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1.1 GENERAL CHARACTERISTICS OF EQUINE HERPESVIRUSES 

 

Equine herpesvirus 1 (EHV-1) and equine herpesvirus 4 (EHV-4) are ubiquitous equine 

respiratory pathogens, affecting horses worldwide (Allen and Bryans, 1986; Bryans and 

Allen, 1989; van Maanen, 2002; Brosnahan and Osterrieder, 2009). Both viruses are 

major causative agents of respiratory disease in the horse (Allen and Bryans, 1986; 

Crabb and Studdert, 1995). Via a cell-associated viremia in peripheral blood 

mononuclear cells (PBMCs), EHV-1 is transported to internal target organs, such as the 

pregnant uterus and the central nervous system, where viral replication in endothelial 

cells can cause abortion, neonatal foal death and nervous system disorders through 

vascular damage (Allen and Bryans, 1986; Smith et al., 1996; Wilson, 1997; Smith and 

Borchers, 2001). In contrast, EHV-4 infection remains mostly restricted to the upper 

respiratory tract (URT) and a cell-associated viremia, following primary replication in 

URT epithelial cells, is very rare (Patel et al., 1982; Patel et al., 2003). 

 

1.1.1 Historical background of EHV-1 and EHV-4 

 

As early as 1933, a virus causing cases of abortion in mares in Kentucky was described by 

Dimock and Edwards (1933). At first, the virus was designated equine rhinopneumonitis 

virus or equine abortion virus but was later renamed equine herpesvirus 1 (EHV-1). In 

1966, a link between nervous system disorders and EHV-1 was made by isolation of the 

virus from neural tissues (Saxegaard, 1966).  

Using restriction endonuclease analyzes, equine herpesvirus 1 (EHV-1) and equine 

herpesvirus 4 (EHV-4) were at first considered as 2 subtypes of the same virus, 

designated EHV-1 subtype 1 and EHV-1 subtype 2, respectively (Sabine et al., 1981; 

Studdert et al., 1981). Additional sequence information became available (as described 

under 1.1.3.) which led to the official confirmation of the existence of two closely 

related but distinct viruses, designated EHV-1 and EHV-4, by the International 

Committee for Taxonomy of Viruses in 1988 (Roizmann et al., 1992).  
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1.1.2 Classification 

 

Recently, herpesvirus taxonomy was updated based on recommendations by the 

Herpesviridae Study Group of 2002-2005 to the ICTV (International Committee on 

Taxonomy of Viruses; http://www.ictvonline.org). One alteration to the classification of 

herpesviruses was the elevation of the former family Herpesviridae, previously 

containing all herpesviruses, to a new order, the Herpesvirales, which now 

accommodates 3 distinct families: (i) the revised family Herpesviridae, incorporating 

viruses of mammals, birds and reptiles, (ii) Alloherpesviridae, containing fish and frog 

viruses, and (iii) Malacoherpesviridae, of the bivalves (Davison et al., 2009). 

All known herpesviruses have four biological properties in common (Roizmann and 

Pellet, 2001): (i) all herpesviruses encode a large array of enzymes involved in nucleic 

acid metabolism, DNA synthesis and processing of proteins, although the exact array of 

enzymes may vary amongst herpesviruses; (ii) viral DNA synthesis and capsid assembly 

occurs in the nucleus; (iii) production of infectious progeny virus is invariably 

accompanied by the destruction of the infected cell; and (iv) all examined herpesviruses 

are able to remain latent in their natural hosts. 

Based on host cell range, duration of replication cycle, cytopathology, genome structure, 

and site of latency, Herpesviridae are subdivided into three major subfamilies: 

Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae (Roizmann and Pellet, 

2001; Davison et al., 2009). Alphaherpesviruses have a broad host range and a relatively 

short replication cycle. Furthermore, they spread rapidly in culture, destruct infected 

cells efficiently and are capable to establish latent infections primarily in sensory ganglia, 

although latency in immune cells has also been suggested. Betaherpesviruses have the 

most restricted host range and a long replication cycle, often leading to enlargement of 

infected cells (cytomegaly). Virus can remain latent in secretory glands, lymphoreticular 

cells, kidneys and other tissues. Gammaherpesviruses have a limited host range and 

virus remains latent in lymphoid tissue. 

The subfamily Alphaherpesvirinae contains the genera Simplexvirus, Varicellovirus, 

Mardivirus and Iltovirus. EHV-1 and EHV-4 are both classified as members of the 

subfamily Alphaherpesvirinae, genus Varicellovirus (Davison et al., 2009). Other equine 

http://www.ictvonline.org/
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viruses belonging to this genus are equine herpesvirus 3 (EHV-3, coital exanthema virus), 

6 (EHV-6, asinine herpesvirus 1), 8 (EHV-8, asinine herpesvirus 3) and 9 (EHV-9, gazelle 

herpesvirus). EHV-2 and EHV-5 are both gammaherpesviruses, belonging to the genus 

Percavirus. Equine herpesvirus 7 (EHV-7, asinine herpesvirus 2) is an unassigned species 

in this subfamily. Asinine herpesviruses 4, 5 and 6 are gammaherpesviruses (Kleiboeker 

et al., 2002; Kleiboeker et al., 2004; Fortier et al., 2010). Gammaherpesviruses have also 

been identified in clinically healthy zebras and a wild ass (Ehlers et al., 1999). 

EHV-1 and EHV-4 are ubiquitous in the equine population and are considered to be the 

most pathogenic equine herpesviruses. Both viruses cause upper respiratory tract 

infections. EHV-1 infections are characterized by a cell-associated viremia, allowing the 

virus to reach internal organs. Replication in endothelial cells and further spread in 

pregnant uterus and central nervous system gives rise to severe symptoms such as 

abortion and nervous system disorders. EHV-2 is widespread in the equine population 

and is involved in cases of respiratory tract disease, general malaise and 

keratoconjunctivitis (Palfi et al., 1978; Collinson et al., 1994; Schlocker et al., 1995; 

Borchers et al., 1998; Borchers, 1999). EHV-3 is a major cause of venereally transmitted 

genital disease, characterized by the formation of papules, vesicles, pustules and ulcers 

on the external genital organs of stallions and mares (Blanchard et al., 1992; Studdert, 

1996). Although EHV-3 is widely prevalent, clinical signs are mild and self-limiting and 

EHV-3 is considered of little economic and veterinary importance (Blanchard et al., 

1992). EHV-5 seems not to be present in naturally infected horses and only a few strains 

were isolated from nasal cavities of horses with respiratory tract disease (Borchers, 

1999). Recent reports describe that EHV-5 is found in association with equine 

multinodular pulmonary fibrosis (EMPF), a newly recognized herpesvirus-associated 

disease (Williams et al., 2007; Wong et al., 2008). However, the exact role EHV-5 plays in 

EMPF is unknown. 

The known herpesviruses in equids are shown in Table I. 
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Table I. Known herpesviruses of equids 

 

Virus designation Common name Host Subfamily Clinical signs 

Equine herpesvirus 1 (EHV-1) Equine abortion virus Domestic horse α Respiratory disease, 

abortion, nervous 

system disorders 

Equine herpesvirus 2 (EHV-2) Equine herpesvirus 2 Domestic horse  Respiratory disease, 

conjunctivitis, malaise 

Equine herpesvirus 3 (EHV-3) Equine coital 

exanthema virus 

Domestic horse α Genital disease 

Equine herpesvirus 4 (EHV-4) Equine 

rhinopneumonitis virus 

Domestic horse α Respiratory disease 

Equine herpesvirus 5 (EHV-5) Equine herpesvirus 5 Domestic horse  Respiratory disease, 

Association with EMPF 

Equine herpesvirus 6 (EHV-6) Asinine herpesvirus 1 Donkey α Lesions on external 

genitalia and udder 

Equine herpesvirus 7 (EHV-7) Asinine herpesvirus 2 Donkey  ? 

Equine herpesvirus 8 (EHV-8) 

 

Equine herpesvirus 9 (EHV-9) 

Asinine herpesvirus 3 

 

Gazelle herpesvirus 

Donkey 

 

Gazelle 

α 

 

α 

Respiratory disease, 

other? 

Respiratory disease, 

encephalitis 

Asinine herpesvirus 4 (AHV-4) Asinine herpesvirus 4 Donkey  Pneumonia 

Asinine herpesvirus 5 (AHV-5) 

Asinine herpesvirus 6 (AHV-6) 

Asinine herpesvirus 5 

Asinine herpesvirus 6 

Donkey 

Donkey 

 

 

Pneumonia 

Pneumonia 

Zebra herpesvirus (ZHV) Zebra herpesvirus Zebra  ? 

Wild ass herpesvirus (WAHV) Wild ass herpesvirus Wild ass  ? 

 

 

1.1.3 Virus structure 

 

As for other herpesviruses, the architecture of both EHV-1 and EHV-4 virions consists of 

four main structural components: genome, capsid, tegument and envelope. The general 

architecture of an EHV-1 virion is given in Figure 1. 
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Figure 1. Structure of an EHV-1 virion. (a) Schematic representation. (b) Transmission electron 
microscopic image. 

 

Genome 

The complete DNA sequence of both EHV-1 and EHV-4 is known (Telford et al., 1992; 

Telford et al., 1998). The genome of these viruses consists of a linear torus-shaped 

double-stranded (ds) DNA of approximately 150 kbp for EHV-1 and 144 kbp for EHV-4, 

encoding 76 unique genes (Whalley et al., 1981; Telford et al., 1998). The actual number 

of open reading frames (ORF) in the genomes is 79 (EHV-4) and 80 (EHV-1), caused by 

the duplication of three and four genes respectively (Telford et al., 1998). The genome 

consists of a long unique region (UL) flanked by a short inverted repeat (TRL/IRL) linked to 

a short unique region (US) flanked by an inverted repeat (TRS/IRS).  

Telford et al. (1998) described that every EHV-4 gene has a homologue in EHV-1. 

Sequence analysis showed a 55% to 84% DNA homology between EHV-1 and EHV-4 

depending on the gene and an amino acid (aa) sequence identity ranging between 55% 

and 96% (Telford et al., 1998). The proteins involved in DNA replication and capsid 

formation show the closest homology between EHV-1 and EHV-4. 

 

Capsid 

The genome is enclosed and protected by an icosahedral capsid, consisting of 162 

capsomers, 12 of these being pentameric and 150 hexameric. Wildy and Watson (1962) 

described the hexameric capsomers as cylindrical, with a channel of 4 nm running from 

the surface along their long axis. Genome and capsid together form the nucleocapsid. 
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Tegument 

The nucleocapsid is surrounded by the tegument, an electron dense protein layer filling 

the space between nucleocapsid and envelope (Roizmann and Furlong, 1974). 

 

Envelope 

Finally, the outer layer of the virion consists of a double phospholipid layer derived from 

the trans-Golgi network of the host cell, the envelope (Harley et al., 2001). The 

herpesvirus envelope contains numerous glycoproteins, their number and relative 

amounts varying depending on the herpesvirus (Roizmann and Pellet, 2001). Envelope 

glycoproteins are involved in virus attachment, entry, fusion, penetration, egress and 

cell-to-cell spread. Also, glycoproteins are important targets for host immune responses 

and play a role in immune evasion, pathogenicity and virulence (Matsumura et al., 1998; 

Osterrieder, 1999). The viral envelope of EHV-1 contains 12 different glycoproteins: 

glycoprotein (g) B, gC, gD, gE, gG, gH, gI, gK, gL, gM, gN and gp2. Also for EHV-4, at least 

12 different glycoproteins have been described (gB, gC, gD, gE, gG, gH, gI, gK, gL, gM, gN 

and gp2) (Telford et al., 1998). Glycoproteins gB and gD of EHV-1 are essential 

glycoproteins, meaning that they are essential for virus growth in culture. All of the 

known HSV-1 glycoprotein genes are conserved in EHV-1, with the exception of gp2 

which is only encoded by EHV-1. Homologues of gp2 are only found in EHV-1, EHV-4 and 

asinine herpesvirus 3 and are among the most abundant and immunogenic 

glycoproteins in EHV-1 and EHV-4 virions (Allen and Bryans, 1986; Crabb et al., 1991; 

Crabb and Studdert, 1990). The results from studies by von Einem et al. (2004) and 

Smith et al. (2005) indicate that gp2 has immunomodulatory properties, as expression of 

full length gp2 was sufficient to restore full respiratory virulence to the attenuated KyA 

strain in a murine model of EHV-1 infection. 
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1.2 REPLICATION CYCLE OF EQUINE HERPESVIRUSES 

 

A schematic representation of the various steps of the EHV-1 replication cycle is shown 

in Figure 2. 

 

 

Figure 2. The EHV-1 replication cycle, adapted from van der Meulen (2004). The first step in the 
replication cycle is the attachment of free virions to the surface of the target cell (1). The binding 
is initially unstable and includes interaction of viral envelope glycoproteins gB and gC with 
heparan sulfate glycosaminoglycan moieties of the cell surface (2a). Subsequently, EHV-1 can 
enter cells via 2 pathways, depending on the infected cell type. In equine endothelial, equine 
dermal and rabbit kidney cells, fusion of the viral envelope with the plasma membrane occurs 
through interaction of gD with an entry receptor, possibly MHC-1 (2b). In equine PBMCs and 
CHO-K1 cells, entry occurs via a nonclassical endocytic pathway mediated by the interaction 
between cellular αV integrins and an RSD motif at amino acid (aa) positions 152-154 present in 
EHV-1 gD (3). The nucleocapsid is released into the cytoplasm (4) and transported to the nucleus 
along microtubules (5). In the nucleus, DNA replication (6) and transcription (7) occur. The 
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genome is transcribed in a cascade-like manner with first the immediate-early (IE) genes, then 
the early (E) genes and finally the late (L) genes. RNA molecules are transported to the cytoplasm 
and translated to proteins (8). Capsid proteins are redirected into the nucleus where assembly of 
the capsid occurs (9). Subsequently, DNA is pulled into the newly formed capsids and hence 
nucleocapsids are assembled (10). The nucleocapsids leave the nucleus via budding through the 
inner leaflet of the nuclear membrane (11), hereby requiring their primary envelope (12). This 
results in the entry of naked nucleocapsids into the cytoplasm (13). The nucleocapsids acquire 
their secondary envelope at the Golgi apparatus (14) and then leave the cell via vesicle-mediated 
exocytosis (15, 16, 17).  

 

The replication cycle of all alphaherpesviruses is quite similar and comprises a cascade of 

steps, such as attachment and entry of the virus into the host cell, followed by 

replication of the virus inside the cell and finally the release of the virus from the host 

cell. The replication cycle of EHV-1 will be discussed thoroughly and is based on data 

obtained for EHV-1 and for the prototype of the alphaherpesviruses, herpes simplex 

virus 1 (HSV-1). Data on the replication cycle of EHV-4 are sparse, but extrapolations 

between EHV-1 and EHV-4 can be made as genes involved in replication are quite similar 

between these two equine alphaherpesviruses. 

 

Entry in the host cell 

Interaction of the virus with cell surface receptors is the first step required for infection. 

Studies have shown that EHV-1 uses the same viral glycoproteins utilized by other 

alphaherpesviruses for binding and entry into permissive cells. The initial binding step of 

the virus to the cell includes interaction of glycoproteins gB and gC in the viral envelope 

with heparan sulfate glycosaminoglycan moieties of the cell surface (Sugahara et al., 

1997; Osterrieder, 1999; Azab et al., 2010). After this initial attachment, gD interacts 

with an entry receptor to attain a stable binding (Csellner et al., 2000; Frampton et al., 

2005; Van de Walle et al., 2008). While entry receptors for several alphaherpesviruses, 

such as herpes simplex virus 1 (HSV-1), herpes simplex virus 2 (HSV-2), pseudorabies 

virus (PRV), bovine herpesvirus 1 (BoHV-1), have already been identified, studies on 

entry receptors of EHV-1 are ongoing. Recently, Equus Caballus Major Histocompatibility 

Complex Class I (MHC-I) was identified as an entry receptor for EHV-1 (Kurtz et al., 

2010). EHV-1-resistant murine melanoma cells were rendered completely susceptible to 

EHV-1 infection after expression of the cDNA encoding equine MHC-I from equine 

macrophages. However, it still needs to be determined whether EHV-1 uses MHC-I as an 
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entry receptor on all EHV-1-susceptible cells or whether MHC receptor entry is cell-type 

dependent. EHV-1 entry in cells can occur via two different pathways, depending on the 

cell type infected. On the one hand, EHV-1 can enter cells via direct fusion at the plasma 

membrane in equine dermal (ED), equine endothelial cells (EC) and rabbit kidney (RK13) 

cells or, on the other hand, via a nonclassical endocytic pathway in CHO-K1 cells and 

equine PBMCs (Frampton et al., 2007; Van de Walle et al., 2008). Many data acquired 

for HSV-1 and PRV suggest that not only binding of a cell surface receptor by gD but also 

the activation of cell signalling pathways may be required for infection (Fukuhara et al., 

2003, 2004; Clement et al., 2006; De Regge et al., 2006). For EHV-1, the group of 

Frampton (2007) noted that successful infection through both mechanisms requires the 

activation of Rho-associated coiled-coil kinase (ROCK1). ROCK1 is a serine-threonine 

kinase, involved in stress fiber formation and contraction (Amano et al., 1998; 

Chrzanowska-Wodnicka and Burridge, 1996; Leung et al., 1996; Totsukawa et al., 2000). 

Furthermore, Van de Walle et al. (2008) demonstrated through targeted mutagenesis 

that viral entry via endocytosis is mediated by the interaction between cellular αV 

integrins and an RSD motif at amino acid (aa) positions 152-154 present in EHV-1 gD. For 

HSV-1 and HSV-2, the gH-gL complex is essential for virus entry, but whether these 

glycoproteins play a similar role in the EHV-1 entry pathway is unknown (Spear, 1993; 

Turner et al., 1998). A process called penetration, described as the release of the naked 

nucleocapsids into the cytoplasm of the host cell,  follows  (Spear, 1993), in which 

glycoproteins gB, gD, gM and gK play an important role (Osterrieder et al., 1996; 

Neubauer et al., 1997; Neubauer and Osterrieder, 2004). Incoming nucleocapsids then 

bind to microtubules and are transported to the nucleus using dynein, a motor protein 

associated with microtubules. After this transport, nucleocapsids accumulate at the 

nucleus and release their DNA into the nucleus via nuclear pores, leaving an empty 

capsid behind (Roizmann and Pellet, 2001). 

 

Replication 

Whilst all viral proteins are synthesized in the cytoplasm of the host cell, transcription of 

viral DNA takes place inside the nucleus. Viral DNA replication results in multiple copies 

of the EHV-1 genome. 
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As for all herpesviruses, the transcription of the EHV-1 genome proceeds in a strictly 

regulated cascade-like manner. Three classes of genes can be distinguished: an 

immediate early (IE) gene, early (E) genes and late (L) genes. EHV-1 encodes a single IE 

gene, 55 E genes and 20 L genes (Slater et al., 2006). The immediate-early gene, IR1, is 

the first to be expressed (Gray et al., 1987a, 1987b). Although IR1 is transcribed into a 

single mRNA (Harty et al., 1989; Harty and O’Callaghan, 1991), multiple immediate-early 

polypeptides are present (Caughman et al., 1985, 1988; Robertson et al., 1988). The 

immediate-early genes encodes regulatory proteins and the major immediate-early 

polypeptide (IE1) is a vital regulatory protein, activating the expression of the next set of 

genes, the early and late genes (Smith et al., 1992b, 1995). Expression of early genes 

requires the presence of IE1 but they are expressed before viral DNA replication. These 

early genes encode proteins involved in replication of the viral DNA and nucleotide 

metabolism such as DNA polymerase and other enzymes such as thymidine kinase. 

These viral proteins promote viral DNA replication and stimulate the expression of late 

genes. The late genes are expressed after the onset of DNA replication and their 

expression is enhanced by viral DNA synthesis. Late genes mainly encode viral structural 

proteins such as capsid and tegument proteins and envelope glycoproteins. The ultimate 

goal of viral late gene expression is the expression of large amounts of viral structural 

proteins for assembly of progeny virus particles. 

 

Virion assembly and egress 

To form nucleocapsids, the newly synthesized DNA copies have to assemble with capsid 

proteins. Capsid proteins are first synthesized in the cytoplasm, whereafter they 

translocate to the nucleus of the infected cell. In the nucleus, capsid assembly and 

incorporation of viral DNA molecules occurs. Nucleocapsids undergo two envelopment 

processes (Granzow et al., 2001; Mettenleiter, 2002; Mettenleiter et al., 2006). After 

encapsidation of full-length viral genomic DNA molecules, nucleocapsids are capable of 

budding through the inner nuclear membrane into the perinuclear space, thus acquiring 

a primary envelope. The enveloped particles then fuse with the outer nuclear 

membrane, resulting in de-envelopment of the nucleocapsid and their entry in the 

cytoplasm. The naked nucleocapsids acquire their final tegument in the cytoplasm. The 

nucleocapsids then bud into the trans-Golgi network of the cell, containing newly 
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synthesized and fully glycosylated viral envelope proteins, thus acquiring their final 

envelope (Granzow et al., 2001; Mettenleiter, 2002; Mettenleiter et al., 2006). Viral 

envelope proteins are co-translationally transported into the endoplasmatic reticulum 

(ER) and are subsequently incorporated into various cellular membranes while passing 

through the secretory pathway. The enveloped particles are then released through 

secretory vesicles. The completely synthesized virions leave the cell via vesicle-mediated 

exocytosis.  

Virions can then spread directly from one cell to another (Nauwynck et al., 2007). EHV-1 

has a strong cell-associated way of spreading, allowing the virus to escape from 

antibodies, complement and phagocytes. This direct cell-to-cell spread is mediated by 

many viral glycoproteins, more specifically: glycoproteins gB (Wellington et al., 1996; 

Neubauer et al., 1997), gD (Csellner et al., 2000), gE and/or gI (Matsumura et al., 1998), 

gK (Neubauer and Osterrieder, 2004) and gM (Osterrieder et al., 1996; Rudolph and 

Osterrieder, 2002; Rudolph et al., 2002). 

 

1.3 PATHOGENESIS OF EHV-1 AND EHV-4 

 

EHV-1 and EHV-4 are endemic in horse populations worldwide and young horses are 

usually infected by EHV-1/-4 in their first year of life (Allen and Bryans, 1986). The 

clinical outcome of EHV-1 infections is diverse. Firstly, it causes mild respiratory disease 

with pyrexia, resulting in interruptions in athletic training programs. Secondly, abortion 

during the last trimester of pregnancy may occur. Thirdly, it may result in equine herpes 

myeloencephalopathy (EHM), characterized by neurological disorders of varying degrees 

(Lunn et al., 2009). EHV-4 is also responsible for upper respiratory tract disease in young 

horses, but only rarely causes serious problems, such as abortion and EHM (Ostlund, 

1993; Reed and Toribio, 2004).  

An overview of the pathogenesis of EHV-1 and EHV-4 is given in Figure 3. 
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Figure 3. EHV-1 causes respiratory disease in the horse. Via a cell-associated viremia in PBMCs, 
EHV-1 is transported to internal organs, the pregnant uterus and the central nervous system 
(CNS). Viral replication in endothelial cells can cause abortion, neonatal foal death and nervous 
system disorders through vascular damage. Viral replication in the fetus can also cause abortion. 
In contrast, EHV-4 infection remains mostly restricted to the upper respiratory tract (URT) and a 
cell-associated viremia is very rare. 

 

 

Respiratory infection 

EHV-1 and EHV-4 are both major causative agents of respiratory disease in the horse 

(Allen and Bryans, 1986; Crabb and Studdert, 1995). Although, EHV-1 causes a much 

more severe disease than EHV-4 upon experimental infection (Edington et al., 1986; 

Tewari et al., 1993; Patel et al., 2003), respiratory infection resulting from both equine 

herpesviruses will be discussed together as both viruses interact similarly with the 

respiratory tract. Inhalation of infectious virus or direct contact with infectious 

secretions/tissues are the most common routes of infection by EHV-1 and EHV-4 in 

horses (Allen and Bryans, 1986). The mucosa of the upper airway tract is the first line of 

defense against respiratory diseases (Timoney, 2004). It is also the primary replication 

site of EHV-1 and EHV-4, as it is for most alphaherpesviruses (Kydd et al., 1994a; van 

Maanen, 2002; van Maanen and Cullinane, 2002; Gryspeerdt et al., 2010). Thus, initial 

infection starts with replication of the virus in epithelial cells lining the upper respiratory 
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tract (URT), including nasal septum, turbinates, nasopharynx, soft palate and trachea 

(Patel et al., 1982; Kydd et al., 1994a; Gryspeerdt et al., 2010). Hereafter, EHV-1 spreads 

through the basement membrane (BM) via single infected immune cells, hereby 

reaching the underlying connective tissue and draining lymph nodes of the URT (Patel et 

al., 1982; Kydd et al., 1994a). In contrast, EHV-4 infection remains mostly restricted to 

the URT (Patel et al., 1982). 

During replication in the URT, large amounts of virus are shed from the respiratory tract 

of infected horses into the external environment. Nasal shedding, usually starting at 1 

day post infection (pi), can last for 7 to 14 days pi (Edington et al., 1986; Gibson et al., 

1992; Heldens et al., 2001; Gryspeerdt et al., 2010). 

The clinical image of an EHV-1/-4 infection is usually transient, mild and self-limiting 

within 9 days of infection (Gibson et al., 1992). When present, clinical signs of an EHV-

1/-4 infection consist of fever, anorexia, depression, conjunctivitis, ocular and nasal 

discharge (serous to mucopurulent), erosions of nasal mucosa and enlarged 

submandibular and retropharyngeal lymph nodes (Gibson et al., 1992; van Maanen, 

2002; Gryspeerdt et al., 2010). More severe clinical signs can be observed after a 

secondary bacterial infection. Upon re-infection with EHV-1/-4, clinical signs are often 

mild or even absent (Allen and Bryans, 1986). 

A new, sporadic form of EHV-1, designated pulmonary vasculotropic EHV-1 infection, has 

been described by del Piero et al. (2000, 2001). Horses that are severely affected show 

vasculitis, haemorrhage and edema in the lungs and usually die suddenly in respiratory 

distress. 

 

Viremia 

By penetrating the BM barrier via single infected immune cells, EHV-1 can enter the 

bloodstream (Kydd et al., 1994a; Gryspeerdt et al., 2010). Subsequently, EHV-1 quickly 

invades the lamina propria and disseminates via a leukocyte-associated viremia in 

peripheral blood mononuclear cells (PBMCs). These cells are identified as predominantly 

T lymphocytes and cells of the monocytic lineage (Patel et al., 1982; Gryspeerdt et al., 

2010). This enables EHV-1 to reach end-vessel endothelia in the uterus and central 

nervous system (Allen & Bryans, 1986; Kydd et al., 1994b). The cell-associated viremia 

arises 4 to 6 days post infection and can last from 9 up to 23 days.  
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In contrast, EHV-4 infection remains mostly restricted to the URT and a cell-associated 

viremia, following an EHV-4-induced respiratory infection is not at all consistent, and 

neither is the induction of abortion or nervous system disorders (Patel et al., 1982). 

Indeed, data concerning EHV-4-induced equine abortion vary greatly. From 1983 to 

1992, EHV-4 was the cause of less than 1% of herpesviral abortions in Kentucky (Ostlund, 

1993), whereas in England between 1987 and 1993 this figure was up to 16% (Whitwell 

et al., 1995a, b). EHV-4 has been isolated from sporadic cases of abortion, but has not 

been associated with abortion storms to date and EHV-4 has not been isolated from 

fatal cases of neonatal disease yet (Ostlund, 1993). Still, fetuses aborted due to an EHV-4 

infection show similar lesions as EHV-1-aborted fetuses (Ostlund, 1993) and it has been 

described that the pathogenesis of EHV-4 abortion might also have a vascular basis, 

similar to that of EHV-1 (Edington et al., 1991; Smith et al., 1992a; Blunden et al., 1995). 

The general view concerning EHV-4 and nervous system disorders, is that evidence for 

its role in paresis is limited (Patel et al., 1982; Patel and Heldens, 2005). Apart from a 

single case report in Europe (Meyer et al., 1987), EHV-4 has not been found in 

association with herpesviral neurologic disease (Ostlund, 1993). 

 

EHV-1-induced abortion and neonatal disease 

When a pregnant mare gets infected, the infection often passes subclinical, although 

distal limb edema and anorexia may be noted (van Maanen, 2002). Sometimes, mares 

get infected late in gestation or at full term. These mares can then deliver a live foal, 

often showing signs of weakness, jaundice and respiratory distress. These foals usually 

die within a few days (Allen and Bryans, 1986; Bryans and Allen, 1989; Murray et al., 

1998; Perkins et al., 1999). At necropsy, the main observed lesions of the neonate 

involve interstitial pneumonia, atelectasis, hyaline membranes and pulmonary edema 

(van Maanen, 2002).  

