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ABSTRACT 

 

IDENTIFICATION OF IMMUNE PATHWAYS INVOLVED IN EQUINE HERPESVIRUS 1 

PATHOGENESIS AND PROTECTION FROM DISEASE IN HORSES 

 

By 

 

Lila Marek Zarski 

 

Equine herpesvirus 1 (EHV-1) is an alpha herpesvirus ubiquitous in horses worldwide. It 

initially infects the epithelium of the upper respiratory tract from where peripheral blood 

lymphocytes are infected that transport the virus to secondary sites of infection, including the 

spinal cord which results in crippling neurologic disease equine herpesvirus 

myeloencephalopathy (EHM). Immunity following vaccination or primary infection is 

incomplete and unable to protect against reinfection and development of disease. The long term 

objective of the described work is to identify and target pathways involved in EHM pathogenesis 

in order to prevent disease. Due to the complex interplay between viral immune-modulating 

features as well as host immunity, understanding protection from EHM following EHV-1 

infections remains elusive. This dissertation is aimed at providing clarity to ultimately 

understand how EHV-1 immunity can be altered in order to offer more complete protection. We 

conducted an evolving assortment of in vitro and in vivo experiments investigating differing 

aspects of EHV-1 infection and immunity at key sites of infection including the respiratory 

epithelium and peripheral blood lymphocytes. As the site of first contact and viral replication, the 

respiratory epithelium is the site where the first innate immune responses occur which dictates 

the phenotype and success of downstream adaptive immunity. As such, in Chapters 2 and 3 I 

describe experiments to interfere with viral replication and boost host immunity in the 

respiratory epithelium. Chapters 4 and 5 discuss in-depth transcriptomic analyses to investigate 



 

 

the systemic host immune response as well as viral and host gene expression in peripheral blood 

cells during peak EHV-1 viremia and EHM disease. 
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BACKGROUND AND SIGNIFICANCE 

Equine herpesvirus 1 (EHV-1) is a member of the family Herpesviridae and the 

subfamily Alphaherpesvirinae. It is ubiquitous in horses worldwide, and causes upper respiratory 

disease, abortion, and neurologic disease (equine herpesvirus myeloencephalopathy; EHM).  It 

has been observed that many foals encounter the virus at a young age, likely from nasal contact 

with their dam [1–4].  After primary infection, the virus then establishes a latent lifelong 

infection in the neurons or peripheral blood mononuclear cells (PBMCs) [5–8]. Despite this early 

natural infection and/or vaccination, horses remain susceptible to disease following a repeat 

exposure or reactivation of latent virus. Acute primary infection or re-infection results in lytic 

viral replication in the epithelium of the upper respiratory tract and upper respiratory disease in 

younger horses [9]. In the period of 4-14 days following exposure, EHV-1 is detectable in the 

PBMCs and transported throughout the body during a period of cell-associated viremia [10].  

Viremic circulating PBMCs in the vasculature of the pregnant uterus or the central nervous 

system are capable of transferring the virus to the vascular endothelial cells, where the virus 

begins to replicate [11,12].  The subsequent vasculitis results in thrombosis and tissue 

destruction, leading to abortion or EHM [13,14].  In response to recent multi-state outbreaks in 

the United States in which as much as 14% of EHV-1 infected horses died or were euthanized as 

a result of severe neurologic disease, EHM prevention has become of great importance to the 

equine and veterinary communities [15,16].  At this time, quarantine and strict biosecurity 

practices during outbreaks or high risk situations remain the most effective prevention strategies 

against EHM.  According to the United States Animal Health Association, state animal health 

officials are advised to issue a quarantine on premises with EHV-1 confirmed cases for 21 days 

from the onset of disease in the latest case [17].  In addition to death of animals, quarantines and 
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event cancellations due to an EHV-1 outbreak bring tremendous economic losses to the equine 

industry [16].  With the economic implications of disease outbreak and movement restrictions, it 

is clear that alternative prophylactics and therapies are needed to prevent EHM. 

VIRAL AND HOST FACTORS INVOLVED IN EHM PATHOGENESIS 

Viremia has been identified as a critical feature to the development of EHM. High profile 

outbreaks of EHM in association with EHV-1 infection have prompted investigation into 

virulence factors of different strains that may contribute to the neuropathogenicity of the virus 

[16,18].  It has been established that a single nucleotide polymorphism in the DNA polymerase 

gene of the virus, which encodes an aspartic acid residue at position 752 (genotype D752), has 

been associated with more neurologic disease during outbreaks than that which encodes an 

asparagine at this position (genotype N752) [18,19].  Many experiments have confirmed that 

infection with the neuropathogenic D752 strain is associated with higher magnitude and longer 

duration of EHV-1 viremia during a challenge infection when compared to the lower 

neuropathogenic N752 strain; and horses with higher magnitude of viremia are more likely to 

develop neurologic symptoms [20–23]. It is presumed that increased viral load in PBMCs 

increases the exposure of the vascular endothelium to EHV-1 and thereby increases the 

likelihood of endothelial infection, resulting in vasculitis and CNS damage.  

 In addition to viral factors, hosts factors undoubtably play a role in the propensity to 

develop CNS damage following EHV-1 infection. The coagulation cascade is known to be 

induced in horses during EHV-1 viremia, and it is thought that this is a major contributor to 

thrombosis, leading to endothelial damage and subsequent immunopathology causing secondary 

disease such as EHM [24–27]. However, perhaps the most critical, yet complex, host factor 

involved with EHM pathogenesis are shortcomings in immunity. EHV-1 employs methods of 
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avoiding immune detection while in PBMCs, which facilitates infection of these cells and 

persistence in the bloodstream. Infection in PBMCs is characterized by a restricted viral gene 

expression, which delays viral replication until the cell has made contact with the vascular 

endothelium [28,29].  Furthermore, it was found that viral antigens are absent from the surface of 

98% of infected PBMCs, allowing the virus to remain undetected in circulation [30]. While it is 

evident that viremia is essential to the development of EHM, the ability of EHV-1 to “hide” in 

these cells has proven to be a challenge in the prevention of viremia and EHM, and increased 

viremia may indicate less proficient immune targeting of the host.  While viremia is a central 

feature of EHV-1 pathogenesis and infection, EHM only develops in select numbers of horses. It 

is unclear what characterizes the host factors responsible for the progression of EHV-1 infection 

into EHM, however, age likely is one of the most reliable risk factors, with older animals being 

more likely to develop the disease [21,31].  This leads to the idea that factors generally 

associated with the “aged” immune system are likely also involved in EHM pathogenesis.  

OVERVIEW OF EHV-1 IMMUNITY 

 Establishing lasting protective immunity to EHV-1 disease, particularly EHM, has been 

an elusive endeavor. In order to better contextualize protective immunity to EHV-1, it is helpful 

to review the basic components of the anti-viral immune response. The immune response can be 

generally divided into two major divisions: innate immunity (or the immediate cellular response 

to non-specific molecular patterns) and adaptive immunity (pathogen specific response). 

Adaptive immunity can also be further subdivided in to humoral or cell-mediated branches. 

These components are all interrelated and serve various functions in the response to EHV-1 and 

are reviewed below.  
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Mucosal innate immunity 

 Innate immune events are critical for establishing and shaping pathogen-specific adaptive 

immunity [32–34]. The type of pathogen dictates the polarization of dendritic cells, which 

determines the polarization of the Th cells upon activation. Viral stimulation typically elicits 

polarization of Th1 immunity, which further perpetuates CTL responses (Figure 1). Furthermore, 

the extra-cellular cytokine milieu during antigen presentation additionally shapes such polarizing 

events. While Th cells are responsible for many of these cytokines, the respiratory epithelium 

can also be a source. For example, cytokines such as IFNγ will encourage Th1 development, 

while IL-10 will encourage Th2 development (Figure 1). 

As the first site of exposure, the respiratory epithelium provides a physical barrier against 

inhaled pathogens, such as EHV-1. Respiratory epithelial integrity and tight junctions form a 

physical barrier and are an important aspect of innate immune protection against EHV-1 

infection [35].  In the respiratory epithelium, EHV-1 upregulates pattern recognition receptors 

such as TLR3 and TLR9, which signals downstream production of antiviral cytokines and 

chemokines known to promote Th1 and CTL cellular adaptive immunity [36–38].  

Respiratory epithelial cells respond to EHV-1 infection by secreting type 1 interferons, which act 

as part of a cascade to produce a group of antiviral genes, known as interferon stimulated genes 

(ISGs) [37–41]. Induction of type 1 interferons has also been shown to be a potent antiviral 

against EHV-1 infection in vitro in respiratory epithelial cells [42]. Furthermore, evidence 

indicates that lower IFNα responses in nasal secretions of horses one day following EHV-1 

infection may increase the likelihood of developing EHM, which indicates a role for early 

interferon production at the epithelium in EHM disease protection [22].  In addition, recruitment 

of leukocytes is pivotal in initiating adaptive immunity and is achieved by expressing 
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chemokines. EHV-1 infection of equine respiratory epithelial cells induces expression of 

chemokines, such as IL-8, CCL2, CCL5, CXCL9, and CXCL10 [37–39,43–45]. The specific 

population of leukocytes that are recruited is shaped by the specific profile of chemokines 

secreted and likely is important for protection against EHV-1 disease, such as EHM [32,34,46]. 

Furthermore, it is known that the profile of cytokine expression at the epithelium can also shape 

the phenotype of T-cells upon activation [47]. Equine respiratory epithelial cells express a 

variety of these cytokines in response to EHV-1, such as IL-12 and IL-10 [37,39].  

Humoral immunity 

 Humoral immunity (also known as antibody mediated immunity) is a component of the 

adaptive immune response. However, antibody mediated immunity does not offer complete 

protection to all manifestations of EHV-1 disease, particularly EHM. Antibodies are produced by 

plasma cells, which are activated B-cells. B-cells become activated when exposed to cognate 

antigen as well as T-helper cell type 2 (described below) cytokines, such as IL-4 (Figure 1) [48]. 

Currently available commercial vaccines can induce virus neutralizing (VN) antibodies in the 

serum and protect against clinical respiratory disease and nasal shedding. However, no available 

vaccine has been shown to be effective at reducing viremia or preventing EHM [31,49,50]. 

Furthermore, high titers of EHV-1 neutralizing antibodies in serum do not protect against 

viremia or the development of EHM following a challenge infection [21]. On the other hand, it 

has been shown that EHV-1 specific mucosal IgA antibodies in the nasal epithelium protects 

horses from EHV-1 shedding at this site, as well as clinical disease. However, these mucosal 

antibodies are short lived following infection and difficult to induce with vaccination [51].   
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Cell-mediated immunity 

Though humoral immunity is ineffective against viremia, it is likely that the cell-

mediated adaptive immune response is the most protective against EHV-1 viremia and likely 

EHM. T-cells are activated by stimulation with an antigen presenting cell expressing the specific 

cognate antigen uniquely identified by that T-cell. Cells expressing the CD8 co-receptor protein 

are destined to become cytotoxic lymphocytes (CTL), while cells expressing CD4 mature into T-

helper (Th) cells [52]. Once stimulated with its cognate antigen, activated CTLs and Th cells 

express IL-2 cytokines that act in an autocrine matter to further proliferate the population. These 

clones then go on to serve their effector functions – for CTLs this includes killing of virally 

infected cells. The effector function of Th cells is to express cytokines to “help” induce 

designated immunity and lymphocyte activation. Depending on the cytokine signals during 

activation, CD4+ cells can be activated to become one of many phenotypes. The main dichotomy 

describes two primary phenotypes. Th1 cells are activated with IFNγ or IL-12 and effector cells 

produce “type 1” pro-inflammatory cytokines, including IFNγ. These cytokines can then serve to 

perpetuate the Th1 and CTL effector T-cell population. Th2 cells, on the other hand, are 

activated with IL-10 and Th2 effectors produce “type 2” cytokines including IL-4 and IL-5. Type 

2 cytokines perpetuate activation of B-cell, and are thus considered as helpers to facilitate the 

humoral, rather than the cell-mediated adaptive immune response (Figure 1) [47]. Horses with 

higher levels of EHV-1-specific CTLs prior to EHV-1 challenge tend to have lower levels or 

shorter duration of viremia and are less likely to abort or develop neurologic symptoms, 

regardless of pre-infection serum VN titers [21,53,54].  However, inducing EHV-1-specific 

CTLs with vaccination has proven to be difficult and inconsistent [53,54].   
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EHV-1 immune modulation 

The shortcomings of adaptive immunity are likely influenced by the ability of EHV-1 to 

downmodulate crucial aspects of the innate and adaptive immunity. It is known that effective and 

robust innate immune stimulation is critical for sufficient adaptive responses [33]. EHV-1 has 

been shown to downregulate expression of MHC-1, which interferes with antigen presentation 

and thus effective adaptive immune responses, specifically activation of CTLs [37,39,55–57]. 

EHV-1 establishes intracellular infection quickly, which can explain the ability of the virus to 

avoid detection by VN antibody, especially during viremia in the PBMCs [58–60].  

Additionally, several immune modulating properties of EHV-1 are known to interfere with 

mucosal innate immunity at the respiratory epithelium. Importantly, EHV-1 is known to 

selectively interfere with leukocyte chemotaxis to the respiratory epithelium [61]. EHV-1 

glycoprotein G (gG) is known to bind chemokines which interferes with IL-8 expression and 

chemotaxis of neutrophils in vitro [62,63]. In mice, EHV-1 gG interferes with chemotaxis of 

leukocytes to the lung, which resulted in increased viral replication [63,64]. Additionally, the 

EHV-1 protein, pUL56 is known to interfere with chemokine expression, as well as neutrophil 

and monocyte chemotaxis in epithelial cells in vitro [39]. In addition to chemotaxis, pUL56 also 

interferes with interferon production and can induce expression of the anti-inflammatory 

cytokine IL-10, which could potentially skew downstream Th cell activation towards a Th2, 

rather than a Th1 response [39]. Collectively, these immune evasive strategies of EHV-1 

contribute to the inability of horses to develop lasting protective immunity to the virus following 

vaccination or previous infection.  
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PURPOSE AND HYPOTHESES 

The long term objective of this work is to identify and target pathways involved in EHM 

pathogenesis in order to prevent disease. Due to the complex interplay between viral immune-

modulating features as well as host immunity, understanding protection from EHM following 

EHV-1 infections remains elusive. This work is aimed at providing clarity to ultimately 

understand how EHV-1 immunity can be altered in order to offer more complete protection. We 

conducted an evolving assortment of in vitro and in vivo experiments investigating differing 

aspects of EHV-1 infection and immunity at key sites of infection including the respiratory 

epithelium and PBMCs. As the site of first contact and viral replication, the respiratory 

epithelium is the site where the first innate immune responses occur which dictates the 

phenotype of downstream adaptive immunity. As such, in Chapters 2 and 3 we describe 

experiments where we sought to interfere with viral replication and boost host immunity in the 

respiratory epithelium. In Chapters 3 and 4 take a closer look at the systemic host immune 

response and gene expression in PBMCs during peak EHV-1 viremia.  

In our first study (described in Chapter 2) we hypothesized that reducing EHV-1 replication in 

the nasal epithelium would ameliorate viral replication and all aspects of clinical disease, 

including respiratory disease and viremia. For this, we used a viral vector to deliver an EHV-1 

replication inhibition gene (IR2) intranasally. In this experiment, we did not see an advantage to 

IR2 delivery, yet we found that horses that received either the IR2 delivery vector or the null 

vector had reduced levels of viremia compared to horses that did not receive any vector 

treatment prior to challenge. This lead to speculation on the protective effects of viral stimulation 

at the respiratory tract prior to EHV-1 challenge.  
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In the second study (described in Chapter 3) we further investigated the hypothesis that non-

pathogenic viral stimulation would trigger protective anti-viral innate immune responses in 

respiratory epithelial cells. For this, we treated equine respiratory epithelial cells in vitro with a 

live-attenuated equine influenza virus (LAIV) vaccine at various timepoints prior to EHV-1 

inoculation and measured interferon, chemokine, and EHV-1 viral load. After characterizing the 

epithelial immunity identifying timing of peak cytokine expression and EHV-1 inhibition in 

vitro, our goal was to use LAIV in horses in vivo prior to EHV-1 challenge. Unfortunately, we 

were unable to complete this study due to an unintended illness in the herd. More work remains 

to identify how LAIV treatment may alter host innate and adaptive responses to EHV-1 and 

clinical disease. However, our in vitro results strongly suggest that viral stimulation of the 

respiratory epithelium primes the innate immune system to better protect against EHV-1 

infection.  

The next chapters focus on systemic host immunity during EHV-1 infection and EHM disease. 

Chapter 3 and Chapter 4 describe discovery driven studies which investigate the host and viral 

transcriptome of PBMCs in vivo prior to EHV-1 challenge infection and during peak viremia. In 

Chapter 3 we hypothesized that we could use next generation RNA sequencing to identify key 

host biological processes that are differentially regulated in PBMCs of horses in response to 

EHV-1 infection. In Chapter 4, we aimed to identify host biomarkers or mechanisms involved in 

development of or protection from EHM. We hypothesized that differential expression in the 

PBMC transcriptome of horses with and without clinical EHM would provide key insights into 

the pathogenesis of the disease.  
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CHAPTER 2 

 

ADMINISTRATION OF RECOMBINANT ADENOVIRUS EXPRESSING INHIBITORY 

IR2 PROTEIN FOR CONTROL OF EQUINE HERPESVIRUS 1 INFECTION AND 

DISEASE 

 

Lila M. Zarski, Seong K. Kim, Yao Lee, Carine L. Holz, Rahul K. Nelli, Patty Sue D. Weber, 

Gisela Soboll Hussey 
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ABSTRACT 

Equine herpesvirus 1 (EHV-1) is an alpha herpesvirus of horses worldwide. It initially 

infects the epithelium of the upper respiratory tract from where peripheral blood lymphocytes are 

infected that transport the virus to secondary sites including the spinal cord and the pregnant 

uterus. This can result in crippling neurologic disease or abortion. Immunity following 

vaccination or primary infection is incomplete and unable to protect against reinfection and 

development of disease. The EHV-1 protein, IR2, negatively regulates viral gene expression and 

replication in cell lines using transient transfection protocols. In this study, we sought to 

investigate if adenovirus (Ad) vector mediated IR2 gene transfer would reduce replication in 

primary equine respiratory epithelial cells (ERECs) and reduce EHV-1 associated disease in vivo 

in horses.  

EREC cultures were treated with of either a recombinant adenovirus vector containing 

the IR2 gene insert (Ad-IR2), an empty vector (null Ad), or no treatment (control) prior to EHV-

1 inoculation. Horses were treated with intranasal instillation of Ad-IR2, null Ad, or no treatment 

(control) two days prior to intranasal inoculation with EHV-1.  

Ad-IR2 had no effect on EHV-1 replication in EREC cultures. In horses, all groups 

developed respiratory disease, fever, and virus neutralizing antibodies consistent with EHV-1 

infection following challenge infection. Clinical disease score, body temperature, and viremia 

were significantly greater in the control group compared to the Ad-IR2 and null Ad-treated 

horses. There were no differences in nasal viral load between groups. Levels of interferons in 

nasal secretions increased in all groups following EHV-1 challenge. 

Our results suggest administration of Ad vector, independent of successful gene transfer, 

attenuates EHV-1 disease in horses, without reducing EHV-1 replication in the respiratory 
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epithelial cell cultures or the nasal epithelium of horses. More work is needed to determine what 

immune factors are involved with this protection against clinical disease and to develop a gene 

therapy system that can increase expression levels of the IR2 inhibitory protein in the respiratory 

epithelium of horses.   

KEYWORDS 

 

Equine 

Gene therapy 

Adenovirus vector 

EHV-1 

Epithelial cell  

IR2 

INTRODUCTION 

Equine herpesvirus 1 (EHV-1), a member of the Alphaherpesvirinae, is a major pathogen 

affecting equines worldwide, and causes respiratory disease, abortion or the neurologic disease, 

equine herpesvirus myeloencephalopathy (EHM). Primary infection with this virus is via 

inhalation or nose to nose contact and begins with replication in the epithelium of the upper 

respiratory tract, causing rhinitis. The virus subsequently invades circulating lymphocytes and 

this cell-associated viremia can result in the spread of EHV-1 to the vascular endothelium of the 

pregnant uterus or the spinal cord, resulting in abortion or EHM [65]. 

A major challenge in preventing EHV-1 associated disease is that protective immunity 

following natural infection or vaccination is often incomplete. Humoral antibody levels do not 

correspond to protection from infection, viremia, abortion, or EHM [4,53,54]. Cellular immunity 
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via cytotoxic lymphocytes (CTLs) may protect against EHM development, but protective CTL 

levels are difficult to induce with current vaccination strategies [21,53,54]. In recent years, there 

has been evidence that induction of innate immune responses to viral infection of the respiratory 

tract are important for development of adequate adaptive immunity, by shaping the recruitment 

of leukocytes via expression of chemokines [32–34]. Furthermore, for EHV-1 infection, 

induction of interferons have been shown to be a powerful antiviral in vitro, and early interferon 

induction following EHV-1 infection has found to be higher in horses that do not develop EHM 

[22,42]. However, EHV-1 is known to possess many innate immune modulatory features that 

interfere with the induction of interferons and chemokines in addition to interfering with antigen 

presentation and induction of adaptive immunity [39,61–64,66]. These immune modulating 

features of EHV-1 are thought to be at the center of our difficulty in generating protective 

immunity to EHV-1. 

It has become clear that alternative strategies to reduce EHV-1 replication other than 

conventional targeting of induction of adaptive immunity warrant further investigation. 

Particularly, in order to protect horses from abortion and neurologic disease, EHV-1 spread via 

lymphocytes to the pregnant uterus and spinal cord must be stopped. Once in the lymphocytes, 

EHV-1 is a master of evading detection. It has been observed that as many as 98% of infected 

lymphocytes in vivo do not contain EHV-1 antigen on the surface [7,67]. Furthermore, EHV-1 

employs a restricted gene expression pattern in PBMCs that is re-activated once contact with 

endothelium occurs, further “hiding” the virus while in circulation [28,29]. Thus, targeting EHV-

1 infected lymphocytes in the periphery is a challenging endeavor. Instead, targeting EHV-1 

replication in the upper respiratory tract during acute infection might be a more effective 

approach to reducing viremia and subsequent secondary disease. 
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The IR2 protein (IR2P) is unique to EHV-1 and is a truncated form (aa 323-1,487) of the 

virus’s immediate early protein (IEP) [68,69]. IR2P acts a negative regulator of viral 

transcription, and though the exact role during the viral life-cycle is unknown, EHV-1 may use 

this protein to facilitate the switch from early to late protein expression. Furthermore, 

overexpression of IR2P has been shown to reduce EHV-1 IEP expression, and thus interfere with 

replication of the virus in vitro in an equine dermal cell line [70]. Cells engineered to stably 

express IR2P inhibit EHV-1 replication, allowing the cells to survive infection with 100 fold 

decrease in EHV-1 production compared to control cells [71]. 

