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I. Introduction 1 

I. INTRODUCTION 

Herpesviruses are enveloped, double stranded DNA viruses, which are widely spread in 

nature infecting an immense variety of host species from bivalves to humans. More than 

130 species have been discovered so far (BROWN & NEWCOMB, 2011), closely co-

evolved with their host species over time and thus symbolizing an impressive example of 

coevolutionary success. This highly efficient host adaptation is clearly demonstrated by the 

key characteristic of all herpesviruses: the ability to establish a chronic persistent infection 

called latency, which symbolizes a perfect coexistence in balance with the host immune 

system (DAVISON, 2002). From a clinical and economical point of view, Equid 

Herpesvirus 1 (EHV-1) is the most relevant herpesvirus affecting horses worldwide as it 

can cause respiratory disease, equid herpesvirus myeloencephalopathy (EHM), abortions 

and neonatal foal death. Following initial EHV-1 infection, the virus replicates in the upper 

respiratory tract (URT) epithelium and subsequently enters the blood circulation by infect-

ing mononuclear cells. The virus is then transported to secondary infection sites like central 

nervous system (CNS) or uterus endothelium during cell-associated viremia where it can 

cause secondary disease manifestations (EHM, abortion) (HUSSEY et al., 2006; 

GOEHRING et al., 2010b; WILSTERMAN et al., 2011; SLATER, 2014). As the currently 

available vaccines or treatment options can only possibly ameliorate but not fully prevent 

EHV-1 disease outbreaks, strict biosecurity measures including quarantine and travel re-

strictions represent the most effective prevention strategies, however, with significant eco-

nomic impact (LUNN et al., 2009; GOEHRING et al., 2010c). Like its close human path-

ogen relatives, Herpes Simplex Virus 1 (HSV-1) and Varicella Zoster Virus (VZV), EHV-1 

is highly prevalent in the host population with presumably > 60 % of horses being latently 

infected (EDINGTON et al., 1994; LUNN et al., 2009). Most importantly, latently infected 

horses, where the virus can reactivate at any given time, are the main source for new infec-

tions, possibly resulting in new outbreaks. Although EHV-1 has been studied for years, the 

details of latency establishment and reactivation are still not well understood (SLATER, 

2014). The current understanding is that similar to its close relatives HSV-1, VZV and 

Bovine Herpesvirus 1 (BoHV-1), EHV-1 enters sensory nerve endings in the vicinity of 

the URT epithelium and reaches the trigeminal ganglia (TG) via neuronal transport for 

latency establishment (GILDEN et al., 1983; SLATER et al., 1994; EFSTATHIOU & 

PRESTON, 2005). Furthermore, latent EHV-1 has been repeatedly detected in respiratory 

tract-associated lymphoid tissue (RALT) and in circulating mononuclear cells (WELCH et 
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al., 1992; EDINGTON et al., 1994; CHESTERS et al., 1997; SMITH et al., 1998). During 

latency, the virus persists within the host cell nucleus in a non-infectious state with limited 

viral gene transcription. However, little is known about the molecular mechanisms that are 

involved in establishment and regulation of latency.  

Our main goal is to limit further EHV-1 outbreaks. As it is unlikely to prevent initial 

EHV-1 infection, research approaches need to focus on finding potential strategies to con-

trol EHV-1 in its latent state. Therefore, the short-term goal of this dissertation is to further 

characterize EHV-1 latency pathogenesis following experimental infection of the natural 

host. The main study presented in this dissertation is based on previous findings of our 

research group (SAMOILOWA, 2019): Interestingly, at a time point beyond viremia 

(70 days post infection (dpi)), EHV-1 DNA was detected not only in TG and RALT but 

also in various other sensory, sympathetic and parasympathetic ganglia as well as in ab-

dominal lymphoid tissue.  

The present study in this dissertation follows up by aiming to answer remaining questions 

e.g. regarding the likely transportation route toward alternative latency locations and the 

predominant cell tropism during latency at these sites of persistence. Therefore, we com-

pared EHV-1 viral load and distribution on 70 dpi to a time point closer to acute infection 

(30 dpi) and hypothesized that EHV-1 chronic persistent infection is influenced by the time 

passed after inoculation. Furthermore, we aimed to investigate the cellular localization of 

latent EHV-1 as this information is crucial for elucidating the molecular basis of EHV-1 

latency.  

Overall, reflecting upon the review of recent literature in the field of EHV-1 (and related 

herpesvirus) latency, the main study in this dissertation provides novel insights into EHV-1 

latency pathogenesis.  
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II. LITERATURE REVIEW 

1. Molecular biology of EHV-1 

1.1. Taxonomy 

The International Committee on Taxonomy of Viruses (ICTV) classifies EHV-1 as a mem-

ber of the order Herpesvirales (DAVISON, 2010). Being identified in the past solely 

through their typical herpes virion architecture, novel nucleotide sequencing data allowed 

to further classify herpesviruses of mammals, birds and reptiles (the Herpesviridae), fish 

and amphibians (the Alloherpesviridae) and bivalves (the Malacoherpesviridae) 

(DAVISON et al., 2009). This assigns EHV-1 to the family of Herpesviridae, among which 

it shares certain biological properties with other family members. However, differences in 

host range, cell tropism and replication cycle subdivide the Herpesviridae in subfamilies 

of (A) Alpha-, (B) Beta- and (C) Gammaherpesvirinae ((DAVISON et al., 2009; PELLETT 

& ROIZMAN, 2013).  

A variable host range, relatively short reproductive cycle, rapid cell spread, and efficient 

destruction of infected cells characterizes EHV-1 as a member of the Alphaherpesvirinae. 

Notably, while latency is a hallmark of all herpesviruses, the subfamilies differ in their cell 

tropism for latency establishment (ROIZMAN & BAINES, 1991; PELLETT & 

ROIZMAN, 2013). For example, while Alphaherpesviruses are generally thought to re-

main latent particularly in peripheral sensory nerves, Gammaherpesviruses choose lym-

phoid tissue as harbor during latency (PELLETT & ROIZMAN, 2013).  

Important other members of the Alphaherpesvirinae include pathogens infecting humans 

(HSV-1, HSV-2, and VZV), avian species (Gallid Herpesvirus 1 (GaHV-1, Infectious lar-

yngotracheitis virus), GaHV-2, Marek’s Disease Virus), as well as mammals (Suid Her-

pesvirus 1 (SuHV-1, Pseudorabies virus (PsRV)), BoHV-1 (Infectious bovine rhinotrache-

itis virus), BoHV-5 (Bovine encephalitis herpesvirus), Canid Herpesvirus 1 (CaHV-1), 

Felid Herpesvirus 1 (FeHV-1). Besides to EHV-1, equids are the natural hosts to the Al-

phaherpesviruses EHV-3 (Equine coital exanthema virus), EHV-4 (Equine rhinopneumon-

itis virus), EHV-6 (Asinine Herpesvirus 1), EHV-8 (Asinine Herpesvirus 3) and EHV-9 

(Gazelle Herpesvirus 1). Other known herpesviruses in equids include EHV-2, EHV-5, 

EHV-7 (Asinine Herpesvirus 2) and belong to the subfamily of Gammaherpesviruses 

(TELFORD et al., 1993; BORCHERS et al., 1999; MA et al., 2013). 

Based on genome structure, - size and protein similarity, EHV-1 belongs to the genus 
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Varicellovirus along with the important animal pathogens SuHV-1, BoHV-1, BoHV-5, 

CaHV-1, and FeHV-1 (DAVISON, 2010). Notably, the human pathogen VZV is the pro-

totype for Varicellovirus research and is often represented by its close relative Simian 

Varicella Zoster Virus (SVV) in natural host models (ZERBONI & ARVIN, 2016).  

1.2. Viral structure and genomic organization  

EHV-1 features the typical Alphaherpesvirinae virion structure: A single copy of double 

stranded (ds) DNA is surrounded by a protective icosahedral capsid, which comprises 

six proteins and is of approximately 100-110 nanometers in diameter (PERDUE et al., 

1975; PELLETT & ROIZMAN, 2013). This nucleocapsid is encompassed by 12 proteins 

forming an interlayer, called tegument (MCLAUCHLAN & RIXON, 1992), and finally by 

an envelope derived from host cellular membranes. The envelope consists of lipids, poly-

amines, and a total of 12 viral glycoproteins which are projecting from the surface: Eleven 

glycoproteins have functional homologues present in HSV-1 (gB, gC, gD, gE, gG, gH, gI, 

gK, gL, gM, gN) and one glycoprotein (gp2) is unique for EHV-1 and its close relative 

EHV-4 (TURTINEN & ALLEN, 1982; PAILLOT et al., 2008). 

The genome of EHV-1 was the third Alphaherpesvirus genome to be sequenced, following 

those of VZV and HSV-1 (TELFORD et al., 1992). It is 150,223 basepairs (bp) in length 

with a G + C base content of 56,7 %. At least 78 distinct genes are organized collinearly 

with those of their human Alphaherpesvirus counterparts within the following components: 

two unique segments (unique long (UL) and unique short (US)) that are flanked by two 

repeat regions (internal repeat (IR) and terminal repeat (TR)) (TELFORD et al., 1992; 

SHAKYA et al., 2017). While originally four identical Open Reading Frames (ORFs) were 

found to be copied in the IR/TR region (ORF 64, 65, 66, 67) (TELFORD et al., 1992), this 

number was updated by the characterization of two additional genes of regulatory function 

(ORF 77, 78) (HOLDEN et al., 1992; KIM et al., 2006; AHN et al., 2007). ORF 1- 63 are 

located in UL and ORF 68-76 in US (TELFORD et al., 1992). 

While the most important encoded proteins associated with the virion, viral replication 

functions and gene regulation have been discovered so far (TELFORD et al., 1992; 

SLATER, 2014), the entire coding potential of the EHV-1 genome has yet to be elucidated. 

We can therefore expect to gain exciting new insights by novel Next Generation Sequenc-

ing techniques (e.g. total RNA Sequencing, microRNA Sequencing, target enriched RNA 

Sequencing) in the future.  
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1.3. Cell infection cycle 

EHV-1 can infect a variety of cell types, ranging from respiratory tract epithelial cells dur-

ing initial infection to mononuclear cells during viremia and to vascular endothelial cells 

of the central nervous system or the uterus (OSTERRIEDER & VAN DE WALLE, 2010). 

During the productive (acute) infection, the virus enters these target cells, replicates and 

propagates to high numbers of new virion particles. This infection cycle results in lysis of 

the infected cell and is therefore named lytic infection cycle (SLATER, 2014). Inde-

pendently, all herpesviruses can also enter a latent cycle in certain cell types, resulting in a 

non-productive chronic persistent infection. The cell tropism for latency establishment is 

more restricted than for lytic infection and is specific for each herpesvirus subfamily 

(PENKERT & KALEJTA, 2011). Like all Alphaherpesviruses, EHV-1 typically estab-

lishes latency in sensory neurons of the trigeminal ganglia (TG) (SLATER et al., 1994; 

EFSTATHIOU & PRESTON, 2005; BLOOM, 2016). However, EHV-1 also seems to be-

have lymphotropic for its latency establishment as latent EHV-1 has been detected previ-

ously in respiratory tract-associated lymphoid tissue (RALT) and in circulating CD8+ 

T-lymphocytes (T-cells) (WELCH et al., 1992; EDINGTON et al., 1994; CHESTERS et 

al., 1997; SMITH et al., 1998). The entry into either infection cycle is orchestrated upon 

entry into the host cell by a still unknown control mechanism (SLATER, 2014).  

Regardless of the target cell and the two different outcomes of the biphasic cycle, each 

infection starts with the coordinated process of viral entry (AZAB & OSTERRIEDER, 

2017): Following direct contact with EHV-1 or contact with infected cells, viral envelope 

glycoproteins (mainly gC and gB) bind to cell surface heparan sulfate proteoglycan 

(HSPG) and chondroitin sulfate proteoglycans (CSPG) (OSTERRIEDER, 1999; AZAB & 

OSTERRIEDER, 2017). Once attached, the virus is transported along filopodia (a mecha-

nism also referred to as “surfing”) towards the cell body, where gD associates with specific 

entry receptors (AZAB & OSTERRIEDER, 2017). Equine major histocompatibility com-

plex I (MHC-I) serves as an entry receptor on fibroblasts, epithelial and endothelial cells 

(KURTZ et al., 2010; SASAKI et al., 2011). There is also evidence of a yet undiscovered 

unique entry receptor for EHV-1 which is involved in gD binding (FRAMPTON et al., 

2005). Subsequently, the actual entry is performed either by fusion of the viral envelope 

with the host cell membrane or through endocytosis depending on the cell type 

(FRAMPTON et al., 2007; VAN DE WALLE et al., 2008; HASEBE et al., 2009) and the 

nucleocapsid and tegument proteins are released into the cell. While most of the tegument 

proteins separate from the capsid during this process, a few inner tegument proteins remain 
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bound and connect with dynein motor proteins linked to cell microtubules (FRAMPTON 

et al., 2010). This forms a transport complex along microtubules, which enables the viral 

capsid to be actively transported towards the nucleus. After docking to the nuclear pore 

complex (NPC), the capsid releases the viral genome into the nucleus while itself remains 

behind in the cytoplasm (OJALA et al., 2000; PAILLOT et al., 2008). The subsequent 

steps, taking place in the nucleus, are characterized by viral gene transcription and its reg-

ulation, which differs fundamentally depending on whether the virus enters a lytic or latent 

cycle (JONES, 2013; SLATER, 2014).  

1.3.1. Viral gene expression during productive and latent infection  

The lytic cycle is defined by viral DNA replication, protein expression and assembly of 

new virion particles. Once the viral DNA is released to the nucleus, the viral gene expres-

sion is activated, the core of which is a tightly regulated cascade of immediate early (IE), 

early (E) and late (L) genes (CAUGHMAN et al., 1985; GRAY et al., 1987b; SMITH et 

al., 1992). Viral regulatory gene products and host cell proteins orchestrate up- and down-

regulation of the distinct phases of viral gene expression (see chapter 1.3.2). The first gene 

to be transcribed is the sole IE gene (ORF64), which is required for E and L gene expres-

sion. Early gene expression initiates viral DNA replication (GRAY et al., 1987b; GRAY 

et al., 1987a; SMITH et al., 1992) and L genes are eventually transcribed, encoding for 

mainly viral structural proteins, required for virion assembly. Once the cycle is complete, 

newly generated viral DNA is packed into capsids. Nucleocapsids then associate with some 

tegument proteins and leave the nucleus through the inner and outer nuclear membrane. 

Further tegument proteins are added in the cytoplasm and the virus acquires its final enve-

lope, containing all viral glycoproteins by fusing with a vesicle originated from the Golgi 

complex. Finally, a new generation of infectious virions egresses from the cell which in-

evitably results in death of the latter (PAILLOT et al., 2008; CARTER & SAUNDERS, 

2013).  

During the latent cycle of infection, the entire round of transcription and translation of the 

gene cascade is not accomplished - precisely, lytic gene expression is repressed 

(PENKERT & KALEJTA, 2011). The cycle begins with establishment of latency, where 

the viral gene transcription cascade is rapidly silenced and gene expression limited to la-

tency-associated transcripts (LATs) (see chapter 3). The virus enters a dormant state, is 

non-infectious and persists as a circular episome (EFSTATHIOU et al., 1986; 

MELLERICK & FRASER, 1987; EFSTATHIOU & PRESTON, 2005). This process is 
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initiated by a combination of viral and host factors, which build the basis of a careful bal-

ance during maintenance of latency (see chapter 3). Importantly, the silencing of viral 

genes during latency is not ultimate and whereas some late genes (strict-late) are strictly 

inhibited, the expression of some other late genes (leaky-late) still occurs on a low-level 

basis (NICOLL et al., 2012; ROIZMAN et al., 2013). Periodically, external stimuli (e.g. 

stress and immunosuppression) animate viral gene expression, which can result subse-

quently in re-entering the lytic cycle (reactivation event) (PENKERT & KALEJTA, 2011; 

JONES, 2013).  

1.3.2. Gene transcription cascade 

The gene regulation cascade is crucial for understanding the characteristics of a lytic and 

latent life cycle, their balance, as well as their diagnosis approach. The key role in the 

complex series plays an array of regulatory genes and their proteins (P): one IE gene 

(ORF64, IEP), four E genes (ORF65, EICP22; ORF5, EICP27; ORF63, EICP0; IR2, IRP) 

and one L gene (ORF12, ETIF). 

The cascade is initiated by the ETIF Protein (HSV-1 VP16 homologue), a tegument pro-

tein, which is transported into the infected cell and activates IE gene expression 

(PUREWAL et al., 1994; LEWIS et al., 1997). The IE gene, represented twice in the in-

verted regions of the EHV-1 genome, has been shown to be essential for viral replication 

in vitro (GRUNDY et al., 1989; GARKO-BUCZYNSKI et al., 1998). The encoded IE pro-

tein is synthesized subsequently by host cell RNA polymerase and embodies the key regu-

latory factor (GRAY et al., 1987b; GRAY et al., 1987a). As such, it features autoregulation 

of its own expression, activation of other viral promoters and acts in cooperation with 

EICP22 and EICP27 proteins to initiate E and L gene expression (SMITH et al., 1992; 

ZHAO et al., 1992; HOLDEN et al., 1995). Within the IE gene maps the IR2 gene, which 

is expressed during E and L stages and seems to have a downregulating function for the 

IE promoter (HARTY & O'CALLAGHAN, 1991; SMITH et al., 1994). Transcription of 

E genes and subsequent E protein synthesis induces viral DNA replication (MUYLAERT 

et al., 2011). While EICP22 and EICP27 proteins act in concert with IE protein, EICP0 pro-

tein can activate all classes of EHV-1 promoters independently and seems to be particularly 

important for L gene activation (BOWLES et al., 1997; BOWLES et al., 2000). Once viral 

replication has started, L genes are expressed at maximum levels (PELLETT & 

ROIZMAN, 2013). They encode structural proteins forming the virion, the assembly of 

which marks the end of a lytic cycle.  
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1.3.3. Diagnosis of viral infection state in the present study 

One part of the present study focuses on the differentiation of EHV-1 lytic or latent infec-

tions in tissue samples. Basis for this diagnosis is the presence or absence of L gene mRNA 

and virion proteins as those gene products indicate a complete productive round of repli-

cation – hence they define a lytic cycle. Therefore, a sample can be defined as latently 

infected when viral genomic DNA is present (via qPCR) while L mRNA and L protein is 

not detectable (PUSTERLA et al., 2010). More specifically, the transmembrane gB 

mRNA, encoded by L gene ORF33 and gB, is generally used as indicator for lytic infection 

using reverse transcription qPCR (RT qPCR) and Immunohistochemistry (IHC) respec-

tively (PUSTERLA et al., 2010). The transmembrane protein gB is highly conserved 

among all herpesviruses (MCGEOCH & COOK, 1994), is essential for viral growth in 

vitro and functions in target cell attachment, penetration, and cell-to-cell fusion 

(WELLINGTON et al., 1996; NEUBAUER et al., 1997; SPIESSCHAERT et al., 2015).  

Notably, there is a caveat concerning this definition: While it is generally accepted that 

infectious virus cannot be detected during latency (JONES, 2003), viral gene expression is 

frequently animated during latency without resulting in re-entering the lytic cycle. Thus, 

there is the possibility that low abundance of gB mRNA might be present during latency 

as the gB gene is a leaky-late gene (ROIZMAN et al., 2013). Overall, although low levels 

of gB mRNA might be expressed occasionally during latency, it is unlikely that they reach 

high enough levels to be detected by the RT qPCR approach unless there is lytic gene 

expression including viral replication and virion assembly.  

2. EHV-1 Transmission and Pathogenesis  

2.1. Transmission, pathogenesis and disease manifestation 

EHV-1 is a ubiquitous viral pathogen and causes respiratory disease, abortion, and neuro-

logic disease (equine herpesvirus myeloencephalopathy (EHM)) in horses worldwide. 