However, during cell-associated viremia, EHV-1 reaches end-vessel endothelia in the 

pregnant uterus. Subsequently, EHV-1 replicates in endothelial cells, causing vasculitis, 

thrombosis and disseminated ischemic necrosis (Smith et al., 1996; Wilson, 1997; Smith 

and Borchers; 2001; Allen et al., 2004). Depending on the severity of the vascular 

damage, two conditions are described: (i) widespread infection of endometrial blood 

vessels leads to severe vasculitis and multifocal thrombosis, resulting in an abortion of a 
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virus-negative fetus, (ii) less extensive endometrial vascular damage may allow focal 

transfer of virus across the uteroplacental barrier and replication in the fetus, and 

abortion of a virus-infected fetus (Patel and Heldens, 2005). EHV-1 is considered as one 

of the most important infectious causes of abortion worldwide. Up to 95% of EHV-1-

induced abortions occur during the last 4 months of pregnancy (Doll, 1952; Allen and 

Bryans, 1986). Why there is a higher susceptibility to abortion in the last trimester of 

pregnancy remains unexplained. It is suggested that endothelial and leukocyte cell 

surface adhesion molecules, which play an important role in the infection of vascular 

endothelium and their expression in the uterus, are increasingly expressed at the end of 

gestation. Hence, a differential expression of endothelial surface molecules during 

different stages of pregnancy could have an influence on the high attack rate of abortion 

in the last trimester of pregnancy (Smith et al., 2001; Lunn et al., 2009). Fetuses aborted 

before 6 months of gestation are usually autolized (van Maanen, 2002). Macroscopic 

lesions in late-term abortions include subcutaneous edema, pleural fluid accumulation, 

pulmonary edema and congestion, splenic enlargement and multifocal hepatic necrosis 

(Ostlund, 1993; van Maanen, 2002).  

The incubation period of EHV-1-induced abortion varies highly and can range between 9 

days and 4 months after infection. Moreover, mares may even abort several 

months/years after a primary infection due to reactivation of a latent infection (Allen et 

al., 1998).  Abortions may occur as an isolated event, but in some cases abortion storms 

can occur over a period of several weeks. Abortion outbreaks can have very high attack 

rates, reaching up to 50% of pregnant mares (Lunn et al., 2009).  

 

EHV-1-induced nervous system disorders 

Several alphaherpesviruses, such as herpes simplex virus (HSV), bovine herpesvirus 1 

(BoHV-1) and pseudorabies virus (PRV) are considered neurotropic viruses, being able to 

cause encephalitis by viral replication in neurons. In contrast, EHV-1 does not cause 

myeloencephalitis by a specific neurotropism, but rather a marked endotheliotropism 

(Jackson et al., 1977; Patel et al., 1982; Edington et al., 1986; Whitwell and Blunden, 

1992; Thein et al., 1993; Wilson, 1997). When EHV-1 reaches the central nervous system 

through a cell-associated viremia in PBMCs, viral replication in this organ system can 

result in vasculitis and perivasculitis, ultimately resulting in myeloencephalopathy. 
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Macroscopic lesions involve small focal haemorrhages distributed throughout meninges, 

brain parenchyma and spinal cord. Histological lesions comprise vasculitis and 

thrombosis, resulting in a secondary hypoxic degeneration of adjacent neural tissue 

(Bryans and Allen, 1989; Wilson, 1997). 

Transfer of virus to the central nervous system endothelium and development of EHM, 

however, is not a common sequel to EHV-1 infection: only 10% of EHV-1-infected horses 

develop neurological signs during an EHM outbreak (Goehring et al., 2006, Lunn et al., 

2009).  

The incubation period of EHV-1-induced neurological disorders can comprise 6 to 8 days 

(Jackson and Kendrick, 1971; Jackson et al., 1977; Mumford and Edington, 1980; 

Edington et al., 1986; Mumford et al., 1994). EHM can occur without preceding signs, 

but sometimes fever or upper respiratory disease during the 2 weeks before the onset 

of neurologic signs is observed (van Maanen, 2002; Reed and Toribio, 2004). Clinical 

signs of EHM vary from a mild ataxia to complete recumbency with fore and hind limb 

paralysis. Additional clinical signs comprise distal limb edema, head tilting, edema of 

testes, tail paralysis, penis prolaps and faecal and/or urinary incontinence (van Maanen, 

2002). In some cases, cerebral disorders such as blindness and torticollis are observed 

(McCartan et al., 1995; Friday et al., 2000; van der Meulen et al., 2003). Non-recumbent 

horses, only mildly affected by EHM, generally recover completely although recovery is 

gradual, whilst recumbent horses have a poor prognosis. They may die or be euthanized 

due to complications such as persistent mild ataxia and incontinence (Goehring and 

Sloet van Oldruitenborgh-Oosterbaan, 2001; van Maanen et al., 2001). 

Devastating outbreaks of EHM are reported with increasing frequency throughout North 

America and Europe (Kohn et al., 2006; Perkins et al., 2009; Pusterla et al., 2009), 

resulting in its classification as a potentially emerging disease by the United States 

Department of Agriculture’s Animal and Plant Health Inspection Service (USDA APHIS, 

2007). Recently, it was shown by Nugent et al. (2006) that a single nucleotide 

polymorphism (SNP) in the catalytic subunit of the viral DNA polymerase (pol), causing a 

substitution of asparagine (N) by aspartic acid (D) at amino acid position 752, is 

significantly associated with the neurovirulent potential of naturally occurring strains. 

The causal relationship between this SNP in the EHV-1 pol and neuropathogenicity in the 

horse was further confirmed through targeted mutagenesis of this single nucleotide in 
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the genome of EHV (Goodman et al., 2007; Van de Walle et al., 2009). In an analysis of 

EHV-1 isolates collected from several countries of over one hundred outbreaks, either 

involving EHM or without neurological symptoms, it was found that the majority of EHM 

outbreaks involved a D752 strain, whereas most non-neurological outbreaks involved an 

N752 strain (Lunn et al., 2009). This relation, however, is not absolute and N752 viruses 

should not be considered apathogenic. They are responsible for approximately 95-98% 

of abortion outbreaks in the US, UK and other countries and, importantly, for around 15-

25% of the reported neurological outbreaks (Nugent et al., 2006). Epidemiological data 

show that the majority of EHV-1 isolates circulating in the field are of the N752 genotype 

and co-infections with both N752 and D752 strains are a common observation (Allen et al., 

2008; Lunn et al., 2009).  

Not only viral factors, such as the DNA pol SNP are important in the development of 

EHM, also host and environmental factors play a critical role (Lunn et al., 2009). For 

instance age, breed and gender might predispose, since older horses and mares are 

considered more susceptible to EHM, while ponies and smaller breeds are less 

commonly affected (Goehring et al., 2006; Allen, 2008). 

 

Latency 

During latency, the entire viral genome is present in the infected cells, but only a limited 

part undergoes transcription, the so-called latency-associated transcripts (LATs), and no 

infectious virus is produced (Roizmann et al., 1992). In about 50% of the adult equine 

population, EHV-1 establishes a latent infection thereby protecting itself from cytotoxic 

T lymphocytes and neutralizing antibodies (Allen and Yeargan, 1987). In a study with 

abattoir horses, 60-80% of the animals showed a latent EHV-1 infection (Edington et al., 

1994; Smith et al., 1998). The latent form of EHV-1 mainly hides (i) in lymphoid tissue 

draining the respiratory tract, (ii) leukocytes, predominantly CD5+/CD8+ T lymphocytes, 

and (iii) neurons of the trigeminal ganglia (Welch et al., 1992; Gibson et al., 1992; 

Edington et al., 1994; Slater et al., 1994; Baxi et al., 1995). 

The majority of adult horses also carries EHV-4 in a latent state (Welch et al., 1992). Also 

for EHV-4, latency has been demonstrated in lymphoid as well as in neural tissues 

(Welch et al., 1992; Edington et al., 1994; Borchers et al., 1999). 
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1.4 GENERAL CHARACTERISTICS OF THE RESPIRATORY MUCOSA 

 

The respiratory mucosa lines the respiratory tract, including the nasal cavity, the 

nasopharynx, the larynx, the trachea and the bronchial tree. The mucosa of the URT is 

the first line of defense against respiratory diseases (Timoney, 2004). It is also the 

common port of entry for EHV-1 and EHV-4, as it is for most alphaherpesviruses (Kydd et 

al., 1994a; Van Maanen, 2002; Van Maanen and Cullinane, 2002; Gryspeerdt et al., 

2010). The respiratory mucosa consists of the luminal surface epithelium and the 

underlying connective tissue or lamina propria, and these are separated from each other 

by a firm barrier, the basement membrane (BM).  

Upon infection, EHV-1 and EHV-4 replicate extensively in the epithelium. Hereafter, EHV-

1 spreads through the BM carried by single EHV-1-infected cells and reaches the 

underlying lamina propria. Hence, EHV-1 can reach blood vessels situated in the 

connective tissue and start a cell-associated viremia in leukocytes (Allen and Bryans, 

1986; Kydd et al., 1994b; Gryspeerdt et al., 2010). In contrast, EHV-4 replication remains 

mostly restricted to the URT and EHV-4-induced viremia is not at all consistent (Patel et 

al., 1982; van Maanen, 2002; Patel and Heldens, 2005). 

Epithelium, BM and lamina propria are the principal barriers that the virus needs to 

cross during an EHV-1 infection, and therefore these structures are briefly discussed 

below. 

 

1.4.1 Respiratory epithelium 

 

1.4.1.1 Localization 

 

The upper and lower respiratory tracts, including nasal cavity, nasopharynx, larynx, 

trachea and bronchi, are covered by an epithelium. This epithelium is designated 

respiratory epithelium. The research in this thesis was mainly conducted on respiratory 

epithelium of the nasal cavity. The nose is the primary site of entry for inhaled air in the 

respiratory system of all mammals. Hence, it has both very important and diverse 
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functions. It serves not only as the principal organ for the sense of smell, but it also 

functions to efficiently filter, warm and humidify the inhaled air before it enters the 

more delicate distal tracheobronchial airways and alveolar parenchyma of the lung 

(Harkema et al., 2006). The left and right nasal cavities extend from the external nares 

rostrally to their communication with the nasopharynx caudally. The left and right nasal 

cavities are completely separated by a cartilaginous nasal septum. Each nasal cavity is 

divided into communicating compartments by the largely cartilaginous dorsal and 

ventral conchae, as such increasing the inner surface area of the nose (Budras et al., 

2003). The nasal cavity can be subdivided into three regions: the vestibular region, the 

respiratory zone and the olfactory zone (Kumar et al., 2000). The vestibular region is 

situated in the rostral part of the nasal cavity, whereas the olfactory zone comprises a 

small area at the caudodorsal portion of the nasal cavity including some of the surfaces 

of the ethmoid conchae, dorsal nasal meatus and nasal septum. The main portion of the 

nasal cavity is formed by the pars respiratoria, which is characterized by a respiratory 

epithelium. This is also the epithelium type lining the major part of the surface of the 

upper and lower airways and therefore, our research was mainly focused on this type of 

epithelium.  

 

1.4.1.2 Characterization 

 

The respiratory epithelium has a varying composition depending on the site in the 

respiratory tract. The research in this thesis was mainly conducted on respiratory 

epithelium of the nasal cavity. Therefore, the respiratory epithelium in this thesis is 

described as it is found in the nasal cavity of the horse. The respiratory epithelium is a 

ciliated pseudostratified columnar epithelium. An epithelium is defined as 

pseudostratified when, although all cells make contact with the BM and are therefore a 

single layer of cells, the nuclei are not aligned in the same plane (Eurell and Frappier, 

2006). Hence, it appears as though several layers of cells are present. The ciliated 

pseudostratified epithelium of the nasal cavity contains several morphologically 

different cell types, including basal cells, ciliated cells, goblet cells and brush cells 
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(Plopper and Adams, 1993). These cells are unevenly distributed along the mucosal 

surface. An illustration of the different cell types is shown in Figure 4. 

 

 

Figure 4. Schematic representation of the different cell types present in the equine respiratory 
epithelium. a: ciliated cell, b: goblet cell, c: brush cell, d: basal cell, e: basement membrane, f: 
mucus blanket. 

 

Basal cells are rounded or pyramid-shaped cells that do not reach the free surface of the 

epithelium. From their central position, they can easily interact with columnar epithelial 

cells, neurons, the BM, and mesenchymal cells present in the underlying connective 

tissue (Evans et al., 2001). Basal cells may function as progenitor cells and, through 

division and differentiation, replace epithelial cell types lost through attrition (Boers et 

al., 1998; Evans et al., 2001). By flattening out and covering the BM, basal cells can act as 

a defense mechanism when neighboring columnar cells are lost (Erjefält et al., 1995).  

Furthermore, they have a role in the adhesion of columnar epithelium to the airway BM. 

They are firmly attached at the base of the epithelium to the basal lamina by 

hemidesmosomes and to adjacent columnar cells by desmosomes (Evans and Plopper, 

1988; Evans et al., 2001). They also have the capacity to function in regulation of 

neurogenic inflammation, the inflammatory response, transepithelial water movement, 

oxidant defense of the tissue and formation of the lateral intercellular space (Evans et 

al., 2001). 

Ciliated cells comprise the main cell type in the ciliated pseudostratified columnar 

epithelium lining the nasal cavity. They are supporting, columnar epithelial cells with 200 
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to 300 motile cilia and numerous microvilli projecting into the nasal lumen (Plopper and 

Adams, 1993). Their rod-shaped nuclei are distributed irregularly, occupying the entire 

thickness of the epithelium (Kumar et al., 2000). They have a wide apical side and a 

narrow basal side directed towards the BM. 

Brush cells, also known as tuft cells, represent a population of epithelial cells scattered 

throughout the epithelial lining of the digestive and respiratory apparatuses, from 

simple vertebrates to humans (Sbarbati and Osculati, 2005; Sato, 2007). These cells are 

sparse, but easily distinguishable from other epithelial cells by their morphologic 

appearance. Their most characteristic morphologic features are the brush of relatively 

long, rigid and thick microvilli on their apical cell surface and a cytoplasm containing 

many filaments (Plopper and Adams, 1993; Sato, 2007). Despite numerous 

morphological studies, the function of brush cells remains obscure. The three currently 

proposed functions of tuft cells are secretion, absorption and reception (Sato, 2007). 

Goblet cells, so called because they are shaped like a wine goblet, are widely distributed 

through the mammalian alimentary, reproductive and airway tract. They are located 

towards the supranuclear zone of the epithelium and present a strong periodic acid 

Schiff’s (PAS) reaction indicating the presence of neutral mucopolysaccharides (Kumar et 

al., 2000). They are columnar epithelial cells containing membrane-bound mucous 

granules and secreting mucin, which dissolves in water to form mucus.  

 

The nasal mucociliatory apparatus can be defined as a functional unit including the 

secretory cells, their progenitors and the associated biomolecular machinery required to 

synthesize and secrete the mucus blanket (Morgan et al., 1984; Fahy, 1998). The 

majority of the luminal surface of the nasal mucosa is covered by a watery yet sticky 

material called mucus. Airway mucus consists of a complex aqueous solution of lipids, 

glycoconjugates and proteins. Airway mucus forms two layers: a serous, low-viscosity 

periciliary layer (sol layer) that envelops the cilia and a more viscous layer (gel phase) 

which rides on top of the periciliar layer (Fahy, 1998). The physical and chemical 

properties of mucus are well suited for its function as an upper airway defense 

mechanism, maintaining epithelial moisture and filtering the inhaled air by trapping 

inhaled particles and pathogens moving through the airway (Jeffery, 1983; Harkema et 

al., 2006; Davis and Dickey, 2008). Synchronized beating of surface cilia propels the 
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mucus with the entrapped materials to the naso- and oropharynx. It is then swallowed 

into the esophagus and hence, cleared from the respiratory tract through the digestive 

tract (Harkema et al., 2006). An optimal combination of viscosity and elasticity is 

required for optimal interaction with the cilia (Sleigh et al., 1988; Houtmeyers et al., 

1999), and this combination is primarily obtained by the airway mucins. Epithelial 

mucins can be subdivided into secretory and membrane-associated forms. The secretory 

forms are synthesized, stored and then released by exocytosis from the apical surface of 

secretory cells to help form the overlying mucus gel (Rogers, 2002). In contrast, the 

membrane-associated forms have a hydrophobic membrane-spanning domain that 

serves to anchor them to the plasma membrane (Rose, 1992; Jeffery and Li, 1997; Fahy, 

1998). 

 

1.4.2 Cell-cell and cell-matrix adhesions 

At points of cell-cell and cell-matrix contact, specialized cell junctions occur and they are 

especially abundant in epithelia. These cell-cell and cell-matrix contacts can be partially 

disassembled and reassembled to facilitate physiological processes such as tissue 

turnover, leukocyte extravasation, wound healing and tissue repair (Thiery, 2002; Fuchs 

et al., 2004; Perez-Moreno and Fuchs, 2006; Ley et al., 2007; Ebnet, 2008). Three 

functional groups of cell junctions have been described: tight junctions, anchoring 

junctions and communicating junctions. These junctions will be considered here briefly, 

as a detailed description is beyond the scope of this thesis. Figure 5 represents cell-

adhesion complexes in mammals.  
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Figure 5. Cell-adhesion complexes in mammals. (a) Schematic representation (adapted from 
Jefferson et al., 2004). (b) Transmission electron microscopic images (Tsukita et al., 2001). 
 
 

1.4.2.1 Tight junctions 

 

Epithelia have one important function in common: they serve as selective permeability 

barriers (Alberts et al., 2002). In vertebrates, the site where the membranes of two cells 

come very close together is called the tight junction (or zonula occludens). Tight 

junctions function as a gate, hence limiting movement between adjacent epithelial cells. 

They also function as a barrier to prevent proteins from diffusing from the apical to the 

basolateral surface of the cell (Furuse and Tsukita, 2006; Van Itallie and Anderson, 

2006). Epithelial cells can alter their tight junctions to permit an increased flow of 

solutes and water through breaches in the junctional barriers. In addition, they play a 

role in regulating cell proliferation, cell differentiation and cell adhesion (Tsukita et al., 

2001; Matter and Balda, 2003; Schneeberger and Lynch, 2004; Köhler and Zahraoui, 

2005; Matter and Balda, 2007). 
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1.4.2.2 Anchoring junctions 

 

The function of anchoring junctions is the mechanical attachment of the cytoskeleton of 

a cell either to the cytoskeleton of a neighboring cell or to the extracellular matrix. 

Anchoring junctions are widely distributed in animal tissues and are most abundant in 

tissues that are subjected to severe mechanical stress, such as heart, muscle and 

epidermis (Alberts et al., 2002). Anchoring junctions exist in two functionally different 

forms. Adherens junctions and desmosomes hold cells together and are formed by 

transmembrane adhesion proteins belonging to the cadherin family. Hemidesmosomes 

and focal adhesions bind cells to the extracellular matrix and are formed by 

transmembrane adhesion proteins belonging to the integrin family. Adherens junctions 

and focal adhesions serve as connection sites for actin filaments, while desmosomes and 

hemidesmosomes serve as connection sites for intermediate filaments (Alberts et al., 

2002). 

 

Cell-cell junctions 

Adherens junctions are responsible for cell-cell adhesion by connecting bundles of actin 

filaments from cell to cell (Gumbiner, 1996). In epithelia, they often form a continuous 

adhesion belt (zonula adherens) just below the tight junctions. The beltlike junction then 

encircles each of the interacting cells (Alberts et al., 2002). Furthermore, coordinated 

movement of cells, growth inhibition and cell polarity are some of the main functions of 

adherens junctions (Gottardi et al., 2001; Perrais et al., 2007; Niessen and Gottardi, 

2008).  

Desmosomes (or macula adherens) are buttonlike points of intercellular contact and 

connect intermediate filaments of adjacent cells. Hence, a structural framework of great 

strength and resistance against mechanical stress is formed (Alberts et al., 2002). They 

also play a role in cytoskeletal organization, cell signaling, cell proliferation, cell 

differentiation and tissue morphogenesis (Kottke et al., 2006; Green and Simpson, 2007; 

Garrod and Chidgey, 2008). Desmosomes are mainly formed from three families: 

desmosomal cadherins, armadillo family proteins and plakin family proteins. 
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Cell-matrix junctions 

Some anchoring junctions exist to bind cells to the ECM, rather than to other cells. The 

main group of transmembrane adhesion receptors mediating cell-matrix adhesion is the 

integrin family (Hynes, 2002). Specific ECM molecules can bind different types of 

integrins and specific integrins can bind several types of ECM molecules (Hynes, 2002). 

Epithelial cells express nine different integrins: two of these integrins recognize 

components of the BM, while the remaining seven recognize ECM molecules that are 

usually not in contact with cells but are produced in response to injury and inflammation 

(Sheppard, 1996; Sheppard, 1998). 

CD44 adhesion molecules are another family of epithelial adhesion molecules 

connecting the ECM with the intracellular machinery and the actin skeleton. They are 

only expressed on basal cells and are absent on columnar epithelial cells (Lackie et al., 

1997; Evans et al., 2001). CD44 adhesion molecules bind hyaluronan, fibronectin, 

collagen and several cytokines (Holgate, 2000). They play a role in the regulation of the 

hyaluronan metabolism, epithelial repair and cell-cell communication (Lackie et al., 

1997; Cichy et al., 2002). 

Hemidesmosomes or half-desmosomes, morphologically resemble desmosomes. 

However, instead of connecting adjacent epithelial cells, they connect intracellular 

intermediate filaments of basal epithelial cells to the underlying basal lamina of the 

basement membrane (Jones et al., 1998). They are also involved in cell division, 

differentiation and migration (Mercurio et al., 2001; Tsuruta et al., 2003; Lipscomb and 

Mercurio, 2005; Wilhemsen et al., 2006). 

Focal adhesions can be described as transient self-assembling cell-matrix complexes. 

They are associated intracellularly with various signaling molecules (van der Flier and 

Sonnenberg, 2001; Campbell, 2008). Integrins are the major component of focal 

adhesions, linking the ECM with several intracellular molecules (Luo and Springer, 2006). 

Integrins can bidirectionally transmit information across the cell membrane. 
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1.4.2.3 Communicating junctions 

 

Most cells in animal tissues are in communication with their neighboring cells. This 

direct link between neighboring cells is formed by gap junctions. In the gap junction, 

there is a channel between the membranes of contacting cells, hence connecting the 

cytoplasm of the two neighboring cells. Gap junctions enable small molecules to pass 

directly from cell to cell. Gap junctions are indispensable for cell synchronization, cell 

growth, cell differentiation and cell migration. The basic building block of each gap 

junction is the connexin subunit. A group of six connexins in one cell interacts with a 

comparable hexamer in the neighboring cell resulting in the formation of a channel 

(Goodenough, 1974; Spray et al., 1999). This channel allows direct cytoplasmic 

communication among the cells.  

 

1.4.3 Extracellular matrix 

 

The extracellular matrix (ECM) provides the scaffolding, support and strength to tissue 

and organs. The ECM of all animal species contains the same macromolecules, namely 

collagens, proteoglycans and glycoproteins. It is commonly believed that the ECM 

provides a framework for cell adhesion and tissue development (Tanzer, 2006). The ECM 

can be subdivided in the basement membrane and the ECM of the lamina propria.  

 

1.4.3.1 Basement membrane 

 

Basement membranes (BMs) are found in nearly all multicellular animal species and are 

produced by epithelial cells, endothelial cells and many mesenchymal cells. The BM is a 

thin, sheetlike structure of fibers underlying the epithelium and serving as support for 

cells and cell layers (Yurchenco and Schittney, 1990). Furthermore, it has become 

evident that the individual components of the BM are regulators of biological activities 

such as cell growth, differentiation and migration, and that they influence tissue 

development and repair (Couchman and Woods, 1993; Aumailley and Krieg, 1996; 



Introduction 

38 
 

Timpl, 1996; Aumailley and Gayraud, 1998). The BM is an impermeable barrier to cell 

migration and acts to impede the passage of cells. With a pore size of approximately 50 

nm, only small molecules are able to passively diffuse across this thin, rugged barrier 

(Kalluri, 2003; Abrams et al., 2000a;  Abrams et al., 2000b). Nonetheless, there are 

specific mechanisms that permit normal cells to traffic freely and rapidly across BMs 

during morphogenesis and immune surveillance (Rowe and Weiss, 2008). Leukocytes 

can breach the BM barrier when they are recruited from capillaries for body defense 

tasks. Also, metastatic cancer cells can focally degrade matrix and emigrate across these 

barriers (Barsky et al., 1984; Rowe and Weiss, 2008). They enter the blood circulation by 

breaching the BM at the primary cancer site and breach it again upon entering the 

parenchyma of a distant tissue. This behavior is reminiscent of migrating cells during 

embryonic development, a stage when BMs are permeable to cell penetration, in 

contrast to adult tissues (Tanzer, 2006). The mechanisms that enable cells to cross this 

structural barrier remain largely unknown and are the subject of considerable debate. 

The ability of migrating cells to perforate the BM has been almost uniformly ascribed to 

proteolytic events (Rowe and Weiss, 2008). However, since over 500 proteinases are 

encoded within the mammalian genome, the identification of the crucial matrix-

degrading enzymes is heavily complicated (Puente et al., 2003). 

 

The BM is the fusion of two lamina: the lamina densa (or lamina basalis) and the lamina 

reticularis (Ham and Cormack, 1979). Between the epithelium and the lamina densa, a 

clear area is visible: the lamina lucida, which has been suggested to be a fixation artifact 

(Chan and Inoue, 1994). However, this area functions as the region of attachment 

between the epithelium and the lamina densa, containing cell adhesion molecules and 

anchoring filaments. The lamina densa is depicted in Figure 6 and is a sheet of 

connective tissue secreted by epithelial cells and predominantly made up of: (1) type IV 

collagen, a non-fibrous polymer; (2) laminin, an adhesive glycoprotein; (3) fibronectin, 

another adhesive glycoprotein; (4) entactin (also called nidogen) and (5) perlecan, a 

proteoglycan. Small amounts of other proteoglycans and glycoproteins are also found in 

BMs. Laminins and collagen IV can polymerize independently and form two independent 

networks. Through entactin and perlecan, a strong linkage can be formed between the 

laminin and collagen IV networks, hence providing BMs with stability and flexibility, 
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maintaining mechanical support and stable tissue architecture (Timpl and Brown, 1996). 

In epithelia, the lamina densa is connected to stroma through anchoring fibrils (Keene et 

al., 1987). 

 

 

Figure 6. The molecular structure of the lamina densa of the basement membrane (adapted from 
Alberts et al., 2002). 

 

The lamina reticularis is variable in its distribution, thickness and composition. It is not 

apparent in all tissues, however, it is well developed under the respiratory epithelium of 

large conducting airways. The lamina reticularis is considered to be a specialized 

extension of the extracellular matrix. As such, it is not a product of the epithelium but 

belongs to the connective tissue (Alberts et al., 2002). With transmission electron 

microscopy, it was seen that the lamina reticularis is made up of numerous collagen 

fibers (Evans et al., 2000). The predominant collagen is type III, followed by collagens I, 

V, VI and VII (Evans et al., 2000). Collagen type I, III and V are called fibrillar collagens, 

because they are found in tissues as long, highly ordered fibrils with a characteristic 

banding pattern detected by electron microscopy. Collagen type III is found in various 

connective tissues, frequently in association with type I collagen. Collagen type VI is a 
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beaded-filament forming collagen and type VII is a collagen of anchoring fibrils 

(Kuivaniemi et al., 1997). 

 

The main components of the BM will be discussed briefly. 

Type IV collagen, a major constituent of the lamina densa, primarily stabilizes the BM 

zone and thus represents the backbone of the BM, providing mechanical strength. The 

collagen monomer is a flexible, thread-like molecule measuring about 400 nm in contour 

length (Yurchenco and Schittny, 1990). Type IV collagen can assemble into a stable 

three-dimensional network at the surface of epithelial and endothelial cells, adipocytes, 

muscle cells and nerves (van der Rest and Garrone, 1991). The type IV collagen polymers 

are stabilized by a network of covalent crosslinks, providing BMs with their structural 

integrity (Hu et al., 2007; Khoshnoodi et al., 2008). 

Collagen VII is the main structural component of anchoring fibrils, linking the lamina 

densa to the underlying lamina propria (Yurchenco and Schittny, 1990). It is believed to 

be a homotrimer, produced by keratinocytes (Regauer et al., 1990; van der Rest and 

Garrone, 1991). Antibodies against collagen VII are used throughout our study to 

visualize the BM. 

The laminin molecule is abundantly present in BMs. The coalescence of alpha, beta and 

gamma chains leads to the formation of a cruciform trimer with three long arms and one 

short arm stabilized by disulfide bonds (Marinkovich, 2007). To date there are five α 

chains, three β chains and three  chains described, each encoded by individual genes 

(Tanzer, 2006). Twelve laminin isoforms have been characterized, sharing domains such 

as binding sites for nidogen (see below) and for integrins. A wide variety of cells 

including epithelial cells, muscle cells, nerve cells, endothelial cells, marrow cells and 

neuroretinal cells can all produce laminin. Laminins can polymerize and form an 

independent network but, unlike collagen IV, laminins form networks of web-like 

structures. Laminins modulate certain cell functions, such as differentiation of epithelial 

cells, neurite outgrowth, anchoring of epidermal basal cells and anchoring of leukocytes 

exiting the microvasculature (Aumailley and Smith, 1998; Colognato and Yurchenco, 

2000; Sasaki et al., 2004). 

