphocytes) of healthy horses, indicating
that these leukocyte subpopulations are the latency reservoirs of EHVS (Bell et al., 2006a;
Mekuria et al., 2017, Richter et al., 2009; Torfason et al., 2008). However, the exact mechanism
used by EHVS to reach and infect these cells is unknown. Besides blood- and lymph node-
derived PBMC, also alveolar macrophages were found to harbour the virus (Poth et al., 2009;
Williams et al., 2007; Williams et al., 2013; Wong et al., 2008). However, whether this
observation was due to a direct viral infection or a consequence of phagocytosis remains
speculative. In the lungs of horses suffering from EMPF, EHVS5 antigens were additionally
localized in alveolar pneumocytes and interstitial fibroblasts, indicating that the virus can infect
these cell types (Williams et al., 2013).

Although EHVS is an old pathogen, it only recently attracted the attention of clinicians, horse-
owners and researchers due to its association with EMPF. Effective therapies are lacking due
to the limited knowledge on EHVS5 pathogenesis in the horse. Therefore, our study aimed to

uncover some of the first key steps herein.
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Material and methods

Virus

The equine herpesvirus type 5 (EHV5) KB-P48 strain was kindly provided by dr. K. Borchers
and originates from the blood taken of a captive Przewalski’s wild horse. The horse had high
immunoperoxidase monolayer assay (IPMA) and virus neutralizing (VN) anti-EHV5 antibody
titers, but showed no clinical symptoms. The virus was propagated on rabbit kidney (RK13)
cells and used at the 6™ passage.

The alphaherpesvirus equine herpesvirus type 1 (EHV1) is known to infect both leukocytes
(e.g. CD173a" monocytic cells, T and B lymphocytes) and the respiratory epithelium of the
horse (Gryspeerdt et al., 2010; Laval et al., 2015; Vandekerckhove et al., 2010). Therefore, the
EHV1 strain 03P37 was used as a positive control during our viral infection assays. The 03P37
strain originates from the blood taken of a paralytic horse during an outbreak in 2003 (van der
Meulen et al., 2003a). The virus was propagated on rabbit kidney (RK13) cells and used at the
6th passage.

Tissue collection and processing

The nasal septa, tracheae and lungs from three different healthy horses were collected at the
slaughterhouse and transported in PBS with calcium and magnesium (PBS™C#*Mg)
supplemented with 0.1 mg/mL gentamicin (ThermoFisher Scientific, Waltham, MA, USA), 0.1
mg/mL kanamycin (Sigma-Aldrich), 100 U/mL penicillin, 0.1 mg/mL streptomycin
(ThermoFisher Scientific) and 0.25 pg/mL amphotericin B (ThermoFisher Scientific).

Respiratory mucosal explant isolation and cultivation

Nasal and tracheal mucosal explants were prepared and cultivated as previously described (Van
Cleemput et al., 2017; Vandekerckhove ef al., 2009). Lung explants were obtained following a
technique described for pigs with minor adaptations (Van Poucke et al., 2010). Briefly, lung
tissue was first cut up in cubes of approximately 1 cmx 1 cm x 5 cm (W x H x L). These cubes
were then transferred to a 20 mL syringe containing 5 mL of 4% agarose (low temperature
gelling; Sigma-Aldrich), diluted in PBS. After filling the syringe with 5 mL of additional
agarose, it was transferred to 4°C until the agarose solidified (15 min). The tip of the syringe
was cut off, before gently pushing the plunger and thereby moving the embedded lung tissue
out of the barrel. Using a cryotome blade, thin lung tissues slices of 1 mm were cut and

transferred to a petridish. Here, tissues were thoroughly washed to remove excess agarose and
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finally trimmed to a surface of approximately 25 mm?. Lung explants were transferred to 6 well
plates, submerged in serum-free medium (DMEM/RPMI [ThermoFisher Scientific],
supplemented with 0.1 mg/mL gentamicin, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and
0.25 pg/mL amphotericin B) and cultivated at 37°C and 5% COa.

EREC isolation and cultivation

Primary equine respiratory epithelial cells (EREC) were isolated and cultured as described

previously (Quintana et al., 2011; Van Cleemput et al., 2017).
Isolation of equine monocytes, T and B lymphocytes

Equine PBMC were isolated as described previously (Laval et al., 2015). The collection of
blood was approved by the ethical committee of Ghent University (EC2017/118). Ten hours
post seeding, CD172a" monocytic cells had adhered to the plastic (purity >90%, as assessed by
flow cytometry (Laval et al., 2015)) and non-adherent cells consisted of two dominant
leukocyte populations: T and B lymphocytes. Following removal of non-adherent cells, equine
CDI172a" monocytes were further maintained in RPMI supplemented with 5% FCS and
antibiotics. Equine T lymphocytes were separated from B lymphocytes by negative selection
magnetic-activated cell sorting (MACS). In summary, 5x107 cells were incubated with a mouse
anti-horse pan B lymphocyte antibody (clone CVS36, directed against the equine Ig light
chains, Bio-Rad), diluted in PBS with 10% negative goat serum (NGS) for 1 h at 4°C. Cells
were washed in ice-cold elution buffer (PBS + 2 mM EDTA + 2% FCS) and re-suspended in
elution buffer, containing 100 pL rat anti-mouse IgG microbeads for 1 h at 4°C. Next, cells
were washed in elution buffer before transferring them onto an LS column (MACS Miltenyi
Biotech, Cologne, Germany). The cell-fraction that went through the column was collected and
contained over 95% positive CD3" T lymphocytes, as assessed by flow cytometry after indirect
immunofluorescent staining with a mouse anti-equine CD3 monoclonal antibody (clone
UC _F6G; California University, Davis, Figure 1A). The remaining cell-fraction contained the
Ig light chain® B lymphocytes, as assessed by flow cytometry after indirect immunofluorescent
staining with a mouse anti-pan B lymphocyte antibody (clone CVS36; Figure 1B). Finally,
equine T and B lymphocytes were counted using a Biirker counting chamber and were seeded
in RPMI supplemented with 5% FCS, 1% MEM non-essential amino-acids, 1% sodium

pyruvate, 4 U/mL interleukin-2 and antibiotics.
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Figure 1. Flow cytometric analysis of the equine T and B lymphocyte populations’ purity. Equine T and B lymphocytes were
diluted in PBS, containing 10% NGS and antibodies (1:20) for 1 h at 4°C. Equine T and B lymphocytes were incubated with a
mouse monoclonal anti-CD3 antibody (clone UC_F6G) or a mouse monoclonal anti-pan B lymphocyte antibody (clone
CVS36), respectively. The mouse monoclonal anti-PCV2 antibody (A27) was used as isotype (IgG1) control antibody. After a
centrifugation step, cells were incubated with a goat anti-mouse IgG FITC®-conjugated antibody for 1 h at 4°C. Finally, cells

were analysed with a CytoFLEX flow cytometer (Beckman Coulter Life Sciences, Indianapolis, USA).
Viral infection assays
Respiratory mucosal explants

Explants were cultured 24 h for adaptation before thoroughly washing and transferring them to
a clean 24-well plate, as previously published (Vandekerckhove et al., 2009). While lung
explants were left untreated, nasal and tracheal explants were incubated with 8 mM EGTA or
PBS*C@™Me (control) for 1 h at 37°C to dissociate intercellular junctions (Van Cleemput et al.,
2017). Following a thorough washing step, nasal, tracheal and lung explants were subsequently
exposed to 10%° TCIDso of the KB-P48 EHVS strain or the 03P37 EHV1 strain (positive
control) for 1 h at 37°C. Explants were then washed 3 times in PBS to remove unbound virus
particles. Finally, explants were placed back onto their gauzes and serum-free medium was
added. At corresponding time points, explants were placed into methylcellulose-filled plastic

tubes and snap-frozen at -80°C until further processing.
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EREC

We recently described a protocol for apical versus basolateral infection of EREC by EHV1 in
a transwell system (Van Cleemput et al., 2017). Cells were grown to confluency and the
transepithelial electrical resistance (TEER) was measured daily until a steady TEER of ~500-
700 Qxcm? was attained. The apical surface of EREC was then treated with § mM EGTA or
PBS*#™Me for 30 min at 37°C to dissociate the ICJ. Following a washing step in PBS, cells were
exposed to 100 pL KB-P48 EHVS strain (MOI of 1) or 03P37 EHV1 strain (MOI of 1) at either
the apical or the inverted basolateral surface for 1 h at 37°C. Non-adsorbed virus particles were
removed by washing the EREC three times with DMEM/F12. Fresh EREC medium was added
to the platewells and cells were further incubated at the air-liquid interface. At corresponding
time points, cells were fixed in methanol for 20 min at -20°C and stored dry at -20°C until

further processing.
Equine monocytes, T and B lymphocytes

Monocytes, grown on cover slips, were mock-inoculated or inoculated with either EHVS (MOI
1 or 10) or EHV1 (MOI 1; positive control) in 200 ul monocyte medium for 1 h at 37°C.
Afterwards, the cells were gently washed twice to remove the inoculum and further incubated
with fresh medium. At 6 h, 24 h, 48 h, 72 h and 96 hpi (hours post-inoculation), cell supernatant
was collected and cells were fixed in methanol for 20 min at -20°C and stored dry at -20°C until
further processing.

T and B lymphocytes were inoculated at a concentration of 2.5x10° cells/mL with EHV5 (MOI
1 or 10) or EHV1 (MOI 1) diluted in lymphocyte medium for 1 h at 37°C. The inoculum was
removed by 2 centrifugation steps at 300 x g and cells were further incubated in 24-well plates
with fresh medium. At 6 h, 24 h, 48 h, 72 h and 96 hpi, cells were pelleted by centrifugation at
300 g. The supernatant, containing free virus particles, was collected and cells were fixed in
1% paraformaldehyde (PFA) for 10 min at room temperature (RT) and finally stored in PBS at
4°C until further processing.

Polyclonal anti-EHVS antibody

The polyclonal horse anti-EHVS5 antibody originates from blood taken from a 9-year old
Shetland pony stallion (Sultan) intended for routine diagnostic serological examination. The
pony was kept in a premise, where one of the five horses (Haflinger breed) showed signs of
nasal discharge and dullness and was diagnosed with EHVS5 by PCR on a nasal swab. The

affected horse was isolated from the herd and all horses (the Haflinger and four Shetland ponies)
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were screened for the presence of EHVS5-specificic antibodies, regarding further isolation
management. The amount of anti-EHVS specific IPMA and VN antibodies was semi-
quantitatively determined on RK13 cells using an IPMA (10> TCIDso KB-P48) or a
seroneutralization test, respectively. Antibodies against EHVS were present in the sera of all
five horses and the titer ranged from 2 to >256 (Sultan) for VN antibodies and from 2560 to
40960 (Sultan) for IPMA antibodies. The antibodies from Sultan’s serum were then purified
and biotinylated, similarly to the polyclonal horse anti-EHV 1 antibody previously made in our
lab (van der Meulen et al., 2003b). As shown in Figure 2, left panels, the positive signal in
EHV5-infected RK13 cells following both immunofluorescence (A) and immunocytological
(B) staining with the biotinylated Sultan antibody (1:20) and subsequent incubation with
streptavidin-FITC® or streptavidin-HRP, respectively, confirmed its suitability in further
staining experiments. The biotinylated polyclonal horse anti-EHV1 antibody mixture did not

contain anti-EHVS5 antibodies and was used as a negative control (Figure 2).
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Figure 2. Validation of the polyclonal horse anti-EHVS antibody (Sultan). The biotinylated polyclonal horse anti-EHVS
antibody (Sultan) recognizes EHVS5 antigens in EHV5-infected RK13 cells 48 hpi in both (A) immunofluorescence and
(B) immunocytological staining (left panels). The biotinylated polyclonal horse anti-EHV1 antibody was included as control

antibody (right panels). The scale bar represents 50 pm.

Immunofluorescent staining and confocal microscopy
Explants

Sixteen pum thick cryosections of equine nasal, tracheal and lung explants were cut using a
cryostat at -20°C and loaded onto 3-aminopropyltriethoxysilane-coated (Sigma-Aldrich) glass
slides. Slides were then fixed in 4% PFA for 15 min and subsequently permeabilized in 0.1%
Triton-X 100 diluted in PBS. Non-specific binding sites (e.g. equine IgG receptor) were first
blocked by 45 min incubation with 10% negative horse serum, obtained during a previous in
vivo study (Vairo et al., 2012), diluted in PBS at 37°C. To label EHV5 and EHV1 proteins, the
polyclonal biotinylated horse anti-EHVS antibody (Sultan; 1:20) or polyclonal biotinylated
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horse anti-EHV1 antibody, respectively, was used for 1 h at 37°C, followed by incubation with
streptavidin-FITC® for 1 h at 37°C. Nuclei were detected by staining with Hoechst 33342
(ThermoFisher Scientific). Transwell membranes were excised from the culture inserts and
mounted on glass slides using glycerol-DABCO. The number of viral plaques and/or single
infected cells was evaluated on 100 consecutive cryosections, using confocal microscopy.