Based on this information, we hypothesized that overexpression of IR2P in the nasal 

epithelium of horses at the time of EHV-1 intranasal challenge inoculation would protect horses, 

by reducing viral replication at the primary infection site and thus also reduce viremia and 

clinical disease. For delivery and expression, we used a recombinant human adenovirus vector 

system containing the IR2 gene and administered it to the nasal mucosa of the horses prior to 

EHV-1 challenge. Recombinant adenovirus vectors are commonly chosen for gene delivery, due 

to 1) the ability to package a large region of DNA, 2) capability of infecting a wide variety of 

cell types, and 3) the ability to grow the vectors to very large titers [72]. These vectors have an 

essential replication gene replaced with the gene of interest so that they are able to infect cells to 

deliver genetic material but cannot replicate to produce new virions. To test our hypothesis, we 

tested the value of administration of an adenovirus vector expressing IR2 in vitro and in vivo by 

measuring reduction of viral titers in cell lines and primary equine respiratory epithelial cells as 

well as effect on clinical disease and levels of EHV-1 in nasal secretions and PBMCs following 

EHV-1 challenge infection in horses.  
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MATERIAL AND METHODS 

Viruses, plasmids, and vectors 

EHV-1 viruses 

For in vitro experiments, EHV-1 strains Ab4 (GenBank Accession No. AY665713.1) and 

RacL11 were used. EHV-1 strain Ab4 was propagated in rabbit kidney 13 (RK-13) cells with 

MEM-10 (Minimum Essential Medium Eagle (Sigma-Aldrich, St. Louis, MO USA)) 

supplemented with 100 IU / mL penicillin, 100 µg / mL streptomycin, 1% GlutaMAX (GIBCO, 

Life Technologies, Carlsbad, CA, USA), and 10% fetal bovine serum. EHV-1 strain RacL11 was 

grown in equine dermal cells (NBL-6) (ATCC® CCL-57™) with MEM-10 with 1 mM sodium 

pyruvate and 1% non-essential amino acids (M7145, Sigma Aldrich). 

For in vivo experiments, EHV-1 strain Ab4 was propagated in NBL-6 cells with MEM-10 

with 1 mM sodium pyruvate and 1% non-essential amino acids (as for strain RacL11 above). 

Prior to challenge infection, the virus stock was thawed and sonicated for three cycles of 30 sec 

at 50-1 amplification. The stock was stored on ice until inoculation.   

EHV-1 virus stock titers were determined by plaque assay using NBL-6 or RK-13 cells as 

described previously [71]. Briefly, serial dilutions of virus stock from each passage were used to 

inoculate fresh cell monolayers. Infected monolayers were incubated in medium containing 1.5% 

methylcellulose. Plaques were quantitated after 4 days by fixing with 10% formalin solution 

(Fisher Scientific, Waltham, MA, USA) and staining with 0.5% crystal violet. 

Plasmids 

    Plasmids were constructed and maintained in Escherichia coli (E. coli) HB101 or 

JM109 by standard methods [73]. Plasmid pSVIR2 have been described previously [74]. 
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Recombinant adenoviruses  

To generate recombinant shuttle vector containing IR2 gene pVQ-IR2, the 3.9-kb KpnI-

HindIII fragment of plasmid pSV-IR2-H2 was cloned into the KpnI and HindIII sites of 

pVQAd5CMVK-NpA (ViralQuest Inc., North Liberty, IA) [71]. Recombinant adenovirus 

expressing IR2P (Ad-IR2) was generated at ViralQuest Inc. (North Liberty, IA). Null adenovirus 

(null Ad) was obtained from ViralQuest Inc. All viruses were purified by 3 rounds of CsCl 

banding, dialysis against 4% sucrose–50 mM Tris (pH 8.0)–2 mM MgCl2, and stored at −80 °C.  

In vitro experiments 

Culture of cell lines NBL-6 and ARPE-19 

For in vitro Ad vector transduction experiments, NBL-6 and human retinal epithelial 

(ARPE-19) cells were maintained at 37C in complete Eagle’s Minimum Essential Medium 

(EMEM) supplemented with 100 U/ml of penicillin, 100 g/ml of streptomycin, nonessential 

amino acids, and 5% fetal bovine serum. 

Culture of primary equine respiratory epithelial cells (ERECs) 

Equine tracheal tissues were collected from horses euthanized for reasons unrelated to 

respiratory disease. All procedures were performed in compliance with the Institutional Animal 

Care and Use Committee of Michigan State University. ERECs were isolated from these tissues 

as previously described and cryopreserved in liquid nitrogen until culturing [38]. For 

experiments, the ERECs were thawed and re-suspended in DMEM/F12 (GIBCO) media 

supplemented with 5% non heat-inactivated FBS, 1 % MEM non-essential amino acid solution 

(GIBCO), 100 IU/mL penicillin, 100 µg/mL streptomycin, and 1.25 µg/mL amphotericin B. Two 

million cells were plated in an apical chamber with collagen-coated polyester membrane of a 12-

well Corning ® Transwell ® plate with media added in the basolateral chamber. Cultures were 
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incubated at 37 °C with 5% CO2. The following day, the media was removed from both the 

apical and basolateral chambers. One mL of DMEM/F12 media supplemented with 2% 

UltroserTM G (Pall, Port Washington, NY, USA), 100 IU/mL penicillin, 100 µg/mL 

streptomycin, and 1.25 µg/mL amphotericin B was added to the bottom chamber, such that the 

apical side of the cells was exposed to air, and replaced every 3-4 days. After 3 weeks the 

ERECs were well-differentiated and were ready to be used in the following experiments.  

Detecting IR2P in Ad-IR2 transduced NBL-6 cells  

To validate IR2 transduction by the newly generated recombinant Ad vector, NBL-6 cells 

were infected with Ad-IR2 or null Ad at an MOI of 5 and harvested 48 h later. As a positive 

control, cells were transfected with 1 pmol of pSVIR2. To determine presence of IR2, 

preparation of cytoplasmic and nuclear extracts of the cells and western blot analysis were 

performed as previously described [70]. Blots were incubated with a polyclonal antibody to 

EHV-1 IEP OC33, which also detects the IR2P, for 2 h [69]. Blots were washed three times for 

10 min each in TBST and incubated with secondary antibody (anti-rabbit IgG [Fc]-alkaline 

phosphatase [AP] conjugate [Promega]) for 1 h. Proteins were visualized by incubating the 

membranes containing blotted protein in AP conjugate substrate (AP conjugate substrate kit, 

Bio-Rad) according to manufacturer’s directions. 

Determining effect of Ad-IR2 transduction on EHV-1 replication in NBL-6 and ARPE-19 cells 

We previously determined that NBL-6 cells transiently transfected with pIR2 inhibited 

EHV-1 replication. [70] In order to see if Ad-IR2 transduction had an inhibitory effect on EHV-1 

replication, NBL-6 and ARPE-19 cells were inoculated with the Ad-IR2 or null Ad at an MOI of 

30. At 24 h following Ad vector administration, the cells were inoculated with EHV-1 RacL11 at 

an MOI of 0.02. After 2 h of incubation, the cells were washed with medium and cultured with 
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fresh medium. At 2, 24, 48, and 72 h post EHV-1 inoculation, the cell culture was harvested for 

use in a plaque assay. Intracellular virus was released by three freeze-thaw cycles. The EHV-1 

titers (intracellular plus extracellular viruses) were determined by plaque assay on NBL-6 cells, 

as described above, and each sample assayed in triplicate.  

Determining Ad vector transduction efficiency in ERECs 

Primary ERECs cultured at the air-liquid-interface contain ciliated, fully differentiated, 

pseudostratified epithelial cells that mimic the morphology and immune system of the natural 

equine airway [38]. Because of this they are likely to represent an improved system to study 

respiratory pathogens and innate immunity compared to monolayer cell lines. To utilize this 

system to determine the optimal conditions for reduction of EHV-1 Ab4 prior to the in vivo 

study, we first wanted to determine transduction efficiency in ERECs. For this we used GFP 

tagged Ad vectors. Ad-IR2-GFP or null Ad-GFP were added to the apical chamber only or to 

both the apical and basolateral chambers of ERECs at an MOI of 40. After 6 h of incubation at 

37 °C the vectors were removed from the apical chamber only, and the ERECs were washed 

twice with PBS. The cells remained incubated at 37 °C and were monitored via microscopy and 

the percent of GFP expressing cells were recorded at 24, 48, 36, and 65 h after removal of the 

vector from the apical chamber. A second transduction efficiency experiment was conducted in 

which GFP expression was recorded at 24, 48, 36, and 52 h following removal of the Ad vector. 

Determining effect of IR2 transduction on EHV-1 replication in ERECs 

After determining the conditions necessary for optimal transduction efficiency in the 

ERECs, our goal was to use this system to determine the optimal conditions for reduction of 

EHV-1 Ab4 prior to the in vivo study. The effect of IR2 transduction on EHV-1 titers were 

analyzed in three separate experiments. For all three experiments, ERECs from two horses were 
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treated with Ad vectors in the apical chambers. After 6 h incubation at 37 °C, the vectors were 

removed and the ERECs were washed twice with PBS. The ERECs were incubated for 52 h at 37 

°C in order to achieve maximum transduction prior to inoculation with EHV-1 to the apical 

chamber and incubation for 2 h at 37 °C. After 2 h incubation, the EHV-1 inoculum was 

removed and ERECs were washed twice with PBS until sample collection.  

For the first experiment, ERECs were transduced with Ad-IR2-GFP, null Ad-GFP, or 

media control at an MOI of 40, and then inoculated with EHV-1 Ab4 at an MOI of 1. Cells and 

supernatants were harvested at 24 and 48 h post EHV-1 inoculation to determine intracellular 

and extracellular EHV-1 load. To collect the ERECs, first, the top chamber was rinsed with 300 

µL PBS, aspirated, and then incubated with 300 µL Accumax dissociation solution (Innovative 

Cell Technologies, Inc., San Diego, CA, USA) for 30 min at 37 °C. The dissociation solution 

was then collected on ice, and another 300 µL Accumax was added and further incubated for 20 

m until all remaining cells were dissociated and this solution was added to the first aliquot. The 

top chamber was rinsed again with 300 µL PBS to collect any remaining cells and added to the 

Accumax/cell suspension. The cells were then pelleted by spinning at 300 x g for 10 m. Cell 

pellets collected from the transwell membrane and supernatants from the basolateral chamber 

were stored at -80 °C until further processing. Growth curves for EHV-1 Ab4 of the cell pellets 

or supernatants were determined by tissue culture infectious dose 50% (TCID50) assay using 

RK13 cells, as described previously [75].  

Ultimately, in vivo experiments were to use Ad vectors without GFP. Therefore, the 

second EREC experiment repeated the first, but used Ad-IR2 or null Ad without GFP at an MOI 

of 100.  
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In order to determine if Ad-IR2 had different effects on replication of different EHV-1 

strains in ERECs, the third experiment repeated the second, except it used the strain EHV-1 

RacL11 at an MOI of 1 for inoculation and viral titers were determined by real-time PCR. 

Samples in this experiment were collected 24, 48, and 72 h post EHV-1 inoculation. DNA was 

then isolated using the QIAamp DNA Blood Mini Kit (Qiagen) according to the manufacturer’s 

instructions from either 200 µL of cell culture supernatant to measure extracellular viral titer, or 

frozen EREC cell pellet resuspended in 200 µL PBS to measure intracellular viral titer. EHV-1 

quantification for growth curves were determined via qPCR as described below, instead of 

TCID50.  

In vivo experiments 

Animals 

Sixteen quarter horse or paint yearlings (9 males, 7 females) were part of this study. All 

animals were housed within a naturally ventilated building in large pens holding up to 5 horses 

each, and horses had contact with each other. Horses had access to free-choice grass hay and 

water for the entirety of the study. The animal maintenance and protocols were performed in 

compliance with Michigan State University’s Institutional Animal Care and Use Committee. 

Experimental design 

Two sets of experiments were conducted at different times. Experiment 1 consisted of 

eight yearling quarter horses (3 males, 5 females) that were inoculated with EHV-1 Ab4 (without 

Ad vector administration) for use as a control group. Experiment 2 consisted of Ad-IR2 and null 

Ad groups and horses were randomly designated to receive either 3 x 1010 plaque forming units 

(pfu) of Ad-IR2 (n=4, 3 males, 1 female) or 1.5 x 1010 pfu of null Ad (n=4, 3 males, 1 female) by 
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intranasal instillation of the vectors in 5 mL of PBS two days prior to inoculation with 5 x 107 

pfu of EHV-1 Ab4 via intranasal instillation. The experimental design is summarized in Table 1.  

Evaluating clinical disease and body temperatures 

 Physical examinations were performed at the timepoints described in Table 1. During the 

examination, rectal body temperature was taken. Furthermore, a total clinical score was 

determined by evaluating the presence and severity of cough, nasal discharge and ocular 

discharge. A grade was assigned to each of these three components and totaled for each horse on 

each sampling day, using the criteria described in Table 2. Neurologic disease was evaluated on 

a scale from 0-3 using the simplified version of the Mayhew scale, as described by Allen, 2008 

[21].  

Analysis of nasal viral shedding 

 For collection of nasal swabs, a polyester tipped swab was inserted into the ventral nasal 

meatus to collect secretions from the nasal mucosa. The tips were stored 1 mL of virus transport 

media (PBS with 0.5 % bovine serum albumin, 2,000 U/mL penicillin G, 4 mg/mL streptomycin, 

0.016 mg/mL gentamicin, and 1,000 U/mL nystatin) at -80 °C until EHV-1 quantification. DNA 

was isolated from 200-400 µL of virus transport media to determine nasal viral shedding using 

the QIAamp DNA Blood Mini Kit (Qiagen) according to the manufacturer’s instructions. 

Detection of cell-associated viremia 

For detection of viremia, one hundred mL whole blood was collected via jugular 

venipuncture into heparinized syringes and immediately transported to the laboratory for PBMC 

isolation. PBMCs were separated by density gradient centrifugation over Histopaque-1077 

(Sigma-Aldrich) as previously described. [76] The cell pellets of 1 x 107 were stored at -80 °C 
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for EHV-1 quantification. DNA was isolated using the QIAamp DNA Blood Mini Kit (Qiagen) 

according to the manufacturer’s instructions. 

qPCR for EHV-1 quantification  

DNA concentration was determined for DNA isolated from nasal swab and viremia 

samples in in vitro experiments by spectrophotometry using the NanoDrop 2000 

(ThermoScientific). The DNA was diluted such that 100 ng nasal swab transport media or 500 ng 

PBMC template DNA was used in each PCR reaction. In vitro sample DNA was used undiluted. 

Primers and the probe targeting the gB gene of EHV-1 were purchased from Integrated DNA 

Technologies, Inc. (Coralville, IA USA) or Sigma Aldrich with the sequences described. [10] 

For in vitro samples, the PCR reactions consisted of 10 µL TaqMan™ Fast Universal PCR 

Master Mix (2X), no AmpErase™ UNG (Applied Biosystems), 400 nM forward and reverse 

primers, 200 nM probe, with nuclease free water and DNA template added to a final reaction 

volume of 20 µL. For nasal swab and viremia samples, the PCR reactions consisted of 12.5 µL 

TaqMan™ Fast Universal PCR Master Mix (2X), no AmpErase™ UNG (Applied Biosystems), 

400 nM forward and reverse primers, 200 nM probe, with nuclease free water and DNA template 

added to a final reaction volume of 25 µL. Plasmid DNA gene copies generated from a gB 

plasmid was quantified and included in 10-fold serial dilutions in each run in order to create a 

standard curve. Samples and standards were run in triplicate and duplicate, respectively. No-

template negative controls were also included on each plate. Thermocycling was performed on 

the Applied Biosystems 7500 Fast Real-Time PCR system using the following conditions: One 

holding stage of 95 °C for 20 s followed by 40 cycles of 95 °C denaturing for 3 s and 60 °C 

annealing/extending for 30 s.   
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Analysis of virus neutralizing antibody response in blood serum 

 Virus neutralization assays (VN) for EHV-1 and EHV-4 were performed on all serums 

collected prior to the start of the study to screen for animals that had titers below 1:4 for EHV-1 

and below 1:24 for EHV-4. In addition, VN for EHV-1 were performed on serum samples 

collected once weekly throughout the study. For this, serum was heat inactivated by incubating at 

56 °C for 30 m and then frozen at -20 °C until further processing. VN assays were performed 

with final serial dilutions of serum from 1:4 to 1:4096 as previously described [77].  

Analysis of nasal cytokine expression 

Nasal secretions were collected from horses by inserting a cotton/rayon tampon 

(Tampax) into the ventral nasal meatus for 30 m. After collection, tampons were centrifuged at 

2000 x g for 20 m to separate the fluid. Nasal secretions were stored at -80 °C until processing. 

Equine cytokines (IL-4, IL-10, IL-17, IFN-α, and IFN-γ) were measured and quantified using a 

bead-based multiplex assay as described by Wagner and Freer, 2009 [78].  

Detection of IR2P in nasal secretions of horses 

Nasal secretions from horses were analyzed for presence of secreted IR2P using western 

blot analysis. Samples were boiled with RIPA lysis buffer and 5X Protein Loading Buffer 

containing DTT (National Diagnostics, Atlanta, GA, USA) and 20 ng of each sample were 

loaded onto 7.5 % Criterion TGX Precast midi protein gel (Bio-Rad, Hurcules, CA, USA) and 

separated by SDS-PAGE. Proteins were then transferred to a 0.2 µm PVDF membrane using the 

Trans-Blot Turbo transfer pack system (Bio-Rad). The blot was blocked for 1 h at room 

temperature with TBST (10 mM Tris-Cl [pH 7.5], 150 mM NaCl, and 0.1% Tween 20) 

containing 5% non-fat dried milk (Bio-Rad). The blot was then incubated overnight at 4 °C with 

polyclonal antibody to EHV-1 IEP OC33 (described in [69]) at a 1:10,000 dilution in TBST with 
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0.5% non-fat dried milk. The blot was rinsed 6 times for 5 m each with TBST and then incubated 

for 1 h at room temperature with secondary HRP conjugated goat anti-rabbit IgG antibody at a 

1:12,500 dilution (Abcam, Cambridge, MA, USA) in TBST with 0.5% non-fat milk. The blot 

was rinsed 6 times for 5 m each and the membrane was then incubated for 1 m with SuperSignal 

West Dura Substrate (ThermoScientific) and visualized with the ChemiDoc XRS+ Imaging 

System (Bio-Rad). 

Statistical Analysis 

All data were tested for normality and log transformed if necessary to perform parametric 

tests. Repeated measure data for body temperature, nasal viral shedding, and viremia were 

analyzed using a mixed effect model with Dunnett’s post test to compare the means. Clinical 

score data, nasal cytokines, in vitro viral loads, and VN titers were analyzed using a Kruskal-

Wallis test with Dunn’s post-hoc analysis.  

RESULTS 

Ad vector generation 

The EHV-1 IR2P is a truncated form of the IEP which lacks the TAD and SRT. Our 

previous results indicated that the IR2P inhibits EHV-1 gene expression and replication in vitro 

[70,71]. After transduction of NBL-6 cells with the Ad-IR2, western blot analyses with anti-IR2P 

antibody OC33 showed that a protein identical in size to 140-kDa IR2P expressed as the positive 

control was detected (Figure 2, lane 4).  

Ad-IR2 transduction reduces EHV-1 replication in NBL-6 and ARPE-19 cells 

In ARPE-19 cells, Ad-IR2 reduced virus yield by 630-fold as compared to that of control 

medium at 48 h post EHV-1 inoculation (Figure 3A). In contrast, null Ad reduced virus 

production by 3.2-fold as compared to viral titers achieved in cells infected with control medium 
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(Figure 3A). In NBL-6 cells, Ad-IR2 reduced virus yield by 447-fold as compared to that of 

control medium at 48 h post EHV-1 inoculation (Figure 3B). In contrast, null Ad reduced virus 

production by 3.6-fold as compared to viral titers achieved in cells infected with control medium 

(Figure 3B).  These results indicated that ectopic expression of the IR2P effectively inhibited 

EHV-1 replication in equine and human cell line monolayers.  

IR2 transduction efficiency in ERECs 

Prior to determining effect of IR2 transduction on EHV-1 replication, the transduction 

efficiency of Ad-IR2-GFP was determined in ERECs by measuring GFP fluorescence. With Ad-

IR2-GFP added to the apical well at MOI=40, the percentage of GFP positive cells increased for 

48 h post-transduction and began to decrease at 65 h (data not shown). Adding Ad vectors to the 

basolateral well did not improve transduction efficiency (data not shown). It was concluded that 

maximum transduction efficiency was 35-40% of cells expressing GFP, and this was achieved by 

incubating the apical side of EREC cultures with the Ad-IR2-GFP or null Ad-GFP for 6 h, 

removing the vector, and then further incubating the cells for 52 h prior to EHV-1 challenge 

(data not shown). Cytopathic effect was not observed at any timepoint following Ad-IR2-GFP or 

null Ad-GFP administration (data not shown).  

Ad-IR2-GFP or Ad-IR2 transduction does not reduce EHV-1 replication in ERECs  

Transduction of ERECs with Ad-IR2-GFP (MOI = 40) did not reduce EHV-1 Ab4 

growth as determined by TCID50 when compared to null Ad-GFP or media transduced cells (data 

not shown). Because the in vivo experiments were to ultimately use Ad vectors without GFP, we 

performed a second experiment with Ad-IR2 (without GFP) or null Ad at a higher MOI of 100 in 

an attempt to enhance transduction efficiency. Following Ad-IR2 transduction at an MOI of 100, 

EHV-1 titers (strain Ab4) were not reduced compared to null Ad or media transduced ERECs 
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(data not shown). Finally, Ad-IR2 (MOI = 100) did not affect EHV-1 (strain RacL11) growth 

curves as determined by qPCR when compared to null Ad or media transduced cells. No EHV-1 

DNA was detected in the negative control samples (data not shown). 

Effect of Ad-IR2 or null Ad on EHV-1 infection and disease in horses 

Ad-IR2 and null Ad treatments reduced body temperatures and clinical disease 

All horses developed primary fevers within 2 days post EHV-1 infection (p.i.), and all but 

two horses (n=1 control group; n=1 IR2 group) developed secondary fevers between day 4 and 

day 8 p.i. There were no fevers observed in any group prior to EHV-1 challenge, or after day 9 

p.i. Body temperatures were significantly greater in control horses when compared to both Ad-

IR2 and null Ad groups, and there were no differences between the Ad-IR2 and null Ad groups 

(Figure 4A).  

Horses from each group showed clinical signs of respiratory disease (ocular discharge, 

nasal discharge, or cough) between day 1 p.i. and day 18 p.i. There were no differences in 

clinical score between groups prior to EHV-1 challenge. Clinical scores were significantly 

greater in control horses when compared to both Ad-IR2 and null Ad treated horses, and there 

was no difference between the Ad-IR2 and null Ad groups (Figure 4B).  

Six of 16 horses demonstrated signs of neurologic disease at some point in the study (Ad-

IR2 n=3; control n=3). Of these, 3 horses developed severe (grade 3) symptoms, including 

hindlimb ataxia and recumbency, and were humanely euthanized (Ad-IR2 n=1; control n=2). 

One horse (control) developed grade 2 symptoms (moderate hindlimb ataxia) and recovered 

completely. The remaining horses (Ad-IR2 n=2) demonstrated grade 1 symptoms (toe dragging 

or mild ataxia) and recovered completely.  
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Ad vector treatment did not affect nasal viral shedding 

Following EHV-1 inoculation, every horse shed virus starting on day 1 p.i. and shed virus 

for 5-10 days following inoculation. No viral shedding was observed for any timepoint following 

day 10 p.i. in any group or in any horse prior to EHV-1 challenge. There were no significant 

differences between groups in levels or duration of nasal viral shedding (Figure 5A).  