Horses usually get exposed to EHV-1 and to its close relative EHV-4 very early in life, 

probably as young foals while having contact with their nursing dam (GILKERSON et al., 

1999b; GILKERSON et al., 1999a). Interestingly, whilst EHV-4 is genetically strikingly 

similar to EHV-1, infections with EHV-4 usually manifest only in mild respiratory disease 

but abortion and neuropathogenicity is scarce (PATEL & HELDENS, 2005). Following 

primary infection, both viruses establish latency in a high percentage of horses, the latter 

of which then become an important virus reservoir. Devastating EHV-1 disease outbreaks 

often start with a single horse (carrier animal), where latent EHV-1 reactivates following 
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stress events (transport, hospitalization, change in horse population) or due to an immuno-

compromised state. Subsequent transition to lytic infection leads to rapid transmission to 

susceptible herd mates and potentially to disease manifestation.  

Transmission of EHV-1 typically occurs through inhalation/ingestion of virus or direct 

contact with infectious materials (LUNN et al., 2009). Subsequently, EHV-1 targets epi-

thelial cells of the URT mucosa, where entering the lytic infection cycle results rapidly in 

primary replication followed by epithelial cell destruction and nasal viral shedding (KYDD 

et al., 1994a). In young or immunological naïve horses, respiratory symptoms like nasal 

and/or ocular discharge, occasional coughing and primary fever predominate, whereas res-

piratory disease is rather mild or subclinical in the adult horse (PAILLOT et al., 2008; 

WILSTERMAN et al., 2011; GIESSLER et al., 2020b). Furthermore, simultaneously to 

the active replication in the URT, EHV-1 infects adjacent sensory nerve endings and is 

transported to the TG, where it establishes life-long latency by manipulating the host cell 

environment and is creating a balance with the immune system (see chapter 3.3). Further-

more, EHV-1 features several additional immunomodulatory properties: During the initial 

phase of replication, EHV-1 is able to increase its virulence by modulating the innate im-

mune response at the respiratory epithelium; for example by interfering with chemotaxis 

of leukocytes and/or expression of interferons (SOBOLL HUSSEY et al., 2011; SOBOLL 

HUSSEY et al., 2014). Another important strategy of EHV-1 that aims to evade the elimi-

nation through the immune system involves invading the latter by targeting and hiding in 

immune cells (POELAERT et al., 2019). Specifically, EHV-1 infects and uses monocytes 

in the URT to be transported through the connective tissue to vascular endothelium and 

respiratory tract-associated lymphoid tissue (RALT) (KYDD et al., 1994b; GRYSPEERDT 

et al., 2010; VANDEKERCKHOVE et al., 2010; BAGHI & NAUWYNCK, 2014), which 

is also a known latency site for EHV-1 (CHESTERS et al., 1997). The virus is then trans-

ferred to PBMCs and subsequently distributed throughout the body in a cell-associated 

viremia, which can be typically detected until around day 14 post infection (GIBSON et 

al., 1992; HUSSEY et al., 2006; ALLEN, 2008; LUNN et al., 2009; PUSTERLA et al., 

2009; GOEHRING et al., 2010b) and a secondary fever usually peaks during this period 

(HUSSEY et al., 2006; GOEHRING et al., 2010a; GOEHRING et al., 2010b). Viremia is 

therefore essential for reaching the vascular endothelium of secondary infection sites such 

as CNS, uterus, gonads or the eye (DUTTA & MYRUP, 1983; EDINGTON et al., 1986; 

KYDD et al., 1994b; TEARLE et al., 1996; ALLEN & BREATHNACH, 2006; WALTER 

et al., 2012; HUSSEY et al., 2013), where endothelial cell infection of arterioles may cause 
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vasculitis and thrombosis (EDINGTON et al., 1986; GOEHRING & VAN 

OLDRUITENBORGH-OOSTERBAAN, 2001; PUSTERLA & HUSSEY, 2014). In spinal 

cord and brain, the adjacent affected neural tissue becomes necrotic following hypoxia and 

ischaemia, referred to as “equine stroke” (EDINGTON et al., 1986), which can cause mye-

loencephalopathy (EHM). Furthermore, there is growing evidence that activation of the 

coagulation cascade is linked to EHV-1 viremia and thus may be a contributing factor in-

volved in thrombosis formation (GOEHRING et al., 2013; YEO et al., 2013; STOKOL et 

al., 2015; WILSON et al., 2019). Similarly, arteriolar thrombosis in the endometrium of 

the pregnant uterus causes late term abortion (GOEHRING & VAN 

OLDRUITENBORGH-OOSTERBAAN, 2001; SMITH & BORCHERS, 2001; 

GARDINER et al., 2012) with neonatal foal death being a consequence of intrauterine 

EHV-1 infection (GOEHRING & VAN OLDRUITENBORGH-OOSTERBAAN, 2001). 

Infections with EHV-4 on the other hand, typically do not cause neurologic disease or 

abortion like EHV-1, albeit their close relatedness and similarity in initial infection and 

replication in the URT. Although the differences in pathogenesis is not completely under-

stood, it has been shown that EHV-4 usually does not cause cell-associated viremia (MA 

et al., 2013).  

Therefore, it seems likely that viremia represents a key element in EHV-1 infections and 

is prerequisite for secondary EHV-1 disease manifestations (ALLEN, 2008; GOEHRING 

et al., 2010b; OSTERRIEDER & VAN DE WALLE, 2010). However, neurologic disease 

is usually developed only in a small percentage of EHV-1 infected and viremic horses and 

viral and host factors contributing to EHM pathogenesis are still poorly understood 

(GOEHRING et al., 2006; LUNN et al., 2009; HOLZ et al., 2017). It has been shown that 

EHV-1 neuropathogenicity is strongly associated with the virulence of naturally occurring 

DNA polymerase gene (ORF30) strain variants: Specifically, a nucleotide polymorphism 

resulting in a single amino acid variation of the polymerase (asparagine (N) changes to 

aspartic acid (D) at amino acid position 752) increases the neuropathogenic capacity 

(NUGENT et al., 2006). It has been shown in infection experiments, that neuropathogenic 

D752 strains are associated with higher levels and a prolonged period of viremia than their 

non-neuropathogenic counterparts (N752 strains); the higher load of circulating virus and 

the prolonged exposure of the vascular endothelium supposedly increases the risk for EHM 

development (GOODMAN et al., 2007; ALLEN, 2008; LUNN et al., 2009; HOLZ et al., 

2017).  

This theory is also supported by the dramatic increase of EHM incidence in old horses 
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(> 20 years of age), as a likewise significantly higher viral load is detectable during viremia 

in the elderly compared to younger individuals (HENNINGER et al., 2007; ALLEN, 2008; 

GIESSLER et al., 2020b). Age-related changes in the immune response most likely drive 

the severity of EHV-1 pathogenesis (HENNINGER et al., 2007), however, host factors 

contributing to EHM development are largely unknown and currently under investigation 

by our research group. 

2.2. Peripheral blood mononuclear cell tropism during viremia 

EHV-1 is capable to infect monocytes, T- an B-lymphocytes in vitro and in vivo, but the 

main subpopulation within PBMCs that EHV-1 targets during primary infection has been 

controversially discussed in literature (VAN DER MEULEN et al., 2000; GOODMAN et 

al., 2007; GRYSPEERDT et al., 2010; WILSTERMAN et al., 2011; POELAERT et al., 

2019). It has been shown in nasal mucosal explant studies that EHV-1 efficiently ‘hi-jacks’ 

monocytes for the initial transport upon replication in the respiratory mucosa 

(VANDEKERCKHOVE et al., 2010), which was also reported in vivo (GRYSPEERDT et 

al., 2010). Furthermore, T-lymphocytes (T-cells) seem to be important carrier cells during 

viremia (WILSTERMAN et al., 2011; POELAERT et al., 2019). However, whether EHV-1 

is more prone to infect CD4+- or CD8+ T-cells remains inconclusive (SLATER et al., 

1994; CHESTERS et al., 1997; HENNINGER et al., 2007; WILSTERMAN et al., 2011; 

POELAERT et al., 2019). Another important point of discussion concerns the state of the 

virus within mononuclear cells during viremia, which has yet to be defined. There is evi-

dence that EHV-1 gene expression is silenced in monocytes, including reduced expression 

of viral proteins (VAN DER MEULEN et al., 2000; LAVAL et al., 2015). This strategy 

may provide an essential advantage for the virus to hide within PBMCs during the period 

of viremia. Interestingly, Poelaert et al. (2019) showed that EHV-1 is able to efficiently 

replicate in T-cells, but opposed to what is known for lytic infections, virion assembly is 

not completed. Viral capsids are formed but retained in the nucleus of the infected cell until 

it binds to a secondary target cell, where the virus then can be transferred through the for-

mation of a virological synapse (POELAERT et al., 2019). This is important to further 

understand the transfer of the virus to the endothelium of the CNS and the pregnant uterus 

and hence for EHV-1 pathogenesis. Interestingly, the same phenomenon of nuclear accu-

mulation of viral capsids and cell-to cell fusion has also been described in neurons and non-

neuronal cells infected with VZV, the very closely related human Varicellovirus 

(REICHELT et al., 2008; REICHELT et al., 2011). It is tempting to assume that this strat-

egy may also be used by EHV-1 to infect neurons potentially during latency establishment. 
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3. Aspects of latency 

3.1. Latency sites of relevant Alphaherpesviruses 

Alphaherpesviruses establish latency predominantly in neurons of sensory ganglia 

(SLATER et al., 1994; JONES, 2003; BLOOM, 2016; DEPLEDGE et al., 2018). Typi-

cally, trigeminal ganglia (TG) represent preferred sites for latency establishment as their 

sensory nerve endings are readily accessible for newly synthesized virions during produc-

tive (primary) infection in the respiratory epithelium (BARINGER & SWOVELAND, 

1973; MEIER et al., 1993; SLATER et al., 1994; BAXI et al., 1995; RAMAKRISHNAN 

et al., 1996; JIANG et al., 1998). However, latency pathogenesis and latency locations of 

different Alphaherpesviruses coevolved with their natural hosts and often mirror the spe-

cific pathogenesis of the initial infection (MAHALINGAM et al., 1992). Below there is a 

brief review on latency pathogenesis and locations of different EHV-1 relatives. Within the 

subfamily of Alphaherpesviruses, HSV-1 belongs to the genus Simplexvirus, VZV and 

BoHV-1 both belong like EHV-1 to the genus Varicellovirus. 

3.1.1. Herpes Simplex Virus 1 

HSV-1 is characterized by a very high seroprevalence in the human population and infec-

tions typically occur early in life by oral transmission (BLOOM & DHUMMAKUPT, 

2016). Primary infection is generally subclinical and allows the virus to establish a persis-

tent infection mainly in TG for the life of the host (see chapter 3.2). Periodically, mostly 

stress-induced reactivation may cause either asymptomatic shedding or a localized ulcer-

ated lesion (cold sores, herpes labialis) on a distinct area of the lip, which is innervated 

from the infected neuron (BLOOM & DHUMMAKUPT, 2016). A recent review revealed 

that asymptomatic shedding occurs in at least 70 % of the population at least once a month 

(MILLER & DANAHER, 2008), which indicates frequent low-level reactivation and re-

flects the high seroprevalence of HSV-1.  

Consistent with HSV-1 infections being predominantly localized to the oropharyngeal re-

gion, HSV-1 latency is usually established mainly in TG and spinal cord dorsal root ganglia 

(DRG) (BARINGER & SWOVELAND, 1973; MAHALINGAM et al., 1992; OBARA et 

al., 1997) but also in other sensory (pterygopalatine, ciliary, otic, submandibular, genicu-

late) and autonomic (superior cervical and nodose) ganglia of the head and neck 

(RICHTER et al., 2009). For example, viral transmission to the eye can result in local rep-

lication and subsequent latency establishment in ganglia pteryopallatine and superior cer-

vical ganglia (RICHTER et al., 2009; BLOOM & DHUMMAKUPT, 2016). In severe cases 
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of primary ocular infections and reactivation, HSV-1 causes recurrent corneal lesions, 

which can often result in blindness of the individual (LIESEGANG, 2001). Further studies 

discussed the involvement of HSV-1 in esophageal and gastroduodenal lesions following 

ingestion of HSV-1 during primary infection and suggested subsequent latency establish-

ment in nodose ganglia as part of the vagus nerve (WARREN et al., 1978; LÖHR et al., 

1990; GESSER & KOO, 1997; NAGEL et al., 2014). Furthermore, there is evidence of 

latent infection of thoracic sympathetic trunk ganglia, however only in rare cases 

(GALLOWAY et al., 1979; MAHALINGAM et al., 1992; NAGEL et al., 2014). 

While overall not common for HSV-1, infections may result in cell-associated viremia in 

rare cases of immunocompromised patients or neonates (SMITH, 2012). During this se-

vere, disseminated HSV-1 disease, the virus is distributed to various organs (liver, spleen, 

lung, lymph nodes), and results often in fatal encephalitis (WHITLEY et al., 1982; LUKER 

et al., 2003; BLOOM & DHUMMAKUPT, 2016). The travel route towards the brain may 

be via blood during disseminated disease and/or by neuronal transport from infected gan-

glia (WHITLEY et al., 1982; KENNEDY & CHAUDHURI, 2002). As latent HSV-1 can 

be detected frequently in normal brain tissue without history of severe HSV-1 disease, 

hence without history of HSV-1 viremia, neuronal HSV-1 transfer towards CNS seems to 

occur on a regular basis (GORDON et al., 1996; KENNEDY & CHAUDHURI, 2002).  

Taken together, HSV-1 latency seems to be generally limited to cranial nerve ganglia, 

which are accessible during primary infection of the oropharynx.  

3.1.2. Varicella Zoster Virus 

The human Alphaherpesvirus VZV causes varicella (chickenpox) during primary infection, 

which is a generalized vesicular skin rash. Unlike HSV-1, VZV is transported via cell-

associated viremia throughout the body resulting in widespread infection of the skin. Sub-

sequently, latency is established in sensory and sympathetic neurons, where it can be reac-

tivated to cause a second, more localized form of disease, herpes zoster (shingles) 

(DEPLEDGE et al., 2018). This is characterized by a vesicular rash which is localized to 

the specific skin area innervated by the respective infected latency site. The main sites of 

VZV latency are thought to be sensory neurons of TG (GILDEN et al., 1983; KENNEDY 

et al., 1998; LEVIN et al., 2003) and DRG (KENNEDY et al., 1999; REICHELT et al., 

2008) where VZV gains access to the neurons in proximity of infected skin lesions during 

primary infection (chickenpox) (FURUTA et al., 1997). However, various other sensory 

ganglia (geniculate, vestibular, spiral) and autonomic (thoracic sympathetic trunk ganglia, 
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nodose, enteric) ganglia may be potential additional latency sites in which VZV DNA has 

been readily detected (GILDEN et al., 1987; FURUTA et al., 1992; MAHALINGAM et 

al., 1992; FURUTA et al., 1997; GILDEN et al., 2001; CHEN et al., 2011; DEPLEDGE et 

al., 2018). Interestingly, potential latency sites like vestibular and spiral ganglia are not 

directly linked by neurons to the epidermis of the skin (FURUTA et al., 1997), and there-

fore not easily accessible via viral neuronal transport. Furthermore, VZV DNA can be de-

tected in sensory ganglia before the primary vesicular skin infection occurs (ZERBONI et 

al., 2005; OUWENDIJK et al., 2013). Therefore, there is growing evidence that cell-asso-

ciated viremia serves as an alternative, hematogenous route towards VZV latency sites 

(ZERBONI et al., 2005; OUWENDIJK et al., 2013). Indeed, besides its characteristic neu-

rotropism, VZV is also known to be lymphotropic (KU et al., 2002; SCHAAP et al., 2005). 

It has been shown that T-cells, which transport the virus to skin regions during viremia, 

also transferred VZV into DRG in a xenograft mouse model (ZERBONI et al., 2005). How-

ever, studying VZV latency pathogenesis is challenging due to its immense human-cell 

tropism and a lack of effective animal models (BLOOM, 2016). Detailed studies to identify 

the pathogenesis of Simian Varicella Virus (SVV, a close relative to VZV) were conducted 

by Ouwendijk et al. (2013 and 2016) in the natural host (African green monkeys). The 

authors showed that SVV infects T-cells during primary infection, which transport the virus 

throughout the body during viremia. Infected T-cells could then be identified adjacent to 

neurons up to 20 dpi. This supports the results of VZV in in vitro studies (GRIGORYAN 

et al., 2015) and xenograft in vivo mouse models (ZERBONI et al., 2005) and suggests that 

VZV lymphotropism and subsequent hematogenous spreading enhances the frequency of 

latency establishment in various neurons (ZERBONI & ARVIN, 2016). 

3.1.3. Bovine Herpesvirus 1 

BoHV-1 is an important pathogen of cattle causing infectious bovine rhinotracheitis (IBR), 

genital disorders (infectious pustular vulvovaginitis, balanopostitis), abortions, fatal sys-

temic infections in calves and in rare cases meningoencephalitis (BRYAN et al., 1994; 

ROELS et al., 2000; JONES, 2016). Depending on whether initial infection occurs on up-

per respiratory tract or genital tract mucosa, latency is established via neuronal transport in 

sensory neurons of TG or sacral ganglia, respectively (JONES, 2016). Additional neural 

latency sites may exist but have not been further investigated so far (JONES, 2016). Im-

portantly, BoHV-1 suppresses the immune system during primary infection: By targeting 

and destroying CD4+ T-cells and impairing cell-mediated immunity, BoHV-1 facilitates 

manifestation of secondary bacterial infections that may result in live-threatening 
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bronchopneumonia, also referred to as bovine respiratory disease complex (shipping fever) 

(ESKRA & SPLITTER, 1997; WINKLER et al., 1999; JONES & CHOWDHURY, 2008). 

Lymphotropism also enables BoHV-1 to be distributed to secondary infection sites in a 

cell-associated viremia, and BoHV-1 was detected in PBMCs and lymphoid tissue (tonsils, 

lymphnodes, spleen) during acute infection (BAGUST & CLARK, 1972; NYAGA & 

MCKERCHER, 1979; CASTRUCCI et al., 1992; BRYAN et al., 1994; KAASHOEK et 

al., 1996; FUCHS et al., 1999; WINKLER et al., 1999). However, some authors indicate 

that viremia seems to occur mainly in very young calves resulting in systemic infection 

(KAASHOEK et al., 1996; MWEENE et al., 1997). Consistent with its lymphotropism, 

BoHV-1 can persist in lymphocytes after acute infection (FUCHS et al., 1999) and estab-

lishes latency in non-neural sites like PBMCs (FUCHS et al., 1999; WANG et al., 2001), 

tonsils (WINKLER et al., 2000), lymphnodes, and spleen (MWEENE et al., 1997).  

A great advantage of BoHV-1 latency research is the fact that it can be studied in calves as 

the natural host. In addition, latent BoHV-1 can be reliably reactivated by treating latently 

infected calves with the synthetic corticosteroid dexamethasone. This model therefore pro-

vides valuable research possibilities to further investigate the switch from latency to reac-

tivation (JONES, 2016). 