A double immunofluorescent staining of lung explant cryosections was performed to identify
EHV5-positive cells as cytokeratin-positive. For this, cryosections were incubated for 1 h with
the polyclonal biotinylated anti-EHVS antibody (1:20), together with the monoclonal mouse
anti-pan cytokeratin antibody (clone AE1/AE3; Agilent, Santa Clara, USA; 1:100). After a
washing step, cryosections were incubated with streptavidin-FITC® and a goat anti-mouse IgG
Texas Red®-conjugated antibody (ThermoFisher Scientific). Nuclei were detected by staining

with Hoechst 33342.
EREC

Methanol-fixed EREC were directly stained in the transwells, as described above. The complete
EREC monolayer was analysed using a Leica (TCS SPE) confocal microscope. As a negative
control, mock-inoculated cells were stained following the above protocols. The polyclonal
horse anti-EHV1 antibody was included as isotype control antibody (van der Meulen et al.,

2003b).
Equine monocytes, T and B lymphocytes

Methanol-fixed monocytes, grown on cover slips, were stained directly in the wells. PFA-fixed
lymphocytes were cytospinned onto 3-aminopropyltriethoxysilane-coated (Sigma-Aldrich)
glass slides and subsequently permeabilized in 0.1% Triton-X 100 diluted in PBS.
Immunofluorescent staining further proceeded as described previously. Slides were mounted
with glycerol-DABCO and analysed using confocal microscopy. The percentage of viral
antigen-positive cells was calculated based on 300 cells counted in 5 distinct fields. In EHVS-
infected lymphocytes, the percentage of cells showing DNA fragmentation due to EHVS5

infection was additionally determined.
Cell death analysis

The percentage of mock- or EHVS5-inoculated cells showing signs of apoptosis (annexin V-
positive) or necrosis (proprium iodide positive) was determined 72 hpi, using the ‘Dead Cell
Apoptosis Kit’ from ThermoFisher Scientific (V13241). Live cells were incubated with the

appropriate reagents following the manufacturer’s guidelines. Next, cells were fixed in 1% PFA
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and stained for EHV5-antigens, as described above. The percentage of apoptotic or necrotic

cells was calculated based on 300 cells counted in 5 distinct fields using confocal microscopy.
Virus titration

Cell and explant supernatants were collected at various time points and stored at -80°C until
titration. EHV1 and EHVS titrations were conducted on RK13 cells, which were incubated at
37°C for 7 days. EHV1 titers were determined based on cytopathogenic effect. EHVS titers
were determined based on EHVS5-immunocytological staining. Briefly, RK13 cells were
washed in PBS, air-dried at 37°C for 1 h and frozen at -20°C for a minimum of 2 h. After
thawing, cells were fixed in 4% PFA at 4°C for 15 min. Aspecific binding sites were blocked
by incubating the cells with a mixture of Tris-buffered saline (TBS), supplemented with 5%
NGS for 20 min at 37°C. EHVS5-positive cells were stained with the anti-EHVS serum, diluted
1:1,000 in TBS with 2% NGS. After washing, a goat anti-horse IgG-peroxidase (Jackson
ImmunoResearch, Cambridgeshire, UK) was added in TBS. For detection, a 5% aminoethyl
carbazole (AEC) solution, supplemented with 0.025% H202 was added to the wells for 10 min
at 37°C. The enzymatic reaction was stopped by washing the cells in PBS. All titers were
expressed as TCIDso.

Statistical analyses

Significant differences (P<0.05) between different time points or different MOI were identified
by analysis of variances (ANOVA) followed by Tukey’s post-hoc test. If homoscedasticity of
the variables was not met as assessed by the Levene’s test, the data were log-transformed prior
to ANOVA. Normality of the residuals was verified by the use of the Shapiro-Wilk test. If the
variables remained heteroscedastic or normality was not met after log-transformation, a
Kruskall-Wallis’ test, followed by a Mann-Whitney’s post-hoc test were performed. Significant
differences in the percentage of apoptotic cells between mock or EHVS inoculations were
identified by a Student’s T test. All analyses were conducted in IBM SPSS Statistics for
Windows, version 25.0 (IBM Corp, Armonck, NY, USA).
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Results

EHYVS infects lung alveolar cells, but not the equine ciliated respiratory epithelium

lining the nasal septum and trachea

To date, it is unclear how exactly EHVS establishes a life-long infection in new hosts. The virus
is delivered to the respiratory tract through inhalation and somehow finds its way to latency
reservoirs (PBMC). Here, we examined whether EHVS primarily infects equine respiratory
epithelial cells using nasal and tracheal mucosal explant models and primary EREC. In addition,
we examined whether EHVS is able to infect cells within lung explants upon direct delivery.
Explants

Over the time course of the experiment, EHVS5-infected cells were not detected in the
respiratory epithelium of nasal and tracheal mucosal explants. In contrast, we counted an
average of 3 = 3 and 32 + 15 EHV1 plaques in 8 mm? respiratory epithelium of nasal and
tracheal mucosal explants, respectively. As EHV1 infection is known to be enhanced upon
disruption of epithelial integrity (Van Cleemput et al., 2017), nasal and tracheal mucosal
explants were treated with EGTA prior to inoculation with EHVS. Despite the EGTA
pretreatment, EHV5-infected cells were not found in the respiratory epithelium of these
explants. Finally, EHV 1-positive leukocytes were observed beneath the basement membrane
24 hpi. However, EHV5-positive leukocytes were absent in the EHV5-inoculated nasal and
tracheal mucosal explants at all time points.

In lung explants on the other hand, a small amount (22 + 9) of EHV5-infected cells was present
in a volume of 8 mm? lung tissue at 72 hpi. EHV5-positive cells were usually found in a cell
cluster of approximately 4 + 2 EHVS5-positive cells per cluster. Double immunofluorescent
staining for cytokeratin confirmed that these infected cell clusters were of epithelial origins.
Representative confocal images are given in Figure 3.

Nasal, tracheal and lung explants did not produce detectable progeny EHVS particles 72 hpi, as
viral titers in the supernatant remained below 1 logioTCIDso/mL. The supernatant of nasal and
tracheal mucosal explants contained an EHV1 titer of 2.4 + 0.9 and 2.5 + 0.5 log10TCIDso/mL,

respectively.
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EHV5-positive cell cluster in lung explant

Nuclei Cytokeratin EHVS Merge

Figure 3. EHV5-antigen expression 72 hpi in localized cell clusters within EHV5-inoculated lung explants. In the upper panel,
cryosections were stained for EHVS antigens (Sultan; green) and cell nuclei (Hoechst; blue). In the lower panel, cryosections
were simultaneously stained for EHVS antigens (Sultan; green), cytokeratin (AE1/AE3; red) and cell nuclei (Hoechst; blue).
The scale bar represents 50 um.

EREC

EHV1 formed 1 + 1 and 55 + 26 viral plaques in 3x10* EREC following inoculation at the
apical or basolateral surfaces, respectively. In contrast, none of the cells were EHV5-positive
96 h following inoculation at both surfaces. Similarly as observed in nasal and tracheal explants,
disruption of EREC integrity with EGTA prior to inoculation did not overcome the restriction

to EHVS5 infection of the cells.

EHYVS does not replicate in equine monocytic cells, but induces a lytic infection in

equine T and B lymphocytes in vitro

As the equine ciliated respiratory epithelium did not support EHVS growth, we hypothesized
that EHVS directly infects PBMC. Therefore, we examined the ability of EHVS to infect and
replicate in equine PBMC. The kinetics of viral protein expression and virus production in

equine CD3" T lymphocytes, Ig light chain” B lymphocytes and CD172a” monocytes was
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evaluated by confocal microscopy and virus titration of cell supernatant, respectively. Parallel
mock inoculations confirmed the absence of EHV5-positive T lymphocytes, B lymphocytes
and monocytes in the blood donor-derived PBMC.

T lymphocytes - In EHV5-inoculated T lymphocytes (MOI of 1), 1 + 1% of the cells started to
express viral proteins in the cytoplasm at 6 hpi, as shown in Figure 4, left graph. This percentage
slightly, but not significantly increased over time to 2 + 2% at 48 hpi and declined again to 1 +
1% at 96 hpi. Increasing the MOI 10 times rapidly and significantly (P<0.05) increased the
percentage of infected cells to 6 = 3% at 6 hpi and 9 + 4% at 24 hpi. Starting from this time
point, the percentage of EHV5-infected T lymphocytes declined gradually to 3 + 1.5% at 96
hpi). Representative confocal images are shown in the upper panel of Figure 4. EHV1 antigens
were visible in 1 + 0.3% equine T lymphocytes 24 hpi.

No significant increase in extracellular EHVS titer was observed over the course of the

experiment (Figure 4, right graph).
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Figure 4. Expression of EHVS antigens in EHVS-inoculated (MOI 1 or 10) T lymphocytes. At indicated time points, cells were
fixed and immunofluorescently stained for EHVS antigens. Upper panel; representative confocal images of EHVS antigen
expression (Sultan; green) in T lymphocytes. Cell nuclei were counterstained with Hoechst (blue). The scale bar represents
5 um (upper panel). Lower left panel; the percentage of EHVS5-positive cells was calculated based on 300 cells counted in
5 distinct field. Lower right panel; the virus titer was determined in supernatant on RK13 cells. Data are represented as means
+ SD and asterisks indicate significant differences (P<0.05) between MOI 1 and 10. Experiments were performed on
3 individual horses.
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B lymphocytes - EHVS inoculation of B lymphocytes at a MOI of 1 resulted in an average of
1+ 0.5% EHV5-positive cells 6 hpi (Figure 5, left graph). This percentage significantly
(P<0.05) increased over time to a peak of 3.5 + 1% at 72 hpi. At 96 hpi, only 2 + 1% of the
inoculated B lymphocytes remained EHV5-positive. Again, increasing the MOI to 10 resulted
in a significant increase in cells expressing EHVS antigens already at 6 hpi (3 £ 2%). This
percentage further increased in a time-dependent manner to 10 + 4% at 72 hpi. Similarly as to
EHV5-inoculated T lymphocytes, the percentage of EHV5-positive inoculated B lymphocytes
decreased again at 96 hpi (5.5 + 2%). Representative confocal images are shown in the upper
panel of Figure 5. We observed 0.5 + 0.2% EHV1-positive equine B lymphocytes 24 hpi.

No significant increase in extracellular EHVS titer was observed over the course of the
experiment (Figure 5, right graph).

Monocytes - EHVS5 antigens were not detected in EHVS5-inoculated equine monocytes
throughout the course of the experiment. In contrast, EHV1 antigens were expressed in 3.7 +

1.4% of the inoculated monocytes 24 hpi.

6 hpi 24 hpi 48 hpi 72 hpi 96 hpi

-

MOI 1 MOI 1
——MOI 10 ——MOI 10

L (=2} [e2]
1 1 1

Virus titer
(log, TCID4/mL supernatant)

N
" 1 "
I
-
M

N
1

o
L
o

I I 1 1
24 48 72 96 48 72 96
Time (hpi) Time (hpi)

Inoculated B lymphocytes
expressing EHV5 proteins (%)

o
(o]
o -
N
g

Figure 5. Expression of EHVS antigens in EHV5-inoculated (MOI 1 or 10) B lymphocytes. At indicated time points, cells were
fixed and immunofluorescently stained for EHVS antigens. Representative confocal images of EHVS5 antigen expression
(Sultan; green) in B lymphocytes. Cell nuclei were counterstained with Hoechst 33342 (blue). The scale bar represents 5 pm
(upper panel). The percentage of EHV5-positive cells was calculated based on 300 cells counted in 5 distinct fields (lower left
panel). The virus titer was determined in supernatant on RK13 cells (right panel). Data are represented as means = SD and
asterisks indicate significant differences (P<0.05) between MOI 1 and 10. Experiments were performed on 3 individual horses.

245



Chapter 7: Unravelling EHVS5 pathogenesis

EHYVS lytic infection causes nuclear fragmentation and apoptosis in equine T and

B lymphocytes

It is known that the human gammaherpesvirus Epstein-Barr virus (EBV) induces DNA
fragmentation during lytic infection of human B lymphoblasts (Kawanishi, 1993). This DNA
fragmentation contributes to the cytopathic effect of EBV and eventually ends in cell death. As
EHVS was able to induce a lytic replication in equine T and B lymphocytes, we analysed
whether cell nuclear morphology changed upon infection using Hoechst 33342. The fluorescent
dye Hoechst 33342 binds to the minor groove of double-stranded DNA and can be used in
immunofluorescent staining to identify chromatin condensation and nuclear fragmentation
(Susin et al., 1999). As nuclear fragmentation preludes cell death, we additionally analysed the
percentage of cells showing signs of apoptosis (annexin V-positive) or necrosis (propidium
iodide-positive) (Lincz, 1998). Apoptosis is a tightly regulated form of cell death and can be
recognized by the binding of annexin V to phosphatidyl serine on the cell surface (Koopman et
al., 1994). In contrast, proprium iodide can penetrate the plasma membrane of necrotic cells
and subsequently binds to nucleic acids.

Nuclear fragmentation - Starting from 6 hpi, we observed that EHVS viral proteins co-localized
with the nucleus of approximately 0.5 + 0.5% of the EHV 5-inoculated (MOI 10) T lymphocytes
(Figure 6A) and 1 = 1% of EHV5-inoculated (MOI 10) B lymphocytes (Figure 6B).
Interestingly, all of these cells exhibited a translucent and/or punctuated Hoechst signal, as
shown in the right panels of Figure 6A and B. The number of EHV5-positive T lymphocytes
showing signs of nuclear fragmentation significantly (P<0.05) increased to 3 + 1% at 48 hpi
and remained stable starting from this time point. The number of EHV 5-positive B lymphocytes
showing signs of nuclear fragmentation steadily increased in a time-dependent manner to 4.5 +
1.5% at 96 hpi.

Cell death analysis - As shown in Figure 7, the percentage of apoptotic cells was significantly
(P<0.001) higher in EHV5-inoculated T lymphocytes (6.5 = 1.5%) and B lymphocytes (11.5 +
3%) 72 hpi, compared to mock-inoculated T lymphocytes (4 + 1.5%) and B lymphocytes (8 +
2%), respectively. Simultaneous staining of apoptosis (annexin V) and EHVS antigens
confirmed their co-localisation in both T and B lymphocytes, as illustrated in the right panels
of Figure 7.

No significant difference was found in the percentage of necrotic cells between EHV5- and

mock-inoculated T and B lymphocytes at 72 hpi.
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Figure 6. Induction of chromatin condensation and nuclear fragmentation in EHVS5 antigen-expressing (A) T lymphocytes and
(B) B lymphocytes following inoculation at a MOI of 10. Left panels; the percentage of EHVS-inoculated cells expressing both
EHVS5 antigens and nuclear fragmentation is indicated by black bars. White bars represent the percentage of inoculated cells
that express EHV5 antigens but show no signs of nuclear fragmentation. Data are represented as mean + SD and were obtained
from three individual horses. Right panels; representative confocal images of EHVS expression (Sultan; green) in T and B
lymphocytes. Cell nuclei were counterstained with Hoechst (blue). Note the translucent and/or compartmented appearance of
cell nuclei (white arrows). The scale bar represents 5 pm.
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Figure 7. Induction of apoptosis in EHV5 antigen-expressing (A) T lymphocytes and (B) B lymphocytes following inoculation
at a MOI of 10. Left panels: the percentage of mock- (black bars) or EHVS5- (white bars) inoculated cells showing signs of
apoptosis (left) or necrosis (right). Data are represented as means + SD and asterisks indicate significant differences
(*** P<0.001) between mock- and EHV5-inoculated cells. Experiments were performed on 3 individual horses. Cell death was
analysed on living cells by the ‘Dead Cell Apoptosis Kit’ from ThermoFisher Scientific. Apoptosis was characterized by the
binding of annexin V to cellular phosphatidyl serine and necrosis was identified by binding of proprium iodide to nucleic acids
in the cell. Right panels: after incubation with annexin V-FITC® (green), cells were fixed and stained for EHV5 antigens
(Sultan: red). Cell nuclei are counterstained in blue. The scare bar represents 5 pm.
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Discussion

The present study aimed at uncovering some of the first crucial steps in EHVS pathogenesis,
starting with the identification of susceptible target cells. For this, we first examined whether
EHVS can replicate in epithelial cells lining the horse’s respiratory tract. Next, we evaluated
EHVS replication kinetics in different PBMC subpopulations, as PBMC are the presumable
viral latency reservoirs.