Ad-IR2 and null Ad treatments reduced viremia 

All horses but one (IR2 group) developed viremia following EHV-1 challenge, and this 

same horse never developed a secondary fever. For the horses that developed viremia, the period 

of viremia ranged from day 4-10 p.i. for the null group, day 3-10 p.i. for the IR2 group, and day 

2-10 p.i. for the control horses. Control horses showed significantly greater levels of EHV-1 

viremia in PBMCs when compared to the null and IR2 groups (Figure 5B). None of the horses 

showed detectable viremia prior to EHV-1 challenge. 

EHV-1 infection induces interferon expression in all horses and null Ad alters nasal cytokine 

response following EHV-1 challenge 

Expression of IFNα and IFNγ proteins in nasal secretions increased significantly in 

response to EHV-1 infection in all three groups when compared to baseline (Figure 6A, B). At 

baseline prior to EHV-1 infection, there was significantly more IFNγ in the nasal secretions of 

control horses when compared to Ad-IR2 and null Ad treated horses, but post EHV-1 infection 

there were no differences between the groups (Figure 6B), and there were no differences 

between groups either at baseline or day 1 post EHV-1 infection for IFNα (Figure 6A). 

For nasal IL-4 expression in the null Ad treated horses, there was a statistically 

significant increase following EHV-1 infection when compared to baseline values, and at day 1 

post EHV-1 infection there was statistically significantly more IL-4 in null Ad treated horses 
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when compared to control horses (Figure 6C). There were no differences in IL-4 expression 

between groups at baseline (Figure 6C).   

At baseline there was statistically significantly less IL-10 expression in control horses 

when compared to the Ad-IR2 treated horses and at day 1 post EHV-1 infection, there was 

statistically significantly less IL-10 expression when compared to both Ad-IR2 and null Ad 

treated horses (Figure 6D). There was no induction or reduction in IL-10 for any group in 

response to EHV-1 infection (Figure 6D). 

There was no induction or reduction of nasal cytokines in the Ad-IR2 or null Ad groups 

following Ad vector treatment prior to EHV-1 challenge. There were no differences in IL-17 

expression between groups or in any group in response to infection (data not shown).  

Ad-IR2 and null Ad have no effect on VN titers 

All horses developed EHV-1 neutralizing antibody titers following challenge infection 

but there were no significant differences observed between the treatment groups (Figure 7). 

IR2 protein is not detectable in nasal secretions following Ad-IR2 administration 

There was no detectable expression of IR2 protein in the nasal secretions of any horse at 

baseline, or days 1, 2, or 3 following Ad-IR2 or null Ad treatment (data not shown).  

DISCUSSION 

The early regulatory IR2 protein (IR2P) of EHV-1 is a truncated form of the immediate-

early protein (IEP) and lacks the TAD and SRT essential for trans-activation and viral growth 

[70]. We hypothesized that recombinant adenovirus expressing the IR2 gene (Ad-IR2) would 

reduce replication of EHV-1 in vitro and that intranasal administration of Ad-IR2 in horses prior 

to EHV-1 challenge would protect from EHV-1 infection and disease. We were able to 

successfully produce recombinant Ad-IR2, and transduction with Ad-IR2 reduced EHV-1 
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replication in an equine (NBL-6) and a human cell line (ARPE-19). This is consistent with 

previous data, where we demonstrated that transgene expression of IR2P in plasmid transfected 

NBL-6 cells and in an IR2P expressing Vero cell line successfully inhibited EHV-1 replication 

[70,71].  

Furthermore, we did observe a reduction of viremia and clinical disease in horses that 

received either the Ad-IR2 or null Ad compared to control horses. This somewhat surprising 

finding was interesting as it occurred regardless of IR2 expression. Similar phenomena have 

been observed previously where protective effects from pathogens are related to antigen 

exposure of non-related pathogens. It has been reported that children vaccinated with the Bacille 

Calmette-Guerin (BCG) vaccine against tuberculosis have lower mortality rates due to non-

tuberculosis related conditions, such as respiratory infections, diarrhea or malaria [79]. 

Additionally, measles vaccination has been associated with decreased mortality due to unrelated 

infectious diseases [80]. It is unknown through what mechanisms this non-specific protection 

may occur. However, a few theories have emerged in recent years. First, the concept of trained 

immunity, or innate immune memory, is the idea that innate leukocytes such as monocytes or NK 

cells can become “trained” via pattern-recognition receptor signaling. Once trained, these cells 

are capable of eliciting a more robust response following subsequent stimulation with other 

pathogens [81–83]. Furthermore, the traditional dichotomy of innate and adaptive immunity has 

recently been challenged, with evidence of a phenomenon known as heterologous immunity. 

[84,85] This occurs when lymphocytes specific for one antigen display protective effects against 

another. Specifically for adenoviruses, this has been observed in mice immunized with a null Ad 

vector that generated hepatitis C virus (HCV) specific cellular immunity in the absence of HCV 

antigen [86]. It is unknown in our study whether administration of Ad vector primed innate 
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immune cells or boosted cross-reactive EHV-1 immune responses, and if this contributed to the 

reduction of EHV-1 viremia and clinical disease severity. However, the concepts of trained and 

heterologous immunity following Ad vector treatment in horses warrants further investigation.  

Additionally, induction of innate immunity likely occurred in the Ad vector treated 

horses, though this was not the primary focus of the study and thus was not fully investigated. 

Adenovirus vectors are well known to induce innate immune responses, including the induction 

of important antiviral responses such as chemokine and interferon expression [87]. These 

responses are often quick and independent of transgene expression, meaning that gene transfer is 

unnecessary for induction of innate antiviral immune responses [88–90]. EHV-1 is known to 

modulate features of innate immunity, including induction of chemokines and interferons 

[39,61–64,66]. Thus, induction of an antiviral immune responses in the nasal mucosa prior to 

EHV-1 challenge may have helped to counteract some of these features. In human epithelial 

cells, these antiviral pathways are stimulated within hours of Ad vector exposure, and this may 

explain why in our study we did not observe any changes in the small panel of protein cytokines 

we measured in nasal secretions 24 or 48 h following Ad vector administration in horses [89,90]. 

The panel of nasal cytokines investigated included IL-4, IL-10, IL-17, IFNγ, and IFNα. As 

expected, we did see an increase in interferons (IFNα and IFNγ) in all treatment groups in 

response to EHV-1 infection. This is consistent with previous observations where EHV-1 

infection induces intranasal interferon responses in horses [22,76]. There were no differences in 

the interferon responses between treatment groups 24 h following EHV-1 challenge. However, 

interferon levels were only measured at one time point post-challenge, which may be less than 

ideal, as this type of response has been found to have quick onset and can change rapidly [42].  
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Control horses had higher IL-10 protein levels in nasal secretion compared to the Ad-IR2 

and null Ad groups before and after EHV-1 infection. IL-10 is an immunoregulatory cytokine 

that protects against pathogenic inflammation in response to viral infection [91]. It is unknown 

whether the Ad vector treatments played a role in keeping IL-10 levels elevated in the horses 

following EHV-1 infection, however the low levels in the control group may help explain why 

these horses exhibited more severe clinical disease. Additionally, IL-4 expression was lower in 

control horses when compared to null Ad treated horses, and it decreased in response to EHV-1 

infection in control horses but increased in the Ad-IR2 and null Ad groups. IL-4 is associated 

with a type 2 T-helper immune response. Changes in this cytokine may again indicate 

differences in local mucosal immunity and warrants further investigation. Clearly, more work is 

needed to more completely study immune factors in the nasal mucosa that could inform how 

differing early mucosal host immunity may impact clinical disease outcome following EHV-1 

infection.  

While intranasal administration of the Ad-IR2 or null Ad provided clinical protection and 

reduced viremia, we did not see an effect of Ad-IR2 treatment compared to null Ad in horses. 

Contrary to our hypothesis, we specifically did not observe a reduction in EHV-1 replication in 

the nasal secretions of Ad-IR2 treated horses and despite the inhibition of EHV-1 replication 

observed in the Ad-IR2 treated ARPE-19 and NBL-6 cell lines. We were also unable to reduce 

virus replication in ERECs with Ad-IR2 transduction. This indicates that IR2P expression was 

insufficient to effectively inhibit EHV-1 transcription and replication in the equine respiratory 

epithelium. These results may be due to limitations in transduction efficiency of the adenovirus 

vector in the epithelial cells of the upper respiratory tract. Consistent with this, we were unable to 

detect any IR2P in nasal secretions collected from horses for 3 consecutive days following Ad-
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IR2 administration. However, there were limitations in in vivo sample collections, as we were 

only able to sample nasal secretions, which are non-cellular and it is possible that there was IR2P 

expression in the nasal epithelial cells that was not present in the extracellular samples we 

collected. Previous work in equine cells have shown that transduction efficiency differs for 

different primary cell types (bone marrow derived mesenchymal stem cells, chondrocytes, and 

synovial cells) [92]. However, to our knowledge, transduction efficiency of adenovirus vector 

has not been studied in equine respiratory epithelial cells. Interestingly, in mice, Ad vectors have 

a preference for alveolar epithelial cells, rather than tracheal epithelial cells [93]. This would 

corroborate human work that indicates the epithelium of the upper respiratory tract is resistant to 

Ad mediated gene therapy [94–96].  

The inability of Ad-IR2 to reduce viral nasal shedding in horses mirrored the inefficiency 

of IR2 gene transfer to reduce EHV-1 replication in ERECs despite the inhibition of EHV-1 

replication observed in the Ad-IR2 treated ARPE-19 and NBL-6 cell lines. ARPE-19 (human 

retinal epithelial) and NBL-6 (equine dermal) are commercial cell line monolayers, while ERECs 

(equine tracheal epithelial cells) are multilayered primary cells cultured at the air-liquid interface 

(ALI). The ERECs represent a polarized pseudo-stratified epithelium, with fully-differentiated 

and ciliated columnar cells at the apical surface, mimicking the luminal surface of the upper 

airway. Tight junctions prevent apical (luminal) access of pathogens to the basal cells below 

[35,38]. Furthermore, ERECs have been shown to be capable of epithelial innate immune 

responses, such as the secretion of cytokines and chemokines [37–39]. In these ways, EREC 

system provides a cell culture model of the natural equine airway that is more biologically 

relevant than commercial cell lines grown as monolayers. Consistent with our findings, optimal 

Ad vector gene transduction for mature human ALI respiratory epithelial cultures requires 
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prolonged incubation times when compared to monolayer cell line or immature primary 

epithelial cell cultures [97]. In our study we tested many transduction conditions, such as 

different MOI of Ad vector (40 and 100), increasing incubation time with Ad vector up to 65 h, 

and also including basolateral exposure to the vector. We ultimately found the optimal 

transduction conditions and achieved a maximal transduction efficiency of 40% of cells. Despite 

this, we were unable to effectively reduce viral replication in this system for two different EHV-

1 strains, Ab4 or RacL11. The discrepancy of the ability of Ad-IR2 to inhibit EHV-1 replication 

between our monolayer and ALI cell culture systems is similar to the results of other studies on 

Ad vector gene therapy in humans. Work in human ALI cultures has revealed that in the 

polarized respiratory epithelium, Ad vectors are resistant to binding and entry to the apical cells. 

Instead, Ad vectors have preferential selection for binding and entry to the basal cells, due to the 

presence of high-affinity receptors [97–99]. This in vitro work is widely considered to explain 

the inefficiency of adenovirus-mediated gene transfer the upper respiratory tracts of mice and 

humans [94–96,100,101]. Interestingly, Chu, et al. found that adding EGTA media to ALI 

cultured epithelial cells allowed adenovirus vectors to better access the basal cells by opening the 

intracellular junctions and subsequently increased transgene expression in the trachea [100]. 

Similarly in ERECs, reducing the integrity of the intracellular junctions via EGTA enhances 

EHV-1 infection [35]. In our study, the addition of Ad-IR2 to the basolateral cell culture 

chamber did not improve transduction efficiency and more work is needed in the EREC system 

to see if transduction efficiency and IR2 inhibition of EHV-1 could be enhanced using a 

chelating agent such as EGTA. Nevertheless, the parallel effects of Ad-IR2 on EHV-1 

replication in ALI cultures and in vivo airway may be due to the luminal ciliated epithelial cells 
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reluctance to Ad vector entry and highlight the utility of these cell culture systems to predict 

responses to treatment systems such as Ad vectors. 

 

In conclusion, Ad-IR2 gene transfer was able to reduce EHV-1 replication in NBL-6 and 

ARPE-19 cells, but not ERECs or horses. While Ad-IR2 did not alter viral replication in the 

equine respiratory epithelium in vitro or in vivo, Ad-IR2 as well as the null Ad vector protected 

horses from viremia and clinical disease. We believe that intranasal exposure to the adenovirus 

capsid impacted host immunity in a way that altered the response to EHV-1 infection in a 

protective way. As viremia is a critical pre-requisite event in the pathogenesis of EHM, these 

results begin to suggest immune mechanisms that may contribute to protection from viremia and 

perhaps ultimately EHM. Our study was limited in that it was not designed to evaluate the 

immune responses to Ad vectors, which would have provided valuable information regarding the 

mechanisms surrounding this protection. However, future studies are warranted to investigate the 

protective effects of viral antigen exposure prior to EHV-1 challenge. Future work is also needed 

to determine an alternate delivery route for the IR2P in vivo. Our experiment revealed that the 

upper respiratory tract of horses is relatively resistant to adenovirus mediated gene transfer. 

Future studies should make use of the EREC system to evaluated potential transgene delivery 

methods prior to investigation in horses.  
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ABSTRACT 

Background: Equine herpesvirus 1 (EHV-1) ubiquitously infects horses worldwide and causes 

respiratory disease, abortion, and equine herpesvirus myeloencephalopathy. Protection against 

EHV-1 disease is elusive due to establishment of latency and immune modulatory features of the 

virus. These include the interference with induction of interferons, cytokines, chemokines, 

antigen presentation, and cellular immunity.  

Objectives: Because these events are thought to occur at the site of first infection – the 

respiratory epithelium, we hypothesized that the mucosal influenza vaccine Flu Avert® I.N. (Flu 

Avert), which is known to stimulate strong antiviral responses, will enhance antiviral innate 

immunity and that these responses would also provide protection from EHV-1 infection. 

Study design: In vitro experiment 

Methods: Primary equine respiratory epithelial cells (ERECs) were treated with Flu Avert and 

innate immunity was evaluated for 10 days following treatment. Timing of Flu Avert treatment 

was also evaluated for optimal effectiveness to reduce EHV-1 replication by changing early 

immune responses to EHV-1.  Induction of interferons, cytokine and chemokine mRNA 

expression, and protein secretion was evaluated by high throughput qPCR and multiplex protein 

analysis. Intracellular and extracellular EHV-1 titers were determined by qPCR. 

Results: EHV-1 replication was most efficiently reduced in ERECs treated with Flu Avert 5 

days prior to EHV-1 inoculation. Coinciding with the timing of optimal reduction in EHV-1 

replication, Flu Avert treatment resulted in modulation of IL-8, CCL2 and CXCL9 starting on 

days 5 and 6 post treatment.  

Main limitations: EREC system lacks complete mucosal immune cell population. 
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Conclusion: Our results suggest that Flu Avert may be effective at counteracting some of the 

immune-modulatory properties of EHV-1 at the airway epithelium, and the peak for this 

response occurs 5-8 days post Flu Avert treatment. Future in vivo studies are needed to 

investigate Flu Avert as a prophylactic in situations where EHV-1 exposure may occur. 

KEYWORDS 
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EHV-1 

Equine influenza vaccine 

Epithelial cell 

Mucosal immunity 

INTRODUCTION 

Equine herpesvirus 1 (EHV-1) ubiquitously infects horses worldwide. It is responsible for 

causing respiratory disease, late term abortion in pregnant mares, or the crippling neurologic 

disease – equine herpesvirus myeloencephalopathy (EHM). Foals become infected within the 

first weeks or months of life, and infection results in respiratory illness [1–4]. Like many other 

herpesviruses, EHV-1 then establishes a life-long latent infection within the neurons or local 

lymphoid tissues [5–8]. Following primary infection, virus neutralizing (VN) antibodies can be 

detected in the serum and nasal mucosa and are associated with protection against clinical 

respiratory disease and nasal shedding upon re-exposure to the virus [53,54,102,103]. However, 

high serum antibody levels following vaccination or infection do not correlate with protection 

from viremia or subsequent secondary disease manifestations, such as abortion or EHM 

[4,21,54]. In contrast, high levels of cytotoxic lymphocyte (CTL) precursor frequencies are 

thought to be crucial for protection from viremia, abortion, and EHM [21,53,54].   
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 In recent years the study of innate immunity to EHV-1 has also gained interest – 

particularly because it is known that innate immune events are critical for establishing and 

shaping pathogen-specific adaptive immunity, including cytotoxic T-cell responses [32–34]. As 

the first site of viral contact, the respiratory epithelium provides a physical barrier against 

inhaled pathogens. Tight junctions and respiratory epithelial integrity have been shown to be an 

important aspect of innate immune protection against EHV-1 infection [35]. Furthermore at this 

site, EHV-1 has been shown to upregulate pattern recognition receptors such as TLR3 and TLR9. 

Activation of these receptors signal downstream production of antiviral cytokines and 

chemokines [36–38]. Moreover, epithelial cells respond to EHV-1 infection by secreting 

interferons, which act as direct antivirals to limit viral replication [37–41]. Induction of INFα has 

also been shown to be a potent antiviral in vitro, and lower IFNα responses in nasal secretions of 

horses during early EHV-1 infection may increase the likelihood of developing EHM, indicating 

a role for early interferon production at the epithelium in disease protection [22,42]. In addition 

to direct antiviral molecules secreted by the epithelium, clearance of herpesviruses at the primary 

replication site requires recruitment of other immune cells. EHV-1 infection of equine 

respiratory epithelial cells induces expression of chemokines, such as IL-8, CCL2, CCL5, 

CXCL9, and CXCL10 and modulates chemotaxis [37–39,43,45]. This specific shaping of the 

recruitment of leukocytes is instrumental in protection against herpesviruses [32,34,46].  

Interestingly, immunity following EHV-1 infection or vaccination is often insufficient 

and the main reason for this are the immune modulatory properties of the virus. Evasive 

strategies employed by EHV-1 include its ability to establish intracellular infection quickly to 

avoid detection by VN antibody [58–60]. The intracellular nature of EHV-1 also explains the 

finding that high levels of precursor CTLs are more likely to correlate with protection from 
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viremia and disease compared to serum VN titers [21,53,54]. However, EHV-1 is also known to 

interfere with antigen presentation via the downregulation of MHC-I, which hampers optimal 

CTL activation [37,39,55–57]. Ultimately though, most immune modulating events are likely to 

occur at the respiratory mucosa during initial infection with EHV-1. For example, the EHV-1 

protein pUL56 is known to interfere with interferon production, and also induce expression of 

the anti-inflammatory gene IL-10 in equine respiratory epithelial cells [39]. Additionally, EHV-1 

selectively interferes with the chemotaxis of leukocytes to the respiratory epithelium [61]. The 

EHV-1 protein pUL56 is known to modulate chemokine expression and neutrophil and 

monocyte chemotaxis in ERECs [39]. Glycoprotein G (gG) of EHV-1 has chemokine binding 

properties, which has been shown to interfere with IL-8 mediated chemotaxis of neutrophils in 

vitro [62,63]. Furthermore, in a murine in vivo model of EHV-1 infection, gG has shown to 

interfere with chemotaxis of inflammatory cells to the lung allowing for increased viral 

replication at this site [63,64]. Collectively, these immune evasive strategies of EHV-1, 

particularly during early infection, contribute to virulence in vivo and the inability of horses to 

develop lasting protective immunity following infection or vaccination.  

Because early innate immunity is important for immediate protection as well as shaping 

adaptive immunity, counteracting immune modulation by EHV-1 during early epithelial 

infection could lead to a more robust innate immune response and consequently increased 

protective downstream adaptive immunity. To accomplish this, intranasal administration of live 

intranasal vaccines is an attractive method to stimulate mucosal innate immunity. These vaccines 

interact directly at the epithelium and are known to stimulate important features of mucosal 

innate immunity, including the secretion of inflammatory cytokines and chemokines, as well as 

promotion of maturation of resident antigen presentation cells [104]. For viral vaccines, 
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attenuated viruses are often able to induce antiviral innate immune responses because they retain 

their ability to replicate at the epithelium and it is known that live viral replication in the 

respiratory tract in horses is a potent stimulator of mucosal immunity [105,106].  

 Together with EHV-1, equine influenza virus (EIV) is one of the primary respiratory 

pathogens of horses. However, unlike EHV-1, EIV is not known for its immune modulatory 

properties. Instead, the fitness of influenza viruses relies on their ability to change through 

antigenic drift and shift. EIV infection in horses is known to induce powerful mucosal immune 

responses [105–107]. Furthermore, in humans it has been shown that both live attenuated 

influenza vaccine (LAIV) virus and wild-type influenza virus induce upregulation of pattern 

recognition receptors, interferons, and chemokines in the nasal mucosa as well as in respiratory 

epithelial cell culture systems, ultimately contributing to a diverse and potent adaptive immune 

response [32,34,105–113].  

While current evidence is lacking, it stands to reason that an equine LAIV could induce 

antiviral mucosal immunity at the respiratory epithelium, and potentially overcome some of the 

immune-modulatory events that occur during EHV-1 infection. Flu Avert® I.N.A, is a 

commercially available equine LAIV, that has proven to be safe and efficacious at protecting 

horses against EIV [114–116]. We hypothesize that the equine LAIV, Flu Avert® I.N. (Flu 

Avert), induces innate immune responses at the respiratory epithelium that also provide 

protection against EHV-1 infection.  

MATERIALS AND METHODS 

Experimental design 

 For this study, three experiments were conducted. A preliminary experiment evaluated 

the toxicity of Flu Avert in ERECs over a period of 7 days. The second experiment investigated 
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the effects of Flu Avert treatment on innate epithelial immune responses for 10 days after 

treatment of ERECs. A final experiment evaluated the effect of Flu Avert treatment for 

protection from EHV-1 and modulation of innate immune responses at varying times (1, 2, 5, or 

7 days) prior to EHV-1 infection of ERECs. In this final experiment, EHV-1 viral titers as well 

as cytokine and chemokine mRNA and protein gene expression were evaluated.  

Viruses 

Flu Avert was propagated from Flu Avert® I.N.A commercial stock inoculated into 

Madin-Darby Canine Kidney cells (MDCK) with media consisting of Eagle’s MEM (M5650)B 

supplemented with 0.3% Bovine Serum Albumin (A3059)B, 1% GlutaMAX C, 100 IU/mL 

penicillin, 100 µg/mL streptomycin, and 1 µg/mL trypsin. Cells were incubated at 33 °C and 5% 

CO2 for 3-5 days until 90% of cells showed cytopathic effect (CPE). Cells and supernatants were 

collected, frozen to lyse the cells, thawed, and then centrifuged at 300 x g to remove cell debris 

and the stock was stored at -80 °C. The second passage was used for the experiments. 

The Flu Avert titer was determined by plaque assay using serial dilutions of the 

propagated Flu Avert I.N. stock. Six-well plates seeded with MDCK cells were incubated with 

viral inoculum dilutions for 1 hr at 33 °C and 5% CO2 after which 1.5% methylcellulose media 

was added and plates were incubated for an additional 4-5 days until plaques developed. The 

cells were fixed and stained with a 2% crystal violet/6% formalin solution. Viral plaques were 

counted, and the titer was expressed as plaque forming unit (pfu) per mL of original strength 

virus stock.  