Fibronectins are multifunctional proteins that play a central role in cell adhesion (Hynes, 

1999; Wierzbicka-Patynowski and Schwarzbauer, 2003; Mao and Schwarzbauer, 2005). 
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They are abundant in most tissues where they assemble into fibrils that enhance cell 

adhesion. They are heterodimeric molecules with binding domains recognizing fibrin, 

heparin, collagen, integrins and other cell surface moieties (Leblond and Inoue, 1989; 

Colognato and Yurchenco, 2000). 

During the 1980s, two groups described a novel BM glycoprotein now known as entactin 

or nidogen (Carlin et al., 1981; Timpl et al., 1983). Entactin/nidogen typically exists in 

fairly tight association with laminin. Entactin/nidogen plays a crucial role in BM 

formation, due to its ability to form complexes with laminin, type IV collagen and 

perlecan (Erickson and Couchman, 2000). In addition, entactin/nidogen was found to 

promote cell attachment, neutrophil chemotaxis, trophoblast outgrowth and 

angiogenesis (Chakravarti et al., 1990; Senior et al., 1992; Yelian et al., 1993; Nicosia et 

al., 1994). 

Perlecan is the most prominent proteoglycan constituting the BM and is important in 

the assembly and integrity of the BMs through its interaction with BM proteins (Costell 

et al., 1999). It is widely expressed in the BMs of various organs such as skin, heart, lung, 

liver, kidney, placenta, blood vessel and several other mesenchymal tissues (Murdoch et 

al., 1994). It consists of a 400-500 kDa core protein and three heparan sulfate chains. 

Integration into the BM occurs probably via binding of heparan sulfate to laminin and 

collagen IV, core protein binding to nidogen and by limited self assembly (Battaglia et al., 

1992; Timpl, 1994). Perlecan is a cell-adhesive protein, recognized by β1 integrins. It 

controls filtration through BMs and binds growth factors and protease inhibitors (Timpl, 

1994). 

 

1.4.3.2 Lamina propria 

 

The lamina propria of the URT consists of loose fiber connective tissue. Collagen fibers 

together with elastin and fibronectin form a three-dimensional network wherein cells 

and matrix are situated. The molecular components of the ECM are produced by 

resident cells in the connective tissue, which are largely fibroblasts. These molecules are 

a complex network of fibrous proteins and proteoglycans. 
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Fibrous proteins 

Collagens are structural macromolecules of the ECM and are the most abundant 

proteins present in the ECM. In most connective tissues, collagens form fibers made by 

alloys of fibrillar collagens. These fibrillar collagens are mainly collagen type I, II, III, V 

and VI (van der Rest and Garrone, 1991). Their most important task is to give structural 

support to resident cells.   

Fibronectins are proteins connecting with collagen fibers in the ECM, allowing cells to 

migrate through the ECM. They facilitate cell movement by binding collagen and cell 

surface integrins, hence reorganizing the cytoskeleton of the cell. Furthermore, they 

have a function in wound healing by binding to platelets during blood clotting and 

facilitating cell movement to the affected area (Plopper, 2007). 

Elastin fibers give elasticity to tissues, allowing them to stretch whereafter they can 

resume their original state (Alberts et al., 2002). They are synthesized by fibroblasts and 

smooth muscle cells. 

 

Proteoglycans are heavily glycosylated glycoproteins. They can resist compressive forces 

by forming a highly hydrated gel. This gel forms a physicochemical environment for free 

diffusion of nutrients and chemical messengers (Yurchenco and Schnitty, 1990; LeBleu et 

al., 2007). Furthermore, proteoglycans are thought to have a major role in chemical 

signaling between cells. They bind various secreted signal molecules, such as protein 

growth factors, and can enhance or inhibit their signaling activity. Proteoglycans can also 

bind and, as such, regulate the activities of other types of secreted proteins, including 

proteolytic enzymes and protease inhibitors (Alberts et al., 2002). 

 

1.4.4 Immune cells 

 

The mucosal surface of the respiratory tract is a cellular barrier that faces environments 

rich in pathogens. Several of these pathogens have developed effective mechanisms for 

colonization of epithelial surfaces and invasion of mucosal tissues. In defense, the 

respiratory mucosa is heavily populated with cells of the immune system (Neutra et al., 

1996). The mucosal immune system consists of specialized local inductive sites, the 
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Organized Mucosa-Associated Lymphoid Tissue or O-MALT, and widespread effector 

sites, the Diffuse Mucosa-Associated Lymphoid Tissue or D-MALT (Kraenenbuhl and 

Neutra, 1992). We will focus on the immune cells present in the respiratory mucosa that 

are part of the D-MALT. Previous studies have shown that EHV-1 misuses mononuclear 

cells, present in the respiratory epithelium, for its transportation through the BM and 

subsequently, through the body (Patel et al., 1982; Kydd et al., 1994a; Gryspeerdt et al., 

2010). Therefore, immune cells present in the respiratory mucosa will be discussed 

below and are shown in Figure 7. 

 

 

Figure 7. Schematic representation of the different immune cell types present in the equine 
respiratory epithelium and in the respiratory mucosa. 

 

The respiratory epithelium contains diapedating lymphocytes. These are part of the 

specific immunity at the level of the respiratory tract. Intraepithelial lymphocytes lie in 
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an intercellular position and occur in all depths of the epithelium, but are most 

numerous near the base of the epithelium (Mair et al., 1987a). A diffuse distribution of 

lymphocytes can be found in the lamina propria and submucosa. These lymphocytes are 

encountered throughout the lamina propria, but generally in greater concentration just 

beneath the epithelium (Mair et al., 1987a). Intraepithelial lymphocytes are mainly CD8+ 

T cells, whereas the CD4+ subset of T cells mainly localizes in the stroma (Brandtzaeg, 

1989; Brandtzaeg et al., 1996). CD8+ T cells (or cytotoxic T cells, killer T cells) are a 

subgroup of T lymphocytes, capable of inducing the death of infected, dysfunctional or 

damaged cells. They express T cell receptors (TCR) and glycoprotein CD8, and recognize 

antigens presented in association with major histocompatibility (MHC) class I molecules, 

present on all cells. CD4+ T cells (or helper T cells) are a subgroup of T lymphocytes that 

generally do not display cytotoxic effects or phagocytic activity against pathogens. They 

assist other leukocytes in processes such as maturation of B cells and activation of CD8+ 

T lymphocytes and macrophages (Harrington et al., 2005). 

Macrophages are produced by differentiation of monocytes, and their main functions 

are phagocytosis of cellular debris and pathogens and stimulation of lymphocytes and 

other immune cells. They are present within the epithelium and lamina propria of the 

nasal mucosa. Macrophages in the airways are capable of effectively eliminating 

invading antigens or allergens by phagocytosis, but they cannot selectively present 

allergens to the immune system (Holt, 1993). 

Numerous MHC class II-positive dendritic cells (DCs) are located within the airway 

epithelium (Brandtzaeg and Korsrud, 1984; Holt et al., 1990). DCs form a network of 

antigen-presenting cells (APC) in the animal and human respiratory mucosa (Holt et al., 

1989; Schon-Hegrad et al., 1991). DCs of mucosal surfaces can serve as APCs after 

migration out of mucosal tissues to draining lymph nodes (Okato et al., 1989; Hamilton-

Easton and Eichelberger, 1995). The DC most extensively studied in the nasal mucosa is 

the Langerhans cell (LC), found in both epithelium and lamina propria (Fokkens et al., 

1989; Fokkens et al., 1991). LCs are well equipped for antigen binding and processing, 

but weak in stimulating resting T cells (Steinman, 1991; Romani and Schuler, 1992). After 

maturation, LCs lose their typical characteristics and change their structure, phenotype 

and functional capacities into those of DCs. Mature DCs are weak in binding and 

processing antigen, but extremely powerful in stimulating resting T cells (Macatonia et 
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al., 1991; Burkly et al., 1995; de la Salle et al., 1997). The DCs act as ‘sensory cells’ of the 

immune system recognizing danger signals. In addition to their central role in the 

sensitization against environmental antigens, their ability to activate T cells in the airway 

mucosa enables them to maintain a prolonged inflammation (Huh et al., 2003). Because 

of their antigen uptake, migratory activities and close association with T cells, DCs run 

the risk of infection by viruses that contact mucosal surfaces, including Human 

Immunodeficiency Virus (HIV) (Ayehunie et al., 1994; Pope et al., 1994). 

Immunoglobulin (Ig)-producing plasma cells have been identified in the respiratory 

mucosa, lamina propria and submucosa of many domestic animals, revealing a 

predominance of IgA-secreting plasma cells, over IgG-secreting cells and low numbers of 

IgM-secreting cells (McGuire and Crawford, 1972; Bradley et al., 1976; Allan et al., 1979; 

Mair et al., 1987b; Mair et al., 1988a). The plasma cells were identified in the 

epithelium, the connective tissue of the lamina propria, glandular tissue and organized 

lymphoid tissue. Intraepithelial plasma cells were usually positioned in the basal layers 

of the epithelium, plasma cells in the lamina propria tended to be diffusely scattered, 

but with a higher density just beneath the surface epithelium (Mair et al., 1988a). The 

role of plasma cells in the epithelium is uncertain, but Igs produced here would 

presumably be rapidly transported into the airway lumen (Mair et al., 1988a). Thus, 

plasma cells would act as a first line of defense by producing secretory IgA (sIgA) in a 

dimeric form in the lamina propria adjacent to mucosal surfaces (McDermott et al., 

1982; Mair et al., 1988a; Brandtzaeg et al., 1996). sIgA then binds to the immunoglobulin 

receptor on the basolateral surface of epithelial cells and is taken up via endocytosis. 

The receptor-IgA complex then passes through the cells and is secreted at the luminal 

surface of epithelial cells. After proteolysis of the receptor, the dimeric IgA can diffuse 

throughout the lumen along with the secretory component of the receptor (Snoeck et 

al., 2006). Antigens circumventing this barrier meet corresponding IgG antibodies in the 

mucosa (Brandtzaeg et al., 1996). 

Mast cells are resident cells, present at all levels of the respiratory tract, with the 

greatest density in the nasopharynx. Up to 94% of this cell population is located within 

the connective tissue of the lamina propria, whilst only small numbers are present in the 

surface epithelium (Mair et al., 1988b). They contain granules rich in histamine and 

heparin and mast cells armed with IgE are common in allergic patients, both in the 
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connective tissue and in the epithelium (Brandtzaeg and Korsrud, 1984). They are also 

involved in defense against pathogens and wound healing (Mair et al., 1988b). 

Neutrophils form an essential part of the innate immune response and are the hallmark 

of acute inflammation, being the first-responders to migrate towards the site of 

inflammation attracted by cytokines (Witko-Sarsat et al., 2000; Nathan, 2006). They are 

present at low density within the lamina propria and participate in normal baseline 

immune and inflammatory processes. 

 

1.5 HUMAN AND ANIMAL NASAL MUCOSAL EXPLANT SYSTEMS AND THEIR 

POTENTIAL IN BIOMEDICAL RESEARCH 

 

Experimental work in both humans and animals has been limited due to numerous 

ethical questions. In vivo work involving large animals is difficult, as purchase and 

maintenance costs are high and suitable experimental animals are difficult to obtain. 

There is a constant search for in vitro models that minimize the number of in vivo 

experiments on animals and the number of experimental animals, as required by the 

principles of the 3 R’s (Russel and Burch, 1959). These include reduction of the number 

of experimental animals, refinement of the experiments to minimize pain and distress 

and replacement of experimental animals by in vitro models. Evidence exists that the 

normal behavior of cells can be compromised if they are removed from their 

surrounding micro-environment and lose their normal three-dimensional association 

(Sen et al., 1995; Anderson et al., 1996), as is the case in one- or two-dimensional 

monolayer cultures. Explant models fulfill many of the above mentioned requirements. 

As a three-dimensional structure and normal cell-cell contacts are maintained in these 

models, hereby providing accessible means to mimic the in vivo situation, hence, explant 

models are powerful tools permitting controlled experimental manipulation ex vivo 

whilst maintaining micro-environmental architecture (Anderson and Jenkinson, 1998). 

Also, the use of explant models minimizes inter-animal and inter-experiment variations 

as several conditions can be tested on tissues obtained from the same animal and 

samples from the same animal can even be collected at different time points. 
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Explant models of nasal mucosa have already been described for pigs, humans, rats, 

horses and cows. The existing explant models will be discussed briefly below. 

In 1990, Pol established an in vitro model of porcine nasal explants, culturing them at an 

air-liquid interface with daily replacement of the culture medium. No analyzes were 

performed to evaluate morphometry and viability of the porcine explants. The effects of 

in vitro culture on morphometry and viability of porcine nasal mucosal explants were 

evaluated using light microscopy, scanning electron microscopy, transmission electron 

microscopy and TUNEL stainings by Glorieux et al. (2007). The explants were maintained 

for up to 60 h post sampling at an air-liquid interface on gauze without significant 

morphometric changes or changes in viability. 

In 1995, Schierhorn et al. described a human nasal mucosal culture model using a gelatin 

sponge-supported histoculture system at an air-liquid interface. By morphology and 

immunohistochemical stainings they showed that viable mucosa was preserved for at 

least 48 h. Human nasal mucosa was cultured for 6 days on plastic plates and placed on 

a rocking platform by Ali et al. (1996), to study the release of submucosal gland serous 

and mucous cell macromolecules. The group of Jackson et al. (1996) assessed an organ 

culture of human nasal turbinate tissue kept at an air-liquid interface by placing them on 

a strip of filter paper with the two ends immersed in Modified Eagle’s Medium (MEM). 

Morphologic changes of explants cultured with and without replacement of the culture 

medium were monitored by light microscopy, scanning electron microscopy and 

transmission electron microscopy. Without replacement of culture medium, human 

nasal mucosal explants could be maintained for 4 days, whilst they could be cultured for 

up to 20 days when the medium was replaced daily. Human organ cultures of turbinate 

mucosa were also successfully used to study the pathofysiology of rhinovirus infection 

(Jang et al., 2005). The mucosal tissues could be cultured for 7 days on a support of 

gelfoam soaked in culture medium, and inoculated with rhinovirus. Mini-organ (1 mm³) 

cultures of human nasal mucosa of the inferior nasal turbinates were cultured by 

Wallner et al. (2005) on agar with exchange of serum-containing medium every other 

day. These cultures were monitored by microscopy and histology for structural integrity, 

and by a Comet assay (or Single Cell Gel Electrophoresis Assay, a sensitive technique for 

the detection of DNA damage at the level of the individual cell) for DNA fragmentation 

and repair activity. The mini-organ cultures showed a good structural integrity during 
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the whole culture period and were used as models for genotoxicological investigations. 

Park et al. (2007) developed an organ culture of nasal polyps at an air-liquid interface on 

a gelatin sponge or submerged in culture medium. Submerged tissues died within 3 

days, while cultures at an air-liquid interface survived the whole cultivation period. 

Fanucchi et al. (1999) established an in vitro culture of rat nasal airway tissue. The organ 

cultures were maintained for up to 14 days on mesh inserts in serum-free medium at an 

air-liquid interface. The aim of the study was to develop a system to study the 

pathogenesis of toxicant-induced airway epithelial injury and mechanisms of cellular 

repair and adaptation in the absence of cellular inflammation and other systemic 

influences. 

Hamilton et al. (2006) used abattoir material of equine nasal turbinate and guttural 

pouch to set up an in vitro explant model. These tissues were placed on agarose 

platforms in 6-well culture plates at an air-liquid interface and maintained in culture for 

24 h. A viability analysis using polystyrene bead clearance, and a morphometric analysis 

by scanning electron microscopy was performed on the explants. The explant system 

was set up to study the contribution of lipoproteins to the virulence of Streptococcus 

equi, a gram-positive bacteria. 

Niesalla et al. (2009) succeeded in culturing bovine upper respiratory tract epithelium at 

an air-liquid interface, involving the placement of the explants onto a filter paper 

positioned on an agarose plug. The explants were morphologically assessed using light 

microscopy and scanning electron microscopy for a period of 72 h, whereafter explants 

were productively infected with BoHV-1. Another bovine in vitro explant system was set 

up by Steukers et al. (2011, in press). They succeeded in culturing bovine respiratory 

mucosal explants at an air-liquid interface on gauze for a duration of 96 h without 

significant morphometric changes or changes in viability, as determined by light 

microscopy, scanning electron microscopy, transmission electron microscopy and TUNEL 

stainings. 

All the above described organ cultures have one important feature in common: the 

cultivation at an air-liquid interface. This implies that the tissue is in contact with air on 

one side, whilst it is in contact with culture medium on the other side, hence creating a 

physiologically relevant environment (Whitcutt et al., 1988; Wilson et al., 1992; Johnson 

et al., 1993; Middleton et al., 2003). Serum-free conditions were used for all cultivation 
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methods except the method described by Pol (1990). The use of serum-supplemented 

medium caused reduced integrity of the epithelium (Glorieux et al., 2007) and a 

decreased cultivation period of epithelial cells (Gruenert et al., 1990). 

 

In general, the organ culture method provides a valuable research tool for physiological 

and pathological studies of the respiratory mucosa, for studying numerous non-

infectious and infectious respiratory noxes and their interactions with the respiratory 

mucosa. Such an in vitro nasal mucosal explant system was set up and used by Glorieux 

et al. (2007, 2009a) to study the interactions of pseudorabies virus (PRV, suid 

herpesvirus 1) with the porcine respiratory mucosa. PRV is an alphaherpesvirus that is 

closely related to EHV-1 and causes respiratory problems, nervous system disorders and 

abortion. Replication of PRV in the URT, causing blisters, ulcerations and respiratory 

problems, is followed by penetration of the virus through the BM to the underlying 

lamina propria. By breaching the BM barrier, the virus may reach blood vessels and 

nerve endings in the lamina propria and hence spread to internal organs, causing more 

severe clinical symptoms such as abortion and nervous system disorders (Sabo et al., 

1969; Wittmann et al., 1980). The exact mechanism of penetration through the BM has 

been investigated by Glorieux et al. (2009a). A quantitative and reproducible analysis 

system was used to study the kinetics of horizontal and vertical spread of PRV, including 

crossing of the BM. Inoculation of the porcine nasal mucosal explants with PRV resulted 

in plaque formation in the epithelium and a plaquewise spread of PRV. With increasing 

time post inoculation (pi), the distance covered laterally and in the depth by the virus 

evolved similarly, illustrating the highly invasive characteristics of PRV and its strong 

penetration capacity through the BM. PRV-induced plaques penetrated through the BM 

barrier between 12 and 16 hpi. Importantly, these observations were consistent with 

previous in vivo observations of PRV replication (Pol et al., 1989). The BM belongs to the 

extracellular matrix (ECM) and as ECM breakdown is mostly mediated by proteolytic 

enzymes (Saklatvala et al., 1984; Buttle, 2007), the involvement of proteases in PRV 

mucosal invasion through the BM was investigated and this analysis revealed that a 

trypsin-like serine protease was involved in the PRV invasion process through the BM 

barrier towards the lamina propria (Glorieux et al., 2009b). It is hypothesized that this 
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unidentified trypsin-like serine protease could be involved in local degradation of BM 

components, hence facilitating and enhancing BM barrier crossing. 

 

Although EHV-1, EHV-4 and PRV are closely related alphaherpesviruses, clear differences 

between the viruses can be observed when considering pathogenesis and clinical 

symptoms at the level of the URT. While EHV-1 and EHV-4 cause mild respiratory 

problems, PRV causes severe respiratory tract disease accompanied by pustular, 

necrotic lesions that can ultimately progress to large haemorrhagic and ulcerated areas 

in the respiratory mucosa (Allen and Bryans, 1986, Crabb and Studdert, 1995; Nauwynck 

et al., 2007). EHV-1 and PRV can easily spread through the body via a cell-associated 

viremia, whereas EHV-4-induced viremia is very rare (Patel et al., 1982; Wang et al., 

1988; Nauwynck and Pensaert, 1995; van Maanen, 2002; Patel and Heldens, 2005). 

These differences might be caused by diverse replication and invasion strategies of these 

viruses in the respiratory mucosa. Therefore, it was aimed to see how different 

alphaherpesviruses act in the respiratory mucosa, and hereby, the interaction of EHV-1 

and EHV-4 with an equine nasal mucosal explant model was studied in more detail. 
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Equine herpesvirus 1 (EHV-1) is an important respiratory pathogen, causing major losses 

in the horse industry worldwide. These losses can be mainly attributed to abortion, 

neonatal foal death and fatal equine herpes myeloencephalopathy (EHM). EHM 

outbreaks, mainly caused by neurovirulent EHV-1 isolates, have been reported with 

increasing frequency throughout North America and Europe, resulting in its classification 

as a potentially emerging disease by the United States Department of Agriculture’s 

Animal and Plant Health Inspection Service (USDA APHIS, 2007). Another major problem 

is the incapability of the currently existing vaccines to fully prevent abortion and EHM. A 

further complication are the financial and ethical difficulties that surround in vivo 

experiments in horses, hereby hampering research on EHV-1 in its natural host, the 

horse. The development of an in vitro model using upper respiratory tract (URT) tissues, 

which closely resembles the in vivo situation in the horse would facilitate research and 

lead to better insights in the pathogenesis of respiratory pathogens in the horse, such as 

EHV-1 and the closely related equine herpesvirus 4 (EHV-4). By means of such in vitro 

model, replication characteristics of neurovirulent and non-neurovirulent isolates of 

EHV-1 could be assessed which could shed more light on their behavior at the level of 

the URT. The explants model could furthermore be used to screen mutant viruses for 

their suitability as a vaccine candidate. 

 

 

 

The specific aims of this thesis were: 

 

 

 The development of an in vitro explant model of equine upper respiratory 

tract mucosa. During the in vitro cultivation period, an extensive 

morphological and viability analysis was performed (Chapter 3). 

 To examine the replication kinetics of EHV-1 in the equine respiratory 

mucosal explant model and to unravel its invasion mechanism. 

Furthermore, several non-neurovirulent (N752) and neurovirulent (D752) 

EHV-1 isolates were tested in the explant model to find possible 
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differences in replication characteristics at the level of the upper 

respiratory tract (Chapter 4). 

 To study how EHV-4 interacts with the respiratory mucosa upon 

inoculation of equine respiratory mucosal explants. It was investigated 

whether the different pathogenic potential of EHV-1 and EHV-4 in vivo is 

reflected in different replication characteristics of these viruses at the 

level of the URT (Chapter 5).  
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3.1 ABSTRACT 

 

An in vitro model of the upper respiratory tract of the horse was developed to 

investigate mechanisms of respiratory diseases. Four tissues of the upper respiratory 

tract of three horses were collected. Explants were maintained in culture at an air-liquid 

interface for 96 h. At 0, 24, 48, 72 and 96 h of cultivation, a morphometric analysis was 

performed using light microscopy, scanning electron microscopy and transmission 

electron microscopy. The explants were judged on morphometric changes of epithelium, 

basement membrane and connective tissue. Viability was evaluated using a fluorescent 

TUNEL (Terminal deoxynucleotidyl transferase mediated dUTP Nick End Labelling) 

staining.  No significant changes in morphometry and viability of all explants were 

observed during cultivation. Hence, the in vitro model will be useful to study infectious 

and non-infectious diseases at the level of the equine respiratory tract, with potential 

application to the development of vaccines and treatments for diseases of the 

respiratory tract. 

 

3.2 INTRODUCTION 

 

Respiratory tract disease has been recognized as the cause of major health problems in 

horses. The mucosa of the upper respiratory tract is often the primary point of entry of 

pathogens and thus, plays an important role in the pathogenesis of many infectious 

respiratory diseases in the horse (Kydd et al., 1994; van Maanen, 2002; van Maanen and 

Cullinane, 2002; Timoney, 2004). Furthermore, it is the first line of defense against 

respiratory diseases. The most common causes of infectious respiratory disease in the 

horse are EHV-1, EHV-4, equine influenza viruses, Streptococcus equi subspecies equi 

and Streptococcus equi subsp. zooepidemicus. The mechanism of replication and 

invasion of many of these pathogens in the respiratory mucosa is largely unknown and 

further study into this field would lead to a better understanding and subsequently to a 

more effective treatment of these diseases. However, in vivo work with horses is 

undesirable, as purchase and maintenance costs are high and suitable experimental 
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horses are hard to obtain. Furthermore, the ethical questions on the use of horses as 

experimental animals are numerous. The development of an in vitro model with 

slaughterhouse material would minimize the number of in vivo experiments on horses 

and the number of experimental horses, as required by the principles of the 3 R’s (Russel 

and Burch, 1959). These include reduction of the number of experimental animals, 

refinement of the experiments to minimize pain and distress and replacement of 

experimental animals by in vitro models. Explant models provide accessible means to 

mimic the in vivo situation, as three-dimensional structure and normal cell-cell contacts 

are maintained. Thus, the in vitro explant model of the upper respiratory tract would be 

a useful tool in the research of these respiratory pathogens. Lin et al. (2001) cultivated 

tracheal explants with intact cartilage in plastic culture dishes. In our study, mucosa of 

vestibular intranasal part of the septum, deep intranasal part of the septum, 

nasopharynx and trachea was stripped from underlying tissues and cultivated at an air-

liquid interface on fine-meshed gauze. Furthermore, an equine explant model of nasal 

turbinate, guttural pouch and trachea has been described by Hamilton et al. (2006). 

However, explants were only maintained for 24 h while we attempted to maintain them 

for 96 h. 

The aim of this study was to set up an in vitro explant model of different tissues in the 

respiratory tract of the horse. Vestibular and deep intranasal part of the septum, 

nasopharynx and trachea were selected as tissues, as they possess different epithelial 

cell types and thus, are representatives for the whole upper respiratory tract of the 

horse. Respiratory tract-associated lymphoid tissues were not included separately. 

However, the nasopharyngeal tonsil was a part of the nasopharyngeal explants. The 

respiratory mucosal explants were placed on gauze and maintained in culture for 96 h at 

an air-liquid interface. An extensive morphometric and viability analysis was performed 

on the explants, using light microscopy, scanning electron microscopy, transmission 

electron microscopy and fluorescence microscopy. 
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3.3 MATERIALS AND METHODS 

 

3.3.1 Collection and cultivation of the tissue explants 

 

Respiratory tissues of three different horses were collected at slaughter. The horses 

were 4, 6 and 7 years old. Two male animals and one female animal were included. 

Immediately after slaughter, the head was removed from the carcass and longitudinally 

sawn into 2 equal sections. Tissue from the vestibular and deep intranasal part of the 

septum, the nasopharynx and the trachea were collected from each horse. Tissues were 

transported in phosphate-buffered saline (PBS), supplemented with 1 µg/mL gentamicin 

(Invitrogen), 1 mg/mL streptomycin (Certa), 1000 U/mL penicillin (Continental Pharma), 

1 mg/mL kanamycin (Sigma) and 5 µg/mL fungizone (Bristol-Myers Squibb), on ice to the 

laboratory. Mucosal explants were stripped from the surface of the different tissues by 

use of surgical blades (Swann-Morton). The stripped mucosa of each tissue was divided 

into equal explants of 0.5 cm2 and placed epithelium upwards on fine-meshed gauze for 

culture at an air-liquid interface. The explants were cultured in serum-free medium (50% 

Roswell Park Memorial Institute (RPMI, Invitrogen)/50% Dulbecco’s Modified Eagle 

Medium (DMEM, Invitrogen) supplemented with 0.3 mg/mL glutamine (BDM 

Biochemical), 1 µg/mL gentamycin (Invitrogen), 0.1 mg/mL streptomycin (Certa) and 100 

U/mL penicillin (Continental Pharma)). Serum-free medium was used as the use of foetal 

calf serum resulted in enlarged epithelial cells, loss of cell-cell contacts and a loose 

epithelium in porcine mucosal explants (Glorieux et al., 2007). Only a thin film of 

medium covered the explants, thereby mimicking the air-liquid interface found in the 

respiratory tract of the living animal. Explants were maintained at 37°C and 5% CO2. 

 

3.3.2 Ciliary beating 

 

Ciliary beating of the tracheal explants and explants of the deep intranasal part of the 

septum was checked on a daily basis. The explants, placed on gauze in 6-well culture 
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plates, were examined using an Olympus CK40 light microscope. The ciliated surface of 

the explants was checked for continuous beating of the cilia at magnification 20 x. 

 

3.3.3 Morphometric analysis 

 

For each horse, three explants of each of the 4 collected tissues (vestibular intranasal 

part of septum, deep intranasal part of septum, nasopharynx, trachea) were collected at 

0, 24, 48, 72 and 96 h of cultivation. One explant was evaluated by light microscopy, the 

second by scanning electron microscopy, and the third explant by transmission electron 

microscopy. 