Following direct delivery of EHVS to equine nasal septum or tracheal mucosal explants, viral
protein expression was not detected in respiratory epithelial cells or in single patrolling immune
cells. These findings were corroborated in primary equine respiratory epithelial cells (EREC),
in which no EHV5-positive cells were found following inoculation at both the apical or
basolateral surface. In comparison, human epithelial cells are difficult to infect in vitro with the
human gammaherpesvirus Epstein Barr virus (EBV) (Shannon-Lowe and Rowe, 2014).
However, the virus is able to efficiently infect epithelial cells following EBV propagation in
B lymphocytes (Borza and Hutt-Fletcher, 2002). On the contrary, epithelial-cell derived virus
particles can infect B lymphocytes more efficiently. This state-of-the-art alternating cell tropism
is facilitated through the degradation of viral gp42 by MHC II trafficking in B lymphocytes,
thereby liberating gH/gL. from the gp42/gH/gl. complex. It was proposed that free gH/gL
complexes are necessary for the interaction between the virion and epithelial cells. These
observations may be in line with our data, as the epithelial cell-derived stock of EHVS could
efficiently infect equine T and B lymphocytes, but was unable to infect the ciliated respiratory
epithelium. Interestingly, a few alveolar cells became EHV5-positive following inoculation of
equine lung explants. In an in vivo study from Williams et al. (2013), EHVS antigens were also
detected in alveolar epithelial cells upon direct delivery of virus particles to the lungs. However,
care must be taken by extrapolating these results to the real in vivo situation, as it is highly
unlikely that free virus particles can directly access the lungs upon inhalation in healthy horses.
Indeed, most viruses that overcome the nasal filter end up in the trachea and are disposed by
the mucociliary escalator (Cohn and Reinero, 2007; Harkema et al., 2006).

Next, we demonstrated that the percentage of positive T and B lymphocytes increased over time
upon in vitro inoculation, reaching a peak at 24 hpi and 72 hpi, respectively, and then declined.
This decay might indicate that infection was cleared. For example, apoptosis or controlled cell
destruction can act as an innate response to counteract viral infection. Indeed, apoptosis
prevents viral dissemination, as the cell is carefully disassembled and cleared by the host’s

immune system (Everett and McFadden, 1999). On the contrary, uncontrolled necrosis is
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unfavourable for the host, as this results in the release of cytoplasmic material, including viral
particles. In turn, these viral particles might spread in the host and infect new cells. Here,
apoptosis, but not necrosis, was induced in up to 50% of the infected equine T and B
lymphocytes. In comparison, EBV early proteins participate in the fragmentation of
chromosomal DNA and the onset of apoptosis during lytic infection of human lymphoblasts in
vitro (Kawanishi, 1993). However, the high MOI used in our and the latter experiment might
have favoured the onset of apoptosis. Transcription and translation of a high number of viral
DNA copies might have flooded the cellular endoplasmic reticulum with viral proteins destined
for assembly. In turn, overload of the endoplasmic reticulum could have elicited a cascade of
signal transduction pathways, eventually leading to apoptosis (Everett and McFadden, 1999).
Indeed, it seems unlikely that a virus, so optimally adapted to its host, kills its host cell on
purpose. On the contrary, multiple gammaherpesviruses (e.g. EBV, human herpesvirus type 8§,
BoHV4) have evolved mechanisms to induce latency and inhibit apoptosis, in order to prolong
their survival in the host (Gregory et al., 1991; Katano et al., 2001; Okan et al., 1995; Wang et
al., 1997). For example, in latently EBV-infected B lymphocytes, only a limited number of
viral-coded proteins are expressed, including latent membrane protein 1 (LMP1). As this
protein interacts with apoptotic signals, the virus cleverly guides the infected B lymphocyte
towards a long-living (memory) state (Grimm et al., 2005). The establishment of EHVS latency
in equine T and B lymphocytes could further explain the drop of EHV5-positive cells starting
from 24 hpi and 72 hpi, respectively.

Although infected lymphocytes clearly produced viral proteins intracellularly, the extracellular
virus titer did not increase throughout the course of the experiment. The low viral titers that
were observed at all time points presumably reflect remnant inoculum-viral particles. In dying
cells, viral proteins were contained through apoptosis. In live EHV5-infected cells, however,
assembly of virus particles and/or release of cell-free progeny virions into surroundings must
have been hampered. Indeed, herpesvirus infections are commonly non-productive in
leukocytes and this strategy allows the virus to remain in its host, undetectable by the immune
system (Gergely et al., 1971; Laval ef al., 2015; Sarmiento and Kleinerman, 1990). Still, we
frequently observed clustering of EHV5-positive T or B lymphocytes, indicating that the virus
may spread via cell-cell transfer. Cell-to-cell transfer is a well-known strategy used by
herpesviruses to bypass the hostile immune environment of the host, containing phagocytes,
antibodies and complement (Imai et al., 1998; Sattentau, 2008). Indeed, previous studies
demonstrated that the efficiency of EBV transfer from B lymphocytes to epithelial cells was
highly upregulated by cell-cell contact (Imai ef al., 1998; Shannon-Lowe et al., 2006). Binding
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of EBV gp350 with the B lymphocyte surface protein CD21 was proposed to unmask other
putative viral glycoproteins, essential for epithelial cell binding. To investigate whether EHV5
could also be transferred from lymphocytes to EREC, we co-cultured infected lymphocytes at
the apical surface of naive EREC. Still, EHV5 was unable to infect and replicate in EREC (data
not shown). It would be interesting to assess viral transfer from lymphocytes to the basolateral
surface of EREC, as it would be the case in vivo. For example, EBV transfer infection of
polarized epithelial cells is restricted to the basolateral surface, even though cell-cell contacts
are also established at the apical surface (Shannon-Lowe and Rowe, 2011). The researchers
suggested that putative EBV binding and entry receptors on the epithelial cells are similarly
restricted to the basolateral surface. Unfortunately, we could not perform this experiment due
to technical limitations. The small pore size of the transwells, necessary for EREC support, did
not allow sufficient cell-cell contacts between the basolateral surface of EREC and equine
lymphocytes (data not shown).

In our study, EHVS5 did not replicate in equine monocytes in vitro and in fibroblasts of ex vivo
mucosal explants. This is in contrast with a study from Williams et al. (2013), who found viral
antigens in the alveolar macrophages and interstitial fibroblasts of the lungs in vivo.
Differentiated macrophages are more specialized for phagocytosis than monocytes. Thus, the
presence of viral antigens within alveolar macrophages of infected horses could merely be a
consequence of phagocytosis. In addition, EHVS5-positive fibroblasts were only found in a
limited number of infected horses several weeks following initial challenge. In our short-living
ex vivo explant system, EHV5 might not have been able to infect fibroblasts.

Based on this work, we suggest the following hypothetical model for EHVS pathogenesis in the
horse (Figure 8). Upon inhalation in a healthy horse, infectious EHVS5 particles do not infect
the ciliated respiratory epithelium, but are rather propelled by the mucociliary escalator towards
the tonsillar crypts, embedded in the nasopharynx (Mair et al., 1987, 1988; Mair and Lane,
2005). Lymphocytes reside in lymphoid follicles, just underneath the squamous epithelium of
tonsillar crypts. As this epithelium contains gaps throughout the crypt surface, EHVS possibly
can directly access susceptible T and B lymphocytes. Following viral replication, virus particles
are contained within these cells to protect them from the outer hostile environment. One part of
these infected lymphocytes will eventually succumb due to apoptosis. The other part may be
‘saved’ by EHVS5 to function as a life-long latency reservoir. Via periodic reactivation, a latently
infected horse will recurrently shed progeny virus to the outer world. Indeed, viral DNA 1is
frequently recovered from PBMC and nasal secretions of healthy horses (Bell ef al., 2006a;
Mekuria et al., 2017; Richter et al., 2009; Torfason et al., 2008). How exactly the virus escapes

250



Chapter 7: Unravelling EHVS5 pathogenesis

from these lymphocytes to shed progeny virus in respiratory secretions is currently unknown.
As for EBV, infected leukocytes might reroute to the respiratory tract and produce virions
lacking gp42 (Imai et al., 1998; Shannon-Lowe ef al., 2006). These virus particles might then
be transferred to epithelial cells, which could amplify the infection and shed a high viral load
in respiratory secretions to infect new hosts. Finally, epithelial cell-derived EHVS5 particles are
optimally designed, i.e. contain gp42, to infect lymphocytes. Regular patrolling within the
mucosa-associated lymphoid tissue (MALT) of latently infected lymphocytes brings them to
different sites of the respiratory mucosa, including the small bronchioli within the lungs. Here,
free virus particles are able to infect alveolar cells and further spread to neighbouring cells using
cell-cell transfer. Viral replication, together with host-specific predisposing factors (e.g. age
and immunologic response) might eventually trigger the onset of fibrosis and EMPF (King Jr
et al., 2011). Overall, our findings established the foundations for future research, which will

eventually elucidate the mechanisms regulating EHVS disease and triggering the development

of EMPF.
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Figure 8. Hypothetical model of EHVS5 pathogenesis in the horse. The horse’s respiratory tract is designated in blue, the circulatory system in red and upper airway lymph nodes in orange. (1)
EHVS virions are propelled by the mucociliary escalator towards the tonsillar crypts, embedded in the nasopharynx. Here, EHVS5 directly infects lymphocytes residing in lymphoid follicles (LF).
Infected lymphocytes then transport the virus either directly to the bloodstream or via the lymph vessels and (2) the draining lymph nodes (especially the retropharyngeal lymph nodes) to the
bloodstream. In lymphoid follicles or draining lymph nodes, EHV5 spreads to neighbouring lymphocytes via cell-cell transfer. EHV5-infected lymphocytes might either succumb due to apoptosis
or survive and function as a life-long reservoir for EHVS. Via the bloodstream or via lymphocyte-homing, EHV5-infected lymphocytes (re)route to different parts of the respiratory tract, e.g. the
nasal cavities or the trachea (3a) or the lungs (3b). (3a) EHVS5-infected lymphocytes might transfer infection to epithelial cells, which could amplify the infection and shed a high viral load in
respiratory secretions. (3b) EHVS infects alveolar cells and spreads to neighbouring cells via cell-cell transfer. Viral replication, together with host-specific predisposing factors might eventually
trigger the onset of fibrosis and EMPF due to yet unknown reasons. Drawings are based on Smart Servier medical art templates.
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A resting horse inhales and exhales about 60 liters of air per minute. During intensive exercise,
equine athletes are able to breath in and out in less than half a second and thus, move over 1800
liters of air per minute. In addition, the horse is an obligate nasal airway breather, meaning that
all this air needs to pass through the horse’s extensive nasal cavities. Next, the air needs to cross
the respiratory tract’s bottleneck, the larynx, before it can flow towards the lungs. Although the
respiratory tract has an overall smooth design, air turbulences and pressure fluctuations are
inevitable during heavy breathing. Besides these physical stressors, a vast amount of airborne
pathogens (e.g. bacteria, fungi and viruses) and respirable hazards (e.g. dust, ammonia, pollens,
air pollution and even aerosol drugs) are conveyed into the horse’s respiratory tract with each
breath. In order to cope with these constant threats, the epithelium lining the conducting airways
exhibits a plethora of physical barriers and innate and adaptive immune mechanisms. Still,
respiratory disease is an important clinical manifestation in today’s Westernized horses
(Gilkerson et al., 2015; Marr, 2016; Nagy et al., 2017). This implies that airborne pathogens
must have evolved mechanisms to circumvent these barriers and/or that other stressors might
be at stake. In the horse population, respiratory disease commonly causes poor performance, a
high morbidity and in some cases even death. Many viral and bacterial pathogens have been
associated with respiratory disease, including herpesviruses, influenza viruses, equine arteritis
virus, equine rhinoviruses, adenoviruses, Streptococcus sp., Staphylococcus sp., Rhodococcus
equi, Actinobacillus equuli, Mycoplasma sp. and Bordetella bronchiseptica. Although the role
of some of these pathogens as a primary causative agent can be speculative, they can all
contribute to the development of a syndrome designated ‘multifactorial respiratory disease

complex’.
The evolutionary battle between host barriers and pathogens

The present thesis aimed to unravel the interplay between the horse’s respiratory mucosa and
important equine airborne pathogens and the impact of respirable hazards herein. The
co-evolutionary interplay between pathogens and their host is commonly referred to as an
‘evolutionary arms race’ or the ‘Red Queen hypothesis’. As herpesviruses exhibit a high level
of host specificity, acquired through many years of co-evolution and are currently among the
most important pathogens in the global horse industry, emphasis was put on equine
herpesviruses in this thesis.

Herpesviruses already ‘inhabited’ the earth at the time of the dinosaurs, meaning that they are
already evolving for over 150 million of years (McGeoch et al., 1995). The further subdivision

between alpha, beta and gammaherpesviruses presumably accelerated together with the
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expansion of different mammalian species. The long-term co-evolution of herpesviruses and
their hosts allowed these DNA viruses to steadily mutate and develop a repertoire of highly
specialized strategies to persist in the host population. Therefore, it is not surprising that today’s
herpesviruses evade multiple steps of their host’s immunity, for instance via the establishment
of latency. It is not of interest for these viruses to severely harm their host, as that would impede
further spread to new hosts.

Interestingly, EHV1 lies closest to the alphaherpesvirus consensus standard and therefore
approximates the ancestral alphaherpesvirus, as it exhibited the most dominances in partial
orderings among all examined alphaherpesviruses (HSV1 and 2, PRV and VZV) (Karlin ef al.,
1994). In the equestrian world, EHV1 is probably the best-known and most dreadful
herpesvirus. Nonetheless, EHV1 is highly prevalent in healthy horses worldwide without
causing a lot of disease (Patel and Heldens, 2005). Still, in a small percentage of EHV I-infected
horses, viral-induced symptoms, such as respiratory disorders, abortion and central nervous
system disorders, do occur (Allen and Bryans, 1986; Lunn et al., 2009). On the one hand, EHV 1
directly causes these symptoms as a strategy to propagate and spread progeny virions. Indeed,
viral load is often high in nasal swabs of EHV1-infected horses showing nasal discharge and
exceeds peak values in aborted foetal and placental tissues (Edington et al., 1986; Gardiner et
al., 2012; Gibson et al., 1992; Gryspeerdt et al., 2010). On the other hand, excessive viral
activity and failure of the host’s immune response to contain EHV1 infection might sometimes
lead to unintended symptoms, such as central nervous system disorders (Edington ef al., 1986;
Jackson and Kendrick, 1971; Wilson, 1997). Indeed, these symptoms tend to occur in elderly
horses, which are thought to be immunocompromised (Goehring et al., 2006; Henninger et al.,
2007). Despite numerous studies trying to develop antiviral therapies or effective vaccines,
EHV1 still persists in the horse population. This points out that a better understanding of the
interactions between EHV1 and its host are urgently needed, starting with those at the port of
entry and exit: the horse’s respiratory tract.