The EHV-1 strain Ab4 (GenBank Accession No. AY665713.1) was propagated in rabbit 

kidney 13 (RK-13) cells with MEM-10 (Minimum Essential Medium EagleB supplemented with 

100 IU / mL penicillin, 100 µg / mL streptomycin, 1% GlutaMAXC , and 10% fetal bovine 
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serum) and incubated at 37 °C and 5% CO2. After viral propagation, the cell culture supernatants 

were collected, clarified, and stored as described above. The EHV-1 titer was determined by 

plaque assay using 10-fold serial dilutions of virus stock in RK-13 cells incubated at 37 °C and 

5% CO2 using the method described above. 

Animals and equine respiratory epithelial (EREC) cell cultures  

 Upper respiratory tract tissues were harvested from 8 horses (mean age 15 yrs; range 6-23 

yrs) that were euthanized via intravenous overdose of pentobarbital sodium (≥ 86 mg/kg) for 

reasons unrelated to respiratory disease. All procedures were performed in compliance with the 

Institutional Animal Care and Use Committee of Michigan State University. Primary equine 

respiratory epithelial cells (ERECs) were isolated and cryopreserved as previously described 

[38]. Briefly, 6-8 inch sections of trachea were dissected from horses immediately following 

euthanasia and the mucosal surface was digested for 3-5 days at 4 °C in a 1.4 % PronaseD and 

0.1% deoxyribonuclease IB solution in minimum essential medium without calcium or 

magnesiumB. Following digestion, the cells were incubated for 2 hours in an uncoated petri dish 

at 37 °C to reduce fibroblast contamination after which the floating cells were collected and 

cryopreserved in liquid nitrogen until further use. 

For each experiment, ERECs were thawed and cultured at the air-liquid interface by 

adding 2 – 3 million cells in 500 µL of DMEM/F12C media supplemented with 5% FBS that was 

not heat inactivated, 1% MEM non-essential amino acid solutionC, 100 IU/mL penicillin, 100 

µg/mL streptomycin, and 1.25 µg/mL amphotericin to the top chamber of a collagen coated 

Transwell polyester membrane insert of a 12 well plateE as previously described [38]. One mL of 

the above media was added to the bottom chamber and the plates were incubated overnight at 37 

°C with 5% CO2. The next day, the media in the top chamber was aspirated off and the media in 
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the bottom chamber was replaced with DMEM/F12C supplemented with 2% Ultroser G TMF, 

100 IU/mL penicillin, 100 µg/mL streptomycin, and 1.25 µg/mL amphotericin B. Media in the 

bottom chamber was replaced every 2-4 days and the cultures were maintained for 3-4 weeks 

until fully differentiated. Fully differentiated cultures were used in the subsequent experiments. 

Toxicity of Flu Avert in ERECs 

Cell culture and inoculation 

Fully differentiated EREC cultures derived from tracheal tissues from three horses were 

washed with 500 µL DMEM/F12 mediaC. Cells were treated with Flu Avert I.N. (with 

multiplicities of infection (MOIs) of 0.1, 1 or 5) or media control (MOI of 0) at the apical side of 

the cell culture, in 500 µL DMEM/F12 mediaC. After two hours of incubation at 37 °C with Flu 

Avert, the inoculum was removed, and cells were washed twice with DMEM mediaC and 

incubated at 37 °C until cell collection. Cell pellets were collected 1, 2, 3, 4, 5, 6, and 7 days post 

Flu Avert treatment, and media supernatants in the bottom chamber were replaced every 4 days 

throughout the experiment. To collect the ERECs, cells were incubated with Accumax 

dissociation solutionG for 2 cycles. For this, the top chamber was rinsed with 300 µL PBS, 

aspirated, and then incubated with 300 µL Accumax for 30 min at 37 °C. The dissociation 

solution was then collected on ice, and another 300 µL Accumax was added and further 

incubated for 20-45 minutes until all remaining cells were dissociated and this solution was 

added to the first aliquot. The top chamber was rinsed again with 300 µL PBS to collect any 

remaining cells and added to the Accumax/cell suspension. The cells were then pelleted by 

spinning at 300 x g for 10 minutes. 
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Microscopic evaluation 

Cultures for the toxicity experiment were evaluated by microscopy for evidence of 

cytopathic effect daily for 7 days following Flu Avert treatment. Images were taken and scored 

using the scale described in Table 3.   

Cell viability analysis 

For the Flu Avert toxicity experiments, cell pellets were resuspended in PBS with 0.4% 

bovine serum albumin and 0.1% sodium azide and analyzed immediately following collection 

for cell viability using propidium iodide (PI) staining and flow cytometry. Twenty thousand 

events were collected from each sample both prior to and after staining with PI (10µg/mL). 

Positive events in stained and unstained samples were determined using frequency gating in 

Flowing Software version 2.5.1. The percent of dead cells for each sample was determined from 

the percent positive events for the PI stained samples. 

Effects of Flu Avert treatment on immune response in ERECs 

Fully differentiated ERECs isolated from tracheal tissues of five horses were treated with Flu 

Avert (MOI=5) or media control on the apical side in 500 µL DMEM/F12 mediaC. After two 

hours of incubation at 37 °C with Flu Avert or media, the inoculum was removed, and cells were 

washed twice with DMEM mediaC. Cells were incubated at 37 °C and 5% CO2 and the media 

was changed every 2-4 days until sample collection. ERECs were collected using Accumax 

dissociation solutionG daily 2-10 days post Flu Avert or media treatment, as described in the 

previous experiment. The cell culture supernatants were collected 4, 5, 8, and 10 days post 

treatment for protein cytokine analysis. Cells were divided in half and the pellets stored as two 

separate aliquots at -80 °C until further processing for cytokine mRNA expression analyses. At 
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the same time, the cell culture supernatants were collected into separate aliquots and stored at -80 

°C until further cytokine protein expression analyses.  

Effects of Flu Avert treatment and EHV-1 inoculation in ERECs 

Fully differentiated ERECs isolated from tracheal tissues of five horses were treated with 

Flu Avert (MOI=5) or media control on the apical side of the cell culture as described above. 

After two hours of incubation at 37 °C with Flu Avert or media, the inoculum was removed, and 

cells were washed twice with DMEM mediaC. Cells were incubated at 37 °C and 5% CO2 and 

the media was changed every 2-4 days until EHV-1 inoculation.  

  Following Flu Avert or media treatment ERECs were inoculated with EHV-1 strain Ab4 

(MOI = 1) suspended in 500 µL DMEM/F12C or media at 1, 2, 5, or 7 days post Flu Avert 

treatment. This dose was chosen based on previous studies [35,42,117] and the dose of the same 

virus typically used by our group in challenge infection experiments of horses [22,76]. After two 

hours of incubation at 37 °C with EHV-1 or media, the inoculum was removed, and cells were 

washed once with DMEM/F12 mediaC and incubated at 37 °C until collection. ERECs were 

collected using Accumax dissociation solutionG at 24, 48, and 72 hours post EHV-1/Mock 

inoculation as described in the previous experiment. Cells were divided in half and the pellets 

stored as two separate aliquots at -80 °C until further processing for EHV-1 growth curves or 

cytokine mRNA expression analyses. At the same time, the cell culture supernatants were 

collected into separate aliquots and stored at -80 °C until further processing for EHV-1 growth 

curves and cytokine protein expression analyses.  

EHV-1 intracellular and extracellular growth curves 

As part of the final experiment, EHV-1 viral load was determined from the cell pellets 

(intracellular) and supernatants (extracellular) by qPCR for the EHV-1 gB gene as previously 
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described [10]. DNA was isolated from all samples using the MagAttract 96 cador Pathogen KitH 

and quantified using the NanoDrop 2000 spectrophotometerI. Reactions consisted of 10 µL 

TaqMan™ Fast Universal PCR Master Mix (2X), no AmpErase™ UNGJ, 400 nM forward and 

reverse primers, 200 nM probe, with nuclease free water and DNA template added to a final 

reaction volume of 20 µL. Plasmid DNA gene copies generated from the gB gene product were 

quantified and included in 10-fold serial dilutions in each run in order to create a standard curve. 

Samples and standards were run in triplicate and duplicate, respectively. No-template controls 

were included on each plate. Thermocycling was performed on the Applied Biosystems 7500 

Fast Real-Time PCR system using the following conditions: 20s holding stage at 95 °C followed 

by 37 cycles of 3s 95 °C denature and 30s at 60 °C anneal/extension. Viral load was expressed as 

EHV-1 copy number per ng of DNA for cell pellets and EHV-1 copy number per PCR reaction 

for supernatants.  

Cytokine protein expression in EREC supernatants 

Cytokine protein expression for equine cytokines IL-4, IL-10, IL-17, IFNα, and IFNγ in 

cell culture supernatants was evaluated using a bead-based multiplex assay as previously 

described by Wagner and Freer (2009) at the Animal Health Diagnostic Center, Cornell 

University, Ithaca, NY [78].  

mRNA isolation 

For gene expression analysis, cell pellets were lysed and homogenized using TRIzol 

ReagentI following the manufacturer’s instructions. The aqueous phase was then collected, 

washed with 100% ethanol and the RNA was isolated using the RNeasy Mini KitH according to 

the manufacturer’s instructions. To eliminate genomic DNA contamination, deoxyribonuclease 

treatmentH was applied to each sample according to the manufacturer’s recommendation.  
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RT-qPCR for mRNA expression analysis 

RNA was quantified using the NanoDrop 2000 spectrophotometerI and 297 ng RNA was 

used in a 30 µL reverse transcription reaction with the High-Capacity cDNA Reverse 

Transcription Kit with RNAse inhibitorI. High throughput qPCR was then performed using the 

SmartChip Real-Time PCR SystemK. The chip was loaded and thermocycling performed 

following the manufacturer’s recommendations – with reactions consisting of template cDNA, 

TaqMan Gene Expression Master MixI, and the appropriate primer/probe combination. See 

Table 4 for details on primers and probes. Samples were run in triplicate, with 12 no-template 

control reactions per chip.  

Three housekeeping genes (ACTB, B2M, and GUSB) were used to normalize the genes 

of interest, and the average of the untreated and mock inoculated cells was used as a calibrator. 

Relative expression was expressed as log fold change (the -ddCq value) from the calibrator for 

each gene of interest as described by Livak and Schmittgen, 2001 [118].  

Statistical Analysis 

All statistical analysis was performed using R software version 3.4.2. For cell viability 

analysis, differences in viability between the MOIs were analyzed using the Kruskal-Wallis rank 

sum test (kruskal.test function). For analyzing the effect of Flu Avert treatment on cytokine 

responses in ERECs, statistical analysis was performed using either a Wilcoxon rank sum test 

(wilcox.test function) for RT-qPCR data or a Welch’s two sample t-test (t.test function) for 

protein data. For analyzing the effect on Flu Avert treatment and subsequent EHV-1 inoculation 

on cytokine responses in ERECs, statistical analysis was performed using either a Kruskal-

Wallis rank sum test with Dunn’s post hoc analysis (dunn.test function, part of the dunn.test 

package) for RT-qPCR data or ANOVA (aov function) with Tukey’s post hoc analysis 

https://www-sciencedirect-com.proxy1.cl.msu.edu/science/article/pii/S0168170218306403?via%3Dihub#bib0190
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(TukeyHSD function) for protein expression. For EHV-1 replication, viral copy number was 

ranked, and a paired one tailed t-test was (t.test function) performed.  

RESULTS 

Flu Avert is non-toxic in ERECs 

 Before evaluation of the effect of Flu Avert on subsequent inoculation with EHV-1, we 

wanted to ensure that Flu Avert was not toxic for the EREC cultures over several days following 

Flu Avert inoculation. According to microscopic evaluation, there was no dose effect of Flu 

Avert on CPE scores (Figure 8A). A slight rise in score over time was observed for all doses 

including the media control (MOI=0). Propidium iodide viability staining confirmed the 

microscopic observations; there were no significant differences between groups, indicating there 

was no toxic effect of Flu Avert when used up to an MOI of 5 for 7 days following treatment 

(Figure 8B).  

Flu Avert induces cytokine responses in ERECs between days 5 and 10 post inoculation 

Cytokine mRNA expression in Flu Avert treated and untreated cells were evaluated to 

determine the effects of Flu Avert on stimulation of immune gene expression over time in 

ERECs. CCL2, CCL5, CXCL9, CXCL10, and IL-8 mRNA expression was detected in the 

samples. Interestingly, there were no statistically significant differences in cytokine expression 

between Flu Avert and media treated cells until 6 days post treatment. On days 6-8 post 

treatment, IL-8 mRNA was significantly upregulated in Flu Avert treated cells (Figure 8C). 

CXCL9 was downregulated in Flu Avert treated cells when compared to media treated cells on 

day 5 (p = 0.06), and day 10 (p = 0.11) but differences were not quite statistically significant 

(Figure 8D). On day 6 post treatment, CCL2 was upregulated, but this trend was not statistically 

significant (Figure 8E). There were no differences observed in CXCL10 and CCL5 expression 



51 

 

(data not shown). Expression for IFNα, INFβ, IFNγ, and IL-10 mRNA was positive in less than 

10% of total samples (data not shown).  

 Protein secretion in EREC supernatants was also measured. IL-10 and IL-17 proteins 

were detected, but there were no differences between Flu Avert and media treatments (data not 

shown). Protein levels for IFNα and IL-4 were below the limit of detection for the assay and 

levels of IFNγ were below 4 U/mL for all samples (data not shown).  

Flu Avert treatment reduces EHV-1 replication in ERECs 

EHV-1 viral load in Flu Avert treated and untreated EHV-1 inoculated ERECs was 

determined for cell pellets (intracellular) and for supernatants (extracellular). In order to 

determine the Flu Avert treatment days that led to consistent reduction in EHV-1 titers, culture 

wells in which EHV-1 titers were lower in Flu Avert treated cultures compared to untreated 

cultures at 48 and 72 hours post EHV-1 inoculation were counted. We found that treatment day -

5 resulted in the most cultures with reduced EHV-1 titers following Flu Avert treatment (8 of 10 

wells for intracellular titers and 7/10 wells for extracellular titers) (Table 5). When titers were 

analyzed for each individual day post EHV-1 inoculation, there was little EHV-1 load and thus 

no differences observed in intracellular titer between Flu Avert and untreated cells at 24 hours 

post EHV-1 inoculation (Figure 9).  At 48 hours post EHV-1 inoculation, there was a reduction 

in intracellular titer in cells treated with Flu Avert 2 days (p = 0.06) and 5 days (p = 0.07) prior to 

EHV-1 inoculation when compared to untreated cells (Figure 9). At 72 hours, there was again a 

reduction in titer in ERECs treated with Flu Avert 5 days prior to EHV-1 inoculation (p < 0.1) 

(Figure 9). For extracellular viral loads, there was a statistically significant reduction in titer in 

Flu Avert treated supernatants for treatment day -1 and day -5 when compared to the untreated 

supernatants at 72 hours post EHV-1 inoculation (Figure 10). Taking the combined results in 
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consideration, our data suggests that treatment with Flu Avert day -5 prior to EHV-1 inoculation 

most effectively resulted in a reduction of intracellular and extracellular EHV-1 titer in ERECs. 

All mock inoculated samples were negative for EHV-1 (data not shown). Four mock inoculated 

intracellular samples were excluded from analysis due to insufficient DNA isolation or 

contamination. 

Flu Avert treatment enhances cytokine response to EHV-1 infection in ERECs 

At 24 hours post EHV-1 inoculation in untreated cells, a statistically significant induction 

of chemokine responses was not observed. In contrast, when ERECs were pretreated with Flu 

Avert treatment at days -5 or -7 prior to EHV-1 inoculation, IL-8 expression was significantly 

upregulated in Flu Avert/EHV-1 inoculated ERECs, compared to the untreated and uninfected 

ERECs (Figure 11A, B). A similar trend was observed for CXCL10 expression in ERECs treated 

with Flu Avert 7 days prior to EHV-1 or mock inoculation, although this trend was not 

statistically significant when compared to the media/mock inoculated ERECs (Figure 11D). 

There were no differences in IL-8 and CXCL10 expression for treatment day -1 or day -2 (data 

not shown) or in CXCL10 expression for treatment day -5 (Figure 11C). No differences were 

observed between groups for expression of CCL2, CCL5, or CXCL9 at 24 hours post EHV-1 

inoculation (data not shown).  

By 48 hours post EHV-1 inoculation, IL-8 expression was statistically significantly 

upregulated in all Flu Avert/EHV-1 inoculated ERECs when compared to untreated/mock 

inoculated ERECs for all Flu Avert treatment timepoints (Figure 12). IL-8 was also upregulated 

in untreated/EHV-1 inoculated ERECs for all treatment timepoints, and this was statistically 

significant for treatment day -1, day -5 and day -7. For CCL2 expression a similar trend was 

observed in ERECs 48 hours post EHV-1 inoculation that were pre-treated with Flu Avert on 
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days -2 and -7, but this trend was not statistically significant (Figure 12). Expression of CCL5, 

CXCL9, and CXCL10 was not different between groups 48 hours post EHV-1 infection (data not 

shown).  

By 72 hours post EHV-1 infection, IL-8 was upregulated in EHV-1 inoculated ERECs 

pretreated with Flu Avert that was statistically significant for treatment day -2 and day -5 and 

untreated/EHV-1 inoculated ERECs for all treatment days besides for day -1 (data not shown). A 

similar trend (albeit not quite statistically significant) was observed for CCL2 expression where 

EHV-1 inoculation increased CCL2 compared to untreated/mock inoculated cells in cells pre-

treated with Flu Avert on day -2 (p = 0.12) and day -5 (p = 0.07) (Figure 13). In addition, ERECs 

treated with Flu Avert and inoculated with EHV-1 showed downregulated expression of CXCL9, 

and this was statistically significant in cells treated with Flu Avert 7 days prior to inoculation 

with EHV-1 (day -2 p = 0.07; day -5 p = 0.18; day -7 p < 0.05) (Figure 13). Furthermore, there 

was a downregulation in CXCL9 in EHV-1 inoculated ERECs treated with Flu Avert 5 days 

prior compared to untreated EHV-1 infected cells (p = 0.12) (Figure 13). There were no 

differences in mRNA expression of CCL2 or CXCL9 between ERECs for Flu Avert treatment 

day -1 (data not shown). There were no differences in expression of CCL5 and CXCL10 between 

groups at 72 hours post EHV-1 inoculation (data not shown).  

Expression for IFNβ was low or near the limit of detection for all samples, and only 

~17% of all samples were positive for this cytokine. Based on the low percent of positive 

samples, no relative quantitation was performed. However, EHV-1 infected samples appeared to 

be more likely to express IFNβ than mock inoculated samples. Of the 40 samples with detectable 

IFNβ mRNA expression, 30 were EHV-1 inoculated wells. Expression of IFNα, IFNγ, and IL-10 

mRNA was positive in less than 10% of total samples (data not shown).  
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Finally, EHV-1 inoculation downregulated IL-10 protein expression in EREC 

supernatants 72 hours post EHV-1 inoculation in both Flu Avert and untreated cells when 

compared to mock inoculated ERECs for treatment days -1, -2, and -5, but this was not quite 

statistically significant (data not shown). Interestingly, for treatment day -7, there was less 

downregulation of IL-10 observed in the supernatants from cells pre-treated with Flu Avert prior 

to EHV-1 inoculation when compared to mock inoculated groups (Figure 14). There were no 

differences in IL-17 protein expression between groups (data not shown). Expression of IFNα 

and IL-4 proteins were below the limit of detection of the assay, and expression of IFNγ proteins 

were below 4 U/mL in all sample (data not shown).  

DISCUSSION 

Our hypothesis was that exposure to a live-attenuated influenza vaccine (LAIV) would 

stimulate innate immunity in equine respiratory epithelial cells (ERECs), and that this response 

would protect cells against EHV-1 infection and replication. We found that Flu Avert stimulated 

epithelial immunity, and that these responses were optimal starting at day 5 post Flu Avert 

treatment. While it has been well established in humans that influenza virus infection or LAIV 

vaccination stimulates mucosal immunity, very little work has been done evaluating the equine 

respiratory epithelial innate immune response to EIV or equine LAIV. Here we show that Flu 

Avert treatment of ERECs stimulated induction of chemokine expression. In particular, we 

observed an upregulation of IL-8 and CCL2 expression following Flu Avert treatment, which 

agrees with other studies investigating mucosal chemokine responses to influenza vaccination. In 

humans, it has been shown that following LAIV treatment chemokine expression for CXCL9, 

CXCL10, CCL5, CCL2, and IL-8 are upregulated in human primary epithelial cell cultures 

[109,110].  
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Our data, along with these human studies, indicate that LAIVs such as Flu Avert act to 

stimulate epithelial mucosal immunity in primary cells of the upper respiratory tract, and may 

provide important information for how the natural airway will respond to treatment in the horse. 

In contrast to the human cell culture studies, we did not observe any effect on CCL5 or CXCL10 

mRNA expression in our equine system. This may be attributed to different responses of human 

and equine cells to LAIV treatment, or be due to limits of detection in our system that was used  

at 37 °C (the optimal temperature for EHV-1 replication in vitro), while the human studies were 

conducted at  32 °C, which is known to more closely mimic the temperature of the human upper 

respiratory tract [119]. It is known that Flu Avert is a cold-adapted vaccine and previous work 

indicates that Flu Avert replicates more efficiently at 30 °C in MDBKs.[120]  Because the 

magnitude of innate immune responses in epithelial cells depend on replication of viral RNA, 

optimal replication of LAIV may be necessary for optimal induction of chemokines [109]. 

However, even at suboptimal temperatures for Flu Avert replication, we did observe induction of 

IL-8 and CCL2. In addition, CXCL9 was downregulated in this experiment. Clearly, more work 

is needed to test Flu Avert treatment in horses and its effect on chemokine responses in the in 

vivo nasal mucosa and further downstream immune responses.   

Stimulation of innate immunity is classically considered to occur quickly, often within 

hours, following virus infection. However, our data suggests that following treatment with Flu 

Avert, peak responses start at 5 days post treatment. This could be due to slow replication in the 

ERECs due to attenuation of the Flu Avert virus. In a study of LAIV treatment in human nasal 

epithelial cell cultures, it was also observed that peak cytokine responses occurred several days 

following treatment [109]. It has been shown that peak cytokine responses to LAIV correspond 

to expression of viral RNA in human epithelial cultures, and in vivo nasal IFNα peaks 
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corresponds with peak EIV viral titer and clinical disease [110,121]. While we did not measure 

Flu Avert RNA genome titers over time, it is likely that these peaked in ERECs at a similar 

timepoint where peak cytokine expression was observed.  

In addition to chemokines, EIV infection is known to stimulate interferon production in 

nasal secretions of ponies beginning 2 days post infection [107]. In our study, interferon 

expression was near the detection limit, and we only detected interferon mRNA (IFNβ) 

expression in ERECs following treatment with Flu Avert in a few samples. In human epithelial 

cells, it is shown that LAIV stimulates many features of the interferon pathway, including the 

upregulation of pattern recognition receptors and expression of interferon stimulated genes 

(ISGs) [109,110]. However, in a cohort of human patients who received LAIV, only 21% had 

detectable levels of IFNα in nasal wash, while several ISGs were upregulated [111]. These 

results, along with ours, indicate that while the interferon pathway is stimulated by LAIV, the 

temporal regulation of different genes likely contribute to the timing of expression and ultimately 

detection of mRNA or proteins. The interferon pathway is stimulated through activation of 

pattern recognition receptors, including TLR3,[36,108] and in ERECs we have previously shown 

that either infection with wild type EIV or treatment with Flu Avert stimulated expression of 

TLR3 within 24 hours [120]. In our study, it is likely the interferon pathway was stimulated in 

ERECs in response to Flu Avert, however, IFNα and IFNβ as well as IFNγ were at or below the 

limit of detection in our cultures. Though it has been shown that LAIV induces many aspects of 

the interferon pathway in epithelial cells, there is evidence that this response is more attributed to 

induction of type III interferon (IFNλ) which is unique to epithelial cells, [122] rather than type I 

(IFNα, IFNβ) interferons. Similarly, in mice, it was found that IFNλ was induced in epithelial 

cells to far greater levels than type I interferons in response to influenza challenge [123]. Future 
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studies should consider analyzing expression of IFNλ or ISGs in addition to type I and II 

interferons in order to get a more complete picture of the role of Flu Avert on the interferon 

response.  