3.2. Latency establishment and reactivation in neurons 

With the onset of viral replication in the respiratory epithelium and infection of mononu-

clear cells, viral particles also start to enter axonal nerve endings by fusion with the neu-

ronal plasma membrane (JONES, 2013; SLATER, 2014; BLOOM, 2016). The subsequent 

active transport to the nucleus along microtubules is critical in neuronal cell infection con-

sidering the long distance between axonal nerve ending and neuronal nucleus located in 

ganglia (DIEFENBACH et al., 2008). Furthermore, the consistent polar orientation of mi-

crotubules in axons requires an efficient retrograde transport from plus end (axon termini) 

to minus end (nucleus) (SMITH, 2012). At least three inner tegument proteins have been 

described to build a retrograde transport complex with dynein motor proteins on microtu-

bules for efficient capsid delivery to the neuronal nucleus (LUXTON et al., 2005; 

ANTINONE & SMITH, 2010; SMITH, 2012; RICHARDS et al., 2017). The importance 

of a well-functioning transport complex for latency establishment in neurons has been re-

cently highlighted by HSV-1 and PsRV studies, where mutated versions of a specific com-

plex protein (pUL37) led to abort of capsid delivery to the nucleus and therefore inhibit 

latency establishment in vitro and in vivo (RICHARDS et al., 2017; PICKARD et al., 
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2020). Upon arrival to the neuronal cell body, viral genome is then released into the nucleus 

and circularizes. Subsequently, latency is established either promptly or following a short 

replication cycle (COEN et al., 1989; EFSTATHIOU et al., 1989; KATZ et al., 1990; 

STEINER et al., 1990). While replication is not necessary for latency establishment, effi-

cient replication and subsequent spreading can result downstream in higher numbers of 

latently infected neurons (THOMPSON & SAWTELL, 2000). The axonal architecture of 

neurons possibly favors prompt latency establishment as the virus has to overcome long 

travel distances: It is discussed for HSV-1 that sufficient amounts of the viral gene cascade 

transactivator, VP16 (ETIF homologue), may not arrive at the distant neuronal nucleus 

resulting in a failure of initiating replication and therefore promoting immediate latency 

establishment (EFSTATHIOU & PRESTON, 2005; ANTINONE & SMITH, 2010; 

HAFEZI et al., 2012; SMITH, 2012)  

Notably, while latently infected neurons are present from day one post infection (BLOOM, 

2016), the term latency generally reflects the stable dormant viral state in the whole organ-

ism after the acute infection declines 14 – 21 dpi (GIBSON et al., 1992; HUSSEY et al., 

2006; ALLEN, 2008; LUNN et al., 2009; PUSTERLA et al., 2009; GOEHRING et al., 

2010b) and therefore is agreed to begin around 28 dpi (BLOOM, 2016).  

The latent state in its complexity of involved molecular and cellular mechanisms is still 

poorly understood (PENKERT & KALEJTA, 2011; ZERBONI & ARVIN, 2016). It is 

assumed that after abort of the viral gene transcription cascade, the viral genome associates 

tightly with cellular histones (DESHMANE & FRASER, 1989; KNIPE & CLIFFE, 2008) 

and persists in a quiescent form as a circular episome (EFSTATHIOU et al., 1986; 

MELLERICK & FRASER, 1987). A precisely regulated balance between viral factors, 

neuronal environment and host immunity is now established (EGAN et al., 2013) 

(see chapter 3.3).  

Periodically, this balance is challenged by certain stimuli like stress, fever, tissue damage, 

or immune suppression (NICOLL et al., 2012). This can initiate unregulated transcription 

of multiple viral genes, an event which is referred to as animation (PENKERT & 

KALEJTA, 2011) and can ultimately result in reactivation (PENKERT & KALEJTA, 

2011; KENNEDY et al., 2015). However, animation including low-level lytic gene expres-

sion probably occurs frequently without culminating in virion assembly, but instead the 

virus re-enters the dormant state (PENKERT & KALEJTA, 2011; KIM et al., 2012; 

KENNEDY et al., 2015). There is still a lack of knowledge which criteria lead to the final 
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shift towards exit from latency, where animation is followed by organized IE, E, L gene 

transcription, viral DNA replication and virion assembly (KIM et al., 2012; KENNEDY et 

al., 2015). Upon reactivation, virions can egress directly from the neuronal cell body or 

travel anterogradely along axons towards the primary infection site (DIEFENBACH et al., 

2008; SMITH, 2012). Anterograde transport is likely promoted by kinesin molecules but 

overall not fully understood (SMITH, 2012): Whether viral particles (naked capsid and 

glycoproteins) are transported separately or as assembled enveloped virion in vesicles re-

mains inconclusive (DIEFENBACH et al., 2008; SMITH, 2012). Finally, the virus exits 

the axonal termini supposedly by exocytosis (SAKSENA et al., 2006), may then infect 

epithelial cells and either cause asymptomatic shedding or recurrent lesions. The axonal 

architecture of sensory neurons therefore allows the latent virus to retain a direct loophole 

to peripheral tissue sites and to new susceptible hosts eventually in case of reactivation.  

3.3. Maintenance of latency: balance between viral and host factors 

3.3.1. Host cell chromatin and gene regulation 

Upon release of the viral genome into the host cell nucleus, viral DNA is exposed to the 

nuclear environment (NICOLL et al., 2012). Unlike the bare viral DNA in virions, eukar-

yotic DNA is bound to histones and other proteins which pack up the long DNA molecule 

in a complex called chromatin (KNIPE & CLIFFE, 2008). Active and repressive forms of 

histones can regulate gene transcription, as they influence the density of chromatin upon 

genes. The activity state of histones as such is associated with amino acid tail modifica-

tions, most importantly acetylation and methylation (EFSTATHIOU & PRESTON, 2005; 

KNIPE & CLIFFE, 2008). For example, acetylation results in active chromatin and gene 

transcription. De-acetylation by histone de-acetylases (HDACs) therefore leads to chroma-

tin condensation and gene silencing. These host cell chromatin structures become associ-

ated with viral DNA (NICOLL et al., 2012; TALLMADGE et al., 2018). While this appears 

to be a host cell defense mechanism in order to silence viral gene expression via condensed 

chromatin, the virus itself is presumably actively involved in this process and may be able 

to manipulate the chromatin structure for its own gene regulation (WANG et al., 2005b; 

NICOLL et al., 2012; LAVAL et al., 2015). Indeed, during lytic HSV-1 infection, viral 

proteins like VP16 (ETIF homologue) and/or IE protein may reduce overall chromatin as-

sembly upon viral lytic genes and promote active (open) chromatin possibly by inhibiting 

HDACs (HOBBS & DELUCA, 1999; KENT et al., 2004; KNIPE & CLIFFE, 2008). For 

EHV-1, histone methylation (TALLMADGE et al., 2018) and acetylation (LAVAL et al., 



II. Literature review 18 

2015) has been shown to regulate viral gene transcription during lytic infection.  

During latency, however, the viral episome is tightly associated with condensed forms of 

chromatin particularly upon viral lytic genes. It has been suggested for HSV-1 that this 

may be linked to the failure of VP16 delivery into the nucleus during latency establishment 

(KNIPE & CLIFFE, 2008; HAFEZI et al., 2012). While repressive chromatin is presuma-

bly involved in lytic gene silencing, acetylated (open) chromatin has been detected upon 

the sole gene region, which is active during latency: the LAT gene (NICOLL et al., 2012). 

In addition, LAT itself supposedly reduces active chromatin during latency (WANG et al., 

2005b; CLIFFE et al., 2009), implying one of the multiple potential mechanisms of LAT 

in its function as a latency regulator. 

3.3.2. The role of latency-associated transcripts  

Presumably all Alphaherpesviruses express LATs that contribute to the network of regula-

tion during latency (JONES, 2013; BLOOM, 2016; DEPLEDGE et al., 2018). However, 

their presence is overall not required for latency establishment (NICOLL et al., 2012). De-

spite years of research since their discovery in 1987 (SPIVACK & FRASER, 1987; 

STEVENS et al., 1987), the exact role and mechanism of action is still poorly understood 

(NICOLL et al., 2012) and best characterized in HSV-1 research. Supposedly, LATs are 

capable of reducing lytic gene expression (GARBER et al., 1997) by still unknown mech-

anisms. One possibility could be an anti-sense, inhibiting binding of LAT to IE mRNA 

(STEVENS et al., 1987), which aborts further translation processes. As already mentioned, 

another possible way could involve LAT dependent manipulation of host cell chromatin 

structure that associates with viral genes. For example, tightly condensed chromatin on 

viral lytic-gene promoters could be appreciated in the presence of LAT, but not in LAT 

negative mutants (WANG et al., 2005b). In addition, LATs may also be capable of sup-

porting neuronal survival through an anti-apoptotic mechanism (PERNG et al., 2000; 

INMAN et al., 2001; JONES, 2003; TORMANEN et al., 2019). Typically, LATs are en-

coded to a genomic region antisense to the IE gene (HSV-1 ICP0) and persist after splicing 

as a 2.0 kbp stable intron (JONES, 2003; EFSTATHIOU & PRESTON, 2005). While the 

LAT gene locus seems to be conserved among well-studied Alphaherpesviruses like 

HSV-1, VZV, and BoHV-1, the precise gene region encoding EHV-1 LAT is controver-

sially discussed in literature (HOLDEN et al., 1992; BAXI et al., 1995; CHESTERS et al., 

1997; BORCHERS, 1999; PUSTERLA et al., 2009; ABDELGAWAD et al., 2016; 

VARGAS-BERMUDEZ et al., 2018). During HSV-1 and BoHV-1 latency, LATs are 
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abundantly expressed, which is why they are established markers used in HSV-1 and 

BoHV-1 latency diagnosis (JONES, 2003). Both HSV-1 and BoHV-1 LATs express micro-

RNAs (miRNAs) during latency (UMBACH et al., 2008; JABER et al., 2010; JURAK et 

al., 2010). Mi-RNAs are small (~22-nucleotide), non-coding RNAs, associated with viral 

gene regulation by targeting and binding to mRNAs (GREY, 2015). It has been shown that 

they may be able to suppress lytic gene transcription and support survival of latently in-

fected cells (NICOLL et al., 2012; GREY, 2015). BoHV-1 LAT additionally has coding 

potential for a protein with anti-apoptotic activity, which is a unique feature among known 

LATs of Alphaherpesviruses (JIANG et al., 1998; CIACCI-ZANELLA et al., 1999; MOTT 

et al., 2003; MEYER et al., 2007). Until recently, VZV was assumed to be the only Al-

phaherpesvirus not known to express LAT (BLOOM, 2016; ZERBONI & ARVIN, 2016). 

Depledge et al. (2018) revised this theory and succeeded in a breakthrough in VZV research 

by detecting a complex organized LAT using target enriched RNA Sequencing. Like 

HSV-1 and BoHV-1, the VZV LAT is encoded antisense to the corresponding VZV IE 

gene location but seems to be expressed at very low-levels and does not encode miRNA. 

Furthermore, the authors detected an additional IE transcript during VZV latency which is 

possibly involved in the process of reactivation (DEPLEDGE et al., 2018). Hence, the 

known functions of LATs, their size and level of transcription is not uniform among Al-

phaherpesviruses (EFSTATHIOU & PRESTON, 2005; DEPLEDGE et al., 2018).  

Several studies in the past detected transcripts during EHV-1 latency using in-situ hybrid-

ization (BAXI et al., 1995; CHESTERS et al., 1997), conventional nested PCR 

(CHESTERS et al., 1997; BORCHERS, 1999; ABDELGAWAD et al., 2016; VARGAS-

BERMUDEZ et al., 2018) or nothern blot analysis (HOLDEN et al., 1992). According to 

this data there is evidence that potential LATs are encoded to regions antisense to the ICP0 

homologue (ORF 63) (BAXI et al., 1995; BORCHERS, 1999; ABDELGAWAD et al., 

2016; VARGAS-BERMUDEZ et al., 2018) and/or antisense to a region overlapping the 

3’ end (CHESTERS et al., 1997) or 5’ end (HOLDEN et al., 1992) of the sole IE gene 

(ORF 64). But whether these are transcripts periodically expressed during low-level gene 

expression during latency or true LATs that are structurally and functionally comparable 

to those of HSV-1, BoHV-1 or VZV, remains to be elucidated. One can speculate that the 

putative EHV-1 LAT is not as abundantly expressed as in HSV-1 or BoHV-1 latency and 

similar to VZV LAT research, methods with higher sensitivity like RNA Sequencing are 

crucial to repeatedly define and characterize the molecular structure of EHV-1 LAT.  
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3.3.3. The role of different host cell types in ganglia  

3.3.3.1. Neuron-satellite glial cell complex 

Neurons are stable, long living cells that do not divide and normally express only low 

amounts of T-cell receptors (MHC class 1 and 2 molecules) (EGAN et al., 2013; SLATER, 

2014). Therefore, neurons serve as ideal latency sites, where the virus can persist lifelong 

in symbiosis with the host (LIU et al., 2001). Within ganglia, each sensory neuron is tightly 

wrapped in a sheath of laminar cells, representing the glial cells of the peripheral nervous 

system. These satellite glial cells (SGCs) are multifunctional nursing cells that regulate the 

neurons’ microenvironment and serve as physical support by forming a protective envelope 

around the neuron (HANANI, 2005). It has been shown that SGCs synthesize growth fac-

tors and proliferate following nerve trauma and malnutrition which presumably preserves 

the enclosed neuron (LEE et al., 1998; ELSON et al., 2003; VAN VELZEN et al., 2009). 

Similarly, SGC proliferation also has been detected in response to acute herpesvirus infec-

tions, which possibly prevents random virus spreading throughout the ganglia in a shield 

like manner (LAVAIL et al., 1997; ELSON et al., 2003). However, SGCs are very versatile 

in function and their roles during viral infection have just started to become elucidated. 

There is growing evidence that SGCs act as tissue-resident immune cells with phenotypic 

and functional similarities to antigen presenting cells (HANANI, 2005). As such, SGCs 

likely are involved in the innate immune response to herpesvirus infections in neurons: It 

has been shown that SGCs are activated during primary viral infection and can express 

cytokines/chemokines (IFN-α, IL-6, TNF-α, CXCL10) to orchestrate T-cell infiltration 

into the ganglia (HANANI, 2005; VAN VELZEN et al., 2009; OUWENDIJK et al., 2016; 

DEPLEDGE et al., 2018). This may highlight the importance of SGCs in clearing virus 

during acute infection/reactivation by them compensating the neurons insufficient ability 

to express viral antigens to the immune system (VERJANS et al., 2007; VAN VELZEN et 

al., 2009).  

Whether SGCs become infected productively during acute and/or serve as safe harbor dur-

ing latent infection is broadly (and somewhat controversially) discussed for HSV-1 and 

VZV (CROEN et al., 1988; WROBLEWSKA et al., 1993; LAVAIL et al., 1997; 

WILKINSON et al., 1999; CAI et al., 2002; LEVIN et al., 2003; HANANI, 2005; 

REICHELT et al., 2008; BERTKE et al., 2011; ZERBONI & ARVIN, 2016). While VZV 

infects and replicates efficiently in satellite cells using human DRG xenotransplantation 

models (REICHELT et al., 2008), satellite cells seem to be less susceptible for productive 
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HSV-1 infection using the same in vivo model (ZERBONI et al., 2013). Restrictive HSV-

1 viral replication in satellite cells has also been reported in other studies (WILKINSON et 

al., 1999; ELSON et al., 2003). Moreover, VZV can induce plasma membrane fusion be-

tween infected neuronal cell bodies and the surrounding satellite cells, resulting in rapid 

viral transfer from neuron to satellite cells and subsequent spreading to nearby neuron-

satellite cell complexes (REICHELT et al., 2008). During VZV reactivation, the rapid gan-

glionic spreading of reactivated virions increases the chances for anterograde axonal 

transport towards an entire area of the skin (dermatome), resulting in the typical derma-

tomal skin rash (WILKINSON et al., 1999; ZERBONI et al., 2013). Furthermore, the neu-

ronal damage post ganglionic spreading and signaling processes between neuron-satellite 

complexes have been associated with the characteristic neuropathic pain during VZV re-

activation, which is not common in HSV-1 infections (ZERBONI et al., 2013). Indeed, the 

phenomenon of ganglionic spreading could not be detected in HSV-1 reactivation and re-

current HSV-1 lesions are typically more focal and restricted to a single anatomical spot 

(SMITH, 2012; ZERBONI et al., 2013; BLOOM & DHUMMAKUPT, 2016).  

Numerous studies tried to define the precise cell location during HSV-1 and VZV latency 

within the neuron satellite complex of ganglia obtained during autopsy: While latent 

HSV-1 was consistently localized to neurons (CROEN et al., 1988; CAI et al., 2002; 

WANG et al., 2005a), some early VZV studies using in situ hybridization described VZV 

transcripts (CROEN et al., 1988; WROBLEWSKA et al., 1993) or DNA (LUNGU et al., 

1995) to be present in satellite glial cells during latency. However, this has been re-evalu-

ated later by laser capture microdissection (WANG et al., 2005a) and by cell separation of 

neurons and satellite cells prior to PCR evaluation (LEVIN et al., 2003). Both studies con-

cluded that the predominant cell type for VZV latency establishment is the neuron.  Nota-

bly, the low amounts of viral DNA and/or transcripts present during latency as well as the 

close proximity and interaction between satellite cells and neurons makes it quite challeng-

ing to consistently define the cellular localization of latent virus in ganglia 

(MAHALINGAM et al., 1999; LEVIN et al., 2003).  

3.3.3.2. T-lymphocyte immunity 

The virus-host coexistence during chronic persistent infection requires a precise balance 

between the dormant virus and the host immune system. In addition, this balance during 

latency must benefit not only the virus but also the host in order to be an evolutionary 

successful concept (SIMMONS & TSCHARKE, 1992; LEGER & HENDRICKS, 2011). 
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Within neurons, taming the virus in a non-lytic state is obviously an advantage for the host, 

as each reactivation leads to neuronal death which cannot be regenerated (LEGER & 

HENDRICKS, 2011; EGAN et al., 2013). It has been shown that CD8+ T-cells are in-

volved in maintaining the viral latent state by acting in a non-lytic way. They are therefore 

important host factors preserving the neuron and the (latent) virus (SIMMONS & 

TSCHARKE, 1992; LIU et al., 1996; LIU et al., 2000; KHANNA et al., 2003; VERJANS 

et al., 2007). Viral antigen during lytic- and low-level gene expression during latent infec-

tion may attract CD8+ T-cells via cytokines/chemokines that are most likely expressed by 

SGCs and to a lesser extent by neurons themselves (SIMMONS & TSCHARKE, 1992; 

HANANI, 2005; VAN VELZEN et al., 2009; OUWENDIJK et al., 2016; DEPLEDGE et 

al., 2018). Following antigen exposure, T-cells can differentiate to memory T-cells that 

remain permanently as virus specific memory T-cell and are ready to react with a fast re-

sponse in case of re-exposure. Memory T-cells can further be divided into (a) central 

memory T-cells, homing to lymphoid tissue; (b) effector memory T-cells, which are dis-

tributed to tissues in the periphery while constantly screening the environment for their 

specific antigen; and (c) tissue resident memory T-cells (TRM), a subset that typically re-

mains permanently guarding the primary infection site (EGAN et al., 2013). It has been 

speculated that following infiltration in to the ganglia during primary infection, CD8+ T-

cells remain in close proximity to neurons during latency probably for a life-time, forming 

a subset of CD8+ TRM (LIU et al., 1996; LIU et al., 2000; EGAN et al., 2013). Interestingly, 

CD8+ TRM do not provoke apoptosis of the infected neuron but suppress lytic gene expres-

sion via interferon-γ and granzyme B and therefore prevent reactivation (LIU et al., 2001; 

KHANNA et al., 2003; EGAN et al., 2013). Viral LATs and/or miRNA may stimulate the 

anti-apoptotic effect and therefore complete the balance of latency from the viral side 

(EGAN et al., 2013).  