 

Light Microscopy 

After collection, the explants were fixed for 24 h in a phosphate-buffered 3.5% 

formaldehyde solution. An automated system was used for further processing and 

paraffin embedding of the samples (Shandon Citadel Tissue Processor). Subsequently, 8 

µm paraffin sections were cut, deparaffinised in xylene, rehydrated in descending grades 

of alcohol, stained, dehydrated in ascending grades of alcohol and xylene and mounted 

with DPX (DPX mountant; BDH Laboratory Supplies). 

 

A haematoxylin-eosin staining was used to evaluate the effect of in vitro culture on the 

epithelial morphometry by measuring the epithelial thickness. The epithelial thickness in 

each sample was measured in five randomly chosen places in five randomly chosen 

fields, using the Soft Imaging System analySIS® software (Olympus). 

The collagen type III reticular fibers of the lamina reticularis of the basement membrane 

were visualized using a reticulin staining (Bradbury et al., 1977a). The thickness of the 

lamina reticularis was measured from five randomly chosen places in five randomly 

chosen fields for each sample, using the Soft Imaging System GmbH analySIS® software.  

The integrity of the underlying connective tissue was analyzed using a van Gieson 

staining. This staining is used to differentiate between muscular tissue and connective 

tissue and stains all types of collagen (Bradbury et al., 1977b). Relative amounts of nuclei 

and collagen were calculated in a defined region of interest (roi) from five randomly 
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chosen fields for each sample, using the Soft Imaging System GmbH analySIS® software. 

All samples were analyzed at magnification 40 x with an Olympus BX61 light microscope. 

 

Scanning electron microscopy 

After collection, the explants for scanning electron microscopy were pre-fixed in a 

HEPES-buffered 2% paraformaldehyde-2.5% glutaraldehyde solution for 24 h. Post-

fixation took place in an un-buffered 1% osmium tetroxide solution for 2 h, followed by 

dehydration in ascending grades of alcohol. Hereafter, the specimens were critical point 

dried with CO2 (CDP 030, Balzers, Sercolab), mounted on metal stubs, platinum-coated 

(JFC-1300 autofine coater, Jeol) and examined by a Jeol JSM 5600 LV scanning electron 

microscope (Jeol). The integrity of the epithelium as well as the number of ciliary cells 

versus the number of non-ciliary cells in the epithelium were observed (Kumar et al., 

2000), using a 3000 x magnification. For each sample, 5 randomly chosen fields of 40 

cells were counted. 

 

Transmission electron microscopy 

Samples for transmission electron microscopy were fixed overnight in Karnovsky’s 

(1965) fixative (2% paraformaldehyde and 2.5% glutaraldehyde in 0.2 M sodium 

cacodylate buffer (pH 7.4)) at 4°C. Subsequently, the samples were rinsed to 0.1 M 

sodium cacodylate buffer (pH 7.4) for 8 h and underwent an overnight post-fixation in 

2% osmium tetroxide at 4°C. This was followed by dehydration of the samples in 

ascending grades of alcohol, infiltration during 2 days in low viscosity embedding (LVR) 

medium (Agar Scientific) and embedding in LVR. Ultrathin sections were cut with a 

diamond knife on an Ultramicrotome Ultracut S (Leica). The sections were stained using 

a Leica EM stain, and thereafter analyzed on a JEM-1010 transmission electron 

microscope (Jeol) operating at 60 kV. 
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3.3.4 Analysis of viability 

 

The In Situ Cell Death Detection Kit (Fluorescein) (Roche) was used to determine DNA 

fragmentation. Terminal deoxynucleotidyl transferase mediated dUTP Nick End Labelling 

(TUNEL) is a common method for detecting DNA fragmentation resulting from apoptotic 

signalling cascades. The TUNEL reaction was performed according to the manufacturer’s 

instructions. TUNEL-positive cells were counted from five randomly chosen fields of 100 

cells in epithelium as well as in underlying connective tissue. A fluorescence microscope 

(Leica DM RBE microscope, Leica Microsystems) was used to analyze all samples. 

 

3.3.5 Statistical analysis 

 

The data were processed by the SPSS software (SPSS) for analysis of variance (ANOVA). 

The data are presented as means + standard deviations of triplicate independent 

experiments. Results with P values of  ≤ 0.05 were considered significant. 

 

3.4 RESULTS 

 

3.4.1 Ciliary beating 

 

The ciliary beating of explants of deep intranasal part of the septum and trachea 

continued until at least 96 h after collection of samples (end of study). 
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3.4.2 Viability of the tissue explants 

 

Table 1 shows the effect of the cultivation time on the viability of the explants. For none 

of the explants, a significant increase was found in the number of TUNEL-positive cells in 

the epithelium of all explants over the period of cultivation. The maximum percentage of 

TUNEL-positive cells in the epithelium was 1.1 ± 0.2 %. In the underlying connective 

tissue, the percentage of TUNEL-positive cells ranged from 0.4 ± 0.1 % to 7.1 ± 5.6 % 

between 0 h and 96 hpi. 

 

Table I. Occurrence of apoptosis in the epithelium and lamina propria in equine explants of 
vestibulum and deep intranasal part of the septum, nasopharynx and trachea 
 

 % of TUNEL-positive cells at … h of cultivation 

0 24 48 72 96 

Vestibular part of 

septum 

epithelium 

lamina propria 

0.0 ± 0.0 

0.5 ± 0.4 

0.2 ± 0.1 

1.1 ± 0.8 

0.2 ± 0.1 

3.3 ± 1.5 

0.3 ± 0.0 

4.1 ± 1.5 

0.3 ± 0.1 

4.6 ± 2.6 

 

Deep intranasal 

part of septum 

epithelium 

lamina propria 

0.1 ± 0.0 

0.7 ± 0.3 

0.4 ± 0.1 

1.4 ± 0.5 

0.5 ± 0.2 

2.9 ± 1.1 

1.1 ± 0.2 

4.0 ± 2.7 

1.0 ± 0.4 

6.7 ± 3.1 

       

Nasopharynx epithelium 

lamina propria 

0.2 ± 0.1 

0.6 ± 0.4 

0.2 ± 0.2 

3.1 ± 2.6 

0.5 ± 0.2 

4.0 ± 2.2 

0.9 ± 0.1 

4.7 ± 3.6 

1.0 ± 0.3 

7.1 ± 5.6 

       

Trachea epithelium 

lamina propria 

0.0 ± 0.0 

0.4 ± 0.1 

0.4 ± 0.1 

0.9 ± 0.6 

0.7 ± 0.3 

1.6 ± 0.9 

0.7 ± 0.0 

2.5 ± 1.2 

0.8 ± 0.1 

4.3 ± 3.4 
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3.4.3 Epithelial morphometry 

 

Light Microscopy 

No significant changes in epithelial thickness were observed in any of the explants over 

the entire period of in vitro cultivation (Figure 1a, Figure 2a-b-c). 

 

 

Figure 1. Epithelial thickness (a), thickness of the lamina reticularis (b), percentages of collagen 
within a region of interest (c) and percentages of nuclei within a region of interest (d) in explants 
of vestibulum of nasal septum, pars respiratoria of nasal septum, nasopharynx and trachea at 
different time points during cultivation. Data are represented as means + SD (error bars). 
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Figure 2. Light photomicrographs of equine explants of nasopharynx at 0 h, 48 h and 96 h of in 
vitro cultivation. Photomicrographs of the nasopharyx were used as representative micrographs 
for all tissues. Eight-micron-sections were stained with haematoxylin-eosin (a-c) for evaluation of 
the epithelial thickness (indicated by arrow). A reticulin staining (d-f) was performed to measure 
the thickness of the lamina reticularis (indicated by arrowhead). A van Gieson staining (g-i) was 
used to count the relative amounts of collagen and nuclei within a region of interest (roi 
indicated by a rectangle). By setting a threshold, different colors were assigned to respectively 
collagen and nuclei and percentages collagen and nuclei were counted within this roi. 

 

Scanning electron microscopy 

Scanning electron microscopy was used to scan the surface epithelium of the explants, 

thus evaluating the integrity and composition of the epithelium. Representative 

scanning electron micrographs of the nasopharynx (representative of the ciliary tissues) 

and the vestibular intranasal part of the septum (non-ciliary tissue) at 0, 48 and 96 h of 

cultivation are shown in Figure 3a,b,c and 3d,e,f, respectively. The percentages of ciliary 

cells and non-ciliary cells with microvilli are shown in Figure 4a,b. No significant changes 

in epithelial integrity were observed during the cultivation period for all the explants. 

Furthermore, the percentages of the different cell types did not significantly change as a 

result of in vitro culture. A small decrease in number of cilia was seen during cultivation 

in the ciliated epithelium of trachea and deep intranasal part of the septum, but the 

epithelium remained mostly covered in cilia up till 96 h of cultivation. 
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Figure 3. Scanning electron micrographs of ciliary epithelium (nasopharynx, above) at 0 h (a), 48 
h (b) and 96 h (c) of in vitro cultivation and scanning electron micrographs of non-ciliary 
epithelium (vestibulum of nasal septum, below) at 0 h (d), 48 h (e) and 96 h (f) of in vitro 
cultivation. Photomicrographs of the nasopharyx were used as representative micrographs of all 
ciliary tissues (pars respiratoria of nasal septum, nasopharynx, trachea). Photomicrographs of 
the vestibulum of the nasal septum were used as representative micrographs for the non-ciliary 
tissues (vestibulum of nasal septum). 
 

 

Figure 4. Percentage of ciliary cells (a) and percentage of non-ciliary cells (b) at 0 h, 24 h, 48 h, 72 
h and 96 h after sampling in explants of vestibulum of nasal septum, pars respiratoria of nasal 
septum, nasopharynx and trachea. Data are represented as means + SD (error bars). 
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Transmission electron microscopy 

Transmission electron microscopy was used to evaluate the integrity of the epithelium. 

Intercellular spaces were seen between the basal cells in the epithelium at all collected 

time points and for the different tissue explants. The apical epithelial cells were adjacent 

at 0, 24 and 48 h of cultivation. At 72 h of cultivation, intercellular spaces were also 

appearing between apical cells. Images of these epithelial cellular contacts are shown in 

Figure 5a,b,c. 

 

 

Figure 5. Representative transmission electron micrographs of the close cell-cell contacts 
between apical cells (white arrows) and the intercellular spaces between basal cells (black 
arrows). (a) represents an overview of equine epithelium of nasopharynx, (b) and (c) illustrate 
apical cells and basal cells respectively. 

 

3.4.4 Basement membrane morphometry 

 

Light Microscopy 

No significant changes in thickness of lamina reticularis were observed in any of the 

explants during the in vitro culture period (Figure 1b, Figure 2d,e,f). 

 

Transmission electron microscopy 

Transmission electron microscopy was used to evaluate the integrity of lamina densa of 

the basement membrane. No significant changes in thickness of lamina densa were 

observed in any of the explants during the cultivation period (Figure 6a,b,c). 
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Figure 6. Transmission electron micrographs of equine respiratory explants of nasopharynx at 0 h 
(a), 48 h (b) and 96 h (c) of in vitro cultivation. Arrows indicate the lamina densa between the 
epithelium and underlying lamina propria. Photomicrographs of the nasopharyx were used as 
representative micrographs for all tissues. 

 

3.4.5 Morphometry of the lamina propria 

 

A van Gieson staining was used to observe the composition of underlying connective 

tissue. No significant changes in relative amounts of nuclei and collagen were observed 

during the cultivation period of explants of vestibular and deep intranasal part of the 

septum, nasopharynx and trachea (Figure 1c,d, Figure 2g,h,i). 

 

3.5 DISCUSSION 

 

The respiratory tract of the horse plays an important role in many infectious and non-

infectious diseases. The study of these diseases in horses however, is difficult for many 

reasons. Purchase and maintenance costs are high and suitable experimental horses are 

hard to obtain. Furthermore, various ethical questions arise concerning the use of 

horses as experimental animals. Horses are seen by many as companion animals, not 

experimental animals. Therefore, it would be useful to have an in vitro model, to obtain 

more detailed information on the upper respiratory tract of the horse and to study the 

mechanisms behind respiratory diseases. The explant model is an ideal tool to mimic the 

in vivo situation, as normal cell-cell contacts and three-dimensional structures of the 

tissue are maintained. Explant models of respiratory tissue have already been described 
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for humans (Schierhorn et al., 1995; Ali et al., 1996; Jackson et al., 1996; Jang et al., 

2005), rats (Fanucchi et al., 1999), dogs (Anderton et al., 2004) and pigs (Pol, 1990; 

Glorieux et al., 2007). The cultivation of equine respiratory tissues has been described by 

Lin et al. (2001) and Hamilton et al. (2006). Lin et al. (2001) placed tracheal rafts with 

intact cartilage in plastic culture dishes on a gyrorotary platform to keep epithelial 

surfaces moist and to supply necessary aeration. The tracheal explants remained 

morphologically normal for 48 h in culture. In our study, mucosa of tracheal explants 

was stripped from the underlying cartilage and cultivated at an air-liquid interface on 

fine-meshed gauze. Besides tracheal explants, explants of vestibular intranasal part of 

the septum, deep intranasal part of the septum and nasopharynx were also cultivated. 

Hamilton et al. (2006) used tissues of nasal turbinate, guttural pouch and trachea. These 

were placed at an air-liquid interface on agarose platforms in 6-well culture plates. A 

morphometric and viability analysis was performed on the explants, but explants were 

only maintained in culture for 24 h.  

In this study, an in vitro model of mucosal explants representing the total upper 

respiratory tract of the horse was set up. Therefore, four different tissues in the 

respiratory tract were taken into account: vestibular and deep intranasal part of the 

septum, nasopharynx and trachea. The palatine and lingual tonsils of the horse were 

originally included in the in vitro model as representatives of respiratory tract-associated 

lymphoid tissue. These tissues were difficult to maintain in culture due to their thick and 

keratinized epithelium and therefore no longer used in the in vitro model. However, 

lymphatic nodules and diffuse lymphatic tissue were found in explants of nasopharynx 

and are part of the nasopharyngeal tonsil of the horse. Thus, the nasopharynx contains 

both respiratory mucosa and respiratory tract-associated lymphoid tissue. To ensure the 

integrity and viability of the explants, a morphometric analysis of epithelium, basement 

membrane and connective tissue and a TUNEL-staining were performed at 0, 24, 48, 72 

and 96 h of cultivation. Light microscopy, scanning electron microscopy, transmission 

electron microscopy and the TUNEL-reaction showed no degenerative changes in the 

epithelium of all tissues. The ciliated epithelium of trachea and deep intranasal part of 

the septum did show a small decrease in number of cilia during cultivation, but the 

epithelium remained mostly covered in cilia up till 96 h of cultivation. Transmission 

electron microscopy showed intercellular spaces between the basal epithelial cells, 
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while the apical cells were adjacent. At 72 h post sampling, the apical cells also showed 

few intercellular spaces. This could be caused by a decreased strength of cell-cell 

contacts at certain areas in the explant. The same pattern was seen in porcine 

respiratory nasal mucosal explants (Glorieux et al., 2007). An important issue concerning 

the in vitro model is the viability of the explants during cultivation. Lin et al. (2001) 

demonstrated in their study that the tracheal explants remained morphologically normal 

for up to 48 h in culture. In our study, viability of all explants was evaluated during the 

96 h cultivation period using a TUNEL staining. The percentage of TUNEL-positive cells in 

the epithelium remained below 1.0 ± 0.4 %. Light microscopy and transmission electron 

microscopy were used to evaluate the integrity of the basement membrane. A reticulin 

staining showed a similar thickness of the lamina reticularis throughout the cultivation 

period. Transmission electron microscopy showed a continuity of the lamina densa up 

till 96 h of cultivation. The relative amounts of nuclei and collagen in the connective 

tissue of the explants, visualized by a van Gieson staining, remained similar during 

cultivation. 

Equine explants of all collected regions of the respiratory tract can be maintained in 

culture for 96 h without significant changes in morphometry and viability. In the future, 

this model can be used for the study of non-infectious and infectious respiratory 

diseases of the horse, and for physiological and pathological studies of equine 

respiratory mucosa. Furthermore, the model can be useful for studying certain drugs, 

such as antiviral drugs (B. Garré, PhD thesis). A great advantage of these models is the 

drastic reduction of the number of experimental animals. Finally, all knowledge of the 

respiratory explant model could be used to set up similar models for other animals and 

man.  
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4.1 ABSTRACT 

 

Equine herpesvirus 1 (EHV-1) is the causative agent of equine herpes 

myeloencephalopathy (EHM), of which outbreaks are reported with increasing 

frequency throughout North America and Europe. This has resulted in its classification as 

a potentially emerging disease by the USDA. Recently, it was found that a single 

nucleotide polymorphism (SNP) in the viral DNA polymerase gene (ORF30) at amino acid 

(aa) position 752 (N to D) is associated with neurovirulent potential of EHV-1. In the 

present study, we inoculated equine respiratory mucosal explants with several Belgian 

isolates typed in their ORF30 as D or N, to evaluate a possible difference of replication at 

the upper respiratory tract. In addition, to evaluate whether any observed differences 

could be attributed to the SNP associated with neurovirulence, we repeated 

experiments with parental Ab4 (reference neurovirulent strain), parental NY03 

(reference non-neurovirulent strain) and their D752/N752 mutant and revertant 

recombinant viruses. Our salient findings are that EHV-1 spreads plaquewise in the 

epithelium, but plaques never cross the basement membrane (BM). However, single 

EHV-1-infected cells could be observed below the BM at 36 hpi for all N752 isolates and at 

24 hpi for all D752 isolates, and were identified as monocytic cells and T lymphocytes. 

Interestingly, the number of infected cells was 2 to 5 times higher for D752 isolates 

compared to N752 isolates at every time point analyzed. Finally, this study shows that 

equine respiratory explants are a valuable and reproducible model to study EHV-1 

neurovirulence in vitro, thereby reducing the need of horses as experimental animals. 

 

4.2 INTRODUCTION 

 

Equine herpesvirus 1 (EHV-1) is an ubiquitous respiratory viral pathogen, which causes 

serious economic losses in the horse industry worldwide (Allen & Bryans, 1986; Bryans & 

Allen, 1989; Brosnahan & Osterrieder, 2009). EHV-1 exerts its impact by causing 

respiratory tract disease, but it can also cause abortion, neonatal foal death and nervous 

system disorders (Patel & Heldens, 2005; Lunn et al., 2009). The mucosa of the upper 
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airway tract is the first line of defense against respiratory diseases (Timoney, 2004). It is 

also the primary replication site of EHV-1, as it is for most alphaherpesviruses (Kydd et 

al., 1994a; van Maanen, 2002; van Maanen & Cullinane, 2002; Gryspeerdt et al., 2010). 

Subsequently, the virus disseminates via a leukocyte-associated viremia which enables 

EHV-1 to reach end-vessel endothelia in the uterus and central nervous system (Allen & 

Bryans, 1986; Kydd et al, 1994b). In these organ systems, viral replication can result in 

vasculitis and perivasculitis, ultimately resulting in abortion and myeloencephalopathy 

respectively. Devastating outbreaks of equine herpes myeloencephalopathy (EHM) are 

reported with increasing frequency throughout North America and Europe (Kohn et al., 

2006; Perkins et al., 2009; Pusterla et al., 2009), resulting in its classification as a 

potentially emerging disease by the United States Department of Agriculture’s Animal 

and Plant Health Inspection Service (USDA APHIS, 2007). 

Recently, it was shown by Nugent et al. (2006) that a single nucleotide polymorphism 

(SNP) in the catalytic subunit of the viral DNA polymerase (pol), causing a substitution of 

asparagine (N) by aspartic acid (D) at amino acid position 752, is significantly associated 

with the neurovirulent potential of naturally occurring strains. The causal relationship 

between this SNP in the EHV-1 pol and neuropathogenicity in the horse was further 

confirmed through targeted mutagenesis of this single nucleotide in the genome of EHV 

(Goodman et al., 2007; Van de Walle et al., 2009). Unfortunately, to date, studies to 

compare neurovirulent and non-neurovirulent EHV-1 isolates can solely be done in the 

natural host, the horse. The murine model of EHV-1 infection is a valuable model to 

study EHV-1 in vivo (Awan et al., 1990; Van Woensel et al., 1995; Galosi et al., 2004), 

however, it cannot be used to study EHV-1 neuropathogenicity (Goodman et al., 2007). 

To compare growth kinetics of neurovirulent and non-neurovirulent EHV-1 strains, an in 

vitro model of mouse cerebral cortex cells has been described, but no convincing 

correlation between the D/N difference in ORF30 and replication efficiency in murine 

neurons was observed (Yamada et al., 2008). Consequently, there is a huge need for 

alternative models to study EHV-1 neuropathogenicity to minimize the necessity of using 

horses as experimental animals. Previously, we successfully established an in vitro model 

of equine respiratory mucosal explants (Vandekerckhove et al., 2009). Such explant 

models provide accessible means to mimic the in vivo situation, as three-dimensional 

structure and normal cell-cell contacts are maintained (Glorieux et al., 2007; 
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Vandekerckhove et al., 2009). Hence, in vitro equine respiratory mucosal explants might 

not only provide a good alternative to reduce the number of in vivo horse experiments, 

but could also be a useful tool to obtain more detailed information on the invasion 

mechanisms of EHV-1 in general and the difference between neurovirulent and non-

neurovirulent isolates in specific.  

Therefore, the aim of the present study was to unravel the invasion mechanisms and 

kinetics of EHV-1 in the equine respiratory mucosal explant model. In addition, several 

non-neurovirulent (N752) and neurovirulent (D752) EHV-1 isolates were tested in this 

explant model to evaluate its potential to discriminate between isolates, evaluate their 

effect on leukocytes and ultimately contribute to an improved characterization of the 

pathogenesis of EHV-1 neurological disease. 

 

4.3 MATERIALS AND METHODS 

 

4.3.1 Donor horses 

 

Material from slaughter horses was used to obtain nasal explants. All horses were 

between 4 and 7 years old, based on inspection of the dental incisive architecture 

(Muylle et al., 1996), and inspected for nasal/ocular discharge and lung pathology. A 

complement-dependent seroneutralization (SN)-test was performed on the serum of all 

horses and EHV-specific antibody titres ranged between 4 and 64. 

 

4.3.2 Cultivation of the nasal explants 

 

The cultivation of nasal explants was performed exactly as previously described 

(Vandekerckhove et al., 2009). In brief, immediately after slaughter, the head was 

removed from the carcass and longitudinally sawn into 2 equal sections. Tissue from the 

deep intranasal part of the septum and the nasopharynx was collected. The tissues were 

transported on ice in phosphate-buffered saline (PBS), supplemented with 1 µg/mL 
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gentamycin, 1 mg/mL streptomycin, 1000 U/mL penicillin, 1 mg/mL kanamycin and 5 

µg/mL fungizone, to the laboratory. Mucosal explants were stripped from the surface of 

the different tissues by use of surgical blades (Swann-Morton). The stripped mucosa of 

each tissue was divided into equal explants of 25 mm² and placed epithelium upwards 

on fine-meshed gauze for culture at an air-liquid interface. Only a thin film of serum-free 

medium (50% Roswell Park Memorial Institute medium (RPMI, Invitrogen)/50% 

Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) supplemented with 0.3 mg/mL 

glutamine (BHD Biochemical), 1 µg/mL gentamycin (Invitrogen), 0.1 mg/mL streptomycin 

(Certa) and 100 U/mL penicillin (Continental Pharma)) covered the explants, thereby 

mimicking the air/liquid interface found in the respiratory tract of the living animal. 

Explants were maintained at 37°C in an atmosphere containing 5% CO2. 

 

4.3.3 Virus 

 

Different Belgian EHV-1 strains were included in this study and were genotyped in the 

ORF30 region by the Animal Health Trust in the United Kingdom (Nugent et al., 2006). 

The isolates 94P247 and 97P70 were isolated from the lungs of aborted fetuses in 1994 

and 1997 respectively, and typed as non-neurovirulent. The isolates 97P82, 99P136 and 

03P37 were isolated from the peripheral blood mononuclear cells (PBMC) of paralytic 

horses in 1997, 1999 and 2003 respectively, and typed as neurovirulent. Parental Ab4 

(reference neurovirulent strain, containing D752 at amino acid (aa) position 752), N752 

mutant (strain with mutation in ORF30 at aa position 752, substituting D752 to N752) and 

D752 revertant (substitution from N752 to D752 at aa position 752) recombinant viruses 

and parental NY03 (reference non-neurovirulent strain, containing N752 at amino acid 

(aa) position 752), D752 mutant (strain with mutation in ORF30 at aa position 752, 

substituting N752 to D752) and N752 revertant (substitution from D752 to N752 at aa position 

752) recombinant viruses were also included in this study (Goodman et al., 2007; Van de 

Walle et al., 2009).  

All virus stocks used for inoculation were at the 6th passage, 2 passages in rabbit kidney 

(RK13) cells and 4 subsequent passages in equine embryonic lung (EEL) cells. In addition, 
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all virus stocks used for inoculation were sequenced in their ORF30 region to confirm the 

correct genotype (data not shown). 

 

4.3.4 Inoculation of the nasal explants 

 

All explants were inoculated after 24 h of culture. Inoculation took place by immersion 

of the explant in 1 ml of inoculum, containing 106.5 TCID50 of EHV-1 for 1 h at 37°C and 

5% CO2. After incubation, explants were washed twice with warm medium and 

transferred back to their gauze. At several time points post inoculation (pi), explants 

were collected, embedded in methylcellulosemedium (Methocel® MC, Sigma-Aldrich, 

St.Louis) and frozen at -70°C. 

In the first experiment, 6 individual slaughter horses were divided into two groups. Nasal 

and nasopharyngeal explants of the three individual horses from the first group were 

inoculated with the D752 isolate 03P37, while nasal and nasopharyngeal explants of the 

other 3 horses were inoculated with the N752 isolate 97P70. Of each animal, one explant 

was examined at each collected time point (0, 12, 24, 36, 48 and 72 hpi). 

In the second and third experiment, nasal explants of three horses were collected. Of 

each horse, several explants were made and inoculated with different EHV-1 isolates 

(94P247, 97P70, 97P82, 99P136, 03P37, parental Ab4, mutant Ab4, revertant Ab4, 

parental NY03, mutant NY03, revertant NY03) and collected at different time points pi 

(0, 24 and 48 hpi). 

 

4.3.5 Plaque analysis and penetration of virus plaques through basement 

membrane 

 

At 0, 12, 24, 36, 48 and 72 hpi, one hundred consecutive cryosections of 16 µm were 

made of the frozen explants and the cryosections were fixed in methanol for 20 min (-

20°C, 100%). Subsequently, the basement membrane (BM) of the tissues was stained 

with monoclonal mouse anti-collagen VII antibodies (Sigma-Aldrich, St.Louis), followed 

by secondary Texas Red®-labeled goat anti-mouse antibodies (Molecular Probes, 
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Eugene). In a second step, viral proteins were stained by incubation with biotinylated 

equine polyclonal anti-EHV-1 IgG (van der Meulen et al., 2003), followed by streptavidin-

FITC® (Molecular Probes, Eugene). Antibodies were incubated for 1 h at 37°C and 5% 

CO2. Finally, cryosections were washed three times in PBS and mounted with glycerin-

DABCO (Janssen Chimica). All stainings were analyzed with a confocal laser scanning 

microscope (Leica TCS SP2 laser scanning spectral confocal system, Leica Microsystems 

GmbH, Wetzlar) and the Leica confocal software. To reproducibly analyze the replication 

characteristics of several EHV-1 isolates, we used a system set up by Glorieux et al. 

(2009). Briefly, penetration of the virus through the BM was inspected and virus plaque 

latitudes and plaque volumes were measured in one hundred consecutive cryosections 

using the ImageJ 1.28 software that is freely available from the National Institutes of 

Mental Health webpage (http://rsb.info.nih.gov/ij/docs/intro.html). For each 

cryosection, a stack of z-series was made. Z-series were defined as series of images in 

the axis perpendicular to the image plane, so in the depth of the tissue. Hereafter, 

voxels (defined as a volume element that represents a value in three dimensional space) 

positive for FITC fluorescence were counted. To cover an entire plaque, different 

cryosections were combined. Finally, the total number of voxels was multiplied by voxel 

volume to obtain plaque volume. Plaque latitude was measured by means of the line 

tool in ImageJ. 