Interestingly, peak chemokine modulation which occurred in ERECs on 5-8 days post Flu 

Avert treatment, also corresponded with optimal reduction in EHV-1 titers in the EHV-1 

inoculated cells. The delayed peak in cytokine expression explains the timing of optimal EHV-1 

reduction in our system, which was ultimately the goal of Flu Avert treatment. Here, the effects 

of Flu Avert on EHV-1 replication were investigated by generating EHV-1 intracellular and 

extracellular growth curves in ERECs. We found that treating with Flu Avert 5 days prior to 

EHV-1 inoculation was most likely to interfere with EHV-1 replication, particularly when 

intracellular and extracellular results were combined. However, the reduction in copy number 

was not complete, which is likely because the EREC system lacks the comprehensive immune 

system that the whole respiratory tract possesses. While antiviral cytokines and chemokines are 

expressed in ERECs, the leukocyte recruitment that would occur in the natural airway is absent 

and this recruitment and activation of leukocytes is critical for effective innate and adaptive 

immune responses and for effective pathogen elimination. Despite this limitation, the EREC 

system was useful at providing important information about the epithelial response to viral 

infection and to determine timing of optimal reduction in viral titers prior to further in vivo 

studies in the natural host.  

The intention of this work is to investigate the suitability of the equine mucosal influenza 

virus vaccine to stimulate strong non-specific innate antiviral respiratory immunity to provide 

protection from another major equine respiratory virus, EHV-1. This could be particularly 

helpful, because it is known that EHV-1 modulates and suppresses innate respiratory immunity 
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[37,39,55–57,61–64]. In this study, it was observed that Flu Avert treatment modulated 

chemokine expression in EHV-1 infected cells. These chemokine responses of epithelial cells to 

EHV-1 are instrumental in promoting immune cell recruitment to the upper respiratory 

epithelium and ultimately protection from EHV-1 [32,34,124]. Specifically, we observed that 

ERECs treated with Flu Avert showed a significant upregulation of IL-8 expression by 24 hours 

post EHV-1 inoculation, whereas this increase was not seen in the untreated cells until 48 hours 

post EHV-1 inoculation. Influenza virus infection is known to stimulate IL-8 production in 

epithelial cells, supporting our finding that pre-treatment with Flu Avert enhanced IL-8 

responses to EHV-1 in our study [112]. Similarly to IL-8 responses, we observed that Flu Avert 

treatment prior to EHV-1 inoculation enhanced the CCL2 expression in response to EHV-1. 

CCL2 and CCL5 act to recruit monocytes and memory T-cells, and influenza virus infection is 

known to stimulate both CCL2 and CCL5 production in epithelial cells [125,126]. Our data 

suggests that pre-treatment with Flu Avert may act similarly and might function to rescue CCL2 

expression in respiratory epithelial cells during EHV-1 infection [125]. The modulation of IL-8 

and CCL2 by EHV-1 is supported by studies showing that EHV-1 proteins, gG, and pUL56 

suppress IL-8 protein responses and neutrophil chemotaxis, and play an important role in viral 

clearance [39,63,64]. Furthermore, EHV-1 pUL56 has been shown to suppress the expression of 

CCL2 in ERECs, and in PBMCs following EHV-1 infection [39,41]. The current theory is that 

EHV-1 selectively modulates recruitment of immune cells to its advantage by suppressing IL-8 

and CCL2 and preventing recruitment of cells for viral clearance but not interfering with 

recruitment of cells that permit an establishment of viremia [61]. Interestingly, it has also been 

shown that neuro-pathogenic EHV-1 strains recruit monocytes via CCL2 and CCL5 expression 

more significantly than less neuro-pathogenic strains [45].  
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CXCL9 and CXCL10 are related chemokines that serve to recruit T-cells, including 

CTLs, and are thus of interest when considering induction of a robust immune response to 

herpesviruses [127]. In our study, we found that CXCL10 expression was enhanced in Flu Avert 

treated, but not media treated cells 24 hours following EHV-1 inoculation. On the other hand, we 

were surprised to observe a downregulation of CXCL9 in Flu Avert treated cells following EHV-

1 inoculation. A previous study in ERECs showed a significant increase in both CXCL9 and 

CXCL10 expression following EHV-1 inoculation [43]. It has been shown that dramatic CXCL9 

and CXCL10 expression is induced in PBMCs following EHV-1 infection, but this expression 

peaked at 10 hours post inoculation, and returned to baseline by 24 hours post inoculation [41]. 

Furthermore, influenza virus has been shown to induce rapid expression of CXCL9 and CXCL10 

following infection in epithelial cells [128]. It is unclear why we observed an upregulation of 

CXCL10, but a downregulation of CXCL9 in ERECs following Flu Avert treatment and EHV-1 

inoculation, given the related function of these two chemokines. One explanation is that our 

study investigated responses several days following initial Flu Avert treatment and not until 24 

hours post EHV-1 infection, thus it is possible that the timepoints we investigated here were too 

late to observe an upregulation of CXCL9 expression. More work is needed to fully understand 

the complicated balance of these chemokine expression patterns following epithelial infection 

with Flu Avert and EHV-1 and its implications for EHV-1 related disease. However, it is clear 

that timing post Flu Avert administration must be considered in order to see the optimal 

response.  

Previous work in ERECs have shown an increase in type I interferons (IFNα and IFNβ) 

in response to EHV-1 infection [37,39,42]. In our study, levels of IFNα mRNA and proteins 

were below detectable levels. One explanation is that the previous studies were performed using 
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EHV-1 and a MOI of 10. In the present study, the inoculations were performed at a MOI of 1. 

This lower MOI is arguably more biologically relevant. Additionally, interferons are well known 

to be quickly and transiently expressed molecules of the innate immune system. In one study, 

Poelaert et al. found that type I interferon proteins were detectable as early as 10 hours post 

EHV-1 inoculation in ERECs and remained detectable up through 72 hours [42]. In our study, 

we measured mRNA, and thus it is possible the peak mRNA expression period in our system 

was missed with the timepoints chosen for sample collections. Additionally, type III, rather than 

type I, interferons are known to be specialized for epithelial responses, and have been shown to 

be the primary drivers of the interferon responses to influenza virus infection [122,123]. To our 

knowledge, IFNλ expression has not been evaluated in equine respiratory tissues, and may play a 

role in protection from EHV-1 infection.  

Finally, IL-10 is an immunoregulatory cytokine that tempers excessive immune 

responses and is important for preventing immune-mediated damage to host tissues [91]. In our 

study, IL-10 mRNA was below the limit of detection of our assay, however, we were able to 

detect IL-10 proteins in EREC supernatants following EHV-1 infection. We found EHV-1 

infection downregulated IL-10 expression; nevertheless, this response was less apparent in those 

cells treated with Flu Avert 7 days prior to EHV-1 inoculation, indicating that Flu Avert 

treatment at this time may have counteracted the suppressive effect of EHV-1. In addition to its 

anti-inflammatory role, IL-10 is known to contribute to B-cell activation, which at the site of the 

nasal epithelium could contribute to mucosal IgA antibody production [129]. Our finding that 

Flu Avert may reduce the IL-10 suppression by EHV-1 may be important when considering 

boosting mucosal humoral immunity.   
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In summary, this study revealed important information regarding the epithelial innate 

immune response to LAIV in equine respiratory epithelial cells. In this primary cell culture 

system, peak responses to this attenuated virus occurred several days following administration 

and this correlated with peak reduction in EHV-1 replication. These results suggest that Flu 

Avert may be effective at counteracting the immune-modulatory properties of EHV-1; however, 

more work is needed to understand whether the chemokine enhancing effects of Flu Avert at the 

site of the epithelium will translate to more protective adaptive immune responses in vivo. 

Finally, our study suggests that future in vivo research should consider the timing of 

administration of immune stimulants or mucosal vaccines during experimental design. 
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ABSTRACT 

Equine herpesvirus 1 affects horses worldwide and causes respiratory disease, abortions, 

and equine herpesvirus myeloencephalopathy (EHM). Following infection, a cell associated 

viremia is established in the peripheral blood mononuclear cells (PBMCs). This viremia is 

essential for transport of EHV-1 to secondary infection sites where subsequent 

immunopathology results in disease such as abortion or EHM. Because of the central role of 

PBMCs in EHV-1 pathogenesis, our goal was to establish a gene expression analysis of host and 

equine herpesvirus genes during EHV-1 viremia using RNA sequencing. When comparing 

transcriptomes of PBMCs during peak viremia to those prior to EHV-1 infection, we found 51 

differentially expressed equine genes (48 upregulated and 3 downregulated). After gene ontology 

analysis, processes such as the interferon defense response, response to chemokines, the 

complement protein activation cascade, cell adhesion as well as coagulation were 

overrepresented during viremia. Additionally, transcripts for EHV-1, EHV-2, and EHV-5 were 

identified in pre and post EHV-1 infection samples. Looking at miRNAs, 278 known equine 

miRNAs and 855 potentially novel equine miRNAs were identified and 57 and 41 potentially 

novel miRNAs that mapped to the EHV-2 and EHV-5 genomes. Of those, 4 equine and 1 EHV-5 

miRNAs were differentially expressed in PBMCs during viremia. In conclusion, this work 

expands our current knowledge about the role of PBMCs during EHV-1 viremia and will inform 

the focus on future experiments to identify host and viral factors that contribute to clinical EHM. 
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INTRODUCTION 

The Herpesviridae are ubiquitous pathogens that infect most mammals, birds, and 

reptiles. They are enveloped, double stranded DNA viruses with the trademark ability to 

establish life-long latency in their hosts. The latent genome packages itself within the cell 

nucleus as a circular extra-chromosomal episome of viral genomic DNA [130]. Latent infections 

are typically subclinical, though reactivation or reinfection from another host can produce active 

clinical disease. In horses, the most commonly described herpesviruses include Equid 

alphaherpesvirus 1 (EHV-1), Equid gammaherpesvirus 2 (EHV-2), Equid alphaherpesvirus 4 

(EHV-4), and Equid gammaherpesvirus 5 (EHV-5) [131]. These viruses fall into two main 

subfamilies: the alphaherpesvirinae (EHV-1 and EHV-4) and the gammaherpesvirinae (EHV-2 

and EHV-5). Alphaherpesviruses are known for their rapid lytic replication in many cell types 

[131]. Alphaherpesviruses typically (though not exclusively) establish latency in the sensory 

ganglia of their host, however, EHV-1 is also known to establish latency in lymphoid tissues [5–

8,132]. On the other hand, gammaherpesviruses are more restrictive in their cell tropism and are 

known to establish latency primarily in lymphocytes as well as for their slow replication cycle 

[130,133]. 

In horses, alpha and gamma herpesviruses are ubiquitous and have been reported to be 

detected in their respective tissues of latency in over 75% of healthy animals [6,131,133]. For the 
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equine gammaherpesviruses, the role of infection in clinical disease is not well understood. 

However there are reports showing an association with pulmonary fibrosis, pharyngitis, 

dermatitis, lymphoma, as well as other conditions [133]. In contrast, active infection with the 

equine alphaherpesviruses EHV-1 and EHV-4 are primary causes of acute respiratory disease in 

younger animals, which is a major contributor to loss of training [18]. In addition, EHV-1 also 

can cause late-term abortion, neonatal death, ocular disease or the neurologic disease equine 

herpesvirus myeloencephalopathy (EHM) in up to 10% of infected cases [18]. This is in contrast 

to EHV-4 infection, which typically stays restricted to the respiratory tract and does not cause 

abortions or EHM [134].  

The key reason for the difference in secondary clinical disease manifestations between 

EHV-1 and EHV-4 is the fact that EHV-1 establishes viremia, which is essential for transporting 

the virus from the respiratory tract to the secondary sites of infection. In contrast, viremia is not 

known to be a central feature of EHV-4 disease pathogenesis. EHV-1 establishes viremia in 

peripheral blood mononuclear cells (PBMCs) shortly after initial infection of the respiratory 

epithelium. Within the population of PBMCs, monocytes, T-cells, and B-cells are shown to 

become infected with EHV-1, and there are conflicting reports on which of these subpopulation 

the virus prefers [23,135–138]. Unlike the lytic life cycle of infected epithelial cells in which full 

transcription and replication of virions destroys cells and produces free virus, infection in 

PBMCs is characterized by a restricted viral gene expression, which delays viral replication until 

the cell has made contact with the vascular endothelium [28,29,60]. This allows the virus to 

effectively evade immune surveillance within the PBMCs while being transported to the 

secondary sites of infection. Furthermore, it is likely that viremia is an important step in the 

establishment of latency of EHV-1 in lymphoid tissues [132].  
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Thus, the period of viremia is a critical prerequisite for the development of secondary 

disease such as EHM and abortions. It has been shown that EHM generally develops during the 

end of the viremia phase and that longer duration and higher magnitude of viremia contribute to 

the likelihood of EHM [21]. It is presumed that the prolonged exposure to infected PBMCs 

increases the potential of viral transfer to the vascular endothelium. In addition to the necessity 

of viral transfer to the vascular endothelium, perhaps the most critical factor affecting vascular 

damage and subsequently the clinical outcome, is the immunopathology that occurs at this site. 

Because PBMCs are a robust immune and inflammatory cell population in the vasculature, as 

well as carriers of EHV-1 virus, they are an important focus of investigation of EHV-1 

associated secondary diseases. 

Despite the importance of PBMCs for the development of secondary EHV-1 associated 

diseases, limited information is available about the host or viral gene expression in these cells 

during this period. At this point, various cytokines, such as interleukin-10, interferon gamma 

(IFNγ), and tumor necrosis factor beta have been shown to be induced in the blood of horses 

during EHV-1 viremia [22,76]. In vitro, EHV-1 induces expression of interferons, cytokines, and 

chemokines in both epithelial cells and PBMCs [40,41]. However, a complete profile of host and 

viral mRNA expression has not yet been performed. 

In addition, micro RNAs (miRNAs) may play a role in the regulation of host and viral 

gene expression in PBMCs during viremia.  Micro RNAs are small (~22 bases) RNA molecules 

that block the translation of their target coding mRNAs [139]. It is becoming clear that host and 

viral miRNAs play an important role in the evasion from immune detection as a response to 

EHV-1 infection. Cellular (host) miRNAs have been shown to inhibit viral genome replication 

for HSV-1, which likely contributes to the virus’ ability to persist in the cell undetected [140]. 
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Virally-encoded miRNAs have been identified in several herpesviruses, and play an important 

role in viral persistence in cells by downregulating host immune responses [141]. At this time, 

the role of miRNAs are unknown for EHV-1 replication.  

The goal of this study was to use RNA sequencing to analyze the mRNA and miRNA 

transcriptome of equine PBMCs before and during EHV-1 viremia as an unbiased and 

comprehensive approach to gene expression analysis. Our rationale was that this approach can be 

used to reveal mechanism involved in infection of the vascular endothelium and facilitate 

understanding of the events that contribute to EHV-1 secondary disease. This information is 

essential to aid in the development of prophylactics or treatments against secondary EHV-1 

diseases and will inform the focus on future experiments to identify host and viral factors that 

contribute to EHM and abortions.  

RESULTS 

Clinical disease and viremia 

All horses were free from clinical signs of respiratory disease and had normal body 

temperatures prior to infection with EHV-1. As described previously, all horses developed fevers, 

shed virus in nasal secretions, and seroconverted following EHV-1 inoculation, indicating 

successful challenge infection (Figure 15A, C) [117]. One horse (horse 6) developed severe equine 

herpesvirus myeloencephalopathy and was euthanized day 11 post challenge. PBMC samples were 

analyzed for viremia for 10 days following challenge by qPCR. The day of peak viremia was 

identified for each horse and occurred days 5-8 p.i. (Figure 15B) [117]. 
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Horse mRNA sequencing and differential gene expression 

The mapping summary statistics describing the number of total reads and uniquely mapped 

reads can be seen in Table 6. The read depth on average was 43,480,084 total reads per sample, 

and an average of 80.3% of reads uniquely mapped to the equine genome.  

PCA plot analysis of regularized log transformed read-count data shows a clustering of 

samples based on timepoint (pre infection vs. post infection) (Figure 16A). When comparing pre-

infection with post-infection samples, we found a total of 3,226 differentially expressed genes 

(DEG) with an adjusted p value (padj) < 0.05 (File S4.1). Due to the high number of DEGs and in 

order to highlight the most relevant biological processes in downstream enrichment analyses, we 

set the significance threshold at padj < 0.05 and log2 fold change greater than 3 or less than -3. At 

this threshold, there were 51 DEGs, 48 of which were significantly upregulated, and 3 significantly 

downregulated genes (Figure 16B).  

Functional information for available genes from the homo sapiens uniprotKB database 

revealed numerous genes involved in various aspects of inflammation. The majority of upregulated 

genes belonged to the interferon pathway (such as DDX60, MX2, MX1, GBP2, IFIT3, IFI44, OAS1, 

OASL, OAS3, TRIM22, OAS2, IFIT5, IFI6, and IRF7). In addition, many chemotactic genes 

(CXCL9, CXCL10, CXCL11, CCL8) as well as genes involved in the complement system (C1R, 

C3AR1, SERPING1) were also upregulated, in addition to other genes which are shown in Table 

7. The three downregulated genes included fibronectin (FN1), which encodes an adhesion 

molecule, as well as DEFB1, the gene that encodes the antimicrobial protein beta defensin 1, and 

the gene FAM71A.  
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Gene ontology (GO) overrepresentation 

Due to the low number of downregulated genes, GO overrepresentation analysis focused 

on processes involved in the upregulated gene list. Gene ontology overrepresentation analysis was 

performed on the 48 upregulated genes and 150 total GO terms for biological processes were 

enriched (File S4.2). After summarizing the list with a tool that summarizes lists of GO terms 

based on semantic similarity (REVIGO), 18 non-redundant enriched GO terms remained (Figure 

17A). The most significantly enriched process was defense response to virus (GO:0051607), which 

also included the most genes (16) from our gene list. The other top significantly enriched process 

were: negative regulation of viral genome replication (GO:0045071), regulation of nuclease 

activity (GO:0043950), positive regulation of cAMP-mediated signaling (GO:0043950), and 

cellular response to chemokine (GO:1990869). 

Genes associated with the top nine most significantly enriched GO terms are visualized in 

Figure 17B. These genes and processes cluster into 3 general groups. The largest group contains 

genes and processes involved in the defense response to viruses, negative regulation of viral 

genome replication, and regulation of nuclease activity and includes DDX60, MX2, MX1, GBP2, 

IFIT3, IFI44, OAS1, OASL, OAS3, TRIM22, OAS2, IFIT5, IFI6, and IRF7. The genes for 

chemokines CCL8, CXCL9, CXCL10, and CXCL11 are involved with a second cluster of 

biological processes including cellular response to chemokine, positive regelation of cAMP-

mediated signaling, and positive regulation of release of sequestered calcium ion into cytosol. The 

third main cluster includes three genes associated with the complement system; C1R, SERPING1, 

and C3AR1 and are involved with the enriched terms regulation of protein activation cascade, 

protein activation cascade, and regulation of protein maturation. 
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in silico cell sorting 

Average cell fractions between pre- and post-infection samples and the averages +/- SEM 

for each cell type are shown in Table 8. Following challenge infection during peak viremia, there 

was a significant increase in γδ T-cells (p < 0.05) and M1 polarized macrophages (p < 0.1). 

Additionally, there was a significant reduction in CD8+ T-cells (p < 0.05), plasma cells (p < 0.1), 

and M0 macrophages (p < 0.1) post infection. 

Relative cell percentages for 22 different leukocyte subpopulations in individual horses 

pre- and post-infection can be seen in Figure 18. Overall, the most abundant cell type identified in 

all samples was naïve B-cells, with around 40% of the estimated cell fraction followed by follicular 

T-helper cells with ~ 17%. Interestingly, horse #6, who was the only horse exhibiting clinical 

EHM, was also the only horse showing an increase in naïve B-cells, T-follicular helper cells and 

one of two horses exhibiting visible increases in the percentage of T-regulatory cells. 

Viral mRNA sequencing 

Normalized read counts in transcripts per million (TPM) for EHV-1, EHV-2, and EHV-5 

were identified and are shown in File S4.3. No reads mapped to the EHV-4 genome. Read coverage 

along the EHV-1 genome shows low level of transcription of viral reads in 5/7 of the horses prior 

to EHV-1 challenge (Figure 19). As expected, during EHV-1 viremia post challenge, read 

coverage of the EHV-1 genome increased and EHV-1 transcripts were present in all samples 

(Figure 19). Additionally, the horses with the highest levels of viremia corresponded to the samples 

with the most EHV-1 transcription post challenge (Figure 15B; Figure 19). TPM values for each 

gene were then averaged and the most abundant EHV-1 genes expressed post infection were 

ORF25, ORF34, and ORF75 (Figure 20A). The products of these genes include a capsid protein 

(ORF25) and a protein involved in the early step of virus egress (ORF34). ORF75 encodes a 
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membrane protein presumed to be involved in the virulence of certain EHV-1 strains [142,143]. 

The most abundant EHV-1 genes pre-infection were ORF59, ORF25, and ORF58 (Figure 20A). 

ORF59 encodes an early protein involved in viral growth and ORF58 encodes a nuclear non-

structural protein [143,144]. Interestingly, three genes ORF59, ORF41 (encodes a membrane 

protein), and ORF55 (encodes a tegument protein) had higher levels of transcription in pre-

infection PBMCs compared to PBMCs during viremia. This could indicate a role for these genes 

in EHV-1 persistence in PBMCs during clinical latency.  

Additionally, transcription of the equine gammaherpesvirus (EHV-2 and EHV-5) genes 

were present in PBMCs prior to and post EHV-1 challenge (Figure 20B, C). No apparent 

differences were observed in TPM of EHV-2 or EHV-5 genes in response to EHV-1 infection.  

Identification of miRNAs 

MiRDeep2, a software tool for miRNA mapping and identification, identified 278 known 

mature equine miRNAs amongst the pooled samples. Furthermore, we identified 903 total novel 

miRNAs with a miRDeep2 score > 1 (File S4.4). Of these 903 novel miRNAs, 855 mapped to the 

equine genome, 57 mapped to the EHV-2 genome, and 41 mapped to the EHV-5 genome. The 

EHV-2 and EHV-5 miRNAs appeared to be relatively abundant given the low levels of their viral 

mRNA transcripts detected. The most abundant miRNA for EHV-2 had a total read count of 

15,671 and for EHV-5 a count of 20,551. For EHV-2, the miRNAs clustered around three general 

regions on the genome: 38-44 kb and 176-182 kb on the plus strand, and 124-127 kb on the minus 

strand. For EHV-5, the miRNAs clustered around two general regions: 36-43 kb on the plus strand 

and 126-127 kb on the minus strand (File S4.4). Interestingly, no miRNAs were identified that 

mapped to either of the equine alpha herpesviruses, EHV-1 or EHV-4 (File S4.4).  
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Differential expression of miRNAs 

Novel miRNAs with a miRDeep2 cutoff > 1 were added to the list of known miRNAs for 

quantification in each sample and quantification was performed to identify differentially expressed 

miRNAs in horses pre and post EHV-1 infection. There was an average of 18,165,757 reads per 

sample with an average mapping of 49.7% (Table 9).  