An increased level of glucocorticoids during stress, hormonal imbalances or immunosup-

pression can disrupt this fine-regulated interplay from the host side by inhibition of CD8+ 

TRM function (EGAN et al., 2013; YU et al., 2018). Moreover, the immune regulation in 

the context of latency is likely more complex as previously thought and may also involve 

subsets of regulatory T-cells that control the cell count and function of CD8+ TRM (YU et 

al., 2018). However, the exact mechanisms of interaction between CD8+ TRM and latent 

virus is still poorly understood, and some authors even question their importance during 

latency (MOTT et al., 2016). Most of these studies mentioned above are based on HSV-1 

research in non-natural host (mice) models or in in vitro explant models. While these 
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models offer valuable research possibilities, they cannot mirror the highly coevolved adap-

tion between the virus and the natural host immune system. To truly understand the com-

plex balance of latency, it is essential to conduct studies in the natural host. Studying 

EHV-1 latency in the natural host therefore provides an excellent research model.  

Taken together, the virus is not able to truly “hide” lifelong from the host immune system 

during latency (KHANNA et al., 2004). The concept of latency rather involves host im-

munity and viral factors to establish a complex control mechanism which is then advanta-

geous for both participants (Figure 1) (LEGER & HENDRICKS, 2011).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.: The fragile balance between viral and host factors during latency (modified 
from EGAN et al., 2013). Figure created with BioRender.com. 

Following entry into the neuronal nucleus, the viral genome circularizes (1) and associates 
tightly with cellular histones (2). While condensed forms of chromatin (2b) are involved in 
repressing lytic genes, active chromatin (2a) allows transcription of latency-associated tran-
script (LAT) promoter. LATs (3) supposedly promote silencing of lytic genes and support 
neuronal survival. Periodically, low-level lytic gene transcription (4) attracts T-cells possi-
bly through signals produced by satellite glial cells (SGCs). T-cells come in close contact 
with neuron and SGC (5) and can differentiate into tissue resident memory T-cells (TRM). 
TRM inhibit viral lytic gene transcription through interferon-γ (IFN-γ) and granzyme B 
(GrzB) (6). External stimuli (stress events or immunosuppression) or regulation by regula-
tory T-cells can inhibit TRM activity (7) which may result in higher transcription levels of 
lytic genes and a shift from latency to reactivation (8).  
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3.4. EHV-1 latency – status quo and statement of research purpose 

Aspects of EHV-1 latency are still not fully understood in detail and the predominant sites 

for latency establishment have been controversially discussed in literature (WELCH et al., 

1992; EDINGTON et al., 1994; SLATER et al., 1994; BAXI et al., 1995; CHESTERS et 

al., 1997; SMITH et al., 1998). Like all known Alphaherpesviruses, EHV-1 supposedly 

establishes latency in the TG during primary infection, where its persistence has been re-

peatedly confirmed (SLATER et al., 1994; BAXI et al., 1995; PUSTERLA et al., 2012). 

In addition, latent EHV-1 has been shown to persist in RALT and in circulating PBMCs 

(EDINGTON et al., 1986; WELCH et al., 1992; BAXI et al., 1995; CHESTERS et al., 

1997; SMITH et al., 1998). This is consistent with the lymphotropism of EHV-1 during 

acute infection resulting in viremia – an essential key feature for its pathogenesis which 

EHV-1 shares with its close relatives BoHV-1 and VZV. In early EHV-1 latency preva-

lence studies, presumably latent EHV-1 DNA was also detected in the spleen (WELCH et 

al., 1992; EDINGTON et al., 1994). This also has been reported for BoHV-1 latency 

(MWEENE et al., 1997) and further supports lymphotropism as an additional strategy for 

EHV-1 latency establishment.  

Our research group therefore hypothesized in a previous study that EHV-1 latency is not 

limited to TG and RALT and additional latency sites may exist (SAMOILOWA, 2019). 

Our aim was to analyze EHV-1 persistent infection 70 dpi in various lymphatic and neural 

tissues of three groups of horses: Group 1 was infected with neuropathogenic EHV-1 strain 

Ab4 (wildtype (WT)); group 2 with an EHV-1 polymerase mutant at position 752 (D > N; 

(Ab4 N742)); and group 3 with an EHV-1 glycoprotein D (gD), where gD of EHV-1 was 

replaced with gD of EHV-4 (Ab4 gD4). Horses of all groups were studied for 70 dpi, fol-

lowed by euthanasia and clinical data, nasal viral shedding and viremia are described in 

detail elsewhere (HOLZ et al., 2017; HOLZ et al., 2019).  

Consistent with VZV latency research, we detected EHV-1 DNA (via qPCR) not only in 

TG, but also in various sympathetic/parasympathetic ganglia of head, neck, thorax, abdo-

men, and in DRG (SAMOILOWA, 2019). This wide neural distribution of EHV-1 DNA 

beyond the period of viremia was confirmed in all three infection groups and was not re-

ported before. However, the important question whether EHV-1 is transported via neuronal 

or hematogenous route to these potential sites of latency remained unanswered.  

In addition, we could confirm that EHV-1 establishes latency in lymphatic tissue: EHV-1 

DNA was frequently detected in RALT and most importantly in abdominal mesenteric 
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lymph node and spleen. However, lymphotropism during latency was different among 

groups: While Ab4 WT and Ab4 gD4 established latency in respiratory (pharyngeal roof, 

mandibular, retropharyngeal lymph nodes) and in abdominal (spleen, mesenteric) associ-

ated lymph nodes, Ab4 N752 was significantly less lymphotropic for its latency establish-

ment (SAMOILOWA, 2019). Interestingly, horses in the Ab4 N752 group also showed 

significantly lower levels of viremia (HOLZ et al., 2017), which is consistent with in vitro 

studies, where N752 mutants are significantly less capable to infect monocytes following 

primary infection in the respiratory epithelium (VANDEKERCKHOVE et al., 2010). In 

contrast, Ab4 WT infected horses outnumbered the other groups in the magnitude of vire-

mia and Ab4 WT was more prone to establish latency in abdominal lymphatic tissue com-

pared to the other strain variants (HOLZ et al., 2017; SAMOILOWA, 2019).  

The consistent detection of chronic persistent EHV-1 infection in various neural and (ab-

dominal) lymphatic tissue samples together with differences in viremia and lymphotropism 

in latency establishment among the three infection groups suggested further investigation 

of the potential involvement of viremia in EHV-1 latency pathogenesis.  
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III. HYPOTHESIS AND OBJECTIVES 

The present study aims to further understand how EHV-1 is transported to abdominal neu-

ral tissue samples and which cells are predominantly latently infected at these locations. 

This information is crucial to understand the regulation and further define molecular as-

pects of EHV-1 latency pathogenesis. 

We hypothesize that EHV-1 latency is a dynamic state and time passed after primary in-

fection influences viral distribution and persistence. 

To address this hypothesis, we compare EHV-1 latency establishment between two groups 

of experimentally infected horses (EHV-1 strain Ab4, wild type) that were euthanized 

30 dpi (group 1) and 70 dpi (group 2). The main objectives of the present study are: 

i) Compare EHV-1 viral load and state of infection in neural and lymphatic tissue 

collected at day 70 pi with a timepoint closer to acute infection and 

viremia (30 dpi).  

ii) Determine the cellular localization of persistent EHV-1 within neural tissue by 

in situ hybridization (ISH) to further understand the molecular basis of EHV-1 

latency pathogenesis. 
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V. CONCLUSIONS AND FUTURE DIRECTIONS 

This dissertation aims to further the understanding of EHV-1 latency pathogenesis in the 

natural host. In two different study set-ups we detected presumably latent EHV-1 in a va-

riety of lymphatic and neural tissue samples at day 70 post experimental infection (pre-

study) (SAMOILOWA, 2019), and found differences in viral distribution, load and cellular 

localization when compared to a time-point closer to viremia (30 dpi) (GIESSLER et al., 

2020a). We overall conclude that EHV-1 latency is dynamic over time in its maintenance. 

Therefore, analyzing post-mortem tissue samples can only provide a “snapshot” of this 

complex state (DEPLEDGE et al., 2018). Most importantly, we could show that EHV-1 is 

present in non-neuronal cells within ganglia during latency, which is most likely attributed 

to infected T-cells and/or satellite glial cells. This work therefore refines the current 

knowledge of EHV-1 latency establishment in ganglia by hypothesizing that EHV-1 can 

use mononuclear cells during viremia as an additional hematogenous route towards neural 

latency locations.  

A more detailed characterization of the infected non-neuronal cell pool is now required to 

further investigate this hypothesis. For SVV, colocalization of virus and cell marker in a 

dual-immunofluorescence assay could prove the presence of infected T-cells adjacent to 

neurons (OUWENDIJK et al., 2013). Importantly, in this study the authors investigated 

acute infection and therefore used SVV nucleocapsid protein staining together with T-cell 

antibody staining for visualization (OUWENDIJK et al., 2013). During latency, where viral 

protein is usually not detectable, successful colocalization requires a combination of ISH 

(detection of viral genome or LAT) and IHC (detection of cell-type antigen). For HSV-1, 

this technique revealed that HSV-1 targets specific subsets of neurons for latency estab-

lishment by showing that LAT positive neurons (ISH) are predominantly characterized by 

a specific neuronal cell marker (IHC) (YANG et al., 2000). This method benefits from the 

fact that LAT is abundantly expressed during HSV-1 latency and readily detectable by ISH 

or RT-PCR (STEVENS et al., 1987; FRASER et al., 1992). Currently, there is a lack of a 

reliable marker (e.g. LAT) for EHV-1 latency and diagnostic approaches are somewhat 

limited as viral DNA is present in very low quantities during latency (MAHALINGAM et 

al., 1999; DUNOWSKA et al., 2015; KENNEDY et al., 2015; DEPLEDGE et al., 2018). 

This challenges diagnostic sensitivity (MAHALINGAM et al., 1999; DUNOWSKA et al., 

2015) and was probably the reason why first attempts to identify EHV-1 infected non-
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neuronal cells through a combined ISH (EHV-1 DNA)-IHC (CD3+ T-cells) double-stain-

ing assay failed in our laboratory.  

Future approaches that aim to further define EHV-1 latency may therefore consider includ-

ing high sensitivity methodology like Deep Whole Genome Sequencing and/or RNA se-

quencing. RNA sequencing is a powerful tool that finally allowed the discovery of the VZV 

LAT (DEPLEDGE et al., 2018). However, the direct sequencing of whole clinical or post-

mortem samples results in mixed host and viral nucleic acid sequences, with a significantly 

lower proportion of the latter (DEPLEDGE et al., 2011). The attempt to determine low 

abundant viral DNA/RNA within mixed host/virus deep sequencing results can be meta-

phorically speaking like searching for a needle in a haystack. It was not until the introduc-

tion of “target enrichment” followed by deep sequencing, before the VZV LAT could be 

detected (DEPLEDGE et al., 2018). In this approach, RNA “bait” probes were designed to 

hybridize with the VZV genome and separate viral nucleic acids prior to sequencing 

(DEPLEDGE et al., 2018). In a follow-up study of our recent findings we aim to further 

analyze EHV-1 transcripts during latency in neural (TG, ST) and lymphatic (RLn, MesLn) 

tissue samples at day 30 pi, using target (EHV-1) enriched RNA sequencing as previously 

described for VZV (DEPLEDGE et al., 2018).  

Defining transcripts that are consistently present during EHV-1 latency would provide us 

with a latency marker and allow to ultimately confirm abdominal neural and lymphatic 

latency locations for EHV-1. Furthermore, it would be interesting to investigate potential 

differences in the EHV-1 transcriptome during latency depending on the infected cell type 

(neuron vs. PBMC). It might be possible that viral gene expression and depth of latency 

differs between neurons and PBMCs as a result of the adaptation to the host cell environ-

ment. The capacity of EHV-1 to strongly adapt to PBMCs has already been described dur-

ing acute EHV-1 infection (LAVAL et al., 2015; POELAERT et al., 2019). In contrast to 

the lytic infection in epithelial cells, PBMCs are infected in an arrested manner, where 

replication is hampered (in monocytes) (LAVAL et al., 2015) or viral capsids are accumu-

lated (in T-cells) but “on standby” and not released until the target cells are reached 

(POELAERT et al., 2019). These strategies enable the virus to be transported effectively 

throughout the host body during viremia (LAVAL et al., 2015; POELAERT et al., 2019). 

The viral state in PBMCs may therefore hold an exceptional position during both acute and 

latent infection.  

On the host side of the balance of latency, the immune response is an important factor that 
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influences the depth of viral transcriptional silence and therefore needs to be further inves-

tigated in future studies. We can speculate that similar to what is known in HSV-1 and 

VZV latency, TRM and SGC may inhibit viral gene transcription by expressing cytokines 

(VAN VELZEN et al., 2009; EGAN et al., 2013; OUWENDIJK et al., 2016), but this has 

yet to be confirmed for EHV-1 latency. Interestingly, virus reactivation occurs more fre-

quently in older individuals, which is probably linked to age-related changes in the immune 

system (GRINDE, 2013). For example, it has been shown in humans that the proportion of 

regulatory T-cells increase in the elderly (LAGES et al., 2008; VUKMANOVIC-STEJIC 

et al., 2015), which was correlated to the reactivation of chronic persistent infectious dis-

ease (LAGES et al., 2008). The higher counts of regulatory T-cells lead to a decrease and 

functional inhibition of CD8+ T-cells in ganglia and therefore promote viral lytic gene 

transcription and reactivation (YU et al., 2018). Our research group is currently investigat-

ing the immune response of old and young horses following EHV-1 infection with the aim 

to determine host factors contributing to the pathogenesis of neurological disease. Using 

samples of this study setting, it would be interesting to characterize and compare the T-cell 

population in ganglia of old horses and young horses. IHC staining for regulatory T-cell 

(FoxP3+), CD8+ T-cell and CD4+ T-cell marker may provide valuable information on 

T-cell type/counts in correlation to viral load and transcriptional activity.  

While latency studies in the natural host are inevitable to involve the interaction of the host 

immune system, future studies may additionally consider in vitro approaches. An interest-

ing model has been recently described for HSV-1 and PsRV latency establishment in gan-

glia explants (RICHARDS et al., 2017). In this study, viral mutants were established with 

an impaired ability for retrograde axonal transport through a mutation of a viral transport 

complex protein. This eliminated latency establishment via neuronal pathway in vitro and 

in vivo (RICHARDS et al., 2017; PICKARD et al., 2020). As primary infection and repli-

cation remained potent the authors suggest that these mutants may be promising vaccine 

candidates for HSV-1, PsRV and other Alphaherpesviruses like EHV-1 (RICHARDS et 

al., 2017; PICKARD et al., 2020). Theoretically, similar EHV-1 mutants with impaired 

ability for infecting ganglia via neuronal pathway may be an interesting proof of concept 

approach for investigating neuronal infection via circulating PBMCs, using ganglia explant 

models as previously described (RICHARDS et al., 2017).  

Notably, all the conclusions of this dissertation are based on experimental infection studies 

with the neuropathogenic strain EHV-1 Ab4. Infections with EHV-1 Ab4 are known to 

result in a high magnitude of infected PBMCs and prolonged duration of viremia (ALLEN, 
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2008; HOLZ et al., 2017). Therefore, it is important to determine whether T-cell tropism 

during latency is a consistent strategy among other circulating EHV-1 strains and whether 

abdominal latency locations can be confirmed in random horse populations. For example, 

this could be investigated by tissue sample collection at slaughter and subsequent latency 

diagnosis. As we speculate that the EHV-1 DNA burden during latency might be below the 

detection limits of the recently applied methodology of qPCR, it might be worthwhile to 

consider the potential advantages of technological advancements in the field of PCR. 

Digital PCR (dPCR) is a new emerging PCR technology in clinical virology diagnostics 

(SALIPANTE & JEROME, 2019). Like qPCR, dPCR is based on primer/probe binding on 

target sequences followed by amplification and detection by fluorescence. However, for 

dPCR, the sample is not assayed in a homogenous solution but divided into many separate 

sub-reactions, for example by oil microdroplets (droplet digital PCR) (SEDLAK et al., 

2014). This guarantees an isolation of few target sequences in a single micro-reaction 

which results in higher target concentration. Therefore, dPCR is thought to outperform 

qPCR in precision and is less affected by PCR inhibitors that are present in certain (tissue) 

samples (QUAN et al., 2018; SALIPANTE & JEROME, 2019). Following analysis of the 

micro-reactions the absolute quantification of target concentration can be calculated with-

out extrapolation to a standard curve which simplifies quantification especially for rare 

target sequences. One limitation of dPCR is the smaller total reaction volume compared to 

qPCR, resulting consequently in a smaller input volume of sample (QUAN et al., 2018). 

This might lead in some assays to a lower sensitivity of dPCR (QUAN et al., 2018). How-

ever, the detection sensitivity of dPCR is controversially discussed in literature (KOEPFLI 

et al., 2016; VERHAEGEN et al., 2016; SALIPANTE & JEROME, 2019) but seems over-

all to be comparable to qPCR (KELLEY et al., 2013). As dPCR has been used in HSV-1 

research to detect latent HSV-1 genome in ganglia (AUBERT et al., 2014; AUBERT et al., 

2016; BAIRD et al., 2018), it might be a promising approach for EHV-1 latency diagnosis. 

After all, it is critical to evaluate the potential advantages of dPCR for each specific assay 

(and sample type), as it is currently an expensive alternative to qPCR.   

Overall, this dissertation provides novel insights in EHV-1 latency pathogenesis, draws 

conclusions on EHV-1 latency regulation in ganglia and opens up interesting directions for 

future studies. It still must be determined whether EHV-1 uses its lymphotropism during 

viremia for reaching as many safe neural latency harbors as possible or whether this hap-

pens “by accident” while travelling to the CNS/uterus endothelium. However, from an evo-

lutionary point of view, creating multiple locations for hiding its genome may be of greater 
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benefit for EHV-1 than causing disease manifestation and potential death of the host. From 

this perspective, one might speculate that EHV-1 causes fatal disease manifestation fol-

lowing viremia “by (dreadful) accident” while paving its way for latency establishment and 

actually aiming for its persistence in the host and thus in the equine population.  
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VI. SUMMARY 

Characterizing viral distribution, viral load and cell tropism during early latent 

Equid Herpesvirus 1 (EHV-1) infection: novel insights into EHV-1 latency 

pathogenesis  

Equid Herpesvirus 1 (EHV-1) is an important ubiquitous Alphaherpesvirus that infects 

horses worldwide. It causes respiratory disease, equine herpesvirus myeloencephalopathy 

(EHM), abortion and neonatal foal death. Primary EHV-1 infections of the upper respira-

tory tract epithelium (URT) typically result in a peripheral blood mononuclear cell-associ-

ated viremia. This transports the virus through the body toward the vascular endothelium 

of the central nervous system (CNS) or the pregnant uterus, where it can lead to severe 

disease manifestations (EHM, abortion). During or shortly after primary infection, EHV-1 

also establishes a chronic persistent infection in the host. This important strategy of all 

herpesviruses is called latency and symbolizes a non-productive state of infection which is 

characterized by repression of viral lytic gene expression. Latency ensures the viral persis-

tence in the host population, as periodical reactivation events can lead to viral spread and 

ultimately to new outbreaks. As there is currently a lack of fully protective EHV-1 vac-

cines, understanding the pathogenesis and maintenance of EHV-1 latency becomes of ut-

most importance for the development of potential defense strategies. As the respiratory 

tract is the primary site of infection, it is thought that EHV-1 infects sensory nerve endings 

during initial infection and subsequently establishes latency in the trigeminal ganglia (TG). 

Moreover, respiratory tract-associated lymphoid tissue (RALT) and peripheral blood mon-

onuclear cells (PBMCs) have been described as additional latency locations. Beyond that, 

our research group recently proposed that EHV-1 can persist additionally in a variety of 

sensory, sympathetic and parasympathetic ganglia of the head, neck and abdomen as well 

as in abdominal lymphoid tissue. Therefore, the present study aims to follow-up and to 

further characterize EHV-1 transportation toward latency locations and its cell tropism dur-

ing latency in vivo.  