 

4.3.6 Quantification and characterization of individual infected cells  

 

Immunofluorescent double stainings were used to quantify and characterize individual 

infected cells below the BM. At different time points pi, one hundred cryosections of 16 

µm were made and fixed in methanol for 20 min (-20°C, 100%). Twenty cryosections 

were stained for each cell surface marker separately. In a first step, the monoclonal 

antibodies (mAbs) HT23A, HB61A, 73/6.9.1, DH59B or 1.9/3.2 (VMRD Inc., Pullman) 

were used as markers for CD5+ T lymphocytes (pan equine T lymphocyte marker), CD4+ T 

lymphocytes (helper T lymphocytes), CD8+ T lymphocytes (cytotoxic T lymphocytes), 

CD172a+ cells from the monocyte lineage (CML) or B lymphocytes (IgM+) respectively. As 

controls, (i) stainings were performed on uninfected tissue and (ii) corresponding 
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isotype control antibodies were included. Subsequently, cryosections were incubated 

with secondary Texas Red®-labeled goat anti-mouse antibodies. In a second step, all 

cryosections were stained for viral proteins by incubation of biotinylated equine 

polyclonal anti-EHV-1 IgG (van der Meulen, 2003), followed by streptavidin-FITC®. In 

general, antibodies were incubated for 1 h at 37°C and 5% CO2. Finally, cryosections 

were washed three times in PBS and mounted with glycerin-DABCO. The number of 

individual infected cells below the BM, as well as their identity were determined by 

confocal laser scanning microscopy. Therefore, two defined regions of interest (roi) were 

taken into account in the cryosections: one region with a plaque situated in the 

epithelium and one region without a plaque in the epithelium (Figure 2a). These regions 

were subsequently subdivided into 3 regions: regions A, B, C for the regions below a 

plaque and D, E, F for the regions without a plaque.  

 

4.3.7 Statistical analysis 

 

Data were analyzed by the mixed model with horse as random effect and strain, time 

and their interaction as categorical effects (SAS Version 9.2, SAS Corporation, Cary). F-

tests were performed at the 5% global significance level. P-values for pairwise 

comparisons between the strains were adjusted for multiple comparisons by Tukey’s 

method. The data were presented as means + standard deviations. 

 

4.4 RESULTS 

 

4.4.1 Evaluation of EHV-1 replication in equine respiratory nasal mucosal 

explants 

 

Nasal and nasopharyngeal explants of three individual horses were inoculated with the 

D752 isolate 03P37, while nasal and nasopharyngeal explants of 3 other horses were 
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inoculated with the N752 isolate 97P70. Of each animal, one explant was examined at 

each collected time point (0, 12, 24, 36, 48 and 72 hpi). 

For both isolates, single infected cells in the epithelium were visible at 12 hours pi which 

mainly consisted of epithelial cells with rarely an infected macrophage or CD5+ T 

lymphocyte (data not shown). For both strains, EHV-1-induced epithelial plaques were 

observed from 24 hpi onwards. The number of plaques increased over time, especially 

between 36 hpi and 48 hpi, but without any significant difference between the strains 

(Figure 1a). In addition, EHV-1-induced epithelial plaques increased in both volume and 

latitude over time, with a significant increase between 36 hpi and 48 hpi (P < 0.0001 for 

both 03P37 and 97P70, Figure 1b-c). At 48 and 72 hpi, a significant difference in plaque 

volume was observed between 03P37 and 97P70 (Figure 1c). In addition, Representative 

confocal photomicrographs of EHV-1-induced plaques are shown in Figure 2. 

 

Figure 1. Evolution of plaque formation in epithelium of nasal septum explants. Equine 
respiratory mucosal explants were inoculated with the Belgian isolate 97P70 (N752) or 03P37 
(D752). As results were identical upon infection of tissue from nasal septum or from nasopharynx, 
only data from the nasal septum are shown. At 0, 12, 24, 36, 48 and 72 hours post inoculation 
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(hpi), explants were collected and analyzed. One hundred consecutive sections were made and 
several parameters were determined. All data shown represent means + SD of triplicate 
independent experiments and P-values for statistical significance are given for each strain. 
Asterisks indicate statistically significant differences (P ≤ 0.05). The number of plaques was 
determined at 0, 12, 24, 36, 48 and 72 hpi (a). Per horse and per isolate, 100 cryosections were 
analyzed at every time point to count plaques. Plaque latitudes (b) and volumes (c) were always 
measured for 10 plaques at every time point and for every horse. 
 
 

 

Figure 2. Representative confocal photomicrographs illustrating the evolution over time of EHV-
1-induced plaques in the nasal septum (objective 20x) of isolate 03P37 (above) and isolate 97P70 
(below). 

 

Interestingly, EHV-1-induced plaques did not cross the basement membrane (BM) at any 

observed time point pi, but individual EHV-1-infected cells in the connective tissue were 

observed below the BM. Hereby, a difference between these two strains was observed 

when evaluating the time point of BM crossing of the basement membrane via single 

EHV-1-infected cells. For 97P70, a non-neurovirulent (N752) isolate, individual infected 

cells were present below the BM starting from 36 hpi (Table I). EHV-1-infected cells were 

present in all examined regions for both nasal septum and nasopharynx, but were 

mainly situated below EHV-1-induced plaques in the epithelium (Figure 3, Table I, 

regions A and B) and their number increased over time (Table I). On the contrary, for 

03P37, a neurovirulent (D752) EHV-1 isolate, individual infected cells below the BM were 

already present at 24 hpi (Table I).  

  

0h 12h 24h 36h 48h 72h 
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Figure 3. Schematic overview of the structure of the nasal septum and nasopharynx with 
different analyzed regions of interest as described in the Materials and Methods section. 
 
Table I. Quantification of single EHV-1-infected cells in different zones of nasal septum and 
nasopharynx for isolates 97P70 and 03P37. Per time point, 100 sections of the tissues were made 
and the total number of infected cells per zone and per time point were determined. 
 

Isolate Tissue Roi
*
 Number of infected cells present at … hpi

†
 

   0 12 24 36 48 72 

97P70 Septum A 
B 
C 
D 
E 
F 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

36 ± 8 
21 ± 5 
0 ± 0 
6 ± 3 
4 ± 2 
0 ± 0 

157 ± 44 
102 ± 17 

19 ± 4 
20 ± 6 
19 ± 2 
9 ± 1 

233 ± 51 
133 ± 17 
51 ± 12 
37 ± 11 
28 ± 4 
21 ± 7 

Nasopharynx A 
B 
C 
D 
E 
F 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

9 ± 5 
3 ± 1 
0 ± 0 
1 ± 1 
0 ± 0 
0 ± 0 

139 ± 22 
77 ± 17 
33 ± 5 
19 ± 5 
14 ± 2 
6 ± 1 

307 ± 58 
112 ± 24 
53 ± 14 
31 ± 6 
26 ± 3 
16 ± 4 

03P37 Septum A 
B 
C 
D 
E 
F 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

16 ± 10 
12 ± 3 
4 ± 1 
5 ± 1 
4 ± 2 
0 ± 0 

108 ± 37 
26 ± 11 

3 ± 2 
8 ± 6 
3 ± 1 
1 ± 0 

165 ± 31 
111 ± 20 
54 ± 15 
25 ± 8 
23 ± 7 
14 ± 7 

268 ± 44 
207 ± 16 
126 ± 21 
75 ± 18 
41 ± 12 
36 ± 8 

Nasopharynx A 
B 
C 
D 
E 
F 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 
0 ± 0 

29 ± 8 
25 ± 9 
21 ± 5 
5 ± 1 
8 ± 3 
4 ± 1 

19 ± 4 
16 ± 5 
12 ± 2 
9 ± 3 
7 ± 2 
3 ± 1 

152 ± 23 
118 ± 17 

20 ± 4 
19 ± 5 
17 ± 1 
8 ± 3 

246 ± 37 
152 ± 36 
66 ± 20 
27 ± 5 
20 ± 8 
23 ± 3 

*
Roi: region of interest. 

†
hpi: hours post inoculation.  

A

B

C

D

E

F

I

II

III

IV

I: epithelium; II: connective tissue; III: blood vessel;
IV: glands

plaque
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These results indicate a difference between both strains regarding the moment when 

they are able to cross the BM barrier via single EHV-1-infected cells, and could suggest a 

difference in invasion kinetics between neurovirulent and non-neurovirulent strains. 

Furthermore, a difference in leukocyte tropism was also observed between both strains. 

For 97P70, the N752 strain, individual infected cells were equally identified as CD5+ T 

lymphocytes and CD172a+ monocytic cells (Table II). B-cells were present, but were 

rarely infected (Table II). EHV-1-infected CD5+ T lymphocytes were further characterized 

and consisted mainly of CD4+ T lymphocytes, but CD8+ T lymphocytes were also 

susceptible to infection (Table II). For 03P37, the D752 strain, however, the majority of 

individual infected cells was CD172a+ and only a small portion of EHV-1 carrier cells was 

identified as CD5+ T lymphocytes (Table II). Also here, both T lymphocyte subpopulations 

were equally infected with EHV-1 and B lymphocytes were rarely infected (Table II). 

 

Table II. Percentage of marker-positive EHV-1-infected individual cells at several time points post 
inoculation with two Belgian EHV-1 isolates. 

 

EHV-1 

strain 

Time 

point pi* 

(h) 

Percentage of marker-positive EHV-1-infected individual cells in 20 

cryosections / cell marker 

CD172a+ CD5+ CD4+ CD8+ IgM+ 

97P70 24 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

 36 38.6 ± 21.6 19.7 ± 19.5 37.3 ± 17.2 4.3 ± 3.5 0.0 ± 0.0 

 48 26.2 ± 1.3 47.2 ± 11.4 40.5 ± 19.3 24.7 ± 4.8 2.9 ± 1.4 

 72 30.4 ± 9.8 53.9 ± 5.9 50.0 ± 21.9 25.1 ± 7.2 1.9 ± 1.3 

03P37 24 74.1 ± 7.3 12.5 ± 4.4 14.3 ± 7.4 4.9 ± 1.6 0.0 ± 0.0 

 36 70.9 ± 20.0 18.1 ± 16.3 22.8 ± 11.2 12.4 ± 2.4 0.7 ± 1.2 

 48 69.4 ± 6.0 11.0 ± 2.0 13.9 ± 3.5 6.4 ± 3.6 0.8 ± 0.3 

 72 73.4 ± 12.9 14.3 ± 1.2 13.7 ± 6.3 7.7 ± 3.4 0.9 ± 0.6 

*
pi = post inoculation 

 

In conclusion, this experiment indicated a difference in (i) invasion kinetics (time point of 

crossing the BM barrier via single EHV-1-infected cells) and (ii) in cell tropism of the 

infected cells, between 97P70 and 03P37. However, as different horses were used for 
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the inoculation with the two Belgian isolates, an influence of the donor horse and/or 

virus strains on the outcome of the experiment cannot yet be excluded. 

 

4.4.2 Quantification of epithelial plaques and single EHV-1-infected cells of 

different Belgian EHV-1 isolates in respiratory nasal mucosal explants 

derived from the same horse 

 

To substantiate our findings, identical experiments were performed with more Belgian 

D752 and N752 isolates, and this time, all strains were inoculated on explants derived from 

the same horse to exclude any inter-horse variability. 

For the number of plaques, no significant differences were observed between the 

isolates at 24 hpi (Figure 4a). However, at 48 hpi significantly more plaques were 

observed for the isolates 94P247 and 97P70, carrying the N752 SNP, compared to the D752 

isolates (P ≤ 0.05, Figure 4a). This is in contrast to the first experiment, where no 

significant differences in number of plaques were observed between the D752 isolate 

03P37 and the N752 isolate 97P70 at 48 hpi. An explanation for this discrepancy in results 

can be explained by the fact that in the second experiment, these isolates were tested 

on explants from the same horse in contrast to the first experiment, where different 

horses were used to evaluate the two isolates 03P37 and 97P70.  

In line with what was observed in the first experiment, no significant differences were 

observed in plaque latitude between the Belgian D752 and N752 isolates (Figure 4b). Also 

here, a significant increase was observed in plaque latitude between 24 hpi and 48 hpi 

for all isolates (P ≤ 0.05, Figure 4b), with the exception of the D752 isolate 99P136, where 

only a slight increase was observed (Figure 4b). 
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Figure 4. Evolution of plaque formation in epithelium of nasal explants for several Belgian 
neurovirulent and non-neurovirulent EHV-1 isolates. Equine respiratory mucosal explants were 
inoculated with several Belgian neurovirulent isolates (D752) or non-neurovirulent (N752) isolates. 
At 0, 24 and 48 hours post inoculation (hpi), explants were collected. One hundred consecutive 
sections were made and analyzed. All data represent means + SD of triplicate independent 
experiments. D752: isolates with aspartic acid (D) at amino acid position 752 and N752: isolates 
with asparagine (N) at amino acid position 752. Asterisks indicate statistically significant 
differences (P ≤ 0.05). Data carrying a different letter (a or b) are significantly different from one 
another. (a) Number of plaques and (b) plaque latitudes were determined at 24 hpi and 48 hpi. 

 

In the first experiment, a difference in invasion kinetics was observed between the two 

isolates and similar results were obtained in our second experiment. At 24 hpi, single 

infected cells were present in the connective tissue below the BM barrier for all 
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neurovirulent (D752) isolates, in striking contrast to the non-neurovirulent N752 isolates 

where infection was still limited to the epithelium at that time point (Table III). A clear 

difference was observed in the number of single EHV-1-infected cells in the lamina 

propria between the isolates. It was apparent that neurovirulent D752 isolates had a 

larger amount of EHV-1-infected cells in the lamina propria compared to N752 isolates 

(Figure 5). Although these results were similar to what was observed in the first 

experiment, they did not reach significance due to variation between the N752 isolates. 

The vast majority of D752-infected cells belonged to the CD172a+ monocyte lineage (CML) 

and some cells were identified as CD5+ T lymphocytes at that time point (Table III). Also, 

isolate 03P37 infected twice as much immune cells in the lamina propria as compared to 

all other D752 isolates (data not shown). At 48 hpi, single EHV-1-infected cells were 

present in the lamina propria below the BM barrier for all EHV-1 isolates, irrespective of 

their genotype (Table III). In general, individual infected cells were equally identified as 

CD5+ T lymphocytes and CD172a+ CML, irrespective of the D/N genotype (Table III). The 

EHV-1-infected CD5+ T lymphocytes belonged both to CD4+ as well as CD8+ T 

lymphocytes (Table III). In line with what was observed in the first experiment, and in 

striking contrast to the other tested D752 isolates, the most important carrier cells for the 

neurovirulent isolate 03P37 were CD172a+ cells, followed by a smaller portion of 

infected T lymphocytes (Table III).  

 

Figure 5. Total number of single EHV-1-infected cells for different EHV-1 isolates in equine nasal 
explants. For each isolate tested, every tenth section of a serially sectioned block of tissue was 
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collected and one hundred sections were counted in total. Data shown represent means + SD of 
triplicate independent experiments. D752: isolates with aspartic acid (D) at amino acid position 
752 and N752: isolates with asparagine (N) at amino acid position 752.  

 

Table III. Percentage of marker-positive EHV-1-infected individual cells for different Belgian EHV-
1 isolates. 

 

Time 

point pi 

(h) 

SNP* Isolates Percentage of marker-positive EHV-1-infected individual cells 

in 20 cryosections / cell marker 

CD172a+ CD5+ CD4+ CD8+ IgM+ 

24 D 97P82 

99P136 

03P37 

86.1 ± 2.4 

81.1 ± 20 

83 ± 2.9 

4.7 ± 7.2 

0.0 ± 0.0 

9.9 ± 4.4 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

N 94P247 

97P70 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

48 D 97P82 

99P136 

03P37 

45 ± 1.6 

39.9 ± 2.4 

65.5 ± 7.4 

44.8 ± 5.1 

51.1 ± 4.1 

23.1 ± 7.5 

31.1 ± 3 

35.4 ± 19.7 

13.1 ± 4.2 

15.2 ± 3.2 

16 ± 9.5 

11 ± 2.3 

2.4 ± 1.7 

0.0 ± 0.0 

1.8 ± 1.8 

N 94P247 

97P70 

26.8 ± 4 

25.8 ± 1.3 

39.9 ± 1.9 

50.7 ± 14 

25.8 ± 17.8 

43 ± 7.3 

17.9 ± 10.5 

28 ± 6.1 

3.4 ± 0.9 

0.0 ± 0.0 

SNP* = single nucleotide polymorphism at amino acid position 752 

 

Based on this second experiment including more Belgian D752 and N752 isolates, we 

concluded that for the N752 isolates a higher number of epithelial plaques can be found 

and for the D752 isolates, a faster migration through the BM barrier via single EHV-1-

infected cells along with a higher amount of single EHV-1-infected cells below the BM 

barrier. 

 

4.4.3 The SNP in the EHV-1 polymerase is not responsible for the observed 

differences in epithelial plaque number and immune cell tropism, but is 

important for invasion kinetics as well as infection rate of immune cells 

 

Finally, a third experiment was performed to test the hypothesis that the D/N SNP in the 

ORF30 polymerase and the observed differences between the Belgian D752 and N752 
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isolates are linked. To this end, explants from the same horse were inoculated with the 

non-neurovirulent (N752) NY03, the neurovirulent (D752) Ab4 reference strains or their 

respective D/N752 recombinant viruses. These viruses are completely identical in their 

genomic background with the exception of the SNP at position 752 in the ORF30 DNA 

polymerase. 

Both at 24 and 48 hpi, no differences were observed in plaque latitudes between the 

D752 and N752 revertant viruses, but in line with our previous experiments, a significant 

increase in plaque latitude was observed between these two time points pi (data not 

shown). The differences in plaque numbers at 48 hpi, as previously seen between the 

D752 and N752 Belgian isolates (Figure 4), could not be confirmed by using the D/N 

revertant viruses. No significant differences in the number of plaques at 48 hpi were 

observed between the D/N recombinant viruses of both Ab4 (neurovirulent in origin) 

and NY03 (non-neurovirulent in origin) (Figure 6a). This indicates that the differences in 

plaque numbers cannot be attributed to the D/N SNP. 

However, a role of the D/N SNP on invasion kinetics and number of infected immune 

cells could be observed. For parental Ab4, the D752 revertant Ab4 and the D752 mutant 

NY03 virus strains, all typed as neurovirulent, single EHV-1-infected cells were present at 

24 hpi below the BM, whereas for the parental NY03, the N752 revertant NY03 and the 

N752 Ab4 mutant, infected cells were only present starting from 48 hpi (Table IV). 

Interestingly, the strains with the D752 in the ORF30 region (D752 revertant Ab4 and D752 

mutant NY03) showed a significantly higher amount of individual EHV-1-infected cells 

below the BM when compared to the N752 strains (Figure 6b). 
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Figure 6. Replication characteristics of Ab4, NY03 and their recombinant viruses. Equine 
respiratory mucosal explants were inoculated with the N752/D752 recombinant viruses of strain 
Ab4 (reference neurovirulent strain) and strain NY03 (reference non-neurovirulent strain). At 0, 
24 and 48 hours post inoculation (hpi), explants were collected and analyzed. Data shown 
represent means + SD of triplicate independent experiments. Data carrying a different letter (a or 
b) are significantly different from one another. D752: isolates with aspartic acid (D) at amino acid 
position 752 and N752: isolates with asparagine (N) at amino acid position 752. m: recombinant 
mutant virus and r: recombinant revertant virus. (a) Number of plaques in epithelium of nasal 
explants in one hundred consecutive sections. (b) Total amount of individual EHV-1-infected cells 
counted below the BM for every strain at 48 hpi. Every tenth section of a serially sectioned block 
of tissue was collected and one hundred sections were counted in total. 
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Table IV. Percentage of marker-positive EHV-1-infected individual cells for different recombinant 
strains of Ab4 and NY03 

 

Time 

point pi 

(h) 

SNP* Isolates Percentage of marker-positive EHV-1-infected individual cells in 

20 cryosections / cell marker 

CD172a+ CD5+ CD4+ CD8+ IgM+ 

24 D Ab4 84.4 ± 3.9 15.6 ± 3.9 0.0 ± 0.0 10.8 ± 10.4 0.0 ± 0.0 

 Rev† Ab4 79.3 ± 6.9 4.8 ± 8.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

 Mut‡ NY03 76.7 ± 25.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

N NY03 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

 Rev† NY03 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

 Mut‡ Ab4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

48 D Ab4 29 ± 0.9 39.9 ± 1.3 35.3 ± 9.1 18.1 ± 11 0.0 ± 0.0 

 Rev† Ab4 35.5 ± 19.8 31.9 ± 13.8 37.1 ± 11 37.6 ± 14.6 0.3 ± 0.3 

 Mut‡ NY03 34.7 ± 7.3 30.8 ± 1.8 30.8 ± 7.7 16.1 ± 2.9 0.8 ± 0.3 

N NY03 25.3 ± 6 34.9 ± 2.2 31.8 ± 8.7 20.4 ± 1.8 1.7 ± 0.6 

 Rev† NY03 

Mut‡ Ab4 

33.5 ± 1.9 

37.6 ±11.3 

36.3 ± 5.9 

35 ± 15.3 

30.5 ± 7.6 

34 ± 3.6 

17.2 ± 4.9 

22.7 ± 6.5 

2.2 ± 1.4 

0.0 ± 0.0 

SNP* = single nucleotide polymorphism at amino acid position 752, Rev
†
 = revertant strain, Mut

‡
 = strain 

with the mutation in ORF30 

 

 

A difference in leukocyte tropism between 03P37 (D752) and 97P70 (N752), two Belgian 

field isolates, was observed, but such difference was no longer apparent using other 

Belgian D and N field isolates (Table III). Therefore, the leukocyte tropism of the Ab4, 

NY03 and their D/N recombinant viruses was evaluated to undoubtedly determine 

whether the D/N SNP in the catalytic subunit of the viral DNA polymerase could be 

responsible for the exceptional behavior of 03P37 or not. Using the Ab4 and NY03 

recombinant viruses, no difference in leukocyte tropism was observed and individual 

infected cells were equally identified as CD5+ T lymphocytes and CD172a+ cells at 48 hpi 

(Table IV). In addition, the infected T lymphocytes consisted of CD4+ and to a lesser 

extent CD8+ T lymphocytes (Table IV).  
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With this final experiment, we could show that the D/N SNP is not responsible for 

differences in plaque numbers nor for tropism of immune cells. However, the D/N SNP 

appears to be responsible for (i) faster invasion kinetics of D752 strains compared to N752 

strains, and (ii) higher infection rates of infected cells below the BM barrier when EHV-1 

carries the D752 genotype. 

 

4.5 DISCUSSION 

 

In general, respiratory alphaherpesviruses start their pathogenesis in the upper 

respiratory tract where primary replication occurs in epithelial cells and results in upper 

respiratory tract disease. Hereafter, they invade through the basement membrane (BM) 

and the underlying lamina propria, where the virus can reach blood vessels and rapidly 

disseminate in the body via a cell-associated viremia. This enables the virus to reach 

secondary target organs where replication can cause severe symptoms such as abortion 

and nervous system disorders (Sabo et al., 1969; Wyler et al., 1989; Gibson et al., 1992). 

Recently, Glorieux et al. (2007) studied the replication and invasion strategies of 

pseudorabies virus (PRV) (suid herpesvirus 1), a porcine alphaherpesvirus, in porcine 

nasal mucosal explants. With this novel in vitro system it was seen that PRV spreads 

horizontally as well as vertically in a plaquewise manner in the epithelium, and that PRV-

induced plaques penetrated the BM barrier between 12 and 24 hpi (Glorieux et al., 

2009). Importantly, these observations were consistent with previous in vivo 

observations of PRV replication (Pol et al., 1989). In the present study, we studied the 

replication and invasion strategies of equine herpesvirus 1 (EHV-1), a respiratory 

alphaherpesvirus in horses of paramount economical importance, in the recently 

established equine respiratory mucosal explant model (Vandekerckhove et al., 2009). 

Briefly, EHV-1-induced plaques were present in the epithelium starting from 24 hpi and 

showed an increase in plaque latitude over time. In striking contrast to what was 

observed for PRV, the spread of EHV-1-induced plaques was solely lateral. This lateral 

spread in the epithelium was clearly more pronounced for some EHV-1 isolates, but no 

correlation was found with the recently identified single nucleotide polymorphism (SNP) 

in the DNA polymerase of the virus associated with neurovirulent potential (Nugent et 
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al., 2006). In addition, by using the different recombinant viruses Ab4 and NY03 

harbouring the sole D/N point mutation, we observed that there was a difference in 

number of plaques between these two viruses independent of the D/N variant which 

indicates that other virus characteristics beyond ORF30 are important for viral 

replication at the upper respiratory tract. This is in line with what has been observed in 

many other studies (Lunn et al., 2009). As plaques never crossed the BM at any time 

point pi, this implies that the BM functions as an absolute barrier. Remarkably, however, 

single EHV-1-infected cells were observed below the BM in the vicinity of virus-induced 

plaques but destruction of BM by EHV-1-induced plaques was never observed. Hence, 

these results suggest that closely related alphaherpesviruses can use very different ways 

of crossing the BM barrier and invading the respiratory mucosa. Whereas it was 

previously shown that the alphaherpesvirus PRV crosses the BM in an aggressive, 

plaquewise manner (Glorieux et al., 2010), we could show in the present paper that 

EHV-1 penetrates the deeper tissues of the respiratory tract in a more discrete manner, 

using migrating individual cells as Trojan horses. 

When evaluating the invasion mechanisms of different EHV-1 isolates more thoroughly, 

differences were observed depending on the EHV-1 isolate used. An important finding 

was the absence of single EHV-1-infected cells below the BM barrier at 24 hpi for all 

non-neurovirulent EHV-1 isolates, carrying the N752 genotype in their DNA polymerase, 

when compared to neurovirulent, D752 isolates. What the underlying mechanism is for 

this faster breakthrough through the BM barrier of neurovirulent isolates remains to be 

elucidated, but we can state that (i) the D/N752 SNP is important for this phenomena and 

(ii) the time-dependent difference in spread through the BM is not an artefact in our 

system, as similar observations were made in vivo (Gryspeerdt et al., 2010). Indeed, 

single EHV-1-infected cells below the BM were seen starting from 1 day pi for 03P37, a 

neurovirulent D752 isolate, whereas for the non-neurovirulent N752 isolate 97P70, single 

infected cells were observed as early as 2 days pi in this in vivo experiment (Gryspeerdt 

et al., 2009). In our nasal explant system, we observed no differences in cell tropism 

between D752 and N752 isolates and EHV-1-infected cells were equally identified as CD5+ 

T lymphocytes and CD172a+ monocytic cells (CML). One Belgian isolate used in this 

study, the neurovirulent 03P37, was a clear exception with significantly more infected 

CML than CD5+ T lymphocytes. As 03P37 was the most recently isolated strain used in 
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this study (2003), a possible explanation for this observation could be that the leukocyte 

tropism of circulating EHV-1 isolates changes over time. To evaluate this hypothesis, we 

studied the replication kinetics of recent Belgian D752 and N752 isolates from 2009. For 

these recent EHV-1 isolates, CML and CD5+ T lymphocytes were equally infected, 

indicating that the leukocyte tropism had not changed over time (data not shown). 

These results do not indicate that recent EHV-1 strains evolve to another leukocyte 

tropism and as a result, we have as yet no explanation for the unusual leukocyte tropism 

of the Belgian isolate 03P37. Another interesting finding was a 2-fold higher infection of 

CD4+ T lymphocytes when compared to CD8+ T lymphocytes for all EHV-1 isolates 

examined in the present study. CD4+ T lymphocytes and CD8+ T lymphocytes are both 

crucial for the establishment of an efficient cellular immune response. CD4+ T 

lymphocytes assist other leukocytes in processes such as maturation of B cells and 

activation of CD8+ T lymphocytes and macrophages. In association with MHC class I 

molecules, CD8+ T lymphocytes recognize and destroy virus-infected cells. Cellular 

immunity is most important in controlling an EHV-1 infection as neutralizing antibodies 

have been shown to not be fully protective (Kydd et al., 2006). Many factors indicate 

that T lymphocytes play an important role in the clearance of EHV-1 from the horse: (i) 

EHV-1 becomes intracellular within hours post infection and (ii) CD8+ T lymphocytes 

increase in blood and lung after infection (Kydd et al., 2006). Therefore, it is not 

surprising that EHV-1 preferentially infects T lymphocytes as this could allow the virus to 

persist in its host for a longer period of time before being eliminated. 

In general, our findings in the equine nasal mucosal explant system indicate that N752 

strains are more prone to replicate in epithelial cells, whilst D752 strains are superior at 

infecting immune cells. This is evidenced by the higher number of plaques in the 

epithelium upon infection with most N752 strains and their slower invasion kinetics to the 

connective tissue below the BM via infected immune cells. D752 strains, in contrary, have 

a lower amount of epithelial plaques, but cross the BM barrier earlier and with a 

significantly higher amount of infected immune cells. Indeed, we observed that isolates 

with the D752 genotype had significantly more single EHV-1-infected cells below the BM 

than isolates with the N752 genotype, at 48 hpi. This is in agreement with several other 

studies, showing a more robust replication of neurovirulent D752 isolates, as evidenced 
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by a higher level of viremia of infected cells in the blood (Allen & Breathnach, 2006; 

Goodman et al., 2006; Goodman et al., 2007; Allen, 2008; Van de Walle et al., 2009).  