Interestingly, PCA plot analysis of these counts indicate that more variation occurred 

between individual horses, rather than within horses as a result of infection (Figure 21A). 

However, differential expression analysis revealed five total miRNAs that were differentially 

expressed in horses during viremia when compared to pre-infection levels (Table 10). Three of 

these miRNAs were upregulated in response to infection, and two were downregulated. The 

upregulated miRNAs included eca-miR-9104, eca-miR-2483, and eca-miR-652 (human ortholog 

hsa-miR-652-3p) (Figure 21B, C, D). In humans, hsa-miR-652-3p has been shown to interact 

with the endothelial repair gene, CCND2 and contributes to endothelial cell damage [145]. While 

the downregulated miRNA list did not include any known equine miRNAs, we did identify a 

“novel” equine miRNA with human ortholog hsa-miR-6852-5p to be downregulated in response 

to infection (Figure 21E). hsa-miR-6852-5p has been shown to induce cell cycle arrest and 

necrosis in humans [146]. Interestingly, a novel EHV-2 miRNA was also found to be 

downregulated in our samples (Figure 21F). 

DISCUSSION 

PBMCs are an important tissue involved in the pathogenesis of EHV-1 disease both as 

active immune cells in addition to being the site of EHV-1 viremia and potentially latency. In 

this study, we sought to characterize the host and viral transcriptome of equine PBMCs prior to 

and during acute equine herpesvirus 1 infection. In addition, we identified miRNA expression in 
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these cells as they likely contribute to the tight regulation of and switch between lytic and latent 

infection. Using next generation RNA sequencing (RNA seq) we were able to build an unbiased 

profile of equine and viral gene expression in PBMCs, and determined which genes were 

modulated during EHV-1 viremia.  

In total 51 host genes were significantly differentially regulated in PBMCs of horses 

collected during peak EHV-1 viremia when compared to PBMCs collected pre-challenge 

infection. As expected, we found that numerous genes involved in the interferon pathway were 

upregulated during EHV-1 viremia. This included many classified as interferon stimulated genes 

(ISGs) including: OAS1, 2, and 3, OASL, MX1 and 2, IFIT3, IFIT5, IFI6, TRIM22, GBP1, and 

DDX60.  

The type I interferon response is considered to occur in three phases: 1) the stimulation of 

pattern recognition receptors and activations of tissue factors, including IRF3 and IRF7, 2) 

induction of interferon alpha and interferon beta expression, and 3) the continued amplification 

and expression of ISGs through JAK/STAT signaling [147,148]. Similar to the observed 

upregulation of ISGs, we also observed the upregulation of the transcription factor, interferon 

regulatory factor 7 (IRF7). This gene is stimulated upon PRR stimulation and is involved in 

induction of the type I interferon response [147,149]. The type I interferon response pathway is a 

crucial aspect of antiviral innate immunity and is considered an important response against 

herpesviruses [147]. In humans, deficiencies in the responsiveness to type I interferons and the 

inability to induce ISGs, result in death from viral infections. In one case study, an infant with 

homozygous mutation in the STAT1 gene succumbed to HSV-1 infection with uncontrolled 

encephalitis [150]. PBMCs from patients with atopic dermatitis complicated by exzema 

herpticum, show significantly lower type I interferon response to ex vivo HSV-1 infection 
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compared to PBMCs from patients without eczema herpeticum [151]. In addition, this study 

found that the regulating genes IRF3 and IRF7 were also downregulated in these patients [151]. 

Together, this data suggests that the type I interferon response is important for protection against 

disease caused by alphaherpesviruses. Less is known about the importance of the type I 

interferon response in PBMCs from horses. In previous studies, PBMCs have been found to 

produce type I interferon in response to EHV-1 infection in vitro [40,41]. Similarly, in other 

equine cell types, type I interferon has been shown to be upregulated in response to EHV-1 

infection in vitro, including respiratory epithelial cells and endothelial cells [37–39,42,152,153]. 

In our study, it was interesting to notice that the interferon alpha or interferon beta genes 

themselves were not upregulated, but rather the ISGs were. This also was the case in a gene 

expression study of human PBMCs in response to a variety of viral infections, where they found 

multiple interferon inducible genes, yet no detectable interferons [154]. Type 1 interferons are 

known to be quickly and transiently expressed, and so timing likely plays a role in detection of 

these genes. In epithelial cells, type I interferon proteins have been shown to be detectable as 

early as 10 hours post EHV-1 inoculation in vitro and remained detectable up through 72 hours 

[42]. It might also be considered that the persistence of the antiviral transcriptome is maintained 

without further induction of type 1 interferons. In fact, it has been shown that ISGs are expressed 

in the absence of interferon alpha/beta signaling through IRF7 mediated pathways [155]. This 

indicates that future studies interested in the interferon response may consider investigating 

downstream molecules of this pathway, such as the numerous ISGs we found here.  

Another major group of genes upregulated in PBMCs during EHV-1 viremia were 

chemokines (CXCL9, CXCL10, CXCL11, and CCL8). More specifically, we found upregulation 

of chemokines important for induction of cell-mediated immunity, and recruitment of T-cells, 
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monocytes, and NK cells. CXCL9, CXCL10, and CXCL11 are related chemokines that are well 

known for their chemotactic activity, as their receptor (CXCR3) can be found on type 1 CD4+ T 

helper cells, CD8+ cytotoxic lymphocytes, and NK cells [156]. Previous work has also found 

strong induction of these chemokines in PBMCs in response to EHV-1 infection in vitro [41]. In 

addition, these chemokines have been shown to be stimulated in epithelial and endothelial cell 

cultures following EHV-1 inoculation [43,157]. The gene encoding CCL8 (also known as 

monocyte chemotactic protein-2; MCP-2) was also found to be upregulated in PBMCs during 

EHV-1 viremia in our study. This protein, as its name suggests, is chemotactic for monocytes, as 

well as NK cells, T-cells, eosinophils and basophils [158]. Not much is known about the role of 

CCL8 during EHV-1 infection, however, it has been shown to be upregulated in endothelial cell 

cultures [157]. The CXCR3 ligands, as well as CCL8 are known to be induced by type II 

interferon (interferon gamma) [156,158]. Interferon gamma is secreted by T-cells and NK cells, 

and is considered a correlate of an active cell-mediated immune response [159,160]. Cellular 

immunity, particularly CD8+ T-cells, are considered to be an important correlate of protection 

from EHV-1 [21,53,54]. Re-stimulation assays have found that T-cells in horses infected with 

EHV-1 increase interferon gamma secretion, indicative of activated T-cell responses [21,161–

163]. The fact that all three of the CXCR3 ligands were upregulated in our samples, along with 

previous work, suggests that these chemokines are consistently stimulated during EHV-1 

infection, and T-cell activation and recruitment plays a role during EHV-1 infection and possibly 

in the protection from EHM and EHV-1 abortions. However, the exact role of these chemokines 

in the pathogenesis of EHV-1 mediated disease remains unknown. 

A third cluster of genes with related functions in protein activation cascades were 

upregulated in PBMCs during EHV-1 viremia. The complement cascade is a pathway of the 
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innate immune system that involves a series of protein activation and cleavages that enhance 

antibody mediated clearance of pathogens. We found two components of this system (C1R and 

C3AR1) as well as an inhibitor to this cascade (SERPIN1) all upregulated during infection. EHV-

1 and other herpesviruses are known to evade the complement system by “hiding” antigen within 

the PBMCs [67,164]. However, components of the complement system have also been shown to 

play a role in adaptive immunity through B-cell and T-cell related functions. The complement 

receptor encoded by C1R has been shown to have a central role in B-cell responses [165]. In 

humans about 15% of T-cells express C1R, and this molecule is upregulated in CD4+ and CD8+ 

T-cells upon activation [166–168]. Similarly, C3AR1 is not expressed on naïve T-cells, but it is 

induced upon activation [169]. While these characteristics have not been described in equine 

lymphocytes, it is possible the differential regulation of these genes during EHV-1 infection 

corresponds with activation of lymphocytes. Additionally, the proteins involved in the 

complement cascade have also been shown to be associated with the coagulation cascade [170]. 

For example, the C1 inhibitor (SERPIN1) not only regulates the complement cascade, but also 

has been shown to inactivate coagulation factors [171]. This is of particular interest because the 

coagulation cascade is known to be induced in horses during EHV-1 viremia, and it is thought 

that this is a major contributor to endothelial damage and subsequent immunopathology causing 

secondary disease such as EHM [24–27]. Regulation of hemostasis is critical during health and 

disease with a tightly regulated balance between anticoagulation and pro-coagulation factors. In 

a healthy individual, the body holds this balance towards a slight anti-coagulation state. 

However, in times of disease or vascular damage, coagulation factors are released to form a 

protective fibrin clot. These factors are tightly regulated so as to prevent clotting disorders 
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[170,172] Therefore it is  not surprising that we see gene expression for components (C1R and 

C3AR1), as well as regulators (SERPIN1) of the complement and coagulation cascades.  

Upon infection with EHV-1, we observed a change in the cell fraction percent of certain 

cell populations. We saw a decrease in M0 macrophages and an increase in M1 macrophages, 

which indicates activation and polarization of macrophages to an M1 phenotype. This phenotype 

is considered to correspond with the antiviral and antinflammatory macrophage phenotype [173]. 

Additionally, there was an increase in γδ T-cells. γδ T-cells are known for their expression of IL-

17, and while they do express a T-cell receptor they can also be stimulated via cytokines, making 

them similar to innate lymphoid cells [174]. During viremia, EHV-1 infects monocytes, T-cells, 

and B-cells, however, only 1-10 out of 107 PBMCs are estimated to be infected with EHV-1, 

therefore, it is unlikely that drastic cell population changes are a result of EHV-1 infection of a 

certain subtype [23,30,135–138]. EHV-1 infection is marked by lymphopenia, and previous 

reports attributed this specifically to T-cells [175,176]. This was confirmed by Charan et al. (90) 

who showed that post-EHV-1 infection autologous sera collected from horses contained 

increased levels of transforming growth factor beta and caused both non-specific and EHV-1 

specific suppression of T-cell responses. Furthermore, we have previously shown suppression of 

both CD4+ and CD8+ T-cell responses in ponies on day 7 post-infection with EHV-1 [76]. In the 

present study, we found a decrease in CD8+ T cells during infection. CD4+ T-cells were also 

decreased although this decrease was not statistically significant. It is known that CD4+ type 1 

helper T-cells and CD8+ T-cells are crucial for protection against EHV-1 disease, and the 

decrease in circulating PBMC population could be explained by the recruitment of these cells 

towards sites of infection, i.e., the nasal epithelial tissue and secondary sites of infection 

[21,53,54]. These results also correspond with the observed increases in the chemokine genes 



79 

 

CXCL9, CXCL10, CXCL11, and CCL8 during peak viremia. Similarly, the reduction of plasma 

B-cells we observed, may be a sign of these cells being recruited out of circulation to the site of 

primary infection. However, we estimated cell populations using CIBERSORTx, which is a new 

tool for digital cytometry, and allows for cell population estimations of heterogenous populations 

based on bulk RNA sequencing data [177]. It must be noted that the results from this in silico 

analysis should be interpreted with caution, as the estimation of cell fractions were computed 

using a reference file based on the transcriptome of human leukocytes that Newman et al. 

developed [177]. In order to generate a more accurate estimation, a reference should be 

generated based on the transcriptome of classically sorted equine cells. Otherwise, the expensive 

technology of single-cell RNA sequencing could be used to characterize gene expression in 

individual cells and more precisely estimate populations.  

While the majority of the PBMC transcriptome belongs to host genes, it was another goal 

to identify which EHV-1 viral transcripts were present in the samples. It was interesting to see 

that many EHV-1 transcripts were identified in 5 of 7 horses prior to EHV-1 challenge, despite 

horses being negative for viral genome using qPCR. However, the depth of sequencing of our 

samples was approximately 43 million reads per sample, so we could identify low levels of viral 

transcription. It is possible this depth of next generation sequencing is more sensitive than our 

qPCR assay, and it is also possible that viral transcripts are more abundant in samples than latent 

genomic DNA. While the trigeminal ganglia is the trademark site for EHV-1 latency, many 

studies have reported EHV-1 latency in lymphoid tissues and PBMCs as well as in additional 

ganglia and lymphoid tissues [5–8,132]. It is presumed that most horses become primarily 

infected with EHV-1 at a very young (days to weeks of age) [1–4]. While the horses used in our 

study were seronegative for EHV-1 serum VN antibodies prior to challenge, it is presumed they 
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still may have previously been exposed to the virus and established latency. We propose the 

transcription of EHV-1 found in the pre-infection PBMCs are from a previously acquired, but 

clinically “latent” virus. An important distinction must be made between clinical latency – the 

period of time after an infection when the host no longer has disease, and cellular latency – when 

the viral genome is present within the cell but does not produce progeny virions [130]. Cellular 

latency is often characterized by a restricted gene expression pattern, and a characteristic latency 

associated transcript. This transcript has not yet been identified for EHV-1, and we are unable to 

speculate whether the transcription observed in our pre-challenge samples represents true cellular 

latency, an “arrested” state of virus replication, or a mixture of lytic and latent gene expression 

pattern in different cells. However, we identified three genes that exhibited higher average 

expression in pre-challenge samples compared to post challenge. These included ORF59, 

ORF41, and ORF 55. ORF59 was also the most abundant transcript overall in pre-challenge 

samples. This gene encodes an early protein involved in viral growth and has been found to be 

essential for EHV-1 replication in culture [144]. Interestingly, ORF59 is one of a few genes 

without a positional homolog in HSV-1 or HSV-2. The homolog exists in other varicelloviruses 

including VZV and PRV, and while it is essential for PRV replication it has been found to be 

non-essential for VZV replication in culture [178,179]. The ORF25 gene was found to be 

relatively highly expressed in both pre and post challenge samples. This gene encodes a capsid 

protein. While not much is known about the role of this protein in EHV-1 infection, the VZV 

homolog (ORF23) has been found to be important for infection and lesion formation on human 

skin xenografts in a murine model of VZV pathogenesis [180]. During viremia, we also found 

ORF75 to be one of the most abundantly expressed genes. This gene is one of 6 genes that have 

been deleted from the KyA laboratory strain of EHV-1. KyA has been found to be attenuated and 
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avirulent in horses and does not cause detectable viremia [142]. Creation of an ORF75 deletion 

mutant has identified that this gene is not essential for EHV-1 replication and does not alter the 

clinical virulence in vivo [181,182]. However, the complete function of ORF75 remains 

unknown.  

In addition to transcription of EHV-1 genes, we found transcripts from both equine 

gammaherpesviruses, EHV-2 and EHV-5. This is unsurprising given that the site of persistence 

for these viruses are B-cells [183,184]. We found EHV-2 transcripts in 4/7 horses both pre and 

post EHV-1 challenge. We found EHV-5 transcripts in 5/7 and 3/7 pre and post EHV-1 

challenge, respectively. In a previous study of EHV-1 challenged horses, we found EHV-5 in 

PBMCs of 76% of horses prior to challenge and 52% seven and ten days post EHV-1 challenge 

[185]. It is possible the rate of EHV-5 detection drops below the detectable limit in PBMCs 

during EHV-1 viremia due to increased immune activity of the circulating lymphocytes. 

However, since we still see EHV-2 and EHV-5 transcripts during acute EHV-1 infection, it is 

likely that the gammaherpesviruses are resilient and persistent in this site of latency even in the 

face of systemic immunity. 

Notably, no miRNAs mapped to the EHV-1 genome prior to or during EHV-1 viremia. 

However, we identified 98 total miRNAs mapping to the two gammaherpesvirus genomes. 

MicroRNAs are known to be involved in herpesvirus biology and the establishment of latency 

[141]. The differences we observed in miRNA between the gammaherpesviruses EHV-2 and 

EHV-5, and the alphaherpesvirus EHV-1 may be explained by the differences in these 

subfamilies’ latency tropism. The classical theory of herpesvirus biology describes sensory 

ganglia as the primary target for latency of alphaherpesviruses and lymphocytes as the primary 

latency site for gammaherpesviruses [130]. While several reports have identified lymphoid 
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tissues as a site of latency for EHV-1, genome detection in circulating PBMC via qPCR is often 

negative in non-clinically affected animals [5–8,132,186]. In contrast, EHV-2 and EHV-5 can be 

routinely detected in PBMC samples of healthy animals [186,187]. This indicates that these two 

subfamilies employ differing transcription strategies in latency and persistence in lymphocytes, 

likely including the use of miRNA transcription.  

In contrast to mRNA gene expression, we found very few differentially expressed host or 

viral miRNAs in this study. We found five significantly differentially expressed miRNAs, two of 

which had human orthologs identified. Interestingly, hsa-miR-652-3p (the equine ortholog was 

upregulated in our study) is known to contribute to endothelial damage, and knockdown of this 

miRNA has been shown to promote endothelial cell repair [145]. As damage of the vascular 

endothelium is part of EHM pathogenesis, and PBMCs interact directly with the endothelium 

during viremia, further investigation of this miRNA in horses and its role in EHM development 

would be interesting.  

In conclusion, we characterized the transcriptome of equine PBMCs pre and post EHV-1 

challenge infection using a repeated measure design. We used RNA deep sequencing to 

comprehensively investigate equine mRNA and miRNA transcripts, as well as those from four 

common equine herpesviruses, EHV-1, EHV-2, EHV-4, and EHV-5. Notably, after gene 

expression analysis, we were able to characterize the immune response of PBMCs during 

viremia and found significant upregulation of multiple genes involved in processes including the 

interferon pathway, T-cell chemotaxis, and protein activation cascades such as the complement 

and coagulation system. More work is needed to fully elucidate how these mechanisms are 

involved in either protection from or contribution to EHV-1 associated secondary diseases, such 

as abortion and EHM. Nevertheless, this work expands our current knowledge about the role of 
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PBMCs during EHV-1 viremia and will inform the focus on future experiments to identify host 

and viral factors that contribute to clinical EHM. 

MATERIALS AND METHODS 

Viruses 

EHV-1 strain Ab4 (NCBI RefSeq: NC_001491.2) was propagated in NBL-6 cells 

(ATCC® CCL-57™) with MEM-10 (Minimum Essential Medium Eagle [Sigma-Aldrich, St. 

Louis, MO, USA] supplemented with 100 IU / mL penicillin, 100 µg / mL streptomycin, 1% 

GlutaMAX [GIBCO, Life Technologies, Carlsbad, CA, USA], 1 mM sodium pyruvate, 1% non-

essential amino acids [M7145, Sigma-Aldrich], and 10% fetal bovine serum). After incubation at 

37 °C and 5 % CO2 for 3-4 days, the cells were frozen and thawed, and cellular debris removed by 

centrifugation at 300 * g for 10 min. The stock was stored at -80 °C. Prior to inoculation in horses, 

the stock was thawed and sonicated for three cycles of 30 sec at 50-1 amplification and diluted to 

a titer of 106 PFU/mL for inoculation of horses.  

Animals 

Seven 1-year old horses (5 males, 2 females) were used in this experiment. Horses were 

screened prior to inclusion in the study to ensure virus neutralization assays (VN) blood serum 

titers were below 1:4 for EHV-1 and below 1:24 for EHV-4. Animals were housed in a building 

with natural ventilation with multiple horses per pen and nose-to-nose contact between pens. The 

horses had access to grass hay and water ad libitum for the entirety of the study. All animal 

maintenance and procedures were performed in compliance with Michigan State University’s 

Institutional Animal Care and Use Committee. 
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Experiment design 

The horses used in this study were part of a separate experiment evaluating the use of a 

human adenovirus vector expressing the EHV-1 inhibitory gene, IR2, for prevention of nasal viral 

shedding [117]. In this study, horses received intranasal instillation of either 3 x 1010 particles of 

a human adenovirus vector expressing the EHV-1 IR2 protein (n=3, 2 males, 1 female) or 1.5 x 

1010 particles of a null adenovirus vector (n=4, 3 males, 1 female) by intranasal instillation two 

days prior to EHV-1 challenge [117]. Because no effect was observed as a result of IR2 treatment 

in any of the clinical, virological, or immunological parameters evaluated, for the purpose of the 

current study all horses were considered as one group [117]. Horses were challenged with 5 x 107 

plaque forming units (pfu) of EHV-1 Ab4 via intranasal instillation.  

Sample collection 

One hundred mL of whole blood was collected into heparinized syringes via jugular 

venipuncture from all horses 13 days prior to experimental infection with EHV-1 and daily for 10 

days post challenge infection to ensure we had samples for each horse’s day of peak viremia. 

Samples were immediately transported back to the laboratory for PBMC isolation. For isolation 

of RNA and library preparation, PBMCs were separated by density gradient centrifugation over 

Histopaque-1077 (Sigma-Aldrich) as previously described [76] and cell pellets of 6 x 107 were 

stored at -80 °C until RNA isolation. An additional aliquot of 1 x 107 PBMCs was stored at -80 °C 

for quantification of viremia using qPCR as previously described [22]. The day post challenge for 

peak viral load in PBMCs was determined for each horse. Additionally, physical exams to evaluate 

respiratory disease and rectal body temperature were performed daily and nasal swabs collected 

for viral quantification using qPCR, as previously described. [22] 
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RNA isolation, library preparation, and sequencing 

A summary of the data analysis can be seen in Figure 22. RNA for RNA Sequencing 

analysis was isolated from PBMCs from each horse pre-challenge, as well as the day of peak 

viremia. Cell pellets were lysed and homogenized using TRIzol Reagent (Thermo Fisher) 

following the manufacturer’s instructions. The aqueous phase was then collected, washed with 

100% ethanol and total RNA was isolated using the miRNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions. To eliminate genomic DNA contamination, deoxyribonuclease 

treatment (Qiagen) was applied to each sample according to the manufacturer’s recommendation. 

Concentration of RNA was determined using fluorometric quantification with the Qubit 1.0. RNA 

quality was evaluated using the Agilent 2100 Bioanalyzer with the RNA 6000 Pico Assay, and 

samples with RIN score ≥ 8.90 were submitted for sequencing. Library preparation and next 

generation sequencing was performed Michigan State University’s Genomics Research and 

Technology Support Facility. Briefly, stranded mRNA cDNA library preparation was preformed 

using the Illumina TruSeq Stranded mRNA kit with IDT for Illumina Unique Dual Index adapters 

according to manufacturer’s recommendations. MicroRNA cDNA libraries were prepared using 

the Illumina TruSeq Small RNA Library Preparation Kit following manufacturer's 

recommendations. Completed libraries were quality controlled and quantified using a combination 

of Qubit dsDNA HS and Advanced Analytical Fragment Analyzer High Sensitivity DNA assays. 