Two separate groups of yearling horses were experimentally infected intranasally with 

EHV-1, strain Ab4, and euthanized 30 days post infection (dpi), (n = 9) or 70 dpi (n = 6), 

respectively. During necropsy, TG, sympathetic trunk (ST), retropharyngeal and mesen-

teric lymph nodes (RLn, MesLn) and kidney samples (control) were collected. Viral DNA 

load was determined by quantitative PCR (qPCR) in the respective tissue samples and re-

sults were compared between the two infection groups (30 dpi, 70 dpi). Furthermore, a 



VI. Summary     46 

given sample was defined as latently infected when EHV-1 DNA was detected (via qPCR), 

while the EHV-1 late gene glycoprotein B reverse transcriptase PCR (RT-PCR) and im-

munohistochemistry (IHC) results for viral protein were consistently negative. Neural tis-

sue samples were further evaluated for the presence of histopathological changes and in-

flammatory infiltrates were characterized by IHC staining against CD3 (T-lymphocytes, 

(T-cell)) and CD20 (B-lymphocytes, (B-cell) antigen and differentiated from satellite glial 

cells by S-100 IHC staining. Finally, selected EHV-1 DNA positive neural tissue samples 

were further analyzed by in situ hybridization (ISH, RNAScope®) to determine the cellular 

localization of persistent EHV-1.  

EHV-1 DNA was detected in TG, ST, RLn, and MesLn samples in horses 30 and 70 dpi. 

Lytic infection was excluded in the present study as neither of the samples were positive 

for EHV-1 late gene gB mRNA or viral protein. When comparing horses 30 and 70 dpi, a 

decrease in the number of positive TG, RLn and MesLn samples was observed. In addition, 

the viral copy number in TG and RLn declined significantly from 30 to 70 dpi. Histopatho-

logical evaluation revealed mild inflammation in all neural tissue samples and IHC identi-

fied CD3+ T-cells as the main proportion of inflammatory infiltrates adjacent to neuronal 

cell bodies. Notably, EHV-1 ISH signal in ganglia 30 dpi was not only located in the neu-

rons of TG and ST, but also in non-neuronal support/interstitial cells surrounding the neu-

ron. In contrast, the neuron was the sole cell type showing distinct EHV-1 signal in TG 

70 dpi. For ST samples 70 dpi, EHV-1 ISH signal was sporadically detected in the cyto-

plasm of the neurons but also in adjacent non-neuronal cells.  

Overall, this dissertation reports consistent detection of latent EHV-1 DNA in a variety of 

lymphatic and neural tissue samples and differences in viral distribution, viral load and 

cellular localization when evaluated at two different time-points during early EHV-1 la-

tency. The differences in findings over time highlight that latency is a dynamic state and 

the analysis of post-mortem tissue samples may only allow us to make conclusions for this 

particular “snapshot” of latency. Most importantly, the distinct non-neuronal cellular lo-

calization proposes that EHV-1 may use T-cells as cellular vehicle during viremia toward 

potential latency locations. This may symbolize an additional, hematogenous route for la-

tency establishment besides the well described neuronal pathway and highlights a striking 

similarity between EHV-1 and its close relative human pathogen Varicella Zoster Virus.   

 

This study was made possible through a grant by the Grayson Jockey Club Research 

Foundation, Inc., Lexington, KY.
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VII. ZUSAMMENFASSUNG 

Virusverteilung, Viruslast und zelluläre Lokalisation im Pferd während der frühen 

Latenzphase einer Equiden Herpesvirus 1 (EHV-1) Infektion: neue Erkenntnisse zur 

Pathogenese der EHV-1 Latenz  

Infektionen mit dem Equiden Herpesvirus 1 (EHV-1) führen zu respiratorischen Erkran-

kungen, Rückenmarkserkrankungen (Equide Herpesvirusmyeloenzephalopathie (EHM)) 

und Aborten und stellen durch die hohe Virus Prävalenz innerhalb der Familie der Equidae 

weltweit eine ernsthafte Bedrohung für domestizierte sowie wildlebende Einhufer dar. 

Während der primären Infektion der oberen Atemwege wird das Virus nach einer initialen 

Vermehrung in lokale Lymphknoten transportiert und gelangt von dort anschließend in die 

Blutbahn. Auf diesem Weg der Virämie kann sich das Virus im gesamten Körper ausbrei-

ten und Gefäßendothelien von Rückenmark oder Uterus erreichen. Neben diesem akuten 

Infektionsverlauf verfügt EHV-1 über die Fähigkeit zur Ausbildung einer chronisch per-

sistierenden Infektion. Daher stehen am Anfang oftmals verheerender EHV-1 Ausbrüche 

meist reaktivierende „Reservoir-Tiere“, die das Virus nach überstandener Infektion in sich 

beherbergen. Diese Schlüsselstrategie aller Herpesviren, nach initialer Infektion in be-

stimmten Geweben (üblicherweise Zellen des Immun- oder des Nervensystems) in einen 

Ruhezustand zu fallen und weitgehend unentdeckt vom Immunsystem des Wirtes auf un-

bestimmte Zeit zu überdauern, wird als Latenz bezeichnet. Während dieser „Schlummer-

phase“ persistiert das virale Genom im Kern infizierter Zellen, ohne sich zu replizieren und 

ohne sogenannte lytische Gene zu exprimieren, die für die Produktion eines vollwertigen, 

infektiösen Virions notwendig sind.  

Es ist wenig über die Umstände und Faktoren bekannt, die den Balanceakt der Latenz be-

einflussen und in Richtung der lytischen Genexpression und damit der Reaktivierung ver-

schieben. Da aktuell verfügbare Impfstoffe eine Infektion und Erkrankung nur mäßig ef-

fektiv zu verhindern vermögen, ist es essenziell, die Pathogenese der Latenz besser 

verstehen zu lernen, um künftig Abwehrstrategien entwickeln zu können. Basierend auf 

den Erkenntnissen früher Studien in den 1990er Jahren, wird bis heute vermutet, dass 

EHV-1 im Zuge der initialen Infektion die Axone des Nervus trigeminus infiziert und Neu-

rone des Ganglion trigeminale (TG) sowie zusätzlich regionale Lymphknoten der oberen 

Atemwege als Rückzugsgebiete für die Phase der Latenz heranzieht. Unsere Forschungs-

gruppe konnte vor Kurzem ergänzend aufweisen, dass EHV-1 vermutlich in weitaus mehr 
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neuralen und lymphatischen Geweben persistiert als bisher angenommen (SAMOILOWA, 

2019): Zu einem Zeitpunkt von 70 Tagen nach experimenteller Infektion, konnte EHV-1 

DNA in einer Vielzahl von sensorischen, sympathischen und parasympathischen Ganglien 

sowie in respiratorischen und abdominalen lymphatischen Geweben nachgewiesen wer-

den.  

Um die Pathogenese der latenten EHV-1 Infektion besser verstehen zu können, war das 

Ziel der vorliegenden Dissertation, das virale Verteilungsmuster, die Viruslast und die zel-

luläre Lokalisation zu zwei verschiedenen Infektionszeitpunkten zu vergleichen. Hierfür 

wurden zwei Gruppen von Pferden mit EHV-1 Wildtyp Stamm Ab4 intranasal infiziert und 

30 (n = 9) respektive 70 (n = 6) Tage nach Infektion euthanasiert. Während der Sektion 

wurden TG, Truncus sympathicus (Grenzstrang) (ST), Lymphonodi (Lnn.) 

retropharyngeales (RLn) und Lnn. mesenteriales (MesLn) und Niere (als Kontrollorgan) 

entnommen. Anschließend wurden die Gewebe beider Infektionsgruppen mittels quantita-

tiver PCR (qPCR) auf EHV-1 DNA untersucht. Eine Probe wurde als latent infiziert defi-

niert, wenn EHV-1 DNA nachgewiesen, jedoch gleichzeitig das Auftreten von sowohl ly-

tischer (Glykoprotein B (gB)) mRNA (mittels Reverse Transkriptase PCR) als auch 

lytischem Protein (gB) (mittels Immunhistochemie (IHC)) ausgeschlossen wurde. Des 

Weiteren wurden Nervengewebeproben auf histopathologische Veränderungen untersucht 

und entzündliche Infiltrate mithilfe von IHC Färbung gegen CD3-Antigen (T-Lymphozy-

ten (T-Zellen)) und CD20-Antigen (B-Lymphozyten (B-Zellen)) weiter charakterisiert und 

von neuronalen Stützzellen (Satellitenzellen) (IHC gegen S-100 Antigen) abgegrenzt. Um 

schließlich die zelluläre Lokalisation von persistierendem EHV-1 zu bestimmen, wurden 

ausgewählte EHV-1 DNA positive Nervengewebeproben zusätzlich mittels In-Situ-Hybri-

disierung (ISH, RNAScope ®) analysiert.  

Sowohl 30 als auch 70 Tage nach Infektion konnte EHV-1 DNA in TG-, ST-, RLn- und 

MesLn- Proben nachgewiesen werden. Zudem wurde eine lytische Infektion nach gegebe-

ner Definition konsistent ausgeschlossen. Die Anzahl EHV-1 positiver TG-, RLn- und 

MesLn- Proben nahm über den Zeitraum von 30 auf 70 Tage nach Infektion ab. Zusätzlich 

wurde ein signifikanter Rückgang der Viruslast in TG- und RLn-Proben von 30 auf 

70 Tage nach Infektion beobachtet. Die histopathologische Auswertung ergab milde ent-

zündliche Veränderungen in allen Nervengewebeproben, wobei CD3+ T-Zellen den 

Hauptanteil der entzündlichen Infiltrate ausmachten und häufig unmittelbar angrenzend zu 

neuronalen Zellkörpern zu finden waren. Insbesondere wurde virale DNA zum Zeitpunkt 

30 Tage nach Infektion mittels ISH nicht nur in den Nervenzellkörpern eines Ganglions 
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(TG und ST) nachgewiesen, sondern auch in den umliegenden nicht-neuronalen Zellen 

(Satellitenzellen und/oder Lymphozyten). In den TG-Proben 70 Tage nach Infektion war 

das EHV-1 Signal dagegen nur im neuronalen Zellkörper nachzuweisen. Bei ST-Proben zu 

diesem Zeitpunkt konnte nur vereinzelt positives Signal im neuronalen Zytoplasma sowie 

in den angrenzenden nicht-neuronalen Zellen festgestellt werden.  

Zusammenfassend beschreibt die vorliegende Dissertation einen konsistenten Nachweis 

latenter EHV-1 DNA in einer Vielzahl von neuralen und lymphatischen Geweben, einen 

Unterschied in Viruslast und Verteilung zwischen beiden Infektionsgruppen sowie ein ein-

deutiges EHV-1 Signal in Satellitenzellen/Lymphozyten angrenzend zu neuronalen Zell-

körpern. Diese Ergebnisse lassen schlussfolgern, dass die Latenz ein durchaus dynami-

sches Stadium darstellt und die post-mortem Analyse von Gewebeproben daher nur eine 

Momentaufnahme ermöglichen kann. Gleichwohl deutet der hier dargebotene Einblick in 

die EHV-1 Latenz darauf hin, dass EHV-1 möglicherweise neben dem neuronalen Trans-

port auch den lymphozytären Transport während der Virämie nutzt, um weitere 

Latenz-Lokalisationen zu erreichen. Damit würde die Pathogenese der latenten EHV-1 In-

fektion weniger, wie bisher angenommen, derjenigen des Herpes Simplex Virus 1 entspre-

chen, sondern vielmehr derjenigen des Varizella Zoster Virus.  

 

Die vorliegende Studie wurde unterstützt durch einen Förderbeitrag der „Grayson Jockey 

Club Research Foundation, Inc., Lexington, KY“. 



VIII. References     50 

VIII. REFERENCES 

 

Abdelgawad A, Damiani A, Ho SYW, Strauss G, Szentiks CA, East ML, Osterrieder N, 
Greenwood AD. Zebra Alphaherpesviruses (EHV-1 and EHV-9): Genetic Diversity, 
Latency and Co-Infections. Viruses 2016; 8: 262. 

Ahn BC, Breitenbach JE, Kim SK, O'Callaghan DJ. The equine herpesvirus-1 IR3 gene 
that lies antisense to the sole immediate-early (IE) gene is trans-activated by the IE protein, 
and is poorly expressed to a protein. Virology 2007; 363: 15-25. 

Allen G, Breathnach C. Quantification by real‐time PCR of the magnitude and duration of 
leucocyte‐associated viraemia in horses infected with neuropathogenic vs. non‐
neuropathogenic strains of EHV‐1. Equine Veterinary Journal 2006; 38: 252-257. 

Allen GP. Risk factors for development of neurologic disease after experimental exposure 
to equine herpesvirus-1 in horses. Am J Vet Res 2008; 69: 1595-1600. 

Antinone SE, Smith GA. Retrograde axon transport of herpes simplex virus and 
pseudorabies virus: a live-cell comparative analysis. J Virol 2010; 84: 1504-1512. 

Aubert M, Boyle NM, Stone D, Stensland L, Huang M-L, Magaret AS, Galetto R, 
Rawlings DJ, Scharenberg AM, Jerome KR. In vitro inactivation of latent HSV by targeted 
mutagenesis using an HSV-specific homing endonuclease. Molecular Therapy-Nucleic 
Acids 2014; 3: e146. 

Aubert M, Madden EA, Loprieno M, Feelixge HSD, Stensland L, Huang M-L, Greninger 
AL, Roychoudhury P, Niyonzima N, Nguyen T. In vivo disruption of latent HSV by 
designer endonuclease therapy. JCI insight 2016; 1 

Azab W, Osterrieder K. Initial contact: the first steps in herpesvirus entry. In: Cell Biology 
of Herpes Viruses. Osterrieder K, ed.: Springer 2017: 1-27. 

Baghi HB, Nauwynck HJ. Impact of equine herpesvirus type 1 (EHV-1) infection on the 
migration of monocytic cells through equine nasal mucosa. Comparative immunology, 
microbiology and infectious diseases 2014; 37: 321-329. 

Bagust TJ, Clark L. Pathogenesis of meningo-encephalitis produced in calves by infectious 
bovine rhinotracheitis herpesvirus. J Comp Pathol 1972; 82: 375-383. 

Baird NL, Depledge DP, Cohrs RJ. 2018 Colorado Alphaherpesvirus Latency Society 
Symposium. J Neurovirol 2018; 24: 797-812. 

Baringer JR, Swoveland P. Recovery of herpes-simplex virus from human trigeminal 
ganglions. New England Journal of Medicine 1973; 288: 648-650. 



VIII. References     51 

Baxi MK, Efstathiou S, Lawrence G, Whalley JM, Slater JD, Field HJ. The detection of 
latency-associated transcripts of equine herpesvirus 1 in ganglionic neurons. Journal of 
General Virology 1995; 76: 3113-3118. 

Bertke AS, Swanson SM, Chen J, Imai Y, Kinchington PR, Margolis TP. A5-positive 
primary sensory neurons are nonpermissive for productive infection with herpes simplex 
virus 1 in vitro. J Virol 2011; 85: 6669-6677. 

Bloom DC. Chapter Two - Alphaherpesvirus Latency: A Dynamic State of Transcription 
and Reactivation. In: Advances in Virus Research. Kielian M, Maramorosch K, 
Mettenleiter TC, eds.: Academic Press 2016: 53-80. 

Bloom DC, Dhummakupt A. The Herpes Simplex Viruses. In: Neurotropic Viral 
Infections: Volume 2: Neurotropic Retroviruses, DNA Viruses, Immunity and 
Transmission. Reiss CS, ed. Cham: Springer International Publishing 2016: 111-134. 

Borchers K, Frölich K, Ludwig H. Detection of equine herpesvirus types 2 and 5 (EHV-2 
and EHV-5) in Przewalski’s wild horses. Archives of virology 1999; 144: 771-780. 

Borchers K (1999) Equine herpesvirus type 1 (EHV-1) and trigeminal ganglia of naturally 
infected horses: detection of DNA and latency associated transcripts. Proceedings of the 
18th International Conference on Equine Infectious Diseases, 1999. 147-152 

Bowles DE, Holden VR, Zhao Y, O'Callaghan DJ. The ICP0 protein of equine herpesvirus 
1 is an early protein that independently transactivates expression of all classes of viral 
promoters. J Virol 1997; 71: 4904-4914. 

Bowles DE, Kim SK, O'callaghan DJ. Characterization of the trans-activation properties 
of equine herpesvirus 1 EICP0 protein. J Virol 2000; 74: 1200-1208. 

Brown JC, Newcomb WW. Herpesvirus capsid assembly: insights from structural analysis. 
Current Opinion in Virology 2011; 1: 142-149. 

Bryan LA, Fenton RA, Misra V, Haines DM. Fatal, generalized bovine herpesvirus type-1 
infection associated with a modified-live infectious bovine rhinotracheitis parainfluenza-3 
vaccine administered to neonatal calves. The Canadian Veterinary Journal 1994; 35: 223. 

Cai GY, Pizer LI, Levin MJ. Fractionation of neurons and satellite cells from human 
sensory ganglia in order to study herpesvirus latency. J Virol Methods 2002; 104: 21-32. 

Carter J, Saunders V (2013) Virology : Principles and Applications. Wiley, New York, 
UNITED KINGDOM 

Castrucci G, Ferrari M, Traldi V, Tartaglione E. Effects in calves of mixed infections with 
bovine viral diarrhea virus and several other bovine viruses. Comparative immunology, 
microbiology and infectious diseases 1992; 15: 261-270. 



VIII. References     52 

Caughman GB, Staczek J, O'Callaghan DJ. Equine herpesvirus type 1 infected cell 
polypeptides: evidence for immediate early/early/late regulation of viral gene expression. 
Virology 1985; 145: 49-61. 

Chen JJ, Gershon AA, Li Z, Cowles RA, Gershon MD. Varicella zoster virus (VZV) infects 
and establishes latency in enteric neurons. J Neurovirol 2011; 17: 578-589. 

Chesters PM, Allsop R, Purewal A, Edington N. Detection of latency-associated transcripts 
of equid herpesvirus 1 in equine leukocytes but not in trigeminal ganglia. J Virol 1997; 71: 
3437-3443. 

Ciacci-Zanella J, Stone M, Henderson G, Jones C. The Latency-Related Gene of Bovine 
Herpesvirus 1 Inhibits Programmed Cell Death. J Virol 1999; 73: 9734-9740. 

Cliffe AR, Garber DA, Knipe DM. Transcription of the herpes simplex virus latency-
associated transcript promotes the formation of facultative heterochromatin on lytic 
promoters. J Virol 2009; 83: 8182-8190. 

Coen DM, Kosz-Vnenchak M, Jacobson JG, Leib DA, Bogard CL, Schaffer PA, Tyler KL, 
Knipe DM. Thymidine kinase-negative herpes simplex virus mutants establish latency in 
mouse trigeminal ganglia but do not reactivate. Proceedings of the National Academy of 
Sciences 1989; 86: 4736-4740. 

Croen KD, Ostrove JM, Dragovic LJ, Straus SE. Patterns of gene expression and sites of 
latency in human nerve ganglia are different for varicella-zoster and herpes simplex 
viruses. Proc Natl Acad Sci U S A 1988; 85: 9773-9777. 

Davison AJ. Evolution of the herpesviruses. Veterinary Microbiology 2002; 86: 69-88. 

Davison AJ, Eberle R, Ehlers B, Hayward GS, McGeoch DJ, Minson AC, Pellett PE, 
Roizman B, Studdert MJ, Thiry E. The order Herpesvirales. Archives of virology 2009; 
154: 171-177. 

Davison AJ. Herpesvirus systematics. Veterinary Microbiology 2010; 143: 52-69. 

Depledge DP, Palser AL, Watson SJ, Lai IY-C, Gray ER, Grant P, Kanda RK, Leproust E, 
Kellam P, Breuer J. Specific Capture and Whole-Genome Sequencing of Viruses from 
Clinical Samples. PLOS ONE 2011; 6: e27805. 