Previous in vivo, ex vivo and in vitro studies showed that primary EHV1 infection of the
respiratory epithelium is restricted (Gryspeerdt et al., 2010; Hussey et al, 2014;
Vandekerckhove et al., 2010). We hypothesized that a specific host barrier, present in the
respiratory mucosa, hinders incoming EHV 1 particles from infecting the epithelium. One of the
first barriers that EHV1, among other pathogens, needs to overcome in order to reach the
surface-lining epithelial cells, is the mucus together with the mucociliary escalator. Both serve
to entrap incoming pathogens and other particles and propel them towards the pharynx, where

they are eventually discarded by swallowing. In addition, mucus contains a significant
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concentration of secreted immunoglobulins A (sIgA). If the horse has previously mounted a
mucosal immune response, these sIgA can specifically neutralize inhaled pathogens. The sticky
mucus blanket has already been shown to entrap pseudorabies virus (PRV) particles, due to
charge-charge interactions between the virion surface and mucins (Yang et al, 2012).
Surprisingly, we observed that the mucus layer on the respiratory epithelium did not majorly
restrict EHV1 infection. Indeed, washing away the mucus in respiratory mucosal explants only
marginally increased subsequent EHV1 infection of the respiratory epithelium. Therefore, we
hypothesized that another physical barrier, such as firm intercellular junctions and/or

antimicrobial peptides (e.g. f-defensins), act as major impeders of EHV1 infection.
The host mucoprotein network and intercellular junctions

A Key piece in the horse’s armour to combat EHV1

In the first part of the thesis, we found that the tight intercellular junction network between the
cells of the respiratory epithelium forms a major barrier against EHV1 infection. Furthermore,
we demonstrated that EHV 1 targets a binding receptor that is located at the basolateral surface
of respiratory epithelial cells.

The overlying and/or membrane-tethered mucoprotein network and ICJ both functioned as
important barriers in the nasal septum. Indeed, the destruction of both mucoprotein network
and intercellular junctions (ICJ) with N-acetylcysteine was required for EHV1 to efficiently
infect epithelial cells of nasal mucosal explants. In contrast, we demonstrated that the
EGTA-mediated destruction of ICJ of tracheal mucosal explants was sufficient for an efficient
infection. It is not surprising that EHV1 infection is less efficient in the respiratory epithelium
of'nasal mucosal explants than in that of tracheal mucosal explants. Indeed, the cell composition
of the respiratory epithelium in the nasal septum and the trachea is different and may explain
these observations. More mucous cells reside in the respiratory epithelium of the nasal septum,
compared to in that of the trachea, resulting in a thicker and more sophisticated membrane-
tethered mucoprotein network (Harkema et al., 2006). Furthermore, the ICJ of the respiratory
epithelium lining the nasal septum are stronger than those of the respiratory epithelium lining
the trachea (Ballard et al., 1992; Boucher ef al., 1981; Lopez-Souza et al., 2009). Thus, the
(nasal) equine respiratory epithelium with its overlying mucoprotein network and firm ICJ

became a valuable piece of armour for the horse during its evolutionary arms race with EHV.
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EHV1 takes advantage of the equine defences’ weak points

Upon inhalation, EHV1 particles are dispersed over the surface epithelium of the nasal and
tracheal mucosa, where they are primarily hindered from reaching their binding receptor by the
horse’s ICJ. When EHV 1 hits the apical surface of respiratory epithelial cells, specific residues
on gB and especially gC attach to putative cell surface-tethered sugar moieties. These sugar
moieties are presumably not heparan sulphate, chondroitin sulphate or a2,3-sialic acids, as these
are not expressed at the apical surface of the horse’s respiratory epithelium. This initial
interaction between viral glycoproteins and cell surface glycans is usually unstable, allowing
EHV1 to presumably detach again. Once specific viral ligands (e.g. gD) irreversibly adhere to
a cellular receptor, EHV1 can trigger entry. As EHV1’s main binding receptor is located
basolaterally, we propose that EHV1 can hit its target only at certain ‘lucky spots’. These lucky
spots might not be so difficult to find in a healthy individual, since respiratory epithelial ICJ are
constantly disassembled and reassembled in normal conditions. For instance, ‘leukocyte
patrolling’ induces a selective and local redistribution of ICJ to allow cell passage (Edens and
Parkos, 2000). Also, cell renewal requires a close balance between the shed of attrited cells and
subsequent restitution by new cells to maintain epithelial permeability and polarity (Williams
et al., 2015). Upon (local) loss of this epithelial integrity, EHV1 could gain access to the
paracellular compartment and find its basolaterally located receptor. In addition, this receptor
might become exposed at the apical side of the plasma membrane due to impaired cell polarity.
Alternatively, putative EHV1 binding receptors might be expressed inherently on the apical
surface of polarized epithelial cells. For example, EHV1 has already been shown to interact
with MHC I and specific integrins (e.g. avB3) to trigger binding and entry in equine brain
microvascular endothelial cells and PBMC (Kurtz et al., 2010; Laval et al., 2016; Van de Walle
et al., 2008). These transmembrane proteins are also located in the plasma membrane of equine
epithelial cells (Knight and Holgate, 2003). Still, EHV1 did not depend on these receptors to
bind and enter equine respiratory epithelial cells (EREC), as blocking of these receptors did not
significantly affect EHV1 infectivity in EREC. Similarly, blocking other herpesviral receptors
on EREC, e.g. nectin-1, HVEM, integrin asB 1, did not impair EHV1 infection (data not shown).
Therefore, we hypothesize that this novel putative binding receptor is different from any known
alphaherpesviral receptor. Nonetheless, other alphaherpesviruses presumably also use this
putative basolaterally located receptor to infect epithelial cells. Indeed, Galen et al. (2006)
found that herpes simplex virus type 1 (HSV1) is able to infect the basolateral surface of human

epithelial cells via a putative receptor, different from nectin-1.
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It may seem odd for EHV1 to go through all this trouble before infecting a cell. Still, hindering
its primary replication is already a first clever step in deceiving its host. Indeed, a productive
viral replication inevitably triggers a series of pathogen recognition receptors, including toll
like receptors (TLR), which mediate an antiviral response via the activation of cell signalling
pathways and the production of antiviral cytokines and chemokines (Xagorari and Chlichlia,
2008). An overload of these compounds is unfavourable for EHV 1, as these can directly impair
viral replication or modulate the onset of an adaptive immune response against EHV1. Thus,
by minimizing the number of primary ‘infection spots’ in the horse’s respiratory tract, EHV1
may remain largely under the immunological radar while trying to get into its latency reservoirs,
such as the trigeminal ganglion and CD8" T lymphocytes. To do so, EHV 1 elicits the production
of specific chemokines, such as CCL2 and CCLS, in respiratory epithelial cells to attract
CD172a" monocytes, one of its main target cells (Gryspeerdt ez al., 2010; Zhao et al., 2017). In
addition, we showed in Chapter 6 that EHV1 induces a well-controlled chemotaxis of
leukocytes towards the primary site of infection by upregulating the expression of -defensins
in EREC. Finally, epithelial brush cells are in direct contact with axons originating from the
trigeminal nerve. Thus, only minor viral infection in EREC is required for EHV1 to transfer
infection to these axons and subsequently to the cell bodies of the trigeminal ganglion via
retrograde axonal transport (Sato, 2007).

We propose that the main advantage of targeting a basolaterally located receptor lies in the viral
exit strategy. Upon reactivation of EHV1 in infected leukocytes or neurons, the virus travels
back to the site of entry, the respiratory epithelium. Now, EHV1 is granted with direct access
to its most optimal receptor, located basolaterally in the respiratory epithelium. Efficient viral
binding and entry will result in an efficient secondary replication, with the shed of an extensive
amount of progeny virions in respiratory secretions. Such vast burden of virus particles will
increase the chances of infecting new hosts. Thus, during the evolutionary arms race between
EHV1 and the horse, EHV1 seems to have found some pivotal gaps in the horse’s armour. An
overview of how EHV1 might potentially access its main binding receptor is given in

Figure 1A.
Respirable hazards assault the horse, making EHV1 surmount
Aerosol treatment with N-acetylcysteine

N-acetylcysteine (NAC) is a mucolytic agent, meaning that it can disrupt the extensively formed
disulphide bonds in between mucins. In turn, this facilitates cilia propelling and disposal of the

mucus (Reas, 1963). Therefore, pharmaceutical companies commercialized NAC as the acting
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ingredient of Lysomucil® to treat patients with chronic obstructive pulmonary disease (COPD)
and cystic fibrosis (Dauletbaev et al., 2009; Decramer et al., 2005). Lysomucil® is also used in
veterinary medicine, and especially in the aerosol treatment of horses with recurrent airway
obstruction (RAQO; i.e. COPD) or severe pneumonia (Breuer and Becker, 1983; Mair and
Derksen, 2000). Pharmaceutical companies even commercialized N-acetylcysteine as oral
powder for horses (Equimucin®). However, no data on oral bioavailability of N-acetylcysteine
in horses are available (Heads of Medicines Agencies, 2018). Furthermore, as a precursor of
gluthatione, NAC is also used to treat gluthathione deficiency in humans, for example in
acetaminophen intoxications or human immunodeficiency virus (HIV) infections (Atkuri et al.,
2007). Despite all these beneficial effects, current studies emphasize that care must be taken
when using this drug in the treatment of respiratory diseases, especially in nebulizers. For the
first time, we showed that NAC can destroy respiratory epithelial cell ICJ, most likely by
modulating intracellular calcium levels (Brown and Davis, 2002; Nilsson et al., 1996). The
concentration we used in our experiments corresponds to the recommended dose for aerosol
treatment in humans. Fortunately, most veterinarians dilute Lysomucil® at least by 3-fold to
cover the complete horse’s respiratory tract during nebulization. Nonetheless, local deposition

of NAC might still act on epithelial integrity and predispose the horse for EHV1 infection.
Pollens

In Chapter 4, we demonstrated that by selectively disrupting epithelial integrity of columnar
cells, pollens predispose the respiratory epithelium for EHV1 infection. The mechanism behind
this selective destruction was inherently different from the calcium-modulating effects of
EGTA and NAC. Indeed, the alteration of intra and extracellular calcium levels occurred
throughout the complete respiratory epithelium, while proteases acted only on columnar cells.
We proposed that pollen proteases might activate specific protease-activated receptors (PARs),
localized only on the surface of columnar cells. Through the activation of several intracellular
signalling pathways, PAR activation might eventually initiate the disassembly of ICJ (Chiu et
al.,2007; Kato et al., 2009; Kumamoto et al., 2016). Alternatively, the transmembrane domains
of basal cell ICJ could be more concealed and protected from exogenous protease attacks.

Based on these results, it seems reasonable to propose that horses are at a higher risk for a
primary EHV1 infection during pollen season. Damage to the epithelial barrier might increase
their susceptibility to a primary EHV1 infection. Interestingly, EHV 1-associated symptoms are
frequently encountered during late winter and spring, when plant pollination proceeds

(D'Amato et al., 2001; Goehring et al., 2006; Sherman et al., 1979). Some horses, e.g. allergic
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horses, might also be more sensitive for this pollen-induced damage to the epithelial barrier.
Besides the direct degradation of ICJ, pollen-induced chronic airway inflammation might
further impair epithelial integrity. Similarly in humans, allergic patients tend to have a less firm
epithelial barrier (Xiao ef al., 2011). Although our results need to be verified with in vivo
experiments in horses, based on our results, we would already suggest to carefully monitor
allergic horses (i.e. exhibiting summer pasture-associated recurrent airway obstruction [SP-
RAO]) with regard to EHV1 infections. These horses should be separated from ‘high risk virus
shedding horses’ (e.g. yearlings and competing horses) and kept in small groups to minimize
the chance for airborne EHV1 exposure, especially during pollen season. In addition, a daily
check-up on the weather forecast could predict the exact peak of pollen concentrations in the
outdoor air and help in taking preventive measures. For instance, we would encourage horse
owners to keep the highly sensitive individuals indoors during these periods. Finally, as horses
with SP-RAO could be at greater risk for a respiratory EHV1 infection, the chance that their
mates are subsequently exposed to EHV1 is higher. Therefore, we would suggest to house
pregnant mares separately from horses with SP-RAO during pollen season in order to minimize
the chance of EHV1-induced abortions. Still, further extensive in vivo studies are required
before these statements can be confirmed and generalized to the complete horse population.
Taken together, we speculate that pollens present in the ambient air of horses work in favour of

EHV1 by increasing the risk of infection and subsequent spread.
Mycotoxins

In Chapter 5, we demonstrated that exposure of the respiratory epithelium to the mycotoxin
deoxynivalenol (DON) affects epithelial integrity and thereby increases the risk of an EHV1
infection. Here, destruction of the epithelial barrier most likely occurred through a third distinct
mechanism. Similarly as in intestinal cells, we propose that respiratory epithelial cells fail to
maintain a stable ICJ complex due to a mycotoxin-induced block in protein neosynthesis
(Pinton et al., 2009; Van De Walle et al., 2010).

Based on these results, we want to emphasize the importance of monitoring the mycotoxin level
in equine feeds and surroundings. According to Regulation (EC) No 882/2004, European
member states should establish and implement multi-annual control programs for contaminants
in animal feeds (van Egmond et al., 2007). The frequency and thoroughness of these control
programs should be based on food- and animal-specific risk assessments. In the veterinary field,
this comes down to the fact that high priority is only given to grain-derived pig feeds but all

other animals feeds are considered to be of ‘moderate’ or even ‘low risk’. In addition for horses,
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an even higher risk to mycotoxin exposure arises from roughage such as straw, hay and grass
silages (Ogunade et al., 2018). Unfortunately, the mycotoxin load in these roughages is even
less monitored than in commercial grain feeds. In this context, a global mycotoxin survey found
DON doses of up to 2-20 mg/kg in European roughage and cereal feeds (Biomin, 2016). It
seems reasonable to propose that these food-derived mycotoxins are inhaled and deposited on
the horse’s respiratory epithelium during feeding. For instance, roughage is often put in
up-hanging hay racks or nets, forcing horses to feed with an upright head position. In this way,
horses inevitably inhale the accompanying dust, moulds and mycotoxins. Future studies should
measure the exact amount of mycotoxins in equine feeds. Next, the exact percentage of these
food-derived mycotoxins that ends up in the horse’s respiratory tract should be determined.
Based on these results, new scientifically approved threshold levels of such mycotoxins in
equine feeds could be implemented.