The mRNA libraries were pooled in equimolar quantities for sequencing and the pool quantified 

using the Kapa Biosystems Illumina Library Quantification qPCR kit. This pool was loaded onto 

two (2) lanes of an Illumina HiSeq 4000 flow cell and sequencing was performed in a 2x150 bp 

paired end format using HiSeq 4000 SBS reagents. The small libraries were pooled in equimolar 

amounts for multiplexed sequencing and the pool quantified using the Kapa Biosystems Illumina 
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Library Quantification qPCR kit. This pool was loaded onto one (1) lane of an Illumina HiSeq 

4000 flow cell and sequencing was performed in a 1x50 bp single read format using HiSeq 4000 

SBS reagents. Base calling was done by Illumina Real Time Analysis (RTA) v2.7.7 and output of 

RTA was demultiplexed and converted to FastQ format with Illumina Bcl2fastq v2.19.1. All raw 

sequencing reads are available in the NCBI sequence read archive (SRA) under BioProject 

Ascension number PRJNA681404.  

Genome guided mRNA alignment 

Read quality was assessed using FastQC software v0.11.7. Reads were mapped to the 

Equus caballus genome (assembly EquCab3.0, ENSEMBL release-95) using HISAT2 v 2.1.0. 

with these options: --rna-strandness RF --dta. The accepted hits .BAM files were sorted by name 

using SAMtools v1.5 and read counts generated using htseq-count (built in with Python v3.6.4) 

with the following options: -- format=bam, --stranded=reverse, and –order=name [188–190]. The 

reference annotation .GTF file was downloaded from ENSEMBL resease-95. 

Host and viral miRNA identification and quantification 

Read quality was assessed before and after quality and adaptor trimming using FastQC 

software v0.11.7 [191]. Raw reads were trimmed using cutadapt v1.16. Options included trimming 

the Illumina adaptor sequence (option -a TGGAATTCTCGGGTGCCAAGG), reads shorter than 

15 bp discarded (option -m 15), and the 3’ end trimmed with a quality score cutoff of 20 (option -

q 20) [192]. After trimming, miRDeep2 v2.0.0.8 was used to identify all miRNAs present in the 

samples, including putative novel miRNAs, as well as known miRNAs [193]. For this, reads from 

all samples were first pooled. Next, a combined reference genome was created from combining 

the horse (EquCab3.0; downloaded from ENSEMBL release-95) with the genome of the four most 

common equine herpesviruses (EHV-1 NCBI RefSeq NC_001491.2, EHV-2 NCBI RefSeq 
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NC_001650.2, EHV-4 NCBI RefSeq NC_001844.1, and EHV-5 NCBI RefSeq NC_026421.1) and 

indexed using the bowtie-build function of Bowtie v1.2.2. The mapper.pl function of miRDeep2 

was used on the pooled reads to the reference genome to create a .fasta file with processed reads 

and a .arf file with mapped reads. Next, miRDeep2.pl function was performed on these outputs 

using equine miRNAs as the main reference. Since the equine miRNA database is still very 

incomplete, mouse and human known miRNAs were used as related species lists. Known equine, 

mouse, and human miRNAs were download from the miRbase database (release 22.1) [194]. 

Novel RNAs with a miRDeep score < 1 were removed for subsequent analysis.  

In order to perform differential gene expression analysis, the miRNAs were quantified in 

each sample. For this the quantifier.pl tool from the miRDeep2 package was used. For this, all 

novel mature and precursor miRNAs were added to the list of known miRNAs from horse, mouse, 

and human. Quantifier.pl was run with the processed reads .fasta file as input and the -k option 

was used to consider precursor-mature mappings that have different ids.  

Differential gene expression 

Differential gene expression analyses for both mRNA gene counts and miRNA counts were 

performed using the DESeq2 package v1.22.2, in R v3.5.3 [195]. The design formula used was “~ 

horse + timepoint” so that the variable of interest was “timepoint” (pre infection vs. post infection), 

and controlling for the effect of “horse.” Genes or miRNAs with less than 5 total read counts were 

filtered out prior to analysis. The default DESeq2 analysis was performed using the DESeq 

function. P values were adjusted using the Benjamini-Hochberg method (the default for DESeq2). 

Significance was set at adjusted p value (padj) < 0.05 and log2FoldChange > |3| for mRNA and 

padj < 0.05 and log2FoldChange > |1| for miRNA.  
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Gene enrichment analysis 

Gene enrichment analysis for gene ontology (GO) terms was performed on the gene lists 

derived from the differential expression analysis. Horse ENSEMBL IDs were converted to gene 

symbol based on the gene names identified in the EquCab3.0 .GTF file (ENSEMBL release-95). 

GO enrichment analysis for biological processes was performed using the enrichGO function from 

the clusterProfiler package [196]. The database used was the human “org.Hs.eg.db”, and the 

background created from the gene symbols associated with all genes present in our samples [197]. 

P values were adjusted using Benjamini-Hochberg correction and statistical significance set at p < 

0.05. After generating lists of enriched GO terms, redundant terms were removed using REVIGO 

[198]. Enriched GO terms, along with their associated adjusted p value were provided as input, 

and the allowed similarity was small (0.5). The default settings were used, which included 

selecting the whole UniProt database to determine GO term sizes and using the SimRel semantic 

similarity measure for the analysis.  

Viral gene identification and counting 

In order to identify viral reads within the samples, a combined reference genome was 

created from combining the horse (EquCab3.0; ENSEMBL release-95) with the genome of the 

four most commonly studied equine herpesviruses (EHV-1 NCBI RefSeq NC_001491.2, EHV-2 

NCBI RefSeq NC_001650.2, EHV-4 NCBI RefSeq NC_001844.1, and EHV-5 NCBI RefSeq 

NC_026421.1). This allowed for subsequent normalization of viral read counts to consider total 

gene expression from the host. Alignment to this genome was performed for each sample using 

HISAT2, as described above. Gene counts were then generated using StringTie v1.3.5 as described 

in the StringTie manual (accessed June 2020) [190]. Initially, gene counts are generated for each 

sample using the equine reference .GTF file. Then, a new annotation in .GTF format was generated 
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based on the genes and transcripts present in our samples. Finally, the .BAM file for each sample 

was re-ran with StringTie to generate gene counts for each sample using the new merged .GTF as 

the reference annotation and included the -B and -e options. Transcript per million (TPM) values 

for each gene were extracted from the gene abundance files generated using the -A option. Raw 

read coverages of samples on the EHV-1 genome were visualized using Integrative Genomics 

Viewer (IGV) v2.4.10 [199]. 

in silico cell sorting 

Normalized read counts expressed as counts per million (CPM) were determined using 

EdgeR v3.24.3 and values of redundant genes were merged together [200]. Cell fractions were 

imputed using CIBERSORTx [177]. The included LM22 (22 immune cell types based on human 

immune cell gene signatures) was used as the signature matrix file. The mixture file included the 

CPM values for each gene from all samples, identified with gene symbol. B-mode batch correction 

was performed, and quantile normalization was disabled (recommended for RNA sequencing 

data). Permutations for significance analysis was set at 100. The run was performed in relative 

mode (default). Each cell type was represented as a percentage of total cells for each sample, and 

a Wilcoxon signed rank test performed on the percentages for each cell type using R.  
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ABSTRACT 

Equine herpesvirus-1 is the cause of respiratory disease, abortion, and equine herpesvirus 

myeloencephalopathy (EHM) in horses worldwide. EHM affects as many as 14% of infected 

horses and a cell-associated viremia is thought to be central for EHM pathogenesis. While EHM 

is infrequent in younger horses, up to 70% of aged horses develop EHM. The aging immune 

system likely contributes to EHM pathogenesis, however little is known about the host factors 

associated with clinical EHM. Here, we used the “old horse model” to induce EHM following 

EHV-1 infection. PBMCs of horses prior to infection and during viremia were collected and 

RNA sequencing with differential gene expression was used to compare the transcriptome of 

horses that did (EHM group) and did not (non-EHM group) develop clinical EHM. Interestingly, 

horses exhibiting EHM did not show respiratory disease, while non-EHM horses showed 

significant respiratory disease starting on day 2 post infection. Multiple immune pathways 

differed in EHM horses in response to EHV-1. These included an upregulation of IL-6 gene 

expression, a dysregulation of T-cell activation through AP-1 and responses skewed towards a T-

helper 2 phenotype. Further, a dysregulation of coagulation and an upregulation of elements in 

the progesterone response were observed in EHM horses. 
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INTRODUCTION 

Equine herpesvirus 1 (EHV-1) affects horses worldwide. It is the cause of upper 

respiratory disease, late term abortion or the crippling neurologic disease, equine herpesvirus 

myeloencephalopathy (EHM). While respiratory disease can contribute to temporary loss of 

training, severe disease manifestations such as EHM can have devastating effects on animal 

welfare and economic impact [18]. In a recent U.S. outbreak, as many as 14% of infected 

animals died or were euthanized due to EHM and to date, no vaccine is effective at preventing 

EHM [15,16]. This means strict biosecurity and quarantines during an outbreak remain the most 

effective strategy to control losses due to EHM. In order to limit these devastating consequences, 

the current recommendation is that state animal health officials issue quarantines of premises 

with EHV-1 confirmed cases for 21 days from the onset of disease of the latest case [17].  

Following primary exposure, EHV-1 establishes a latent lifelong infection in the sensory 

ganglia or peripheral blood mononuclear cells (PBMCs) [5–8]. Despite this early natural 

infection and/or vaccination, horses remain susceptible particularly to secondary disease 

following a repeat exposure or reactivation of latent virus. During an acute infection, EHV-1 

replicates in the nasal epithelium and causes upper respiratory disease in younger horses [9]. In 

the period of 4-14 days following exposure, EHV-1 is detectable in the PBMCs and transported 

throughout the body during a period of cell-associated viremia [10]. Viremia is a prerequisite 

event in the pathogenesis of EHM and facilitates the transfer of the virus to the vascular 
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endothelial cells of the central nervous system [11,12]. It has been demonstrated that duration 

and magnitude of viremia contribute to likelihood of EHM development, which suggests that 

increasing the exposure of the vascular endothelium to infected PBMCs increases likelihood of 

CNS damage [21–23,201]. Further supportive of this are studies showing that a single nucleotide 

polymorphism in the DNA polymerase gene of the virus, which encodes an aspartic acid residue 

at position 752 (genotype D752), has been associated with more neurologic disease during 

outbreaks than that which encodes an asparagine at this position (genotype N752) [18,19]. Many 

challenge infection experiments in horses have confirmed that infection with the 

neuropathogenic D752 strain is associated with higher magnitude and longer duration of EHV-1 

viremia during a challenge infection when compared to the lower neuropathogenic N752 strain, 

and this corresponded to increased likelihood of EHM [20–23,201].  

Clinical EHM is typically observed towards the end of the viremic phase, suggesting that 

endothelial infection most likely occurs during peak levels of viremia [202]. Following infection 

of the vascular endothelium it is thought that a vasculitis, thrombosis, and neuronal damage 

develop and lead to clinical neurologic disease. Because of this, dysregulation of blood-brain 

barrier (BBB) integrity is considered to be a critical event for clinical neurological disease during 

EHM. The BBB is comprised of the vascular endothelial cells of the CNS microvasculature and 

are connected with tight junctions and adherens junctions, forming a protective barrier protecting 

neurons from damage [203,204]. The intact BBB protects against neuronal damage resulting 

from leukocytic infiltration [203]. Due to similarities in the damaging events at the BBB, EHM 

pathogenesis can be compared to human ischemic stroke. In human and mouse models of stroke, 

BBB integrity and permeability can be damaged as a result of an inciting event, such as hypoxia 

(via thrombosis) [203,205–207]. In horses, the coagulation cascade is known to be induced 
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during EHV-1 viremia, and it is thought that this is a contributor to hypoxic BBB damage and 

neuronal damage resulting from microthrombosis [24–27]. In addition to ischemic damage via 

thrombosis, inflammation is another key factor in the development of BBB damage and EHM 

However, while viremia is a key feature of EHV-1 infection, and a large percentage of 

infected horses become viremic, only a small percentage of infected horses go on to develop 

clinical EHM. While some virus factors have been identified that increase the neuropathogenic 

potential of EHV-1 infection, it is clear that there are a number of host factors involved in the 

response to EHV-1 that correlate with the development of EHM [22]. While significant 

respiratory disease is more common in younger horses, it has been shown that older animals are 

more likely to develop EHM [21,31,65,202]. In addition, there is some evidence, that in mares 

over 20 years of age the incidence of clinical EHM is up to 70% [21,208]. The propensity of 

older animals to get EHM may be related to immunosenescence, which is a commonly observed 

feature of aging. In horses as well as humans this immunosenescence involves reduced levels of 

naïve lymphocytes, increase in the memory lymphocytes, and the reduction of T memory cell 

activation and proliferation following stimulation [209,210]. Additionally, aging is often 

associated with low levels of chronic inflammation, known as “inflamm-aging,” which is thought 

to contribute to the pathogenesis of other inflammatory diseases of older humans and horses 

[209,210].  

In order to identify which host factors are directly linked with the development of EHM, 

we thought to utilize the “old horse model” to reliably induce EHM and then compare which host 

factors are changed in horses with clinical EHM compared to horses that are infected and 

viremic but do not exhibit clinical EHM. For this, we conducted a challenge infection with a 

neuropathogenic strain of EHV-1 in both young and old horses in order to ensure animals with 
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both phenotypes (those that progressed to clinical EHM and those that did not). Based on the 

central role of viremia for systemic host immunity and EHM pathogenesis and in induction of 

BBB dysfunction, the goal of our study was to use deep RNA sequencing and a repeated 

measure design to identify the differences in the host and virus transcriptome in PBMCs of 

horses that did and did not develop clinical EHM following an EHV-1 challenge infection. 

MATERIALS AND METHODS 

Animals 

Fourteen horses of mixed breeds (5 males, 9 females) were used in this study. The study 

consisted of two challenge infection experiments that occurred several months apart. One 

experiment used 2-year old horses (n=7; 5 males, 2 females) and a separate experiment was 

performed in aged (18-21 year old; n=7; 7 females) horses. For both experiments, animals were 

housed in a building with natural ventilation with multiple horses per pen and nose-to-nose 

contact between pens. Horses had access to grass hay and water ad libitum for the entirety of the 

study. All animal maintenance and procedures were performed in compliance with Michigan 

State University’s Institutional Animal Care and Use Committee. 

Viruses 

The neuropathic strain EHV-1 Ab4 (GenBank Accession No. AY665713.1) was 

propagated in NBL-6 cells (ATCC® CCL-57™) with MEM-10 (Minimum Essential Medium 

Eagle [Sigma-Aldrich, St. Louis, MO, USA] supplemented with 100 IU / mL penicillin, 100 µg / 

mL streptomycin, 1% GlutaMAX [GIBCO, Life Technologies, Carlsbad, CA, USA], 1 mM 

sodium pyruvate, 1% non-essential amino acids [M7145, Sigma-Aldrich], and 10% fetal bovine 

serum). After incubation at 37 °C and 5 % CO2 for 3-4 days, the cells were frozen and thawed, 

and cellular debris removed by centrifugation at 300 * g for 10 min. The stock was stored at -80 
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°C. Prior to inoculation in horses, the stock was thawed and sonicated for three cycles of 30 sec 

at 50-1 amplification.  

Experimental design and sample collection 

Prior to inclusion in the study, serum was screened for virus neutralizing antibodies for 

EHV-1. The 2-year old horses had pre-challenge titers ≤ 1:8 for EHV-1 and the aged horses had 

pre-challenge titers of ≤ 1:32 for EHV-1. Horses were inoculated with intranasal instillation of 5 

x 107 pfu of EHV-1 Ab4. Physical examinations were conducted prior to infection and daily 

following challenge and included evaluation of nasal discharge, ocular discharge, cough, and 

rectal body temperature as well as a neurological exam using the simplified version of the 

Mayhew scale, as described by Allen [21]. Peripheral blood mononuclear cells (PBMCs) were 

isolated from horses prior to challenge and daily for 10 days post challenge. One hundred mL 

whole blood was collected in heparinized syringes via jugular venipuncture and immediately 

transported to the laboratory for processing. PBMCs were separated by density gradient 

centrifugation over Histopaque-1077 (Sigma-Aldrich) as previously described and cell pellets of 

6 x 107 were stored at -80 °C until RNA isolation [76]. An additional aliquot of 1 x 107 PBMCs 

were used for quantification of viremia using qPCR as previously described [22]. The day post 

challenge for peak viral load in PBMCs was determined for each horse and RNA for RNA Seq 

analysis was isolated from PBMCs from each horse pre-challenge, as well as on the day of peak 

viremia. Statistical analysis was performed using a 2-way ANOVA with significance of p < 0.05.  

RNA isolation, library preparation, and sequencing 

Cell pellets were lysed and homogenized using TRIzol Reagent (Thermo Fisher) 

following the manufacturer’s instructions. The aqueous phase was then collected, washed with 

100% ethanol and total RNA was isolated using the miRNeasy Mini Kit (Qiagen) according to 
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the manufacturer’s instructions. To eliminate genomic DNA contamination, deoxyribonuclease 

treatment (Qiagen) was applied to each sample according to the manufacturer’s recommendation. 

The concentration of RNA was determined using fluorometric quantification with the Qubit 1.0. 

RNA quality was evaluated using the Agilent 2100 Bioanalyzer with the RNA 6000 Pico Assay 

and samples with a RIN score > 6.70 were submitted for sequencing. Library preparation and 

next generation sequencing was performed at Michigan State University’s Genomics Research 

and Technology Support Facility. Stranded mRNA cDNA library preparation was preformed 

using the Illumina TruSeq Stranded mRNA kit with IDT for Illumina Unique Dual Index 

adapters according to manufacturers’ recommendations. MicroRNA cDNA libraries were 

prepared using the Illumina TruSeq Small RNA Library Preparation Kit following 

manufacturer's recommendations. Completed libraries were quality controlled and quantified 

using a combination of Qubit dsDNA HS and Agilent 4200 TapeStation HS DNA1000 assays. 

The stranded mRNA cDNA libraries were divided into 5 pools for multiplexed sequencing; four 

of these pools contained 8 libraries and the fifth pool contained 7. Pools were quantified using 

the Kapa Biosystems Illumina Library Quantification qPCR kit. Each pool was loaded onto one 

lane of an Illumina HiSeq 4000 flow cell and sequencing was performed in a 2x150bp paired end 

using HiSeq 4000 SBS reagents. The small RNA cDNA libraries were divided into two pools 

and the pools quantified using the Kapa Biosystems Illumina Library Quantification qPCR kit. 

Each pool was loaded onto one lane of an Illumina HiSeq 4000 flow cell and sequencing was 

performed in a 1x50 bp single read format using HiSeq 4000 SBS reagents. Base calling was 

done by Illumina Real Time Analysis (RTA) v2.7.7 and output of RTA was demultiplexed and 

converted to FastQ format with Illumina Bcl2fastq v2.19.1. All raw sequencing reads are 

available in the NCBI sequence read archive (SRA) under BioProject ascension number TBD. 
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Genome guided mRNA alignment 

Read quality was assessed before and after quality and adaptor trimming using FastQC 

software (version 0.11.7) [191]. Illumina adapters were trimmed from files using Trimmomatic 

(version 0.38) with the additional options for quality trimming: LEADING:2, TRAILING:2, 

SLIDINGWINDOW:4:2, and MINLEN:25 [211]. Reads were mapped to the Equus caballus 

genome (assembly EquCab3.0, ENSEMBL release-95) using HISAT2 (version 2.1.0). The 

accepted hits .BAM files were sorted by name using SAMtools (version 1.5) and read counts 

generated using htseq-count (built in with Python version 3.6.4) with the following options: -- 

format=bam, --stranded=reverse, and –order=name [188–190].  

Host and viral miRNA identification and quantification 

Read quality was assessed before and after quality and adaptor trimming using FastQC 

software v0.11.7 [191]. Raw reads were trimmed using cutadapt v1.16. Options included 

trimming the Illumina adaptor sequence (option -a TGGAATTCTCGGGTGCCAAGG), reads 

shorter than 15 bp discarded (option -m 15), and the 3’ end trimmed with a quality score cutoff 

of 20 (option -q 20) [192]. After trimming, miRDeep2 v2.0.0.8 was used to identify all miRNAs 

present in the samples, including putative novel miRNAs, as well as known miRNAs [193]. For 

this, reads from all samples were first pooled. Next, a combined reference genome was created 

from combining the horse (EquCab3.0; downloaded from ENSEMBL release-95) with the 

genome of the four most common equine herpesviruses (EHV-1 NCBI RefSeq NC_001491.2, 

EHV-2 NCBI RefSeq NC_001650.2, EHV-4 NCBI RefSeq NC_001844.1, and EHV-5 NCBI 

RefSeq NC_026421.1) and indexed using the bowtie-build function of Bowtie v1.2.2. The 

mapper.pl function of miRDeep2 was used on the pooled reads to the reference genome to create 

a .fasta file with processed reads and a .arf file with mapped reads. Next, miRDeep2.pl function 
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was performed on these outputs using equine miRNAs as the main reference. Since the equine 

miRNA database is still very incomplete, mouse and human known miRNAs were used as 

related species lists. Known equine, mouse, and human miRNAs were download from the 

miRbase database (release 22.1) [194]. Novel RNAs with a miRDeep score < 1 were removed 

for subsequent analysis.  

In order to perform differential gene expression analysis, the miRNAs were quantified in 

each sample. For this the quantifier.pl tool from the miRDeep2 package was used. For this, all 

novel and known mature and precursor miRNAs from the miRDeep2 step above were used as 

input reference sequences. Quantifier.pl was run with the processed reads .fasta file as input and 

the -k option was used to consider precursor-mature mappings that have different ids.  

Differential gene expression analysis 

An overview of the data analysis pipeline is described in Figure 23 and Figure 24. A 

repeated measure study design was used to assess differential gene expression in response to 

EHV-1 challenge both between groups (EHM vs. no EHM) and within groups (pre vs. post 

infection). The between group, "contrast" comparison was performed which compared the 

response (pre vs. post) in the EHM group to the response (pre vs. post) in the non-EHM group in 

order to identify differences between the EHM and non-EHM horses that contribute to or protect 

from EHM. To expand on this and identify additional potential contributing or protective 

mechanisms, we also performed the within group comparison. For this, we determined which 

genes were up or down regulated (pre vs. post challenge) uniquely in either non-EHM 

(protective from disease) or EHM horses (contributing to disease).  

Differential expression analyses for both mRNAs and microRNAs were performed using 

the edgeR package (version 3.24.3), in R (version 3.5.3) [200]. We analyzed differences between 
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groups (the “contrast” comparison of EHM vs. Non-EHM) and within groups (prior to and after 

EHV-1 challenge for each group) using a repeated measure type design as described in the 

EdgeR manual section 3.5 (last revised 2020 [212]). For this, the model matrix was designed as: 

~group + group:horse + group:timepoint, where “group” indicated normal or EHM, “horse” were 

individual horses, and “timepoint” referred to pre or post EHV-1 challenge. Preprocessing of the 

data were performed as recommended in the edgeR user manual and included filtering to 

eliminate low expressed genes (filterByExpr function), TMM normalization (calcNormFactors 

function), and dispersion estimations (estimateDisp function). We then fit a genewise general 

linear model (GLM) using the glmFit function, and then performed likelihood ratio testing (LRT) 

for comparisons using the glmLRT function. Three LRT comparisons were made as explained 

above: genes that respond differently to the virus in EHM horses compared to how they respond 

in normal horses (contrast comparison between groups), genes responding to the virus in EHM 

horses (within group), and genes responding to the virus in non-EHM horses (within group). 

Benjamini-Hochberg adjustment was used on the p values and statistical significance was set at 

an FDR < 0.05 and log fold change > |1|.  