To date, the mouse model is used as a valid in vivo model for studying virological and 

histological aspects of EHV-1-induced disease in the horse (Walker et al., 1999). A big 

concern, however, is the heterologous nature of this animal model which makes it 

sometimes difficult to make valid comparisons and extrapolations to the natural host of 

the virus, the horse (Walker et al., 1999). Our in vitro model is a good representation of 

the in vivo situation in the natural host, as the results obtained in our study were 

virtually identical to the results obtained in a recent in vivo pathogenesis study in horses 

by Gryspeerdt et al. (2010). Moreover, differences in invasion kinetics and infection 

rates between neurovirulent and non-neurovirulent EHV-1 isolates were identified, 

indicating that our in vitro respiratory mucosal explant system is a valuable alternative 

to provide novel information in addition to the currently existing EHV-1 models. 

In conclusion, the equine respiratory explant system can be used for studying the early 

pathogenesis of EHV-1 strains and deletion mutants with known neurovirulence, for 

testing the potential of various vaccines and for investigating the efficacy of antiviral 

drugs on EHV-1 infection at the primary site of replication, the upper respiratory tract. 
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5.1 ABSTRACT 

 

Equine herpesvirus 1 (EHV-1) replicates extensively in the epithelium of the upper 

respiratory tract, after which it can easily spread throughout the body via a cell-

associated viremia in mononuclear leukocytes reaching the pregnant uterus and central 

nervous system. In a previous study, we were able to mimic the in vivo situation in an in 

vitro respiratory mucosal explant system. A plaquewise spread of EHV-1 was observed in 

the epithelial cells, whereas in the connective tissue below the basement membrane 

(BM), EHV-1-infected mononuclear leukocytes were noticed. EHV-4, a close relative of 

EHV-1, can also cause mild respiratory disease, but a cell-associated viremia in 

leukocytes is scarce and secondary symptoms are rarely observed. Based on this 

difference in pathogenicity between these two closely related alphaherpesviruses, we 

aimed to evaluate how EHV-4 behaves in equine mucosal explants. Upon inoculation of 

equine mucosal explants with the EHV-4 strains VLS 829, EQ1 012 and V01-3-13, 

replication of EHV-4 in epithelial cells was evidenced by the presence of viral plaques in 

the epithelium. Interestingly, EHV-4-infected mononuclear leukocytes in the connective 

tissue below the BM were extremely rare and were only present for one of the three 

strains. The inefficient capacity of EHV-4 to infect mononuclear cells explains in part the 

rarity of EHV-4-induced viremia, and subsequently, the rarity of EHV-4-induced abortion 

or EHM. 

 

5.2 INTRODUCTION 

 

At first, the equine alphaherpesviruses equine herpesvirus 1 (EHV-1) and equine 

herpesvirus 4 (EHV-4) were considered as 2 subtypes of the same virus, designated EHV-

1 subtype 1 and EHV-1 subtype 2 respectively (Sabine et al., 1981; Studdert et al., 1981). 

Additional sequence information confirmed that EHV-1 and EHV-4 are actually two 

closely related, but distinct viruses, with an amino acid (aa) sequence identity ranging 

between 54.9% and 96.4% (Telford et al., 1998). To date, EHV-1 and EHV-4 are both 
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classified as members in the order Herpesvirales, subfamily Alphaherpesvirinae, genus 

Varicellovirus (Davison et al., 2009).  

EHV-1 and EHV-4 are major causative agents of respiratory disease in the horse (Allen 

and Bryans, 1986, Crabb and Studdert, 1995). Initial infection starts with replication of 

the virus in epithelial cells lining the upper respiratory tract (URT). EHV-1 does not only 

have a tropism for epithelial cells, but also targets mononuclear leukocytes, misusing 

these cells for viral transportation through the basement membrane (BM) barrier (Kydd 

et al., 1994; Gryspeerdt et al., 2010). Indeed, we showed in a previous study that EHV-1-

induced plaques cannot breach the BM, but that EHV-1 penetrates the deeper tissues of 

the respiratory tract in a more discrete manner, using migrating individual mononuclear 

cells as a Trojan horse (Vandekerckhove et al., 2010). Carried by these mononuclear 

leukocytes, EHV-1 can easily spread through the body via a cell-associated viremia, 

reaching its target organs, the pregnant uterus and the central nervous system. At these 

secondary sites, EHV-1 replicates in endothelial cells, causing vasculitis, thrombosis and 

disseminated ischemic necrosis, resulting in abortion or nervous system disorders (Smith 

et al., 1996; Wilson, 1997; Smith and Borchers; 2001; Brosnahan and Osterrieder, 2009). 

In contrast, EHV-4 infection remains mostly restricted to the URT and a cell-associated 

viremia, following primary replication in the URT is very rare (Patel et al., 1982; van 

Maanen, 2002; Patel and Heldens, 2005). What determines this difference in pathogenic 

potential between EHV-1 and EHV-4 is unknown up till now. Strikingly, pathogenicity 

seems to be correlated with host cell range. EHV-1 has a broader host range and can 

replicate in equine, mouse, monkey, hamster, rabbit, pig, bovine and cat cells (Studdert 

and Blackney, 1979), whilst EHV-4 replication seems to be mainly restricted to equine 

cells. Furthermore, EHV-1 can infect mice and cause respiratory disease while this is not 

the case for EHV-4 (Awan et al., 1990; Azmi and Field, 1993).  

In this study, we aimed to evaluate how EHV-4 interacts with the respiratory mucosa 

upon inoculation of equine respiratory mucosal explants and we wanted to compare 

these replication kinetics with those of its close relative, EHV-1.  
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5.3 MATERIALS AND METHODS 

 

5.3.1 Donor horses 

 

Material from slaughter horses was used to obtain nasal explants. Horses negative for 

nasal/ocular discharge and lung pathology were selected. All horses were between 5 and 

7 years old, as determined by inspection of dental incisive architecture (Muylle et al., 

1996). A complement-dependent seroneutralization (SN)-test was performed on the 

serum of all horses and EHV-specific antibody titres ranged between 24 and 96. Nasal 

explants of at least three individual horses were used to evaluate replication kinetics of 

several EHV-1 and EHV-4 isolates. 

 

5.3.2 Cultivation of the nasal mucosal explants 

 

The cultivation of nasal mucosal explants was performed exactly as previously described 

(Vandekerckhove et al., 2009). In brief, immediately after slaughter, the head was 

removed from the carcass and longitudinally sawn into 2 equal sections. Tissue from the 

deep intranasal part of the septum was collected. The tissues were transported on ice in 

phosphate-buffered saline (PBS), supplemented with 1 µg/mL gentamycin, 1 mg/mL 

streptomycin, 1000 U/mL penicillin, 1 mg/mL kanamycin and 5 µg/mL fungizone, to the 

laboratory. Mucosal explants were stripped from the surface of the different tissues by 

use of surgical blades (Swann-Morton). The stripped mucosa of each tissue was divided 

into equal explants of 25 mm2 and placed epithelium upwards on fine-meshed gauze for 

culture at an air-liquid interface. Only a thin film of serum-free medium (50% Roswell 

Park Memorial Institute medium (RPMI, Invitrogen)/50% Dulbecco's Modified Eagle 

Medium (DMEM, Invitrogen) supplemented with 0.3 mg/mL glutamine (BHD 

Biochemical), 1 µg/mL gentamycin (Invitrogen), 0.1 mg/mL streptomycin (Certa) and 100 

U/mL penicillin (Continental Pharma)) covered the explants, thereby mimicking the 
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air/liquid interface found in the respiratory tract of the living animal. Explants were 

maintained at 37°C in an atmosphere containing 5% CO2. 

 

5.3.3 Virus 

 

Three different EHV-4 strains were used in this study. EHV-4 isolate VLS 829 was 

provided by the Office International d’Epizooties Reference Laboratory (University of 

Kentucky, Lexington, KY) and was identified as EHV-4 by restriction fragment length 

polymorphism (RFLP) (Van de Walle et al., 2007). Strain EQ1 012 was obtained from 

Intervet and strain V01-3-13 was isolated from a horse with respiratory disease and 

obtained from the Institut für Virologie in Berlin (kind gift of Dr. K. Borchers). 

The EHV-1 isolate 03P37 was isolated from peripheral blood mononuclear cells (PBMC) 

of a paralytic horse in 2003 and typed as neurovirulent by the Animal Health Trust in the 

United Kingdom (Nugent et al., 2006). EHV-1 strain RacL11 was isolated in the late 1950s 

from an aborted foal and exhibits high virulence in the natural host and laboratory 

animals (Mayr et al., 1968). 

 

5.3.4 Inoculation of the nasal mucosal explants 

 

All explants were inoculated after 24 h of culture. Inoculation took place by immersion 

of the explant in 1 ml of inoculum, containing 106.5 TCID50 of EHV-1 or EHV-4 for 1 h at 

37°C and 5% CO2. After incubation, explants were washed twice with warm medium and 

transferred back to their gauze. At several time points post inoculation (pi), explants 

were collected, embedded in methylcellulose medium (Methocel® MC, Sigma-Aldrich, 

St.Louis) and frozen at -70°C. 

Nasal explants of three horses were collected. Of each horse, several explants were 

made and inoculated with different EHV-1 isolates (03P37, RacL11) and EHV-4 isolates 

(VLS 829, EQ1 012, V01-3-13), and collected at different time points pi (0, 24, 48 and 72 

hpi). 
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5.3.5 Plaque analysis and quantification of individual infected cells  

 

At 0, 24, 48 and 72 hpi, one hundred consecutive cryosections of 20 µm were made of 

the frozen explants and the cryosections were fixed in methanol for 20 min (-20°C, 

100%). Subsequently, the basement membrane (BM) of the tissues was stained with 

monoclonal mouse anti-collagen VII antibodies (Sigma-Aldrich, St.Louis), followed by 

secondary Texas Red®-labeled goat anti-mouse antibodies (Molecular Probes, Eugene). 

In a second step, viral proteins were stained by incubation with biotinylated equine 

polyclonal anti-EHV-1 IgG (van der Meulen et al, 2003), followed by streptavidin-FITC® 

(Molecular Probes, Eugene). This polyclonal antibody against EHV-1 shows cross-

reactivity with EHV-4 and was therefore also used for staining of EHV-4. Antibodies were 

incubated for 1 h at 37°C and 5% CO2. Finally, cryosections were washed three times in 

PBS and mounted with glycerin-DABCO (Janssen Chimica). To reproducibly analyze the 

replication characteristics of several EHV-1 isolates, we used a system set up by Glorieux 

et al. (2009) and optimized by Vandekerckhove et al. (2010). Briefly, penetration of the 

virus through the BM was inspected and virus plaque latitudes were measured in one 

hundred consecutive cryosections using the ImageJ 1.28 software that is freely available 

from the National Institute of Mental Health webpage 

(http://rsb.info.nih.gov/ij/docs/intro.html). Plaque latitude was measured by means of 

the line tool in ImageJ. Number of plaques and number of individual infected cells below 

the BM were counted by confocal microscopy (Leica TCS SP2 laser scanning spectral 

confocal system, Leica Microsystems GmbH, Wetzlar) and the Leica confocal software. 

 

5.3.6 Statistical analysis 

 

The data were processed by the SPSS software (SPSS) for analysis of variance (ANOVA). 

The data are presented as means + standard deviations. Results with P values of  ≤ 0.05 

were considered significant. 

 

http://rsb.info.nih.gov/ij/docs/intro.html
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5.4 RESULTS 

 

5.4.1 EHV-4 strains replicate plaquewise in the epithelial cells of respiratory 

mucosal explants but are severely impaired in infecting mononuclear cells 

 

Replication kinetics of several EHV-4 strains were evaluated in our recently established 

respiratory nasal mucosal explant system. To this end, nasal explants of three individual 

horses were inoculated with the EHV-4 isolates VLS 829, EQ1 012, V01-3-13 and of each 

animal and for every strain used, one explant was examined at each collected time point 

(0, 24, 48 and 72 hpi). 

No significant differences were seen in the results obtained with different EHV-4 strains, 

and hence, results will not be discussed separately for each strain. In general, viral 

epithelial plaques were visible starting from 24 hpi (Figure 1A) and their latitudes 

increased over time (Figure 1B). 

 

Figure 1. Evolution of plaque formation in the epithelial cells of nasal explants for several EHV-4 
isolates (VLS 829, EQ1 012, V01-3-13). Equine respiratory mucosal explants were inoculated and 
at 0, 24, 48 and 72 hours post inoculation (hpi), explants were collected. One hundred 
consecutive sections were made and analyzed. (a) Number of plaques were determined at 0 24, 
48 and 72 hpi. (b) Plaque latitudes were always measured for 10 plaques at every time point and 
for every horse. All data represent means + SD of triplicate independent experiments. 

 

These results are similar to what is normally observed upon inoculation of nasal mucosal 

explants with EHV-1. Indeed, when comparing the replication kinetics of the EHV-4 

strains with the replication kinetics of the EHV-1 strains 03P37 and RacL11 (Figure 2), 
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following observations were made. Viral plaques in the epithelium were seen from 24 

hpi onwards with a significant increase in the number of plaques between 24 and 48 hpi 

(Figure 2a). In addition, plaque latitude of these epithelial plaques increased over time, 

with significant differences between the EHV-1 plaque latitudes and the EHV-4 plaque 

latitudes at all observed time points (Figure 2b). 

 

Figure 2. Evolution of plaque formation in the epithelial cells of nasal explants for EHV-1 and  
EHV-4. Equine respiratory mucosal explants were inoculated and at 0, 24, 48 and 72 hours post 
inoculation (hpi), explants were collected. (a) Number of plaques were determined at 0, 24, 48 
and 72 hpi. (b) Plaque latitudes were always measured for 10 plaques at every time point and for 
every horse. The values for EHV-1 are the average of the 2 isolates 03P37 and RacL11, the values 
for EHV-4 are the average of the 3 isolates VLS 829, EQ1 012 and V01-3-13. All data represent 
means + SD of triplicate independent experiments. Representative confocal photomicrographs 
are given, illustrating viral plaques in the epithelium (green) at 72 hpi (objective 20x) for EHV-1 
isolate 03P37 (c) and EHV-4 isolate VLS 829 (d). Single EHV-1-infected cells are clearly visible in 
the connective tissue below the basement membrane (red) for EHV-1 isolate 03P37 (c). For EHV-4 
isolate VLS 829 (d), single EHV-4-infected cells in the connective tissue are absent. 
 

When evaluating infection below the BM, no individual infected cells were noticed at 

any observed time point pi for the EHV-4 strains VLS 829 and V01-3-13, and for strain 
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EQ1 012, only three EHV-4-infected cells were found below the BM in the explant of 1 

horse at 72 hpi (Table I). As these individual infected cells below the BM were only 

noticed very rarely, this implies that there is hardly any passing of virus through the BM 

via individual infected immune cells, which is in striking contrast to what is normally 

observed for EHV-1. Indeed, upon inoculation with strains 03P37 and RacL11, the 

presence of single infected cells in the underlying connective tissue was observed from 

24 hpi onwards and the number of these single EHV-1-infected cells increased over time 

with an average of 21 ± 4.4 cells at 24 hpi, 135 ± 58.3 cells at 48 hpi, and 546 ± 94.3 cells 

at 72 hpi for strain 03P37, and an average of 6 ± 1.2 cells at 24 hpi, 78.7 ± 20.3 cells at 48 

hpi, and 156.3 ± 16.3 at 72 hpi for strain RacL11 (Table I). EHV-1 strain 03P37 infected 

significantly more cells below the BM than EHV-1 strain RacL11. 

 

Table I. Quantification of EHV-infected cells below the BM 
 

Virus designation N° of EHV-infected cells below the BM/100 cryosections 

at … hpi 

24 48 72 

EHV-4 

EHV-4 

EHV-4 

EHV-1 

EHV-1 

VLS 829 

EQ1 012 

V01-3-13 

03P37 

RacL11 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

21.0 ± 4.4 

6.0 ± 1.2 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

135.0 ± 58.3 

78.7 ± 20.3 

0.0 ± 0.0 

1.0 ± 1.7 

0.0 ± 0.0 

546.0 ± 94.3 

156.3 ± 16.3 

 

 

In conclusion, these experiments indicate that (i) EHV-4 spreads plaquewise in epithelial 

cells of nasal mucosal explants, similar to EHV-1 albeit to a lesser extent, and (ii) EHV-4, 

in contrast to EHV-1, has no marked tropism for mononuclear leukocytes as single 

infected cells were rarely observed below the basement membrane at all time points 

tested. 
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5.5 DISCUSSION 

 

The subfamily of the Alphaherpesvirinae is, within the family of the Herpesviridae, an 

extensive subfamily containing numerous mammal, bird and reptile viruses (Davison et 

al., 2009). Pseudorabies virus (PRV or Suid herpesvirus 1, SHV-1), bovine herpesvirus 1 

(BoHV-1), equine herpesvirus 1 (EHV-1) and -4 (EHV-4) are clinically and economically 

the most relevant veterinary mammalian viruses belonging to the alphaherpesvirus 

subfamily. Although these viruses share many similarities, differences between the 

viruses become apparent when considering the clinical picture and pathogenesis at the 

level of the upper respiratory tract (URT). While EHV-1 and EHV-4 cause mild respiratory 

problems, PRV and BoHV-1 have the possibility to cause severe respiratory disease 

accompanied by pustular, necrotic lesions that progress to large haemorrhagic and 

ulcerated areas in the respiratory mucosa (Allen and Bryans, 1986, Crabb and Studdert, 

1995; Nauwynck et al., 2007; Nandi et al., 2009). Besides EHV-1, PRV and BoHV-1 can 

easily spread through the body via a cell-associated viremia, whereas EHV-4-induced 

viremia is an exceptional event (Nyaga and McKercher, 1980; Patel et al., 1982; Wang et 

al., 1988; Nauwynck and Pensaert, 1995; van Maanen, 2002; Patel and Heldens, 2005). 

These differences can partially be explained by the diverse replication and invasion 

strategies of these viruses in the respiratory mucosa. By means of respiratory mucosal 

explants, it was found that PRV and BoHV-1 spread horizontally as well as vertically in a 

plaquewise manner in the epithelium, and that virus-induced plaques penetrated the 

BM barrier (Glorieux et al., 2007; Steukers et al., 2010). In contrast, the spread of EHV-1-

induced plaques was solely lateral, as plaques never crossed the BM at any time point pi, 

implying that the BM functions as an absolute barrier (Gryspeerdt et al., 2010; 

Vandekerckhove et al., 2010). However, a marked tropism of EHV-1 for mononuclear 

leukocytes was observed and EHV-1-infected mononuclear leukocytes were present 

both in the epithelium and below the BM in the vicinity of virus-induced plaques in vitro 

but also in vivo (Gryspeerdt et al., 2010; Vandekerckhove et al., 2010). Hence, these data 

suggest that closely related alphaherpesviruses use distinct ways of crossing the BM 

barrier and invading the respiratory mucosa. In the present study, replication of several 

EHV-4 strains was assessed for the first time in nasal mucosal explants of the horse. 
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Thereby, it was found that EHV-4-induced virus plaques were present in the epithelium, 

starting from 24 hours post inoculation (hpi), although the lateral spread of EHV-4 was 

less extensive when compared to EHV-1. This is in accordance with the in vivo situation 

as respiratory signs following an infection with EHV-4 are less severe when compared to 

those following an EHV-1 infection (Heldens et al., 2001; Patel et al., 2003; Patel and 

Heldens, 2005). Remarkably, individual EHV-4-infected cells below the BM were only 

noticed very rarely and were only present for one of the three strains, implying that 

passing of the virus through the BM via individual infected mononuclear leukocytes is an 

exceptional event in comparison with EHV-1. Also this observation could be linked to the 

in vivo pathogenesis, since a cell-associated viremia following an EHV-4-induced 

respiratory infection is not at all consistent, and hence neither is the induction of 

abortion or nervous system disorders upon EHV-4 infection (Patel et al., 1982). Indeed, 

EHV-4 accounts for only 1 to 16% of herpesviral-induced abortions (Ostlund, 1993; 

Whitwell et al., 1995a, b) and apart from a single case report in Europe (Meyer et al., 

1987), EHV-4 has not been found in association with herpesviral-induced neurologic 

disease (Ostlund, 1993). This limited capability of EHV-4, in contrast to EHV-1, to initiate 

a cell-associated viremia might be due to an inefficient infection of these circulating 

mononuclear cells. Indeed, it has been previously shown that EHV-4 is incapable of 

efficiently infecting in vitro cultured peripheral blood mononuclear cells (PBMC) and 

moreover, it was found by using mutational analysis that an RSD motif, present in EHV-1 

gD but not in EHV-4 gD, is an important determinant for proper infection of 

mononuclear cells in vitro (Van de Walle et al., 2008; Osterrieder and Van de Walle, 

2010).  

Another interesting observation in our present study was the mild infection pattern in 

mucosal explants of EHV-1 strain RacL11 when compared to infection patterns obtained 

upon inoculation with several other EHV-1 strains such as Ab4, NY03 and different 

Belgian field isolates (Vandekerckhove et al., 2010). Epithelial plaques were smaller in 

size and, when compared to other previously tested EHV-1 strains, only a fraction of 

individual infected cells below the BM was observed at 72 hpi (Vandekerckhove et al., 

2010). This is in agreement with results obtained in in vivo studies comparing the 

pathogenic potential of EHV-1 strains in the horse. Upon infection with Ab4, horses 

displayed a significantly longer period of fever, a higher nasal virus excretion and a 
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longer duration of viremia, when compared to RacL11 (Goodman et al., 2007; G. Van de 

Walle, personal communication). This seems to indicate that RacL11 is an attenuated 

EHV-1 strain with less virulent potential in the horse than other EHV-1 strains, such as 

Ab4. In mice however, inoculation with RacL11 does result in severe symptoms such as a 

dramatic body weight loss within days of infection, a strong inflammatory infiltration in 

the lungs and even death (von Einem et al., 2007). The murine model is frequently used 

as an in vivo model for the investigation of virological and histological aspects of EHV-

induced disease in the horse (Awan et al., 1990; Walker et al., 1999). However, to which 

extent valid comparisons and extrapolations can be made from mouse to horse remains 

highly questionable (Walker et al., 1999). Concerning the pathogenesis of equine 

herpesviruses, we conclude that our in vitro model appears to relate more closely to the 

in vivo situation in the natural host than the murine model. Indeed, the pathogenesis of 

an infection with EHV-1 strain RacL11 in the explant model closely resembles the 

situation in the natural host, whereas the clinical picture in the mouse model is much 

more dramatic (von Einem et al., 2007). Also, EHV-4 replication in equine explants is 

similar to the in vivo situation, with a solid replication in epithelial cells but an 

incapability to infect mononuclear cells, whereas EHV-4 is incapable of infecting murine 

epithelial mucosa (Awan et al., 1990; Azmi and Field, 1993). This indicates that our in 

vitro respiratory mucosal explant system is a valuable alternative model to provide novel 

information on pathogenesis or differences in pathogenic potential of different EHV-4 

strains, in addition to the currently existing EHV-1/EHV-4 models. 

 

Despite severe efforts from researchers worldwide, an adequate vaccine preventing the 

severe EHV-1-induced symptoms such as abortion and equine herpes 

myeloencephalopathy (EHM) remains to be developed (Patel & Heldens, 2005; Kydd et 

al., 2006; Brosnahan and Osterrieder, 2009; Pusterla et al., 2009). The effect of the 

existing vaccines, both inactivated and attenuated, seems to be limited to the alleviation 

of viral shedding and clinical signs. An adequate protection against viremia, and thus 

severe EHV-1-induced symptoms such as abortion and EHM, might be reached by 

impeding the virus to cross the BM barrier via single mononuclear leukocytes. To this 

end, it is important to induce a local immunity. The best way to raise local immunity is to 

administer an attenuated EHV strain intranasally. For safety reasons, this EHV vaccine 
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strain may no longer infect mononuclear cells. An attenuated EHV-4 strain cannot be 

used as a vaccine virus strain since a study in ponies has shown that the immunity 

induced by an EHV-4 infection is not cross-protective against EHV-1 challenge (Edington 

and Bridges, 1990). The most promising approach for the design of more efficacious 

vaccines remains by recombinant technology. For instance, when the glycoprotein(s) of 

EHV-1 responsible for efficient infection of the nasal mucosal mononuclear cells is (are) 

identified, genes coding for this (these) glycoprotein(s) in EHV-4 could be introduced in 

the genome of EHV-1. This could result in a recombinant virus that is able to induce a 

powerful local immune response upon intranasal administration, but is safe due to its 

inefficiency to infect mononuclear cells, markedly reducing its capability to initiate a cell-

associated viremia. 
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Equine herpesvirus 1 (EHV-1) is an ubiquitous respiratory viral pathogen, causing serious 

losses in the horse industry worldwide (Allen and Bryans, 1986; Bryans and Allen, 1989; 

Brosnahan and Osterrieder, 2009). These losses are not solely attributed to the 

interruptions in training programs and extensive movement restrictions, but also to 

death through abortion, neonatal foal death and fatal equine herpes 

myeloencephalopathy (EHM). The incapability of the currently existing vaccines to 

prevent the serious symptoms of abortion and EHM proves to be a major problem for 

which there is no immediate solution (Kydd et al., 2006). As many financial and ethical 

difficulties surround in vivo experiments in horses, the development of an in vitro model 

of upper respiratory tract (URT) tissues, closely resembling the in vivo situation in the 

horse, would facilitate research and lead to better insights in the pathogenesis of 

respiratory pathogens in the horse, such as EHV-1 and the closely related equine 

herpesvirus 4 (EHV-4).  

 

 A reproducible and physiologically relevant in vitro model facilitates the study 

of the pathogenesis of infections with equine respiratory pathogens 

 

The respiratory tract of the horse plays an important role in many infectious and non-

infectious diseases. However, in vivo studies in horses remain difficult as general costs 

for the experiments are high and most importantly, various ethical questions arise 

concerning the use of horses as experimental animals. The development of an in vitro 

model using slaughterhouse material would minimize the number of in vivo experiments 

on horses and the number of experimental horses, as required by the principles of the 3 

R’s of Russel and Burch (1959). Ideally, this in vitro model should be (i) reproducible and 

(ii) physiologically relevant. The first requirement is obtained by the use of explant 

models as they permit controlled experimental manipulations in vitro. Several conditions 

can be tested on tissues obtained from the same animal and samples from the same 

animal can even be collected at different time points, as such minimizing inter-animal 

and inter-experiment variations. The second requirement is also fulfilled, as the explant 

model is considered a tool to mimic the in vivo situation. Normal cell-cell contacts and 

three-dimensional structures of the tissue are maintained (Anderson and Jenkinson, 

1998), which is not the case in two-dimensional monolayer cultures. Also, the cultivation 
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of the explant model takes place at an air-liquid interface, implying that the tissue is in 

contact with air on one side, whilst it is in contact with culture medium on the other 

side, hereby mimicking the in vivo situation in the host (Whitcutt et al., 1988; Wilson et 

al., 1992; Johnson et al., 1993; Middleton et al., 2003). In Chapter 3, an in vitro model of 

mucosal explants representing the total URT of the horse was set up. To ensure the 

integrity and viability of the explants, an extensive morphometric analysis of epithelium, 

basement membrane (BM) and connective tissue and a TUNEL-staining was performed 

at 0, 24, 48, 72 and 96 h of cultivation. No degenerative changes were seen in the 

epithelium, BM and underlying lamina propria of all tissues. Hence, we conclude that 

equine explants of all collected regions of the URT can be maintained in culture for 96 h 

without significant changes in morphometry and viability.  

 

 The established in vitro nasal mucosal explants can be used to study and 

compare replication characteristics and invasion mechanisms of respiratory pathogens 

 

In general, the subfamily of the alphaherpesviruses contains numerous mammal, bird 

and reptile viruses (Davison et al., 2009). Pseudorabies virus (PRV or Suid herpesvirus 1, 

SHV-1), bovine herpesvirus 1 (BoHV-1), equine herpesvirus 1 (EHV-1) and -4 (EHV-4) are 

clinically and economically the most important veterinary mammalian viruses belonging 

to the alphaherpesvirus subfamily. Despite their close relation, differences in replication 

and invasion strategies of these viruses in the respiratory mucosa at the level of the 

upper respiratory tract (URT) are apparent. By means of respiratory mucosal explants, it 

was found that PRV and BoHV-1 spread horizontally as well as vertically in a plaquewise 

manner in the epithelium, and that virus-induced plaques penetrate the BM barrier 

(Glorieux et al., 2009a; Steukers et al., 2011, in press). For PRV, the invasion process 

through the BM is mediated by a trypsin-like serine protease, which is possibly involved 

in local degradation of BM components (Glorieux et al., 2009b). 