In line with what we previously described for pollen allergies, horses suffering from chronic
allergies to dust and moulds, also known as RAQO, should be carefully monitored to minimize
the risk of EHV 1 infection and subsequent spread. In contrast to horses suffering from SP-RAO,
horses with RAO should better be kept in good pastures at all times, without hay or grass silage
supplementation. If this is not feasible, a strict control of the horse’s environment should be
implemented to minimize the burden of dust, moulds and their toxic by-products in the ambient
air. For example, hay should be steamed (preferably) or soaked for hours prior to feeding or
replaced by complete pelleted diets, straw as bedding material should be replaced by wood
shavings and the ventilation in the stable should be optimized (Earing et al., 2013; Léguillette,
2003). As stated above, further in vivo studies are required before these statements can be
confirmed and generalized to the complete horse population. In conclusion, we propose that
mycotoxins present in equine feeds could work in favour of EHV1 by increasing the risk of

infection and subsequent spread.
A novel drug as potential ally of the horse in the battle against EHV1

In this context, the use of drugs that strengthen respiratory epithelial ICJ may be an interesting
strategy to modulate primary EHV1 infections. In order to quickly and specifically act on the
respiratory epithelium, aerosol treatment would be the preferable administration method for
such drug. To our knowledge, such ICJ-modulating drugs have not been reported yet. We
propose that the development of the following formulation would be of high interest to grant
further research. First of all, calcium should be added due to its indispensable role in ICJ

stabilisation (Baum and Georgiou, 2011; Shasby and Shasby, 1986). Second, protease inhibitors
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could be supplemented to act on foreign incoming proteases arising from pollens, but also from
mites and other putative sources (Kato et al., 2009). More precisely, we would advise to use
AEBSF and E-64, as our results demonstrated that both compounds efficiently blocked the
majority of the pollens’ proteolytic activities. In addition, we found that the working
concentrations of these protease inhibitors were not cytotoxic, in contrast to those of other tested
protease inhibitors (e.g. bestatin and pepstatin). A third interesting compound might be
mycotoxin-specific nanobodies® (e.g. against deoxynivalenol). Nanobodies® are therapeutic
proteins derived from naturally occuring ‘heavy-chain-only’ immunoglobulin molecules in
Camelidae. Nanobodies® are currently further developed as anti-thrombotics, as anti-virals and
even as a potential candidate for cancer treatment (Van Bockstaele et al., 2009; Vanlandschoot
et al.,2011). Therefore, it seems reasonable to propose that they can also be developed to bind
and neutralize inhaled mycotoxins and other (bacterial-derived) toxins, potentially impairing
ICJ stability. These nanobody-bound toxins could then be safely removed by the mucociliary
escalator. Finally, regarding the importance of the mucoid network residing on top of the nasal
septum, it could be of interest to add specific glycans, e.g. from mucins, to the drug formulation.
Due to charge-charge differences and lectin-like functions, these components might help to
immobilize EHV1 in the sticky gel layer and facilitate its disposal.

At this point, the efficacy of such aerosol therapy in the prophylaxis and treatment of EHV1
disease still remains highly speculative. The development of the proposed drug will be
challenging, but no doubt rewarding. Indeed, compared to existing anti-EHV1 therapies (e.g.
acyclovir and valacyclovir), the latter drug would be much more cost-efficient and thus be
generally applicable for all horses, instead of merely the highly valued horses. Furthermore,
preventing primary EHV1 infections in foals, together with strict quarantine measurements,

could be the key step in the complete eradication of EHV1.
p-defensins

An example of ‘Darwinian-evolved weapons’ of the horse to shape the composition

of the microbiota

Antimicrobial peptides are probably among the most ancient and efficient components of host
defence and B-defensins (BDs) represent only a small part of this antimicrobial peptide plethora
(Harwig et al., 1994; Lehrer and Ganz, 2002). The general structure of BDs (i.e. cationic,
3 B-sheets and 3 disulphide bonds) is conserved within one species and between different

species, but the amino-acid sequences broadly differ. In addition, BD genes are often located
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in one or more clusters on the same chromosome (Hughes, 1999). These facts indicate that the
complete repertoire of BD genes descended from a single ancestral gene by gene duplication
and diversified as a result of ‘positive Darwinian selection’. Not all of these BD genes are
functional, as some of them contain premature stop codons. Thus, we could speculate that
during evolution, some genes were selected over others and further diversified to combat
microbial challenge.

In Chapter 6, we demonstrated that mRNA of eBD1-3 is constitutively expressed throughout
the complete horse’s respiratory tract and protein expression is localized to specific areas
herein. In addition, we showed that equine B-defensin (eBD) 2 inhibits the growth of
Actinobacillus equuli subsp. equuli and Bordetella bronchiseptica and eBD3 additionally
inhibits that of Streptococcus equi subsp. equi and Rhodococcus equi. Although highly
speculative, we propose that evolution favoured the existence and persistence of eBD2-3, as
these aid in shaping a healthy microbiota at the respiratory mucosal surface. Namely, these
eBDs are able to inhibit primary or non-commensal pathogens, i.e. pathogens that can directly
cause disease upon entry and colonization of the host and thus, help the horse. For example,
two eBD3-sensitive bacteria, Streptococcus equi subsp. equi and Rhodococcus equi, can cause
purulent pharyngitis and/or pneumonia upon host colonization. On the contrary, commensal
pathogens generally do not cause disease, unless other predisposing factors are at stake. These
pathogens (e.g. Staphylococcus aureus and Streptotococcus equi subsp. zooepidemicus) were
not harmed by eBD1-3 and therefore have the opportunity to colonize different parts of the
respiratory tract (e.g. the nasal cavities). In turn, these bacteria could work in favour of the horse
by protecting it against unwanted invading microbes. Similarly in the horse’s (hind)gut, a
healthy microflora is indispensable for optimal functioning (Sanchez, 2018).

In the present thesis, we merely studied eBD1-3, as their human homologs represent the three
central BD. However, considering the large genomic cluster of eBD genes on equine
chromosome 27, multiple other eBDs might also be expressed at the horse’s respiratory mucosal
surfaces. Although we are only able to discuss about the role of eBD1-3 in the guardianship of
the horse’s respiratory mucosa, we believe that also other eBDs might be important in the
modulation of a pathogen invasion and in the complete horse’s immune surveillance. Future
studies should try to uncover which genes are transcribed and how these products are assembled

and function in the horse.
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Weapons of the horse to conquer in the battle, but not in the war, against EIV and

EAV

In Chapter 6, we showed that eBDs, especially eBD2 and 3, are potent antimicrobial peptides
against enveloped viruses. Equine influenza virus (EIV), as well as equine arteritis virus (EAV)
were efficiently neutralized after exposure to eBD2 and 3. As a mode of action, we propose that
the highly cationic eBD2-3 first electrostatically bind to the negatively charged phospholipid
bilayer of the viral envelope. Next, eBD2 and 3 can automatically impregnate themselves into
this phospholipid bilayer due to their amphipathic characters. As eBD2 and 3 oligomerize in
vitro, we propose that by assembling these oligomers in the viral envelope, eBD2 and 3 can
create a transmembrane pore. Extensive damage of the viral envelope will eventually destroy
the virion. Similarly, human BD2 has been proven to damage the envelope of respiratory
syncytial virus (Kota et al., 2008). Additionally, eBD2-3 might block important ligands on the
viral surface (e.g. EIV haemaglutinin or EAV GP5), required for viral binding and/or entry.
A similar mechanism has already been proposed for the neutralizing effect of several
a-defensins and human BD3 on HIV, HSV1 and/or 2 virions (Hazrati et al., 2006; Wang et al.,
2004).

In addition, we found that the horse’s respiratory epithelium responds to an EIV infection by
upregulating the expression of these two potent eBDs. In turn, these eBDs aid in the clearance
of the infection. Despite its sensitivity to eBD2-3, EIV is still omnipresent in the horse
population and regularly infects the respiratory epithelium. This indicates that EIV has evolved
other distinct mechanisms to guarantee its survival in the host population. In contrast to
host-specific viruses (e.g. EHV1), this segmented RNA-virus most likely relies on a fast and
extensive viral replication together with regular antigenic drifts (and potentially shifts) to cause
regular outbreaks in both naive and vaccinated horses. In this context, EIV does not mind to
take some collateral damage during its way into and out of the horse’s respiratory tract. Indeed,
at least some of the millions of produced EIV particles are likely to survive the impact of eBDs
and putative other antiviral molecules during viral spread. Thus, it seems that during the
evolutionary arms race between the horse and EIV, the horse evolved efficient weapons against
EIV, but failed to eradicate the virus. Nonetheless, current horse riding organisations (e.g.
Fédération Equestre Internationale or FEI and Koninklijke Belgische Ruitersport Federatie or
KBRSF) try to aid the horse in the battle against EIV by imposing strict vaccination schemes
for competing horses, thereby minimizing the chance for EIV infection and spread in the horse

population.
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EAYV has a completely different strategy compared to EIV and EHV1, to spread and survive in
the horse population. The virus can spread either via aerosol spread (respiratory route), sexual
transmission (venereal route) or vertical spread (trans-placental route). We propose that upon
entry, some EAV particles are damaged by the constitutively produced eBD2-3 but at least
some virions get in contact with locally patrolling immune cells. By directly infecting these
immune cells, EAV cleverly circumvents the viral-induced upregulation of eBD2 and 3 in
epithelial cells. Finally, EAV is able to persist for longer periods of time in the ampullae of the
vas deferens of adult stallions (Carossino ef al., 2017). This phenomenon is strikingly different
from the explosive outbreaks caused by EIV infection or on the opposite, from the
establishment of latency after primary EHV1 infection. Little et al. (1992) showed that the
persistent infection of EAV is testosterone-dependent, as EAV persists in carrier stallions that
are castrated and supplemented with testosterone, but is cleared from those that are not
supplemented. Interestingly in macaques and rodents, the expression of a specific -defensin
gene cluster was mainly restricted to certain parts of the male reproductive tract and
differentially regulated by androgens (Hu et al., 2014; Jalkanen et al., 2005; Radhakrishnan et
al., 2005). Similarly in horses, a novel B-defensin gene cluster was shown to be expressed in
different parts of the male and female reproductive tract (Johnson et al., 2015). Although highly
speculative, the expression of eBDs in the reproductive tract of geldings and mares may differ
from that of stallions due to differences in androgen levels. In turn, this differential expression
pattern might be correlated with EAV clearance or persistence in the reproductive tract. Future
studies should look deeper into the potential antiviral role of these eBDs and analyse their
differential expression profiles in geldings, mares and stallions. In conclusion, the horse
evolved efficient weapons against EAV during the evolutionary arms race between the horse
and the virus. Still, evolution somehow enabled EAV to persist in carrier animals and survive

in the present horse population.
EHV1 acts as a ‘sneak thief’

In Chapter 6, we showed that the envelope of EHV1 resists eBD1-3, through the incorporation
of the type III transmembrane glycoprotein M. We propose that the multiple transmembrane-
spanning domains (i.e. 8 in total) of glycoprotein M stabilize the viral envelope of EHV1 and
thereby protect it from eBD permeabilization. These results complement those of an electron
microscopy study by Daher et al. (1986), showing that morphology of the HSV1 envelope was
not altered by incubation with human a-defensin 1. Further evidence of the role of gM in

membrane-stabilization comes from the fact that gM of pseudorabies (PRV) and EHV1 inhibit
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the fusion induced by artificially optimized gB and gD (Klupp et al., 2000). To our knowledge,
the capacity of other multiple transmembrane-spanning proteins to protect bilipidic layers from
permeabilization has not been reported yet. This hypothesis would further add to the theory that
eBDs are able to destroy EIV and EAV envelopes, due to their lack of multiple transmembrane-
spanning proteins. Future studies should try to assemble artificial plasma membranes embedded
with either multiple or single transmembrane-spanning proteins and evaluate their resistance
against membrane-attacking proteins, e.g. defensins.

Furthermore, we demonstrated that EHV1 even misuses these eBDs in order to increase its
infectivity through both viral- and cell-mediated mechanisms. As viral-mediated mode of
action, we propose that the cationic eBD2-3 electrostatically bind to anionic residues on the
viral envelope and/or transmembrane glycoproteins. Neutralizing the net negative virion charge
may promote subsequent aggregation. Correspondingly, human adenovirus (HAdV) infections
can be enhanced by coating them with poly-cations (Wang et al., 2011). Due to the inherent
ability of eBD2-3 to oligomerize, these aggregates could potentially expand even further.
Plausible eBD2-3 target candidates on the surface of EHV1 are the highly glycosylated gC and
gB. Further evidence on the role of gB herein comes from a previous study. With the use of
surface plasmon resonance, Hazrati et al. (2006) showed that human BD3 could bind to gB of
HSV1 and 2. However, instead of increasing subsequent HSV infectivity, human BD3 binding
to gB inhibited subsequent HSV infectivity in human cervical epithelial cells. HSV gB is
essential for viral fusion, as gB-free HSV virions are able to bind cells in vitro, but cannot infect
them (Cai et al., 1988). Remarkably, we observed that EHV1 gB was not essential for viral
entry in RK13 cells. Indeed, RacL11AgB virions (passaged 6 times in a gB-complementing cell
line and one time in RK13 cells) successfully infected single RK13 cells, as assessed with an
immunocytological staining against IEP. Immunofluorescent staining of RacL11AgB-infected
RK13 cells with the monoclonal mouse anti-gB antibody (3F6) confirmed the absence of gB in
the RacL11AgB stock derived from RK13 cells. Still, EHV1 gB is presumably not (solely)
involved in eBD-binding, as eBD2 was still able to enhance infection of gB-free EHV1 virions
in RK13 cells. Similar results were obtained with gC-null EHV1 virions. Therefore, we propose
that multiple negatively charged residues on different viral glycoproteins and on the viral
envelop participate in eBD-binding and subsequent enhancement of infection. As cell-mediated
mode of action, we suggest that eBD1-3 binding to receptors on the cell surface might neutralize
the net negative charge of cellular glycans and promote viral attachment. Alternatively, eBDs
might induce the upregulation and/or a conformational change of the EHV1 binding receptor.