Depledge DP, Sadaoka T, Ouwendijk WJD. Molecular Aspects of Varicella-Zoster Virus 
Latency. Viruses 2018; 10: 349. 

Deshmane SL, Fraser NW. During latency, herpes simplex virus type 1 DNA is associated 
with nucleosomes in a chromatin structure. J Virol 1989; 63: 943-947. 

Diefenbach RJ, Miranda-Saksena M, Douglas MW, Cunningham AL. Transport and egress 
of herpes simplex virus in neurons. Reviews in Medical Virology 2008; 18: 35-51. 



VIII. References     53 

Dunowska M, Gopakumar G, Perrott MR, Kendall AT, Waropastrakul S, Hartley CA, 
Carslake HB. Virological and serological investigation of Equid herpesvirus 1 infection in 
New Zealand. Veterinary Microbiology 2015; 176: 219-228. 

Dutta S, Myrup A. Infectious center assay of intracellular virus and infective virus titer for 
equine mononuclear cells infected in vivo and in vitro with equine herpesviruses. Canadian 
Journal of Comparative Medicine 1983; 47: 64. 

Edington N, Bridges CG, Patel JR. Endothelial cell infection and thrombosis in paralysis 
caused by equid herpesvirus-1: equine stroke. Arch Virol 1986; 90: 111-124. 

Edington N, Welch HM, Griffiths L. The prevalence of latent Equid herpesviruses in the 
tissues of 40 abattoir horses. Equine Vet J 1994; 26: 140-142. 

Efstathiou S, Minson A, Field H, Anderson J, Wildy P. Detection of herpes simplex virus-
specific DNA sequences in latently infected mice and in humans. J Virol 1986; 57: 446-
455. 

Efstathiou S, Kemp S, Darby G, Minson A. The role of herpes simplex virus type 1 
thymidine kinase in pathogenesis. Journal of General Virology 1989; 70: 869-879. 

Efstathiou S, Preston CM. Towards an understanding of the molecular basis of herpes 
simplex virus latency. Virus Res 2005; 111: 108-119. 

Egan KP, Wu S, Wigdahl B, Jennings SR. Immunological control of herpes simplex virus 
infections. J Neurovirol 2013; 19: 328-345. 

Elson K, Speck P, Simmons A. Herpes simplex virus infection of murine sensory ganglia 
induces proliferation of neuronal satellite cells. Journal of General Virology 2003; 84: 
1079-1084. 

Eskra L, Splitter GA. Bovine herpesvirus-1 infects activated CD4+ lymphocytes. J Gen 
Virol 1997; 78 ( Pt 9): 2159-2166. 

Frampton AR, Goins WF, Cohen JB, Von Einem J, Osterrieder N, O'Callaghan DJ, 
Glorioso JC. Equine herpesvirus 1 utilizes a novel herpesvirus entry receptor. J Virol 2005; 
79: 3169-3173. 

Frampton AR, Stolz DB, Uchida H, Goins WF, Cohen JB, Glorioso JC. Equine herpesvirus 
1 enters cells by two different pathways, and infection requires the activation of the cellular 
kinase ROCK1. J Virol 2007; 81: 10879-10889. 

Frampton AR, Jr., Uchida H, Von Einem J, Goins WF, Grandi P, Cohen JB, Osterrieder N, 
Glorioso JC. Equine herpesvirus type 1 (EHV-1) utilizes microtubules, dynein, and 
ROCK1 to productively infect cells. Veterinary Microbiology 2010; 141: 12-21. 

  



VIII. References     54 

Fraser NW, Block TM, Spivack JG. The latency-associated transcripts of herpes simplex 
virus: RNA in search of function. Virology 1992; 191: 1-8. 

Fuchs M, Hübert P, Detterer J, Rziha H-J. Detection of bovine herpesvirus type 1 in blood 
from naturally infected cattle by using a sensitive PCR that discriminates between wild-
type virus and virus lacking glycoprotein E. Journal of clinical microbiology 1999; 37: 
2498-2507. 

Furuta Y, Takasu T, Fukuda S, Sato-Matsumura KC, Inuyama Y, Hondo R, Nagashima K. 
Detection of varicella-zoster virus DNA in human geniculate ganglia by polymerase chain 
reaction. Journal of Infectious Diseases 1992; 166: 1157-1159. 

Furuta Y, Takasu T, Suzuki S, Fukuda S, Inuyama Y, Nagashima K. Detection of latent 
varicella‐zoster virus infection in human vestibular and spiral ganglia. Journal of medical 
virology 1997; 51: 214-216. 

Galloway DA, Fenoglio C, Shevchuk M, McDougall JK. Detection of herpes simplex RNA 
in human sensory ganglia. Virology 1979; 95: 265-268. 

Garber DA, Schaffer PA, Knipe DM. A LAT-associated function reduces productive-cycle 
gene expression during acute infection of murine sensory neurons with herpes simplex 
virus type 1. J Virol 1997; 71: 5885-5893. 

Gardiner DW, Lunn DP, Goehring LS, Chiang Y-W, Cook C, Osterrieder N, McCue P, 
Del Piero F, Hussey SB, Hussey GS. Strain impact on equine herpesvirus type 1 (EHV-1) 
abortion models: Viral loads in fetal and placental tissues and foals. Vaccine 2012; 30: 
6564-6572. 

Garko-Buczynski KA, Smith RH, Kim SK, O'Callaghan DJ. Complementation of a 
replication-defective mutant of equine herpesvirus type 1 by a cell line expressing the 
immediate-early protein. Virology 1998; 248: 83-94. 

Gesser RM, Koo SC. Latent herpes simplex virus type 1 gene expression in ganglia 
innervating the human gastrointestinal tract. J Virol 1997; 71: 4103-4106. 

Gibson J, Slater J, Awan A, Field H. Pathogenesis of equine herpesvirus-1 in specific 
pathogen-free foals: primary and secondary infections and reactivation. Archives of 
virology 1992; 123: 351-366. 

Giessler KS, Samoilowa S, Soboll Hussey G, Kiupel M, Matiasek K, Sledge DG, Liesche 
F, Schlegel J, Fux R, Goehring LS. Viral Load and Cell Tropism During Early Latent Equid 
Herpesvirus 1 Infection Differ Over Time in Lymphoid and Neural Tissue Samples From 
Experimentally Infected Horses. Frontiers in Veterinary Science 2020a; 7 

Giessler KS, Goehring LS, Jacobs S, McCauley A, M. Esser MM, Lee Y, Zarski LM, 
Weber PD, Soboll Hussey G (2020b) Use of the old horse model to identify host factors 
contributing to EHM pathogenesis [Abstract]. In: Conference of Research Workers in 
Animal Diseases (CRWAD), Chicago, IL, USA 



VIII. References     55 

Gilden DH, Vafai A, Shtram Y, Becker Y, Devlin M, Wellish M. Varicella-zoster virus 
DNA in human sensory ganglia. Nature 1983; 306: 478-480. 

Gilden DH, Rozenman Y, Murray R, Devlin M, Vafai A. Detection of varicella-zoster virus 
nucleic acid in neurons of normal human thoracic ganglia. Annals of Neurology 1987; 22: 
377-380. 

Gilden DH, Gesser R, Smith J, Wellish M, Laguardia JJ, Cohrs RJ, Mahalingam R. 
Presence of VZV and HSV-1 DNA in Human Nodose and Celiac Ganglia. Virus Genes 
2001; 23: 145-147. 

Gilkerson J, Whalley J, Drummer H, Studdert M, Love D. Epidemiology of EHV-1 and 
EHV-4 in the mare and foal populations on a Hunter Valley stud farm: are mares the source 
of EHV-1 for unweaned foals. Veterinary Microbiology 1999a; 68: 27-34. 

Gilkerson J, Whalley J, Drummer H, Studdert M, Love D. Epidemiological studies of 
equine herpesvirus 1 (EHV-1) in Thoroughbred foals: a review of studies conducted in the 
Hunter Valley of New South Wales between 1995 and 1997. Veterinary Microbiology 
1999b; 68: 15-25. 

Goehring L, Wagner B, Bigbie R, Hussey S, Rao S, Morley P, Lunn D. Control of EHV-1 
viremia and nasal shedding by commercial vaccines. Vaccine 2010a; 28: 5203-5211. 

Goehring LS, van Oldruitenborgh-Oosterbaan MMS. The mystery of equine herpes 
myeloencephalopathy. Equine Veterinary Education 2001; 13: 36-42. 

Goehring LS, van Winden SC, Van Maanen C, van Oldruitenborgh‐Oosterbaan MMS. 
Equine herpesvirus type 1‐associated myeloencephalopathy in The Netherlands: a four‐
year retrospective study (1999–2003). Journal of Veterinary Internal Medicine 2006; 20: 
601-607. 

Goehring LS, van Maanen C, Berendsen M, Cullinane A, de Groot RJ, Rottier PJM, 
Wesselingh JJCM, Sloet van Oldruitenborgh-Oosterbaan MM. Experimental infection 
with neuropathogenic equid herpesvirus type 1 (EHV-1) in adult horses. The Veterinary 
Journal 2010b; 186: 180-187. 

Goehring LS, Landolt GA, Morley PS. Detection and management of an outbreak of equine 
herpesvirus type 1 infection and associated neurological disease in a veterinary teaching 
hospital. J Vet Intern Med 2010c; 24: 1176-1183. 

Goehring LS, Soboll Hussey G, Gomez Diez M, Benedict K, Maxwell LK, Morley PS, 
Sloet van Oldruitenborgh-Oosterbaan MM, Lunn DP. Plasma D-dimer concentrations 
during experimental EHV-1 infection of horses. J Vet Intern Med 2013; 27: 1535-1542. 

Goodman LB, Loregian A, Perkins GA, Nugent J, Buckles EL, Mercorelli B, Kydd JH, 
Palù G, Smith KC, Osterrieder N. A point mutation in a herpesvirus polymerase determines 
neuropathogenicity. PLoS Pathog 2007; 3 



VIII. References     56 

Gordon L, McQuaid S, Cosby S. Detection of herpes simplex virus (types 1 and 2) and 
human herpesvirus 6 DNA in human brain tissue by polymerase chain reaction. Clinical 
and diagnostic virology 1996; 6: 33-40. 

Gray WL, Baumann RP, Robertson AT, O'Callaghan DJ, Staczek J. Characterization and 
mapping of equine herpesvirus type 1 immediate early, early, and late transcripts. Virus 
Res 1987a; 8: 233-244. 

Gray WL, Baumann RP, Robertson AT, Caughman GB, O'Callaghan DJ, Staczek J. 
Regulation of equine herpesvirus type 1 gene expression: characterization of immediate 
early, early, and late transcription. Virology 1987b; 158: 79-87. 

Grey F. Role of microRNAs in herpesvirus latency and persistence. J Gen Virol 2015; 96: 
739-751. 

Grigoryan S, Yee MB, Glick Y, Gerber D, Kepten E, Garini Y, Yang IH, Kinchington PR, 
Goldstein RS. Direct transfer of viral and cellular proteins from varicella-zoster virus-
infected non-neuronal cells to human axons. PLOS ONE 2015; 10 

Grinde B. Herpesviruses: latency and reactivation–viral strategies and host response. 
Journal of oral microbiology 2013; 5: 22766. 

Grundy FJ, Baumann RP, O'Callaghan DJ. DNA sequence and comparative analyses of the 
equine herpesvirus type 1 immediate early gene. Virology 1989; 172: 223-236. 

Gryspeerdt AC, Vandekerckhove A, Garré B, Barbé F, Van de Walle G, Nauwynck H. 
Differences in replication kinetics and cell tropism between neurovirulent and non-
neurovirulent EHV1 strains during the acute phase of infection in horses. Veterinary 
Microbiology 2010; 142: 242-253. 

Hafezi W, Lorentzen EU, Eing BR, Müller M, King NJC, Klupp B, Mettenleiter TC, Kühn 
JE. Entry of Herpes Simplex Virus Type 1 (HSV-1) into the Distal Axons of Trigeminal 
Neurons Favors the Onset of Nonproductive, Silent Infection. PLoS Pathog 2012; 8: 
e1002679. 

Hanani M. Satellite glial cells in sensory ganglia: from form to function. Brain Research 
Reviews 2005; 48: 457-476. 

Harty RN, O'Callaghan DJ. An early gene maps within and is 3'coterminal with the 
immediate-early gene of equine herpesvirus 1. J Virol 1991; 65: 3829-3838. 

Hasebe R, Sasaki M, Sawa H, Wada R, Umemura T, Kimura T. Infectious entry of equine 
herpesvirus-1 into host cells through different endocytic pathways. Virology 2009; 393: 
198-209. 

Henninger RW, Reed SM, Saville WJ, Allen GP, Hass GF, Kohn CW, Sofaly C. Outbreak 
of neurologic disease caused by equine herpesvirus-1 at a university equestrian center. J 
Vet Intern Med 2007; 21: 157-165. 



VIII. References     57 

Hobbs WE, DeLuca NA. Perturbation of cell cycle progression and cellular gene 
expression as a function of herpes simplex virus ICP0. J Virol 1999; 73: 8245-8255. 

Holden VR, Harty RN, Yalamanchili RR, O'Callaghan DJ. The IR3 gene of equine 
herpesvirus type 1: a unique gene regulated by sequences within the intron of the 
immediate-early gene. DNA Seq 1992; 3: 143-152. 

Holden VR, Zhao Y, Thompson Y, Caughman GB, Smith RH, O'Callaghan DJ. 
Characterization of the regulatory function of the ICP22 protein of equine herpesvirus type 
1. Virology 1995; 210: 273-282. 

Holz CL, Nelli RK, Wilson ME, Zarski LM, Azab W, Baumgardner R, Osterrieder N, 
Pease A, Zhang L, Hession S. Viral genes and cellular markers associated with neurological 
complications during herpesvirus infections. Journal of General Virology 2017; 98: 1439-
1454. 

Holz CL, Sledge DG, Kiupel M, Nelli RK, Goehring LS, Soboll Hussey G. Histopathologic 
Findings Following Experimental Equine Herpesvirus 1 Infection of Horses. Frontiers in 
Veterinary Science 2019; 6 

Hussey GS, Goehring LS, Lunn DP, Hussey SB, Huang T, Osterrieder N, Powell C, Hand 
J, Holz C, Slater J. Experimental infection with equine herpesvirus type 1 (EHV-1) induces 
chorioretinal lesions. Vet Res 2013; 44: 118. 

Hussey SB, Clark R, Lunn KF, Breathnach C, Soboll G, Whalley JM, Lunn DP. Detection 
and quantification of equine herpesvirus-1 viremia and nasal shedding by real-time 
polymerase chain reaction. J Vet Diagn Invest 2006; 18: 335-342. 

Inman M, Perng G-C, Henderson G, Ghiasi H, Nesburn AB, Wechsler SL, Jones C. Region 
of herpes simplex virus type 1 latency-associated transcript sufficient for wild-type 
spontaneous reactivation promotes cell survival in tissue culture. J Virol 2001; 75: 3636-
3646. 

Jaber T, Workman A, Jones C. Small noncoding RNAs encoded within the bovine 
herpesvirus 1 latency-related gene can reduce steady-state levels of infected cell protein 0 
(bICP0). J Virol 2010; 84: 6297-6307. 

Jiang Y, Hossain A, Winkler MT, Holt T, Doster A, Jones C. A protein encoded by the 
latency-related gene of bovine herpesvirus 1 is expressed in trigeminal ganglionic neurons 
of latently infected cattle and interacts with cyclin-dependent kinase 2 during productive 
infection. J Virol 1998; 72: 8133-8142. 

Jones C. Herpes simplex virus type 1 and bovine herpesvirus 1 latency. Clin Microbiol Rev 
2003; 16: 79-95. 

Jones C. Bovine Herpes Virus 1 (BHV-1) and Herpes Simplex Virus Type 1 (HSV-1) 
Promote Survival of Latently Infected Sensory Neurons, in Part by Inhibiting Apoptosis. J 
Cell Death 2013; 6: 1-16. 



VIII. References     58 

Jones C. Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons. In: 
Herpesviridae. Ongradi J, ed.: BoD - Books on Demand 2016: 237. 

Jones CJ, Chowdhury S. A review of the biology of bovine herpesvirus type 1 (BHV-I), its 
role as a cofactor in the bovine respiratory disease complex and development of improved 
vaccines. Papers in Veterinary and Biomedical Science 2008: 99. 

Jurak I, Kramer MF, Mellor JC, van Lint AL, Roth FP, Knipe DM, Coen DM. Numerous 
conserved and divergent microRNAs expressed by herpes simplex viruses 1 and 2. J Virol 
2010; 84: 4659-4672. 

Kaashoek M, Straver P, Van Rooij E, Quak J, Van Oirschot J. Virulence, immunogenicity 
and reactivation of seven bovine herpesvirus 1.1 strains: clinical and virological aspects. 
Veterinary Record 1996; 139: 416-421. 

Katz JP, Bodin ET, Coen DM. Quantitative polymerase chain reaction analysis of herpes 
simplex virus DNA in ganglia of mice infected with replication-incompetent mutants. J 
Virol 1990; 64: 4288-4295. 

Kelley K, Cosman A, Belgrader P, Chapman B, Sullivan DC. Detection of methicillin-
resistant Staphylococcus aureus by a duplex droplet digital PCR assay. Journal of clinical 
microbiology 2013; 51: 2033-2039. 

Kennedy PG, Grinfeld E, Gow JW. Latent varicella–zoster virus is located predominantly 
in neurons in human trigeminal ganglia. Proceedings of the National Academy of Sciences 
1998; 95: 4658-4662. 

Kennedy PGE, Grinfeld E, Gow JW. Latent Varicella-Zoster Virus in Human Dorsal Root 
Ganglia. Virology 1999; 258: 451-454. 

Kennedy PGE, Chaudhuri A. Herpes simplex encephalitis. Journal of Neurology, 
Neurosurgery &amp; Psychiatry 2002; 73: 237-238. 

Kennedy PGE, Rovnak J, Badani H, Cohrs RJ. A comparison of herpes simplex virus type 
1 and varicella-zoster virus latency and reactivation. J Gen Virol 2015; 96: 1581-1602. 

Kent J, Zeng P-Y, Atanasiu D, Gardner J, Fraser N, Berger S. During lytic infection herpes 
simplex virus type 1 is associated with histones bearing modifications that correlate with 
active transcription. J Virol 2004; 78: 10178-10186. 

Khanna KM, Bonneau RH, Kinchington PR, Hendricks RL. Herpes simplex virus-specific 
memory CD8+ T cells are selectively activated and retained in latently infected sensory 
ganglia. Immunity 2003; 18: 593-603. 

Khanna KM, Lepisto AJ, Decman V, Hendricks RL. Immune control of herpes simplex 
virus during latency. Current opinion in immunology 2004; 16: 463-469. 



VIII. References     59 

Kim JY, Mandarino A, Chao MV, Mohr I, Wilson AC. Transient reversal of episome 
silencing precedes VP16-dependent transcription during reactivation of latent HSV-1 in 
neurons. PLoS Pathog 2012; 8: e1002540. 

Kim SK, Ahn BC, Albrecht RA, O'callaghan DJ. The unique IR2 protein of equine 
herpesvirus 1 negatively regulates viral gene expression. J Virol 2006; 80: 5041-5049. 

Knipe DM, Cliffe A. Chromatin control of herpes simplex virus lytic and latent infection. 
Nature Reviews Microbiology 2008; 6: 211-221. 

Koepfli C, Nguitragool W, Hofmann NE, Robinson LJ, Ome-Kaius M, Sattabongkot J, 
Felger I, Mueller I. Sensitive and accurate quantification of human malaria parasites using 
droplet digital PCR (ddPCR). Scientific Reports 2016; 6: 39183. 

Ku CC, Padilla JA, Grose C, Butcher EC, Arvin AM. Tropism of varicella-zoster virus for 
human tonsillar CD4(+) T lymphocytes that express activation, memory, and skin homing 
markers. J Virol 2002; 76: 11425-11433. 