Strikingly, the spread of EHV-1-induced plaques was solely lateral, as plaques never 

crossed the BM at any time point pi, implying that the BM functions as an absolute 

barrier (Chapter 4). However, single EHV-1-infected cells were observed below the BM in 

the vicinity of virus-induced plaques implying a marked tropism of EHV-1 for 

mononuclear leukocytes. Indeed, these cells were identified as cells of the monocytic 
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lineage and T lymphocytes. Destruction of the BM by EHV-1-induced plaques was never 

observed. As the BM is a barrier with a pore size in the order of 50 nm, BM organization 

must be modulated to allow transmembrane cell traffic. Cells are able to traffic across 

BMs during embryonic morphogenesis and immune processes. Populations of 

leukocytes continuously traffic through BMs to patrol host tissues in their search for 

microbial pathogens (Huber and Weiss, 1989; Ley et al., 2007). During pathologic events 

such as neoplastic events, cells can misuse normal BM transmigration programs. To this 

end, the BM pore size must be altered, and this happens mainly protease-dependent, 

largely reliant on matrix metalloproteinases (MMPs) (Sherwood, 2006; Rowe and Weiss, 

2008). However, non-proteolytic BM remodelling has also been described. Indeed, 

leukocytes can traffic across BMs without leaving detectable perforations (Huber and 

Weiss, 1989; Rowe and Weiss, 2008). The exact mechanism of both physiologic and 

pathologic cell transmigration, however, remains complex and unresolved and further 

studies into this field are warranted. Another intriguing observation was the lack of EHV-

1-induced plaques in the connective tissue below the BM barrier, where only individual 

EHV-1-infected cells could be found. This might suggest that the replication cycle of EHV-

1 in these infected individual cells is blocked at a certain level, hence hampering cell-to-

cell spread of the virus. This block would then be lifted when the individual EHV-1-

infected cells interact with certain adhesion molecules on endothelial cells at the level of 

the target organs, the pregnant uterus and the central nervous system (Smith et al., 

2001; Lunn et al., 2009). 

In Chapter 5, it was found that the lateral spread of EHV-4 in the epithelium was less 

extensive when compared to EHV-1 (Chapter 4). Remarkably, individual EHV-4-infected 

cells below the BM were only noticed very rarely, implying that passing of the virus 

through the BM via individual infected mononuclear leukocytes is an exceptional event 

in comparison with EHV-1. 

Hence, these data suggest that closely related alphaherpesviruses can use distinct ways 

of crossing the BM barrier and invading the respiratory mucosa. Whereas 

alphaherpesviruses PRV and BoHV-1 cross the BM in an aggressive and highly invasive, 

plaquewise manner (Glorieux et al., 2009a,b; Steukers et al., 2011), EHV-1 penetrates 

the deeper tissues of the respiratory tract in a more discrete manner, using migrating 

individual cells as Trojan horses. Most interestingly, passing of EHV-4 through the BM via 
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individual infected mononuclear leukocytes is an exceptional event in comparison with 

EHV-1. 

The established in vitro model of equine nasal mucosal explants could also be useful to 

study other viruses and/or pathogens. For instance, it would be interesting to see 

whether infection of equine explants with non-equine viruses, such as PRV, can be 

obtained. In a preliminary study, equine explants were inoculated with a Belgian PRV 

isolate 89V87 (Glorieux et al., 2009a, b) and the attenuated PRV strain Bartha (Bartha, 

1961), and subsequently collected at several time points pi (data not shown). Infection 

of epithelial cells and cells in the submucosa of the nasal explants was never seen for 

both PRV strains. This correlates well with in vivo data as horses appear to be not very 

susceptible to PRV and PRV infection in equines has only been reported very rarely (van 

den Ingh et al., 1990; Kimman et al., 1991). A mild infection of endothelial cells and an 

elaborate infection of endothelial cells was observed for PRV strains Bartha and 89V87 

respectively in the equine explants. We concluded that the infection of blood vessels 

occurred via the side regions of the explants as the epithelium above the infected blood 

vessels was unaffected. Furthermore, equine nasal mucosal explants could be used to 

study equine influenza virus (EIV), a highly contagious infectious disease of equidae, in 

the URT of the horse. The explant model could be highly useful to assess EIV replication 

characteristics. As demonstrated by Glorieux et al. (2007), porcine nasal explants were 

susceptible to swine influenza virus H1N1. 

 

The above mentioned results prove that the in vitro explant model is a valuable and 

relevant model to study and compare replication and invasion mechanisms of several 

viruses. The in vitro model could furthermore be useful to study cellular and molecular 

interactions of various infectious agents with the URT of the horse. 

 

 The established in vitro model has a good correlation with the in vivo situation 

 

Differences in replication and invasion strategies of the alphaherpesviruses studied in 

respiratory mucosal explants can be linked to differences regarding clinical picture and 

pathogenesis of these viruses that are apparent in vivo at the level of the upper 

respiratory tract (URT).  
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The highly invasive viruses PRV and BoHV-1 have the possibility to cause severe 

respiratory tract disease accompanied by pustular, necrotic lesions that progress to large 

haemorrhagic and ulcerated areas in the respiratory mucosa (Allen and Bryans, 1986, 

Crabb and Studdert, 1995; Nauwynck et al., 2007; Nandi et al., 2009). In contrast, viruses 

incapable of plaquewise spread through the BM, including EHV-1 and EHV-4, only cause 

mild respiratory problems. Also, lateral spread of EHV-4 was less extensive in explants 

when compared to EHV-1, which is in accordance with the in vivo situation as respiratory 

signs following an infection with EHV-4 are less severe when compared to those 

following an EHV-1 infection (Heldens et al., 2001; Patel et al., 2003; Patel and Heldens, 

2005). In addition, the fact that individual EHV-4-infected cells below the BM were only 

noticed very rarely can also be linked to the in vivo pathogenesis, since a cell-associated 

viremia following an EHV-4-induced respiratory infection is not at all consistent, and 

hence neither is the induction of abortion or nervous system disorders upon EHV-4 

infection (Patel et al., 1982). In contrast, EHV-1, PRV and BoHV-1 can easily spread 

through the body via a cell-associated viremia (Nyaga and McKercher, 1980; Patel et al., 

1982; Wang et al., 1988; Nauwynck and Pensaert, 1995; van Maanen, 2002; Patel and 

Heldens, 2005). 

In Chapter 5, we noticed that RacL11, a widely used EHV-1 strain, only caused a mild 

infection pattern in mucosal explants, when compared to infection patterns obtained 

upon inoculation with several other EHV-1 strains such as Ab4, NY03 and different 

Belgian field isolates, described in Chapter 4. This observation can be linked with results 

obtained in in vivo studies comparing the pathogenic potential of EHV-1 strains in the 

horse: when compared to horses infected with RacL11 (Goodman et al., 2007; personal 

communication, G. Van de Walle), horses infected with Ab4 displayed a significantly 

longer period of fever, a higher nasal virus excretion and a longer duration of viremia. 

This indicates that RacL11 is an attenuated EHV-1 strain with less virulent potential in 

the horse than other EHV-1 strains, such as Ab4.  

Whereas the behavior of EHV-1 strain RacL11 in the in vitro explant model closely 

resembles the pathogenesis in its natural host, the horse, this is not the case in mice. 

Upon inoculation of mice, infection with the attenuated EHV-1 strain RacL11 results in a 

dramatic body weight loss within days of infection, a strong inflammatory infiltration in 

the lung and even death (von Einem et al., 2007). Replication of EHV-4 in equine 
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explants is also similar to the in vivo situation, with a solid replication in epithelial cells 

but an incapability to infect mononuclear cells, while replication of EHV-4 cannot be 

accomplished, and can hence not be investigated, in mice (Awan et al., 1990; Azmi and 

Field, 1993). 

 

Accordingly, we can conclude that, although the murine model is frequently used as an 

in vivo model for assessing both virological and histological characteristics of EHV-

induced disease in the horse, valid comparisons and extrapolations made from mouse to 

horse should be addressed with caution (Awan et al., 1990; Walker et al., 1999). The in 

vitro model of equine nasal mucosa is a valuable model to provide novel information on 

pathogenesis or differences in pathogenic potential of different EHV strains. Indeed, 

behavior of the studied equine herpesviruses in the in vitro explant model is highly 

reminiscent of the in vivo situation in the natural host, the horse. 

 

 The established in vitro model can be used to identify differences between 

neurovirulent and non-neurovirulent EHV-1 strains 

 

In recent years, outbreaks of equine herpes myeloencephalopathy (EHM) are reported 

with increasing frequency throughout North America and Europe (Kohn et al., 2006; 

Perkins et al., 2009; Pusterla et al., 2009). These EHM outbreaks cause suffering and 

death but can also lead to extensive problems, such as movement restrictions, 

disruption of training schedules and management difficulties (Lunn et al., 2009). An SNP 

in the viral DNA pol gene (ORF30) at aa position 752 (N to D) was linked to the 

neurovirulent potential of EHV-1 by Nugent et al. (2006), and has led to a distinction of 

EHV-1 isolates into non-neurovirulent (N752) and neurovirulent (D752) isolates. In an 

analysis of EHV-1 isolates collected from several countries of over one hundred 

outbreaks, either involving EHM or without neurological symptoms, it was found that 

the majority of EHM outbreaks involved a D752 strain, whereas most non-neurological 

outbreaks involved an N752 strain (Lunn et al., 2009). Importantly, this association was 

found to be consistent over several decades, suggesting that the DNA pol variation 

already has an association with EHV-1 pathogenicity for many years. Epidemiological 

data show that the majority of EHV-1 isolates circulating in the field are of the N752 
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genotype and co-infections with both N752 and D752 strains are a common observation 

(Allen, 2008; Lunn et al., 2009). It is however important to mention that N752 viruses are 

not at all apathogenic. They have been responsible for approximately 95-98% of 

abortion outbreaks in the US, UK and other countries and, importantly, for around 15-

25% of the reported neurological outbreaks (Nugent et al., 2006).  

Concerning the evolution over time of D752 and N752 variants of EHV-1, Van de Walle et 

al. (2009) hypothesize that the N752 variant of EHV-1 was the original genotype, and that 

D752 strains are (i) continually emerging from the N752 variant and will ultimately replace 

them, (ii) permanently coexisting with non-neurovirulent N752 viruses, (iii) on the way to 

extinction, or (iv) the result of independent, spontaneous mutations from the original 

N752 genotype. On the other hand, Lunn et al. (2009) suggest that the progenitor EHV-1 

would have encoded D752, as (i) during the evolution of EHV-1, changes from N to D or 

vice versa have occurred regularly, as the 752 position is relatively unstable, and 

furthermore as (ii) the position corresponding to EHV-1 DNA pol 752 is highly conserved 

amongst the herpesviruses as an acidic residue (usually encoding D) (Nugent et al., 

2006). This then raises the hypothesis that the novel N752 genotype has arisen due to a 

selective advantage. This hypothesis is supported by the fact that the N752 genotype is 

currently the most common variant. They furthermore mention that the D752 genotype is 

not a recently established mutation, but that it is likely to already have been present at 

the origin of EHV-1. This is suggested by the fact that Army 183, one of the earliest 

isolates of EHV-1 (isolated in 1941), carries the D752 genotype. These intriguing, yet 

contradictory hypotheses demonstrate the further need for research into the origin and 

evolution of neurovirulent and non-neurovirulent EHV-1 strains. 

In Chapter 4, equine respiratory mucosal explants were inoculated with several Belgian 

isolates that were typed in their ORF30 as D or N, to evaluate possible differences in 

replication characteristics at the level of the URT. In addition, to evaluate whether any 

observed differences could be attributed to the single nucleotide polymorphism (SNP) 

associated with neurovirulence, we repeated the experiments with a reference 

neurovirulent strain (Ab4), a reference non-neurovirulent strain (NY03) and their 

N752/D752 revertant recombinant viruses (Chapter 4). Lateral spread in epithelial cells was 

more pronounced for some EHV-1 isolates, but no correlation was found with the SNP in 

the DNA polymerase (Nugent et al., 2006). In addition, a difference, independent of the 
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D/N variant, in number of plaques was observed between the recombinant viruses Ab4 

and NY03 harbouring the sole D/N point mutation. This indicates that other virus 

characteristics beyond ORF30 are important for viral replication at the upper respiratory 

tract, which is in line with what has been observed in many other studies (Lunn et al., 

2009). An important finding was the absence of single EHV-1-infected cells below the 

BM barrier at 24 hpi for all non-neurovirulent EHV-1 isolates, carrying the N752 genotype 

in their DNA polymerase, when compared to neurovirulent, D752 isolates. We can state 

that, although the D/N752 SNP is important for this phenomenon, the underlying 

mechanism to this faster migratory capacity through the BM barrier of neurovirulent 

isolates remains to be elucidated. Single EHV-1-infected cells below the BM were equally 

identified as cells of the monocytic lineage (CML) and T lymphocytes, independently of 

their neurovirulent/non-neurovirulent nature. Interestingly, the number of infected cells 

was 2 to 5 times higher for D752 isolates compared to N752 isolates at every time point 

analyzed. This is in agreement with several other studies, showing a more robust 

replication of neurovirulent D752 isolates in mononuclear cells, as evidenced by a higher 

level of viremia (Allen & Breathnach, 2006; Goodman et al., 2006; Goodman et al., 2007; 

Allen et al., 2008; Van de Walle et al., 2009).  

 

The obtained results from Chapter 4 show that the equine respiratory explant model is a 

valuable and reproducible model to study differences between EHV-1 strains in early 

events of infection in the URT in vitro, thereby reducing the need of horses as 

experimental animals. 

 

 The established in vitro model can be used to screen the efficacy of antivirals 

and the safety of vaccine virus candidates 

 

To date, the currently existing vaccines against EHV-1 do not offer full protection against 

viremia and consequently, against the EHV-1-induced symptoms such as abortion and 

nervous system disorders. Therefore, a huge need concerning the improvement of EHV-

1 vaccines and/or the development of alternative strategies for the prevention and/or 

treatment of EHV-1-induced disease, has arisen.  
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Antiviral drugs are an interesting weapon against viral infections and could aid to inhibit 

viral replication and clinical signs during infection. As no antiviral agents are registered 

for the use in animals in Belgium, human antivirals are used to treat viral infections in 

animals. Antiviral therapy against EHV-1 has been reported previously, but has not been 

validated scientifically (Friday et al., 2000; van der Meulen et al., 2003; Wong and 

Scarratt, 2006; Henninger et al., 2007). Although it was not a major aim of the present 

thesis, preliminary experiments have been done over the years to evaluate the potential 

of antivirals in the in vitro nasal mucosal explant model. We assessed the effect on 

plaque numbers and presence of EHV-1-infected single mononuclear cells below the BM 

of three antivirals: (i) acyclovir, an acyclic analogue of the natural nucleoside 2’-

deoxyguanosine with antiviral activity against herpesviruses (Rollinson and White, 1983; 

Boyd et al., 1987); (ii) A-5021, a novel nucleoside analogue and a potent inhibitor of 

replication of several herpesviruses (varicella zoster virus (VZV), HSV-1, HSV-2, Epstein 

Barr virus (EBV)), possessing an antiviral activity superior to that of acyclovir (Iwayama et 

al., 1998; Sekiyama et al., 1998); and (iii) BAY 57-1293 (Bayer®), a primase-helicase 

inhibitor with potent in vivo antiviral activity against HSV-1 and HSV-2 in various rodent 

models (Betz et al., 2002; Biswas et al., 2007). Acyclovir had no effect on plaque 

numbers and presence of EHV-1-infected single mononuclear cells below the BM. 

Explants treated with 32 µM of A-5021 showed no EHV-1-induced plaques in the 

epithelium, nor did they show EHV-1-infected mononuclear cells below the BM, while 

explants treated with 8 µM of A-5021 showed a small amount of EHV-1-infected 

mononuclear cells below the BM. Explants treated with 10 µM of BAY 57-1293 showed 

no EHV-1-induced plaques in the epithelium and no EHV-1-infected mononuclear cells 

below the BM. The efficacy of (val)acyclovir as an antiviral against EHV-1 has previously 

been tested in vitro in cell cultures and in vivo in horses. While it could reduce the 

number and size of EHV-1-induced plaques in continous cell lines (Garré et al., 2007), no 

effect was seen on clinical signs, viral shedding and viremia when tested in horses (Garré 

et al, 2009). These results indicate that the explant model is a better representative of 

the in vivo situation in the horse compared to continous cell lines and may be a better 

tool to test antivirals. As antivirals A-5021 and BAY 57-1293 gave promising results in the 

in vitro explant model, it would be very interesting to test these products for their 

antiviral potential against EHV-1 in the natural host, the horse. 
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Another possibility to combat EHV-1 infections is vaccination. An adequate vaccine 

preventing the severe EHV-1-induced symptoms such as abortion and EHM remains to 

be developed (Patel & Heldens, 2005; Kydd et al., 2006; Brosnahan and Osterrieder, 

2009; Pusterla et al., 2009). Most vaccines against EHV-1 are inactivated vaccines that 

mainly activate a humoral immune response, although it is well-known that a robust 

cytotoxic T cell response is required for EHV-1 immunity. EHV-1 hides in leukocytes, thus 

protecting itself against humoral immunity, and cytotoxic T lymphocytes (CTL) are then 

required for lysis of EHV-1-infected cells (Reed and Toribio, 2004; Kydd et al., 2006). 

Hence, enhancing cell-mediated immunity seems the appropriate strategy and can only 

be realized by the use of live attenuated vaccines (Kydd et al., 2006). Only two modified 

live virus vaccines (MLV) are commercially available (Rosas et al., 2006). Both these 

MLV’s are based on the avirulent EHV-1 strain RacH, which underwent its attenuation by 

elaborate passaging in cell cultures (Mayr & Pette, 1968; Mayr et al., 1968; Hubert et al., 

1996). Their efficacy, however, is still questioned, especially concerning the longevity of 

the induced protective immune response (Rosas et al., 2006). Hence, the future focus of 

EHV-1 vaccinology will be on the development of vaccines that are safe and have an 

improved longevity of the immune response after vaccination. 

The currently existing vaccines, both inactivated and attenuated, are only capable of 

reducing, not preventing, viral shedding and clinical signs. An adequate vaccine should 

protect the horse against viremia, and thus against the severe EHV-1-induced symptoms 

such as abortion and EHM. This might be reached by impeding the virus to cross the BM 

barrier via single mononuclear leukocytes. To this end, it is important to induce a local 

immunity. The best way to raise local immunity is to administer an attenuated EHV 

strain intranasally. For safety reasons, this EHV vaccine strain may no longer infect 

mononuclear cells. As shown in the present study, EHV-4 is incapable of efficiently 

infecting mononuclear cells. This can be linked to the in vivo pathogenesis, since a cell-

associated viremia following an EHV-4-induced respiratory infection is not at all 

consistent (Patel et al., 1982). Nevertheless, EHV-4 is not a good candidate for 

vaccination against EHV-1 as an in vivo study in ponies has shown that primary EHV-4 

infection is not cross-protective against EHV-1 challenge (Edington and Bridges, 1990). 

The most promising approach for the design of more efficacious vaccines lies in 

recombinant technology. For instance, when the glycoprotein(s) of EHV-1 responsible 
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for efficient infection of mononuclear cells is (are) identified, genes coding for this 

(these) glycoprotein(s) in EHV-4 could be introduced in the genome of EHV-1. This could 

result in a recombinant virus that is able to induce a powerful local immune response 

upon local intranasal administration, but is safe due to its inefficiency to infect 

mononuclear cells, markedly reducing its capability to initiate a cell-associated viremia. 

Furthermore, EHV-1 encodes several immunomodulatory molecules, such as gG, gp2 

and UL49.5. gG can bind a broad array of chemokines, gp2 induces the secretion of 

proinflammatory molecules, and UL49.5 interferes with the transporter associated with 

antigen presentation (TAP) and MHC class I trafficking to the cell surface (Rudolph et al., 

2002; Bryant et al., 2003; Koppers-Lalic et al., 2005; Smith et al., 2005). By engineering 

viral mutants that are unable to express these immunomodulatory molecules, the 

resulting MLV vaccines should have an increased immunogenicity and might induce a 

longer-lived immunity (Rosas et al., 2006). 

 

In conclusion, the explant model provides an ideal tool to screen antivirals and new 

rationally designed MLV vaccine candidates in a physiologically relevant environment. 

The explant model makes it possible to screen a large number of antivirals and vaccine 

candidates at various experimental conditions and in an unlimited number of animals of 

the target species, hence excluding inter-animal and inter-experiment variability. 

 

 Validation of the established in vitro model 

 

The majority of researchers persevere in the use of in vivo studies using horses or test 

species such as mice. However, many ethical questions surround the use of horses as 

experimental animals, and the use of experimental animals in general. Therefore, in vitro 

models have been set up to replace in vivo experiments using experimental animals. 

Results obtained in these in vitro models should however be treated with caution and all 

in vitro models should be validated scientifically. In this paragraph, we have added some 

remarks concerning validation of the experiments performed in the in vitro mucosal 

explant model. 

In Chapter 3 of the present thesis, an in vitro model including 4 different tissues 

(vestibular intranasal part of septum, deep intranasal part of septum, nasopharynx, 
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trachea), representing the URT of the horse, was set up successfully. In these different 

tissues, replication characteristics of Belgian EHV-1 isolates 97P70 and 03P37 were 

analyzed and no significant differences were observed at the level of the URT between 

the different tissues (data not shown). This was as expected as EHV-1 can replicate in all 

URT tissues and does not show a specific tissue tropism (Kydd et al., 1994; Gryspeerdt et 

al., 2010). In contrast, BoHV-1 exhibits an increased invasive capacity in proximal 

trachea when compared to other URT tissues, which is in line with the severe in vivo 

symptoms at the level of the trachea (Steukers et al., 2011, in press). Furthermore, we 

should mention that the work with mucosal explants is rather labor-intensive when 

including a variety of virus strains and/or recombinant viruses. Both above mentioned 

issues explain why only 2 or 1 respiratory tissue(s) were (was) used for further 

experiments in Chapter 4 and 5 respectively. 

In Chapter 4 and 5, replication kinetics of a number of virus strains and recombinant 

viruses were compared at the level of the URT in the mucosal explant system. In the 

current thesis, a system was set up to validate the obtained results as much as possible. 

To minimize inter-horse variability, we strongly suggest to collect as many explants as 

possible per horse and compare characteristics of virus strains in explants derived from 

the same donor horse. Also, data obtained in the current thesis are a result of triplicate 

independent experiments, meaning that experiments were always repeated in 3 horses. 

The explant system could also be ideal for testing of safety and efficacy of antivirals and 

vaccine virus candidates. The toxicity of antivirals could be assessed using TUNEL 

stainings, MTT-based methods (Hansen et al., 1989) or ethidium monoazide (EMA) 

stainings in mucosal explants before final testing in the target species. 

Finally, we wish to emphasize that the results obtained in the explant model were 

always closely compared to results obtained in in vivo studies (Patel et al., 1982; Kydd et 

al., 1994; Goodman et al., 2007; Gryspeerdt et al., 2010). We can conclude that the 

behavior of the studied viruses in the mucosal explant model is highly reminiscent of the 

in vivo situation in the natural host, the horse. As mucosal explants are better 

representatives of the in vivo situation than two-dimensional monolayer cultures, it 

could be useful to replace the latter by explant systems for testing of efficacy of 

antivirals and vaccine virus candidates before final testing in the target species. Indeed, 
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the current thesis presents evidence promoting confidence that results obtained using 

the established explant model are predictive for results obtained in in vivo experiments. 

 

In summary, Figure 1 illustrates the general findings obtained in the present thesis. 

Upon inoculation of equine mucosal explants with EHV-1, replication in epithelial cells is 

evidenced by the presence of EHV-1-induced plaques in the epithelium. These plaques 

are present starting from 24 hpi and show an increase in plaque latitude over time. 

Strikingly, the spread of EHV-1-induced plaques is solely lateral, as plaques never cross 

the BM at any time point pi, implying that the BM functions as an absolute barrier. 

Destruction of the BM by EHV-1-induced plaques is never observed. However, single 

EHV-1-infected cells are observed below the BM in the vicinity of virus-induced plaques, 

and these single cells are equally identified as CD5+ T lymphocytes and CD172a+ cells, 

belonging to the monocytic lineage. The latter implies a marked tropism of EHV-1 for 

mononuclear leukocytes.  

Non-neurovirulent strains are more prone to replicate in epithelial cells, whilst 

neurovirulent strains are superior at infecting mononuclear cells. Indeed, N752 strains 

cause a higher number of plaques in the epithelium and show slower invasion kinetics to 

the connective tissue below the BM via infected mononuclear cells. In contrast, D752 

strains show lower numbers of plaques in the epithelium, but cross the BM barrier 

earlier and with higher numbers of infected mononuclear cells. This was evidenced by 

significantly higher amounts of single EHV-1-infected cells below the BM at 48 hpi for 

isolates with the D752 genotype, than for isolates with the N752 genotype. 

Replication of EHV-4 in epithelial cells is also evidenced by the presence of EHV-4-

induced plaques in the epithelium, starting from 24 hours post inoculation (hpi). The 

lateral spread of EHV-4 is, however, less extensive when compared to EHV-1, as 

evidenced by plaques that are less wide. Remarkably, individual EHV-4-infected cells 

below the BM are only noticed very rarely, implying that passing of the virus through the 

BM via individual infected mononuclear leukocytes is an exceptional event in 

comparison with EHV-1. The inefficient infection of mononuclear cells by EHV-4 explains 

the rarity of EHV-4-induced viremia, and subsequently, the rarity of EHV-4-induced 

abortion or EHM. 
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Figure 1. Comparison of replication characteristics of non-neurovirulent and neurovirulent EHV-1 
strains and EHV-4 strains in the in vitro equine mucosal explant model. Both EHV-1 and EHV-4 
replicate in epithelial cells, as evidenced by the presence of viral plaques in the epithelium. EHV-
1- and EHV-4-induced plaques never cross the BM, implying that the latter functions as an 
absolute barrier to EHV infection. Non-neurovirulent strains show more viral plaques in the 
epithelium than neurovirulent strains. The lateral spread of EHV-4 is less extensive when 
compared to EHV-1, as evidenced by smaller epithelial plaques. For EHV-1, single infected cells 
are observed below the BM in the vicinity of virus-induced plaques. These cells are equally 
identified as T lymphocytes and cells belonging to the monocytic lineage. These cells can reach 
blood vessels situated in the lamina propria and enter the bloodstream, resulting in a cell-
associated viremia. For neurovirulent isolates, significantly higher amounts of single EHV-1-
infected cells are present below the BM than for non-neurovirulent isolates. Individual EHV-4-
infected cells below the BM are only noticed very rarely, implying that passing of the virus 
through the BM via individual infected mononuclear leukocytes is exceptional. The inefficient 
infection of mononuclear cells by EHV-4 explains the rarity of EHV-4-induced viremia, and 
subsequently, the rarity of EHV-4-induced abortion or EHM. 
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SUMMARY 

 

Equine herpesvirus 1 (EHV-1) is an important respiratory pathogen, causing major 

economic losses in the horse industry worldwide. EHV-1 is not only the cause of 

respiratory disease but exerts its main impact by causing abortion, neonatal foal death 

and fatal equine herpes myeloencephalopathy (EHM). EHM has recently been classified 

as a potentially emerging disease by the United States Department of Agriculture’s 

Animal and Plant Health Inspection Service (USDA APHIS, 2007). The currently existing 

vaccines, however, are to date uncapable of preventing the serious symptoms of 

abortion and EHM. The close relative of EHV-1, equine herpesvirus 4 (EHV-4), also 

causes respiratory disease, but a cell-associated viremia preceding abortion and EHM, is 

extremely rare. Data on replication and invasion strategies of EHV-1 and EHV-4 at the 

level of the URT are sparse and possible differences at this level might prove important 

in their differential ability to cause abortion or EHM.  

 

In Chapter 1, an introduction is given about EHV-1, EHV-4 and the characteristics of the 

respiratory mucosa in general. In the first section of this chapter, general characteristics 

on equine herpesviruses, including historical background, classification and virus 

structure are described. In the second section of chapter 1, the replication cycle of 

equine herpesviruses is discussed. The third section of chapter 1 focuses on the 

pathogenesis of EHV-1 and EHV-4, including respiratory infection, viremia, abortion and 

neonatal foal death, nervous system disorders and latency. The fourth section describes 

the general characteristics of the respiratory mucosa with the emphasis on respiratory 

epithelium, extracellular matrix and immune cells residing in the respiratory mucosa. 

Finally, an overview is given on the currently existing human and animal nasal explant 

models and the way they are put to use in research. 

 

In Chapter 2, the outline of the aims of this thesis is given. The aims include the 

development of an in vitro explant model of equine respiratory mucosa and the study of 

the replication kinetics of EHV-1 and EHV-4 in the equine respiratory mucosal explant 

model.  
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In Chapter 3, an in vitro model of the upper respiratory tract of the horse was 

developed, including four tissues of the upper respiratory tract of three horses. Explants 

were maintained in culture without replacement of the culture medium at an air-liquid 

interface for 96 h. At 0, 24, 48, 72 and 96 h of cultivation, an extensive morphometric 

analysis was performed using light microscopy, scanning electron microscopy and 

transmission electron microscopy. The explants were judged on morphometric changes 

of epithelium, basement membrane and connective tissue. Viability was evaluated using 

a fluorescent TUNEL (Terminal deoxynucleotidyl transferase mediated dUTP Nick End 

Labelling) staining. No significant changes in morphometry and viability of all explants 

were observed during cultivation. The use of the present in vitro model using 

slaughterhouse material will minimize the number of in vivo experiments on horses and 

the number of experimental horses, as required by the principles of the 3 R’s of Russel 

and Burch. Furthermore, the explant model is considered an ideal tool to mimic the in 

vivo situation as normal cell-cell contacts and three-dimensional structures of the tissue 

are maintained, which is not the case in two-dimensional monolayer cultures.  