For instance, eBD binding to a putative transmembrane receptor might trigger an intracellular
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signalling cascade. In turn, this might modulate the expression or modify the conformation of
certain putative EHV1 receptors at the plasma membrane. In this context, human BD1-3 have
been shown to activate cell signalling pathways through CCR6 binding (Diao et al., 2014; Yang
et al., 1999). In addition, some studies reported the ability of human a-defensins to interfere
with protein kinase C (Chang et al., 2005; Salvatore et al., 2007). In addition, cell surface
expression of CXCR4 in PBMC can be modulated by human BD2-3 (Quinones-Mateu et al.,
2003). Alternatively, eBD2-3 might directly bind and modify these putative EHV1 receptors.
Although one study reported the ability of human BD3 to crosslink host cell proteins, defensin-
induced conformational changes in proteins have not been described yet (Leikina et al., 2005).
Future studies should try to elucidate the role of different EHV1 glycoproteins in the binding
to eBD2-3.

Finally, we found that EHV1 infection elicited a higher production of eBD2-3 in respiratory
epithelial cells compared to EIV infection. In addition, these eBDs were able to steadily attract
monocytic cells and T lymphocytes, two EHV 1-susceptible PBMC subpopulations (Gryspeerdt
etal.,2010; Laval et al., 2015). Chemotactic activities have similarly been reported for human
a-defensins 1-3, human BD1-2 and mouse BD2 (Biragyn et al., 2002; Territo et al., 1989; Yang
et al., 2000; Yang et al., 1999). In contrast, foetal calf serum (FCS)-induced chemotaxis was
about 2-fold higher compared to eBD-induced chemotaxis. Therefore, we propose that EHV1
specifically orchestrates respiratory epithelial cells to synthetize eBD2-3 as a semi-potent
chemoattractant for its target cells. Indeed, excessive chemotaxis and inflammation at the site
of viral infection might be disadvantageous for EHV1 survival.

In conclusion, we believe that during the evolutionary arms race, EHV1 has evolved multiple
mechanisms to resist and even exploit the host’s eBDs. A hypothetical model of how EHV1

misuses these eBDs for viral spread in the horse, is given in Figure 1B.
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Figure 1. Hypothetical model of EHV1 primary infection in a new host (A and B, black arrows) and reactivation from a latently
infected host (B, blue arrows). (A) (1) Inhaled EHV1 particles cannot stably bind to the apical surfaces of respiratory epithelial
cells and detach again (1). At certain spots, epithelial integrity might be impaired by external or internal factors. Pollen proteases
specifically disrupt epithelial integrity of columnar epithelial cells (2), while exposure to Lysomucil® and/or the mycotoxin
deoxynivalenol completely disrupt the epithelial barrier (3). Cell turnover or lymphocyte diapedesis might (partly) impair
integrity of both columnar and/or basal cells (2 or 3). Alternatively, EHV1 might bind to another putative apically located
binding receptor (4). (B) EHV1 replicates in the respiratory epithelium in a plaque-wise manner (green). EHV1 orchestrates
the respiratory epithelial cells to produce equine B-defensins (eBDs) (1). EBDs attract local and blood leukocytes (2), which in
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turn might act as an EHV1 dissemination vessel to the bloodstream and/or a reservoir for EHV1 (3). In addition, EHV1
replication in e.g. brush cells grants the virus with direct access to the axons of the trigeminal ganglion (4). After retrograde
axonal transport, EHV1 induces a state of latency in the trigeminal ganglion to persist in its host (5). The production of eBDs
in the respiratory epithelium enhances further EHV1 infection through both viral- and cell-mediated actions. EBDs aggregate
EHV1 virions (6) and thereby concentrate virus particles on the cell surface (7). EBDs act on respiratory epithelial cells, which
might result in neutralisation of the net charge between an EHV1 virion and its putative main binding receptor and/or an
upregulation and/or conformation change in EHV1’s putative main binding receptor (8). Consequently, the chances of viral
binding to cell surfaces will increase (9). Finally, EHV1-eBD aggregates might be spread in respiratory secretions to infect
new hosts (10). In a latently infected host, EHV1 might reactivate and enter the productive cycle in neurons of the trigeminal
ganglion (a). EHV1 travels back to the respiratory mucosa via anterograde axonal transport and can directly access its main
binding receptor, located at basolateral respiratory epithelial cell surfaces (b). Similarly, EHV1-infected leukocytes might
reroute to the respiratory mucosa (c) and transfer the virus to the basolateral surfaces of respiratory epithelial cells (d). Again,
EHV1 replication results in the upregulation of eBD production by respiratory epithelial cells (e) which will lead to similar
events as described above (f-).

An alliance between modified p-defensins and the horse: is there a future?

Today’s rise of multidrug-resistant pathogenic bacteria forced researchers to find alternatives
to the traditional antibiotics. As an answer, multiple laboratories have screened a repertoire of
defensin-like compounds for their potential use as an antimicrobial drug (Gordon et al., 2005).
Based on these results, pharmaceutical companies are currently developing new topical, as well
as parenteral antimicrobial drugs that have a high likelihood of reaching commercialization.
For instance, Plectasin NZ2114 is a chemically modified fungal defensin-like compound, active
against Streptococcus sp., as well as Staphylococcus sp, and is presumably in a phase I clinical
program at this moment (Li et al., 2017; Zasloft, 2016). Next, Brilacidin (PMX30063) also
shows extensive homologies with defensins and already advanced successfully through phase
I and phase II clinical trials against acute Staphylococcus aureus skin or oral infections (Mensa
et al.,2014; Zasloft, 2016). So far, antimicrobial agents of this class have not yet been approved
as drugs.

To test whether eBDs could be modified and developed as prophylactic or therapeutic
antimicrobial drugs, the following considerations should be made. First of all, eBD2-3 seem to
be valuable candidates, as they show distinct antimicrobial actions against bacteria, as well as
viruses. In addition, they exhibit minimal cytotoxic activities and are thus considered to be safe.
Therefore, the implementation of eBD2-3 in the aerosol therapy of horses suffering from
respiratory infections could potentially work. However, given the fact that EHV 1 benefits from
eBD2-3 with an apparent increase in infection, these eBDs may not warrant further screening.
Second, the previously proposed safety risk might be questioned if eBD2-3 would indeed
activate specific (unwanted) signalling pathways. Nonetheless, we would encourage further
development and trials with these eBDs. The implementation of these eBDs in the treatment of
respiratory diseases in the horse will then, more than ever, highlight the need for proper

diagnosis. Indeed, horses suffering from bacterial-, EIV- or EAV-induced respiratory disorders
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could safely and potentially successfully be treated with these compounds. When nasal swabs
test positive for EHV1, traditional therapies such as antibiotics and anti-inflammatory drugs
should be preferred over eBDs. The same comment applies to the implementation of

Lysomucil® in the aerosol treatment of horses with respiratory disorders.

EHYVS: an obscure infiltrator in the global horse population

As a gammaherpesvirus, EHVS is probably an older ancestor than the alphaherpesvirus EHV1
and thus, has experienced a longer co-evolution with its host (Karlin ez al., 1994). Perhaps this
is the reason why the virus is highly present in the horse population. Indeed, EHVS is frequently
recovered from healthy horses and is only associated with disease in a handful of cases
(Akkutay et al., 2014; Bell et al., 2006; Dunowska et al., 1999; Dunowska et al., 2002;
Marenzoni et al., 2010; Richter et al., 2009; Torfason et al., 2008; Wang et al., 2007; Wong et
al., 2008).

In Chapter 7, we showed that an RK13 epithelial cell-derived EHVS stock merely infected
T and B lymphocytes, but was unable to replicate in the horse’s ciliated respiratory epithelium.
We speculate that this is an even more advanced strategy, compared to that of EHVI, to
infiltrate the horse. Upon entry in a new host, EHVS presumably directly infects its target
latency reservoirs without initiating a primary replication in the respiratory epithelium. This
strategy allows the virus to evade immunosurveillance. From the moment EHVS5 successfully
enters its target cells, it stays in. Even when EHV5-infected cells succumb due to infection,
‘self-containing’ apoptosis is induced rather than necrosis. Only when an opportunity rises (i.e.
cell-cell contacts are established), EHVS5 might transfer the infection. In some infected
lymphocytes, EHV5 presumably establishes latency to survive over longer periods of time.
Further evidence for this statement comes from the fact that EHVS is often recovered from
lymph nodes and blood of healthy horses (Bell et al., 2006; Dunowska et al., 1999; Richter et
al., 2009; Torfason et al., 2008; Vander Werf et al., 2014). At certain periods throughout the
life-span of an EHV5-infected horse, the virus will exit through the horse’s respiratory tract.
Although highly speculative at this point, we propose that EHVS transfers infection from
infected lymphocytes to the basolateral surface of respiratory epithelial cells. A high amount of
progeny virus particles are likely to be released in respiratory secretions and serve to infect new
hosts. This may be accompanied by common respiratory disorders in the infected horse, such
as nasal discharge, lymph node swelling, anorexia, depression and fever. Finally, EHVS
infection might induce the onset of more severe pathologies, such as fatal equine multinodular

pulmonary fibrosis (EMPF), the development of lymphomas or leukaemia in a small number
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of immunocompromised individuals (Schwarz et al., 2012; Vander Werf and Davis, 2013;
Williams et al., 2007). Although we showed that EHVS can directly infect lung alveolar cells,
this does not provide any direct indication for the potency of EHVS5 to induce fibrosis. Most
likely, the onset of these malignancies is related to a (small) deviation in the balance between
the horse’s immune system and EHVS. Future studies should look at the precise mechanisms
involved in the initiation and progress of these diseases. In conclusion, we could state that
evolution granted EHVS5 with several sophisticated immune-evasion mechanisms and current

studies just discovered the ‘tip of the iceberg’.
Afterword

This PhD thesis provides new insights in the dynamic and reciprocal interactions between the
horse and equine airborne pathogens, presumably established during years of co-evolution.
Natural selection led to adaptive changes in both the host and its pathogens, resulting in a
heavily armoured horse and a repertoire of pathogen strategies. A summary of our findings on
the interaction between EHV1 and the horse’s respiratory mucosa is illustrated in Figure 1. It
seems that no matter how many defence mechanisms the horse has developed during evolution,
pathogens will always find a way to circumvent. It would be easy to conclude that the
evolutionary arms race between pathogens and the horse cannot simply be won by the horse,
due to its slow reproduction time and therefore slow evolution. Indeed, horses can produce one
offspring every year, while viruses for instance, produce millions of progeny virions in a few
hours only. In addition, evidence from this thesis strongly indicates that respirable hazards from
today’s modern society interrupt the thin host-pathogen balance by assaulting the horse. This
does not mean that we should give up the battle. Today, science has already discovered a
plethora of successful antimicrobial therapies and even eradication strategies. We would
strongly encourage future research to act as an ally of the horse and expand our current
knowledge on all of these important airborne pathogens, thereby focussing on the interplay

between host barriers, airborne pathogens and modern society’s respirable hazards.
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Summary

Respiratory disease is one of the main clinical manifestations in horses and frequently results
in poor performance, a high morbidity and in some cases even death. The origin of respiratory
disease is usually multifactorial. To better understand the outcome of respiratory disease, it is
of utmost importance to study not merely airborne pathogens, but also the interplay between
these pathogens, the horse’s physical and immune barriers and hazards present in the ambient
air. These three factors have most likely influenced one another during the long-term
co-evolution of pathogens with their host, and can therefore be considered as the ‘archetypical
trifecta of co-evolution’. As a result, today’s airborne pathogens and horses exhibit a plethora
of ‘survival strategies’, which already allowed them to adapt and persist for many years. The
aim of this thesis was to unravel the interplay between predominant pathogen-specific and host-
specific factors and how a misbalance between these factors might cause respiratory mucosal
damage and trigger the onset of respiratory disease.

Among these airborne pathogens, herpesviruses are the ‘gold standard’ if it comes to host-
specificity acquired through many years of co-evolution. In addition, herpesviruses are
currently considered by many to be the most important pathogens in global horse industry.
Therefore, this thesis put emphasis on equine herpesviruses. Equine herpesvirus type 1 and 5
(EHV1 and 5) are highly prevalent in healthy horses worldwide but infections are usually
asymptomatic. Still, viral-induced symptoms do occur in a small percentage of infected horses
for yet unknown reasons. The alphaherpesvirus EHV1 is probably the best-known and most
dreaded virus in the horse industry, as the virus causes respiratory disorders, abortion, neonatal
foal disease and central nervous system disorders. Despite numerous studies focussing on the
development of antiviral therapies and/or effective vaccines, EHV1 still persists in the horse
population. Therefore, this thesis first aimed to uncover more of the interactions between EHV 1

and its host, starting with those at the port of entry and exit: the horse’s respiratory tract.

In Chapter 1, an introduction about the three factors in the archetypical trifecta of co-evolution

(i.e. the horse’s respiratory mucosa, airborne pathogens and respirable hazards) is given.
In Chapter 2, the aims of this thesis were formulated.

Primary EHV 1 infection of the respiratory epithelium is restricted in healthy horses, most likely

due to specific host barriers. Therefore, in Chapter 3, the role of equine epithelial cell
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intercellular junctions (ICJ) as a physical barrier in the protection against EHV1 infection was
examined. In both nasal and tracheal mucosal explants, disruption of ICJ with the
calcium-modulators N-acetylcysteine (Lysomucil®) and EGTA enhanced subsequent EHV 1
binding and infection. The overlying mucoprotein network in nasal mucosal explants
functioned as an additional important barrier, as a similar destruction of the mucoprotein
network and of ICJ with the mucolytic and calcium-modulating drug N-acetylcysteine was
necessary to completely overcome the restriction of EHV1 infection. EHV1 preferentially
bound to and entered primary equine respiratory epithelial cells (EREC) at basolateral surfaces.
Restriction of EHV1 infection in EREC via apical inoculation was overcome by disruption of
ICJ. Finally, it was shown that basolateral but not apical EHV1 infection of EREC was
dependent on cellular N-linked glycans.

In Chapter 4, we showed that pollen proteases of Kentucky bluegrass, white birch and hazel
selectively affected ICJ integrity of respiratory columnar epithelial cells in both ex vivo
respiratory mucosal explants and primary in vitro EREC. Proteomic analysis of the white birch
pollen diffusate identified serine-proteases of the subtilase-family, followed by meiotic
prophase aminopeptidase 1 and a repertoire of glycosidases and lipases. Following this pollen
protease-induced partial loss of barrier function, EHV1 infection of both respiratory mucosal

explants and primary EREC was enhanced.

In Chapter 5, it was demonstrated that the mycotoxin deoxynivalenol (DON), but not the
mycotoxins fumonisin B1 and aflatoxin B1 and not diesel exhaust particles disrupt ICJ integrity
in both equine respiratory mucosal explants and EREC. Consequently, exposure to DON

resulted in an increased EHV1 infection of these respiratory epithelial cells.