Kurtz BM, Singletary LB, Kelly SD, Frampton AR. Equus caballus major 
histocompatibility complex class I is an entry receptor for equine herpesvirus type 1. J 
Virol 2010; 84: 9027-9034. 

Kydd JH, Smith K, Hannant D, Livesay GJ, Mumford JA. Distribution of Equid 
herpesvirus‐1 (EHV‐1) in the respiratory tract of ponies: implications for vaccination 
strategies. Equine Veterinary Journal 1994a; 26: 466-469. 

Kydd JH, Smith KC, Hannant D, Livesay GJ, Mumford JA. Distribution of equid 
herpesvirus-1 (EHV-1) in respiratory tract associated lymphoid tissue: implications for 
cellular immunity. Equine Vet J 1994b; 26: 470-473. 

Lages CS, Suffia I, Velilla PA, Huang B, Warshaw G, Hildeman DA, Belkaid Y, Chougnet 
C. Functional regulatory T cells accumulate in aged hosts and promote chronic infectious 
disease reactivation. The Journal of Immunology 2008; 181: 1835-1848. 

LaVail JH, Topp KS, Giblin PA, Garner JA. Factors that contribute to the transneuronal 
spread of herpes simplex virus. Journal of Neuroscience Research 1997; 49: 485-496. 

Laval K, Favoreel HW, Nauwynck HJ. Equine herpesvirus type 1 replication is delayed in 
CD172a+ monocytic cells and controlled by histone deacetylases. Journal of General 
Virology 2015; 96: 118-130. 

Lee SE, Shen H, Taglialatela G, Chung JM, Chung K. Expression of nerve growth factor 
in the dorsal root ganglion after peripheral nerve injury. Brain research 1998; 796: 99-106. 

Leger AJS, Hendricks RL. CD8+ T cells patrol HSV-1-infected trigeminal ganglia and 
prevent viral reactivation. J Neurovirol 2011; 17: 528-534. 



VIII. References     60 

Levin MJ, Cai GY, Manchak MD, Pizer LI. Varicella-zoster virus DNA in cells isolated 
from human trigeminal ganglia. J Virol 2003; 77: 6979-6987. 

Lewis JB, Thompson YG, Feng X, Holden VR, O'callaghan D, Caughman GB. Structural 
and antigenic identification of the ORF12 protein (αTIF) of equine herpesvirus 1. Virology 
1997; 230: 369-375. 

Liesegang TJ. Herpes Simplex Virus Epidemiology and Ocular Importance. Cornea 2001; 
20: 1-13. 

Liu T, Tang Q, Hendricks RL. Inflammatory infiltration of the trigeminal ganglion after 
herpes simplex virus type 1 corneal infection. J Virol 1996; 70: 264-271. 

Liu T, Khanna KM, Chen X, Fink DJ, Hendricks RL. CD8(+) T cells can block herpes 
simplex virus type 1 (HSV-1) reactivation from latency in sensory neurons. The Journal of 
experimental medicine 2000; 191: 1459-1466. 

Liu T, Khanna KM, Carriere BN, Hendricks RL. Gamma interferon can prevent herpes 
simplex virus type 1 reactivation from latency in sensory neurons. J Virol 2001; 75: 11178-
11184. 

Löhr JM, Nelson J, Oldstone M. Is herpes simplex virus associated with peptic ulcer 
disease? J Virol 1990; 64: 2168-2174. 

Luker GD, Prior JL, Song J, Pica CM, Leib DA. Bioluminescence imaging reveals systemic 
dissemination of herpes simplex virus type 1 in the absence of interferon receptors. J Virol 
2003; 77: 11082-11093. 

Lungu O, Annunziato PW, Gershon A, Staugaitis SM, Josefson D, LaRussa P, Silverstein 
SJ. Reactivated and latent varicella-zoster virus in human dorsal root ganglia. Proceedings 
of the National Academy of Sciences 1995; 92: 10980-10984. 

Lunn DP, Davis-Poynter N, Flaminio MJ, Horohov DW, Osterrieder K, Pusterla N, 
Townsend HG. Equine herpesvirus-1 consensus statement. J Vet Intern Med 2009; 23: 450-
461. 

Luxton GG, Haverlock S, Coller KE, Antinone SE, Pincetic A, Smith GA. Targeting of 
herpesvirus capsid transport in axons is coupled to association with specific sets of 
tegument proteins. Proceedings of the National Academy of Sciences 2005; 102: 5832-
5837. 

Ma G, Azab W, Osterrieder N. Equine herpesviruses type 1 (EHV-1) and 4 (EHV-4)—
Masters of co-evolution and a constant threat to equids and beyond. Veterinary 
Microbiology 2013; 167: 123-134. 

Mahalingam R, Wellish MC, Dueland AN, Cohrs RJ, Gilden DH. Localization of herpes 
simplex virus and varicella zoster virus DNA in human ganglia. Annals of Neurology 1992; 
31: 444-448. 



VIII. References     61 

Mahalingam R, Kennedy PG, Gilden DH. The problems of latent varicella zoster virus in 
human ganglia: precise cell location and viral content. J Neurovirol 1999; 5: 445-448. 

McGeoch DJ, Cook S. Molecular phylogeny of the alphaherpesvirinae subfamily and a 
proposed evolutionary timescale. Journal of molecular biology 1994; 238: 9-22. 

McLauchlan J, Rixon FJ. Characterization of enveloped tegument structures (L particles) 
produced by alphaherpesviruses: integrity of the tegument does not depend on the presence 
of capsid or envelope. J Gen Virol 1992; 73 ( Pt 2): 269-276. 

Meier JL, Holman RP, Croen KD, Smialek JE, Straus SE. Varicella-zoster virus 
transcription in human trigeminal ganglia. Virology 1993; 193: 193-200. 

Mellerick DM, Fraser NW. Physical state of the latent herpes simplex virus genome in a 
mouse model system: Evidence suggesting an episomal state. Virology 1987; 158: 265-
275. 

Meyer F, Perez S, Jiang Y, Zhou Y, Henderson G, Jones C. Identification of a novel protein 
encoded by the latency-related gene of bovine herpesvirus 1. J Neurovirol 2007; 13: 569-
578. 

Miller CS, Danaher RJ. Asymptomatic shedding of herpes simplex virus (HSV) in the oral 
cavity. Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology 
2008; 105: 43-50. 

Mott KR, Osorio N, Jin L, Brick DJ, Naito J, Cooper J, Henderson G, Inman M, Jones C, 
Wechsler SL. The bovine herpesvirus-1 LR ORF2 is critical for this gene's ability to restore 
the high wild-type reactivation phenotype to a herpes simplex virus-1 LAT null mutant. 
Journal of General Virology 2003; 84: 2975-2985. 

Mott KR, Gate D, Matundan HH, Ghiasi YN, Town T, Ghiasi H. CD8+ T cells play a 
bystander role in mice latently infected with herpes simplex virus 1. J Virol 2016; 90: 5059-
5067. 

Muylaert I, Tang K-W, Elias P. Replication and recombination of herpes simplex virus 
DNA. Journal of Biological Chemistry 2011; 286: 15619-15624. 

Mweene A, Okazaki K, Kida H (1997) Detection of viral genome in non-neural tissues of 
cattle experimentally infected with bovine herpesvirus 1. 165-174 

Nagel MA, Rempel A, Huntington J, Kim F, Choe A, Gilden D. Frequency and Abundance 
of Alphaherpesvirus DNA in Human Thoracic Sympathetic Ganglia. J Virol 2014; 88: 
8189-8192. 

Neubauer A, Braun B, Brandmuller C, Kaaden OR, Osterrieder N. Analysis of the 
contributions of the equine herpesvirus 1 glycoprotein gB homolog to virus entry and direct 
cell-to-cell spread. Virology 1997; 227: 281-294. 



VIII. References     62 

Nicoll MP, Proenca JT, Efstathiou S. The molecular basis of herpes simplex virus latency. 
FEMS Microbiol Rev 2012; 36: 684-705. 

Nugent J, Birch-Machin I, Smith K, Mumford J, Swann Z, Newton J, Bowden R, Allen G, 
Davis-Poynter N. Analysis of equid herpesvirus 1 strain variation reveals a point mutation 
of the DNA polymerase strongly associated with neuropathogenic versus 
nonneuropathogenic disease outbreaks. J Virol 2006; 80: 4047-4060. 

Nyaga P, McKercher D. Pathogenesis of bovine herpesvirus-1 (BHV-1) infections: 
interactions of the virus with peripheral bovine blood cellular components. Comparative 
immunology, microbiology and infectious diseases 1979; 2: 587-602. 

Obara Y, Furuta Y, Takasu T, Suzuki S, Suzuki H, Matsukawa S, Fujioka Y, Takahashi H, 
Kurata T, Nagashima K. Distribution of herpes simplex virus types 1 and 2 genomes in 
human spinal ganglia studied by PCR and in situ hybridization. Journal of medical virology 
1997; 52: 136-142. 

Ojala PM, Sodeik B, Ebersold MW, Kutay U, Helenius A. Herpes simplex virus type 1 
entry into host cells: reconstitution of capsid binding and uncoating at the nuclear pore 
complex in vitro. Molecular and cellular biology 2000; 20: 4922-4931. 

Osterrieder N. Construction and characterization of an equine herpesvirus 1 glycoprotein 
C negative mutant. Virus Res 1999; 59: 165-177. 

Osterrieder N, Van de Walle GR. Pathogenic potential of equine alphaherpesviruses: the 
importance of the mononuclear cell compartment in disease outcome. Veterinary 
Microbiology 2010; 143: 21-28. 

Ouwendijk WJ, Getu S, Mahalingam R, Gilden D, Osterhaus AD, Verjans GM. 
Characterization of the immune response in ganglia after primary simian varicella virus 
infection. J Neurovirol 2016; 22: 376-388. 

Ouwendijk WJD, Mahalingam R, de Swart RL, Haagmans BL, van Amerongen G, Getu 
S, Gilden D, Osterhaus ADME, Verjans GMGM. T-Cell Tropism of Simian Varicella 
Virus during Primary Infection. PLoS Pathog 2013; 9: e1003368. 

Paillot R, Case R, Ross J, Newton R, Nugent J. Equine herpes virus-1: virus, immunity and 
vaccines. The Open Veterinary Science Journal 2008; 2 

Patel JR, Heldens J. Equine herpesviruses 1 (EHV-1) and 4 (EHV-4) – epidemiology, 
disease and immunoprophylaxis: A brief review. The Veterinary Journal 2005; 170: 14-23. 

Pellett PE, Roizman B. Herpesviridae. In: Fields Virology, 6th edn. Knipe DM, Howley 
PM, eds. Two Commerce Square, 2001 Market Street, Philadelphia, PA 19103 USA: 
Lippincott Williams & Wilkins 2013: 1802-1822. 

Penkert RR, Kalejta RF. Tegument protein control of latent herpesvirus establishment and 
animation. Herpesviridae 2011; 2: 3-3. 



VIII. References     63 

Perdue ML, Cohen JC, Kemp MC, Randall CC, O'Callaghan DJ. Characterization of three 
species of nucleocapsids of equine herpesvirus type-1 (EHV-1). Virology 1975; 64: 187-
204. 

Perng G-C, Jones C, Ciacci-Zanella J, Stone M, Henderson G, Yukht A, Slanina SM, 
Hofman FM, Ghiasi H, Nesburn AB. Virus-induced neuronal apoptosis blocked by the 
herpes simplex virus latency-associated transcript. Science 2000; 287: 1500-1503. 

Pickard GE, Brodersen B, Sollars PJ, Smith GA. The pseudorabies virus R2 non-
neuroinvasive vaccine: A proof-of-concept study in pigs. Vaccine 2020; 38: 4524-4528. 

Poelaert KC, Van Cleemput J, Laval K, Favoreel HW, Couck L, Van den Broeck W, Azab 
W, Nauwynck HJ. Equine herpesvirus 1 Bridles T lymphocytes to reach its target organs. 
J Virol 2019; 93: e02098-02018. 

Purewal AS, Allsopp R, Riggio M, Telford EA, Azam S, Davison AJ, Edington N. Equid 
herpesviruses 1 and 4 encode functional homologs of the herpes simplex virus type 1 virion 
transactivator protein, VP16. Virology 1994; 198: 385-389. 

Pusterla N, Wilson WD, Mapes S, Finno C, Isbell D, Arthur RM, Ferraro GL. 
Characterization of viral loads, strain and state of equine herpesvirus-1 using real-time PCR 
in horses following natural exposure at a racetrack in California. Vet J 2009; 179: 230-239. 

Pusterla N, Mapes S, Wilson WD. Prevalence of equine herpesvirus type 1 in trigeminal 
ganglia and submandibular lymph nodes of equids examined postmortem. Veterinary 
Record 2010; 167: 376-379. 

Pusterla N, Mapes S, David Wilson W. Prevalence of latent alpha-herpesviruses in 
Thoroughbred racing horses. The Veterinary Journal 2012; 193: 579-582. 

Pusterla N, Hussey GS. Equine herpesvirus 1 myeloencephalopathy. Veterinary Clinics: 
Equine Practice 2014; 30: 489-506. 

Quan P-L, Sauzade M, Brouzes E. dPCR: a technology review. Sensors 2018; 18: 1271. 

Ramakrishnan R, Poliani PL, Levine M, Glorioso JC, Fink DJ. Detection of herpes simplex 
virus type 1 latency-associated transcript expression in trigeminal ganglia by in situ reverse 
transcriptase PCR. J Virol 1996; 70: 6519-6523. 

Reichelt M, Zerboni L, Arvin AM. Mechanisms of Varicella-Zoster Virus 
Neuropathogenesis in Human Dorsal Root Ganglia. J Virol 2008; 82: 3971-3983. 

Reichelt M, Wang L, Sommer M, Perrino J, Nour AM, Sen N, Baiker A, Zerboni L, Arvin 
AM. Entrapment of Viral Capsids in Nuclear PML Cages Is an Intrinsic Antiviral Host 
Defense against Varicella-Zoster Virus. PLoS Pathog 2011; 7: e1001266. 

  



VIII. References     64 

Richards AL, Sollars PJ, Pitts JD, Stults AM, Heldwein EE, Pickard GE, Smith GA. The 
pUL37 tegument protein guides alpha-herpesvirus retrograde axonal transport to promote 
neuroinvasion. PLoS Pathog 2017; 13: e1006741. 

Richter ER, Dias JK, Gilbert II JE, Atherton SS. Distribution of Herpes Simplex Virus 
Type 1 and Varicella Zoster Virus in Ganglia of the Human Head and Neck. The Journal 
of Infectious Diseases 2009; 200: 1901-1906. 

Roels S, Charlier G, Vanopdenbosch E, Letellier C, Kerkhofs P, Meyer G, Schynts F, Thiry 
E (2000) Natural case of bovine herpesvirus 1 meningoencephalitis in an adult cow. British 
Medical Journal Publishing Group 

Roizman B, Baines J. The diversity and unity of Herpesviridae. Comparative immunology, 
microbiology and infectious diseases 1991; 14: 63-79. 

Roizman B, Knipe DM, Whitley RJ. Herpes Simplex Viruses. In: Fields Virology, 6th edn. 
Knipe DM, Howley PM, eds. Two Commerce Square, 2001 Market Street, Philadelphia, 
PA 19103 USA: Lippincott Williams & Wilkins 2013: 1824-1897. 

Saksena MM, Wakisaka H, Tijono B, Boadle RA, Rixon F, Takahashi H, Cunningham AL. 
Herpes Simplex Virus Type 1 Accumulation, Envelopment, and Exit in Growth Cones and 
Varicosities in Mid-Distal Regions of Axons. J Virol 2006; 80: 3592-3606. 

Salipante SJ, Jerome KR. Digital PCR—An Emerging Technology with Broad 
Applications in Microbiology. Clinical Chemistry 2019; 66: 117-123. 

Samoilowa S. Characterizing and localizing EHV-1 chronic-persistent infection in the 
natural host [Doctoral Dissertation]. Munich: Ludwig-Maximilians-University (2019). 

Sasaki M, Hasebe R, Makino Y, Suzuki T, Fukushi H, Okamoto M, Matsuda K, Taniyama 
H, Sawa H, Kimura T. Equine major histocompatibility complex class I molecules act as 
entry receptors that bind to equine herpesvirus‐1 glycoprotein D. Genes to Cells 2011; 16: 
343-357. 

Schaap A, Fortin JF, Sommer M, Zerboni L, Stamatis S, Ku CC, Nolan GP, Arvin AM. T-
cell tropism and the role of ORF66 protein in pathogenesis of varicella-zoster virus 
infection. J Virol 2005; 79: 12921-12933. 

Sedlak RH, Cook L, Huang M-L, Magaret A, Zerr DM, Boeckh M, Jerome KR. 
Identification of chromosomally integrated human herpesvirus 6 by droplet digital PCR. 
Clinical Chemistry 2014; 60: 765-772. 

Shakya AK, O'Callaghan DJ, Kim SK. Comparative Genomic Sequencing and Pathogenic 
Properties of Equine Herpesvirus 1 KyA and RacL11. Front Vet Sci 2017; 4: 211. 

Simmons A, Tscharke DC. Anti-CD8 impairs clearance of herpes simplex virus from the 
nervous system: implications for the fate of virally infected neurons. The Journal of 
experimental medicine 1992; 175: 1337-1344. 



VIII. References     65 

Slater J. Equine herpesviruses. In: Equine infectious diseases. Long M, ed. St. Louis: 
Elsevier 2014: 151-168. e158. 

Slater JD, Borchers K, Thackray AM, Field HJ. The trigeminal ganglion is a location for 
equine herpesvirus 1 latency and reactivation in the horse. J Gen Virol 1994; 75 ( Pt 8): 
2007-2016. 

Smith DJ, Iqbal J, Purewal A, Hamblin AS, Edington N. In vitro reactivation of latent equid 
herpesvirus-1 from CD5+/CD8+ leukocytes indirectly by IL-2 or chorionic gonadotrophin. 
J Gen Virol 1998; 79 ( Pt 12): 2997-3004. 

Smith G. Herpesvirus transport to the nervous system and back again. Annual review of 
microbiology 2012; 66: 153-176. 

Smith K, Borchers K. A study of the pathogenesis of equid herpesvirus-1 (EHV-1) abortion 
by DNA in-situ hybridization. J Comp Pathol 2001; 125: 304-310. 

Smith RH, Caughman GB, O'Callaghan DJ. Characterization of the regulatory functions of 
the equine herpesvirus 1 immediate-early gene product. J Virol 1992; 66: 936-945. 

Smith RH, Zhao Y, O'Callaghan DJ. The equine herpesvirus type 1 immediate-early gene 
product contains an acidic transcriptional activation domain. Virology 1994; 202: 760-770. 

Soboll Hussey G, Hussey SB, Wagner B, Horohov DW, Van de Walle GR, Osterrieder N, 
Goehring LS, Rao S, Lunn DP. Evaluation of immune responses following infection of 
ponies with an EHV-1 ORF1/2 deletion mutant. Vet Res 2011; 42: 23-23. 

Soboll Hussey G, Ashton LV, Quintana AM, Lunn DP, Goehring LS, Annis K, Landolt G. 
Innate immune responses of airway epithelial cells to infection with equine herpesvirus-1. 
Vet Microbiol 2014; 170: 28-38. 

Spiesschaert B, Goldenbogen B, Taferner S, Schade M, Mahmoud M, Klipp E, Osterrieder 
N, Azab W. Role of gB and pUS3 in Equine Herpesvirus 1 Transfer between Peripheral 
Blood Mononuclear Cells and Endothelial Cells: a Dynamic In Vitro Model. J Virol 2015; 
89: 11899-11908. 

Spivack JG, Fraser NW. Detection of herpes simplex virus type 1 transcripts during latent 
infection in mice. J Virol 1987; 61: 3841-3847. 