 

In Chapter 4, equine respiratory mucosal explants were inoculated with several Belgian 

isolates typed in the DNA polymerase gene (ORF30) as D or N, to evaluate a possible 

difference in replication kinetics at the level of the upper respiratory tract. In addition, 

we wanted to evaluate whether any observed differences could be attributed to the 

single nucleotide polymorphism in the DNA polymerase gene (ORF 30) at amino acid 

position 752, associated with neurovirulence. Therefore, experiments were repeated 

with parental Ab4 (reference neurovirulent strain), parental NY03 (reference non-

neurovirulent strain) and their N752/D752 revertant recombinant viruses. In general, we 

concluded that EHV-1 spreads plaquewise in the epithelium, but plaques never crossed 

the basement membrane (BM). However, single EHV-1-infected cells could be observed 

below the BM at 36 hpi for all N752 isolates and at 24 hpi for all D752 isolates. These cells 

could be identified as monocytic cells and T lymphocytes. Furthermore, for the N752 

isolates a higher number of epithelial plaques could be found whereas for the D752 

isolates, a faster migration through the BM barrier via single EHV-1-infected cells along 

with a higher amount of single EHV-1-infected cells below the BM barrier was found. 

However, the D/N SNP was not responsible for differences in plaque numbers nor for 
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tropism of immune cells. It did appear to be involved in faster invasion kinetics of D752 

strains compared to N752 strains, and higher infection rates of infected cells below the 

BM barrier when EHV-1 carries the D752 genotype. Finally, we could demonstrate in this 

chapter that equine respiratory explants could be used as a valuable and reproducible 

model to study EHV-1 neurovirulence in vitro, thereby reducing the need of horses as 

experimental animals. 

 

In Chapter 5, we aimed to evaluate how EHV-4 behaves in mucosal explants. Indeed, a 

striking difference in pathogenicity exists between EHV-1 and EHV-4. EHV-1 replicates 

extensively in the epithelium of the upper respiratory tract, after which it can easily 

spread throughout the body via a cell-associated viremia in mononuclear leukocytes 

reaching the pregnant uterus and central nervous system. In Chapter 3, a plaquewise 

spread of EHV-1 was observed in epithelial cells, whereas EHV-1-infected mononuclear 

leukocytes were noticed in the connective tissue below the BM. In contrast, EHV-4 is 

also able to replicate in the respiratory tract, hence causing mild respiratory disease, but 

a cell-associated viremia in leukocytes is very rare. In this study, equine mucosal 

explants were inoculated with the EHV-4 strains VLS 829, EQ1 012 and V01-3-13. Upon 

inoculation, we found that EHV-4 spreads plaquewise in epithelial cells of nasal mucosal 

explants, but these plaques did not breach the BM barrier. However, EHV-4 had no 

marked tropism for mononuclear leukocytes as single infected cells were rarely 

observed below the basement membrane at all time points pi. This could possibly 

account for the differential pathogenicity of EHV-1 and EHV-4. 

 

In Chapter 6, a general conclusion is put forward. A physiologically relevant in vitro 

model of equine respiratory tract mucosa was set up. Consequently, the established 

equine in vitro explant system was used to study and compare replication characteristics 

of neurovirulent and non-neurovirulent EHV-1 strains. Although we found that the SNP 

in the ORF 30 was not responsible for differences in plaque numbers nor for tropism of 

immune cells, it did appear to be involved in faster invasion kinetics of D752 strains 

compared to N752 strains, and higher infection rates of infected cells below the BM 

barrier when EHV-1 carries the neurovirulent (D752) genotype. The in vitro explant 

system was also used to study replication characteristics of EHV-4, revealing that 
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epithelial plaques were present, but that EHV-4-infected single cells were rarely 

observed below the BM at all time points pi. We concluded that this could account for 

the differential pathogenicity of EHV-1 and EHV-4. 

 

The main conclusions drawn from this thesis are: 

 The in vitro explant model is a good and physiologically relevant model, 

correlating very well with the in vivo situation in the natural host, the 

horse 

 The established in vitro model is a valuable model to study and compare 

replication characteristics of alphaherpesviruses 

 The established in vitro model can be used to identify differences 

between neurovirulent and non-neurovirulent EHV-1 strains 

 The established in vitro model can be used to screen the efficacy of 

antivirals and the safety of vaccine virus candidates 
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SAMENVATTING 

 

Equiene herpesvirus type 1 (EHV-1) is een belangrijk respiratoir pathogeen, dat 

wereldwijd de oorzaak is van grote economische verliezen in de paardenindustrie. EHV-1 

veroorzaakt niet enkel respiratoire symptomen maar is vooral van belang doordat het 

een belangrijke oorzaak is van abortus, neonatale veulensterfte en fatale equiene 

herpes myeloencephalopathie (EHM). EHM werd recent geklasseerd als een ‘potentially 

emerging disease’ door het ‘Department of Agriculture’s Animal and Plant Health 

Inspection Service’ van de Verenigde Staten  (USDA APHIS, 2007). Tot op vandaag slagen 

de huidig bestaande vaccins er niet in de ernstige symptomen van EHV-1 zoals abortus 

en EHM te voorkomen. Het nauw verwante virus equiene herpesvirus type 4 (EHV-4) 

veroorzaakt ook respiratoire symptomen, maar een celgeassocieerde viremie gevolgd 

door abortus en EHM is hoogstuitzonderlijk. Data betreffende replicatie- en 

invasiestrategieën van EHV-1 en EHV-4 ter hoogte van de bovenste ademhalingswegen 

zijn dungezaaid en mogelijke verschillen op dit niveau zou het vermogen van beide 

virussen om abortus of zenuwstoornissen te veroorzaken, zwaar kunnen beïnvloeden.  

 

In Hoofdstuk 1 werd een introductie gegeven over EHV-1, EHV-4 en de karakteristieken 

van de respiratoire mucosa in het algemeen. In het eerste deel van dit hoofdstuk 

werden de algemene eigenschappen van equiene herpesvirussen, met oa. historische 

achtergrond, classificatie en virusstructuur, beschreven. In het tweede deel van 

hoofdstuk 1 werd de replicatiecyclus van equiene herpesvirussen besproken. De focus 

van het derde deel van hoofdstuk 1 lag op de pathogenese van EHV-1 en EHV-4, met 

inbegrip van de respiratoire infectie, viremie, abortus en neonatale veulensterfte, 

zenuwsymptomen en latentie. Het vierde deel beschreef de algemene karakteristieken 

van de respiratoire mucosa met de nadruk op het respiratoir epitheel, de extracellulaire 

matrix en de immuuncellen die aanwezig zijn in de respiratoire mucosa. Finaal werd een 

overzicht gegeven van de huidig bestaande humane en animale explantmodellen. 

Daarbij werd ook ingegaan op hun gebruik in het onderzoeksveld. 

 

In Hoofdstuk 2 werden de algemene doelstellingen van dit onderzoek uiteengezet. Deze 

omvatten de opstelling van een in vitro explant model van equiene respiratoire mucosa 
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en het bestuderen van de replicatiekinetieken van EHV-1 en EHV-4 in het equiene 

explant model van respiratoire mucosa.  

 

In Hoofdstuk 3 werd een in vitro model, bestaande uit mucosale explanten van de 

bovenste ademhalingswegen van het paard, opgesteld. De explanten werden gedurende 

96 h in cultuur gehouden bij een vloeistof-lucht interfase zonder vervanging van het 

cultuurmedium. Na 0, 24, 48, 72 en 96 h cultivatie werd een uitgebreide morfologische 

analyze uitgevoerd met behulp van lichtmicroscopie, scanning electronenmicroscopie en 

transmissie electronenmicroscopie. De explanten werden beoordeeld op morfologische 

veranderingen van epitheel, basaalmembraan (BM) en bindweefsel. De viabiliteit van de 

explanten werd geëvalueerd met behulp van een TUNEL (Terminal deoxynucleotidyl 

transferase mediated dUTP Nick End Labelling) kleuring. Er werden geen significante 

veranderingen in morfologie en viabiliteit gezien bij de explanten gedurende de 

cultivatieperiode. Door het gebruik van het huidige in vitro model bestaande uit 

slachthuismateriaal, zal het aantal in vivo experimenten op paarden en het aantal 

experimentele paarden geminimaliseerd worden. Dit wordt vooropgesteld in de 

principes van de 3 V’s van Russel en Burch. Verder wordt het explantmodel beschouwd 

als een ideale tool om de in vivo situatie na te bootsen, aangezien normale cel-cel 

contacten en de drie-dimensionele structuur van het weefsel bewaard blijven. Dit is niet 

het geval in twee-dimensionele monolaagculturen.  

 

In Hoofdstuk 4 werden equiene respiratoire mucosa explanten geïnoculeerd met 

verschillende Belgische isolaten, die werden getypeerd in hun DNA polymerase gen 

(ORF30) als D of N, om mogelijke verschillen in replicatiekinetieken ter hoogte van de 

bovenste ademhalingswegen te evalueren. Daarnaast wilden we ook evalueren of de 

eventueel geobserveerde verschillen konden toegeschreven worden aan de puntmutatie 

(single nucleotide polymorphism, SNP) in het DNA polymerase gen (ORF 30) op 

aminozuurpositie 752, die geassocieerd wordt met neurovirulentie. Daarom werden de 

experimenten herhaald met EHV-1 stam Ab4 (referentie neurovirulente stam), EHV-1 

stam NY03 (referentie non-neurovirulente stam) en hun N752/D752 revertante 

recombinante virussen. In het algemeen konden we concluderen dat EHV-1 op een 

plaque-gewijze manier spreidt in het epitheel, maar deze plaques invadeerden nooit 
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doorheen de BM. Er werden wel individuele EHV-1-geïnfecteerde cellen teruggevonden 

onder de BM op 36 h na inoculatie voor alle N752 isolaten en op 24 h na inoculatie voor 

alle D752 isolaten. Deze cellen konden geïdentificeerd worden als cellen van de 

monocytenlijn en T lymfocyten. Verder konden een hoger aantal epitheliale plaques 

teruggevonden worden voor de N752 isolaten, terwijl voor de D752 isolaten een snellere 

migratie doorheen de BM barrière via individuele EHV-1-geïnfecteerde cellen en een 

hoger aantal individuele EHV-1-geïnfecteerde cellen onder de BM barrière 

teruggevonden werden. Verder onderzoek wees echter uit dat de D/N SNP niet 

verantwoordelijk was voor verschillen in aantal plaques en ook niet voor verschillen in 

het tropisme voor mononucleaire cellen. De puntmutatie bleek wel betrokken bij 

enerzijds de snellere invasie doorheen de BM van D752 stammen in vergelijking met N752 

stammen, en anderzijds de hogere aantallen van EHV-1-geïnfecteerde cellen onder de 

BM barrière voor EHV-1 stammen met het D752 genotype. Finaal konden we in dit 

hoofdstuk aantonen dat equiene mucosale explanten als een waardevol en 

reproduceerbaar model gebruikt kunnen worden voor het bestuderen van EHV-1 

neurovirulentie in vitro. Tegelijk kan door het gebruik van dit in vitro model het gebruik 

van het paard als experimenteel dier beperkt worden.  

 

In Hoofdstuk 5 wilden we onderzoeken hoe EHV-4 zich gedraagt in equiene mucosale 

explanten. Er bestaat immers een frappant verschil op vlak van pathogeniciteit tussen 

EHV-1 en EHV-4. EHV-1 kan uitgebreid vermeerderen in het epitheel van de bovenste 

ademhalingswegen, waarna het virus gemakkelijk doorheen het lichaam kan spreiden 

door middel van een celgeassocieerde viremie in mononucleaire leukocyten. Op die 

manier bereikt EHV-1 zijn doelwitorganen, de drachtige uterus en het centraal 

zenuwstelsel. In hoofdstuk 3 konden we een plaque-gewijze spreiding aantonen van het 

virus in epitheelcellen, in combinatie met de aanwezigheid van EHV-1-geïnfecteerde 

mononucleaire leukocyten in het bindweefsel onder de BM. EHV-4 daarentegen, kan 

ook vermeerderen in de bovenste ademhalingswegen en zo respiratoire symptomen 

veroorzaken, maar een celgeassocieerde viremie in leukocyten is heel erg zeldzaam. In 

hoofdstuk 5 werden equiene mucosale explanten geïnoculeerd met de EHV-4 stammen 

VLS 829, EQ1 012 en V01-3-13. Na inoculatie vonden we dat EHV-4 op een plaque-

gewijze manier spreidt in epitheelcellen van nasale mucosale explanten maar deze 
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plaques doorbraken op geen enkel moment de BM barrière. In tegenstelling tot wat we 

vonden voor EHV-1 had EHV-4 geen merkbaar tropisme voor mononucleaire leukocyten 

aangezien individuele EHV-4-geïnfecteerde cellen maar heel zelden werden 

teruggevonden onder de BM op alle bestudeerde tijdstippen na inoculatie. Dit zou 

verantwoordelijk kunnen zijn voor de verschillende pathogeniciteit van EHV-1 en EHV-4. 

 

In Hoofdstuk 6 werd een algemene conclusie vooropgesteld. Een fysiologisch relevant in 

vitro model bestaande uit equiene respiratoire mucosale explanten werd opgesteld. 

Vervolgens werd het opgestelde in vitro explant systeem gebruikt om de 

replicatiekarakteristieken van verschillende neurovirulente en non-neurovirulente EHV-1 

stammen te bestuderen en te vergelijken. Alhoewel de puntmutatie in ORF 30 niet 

verantwoordelijk bleek voor verschillen in aantal epitheliale plaques of voor verschillen 

in tropisme voor mononucleaire cellen, bleek de SNP wel verantwoordelijk voor 

enerzijds de snellere invasie van D752 stammen in vergelijking met N752 stammen, en 

anderzijds de hogere aantallen van EHV-1-geïnfecteerde cellen onder de BM barrière 

voor EHV-1 stammen met het D752 genotype. Het in vitro explant systeem werd ook 

gebruikt om replicatiekarakteristieken van verschillende EHV-4 stammen te bestuderen. 

We zagen dat epitheliale plaques aanwezig waren, maar dat EHV-4-geïnfecteerde 

individuele cellen onder de BM slechts heel zelden aanwezig waren op alle bestudeerde 

tijdstippen na inoculatie. Hieruit besloten we dat de ondoeltreffendheid waarmee EHV-4 

mononucleaire leukocyten onder de BM infecteert, verantwoordelijk kan zijn voor de 

verschillende pathogeniciteit van EHV-1 en EHV-4. 

 

 

Uit deze thesis kunnen volgende algemene concusies naar voren gebracht worden: 

 Het in vitro explant model is een goed en fysiologisch relevant model, dat 

goed correleert met de in vivo situatie in de natuurlijke gastheer, het 

paard 

 Het opgestelde in vitro model is een waardevol model om 

replicatiekarakteristieken van alphaherpesvirussen te bestuderen en te 

vergelijken 
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 Het opgestelde in vitro model kan gebruikt worden om verschillen tussen 

neurovirulente en non-neurovirulente EHV-1 stammen te identificeren 

 Het opgestelde in vitro model kan gebruikt worden voor het screenen van 

de werkzaamheid van antivirale middelen en het screenen van de 

veiligheid van vaccin virus kandidaten 
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kwam met de vraag om mijn scriptie op het laboratorium voor Virologie te mogen doen. 

Ik twijfelde wel nog tussen white spot syndrome virus bij de garnaal of equine 

herpesvirus 1 bij het paard en u hielp me de keuze te maken voor het laatste. Ik heb er 

geen seconde spijt van gehad! Verder kan ik alleen maar zeggen dat ik bewondering heb 

voor uw tomeloze enthousiasme en kennis, en wil ik u bedanken voor het vertrouwen 

dat u heeft in elke startende doctoraatsstudent.  

Mijn andere promotor, Prof. dr. Van de Walle, wil ik ook hartelijk bedanken. Gerlinde, je 

was er misschien niet bij vanaf de start van mijn doctoraat, maar dat heb je ruimschoots 

goedgemaakt door je vele hulp tijdens het tweede deel van mijn doctoraat. Het was je 

nooit teveel om ideeën aan te reiken, te lezen, te verbeteren en te herschikken… Het 

was ook altijd leuk om met je te babbelen en te lachen over minder wetenschappelijke 

zaken. Professor , heel veel succes in je verdere loopbaan! 

Prof. dr. Wim Van den Broeck, mijn co-promotor, wil ik graag bedanken voor de wijze 

raad bij het morfologische aspect van mijn eerste artikel en de vele hulp met 
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Prof. dr. Favoreel, Herman, je staat altijd klaar met raad en daad voor iedereen. Je bent 

geboeid door eenieders onderzoek en met één zinnige opmerking ben je in staat een 
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Lobke, Bart en Myriam wil ik graag bedanken voor de praktische hulp bij de 

morfologische experimenten. 

Jan Van Doorsselaere verdient een bedankje voor het sequeneren van EHV-1 stammen, 

EHV-4 stammen en mutanten allerlei. 

De mannen van het slachthuis verdienen hier ook een woordje van dank. Ondanks de 

organen van verschillende origine die we naar ons hoofd geslingerd kregen in het begin, 

bouwden we over de jaren toch een goede band op. Zonder klagen kliefden ze tientallen 

koppen. Bedankt! 

 

Het bureau waar ik een eerste, vaste plaats had, na talloze omzwervingen in en rondom 

het labo, was de ‘paardenbureau’. Mijn bureaugenootjes, Annick en Filip, wil ik graag 

bedanken voor de leuke tijd die we daar samen doorbrachten en de lachbuien die van 

ver te horen waren in het labo. Annick, ik heb je gezelschap en je sappige verhalen altijd 

erg gewaardeerd. Je was een toffe collega, een echte dierenarts, en ik wens je veel 

succes met je verse gezinnetje. Barbara, die ook tot de paardenbureau behoorde, wil ik 

bedanken voor het gezelschap op de verschillende uitstapjes en de vele verhalen over 

haar Piepedol. 

 

Dan volgt de ‘eerste bureau’, niet alleen nieuw door het ‘fashionable’ () wit-zwarte 

interieur maar ook door de mix van oude en nieuwe mensen die het bevolken: Sarah G, 

Lennert, Amy, Annick, Mieke, Irene, Sabrina, Hossein. Sarah G, waar moet ik beginnen? 

Wat begon als collegialiteit groeide, mede door onze gezamenlijke koorpassie, uit tot 

echte vriendschap. Op het werk sta je altijd klaar om te helpen, bij experimenten en al 

wat leeswerk is! Ons gezamenlijk muizenexperiment vond ik één van mijn leukste 

ervaringen op het labo, al zijn we af en toe eens goed geschrokken (aaah, hij leeft nog!! 

)! Je hebt me bijgestaan in een moeilijke periode, je bent een uitlaatklep waar ik 

zoveel aan kwijt kan. Je bent een supermeid en ik ben blij en trots dat ik je mijn beste 

vriendin mag noemen. Ik wens je alle geluk van de wereld en nog zoveel meer toe in je 

verdere leven met jouw Joost!! Lennert! Mijn buur, mijn maatje met sappig Antwaaarps 

accent!  Er zijn weinig woorden om jou te omschrijven, je bent een fenomeen! Super 
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om mee uit te gaan en je te amuseren, gezellig om (al dan niet vettige ) praat mee uit 

te slaan! We hadden ontelbare keren de slappe lach om (achteraf bezien) nogal 

onnozele zaken. Al bedenk ik nu net dat je soms meer om mij dan met mij lachte ;-) ! Ik 

vergeef je bij deze voor alle keren dat je mij uitlachte met mijn West-Vlaams accent . 

Veel succes in je verdere wetenschappelijke loopbaan en daarbuiten met Jasper! Amy, 

you came into the lab as a shy girl, but soon enough, you got used to the Belgian style. I 

love the way you can throw in a one-liner when no one sees it coming!  You are a true 

asset to the first office! Mieke, mijn andere buur, je voelde je al snel thuis in de eerste 

bureau. Je rustgevende aanwezigheid aan mijn linkerkant doet meer dan je denkt! Ik 

wens je veel succes tijdens het verdere verloop van je doctoraat! Irene, I wish you all the 

luck with all you may want to accomplish back in Spain. Sabrina (poor me!!), the fierce 

and untamed Italian girl!  You are so much fun to have in the office, with you around 

one can never get bored!! With your (dirty) talk and amazing stories, you can make 

anyone smile! I wish you the very best with Alicia, your gorgeous girl. Let us hope she 

hasn’t inherited the noise-producing qualities of her mother!  Hossein, together with 

Lennert, you provide some (necessary ) male counterbalance to the predominantly 

female presence in the first office. I enjoyed our rides together to the slaughterhouse, 

when you intrigued me with your stories on life in Iran. You just started your research on 

EHV-1 and DC’s, not an easy task, but I am sure you can do it! Good luck! 

 

Marc, de frequenste bezoeker van de eerste bureau , jij verdient hier zeker ook een 

speciale vermelding! Je bent waarschijnlijk de meest sociale persoon die ik ken, je geeft 

iedereen een kans en je kan het vinden met iedereen! Je bent de eerste om iemand te 

feliciteren of succes te wensen. Je zorgt er ook voor dat het gewicht in de eerste bureau 

op peil blijft door ons te voorzien van snoep en/of koekjes (wordt héél erg 

geapprecieerd! ). Ik wens je erg veel succes met het finaliseren van je doctoraat, als 

iemand er hard voor gewerkt heeft, ben jij het wel! 

Evelien, ik ben blij dat ik je het laatste jaar beter heb leren kennen! Ik vind je een straffe 

madam, die durft gaan voor wat ze echt wil! We hebben samen al heel wat afgelachen 

en gebabbeld, en ik ben blij dat je vertrek uit het labo geen definitief afscheid betekend 
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heeft. Hopelijk kunnen we nog veel samen gaan lunchen bij den Italiaan of de Quick.  

Ik wens je het allerbeste toe met Lieven en Juliette, je prachtige gezinnetje! 

 

The athmosphere is our lab is created by the amazing people populating it. In times of 

stress, it helps to have people around you can count on. Dipu, Eva, Ilias, Joao, Matthias 

C., Sjouke, Tim, Tù, Uladzimir, Veerle, Ytse: thank you. Also a big thanks to the Chinese 

colony, Xiaoyun (Amy), Jun (Angela), Lang, Liping, Wenfeng, Yu, Zhongfang, for the 

pleasant and oriental athmosphere you create, for example with the Chinese Newyear!  

Hannah, ik heb veel bewondering voor de manier waarop je de FIP-groep mee uit de 

grond hebt gestampt. Nog veel succes verder en ook met je derde kindje op komst. Ook 

alle andere FIPpers, Annelike, Dominique, Ben, Leslie, Lowiese, Sabine, Sebastiaan, wil ik 

bedanken voor het aangename gezelschap en de vele babbels op het labo zelf, en op 

labo- en andere uitstappen. 

Hanne, Inge, Karen, Merijn, Miet en Wander, bedankt voor de leuke tijden! Veel succes 

met de post-doc of het beëindigen van jullie doctoraat. Wander en Merijn, het einde is 

in zicht, ik wens jullie veel succes met de verdediging en vooral het leven erna! Miet, jou 

zien we nogal eens binnenwaaien in onzen bureau om dan met een ‘sh*t’ terug te 

vertrekken als je weer eens op het verkeerde verdiep beland bent!  Ik wens je veel 

artikels toe en een prachtig doctoraat! 

Hoewel jullie op de Immuno jullie bureau hebben en we jullie niet meer zoveel zien als 

vroeger, worden jullie nog steeds beschouwd als een deel van de Viro. Céline, Maria, 

Nina, Thary veel succes met de post-doc of het afwerken van jullie doctoraat, nog even 

op de tanden bijten! Céline, je was vrolijk gezelschap en een toffe roommate op het IHW 

congres in Asheville! Je hebt er mede voor gezorgd dat mijn eerste congreservaring een 

plezante ervaring werd. Bedankt! Ik wens je veel plezier met de nieuwe telg in je 

gezinnetje! 

 

Bedankt ook aan alle vrienden en familie die mee met mij dit doctoraat hebben 

gedragen. Bedankt medekoorleden van Kalliope! De maandagavond is doorheen mijn 

doctoraat een avond van ontspanning geweest en meer dan eens heb ik daar mijn 
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frustraties van me af kunnen zingen. De concerten met jullie waren onvergetelijk! We 

zullen ons zeker nog amuseren samen op café, op koorweekends, tijdens de repetities 

en de concerten in de jaren die komen. Julie en David, bedankt voor de interesse in mijn 

doctoraat, de spaghetti Kastarts en de gezellige momenten. Birgen, je hebt het 

doctoraat van het begin af aan meegemaakt. Bedankt voor het relativeren, je geloof in 

mij, je vriendschap. We hebben samen veel mooie tijden meegemaakt, bedankt! Ik wens 

je alle geluk toe in je verdere leven! Bart en Alien, Robbe, Saar en Tijs, bedankt voor de 

spelletjesavonden en fietsgerelateerde activiteiten met bijhorende hapjes en drankjes! 

Bedankt ook voor de vele leuke momenten die we nu al meegemaakt hebben! Ik ben er 

zeker van dat er nog vele zullen volgen!   

Mammie, oma en opa bedankt voor het grootouder-zijn! Bedankt voor de vele leuke 

familiemomenten, de niet-aflatende steun, de warme telefoontjes en zoveel meer. 

Mammie, de koffie-koekjes-kletsnamiddagen op vrijdag tijdens mijn studententijd waren 

onvergetelijk, ik denk er nog vaak aan terug en mis ze nog elke vrijdag!! Ook mijn 

‘schoonouders’ Chris en Dirk wil ik bedanken voor hun steun, interesse en de warme 

thuis die ze bieden. Bedankt ook Chris, voor het zorgen voor spijs, snoep () en drank 

toen ik thuis aan het schrijven was, de goede zorgen op zo’n momenten deden veel 

deugd. Chris en Dirk, Leen en Dries, Lode en Ilse, Emiel en Nora, jullie hebben me van in 

het begin hartelijk verwelkomd en ik ben blij dat ik deel mag uitmaken van zo’n mooie 

familie! Ik kijk uit naar de toekomst met jullie! 

 

En dan het thuisfront. Ik besef dat weinigen het geluk hebben om zo ’n warme thuis te 

hebben. Mama, papa, woorden zullen altijd tekortschieten om jullie te bedanken. Ik zal 

toch een poging wagen. Jullie dachten waarschijnlijk na 6 jaar studie, oef, we zijn er 

vanaf! En dan begon het doctoraat…  Het heeft evenveel of meer stress en 

paniekmomenten met zich meegebracht. Bedankt voor de onvoorwaardelijke steun 

tijdens moeilijke periodes, de goede raad, het vertrouwen, het luisterend oor, het 

aangenaam gezelschap, de fokkie met koekjes, de maaltijden op het onverwachts toen 

we weeral iets langer bleven dan voorzien, het afspreken thuis met alle zusjes waarvan 

jullie (meestal) niet op de hoogte waren… teveel om op te noemen. 1000 maal bedankt!! 

Zusjes Sarah, Fien en Frauke, schoonbroers Manu en Thomas, kindjes Rhune, Roel, 
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Milenna en Caetano, ik ben blij dat we zo’n hechte bende zijn en elke gelegenheid 

aangrijpen om mekaar te zien of te horen! Jullie zijn niet enkel familie maar ook zeer 

goede vrienden. Ik kijk uit naar nog vele mooie, plezante, onnozele (Thomas ) 

momenten met jullie!!! 

 

Lieven, zoet! Wat ben ik blij dat ik jou heb leren kennen! Je hebt mijn leven licht 

gemaakt toen alles donker leek. Je weet niet half hoe fantastisch je bent! Bedankt voor 

je warmte, je onvoorwaardelijke liefde, je niet-aflatende steun, je oprechte interesse, je 

ongebreidelde enthousiasme, je hulp bij vanalles en nog wat, het vele nalezen, het 

lekkere koken, de leuke uitstapjes, de ontspannende weekends, het opbeuren als het 

wat minder ging, de ‘champagne’ als er iets te vieren was…  Niets is je teveel! We 

hebben al veel meegemaakt in onze tijd samen en je hebt me gesteund zoals niemand 

dat had gekund. We hebben mooie plannen voor de toekomst en met jou aan mijn zijde 

heb ik er alle vertrouwen in dat die plannen ook zullen uitkomen! Je bent er eentje uit 

de duizend! Ik kijk er naar uit om mijn leven met jou te delen. Op naar een prachtige 

toekomst!  

 

Annelies 

 

 

“I can no other answer make, but thanks, and thanks, and thanks again.” 

William Shakespeare (1564-1616) 

 