Besides strictly maintaining a barrier function with tight ICJ, the respiratory epithelium
constantly produces a vast amount of antimicrobial peptides, including B-defensins, to counter
incoming pathogens. Therefore, in Chapter 6, we examined the antimicrobial role of equine
B-defensins (eBDs) on important equine airborne pathogens, in addition to their chemotactic
activities on different equine blood-derived leukocyte populations. The presence of eBD1-3
was first mapped in the horse’s respiratory tract using RT-PCR and immunofluorescent
staining. Minimal inhibitory concentration tests and synchronized virus plaques assays showed
that eBD2 and especially eBD3 were active against several bacterial (Streptococcus sp.,

Rhodococcus sp., Actinobacillus sp. and Bordetella sp.) and enveloped viral (equine arteritis

288



Chapter 9: Summary - Samenvatting

virus or EAV and equine influenza virus or EIV) field isolates through direct actions.
Remarkably, incorporation of the multiple transmembrane-spanning glycoprotein M in the viral
envelope allowed EHV1 to resist the membrane-attacking eBDs. Moreover, eBD2-3 enhanced
EHV1 attachment to and infectivity in rabbit kidney epithelial (RK13) cells by concentrating
virus particles as aggregates on the cell surface. Furthermore, all eBDs facilitated EHV1
binding to and entry in primary EREC, through cell-mediated actions. Next, EIV, but especially
EHV1 infection elicited the production of eBD2-3 in EREC. All eBDs were able to attract one
or more subclasses of equine blood-derived leukocytes (i.e. polymorphonuclear cells,
monocytes, T lymphocytes). Therefore, we stated that EHV 1 specifically orchestrates EREC to
synthetize eBDs for a well-controlled chemotaxis of equine leukocytes, essential vessels for

viral dissemination and persistence in the horse.

The gammaherpesvirus EHVS only recently gained more attention, due to its putative role in
the development of equine multinodular pulmonary fibrosis (EMPF). As little is known about
EHVS5 pathogenesis in the horse, we used several equine ex vivo and in vitro models in
Chapter 7 to uncover the first key steps in EHVS pathogenesis. We found that EHVS was
unable to infect epithelial cells lining the mucosa of nasal and tracheal explants. Similarly,
primary EREC were not susceptible to EHVS following inoculation at the apical or basolateral
surfaces. Upon direct delivery of EHVS particles to lung explants, EHVS could infect a few
alveolar epithelial cells, localized in cell clusters. While equine blood-derived monocytes did
not support EHVS replication, up to 10% of inoculated equine T and B lymphocytes synthetized
intracellular viral antigens at 24 hpi and 72 hpi, respectively. Still, the production of mature
virus particles was hampered, as we did not observe an increase in extracellular virus titer. After
reaching a peak, the percentage of infected T and B lymphocytes decayed, which was partly
due to the onset of apoptosis, but not necrosis. Based on these results, a hypothetical model of

EHVS5 pathogenesis in the horse is given in the discussion of Chapter 7.

In Chapter 8, the data obtained in this thesis were discussed with emphasis on ‘the

co-evolutionary battle’ between equine pathogens (especially EHV1) and the horse.
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The main conclusions drawn from this thesis are:

EHV1 targets a basolaterally located receptor in the horse’s respiratory epithelium for a
specific viral strategy. Therefore, the horse’s epithelial ICJ function as the main barrier
against primary EHV1 infections.

Respirable hazards, such as Lysomucil® nebulizing treatment and exposure to pollen
proteases or the mycotoxin deoxynivalenol, disrupt epithelial ICJ integrity and therefore
predispose the horse’s respiratory epithelium for EHV1 infection.

While bacteria and some viruses are susceptible to eBDs, the ancient alphaherpesvirus
EHV1 resists eBDs by incorporating the membrane-stabilising glycoprotein M in the
viral envelope. Moreover, we demonstrated that the virus exploits these eBDs to
increase its infectivity and ensure spread within the host.

The gammaherpesvirus EHVS exhibits a completely distinct pathogenesis, compared to
the alphaherpesvirus EHV1. EHVS does not replicate in the equine ciliated respiratory
epithelium, but directly interacts with equine T and B lymphocytes for viral spread and
persistence in the horse. Finally, EHV5 can directly infect equine epithelial alveolar

cells, but its role in the onset of EMPF remains obscure so far.
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Samenvatting

Luchtweg- en ademhalingsproblemen zijn één van de belangrijkste klinische manifestaties bij
paarden en geven frequent aanleiding tot het ‘poor performance syndroom’, een hoge
morbiditeit en soms zelfs sterfte bij deze dieren. De oorzaak van deze luchtweg- en
ademhalingsproblemen is vaak van multifactoriéle aard. In het onderzoek naar
luchtwegaandoeningen is het dus van groot belang om zich niet enkel te focussen op
luchtwegpathogenen. Men moet eerder de wisselwerking bestuderen tussen deze pathogenen,
de fysische en immunologische barrieres ter hoogte van het ademhalingsstelsel van het paard
en potenti€le inhaleerbare gevaarlijke stoffen. Deze drie factoren hebben elkaar
hoogstwaarschijnlijk beinvloed tijdens de co-evolutie tussen pathogenen en het paard. Daarom
kan de drie-eenheid van deze factoren beschouwd worden als het archetypische voorbeeld van
co-evolutie. Het is dankzij deze co-evolutie dat vandaag de dag zowel paardenpathogenen als
paarden zelf een waaier aan ‘overlevingsstrategie€n’ hebben ontwikkeld. Het doel van deze
thesis was dan ook om de wisselwerking tussen pathogeen-specifieke, gastheer-specifieke en
omgevingsfactoren te onderzoeken en hoe deze factoren schade aan de luchtwegen kunnen
toebrengen en zo het ontstaan van ademhalingsproblemen in gang zetten.

Van al deze Iluchtwegpathogenen zijn Herpesvirussen het schoolvoorbeeld van
gastheerspecificiteit. Die gastheerspecificiteit hebben ze verkregen na jarenlange co-evolutie
met het paard. Bovendien vormen herpesvirussen tegenwoordig één van de belangrijkste
pathogenen wereldwijd in de paardenindustrie. Daarom werd in deze thesis de nadruk vooral
gelegd op equine herpesvirussen. Equine herpesvirus type 1 en 5 (EHV1 en 5) zijn alom
aanwezig in de paardenpopulatie maar infecties verlopen meestal asymptomatisch. Niettemin
komen virus-geinduceerde symptomen toch voor in een klein percentage van geinfecteerde
paarden. Het alfaherpesvirus EHV1 is waarschijnlijk het best gekende en meest gevreesde virus
in de paardenindustrie, omdat het virus luchtwegproblemen, abortus, sterfte bij neonatale
veulens en centrale zenuwstoornissen veroorzaakt. Ondanks het feit dat reeds vele studies
geprobeerd hebben om antivirale therapieén en/of vaccins te ontwikkelen, is EHV1 nog steeds
aanwezig in de globale paardenpopulatie. Om deze redenen was een belangrijke doelstelling
van deze thesis om meer te weten te komen over de interacties tussen EHV1 en zijn gastheer,
te beginnen bij de interacties ter hoogte van de intrede- en uittredepoort van het virus: het

adembhalingsstelsel van het paard.
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Hoofdstuk 1 bevat een algemene inleiding over de drie-eenheid van co-evolutie: de respiratoire

mucosa van het paard, luchtwegpathogenen en inhaleerbare gevaarlijke stoffen.

De doelstellingen van deze thesis zijn verwoord in Hoofdstuk 2.

Primaire EHV 1-infectie in het respiratoir epitheel is beperkt bij gezonde paarden. Dit komt
hoogstwaarschijnlijk door de aanwezigheid van specifieke barrieres in het respiratoir epitheel.
In Hoofdstuk 3 werd daarom de rol van cellulaire intercellulaire bruggen (ICJ) als fysieke
barri¢re in de bescherming tegen een EHV 1-infectie onderzocht. In zowel nasale als tracheale
mucosale explanten resulteerde een destructie van de ICJ met calcium-modulerende producten
(N-acetylcysteine [Lysomucil®] en EGTA) tot een betere EHV1-binding en -infectie. De
mucoproteine laag op nasale mucosale explanten functioneerde als een bijkomende belangrijke
barricre, aangezien hier een simultane destructie van dit mucoproteine netwerk en van ICJ met
het mucolytisch en calcium-modulerend agens N-acetylcysteine nodig was om de restrictie in
EHV1-infectie te op te heffen. EHV1 hechtte zich preferentieel vast aan de basolaterale zijde
van equine respiratoire epitheelcellen (EREC) en infecteerde deze dan ook het beste langs deze
weg. De restrictie in EHV1-infectie na inoculatie langs de apicale zijde van EREC viel weg
wanneer de cellulaire ICJ aangetast waren. Tenslotte werd het nog aangetoond dat basolaterale

maar niet apicale EHV 1-infectie van EREC athankelijk was van cellulaire N-gelinkte glycanen.

In Hoofdstuk 4 werd aangetoond dat pollen proteasen van veldbeemdgras, witte berk en
hazelaar selectief de ICJ integriteit van respiratoire columnaire epitheelcellen aantastten in
zowel ex vivo respiratoire mucosale explanten als primaire in vitro EREC. Via proteomics
werden een aantal serine proteasen van de subtilase familie geidentificeerd, gevolgd door
meiotische profase aminopeptidase 1 en een reeks van glycosidasen en lipasen. Als gevolg van
deze pollen protease-geinduceerde aantasting van cellulaire ICJ, was de EHV 1-infectiegraad in

zowel mucosale explanten als in primaire EREC verhoogd.

In Hoofdstuk 5 werd gedemonstreerd dat het mycotoxine deoxynivalenol (DON), maar niet de
mycotoxines fumonisin B1 en aflatoxin B1 en ook niet diesel uitstoot partikels de ICJ integriteit
van zowel equine respiratoire mucosale explanten als van EREC aantasten. Vandaar dat een
blootstelling van het respiratoire epitheel aan DON leidde tot een hogere EHV 1-infectiegraad

hierin.
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Naast het behouden van een barrierefunctie dankzij stevige ICJ, produceert het respiratoir
epitheel ook een repertoire aan antimicrobiéle peptiden, waaronder B-defensins, om inkomende
pathogenen af te weren. In Hoofdstuk 6 werd het belang van equine B-defensins (eBDs) als
antimicrobiéle peptiden tegen belangrijke luchtwegpathogenen van het paard onderzocht,
tezamen met hun rol als chemo-attractant voor verschillende paardenbloed leukocytpopulaties.
De aanwezigheid van eBD1-3 in de luchtwegen van het paard werd eerst in kaart gebracht met
behulp van RT-PCR en immunofluorescentiekleuring. Door middel van minimale concentratie
inhibitie testen en gesynchroniseerde virus plaque assays werd vervolgens aangetoond dat
eBD2 en vooral eBD3 actief waren tegen verschillende bacteri€le (Streptococcus sp.,
Rhodococcus sp., Actinobacillus sp. en Bordetella sp.) en virale (equine arteritis virus of EAV
en equine influenza virus of EIV) pathogenen op een directe manier. Het was opmerkelijk dat
incorporatie van het multipele membraan-overbruggende glycoproteine M in de envelop van
EHV1 het virus resistent maakte tegen de membraan-vernietigende eBDs. Daarenboven was de
virale aanhechting aan en infectie van konijnenniercellen (RK13 cellen) zelfs verhoogd na
pre-incubatie van EHV1 met eBD2-3. Deze eBDs concentreerden de viruspartikels als
aggregaten op het celoppervlak van RK13 cellen. Verder vergemakkelijkten alle eBDs de virus
binding aan en intrede in primaire EREC door op de cellen in te werken. Vervolgens werd
aangetoond dat EIV- en vooral EHV 1-infectie de productie van eBD2-3 opdreef in EREC. Alle
eBDs waren in staat om ¢één of meerdere subklassen van paardenbloed leukocyten
(polymorfonucleaire cellen, monocyten en T lymphocyten) aan te trekken. Daaruit besloten we
dat EHV1 specifick EREC orkestreert om eBDs aan te maken, om zo een gecontroleerde
chemotaxis van leukocyten te induceren. Deze leukocyten zijn dan ook het essenti€le

vervoersmiddel van EHV1 om zich te verspreiden en in stand te houden binnenin zijn gastheer.

Het gammaherpesvirus EHVS won recent aan belang door zijn mogelijke rol in de ontwikkeling
van equine multinodulaire pulmonaire fibrose (EMPF). Omdat er slechts weinig gekend is over
de pathogenese van EHVS in het paard, werd geprobeerd om enkele ‘sleutelstappen’ in deze
pathogenese te achterhalen in Hoofdstuk 7. Hiervoor werden verschillende ex vivo en in vitro
paardenmodellen gebruikt. EHVS5 bleek niet in staat te zijn om epitheelcellen van nasale en
tracheale mucosale explanten te infecteren. Zo ook waren primaire EREC niet gevoelig voor
EHVS5, niet na inoculatie langs de apicale zijde, noch langs de basolaterale zijde. Wanneer
EHVS partikels aangebracht werden op longexplanten, kon het virus wel enkele alveolaire
epitheelcellen, gelokaliseerd in celclusters, infecteren. Terwijl er in paardenbloed monocyten

geen EHVS replicatie gezien werd, vertoonden tot wel 10% van de geinoculeerde paardenbloed
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T en B lymphocyten intracellulaire virale antigenen 24 en 72 uur na infectie, respectievelijk.

Desondanks werd de productie van mature viruspartikels onderdrukt, aangezien geen stijging

in extracellulaire virus titer kon worden waargenomen. Na het bereiken van een piek, nam het

percentage van geinfecteerde T en B lymphocyten weer af. Deze afhame werd deels veroorzaakt

door infectie-geinduceerde apoptose, maar niet door necrose. In de discussie van Hoofdstuk 7

werd, gebaseerd op deze resultaten, een hypothetisch model opgesteld omtrent de pathogenese

van EHVS5 in het paard.

In Hoofdstuk 8 werden op basis van de bekomen gegevens uit deze thesis een conclusie

geformuleerd en nieuwe inzichten en hypothesen naar voor gebracht, met de nadruk op het

‘co-evolutionaire gevecht’ tussen paardenpathogenen (voornamelijk EHV1) en het paard.

De belangrijkste besluiten die uit deze thesis afgeleid kunnen worden zijn:

EHVI1 richt zich strategisch op een basolateraal-gelokaliseerde receptor in het
respiratoir epitheel van het paard. Vandaar dat de epitheliale intercellulaire bruggen een
belangrijke barriére vormen tegen een primaire EHV 1-infectie.