Steiner I, Spivack J, Deshmane S, Ace C, Preston C, Fräser N. A HSV-1 mutant containing 
a nontransinducing Vmw65 protein establishes latent infection in vivo in the absence of 
viral replication and reactivates efficiently from explanted trigeminal ganglia. J. Virol 
1990; 64: 1630-1638. 

Stevens JG, Wagner EK, Devi-Rao GB, Cook ML, Feldman LT. RNA complementary to 
a herpesvirus alpha gene mRNA is prominent in latently infected neurons. Science 1987; 
235: 1056-1059. 



VIII. References     66 

Stokol T, Yeo WM, Burnett D, DeAngelis N, Huang T, Osterrieder N, Catalfamo J. Equid 
herpesvirus type 1 activates platelets. PLOS ONE 2015; 10 

Tallmadge RL, Žygelytė E, Van de Walle GR, Kristie TM, Felippe MJB. Effect of a 
Histone Demethylase Inhibitor on Equine Herpesvirus-1 Activity In Vitro. Frontiers in 
Veterinary Science 2018; 5 

Tearle JP, Smith KC, Boyle MS, Binns MM, Livesay GJ, Mumford JA. Replication of 
equid herpesvirus-1 (EHV-1) in the testes and epididymides of ponies and venereal 
shedding of infectious virus. J Comp Pathol 1996; 115: 385-397. 

Telford E, Studdert M, Agius C, Watson M, Aird H, Davison A. Equine herpesviruses 2 
and 5 are γ-herpesviruses. Virology 1993; 195: 492-499. 

Telford EAR, Watson MS, McBride K, Davison AJ. The DNA sequence of equine 
herpesvirus-1. Virology 1992; 189: 304-316. 

Thompson RL, Sawtell NM. Replication of Herpes Simplex Virus Type 1 within 
Trigeminal Ganglia Is Required for High Frequency but Not High Viral Genome Copy 
Number Latency. J Virol 2000; 74: 965-974. 

Tormanen K, Allen S, Mott KR, Ghiasi H. The Latency-Associated Transcript Inhibits 
Apoptosis via Downregulation of Components of the Type I Interferon Pathway during 
Latent Herpes Simplex Virus 1 Ocular Infection. J Virol 2019; 93: e00103-00119. 

Turtinen LW, Allen GP. Identification of the envelope surface glycoproteins of equine 
herpesvirus type 1. Journal of General Virology 1982; 63: 481-485. 

Umbach JL, Kramer MF, Jurak I, Karnowski HW, Coen DM, Cullen BR. MicroRNAs 
expressed by herpes simplex virus 1 during latent infection regulate viral mRNAs. Nature 
2008; 454: 780-783. 

Van de Walle GR, Peters ST, VanderVen BC, O'Callaghan DJ, Osterrieder N. Equine 
herpesvirus 1 entry via endocytosis is facilitated by αV integrins and an RSD motif in 
glycoprotein D. J Virol 2008; 82: 11859-11868. 

van der Meulen KM, Nauwynck HJ, Buddaert W, Pensaert MB. Replication of equine 
herpesvirus type 1 in freshly isolated equine peripheral blood mononuclear cells and 
changes in susceptibility following mitogen stimulation. Journal of General Virology 2000; 
81: 21-25. 

van Velzen M, Laman JD, Kleinjan A, Poot A, Osterhaus AD, Verjans GM. Neuron-
interacting satellite glial cells in human trigeminal ganglia have an APC phenotype. J 
Immunol 2009; 183: 2456-2461. 

  



VIII. References     67 

Vandekerckhove AP, Glorieux S, Gryspeerdt AC, Steukers L, Duchateau L, Osterrieder N, 
Van de Walle GR, Nauwynck HJ. Replication kinetics of neurovirulent versus non-
neurovirulent equine herpesvirus type 1 strains in equine nasal mucosal explants. Journal 
of General Virology 2010; 91: 2019-2028. 

Vargas-Bermudez D, Corredor F, Ramírez-Nieto G, Vera A, Jaime C. Detection of equine 
herpesvirus 1 and 4 and its association with latency-associated transcripts in naturally 
infected horses in Colombia. Revista MVZ Córdoba 2018; 23: 6826-6837. 

Verhaegen B, De Reu K, De Zutter L, Verstraete K, Heyndrickx M, Van Coillie E. 
Comparison of droplet digital PCR and qPCR for the quantification of shiga toxin-
producing Escherichia coli in bovine feces. Toxins 2016; 8: 157. 

Verjans GM, Hintzen RQ, van Dun JM, Poot A, Milikan JC, Laman JD, Langerak AW, 
Kinchington PR, Osterhaus AD. Selective retention of herpes simplex virus-specific T cells 
in latently infected human trigeminal ganglia. Proceedings of the National Academy of 
Sciences 2007; 104: 3496-3501. 

Vukmanovic-Stejic M, Sandhu D, Seidel JA, Patel N, Sobande TO, Agius E, Jackson SE, 
Fuentes-Duculan J, Suárez-Fariñas M, Mabbott NA, Lacy KE, Ogg G, Nestle FO, Krueger 
JG, Rustin MHA, Akbar AN. The Characterization of Varicella Zoster Virus–Specific T 
Cells in Skin and Blood during Aging. Journal of Investigative Dermatology 2015; 135: 
1752-1762. 

Walter J, Balzer HJ, Seeh C, Fey K, Bleul U, Osterrieder N. Venereal shedding of equid 
herpesvirus‐1 (EHV‐1) in naturally infected stallions. Journal of Veterinary Internal 
Medicine 2012; 26: 1500-1504. 

Wang K, Lau TY, Morales M, Mont EK, Straus SE. Laser-capture microdissection: 
refining estimates of the quantity and distribution of latent herpes simplex virus 1 and 
varicella-zoster virus DNA in human trigeminal Ganglia at the single-cell level. J Virol 
2005a; 79: 14079-14087. 

Wang P, Hurley DJ, Braun LJ, Chase CCL. Detection of Bovine Herpesvirus-1 in 
Peripheral Blood Mononuclear Cells Eight Months Postinfection. Journal of Veterinary 
Diagnostic Investigation 2001; 13: 424-427. 

Wang QY, Zhou C, Johnson KE, Colgrove RC, Coen DM, Knipe DM. Herpesviral latency-
associated transcript gene promotes assembly of heterochromatin on viral lytic-gene 
promoters in latent infection. Proc Natl Acad Sci U S A 2005b; 102: 16055-16059. 

Warren KG, Brown SM, Wroblewska Z, Gilden D, Koprowski H, Subak-Sharpe J. 
Isolation of latent herpes simplex virus from the superior cervical and vagus ganglions of 
human beings. New England Journal of Medicine 1978; 298: 1068-1069. 

Welch HM, Bridges CG, Lyon AM, Griffiths L, Edington N. Latent equid herpesviruses 1 
and 4: detection and distinction using the polymerase chain reaction and co-cultivation 
from lymphoid tissues. J Gen Virol 1992; 73 ( Pt 2): 261-268. 



VIII. References     68 

Wellington J, Love D, Whalley J. Evidence for involvement of equine herpesvirus 1 
glycoprotein B in cell-cell fusion. Archives of virology 1996; 141: 167-175. 

Whitley R, Lakeman AD, Nahmias A, Roizman B. DNA Restriction-Enzyme Analysis of 
Herpes Simplex Virus Isolates Obtained from Patients with Encephalitis. New England 
Journal of Medicine 1982; 307: 1060-1062. 

Wilkinson R, Leaver C, Simmons A, Pereira RA. Restricted replication of herpes simplex 
virus in satellite glial cell cultures clonally derived from adult mice. J Neurovirol 1999; 5: 
384-391. 

Wilson M, Holz C, Kopec A, Dau J, Luyendyk J, Soboll Hussey G. Coagulation parameters 
following equine herpesvirus type 1 infection in horses. Equine Veterinary Journal 2019; 
51: 102-107. 

Wilsterman S, Soboll-Hussey G, Lunn D, Ashton L, Callan R, Hussey S, Rao S, Goehring 
L. Equine herpesvirus-1 infected peripheral blood mononuclear cell subpopulations during 
viremia. Veterinary Microbiology 2011; 149: 40-47. 

Winkler MT, Doster A, Jones C. Bovine herpesvirus 1 can infect CD4(+) T lymphocytes 
and induce programmed cell death during acute infection of cattle. J Virol 1999; 73: 8657-
8668. 

Winkler MTC, Doster A, Jones C. Persistence and Reactivation of Bovine Herpesvirus 1 
in the Tonsils of Latently Infected Calves. J Virol 2000; 74: 5337-5346. 

Wroblewska Z, Valyi-Nagy T, Otte J, Dillner A, Jackson A, Sole DP, Fraser NW. A mouse 
model for varicella-zoster virus latency. Microbial Pathogenesis 1993; 15: 141-151. 

Yang L, Voytek C, Margolis T. Immunohistochemical analysis of primary sensory neurons 
latently infected with herpes simplex virus type 1. J Virol 2000; 74: 209-217. 

Yeo WM, Osterrieder N, Stokol T. Equine herpesvirus type 1 infection induces 
procoagulant activity in equine monocytes. Vet Res 2013; 44: 16. 

Yu W, Geng S, Suo Y, Wei X, Cai Q, Wu B, Zhou X, Shi Y, Wang B. Critical role of 
regulatory T cells in the latency and stress-induced reactivation of HSV-1. Cell reports 
2018; 25: 2379-2389. e2373. 

Zerboni L, Ku C-C, Jones CD, Zehnder JL, Arvin AM. Varicella-zoster virus infection of 
human dorsal root ganglia in vivo. Proceedings of the National Academy of Sciences 2005; 
102: 6490-6495. 

Zerboni L, Che X, Reichelt M, Qiao Y, Gu H, Arvin A. Herpes Simplex Virus 1 Tropism 
for Human Sensory Ganglion Neurons in the Severe Combined Immunodeficiency Mouse 
Model of Neuropathogenesis. J Virol 2013; 87: 2791-2802. 



VIII. References     69 

Zerboni L, Arvin AM. The Pathogenesis of Varicella-Zoster Virus Neurotropism and 
Infection. In: Neurotropic Viral Infections: Volume 2: Neurotropic Retroviruses, DNA 
Viruses, Immunity and Transmission. Reiss CS, ed. Cham: Springer International 
Publishing 2016: 135-173. 

Zhao Y, Holden V, Harty RN, O'Callaghan DJ. Identification and transcriptional analyses 
of the UL3 and UL4 genes of equine herpesvirus 1, homologs of the ICP27 and 
glycoprotein K genes of herpes simplex virus. J Virol 1992; 66: 5363-5372. 



IX. Acknowledgements     70 

IX.  ACKNOWLEDGEMENTS 

Zuallererst möchte ich mich herzlich bei meinem Doktorvater, Herrn Prof. Lutz Göhring, 

bedanken. Seine fortwährende Unterstützung förderten nicht nur die Entstehung dieser Ar-

beit, sondern öffneten mir zudem die Tür zur internationalen Welt der Wissenschaft. Seine 

ansteckende Passion für die Forschung motivierte mich dabei, besonders in schwierigen 

Phasen nach vorne zu blicken.    

Bei Herrn Dr. Robert Fux, meinen Betreuer am Lehrstuhl der Virologie, möchte ich mich 

herzlich dafür bedanken, dass ich jederzeit mit virologischen und technischen Fragen an 

der Türe klopfen durfte. Er hat mich während des Projekts fachlich begleitet und mir nicht 

nur viel Wissen zur PCR-Methodik, sondern auch die Freude an der Wissenschaft vermit-

telt. 

Die Vielzahl an Gewebeproben, die ich für meine Fragestellung verwenden durfte, ent-

stammten zwei Infektionsstudien an der Michigan State University unter der Leitung von 

Frau Prof. Gisela Soboll Hussey. Ich danke ihr, dass sie mir dadurch diese Arbeit ermög-

lichte und zudem möchte ich mich für ihre außerordentliche Unterstützung bei der Entste-

hung der Publikation bedanken. Vom ersten Entwurf an waren ihre konstruktiven Denkan-

stöße und Korrekturen von unschätzbarem Wert für das letztendliche Gelingen des 

Manuskripts. Ihre wissenschaftliche Expertise und ihre stets umsichtigen Ratschläge tragen 

sowohl zu meiner fachlichen als auch zu meiner persönlichen Weiterentwicklung bei.  

Die Kernaussage dieser Arbeit wird getragen von der bildlichen Darstellung in der Publi-

kation. Daher möchte ich ein herzliches Dankeschön an Herrn Prof. Kaspar Matiasek aus-

sprechen, der mich nicht nur bei Fragestellungen rund um die histopathologische Auswer-

tung, immunhistochemischen Versuche und die in-situ Hybridisierung beratend 

unterstützt, sondern auch entscheidende Hilfestellung bei der finalen Bildformatierung ge-

leistet hat.  

In diesem Zusammenhang möchte ich mich auch bei dem ganzen Team der Neuropatholo-

gie der Technischen Universität München bedanken, das mir die Durchführung der in-situ 

Hybridisierung an ihrem Lehrstuhl ermöglicht und mich als „Tiermedizin-Exotin“ herzlich 

aufgenommen hat. Frau Dr. Friederike Liesche und Herr Prof. Jürgen Schlegel begleiteten 

diesen wichtigen Teil des Projekts und ich bin ihnen für ihre Anleitung und Einschätzungen 

sehr dankbar. Besonders wichtig ist mir hierbei, die bedeutende Unterstützung durch Frau 

Sandra Baur zu unterstreichen. Ihre labortechnische Expertise half mir dabei, meine 



IX. Acknowledgements     71 

Laborfertigkeiten zu verfeinern und ich erinnere mich gerne zurück an das „Scopen“ in der 

so positiven, freundlichen Arbeitsatmosphäre. Darüber hinaus wäre die Fertigstellung die-

ser Arbeit ohne ihr großartiges Engagement während der späteren Zusammenarbeit aus der 

Ferne sehr schwierig gewesen.  

Die Probenentnahme und korrekte Bestimmung der verschiedenen Ganglien wären ohne 

die Fachkompetenz von Herrn Prof. Matti Kiupel und Herrn Dr. Dodd Sledge nicht mög-

lich gewesen. Bei Herrn Prof. Matti Kiupel möchte ich mich besonders auch für die kon-

struktive Kritik an meinem Manuskript bedanken, da mir dadurch sicherlich einige Revi-

sionspunkte bei der Publikation erspart blieben.  

Viele labortechnische Grundlagen habe ich von Herrn Dr. Carlos Medina Torres gelernt, 

der die Entstehung dieses Projekts anfänglich mitbetreut hat. Ihm möchte ich außerdem 

besonders für seine bekräftigenden Zusprüche während meiner Kliniktätigkeit danken, 

denn sein Vertrauen in meine Arbeit stärkte auch das meinige.  

Auch wenn am Ende die Resultate auf wenigen Seiten zusammengefasst sind, steckt doch 

sehr viel Planung und Organisation von Einzelschritten in jeder einzelnen Probenbearbei-

tung. Hierfür möchte ich mich ausdrücklich bei Frau Elke Fink bedanken, die mir dabei 

half, die Übersicht zu behalten und mich bei wichtigen Arbeitsschritten unterstützte. Tech-

nischen Rat konnte ich mir auch bei Frau Karin Stingl einholen, der ich sehr dankbar bin, 

dass sie sich immer Zeit für mich genommen hat. In diesem Zusammenhang danke ich 

auch Frau Andrea Jahnke, Frau Christine Poneleit und Frau Eleni Tzikoula, die stets ver-

sucht haben, ein freies Zeitfenster für mich und meine PCR Versuche zu finden. 

Für die Organisation und Durchführung der Infektionsstudien möchte ich mich bei Frau 

Dr. Carine Holz, Frau Dr. Sarah Jacobs und bei Frau Allison McCauley bedanken.  

Die Etappen des Abenteuers „Doktorarbeit“ hätte ich nicht ohne die Unterstützung von 

meinen Freunden und meiner Familie meistern können:  

Zunächst gilt mein besonderer Dank Frau Dr. Susanna Samoilowa. Wir haben das Projekt 

„EHV-1 Latenz“ gemeinsam gestartet und gerade in der Anfangszeit war das gegenseitige 

Zuarbeiten und der fachliche und emotionale Austausch von großem Vorteil für die effizi-

ente Probenbearbeitung. Ich freue mich, in ihr nicht nur eine Kollegin, sondern auch eine 

gute Freundin gefunden zu haben.  

Vielen Dank an das gesamte Team der Pferdeklinik der LMU, von dem ich im Rahmen 

meiner klinischen Tätigkeit viel lernen durfte. Frau Carina Haupt danke ich vor allem für 



IX. Acknowledgements     72 

die Unterstützung im Rahmen des Probenversandes in die USA. Die finale Auswertung 

wäre sonst nur schwer möglich gewesen. Bei allen Fragen rund um Forschung und Klinik 

konnte und kann ich auf die klugen Ratschläge und den Zuspruch von Frau Dr. Carolina 

Duran vertrauen, ihr gilt ein besonders Dankschön.  

Meinen „Labmates“ in den USA, Frau Dr. Yao Lee und Frau Dr. Lila Zarski, danke ich für 

die fachlichen Ratschläge im Rahmen der Konferenzvorbereitung und für die spannende, 

tolle gemeinsame Zeit im Labor. Thank you for an awesome year, for your help during 

horse craziness and believe it or not – I still don’t like ‘Game of Thrones’!  

Ich kann mich glücklich schätzen von sehr vielen langjährigen Freund*innen tatkräftig un-

terstützt zu werden. Genannt seien hier vor allem Frau Dr. Tatjana Meyer, die während des 

Endspurts dieser Arbeit mit ihren schnellen Korrekturen und hilfreichen Vorschlägen We-

sentliches zur Finalisierung beigetragen hat; Frau Dr. Alex Bläske, die für mich die Abgabe 

der Dissertation übernimmt. Es ist überaus beruhigend diese Verantwortung in so zuver-

lässige Hände abgeben zu können; Frau Claudia Losher, mit der mich seit 29 Jahren eine 

enge Freundschaft verbindet und die mir immer selbstverständlich und aufmunternd zur 

Seite steht; und meine sehr gute Freundin Frau Dr. Theresa Stübinger, die mir stets dabei 

hilft, die richtigen Entscheidungen zu treffen und auf deren Rückhalt ich mich allzeit ver-

lassen kann, egal ob in Betonbunkern in Lyon, auf kirgisischen Hochebenen oder während 

tosender Nordwind-Stürme auf den Lofoten. Ihr und Herrn Dr. Florian Ruhs möchte ich 

außerdem besonders dafür danken, dass sie mir während der Klinik-Nachtdienste mit ihrer 

Wohnung ein zweites Zuhause gegeben haben. 

Außerdem möchte ich noch unbedingt anfügen: Danke Frau Laura Adler, für den seeli-

schen Beistand! Danke Familie Leuchtenberg, für den Apfelstrudel! Und danke Alina, für 

den wichtigen Ausgleich! 

Ich widme diese Arbeit meinen Eltern, die mich bedingungslos und liebevoll in allen Le-

bensphasen unterstützen. Meine Mutter weckte durch ihre Begeisterung für die Forschung 

bereits sehr früh auch meine wissenschaftliche Neugierde und meinem Vater verdanke ich 

die Freude am Schreiben. Ich danke euch von Herzen für das gründliche Korrekturlesen, 

euren Halt und dafür, dass ihr immer an mich glaubt.  

Und schließlich möchte ich nicht versäumen, Brownie, Spotty, Whitey, Hattie, Red, Star, 

Bozo, Trouble, Jesse, Chip, Woody, Buzz, Tigger, Mickey und Timone namentlich zu er-

wähnen, ohne die diese Arbeit ohnehin nicht möglich gewesen wäre. Ich denke an euch. 