Inhaleerbare gevaren, zoals Lysomucil® nebulisatiec en het inademen van pollen
proteasen en/of van het mycotoxine deoxynivalenol, kunnen de epitheliale ICJ aantasten
en zo het respiratoir epitheel van het paard vatbaarder maken voor een EHV 1-infectie.
Hoewel bacterién en sommige virussen gevoelig zijn aan eBDs, is het aloude
alfaherpesvirus EHV1 dat niet dankzij de aanwezigheid van glycoproteine M, welke
meerdere transmembranaire domeinen heeft, in de virale envelop. Bovendien hebben
we aangetoond dat EHV1 deze eBDs misbruikt om zijn infectiegraad te verhogen en
zijn spreiding in de gastheer te verzekeren.

Het gammaherpesvirus EHVS vertoont een compleet andere pathogenese in
vergelijking met het alfaherpesvirus EHV1. In plaats van eerst te vermeerderen in het
gecilieerd respiratoir epitheel, richt EHVS zich meteen op T en B lymphocyten voor de
virale spreiding en in stand houding binnenin de gastheer. EHV5 kan eveneens
alveolaire epitheelcellen uit de long rechtstreeks infecteren. De rol van het virus in de

ontwikkeling van EMPF blijft voorlopig onduidelijk.
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Dankewoord

Na 4 jaar zwoegen ben ik nu bij het laatste hoofdstuk van mijn doctoraat beland: het dankwoord.
‘Last, but not least’ zoals ze zeggen, want een doctoraat maak je niet alleen en met dit
dankwoord wil ik dan ook iedereen die zijn steentje bijgedragen heeft tot dit werk heel erg hard
bedanken.

Eerst en vooral wil ik mijn promoter, prof. dr. Hans Nauwynck, bedanken om mij van bij het
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mijn doctoraat vorderde ben ik ‘lichtelijk’ afgeweken van ons originele plan. Desalniettemin
ben ik supertrots op mijn doctoraat! Vele ideeén uit dit werk zijn voortgevloeid uit onze
‘flitsende brainstormsessies’. Bedankt om elke dag weer je enthousiasme en passie voor
onderzoek met mij te delen en om mij te doen inzien dat dierenartsen veel meer
onderzoekscapaciteiten hebben dan dat ze zelf denken! Jij motiveerde me telkens weer opnieuw
om uit die ‘comfortzone’ te stappen en niecuwe technieken te leren, nieuwe contacten te leggen,
mijn grenzen te verleggen en andere oorden op te zoeken. Jij hebt mij (groten)deels gemaakt
tot de onderzoeker die ik vandaag geworden ben en hoop te blijven!

Next, I would like to thank my ‘everlasting co-promoter’ dr. Kathlyn Laval. This work would
not have reached its present quality without your continuous support throughout my PhD. You
were always eager to check my protocols, discuss about my results and correct my writings.
I still remember the day I first met you and we discussed about my master thesis’ subject.
Already from that moment, I admired your enthusiasm for and deep knowledge on virology.
During that period, you encouraged me to stay in research and I did not regret that so far! At
the beginning of my PhD, we became real friends and by this time, you are one of my very best
friends. Even with an ocean in between, we managed to stay in contact and support each other.
Thank you so much for that! I will also never forget about the good times we had outside the
lab (remember the plansjee ? ©). I look forward to having you back as a colleague in 2019,
when we will reunite at Princeton University!

Verder wil ik heel graag de leden van mijn begeleidingscommissie bedanken, prof. dr. Herman
Favoreel en prof. dr. Piet Deprez, om heel dit werk op korte tijd te verbeteren! Herman, ook
bedankt om tijdens mijn onderzoek altijd paraat te staan met wijze raad. Jouw suggesties
konden me vaak weer verder op weg zetten! Bedankt ook aan de leden van de
examencommissie, prof. dr. Laurent Gillet, prof. dr. Bruno Verhasselt, prof. dr. Frank Pasmans,
dr. Tresemiek Picavet, ir. Brigitte Cay en dr. Kathlyn Laval om dit werk te willen verbeteren.

Prof. dr. Van den Broeck, bedankt voor al je raad omtrent histologische vragen. Prof. dr.

Pasmans wil ik bedanken om mij met open armen te ontvangen in het labo bacteriologie en mij
op weg te zetten met de MIC testen. Dankjewel, dr. Maarten Dhaenens, voor de ‘proteomics
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analyse’ van de defensines. Prof. dr. Kris Gevaert en dr. Francis Impens, bedankt om zo snel
en efficiént de pollen proteasen te analyseren m.b.v. de mass spectrometer.

En nu is het aan jou, Katrien. In ons laatste masterjaar zijn we samen begonnen aan dit ‘EHV1
avontuur’ en naarmate ons doctoraat vorderde, werden we alsmaar betere vrienden. Vandaag
kan ik je één van mijn allerbeste vrienden noemen en daar ben ik trots op! De afgelopen 5 jaar
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mij te helpen met al mijn experimenten! Carine, ik heb heel erg genoten van de tijden dat we
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daarbuiten. Je stond elke dag opnieuw paraat voor mij met een lach op je gezicht. Tijdens mijn
doctoraat deed je ontelbare kleuringen en titraties voor mij, splitste je elke week opnieuw cellen
en isoleerde je miljoenen PBMC’s voor mij. Als er iets mislukte, zochten we samen naar
oplossingen en je was altijd gemotiveerd om deze meteen uit te testen! Hé€l, héél, héél erg hard
bedankt om mij zo te steunen! Ik wens je het allerbeste toe in je verdere leven met je man, je
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En dan is er Chantal, het ‘boegbeeld’ van het labo virologie. Bedankt om telkens opnieuw
virusstocks te maken en mij te helpen waar het kon! Nele, ik heb erg genoten van onze babbels
over de middag. Bedankt ook om telkens opnieuw antistoffen te biotinyleren en ook nog (even
;)) bij de western blots te helpen! Melanie, ik kreeg elke dag opnieuw een vriendelijke goeiedag
en je hielp me waar het kon, bedankt! Ytse, ook al ben je niet langer in het labo, ik wil je toch
bedanken voor alle moeite die je deed toen je dat wel was. Je deed ellenlange viruspurificaties,
western blots en PCR’s voor mij met veel plezier, bedankt! Lieve, bedankt om mij in het begin
allerlei technische kneepjes te leren! Verder is een bedankje voor de laboranten van het labo
morfologie hier zeker op zijn plaats. Lobde, de coupes die jij voor mij met veel enthousiasme
gemaakt en gekleurd hebt zijn eveneens ontelbaar, bedankt! Liesbeth, ook bedankt voor de
leuke babbels en alle electronenmicroscopische tips en tricks! Marleen, mijn tijd in het labo
bacteriologie was kort maar wel heel aangenaam en dat was mede dankzij jou! Bedankt om mij
zo goed te helpen met al die MIC testen!

Dan is er het ‘technisch team’ dat altijd paraat stond voor vanalles en nog wat: Jonathan, Elody,
Eleni en Zeger. Bedankt voor de vele ritjes naar het slachthuis, het coaten van ontelbare
cryosectieglaasjes en steriliseren van allerlei materiaal!
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Ook een dikke merci aan het administratief team! Gertje, ik zal onze (grappige) gesprekken
over de middag niet snel vergeten. Bedankt dat je altijd klaar stond voor mij! Marijke, bedankt
om altijd alles supersnel in orde te brengen als ik iets nodig had! Ann, bedankt voor alle -altijd
meteen geplaatste- bestellingen en om alles te regelen voor congressen! Dirk, bedankt dat ik
altijd bij jou terecht kon voor computer-, layout- en poster-gerelateerde problemen!

En nu is het aan al mijn (ex-)collega’s, te beginnen bij mijn bureaugenootjes. Fang, you came
into the ‘EHV 1 office’ about 2 years ago and I really appreciated your presence throughout my
PhD. We had such a good time in Vienna, I liked your Chinese vibes! I am sure that you will
have success in your life, you are a fantastic girl! Sarah, ook al ben je hier nog niet lang, ik denk
dat ik je toch al een beetje ken. Je bent een hele lieve meid met veel enthousiasme voor
onderzoek. Ik wens je veel succes toe met je superuitdagende project! Jing, our former EHV1
member, I enjoyed the talks we had (about EHV1 and more) and I wish you all the best in your
future research career!

I especially want to thank Nathalie for all the advice on and help with molecular work on
defensins and more! I had a good time with you in the lab and at congresses and meetings. I
also enjoyed our numerous brainstorm sessions! Bas, bedankt om altijd klaar te staan met raad
en daad als ik iets nodig had (met wat droge humor af en toe ©)! Delphine, jou wil ik bedanken,
niet alleen voor het delen van al je moleculaire kennis, maar ook voor de vele leuke (soms
hilarische!) babbels die we hadden in en buiten het labo! Jason, Bo, Tingting, we started our
PhD together in the lab, so we went through all the different phases of a PhD together. I enjoyed
having you with me during the PhD and spending time together outside the lab! Gaétan, Veerle,
Robin and Dayoung, I appreciated our talks in the lab and I wish you all the best in your future
research (and life ©). Elien, Sharon and Wojciech, also known as the ‘influenza team’, thank
you all for the good times during lunch and in the lab upstairs!

Also a special thanks to all former lab members, with whom I had the pleasure to work with
during my PhD. Marilou, Wendy, Ivan, Garba, Pépé, Lowiese, Haile, Inge, Sebastiaan, [saura,
Vishi, Ilias, Kevin, Charlie, Hossein and Amy, thank you for all your advice and all the good
times we had in and outside the lab!

Een warme dankuwel ook aan al mijn vrienden en familie die mee met mij dit doctoraat hebben
gedragen. Lana, Niishja, Katrien en Sasha, oftewel de ‘coolste dierenartsen’, na 6 jaar studies
gingen we elk onze eigen weg maar dat, en het feit dat we elk in een uithoek van Vlaanderen
wonen, hield ons niet tegen om geregeld af te spreken. Daar ben ik heel blij om en ik heb ook
heel erg had genoten van al die momenten samen! Bedankt om mij te steunen gedurende die 4
jaar. Kristof en Julie, ik kan mij geen betere ‘schoonbroer’ en ‘schoonzus’ wensen. Ik kijk met
veel plezier terug op al onze uitgangsavonden, spelletjesavonden, etentjes, barbecues,
nieuwjaarsavonden, enz. en ik hoop dat er nog vele van zulke mooie momenten samen mogen
volgen! Bedankt om altijd klaar te staan voor Peter en mij! Ik wil jullie ook nog het allerbeste
wensen voor jullie toekomst samen en een heel mooi huwelijk volgend jaar! © Stany, Marieke,
Stef en Lisa, jullie kwamen in mijn leven rond de tijd dat ik mijn doctoraat startte en sindsdien
hebben we vele mooie, leuke en soms hilarische tijden beleefd samen! Stef, chapeau om zo snel
je doctoraat af te werken, en dat tezamen met het plannen van een huwelijk! Stany en Marieke,
ik wens jullie een heel goed doctoraat met vele artikels toe, maar vooral een mooie tijd

301



daarbuiten! Mathias, bedankt om (soms rechtstreeks, soms via Kathlyn) altijd klaar te staan met
wijze raad. Slechts één opmerking of advies van jou kon voor mij een openbaring zijn! Ik heb
genoten van onze etentjes samen en ik hoop om volgend jaar nog vele leuke momenten te
beleven samen met jou en Kathlyn! Ivy, my American friend, you always made me smile! [ am
happy to look back at all the crazy parties and dancing evenings with you!

Verder wil ik ook mijn stalgenootjes, Morgan, Wendy, Katty, Els, Chari, Davy en Annick
bedanken voor de leuke babbels en om een oogje in het zeil te houden bij Blitzy tijdens de
drukke perioden van mijn doctoraat! Ook bedankt aan Christ voor alle goede zorgen voor
Blitzy! Mieke, bedankt voor al je wijze (paarden)lessen en om mij één van de mooiste dingen
uit mijn leven te brengen: Blitzy! Yentl, bedankt voor alle leuke (paarden)babbels en je
interesse in mijn doctoraat. Het hoofdstuk over EHVS heb ik volledig aan jou en Sultan te
danken! Ook heel erg had bedankt om zo goed voor Blitzy te zorgen als ik er niet was!

Beatrise en Willy, ik ben wel met mijn gat in de boter gevallen zoals ze zeggen, met zo een
fantastisch lieve ‘schoonouders’ als jullie! Bedankt om zo een warme thuis te bieden voor mij
en Peter. Ik heb heel hard genoten van de familie-momenten samen en kijk uit naar meer!
Bedankt om Peter en mij zo te steunen tijdens de drukke perioden van ons doctoraat! Ook
bedankt voor de ritjes naar de luchthaven, voor de bezoekjes bij ons thuis als wij het te druk
hadden, om voor Blitzy te zorgen als ik niet kon, enz.!

Mama, papa, er zijn geen woorden om te beschrijven hoe dankbaar ik jullie ben. Ik heb het
geluk had om in zo een warm nest op te groeien en alle mogelijke kansen te krijgen! Dankzij
jullie kon ik mijn droom om dierenarts te worden waar maken en kon ik dit doctoraat starten.
Jullie stonden ALTIJD klaar als er iets was en jullie steunden mij in elke beslissing van mijn
leven en daar ben ik jullie dankbaar voor. Mama, ook danku voor de huishoudhulp, papa, ook
danku voor de hulp omtrent computerproblemen.

Meme, dankje voor alle leuke momenten samen, om mij zo te steunen en om mijn huisje af en
toe te laten blinken! Ook bedankt aan tante Nancy, tante Annick, de ‘coiffeur’, Freya, Timo en
Marco om zo een warme familie voor mij te zijn en mij altijd te steunen en te helpen waar kon!

En dan nu, mijn lieve Peter, 1000-maal dank aan jou! Mijn hele doctoraat heb jij ‘meegedragen’
en ik met trots het jouwe! We hebben al heel veel leuke momenten samen beleefd, waar ik met
een lach op mijn gezicht aan terugdenk! Samen een doctoraat maken zorgde ervoor dat we
‘elkaars leed’” konden delen en dat hielp! Wat hebben we veel gezwoegd samen aan onze bureau
©. Dankje om altijd voor mij klaar te staan voor vanalles en nog wat! Bedankt ook voor de vele
brainstormsessies tot soms ’s avonds laat! Ik ben zo blij dat we ons doctoraat samen hebben
kunnen beleven. Dit werk zou maar half zo goed geweest zijn zonder jouw steun! Ik ben heel
erg fier op jou, je bent een fantastische wetenschapper en ik ben zeker dat je een schitterend
doctoraat gaat afleggen en een mooie carriere tegemoet gaat! Op naar een mooie toekomst
samen!

Jolien
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