Gene ontology (GO) enrichment analysis 

Enrichment analysis for gene ontology (GO) terms was performed on the gene lists 

derived from the differential expression analysis in order to meaningfully interpret and 

consolidate the up- or down-regulated gene lists and identify relevant functions associated with 

these genes. GO is a system of classification for genes based on their biologic functions, and 

genes can be classified to any number of GO terms. Over-representation analysis identifies 

which of the GO terms are statistically more likely (or “over-represented”) based on proportion 
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of genes in the data set compared to the proportion of all genes in that species that are classified 

to a certain term.   

Horse ENSEMBL IDs were converted to gene symbol based on the annotations in the 

EquCab3.0 GTF file (ENSEMBL release-95). GO enrichment analysis for biological processes 

was performed using the enrichGO function from the clusterProfiler package [196]. The database 

used was the human “org.Hs.eg.db”, and the background consisted of all genes present in our 

samples [197]. P values were adjusted using Benjamini-Hochberg correction and statistical 

significance set at p < 0.05. After generating lists of enriched GO terms, redundant terms were 

removed using REVIGO [198]. Enriched GO terms, along with their associated adjusted p value 

were provided as input, and the allowed similarity was small (0.5). The default settings were 

used, which included selecting the whole UniProt database to determine GO term sizes and using 

the SimRel semantic similarity measure for the analysis.  

In silico cell sorting 

Cell fractions were imputed using CIBERSORTx [177]. The included LM22 (22 immune 

cell types) was used as the signature matrix file. The mixture file included the CPM values for 

each gene from all of our samples, identified with gene symbol, and CPM values of redundant 

genes were merged together. B-mode batch correction was performed, and quantile 

normalization was disabled (recommend for RNA-seq data). Permutations for significance 

analysis was set at 100. The run was performed in relative mode (default). The data was 

determined to be non-normally distributed as determined by Shapiro-Wilk testing. Therefore, a 

Wilcoxon signed-rank test was used to compare the paired data for each group. 
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Whole blood cytokine RT-qPCR 

In order to validate changes in cytokine mRNA expression between groups, RNA was 

isolated from whole blood collected via jugular venipuncture into PAXgene RNA Blood Tubes 

(BD Biosciences, San Jose, CA, USA). Samples were collected prior to EHV-1 challenge and 

day 7 post challenge. RNA was isolated following the manufacturer’s instructions. RNA was 

reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit with RNAse 

inhibitor (Applied Biosystems, Waltham, MA USA). Real time PCR was performed using the 

SmartChip Real-Time PCR System (Takara Bio Inc., Kasatsu, Shiga, Japan) following the 

manufacturer’s recommendations. Reactions consisted of template cDNA, TaqMan Gene 

Expression Master Mix (Applied Biosystems) and TaqMan Gene Expression assays for equine 

target genes (Thermo Fisher, Waltham, MA USA). Target genes included CCL5, CXCL10, 

IRF7, IRF9, MMP9, THBS1, GUSB, ACTB, and YWHAZ. The negative delta delta Cq (-ddCq) 

was calculated following the Livak and Schmittgen method [118]. For this, three housekeeping 

genes (GUSB, ACTB, and YWHAZ) were averaged to normalize the gene of interest and 

average of pre-challenge values for each group were used as calibrators. Statistical differences 

between -ddCq values between non-EHM and EHM groups were determined for each gene of 

interest using a Wilcoxon rank sum test in R and significance set at p < 0.05.  

RESULTS 

Clinical disease and viremia 

The clinical data presented here were collected as part of a separate study by our 

laboratory still in preparation, but are also being reported here to provide clinical context to our 

RNA sequencing results. All horses were free from clinical signs of respiratory disease, had 

normal body temperatures, and were negative for EHV-1 genome in nasal swab and PBMC 
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samples when tested by real-time PCR prior to challenge infection with EHV-1. All horses 

developed fevers and shed virus in nasal secretions following EHV-1 inoculation, indicating 

successful challenge infection (Figure 25A, B). The EHM group consisted of all seven of the 

horses from the aged horse group and 1 horse from the young group; all horses that developed 

EHM were female. Neurologic symptoms in the EHM group appeared as early as 6 days post 

challenge and all 7 old horses developed severe ataxia/paralysis and were humanely euthanized 

day 9 or 10 post challenge. The one horse from the young horse group developed moderate 

ataxia and recovered from neurologic symptoms by the end of the study (data not shown). The 

non-EHM group consisted of the remaining young horses and did not develop neurologic clinical 

signs (1 female and 5 males).  

The fever response to EHV-1 infection is often characterized by a primary fever 

(corresponding to peak nasal viral shedding) and a secondary fever (corresponding to peak 

viremia). Looking closer at the body temperatures, all the non-EHM horses showed a primary 

fever immediately following challenge infection (days 1-4), while all but one EHM horse did not 

develop a primary fever (Figure 25A). Additionally, non-EHM horses developed more severe 

clinical respiratory disease (nasal discharge and cough) compared to EHM horses, which showed 

only very mild symptoms (unpublished data). Finally, non-EHM horses showed significantly 

more nasal viral shedding when compared to EHM horses (Figure 25B). In contrast, EHM horses 

developed significantly greater viremia levels when compared to non-EHM horses (Figure 25C). 

The day of peak viremia was identified for each horse and occurred days 6-10 post challenge. 

 

 

Horse mRNA sequencing and differential gene expression 
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After paired-end sequencing, there was an average of 43,730,408 reads per sample, and 

85.2% of total reads uniquely mapped to the EquCab3.0 genome (Table 11). Principal 

component analysis of regularized log transformed read-count data shows a clustering of 

samples, with a few exceptions, based on timepoint (pre infection vs. post infection) and group 

(EHM vs. Non-EHM) (Figure 26).  

A repeated measure study design was used to assess differential gene expression in 

response to EHV-1 challenge both between groups and within groups. The between group 

comparison (contrast comparison) identified the differentially expressed genes between the 

response to the virus in EHM vs. non-EHM horses. This was performed in order to identify the 

potential host factors or biological responses that contribute to EHM pathogenesis. We then 

supported these findings by identifying additional genes that are uniquely found to be 

differentially regulated in either EHM or non-EHM horses in response to infection, but not in 

both groups. For this, we identified the within group responses by determining the response to 

challenge (pre vs. post challenge) in the EHM and non-EHM groups and then selecting which of 

these genes were unique to each group (unique to EHM or unique to non-EHM). Significance 

was set at FDR < 0.05 and log fold change > |1|. 

For the between group comparison (contrast), there were 181 DEGs (37 upregulated and 

144 downregulated in EHM horses compared to non-EHM horses) (Figure 28A, File S5.1).  

For the within group response for non-EHM horses, there were a total of 113 DEGs (109 

upregulated during infection and 4 downregulated during infection) (Figure 28B, File S5.1). 

When looking at the within group response for the EHM horses, there were a total of 490 DEGs 

(239 upregulated during infection and 251 downregulated during infection) (Figure 28C, File 

S5.1). In order to identify genes that were uniquely upregulated and downregulated in either 



106 

 

group during EHV-1 infection, we used a Venn diagram. There were 93 commonly upregulated 

and 1 commonly downregulated gene shared between EHM and non-EHM horses. There were 

146 uniquely upregulated and 250 uniquely downregulated genes in EHM horses (potential risk 

factors) and 16 uniquely upregulated and 3 uniquely downregulated in non-EHM horses 

(potentially protective factors) (Figure 27A, B).  

Gene ontology overrepresentation 

A list of all enriched GO terms for the between group contrast comparison and also for 

the within group comparison unique to EHM horses can be seen in File S5.2. Due to the limited 

number of uniquely regulated genes in non-EHM horses, GO overrepresentation analysis did not 

result in any enriched terms. 

After removing redundant GO terms using REVIGO analysis, for the between group 

contrast comparison, there were 5 enriched biological process (with 8 associated genes) from 

upregulated genes in EHM horses compared to non-EHM horses (Table 12, Figure 29A, Figure 

30A), and 12 enriched biological processes from the downregulated genes (with 36 associated 

genes) (Table 12, Figure 29B, Figure 30B). When looking at the genes differentially regulated in 

response to challenge uniquely in EHM horses, a total of 12 biological processes were enriched 

(with 39 associated genes) and 7 biological processes downregulated (with 41 associated genes) 

(Table 13).  

For the between group contrast comparison, the gene associated with the most biological 

processes upregulated in EHM horses compared to non-EHM horses was IL6, which was 

involved in 4/5 enriched biological processes (Figure 31A). IL6 encodes the interleukin-6 (IL-6) 

protein, which is implicated in several diseases involving immune mediated damage of the 

vascular endothelium and serves as an important biomarker in human stroke [213,214]. 
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Additional upregulated responses included positive regulation of type II immune response (IL6, 

RSAD2), positive regulation of cytokine production (NOX1, RSAD2, IL1RL1, IL6, LPL) and 

regulation of cellular pH (NOX1, SLC4A9, SLC9B1) and upregulation of the interferon 

stimulated gene (RSAD2; Figure 31B). As seen in the between group contrast comparison, the 

gene involved with the most enriched process uniquely upregulated within EHM horses was also 

IL6. Additionally, upregulated functions and the associated genes were largely related to the 

defense response to virus and the type 1 interferon response pathway (CYBB, ACOD1, ZBP1, 

IRF9, TGM2, NR1H3, IL15, IRF7, CCL8, ISG20, NMI, CD180, ISG15, TIMP1, ADAR, AIM2, 

EIF2AK2, CXCL10, RTP4, IL6, TRIM56, LPL, TLR3, LAG3, SLPI) (Figure 31A, C).  

For the processes that were downregulated in the between group contrast comparison, 

JUN and FOS, the genes which encode the subunits for the AP-1 transcription factor (also 

important for T-cell activation) were downregulated (Figure 31D, E). FOS (encoding c-fos 

protein) and JUN (encoding c-jun protein) are proto-oncogenes well known for their role in cell 

proliferation [215]. The downregulation of FOS and JUN corresponds to the many other genes 

(KLF4, INSR, JUN, PDGFB, FGFR1, CCL5, EPHA4, NLRP12, DUSP1, ATF3, DUSP6) we 

observed downregulated that are known to be related to either positive or negative regulation of 

the mitogen-activated protein kinase cascades (such as the extracellular signal-related kinase 

cascade) which are important in T-cell activation and proliferation [52]. Furthermore, a key pro-

inflammatory cytokine expressed by activated T-cells, IFNG, was downregulated in EHM horses 

(Figure 31F). Other functions downregulated included leukocyte migration (IFNG, KLRK1, 

TREM1, PLCB1, NLRP12, CCL5, MMP9, CD244, PDGFB, SLC7A11, DUSP1, CX3CR1, 

DAPK2, TBX21), regulation of apoptosis (ACER2, IFNG, KLRK1, JUN, NLRP12, CCL5, 

PLK2, ATF3, FGFR1, MMP9, KLF4, SLC7A11, DUSP1, CX3CR1, DAPK2, GSN, DUSP6), 
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regulation of transcription (JUN, ATF3, KLF4, EGR2, FOS, TBX21), regulation of cell adhesion 

(KLF4, IFNG, INSR, CX3CR1, CCL5, EPHA4, PLCB1, DUSP1, SLC7A11, ACER2), vascular 

endothelial cell growth and proliferation (PDGFB, FGFR1, SLC7A11), oxidative stress (MMP9, 

SLC7A11), and NK cell activation (KLRK1, CD244, TBX21). Additional downregulated 

functions were identified when evaluating the within group comparison for EHM horses 

including those associated with fibrinogen complex formation (THBS1, FN1), as well as 

additional JUN/FOS genes (JUND and FOSB).  

Due to the limited number of uniquely regulated genes in non-EHM horses which may 

predict protective functions, GO overrepresentation analysis did not result in any enriched terms. 

Instead, we investigated the individual functions of the differentially expressed genes, which can 

be found in (Table 14). These genes had different functions and include: upregulated (BFSP2, 

NFE2, HEY1, CILP, SCD, CISH, TCF7L1, DUSP6, FAM111B, FRMD4A, LZTS1, SHISA5) 

and downregulated (CGA, SYTL2, WWTR1). General functions of the upregulated genes 

include positive or negative regulation of signal transduction (CISH, TCF7L1, DUSP6), 

regulation of cell growth (LZTS1), scaffolding (FRMD4A, CILP), repression of transcription 

(HEY1), and a transcription factor subunit for NF-E2 (NFE2). Functions of the downregulated 

genes include hormone signaling (CGA), cytotoxic granule exocytosis in lymphocytes (SYTL2), 

and negative regulation of cell proliferation (WWTR1). 

In silico cell sorting 

 The most abundant cell type identified in all groups was naïve B-cells, with 23-

37% of the cell population identifying with this fraction (Table 15). In EHM horses, we observed 

higher percent (~8%) of CD8+ T-cells pre-infection than non-EHM horses (~2%). Additionally, 

in EHM horses, there was an increase in percentage of M1 and M2 macrophages, resting 
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dendritic cells, and eosinophils following infection with EHV-1. There was a decrease in 

percentage of CD8+ T-cells, regulator T-cells, resting NK cells, M0 macrophages, and activated 

mast cells. In the non-EHM horses, there was an increase in plasma cells and CD4+ activated 

memory T-cells and a decrease in naïve B-cells and follicular helper T-cells. In both groups, 

there was an increase in percentages of γδ T-cells and activated dendritic cells (Table 15).  

Whole blood cytokine RT-qPCR 

In order to validate the differential gene expression results of our RNA seq analysis, RT-

qPCR cytokine gene expression for select genes was determined from whole blood RNA 

collected pre-challenge and day 7 post challenge. In agreement with RNA seq differential gene 

expression results from PBMCs, RT-pPCR from whole blood showed CCL5, MMP9, and 

THBS1 were significantly downregulated in the EHM group when compared to non-EHM horses 

(Figure 32A, G, I). Also in agreement with RNA seq data, CXCL10 and IRF9 expressions were 

significantly upregulated in the EHM group when compared to non-EHM horses (Figure 32C, 

E). IRF7 was upregulated in EHM horses when compared to non-EHM horses, though this was 

not significant (p = 0.14) (data not shown). For a convenient comparison, the normalized count 

data obtained from the RNA seq analysis from PBMCs for these genes have been expressed as 

delta-CPM (post CPM value – group average of pre challenge CPM) and can be seen in Figure 

32.  

Viral mRNA sequencing 

Normalized read counts expressed as transcripts per million (TPM) for EHV-1, EHV-2, 

and EHV-5 are found in File S5.3. No reads mapped to the EHV-4 genome. There was low level 

of transcription of a single EHV-1 gene in two of the EHM horses prior to EHV-1 challenge 

(File S5.3). As expected, during EHV-1 viremia post challenge EHV-1 transcripts were present 
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in all samples. The most abundant EHV-1 genes expressed in EHM horses during peak viremia 

were ORF34, ORF25, ORF18, and ORF75 (Figure 33). The products of these genes include a 

protein involved in the early step of virus egress (ORF34) and a capsid protein (ORF25), a DNA 

polymerase processivity factor (ORF18) and a membrane protein presumed to be involved in the 

virulence of certain EHV-1 strains (ORF75) [142,143]. The most abundant EHV-1 genes 

induced in non-EHM horses during viremia were ORF34, ORF18, ORF51, and ORF42 (Figure 

33). ORF51 encodes the pUL11 protein which appears to have differing roles in viral replication 

depending on the strain; however, it has shown to be essential for replication of strain Ab4 in cell 

culture [216,217]. ORF42 encodes a capsid protein [143]. Additionally, transcription of the 

equine gammaherpesvirus (EHV-2 and EHV-5) genes were present in PBMCs prior to and post 

EHV-1 challenge in both non-EHM and EHM groups (File S5.3). EHV-2 transcripts were 

identified in 1/8 and 2/8 EHM horses pre and post EHV-1 challenge, respectively, and 3/6 and 

4/6 non-EHM horses pre and post EHV-1 challenge, respectively. EHV-5 transcripts were 

identified in 2/8 and 3/8 EHM horses pre and post EHV-1 challenge, respectively, and 4/6 and 

3/6 non-EHM horses pre and post EHV-1 challenge, respectively (File S5.3).  

Identification of miRNAs 

MiRDeep2, a software tool for miRNA mapping and identification, identified 285 known 

mature equine miRNAs amongst the pooled samples. Furthermore, we identified 962 total novel 

miRNAs with a miRDeep2 score > 1 (File S5.4). Of these novel miRNAs, 860 mapped to the 

equine genome, 52 mapped to the EHV-2 genome, and 50 mapped to the EHV-5 genome. For 

EHV-2, the miRNAs clustered around three general regions on the genome: 38-44 kb and 176-

182 kb on the plus strand, and 125-127 kb on the minus strand. For EHV-5, the miRNAs 

clustered around two general regions: 36-43 kb on the plus strand and 125-127 kb on the minus 
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strand (File S5.4). Interestingly, no miRNAs were identified that mapped to either of the equine 

alpha herpesviruses, EHV-1 or EHV-4 (File S5.4).  

Differential expression of miRNAs 

Novel miRNAs with a miRDeep2 cutoff > 1 were added to the list of known miRNAs for 

quantification in each sample and quantification was performed to identify differentially 

expressed miRNAs in horses pre and post EHV-1 infection. There was an average of 14,122,680 

reads per sample with an average mapping of 59.7% (Table 16). Principal component analysis 

plot analysis of these counts indicate that samples clustered based on group (EHM vs. non-

EHM), rather than within horses as a result of infection (Figure 34). Thus, it was not surprising 

to have limited numbers of miRNAs differentially expressed as a result of EHV-1 challenge. For 

the contrast comparison comparing the differences in response to infection between groups, two 

miRNAs were upregulated and 7 miRNAs were downregulated in EHM horses compared to non-

EHM horses (Table 17). For the within group comparisons, there were no miRNAs differentially 

expressed in non-EHM horses pre vs. post EHV-1 challenge. However, in the within group 

comparison for EHM horses, there were 5 miRNAs upregulated and 5 miRNAs downregulated 

in response to EHV-1 challenge (Table 17).  

All of the upregulated genes for both the contrast and within group comparisons 

identified as novel miRNAs. However, these included one with the murine ortholog mmu-miR-

7059-5p which has been shown to be involved with the downregulation of immunoregulatory 

genes and pathways [218]. Another miRNA upregulated in EHM horses included one with the 

human ortholog hsa-miR-7108-3p, which has been shown to be upregulated in the serum of 

human stroke patients compared to controls (Figure 35A-E) [219].  
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Most of the downregulated genes in EHM horses were known equine miRNAs, though 

not much is currently understood about their biological function in horses. In addition, while 

miRNAs may play a role in many biological processes, current knowledge of the functions for 

specific miRNAs is limited to those that have been elucidated from experimental investigation 

for particular diseases of interest. Thus, there is much unknow regarding function of many 

miRNAs, particularly in horses. Expression levels of all downregulated miRNAs can be 

visualized in Figure 35F-N. The human or murine orthologs of most of our downregulated 

miRNAs (hsa-miR-199a-3p [220,221], hsa-miR-34a-5p [221,222], hsa-miR-542-5p [223,224], 

hsa-miR-10a-5p [225], hsa-miR-328-3p [226,227], and hsa-miR-138-5p [228]) have been shown 

to be involved in cell cycle control, apoptosis, or cancer, with the majority having a tumor 

suppressor function. In horses, many of these (eca-miR-138, eca-miR-328, eca-miR-10b, eca-

miR-34, and eca-miR-199) have also been identified in the male reproductive tract and are 

presumed to be involved in cell motility and viability of equine spermatozoa [229]. Additionally, 

eca-miR-34c has been shown to also be downregulated in equine ocular squamous cell 

carcinoma tissue, and it is presumed that the downregulation promotes tumorigenesis by 

providing a metabolic advantage through fatty acid synthesis [230]. We also found eca-miR-

146a/eca-miR-146a downregulated in EHM horses compared to non-EHM horses. In humans, 

hsa-miR-146a-5p targets factors to reduce p38/JNK mediated inflammation in adipocytes [231], 

and in horses eca-miR-146a has been identified in the male reproductive tract [229]. Finally, eca-

miR-328 and eca-miR-483 have been previously shown to be differentially expressed in the 

serum of certain breeds, which is interesting considering pony breeds are less likely to acquire 

EHM compared to other breeds [18,232]. In the serum of ponies, eca-miR-328 was shown to be 
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downregulated and eca-miR-483 upregulated compared to warmblood breed horses [232]. In our 

study, both of these miRNAs were downregulated in EHM horses compared to non-EHM horses. 

DISCUSSION 

In this experiment we utilized the “old mare model” (female horses > 18 years old) to 

reliably induce EHM and to compare infection with EHV-1 between EHM and non-EHM 

“protected” horses. This approach was based on the fact that EHM typically only occurs 

sporadically in EHV-1 infected horses and is challenging to induce experimentally [202]. 

However, EHM has been shown to occur in >70% of experimentally infected aged horses, and is 

more likely to occur in mares [21,208]. The increased propensity of older horses to develop 

EHM following EHV-1 infection is presumed to be a result of differing host immunity. Our goal 

was to take advantage of this phenomenon and use RNA sequencing to analyze the 

transcriptomic profile of PBMCs in horses that did and did not develop EHM to elucidate 

potential host mechanisms involved in the pathogenesis of EHM.  

Evaluating this comparison, we found an upregulation of IL6 expression in the PBMCs of 

EHM horses when compared to non-EHM horses. Excessive IL-6 production is a key feature of 

the condition known as “cytokine storm” and is considered to be a major contributor to vascular 

damage during disorders such as sepsis or systemic inflammatory response syndrome [214]. In 

PBMCs, monocytes and T-cells are the likely sources of IL-6 during an infection [233]. IL-6 is 

also widely known for its role in immunopathology of several diseases including stroke [213]. 

Ischemic stroke in humans shares many characteristics with the pathogenesis of EHM, namely 

the damage to the brain blood barrier (BBB) resulting in leukocytic inflammation and damage to 

the CNS. Serum IL-6 routinely predicts the severity of the CNS lesions as well as the clinical 

outcome in ischemic stroke patients [213,234–237]. Il-6 is thought to contribute to BBB damage 
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in multiple ways. More specifically, IL-6 can act on endothelial cells to increase their expression 

of adhesion factors, which contribute to leukocyte adhesion, infiltration, and damage to the BBB 

[238]. Furthermore, IL-6 also plays a role in promoting thrombosis, another critical feature of 

BBB damage and neuropathology [239]. In horses, IL-6 has been implicated in equine diseases 

including equine metabolic syndrome and osteoarthritis, both of which tend to occur in older 

animals [240,241]. Due to its relevance in vascular damage and immune mediated disease, in 

addition to the upregulation we observed in the present study, IL-6 is a candidate for use as a 

biomarker to predict EHM severity in EHV-1 infected horses. 

Consistent with the fact that IL-6 is known to play a role in thrombosis and 

neuropathology [239], we also identified a number of genes related to fibrin clot formation and 

changes in vascular permeability to be significantly downregulated in EHM horses. 

Physiologically, hemostasis is tightly regulated by the body, as dysfunction in either timely 

coagulation or fibrinolysis can results in pathogenic hemorrhage or clotting disorders [172]. In 

horses, the coagulation cascade is known to be induced during EHV-1 viremia, and it is thought 

that this is a major contributor to endothelial damage and the immunopathology that leads to 

EHM [24–27]. In this study, we found two genes related to fibrin clot formation (THBS1 and 

FN1) as well as MMP9, which is associated with increasing permeability of blood vessels, to be 

downregulated in PBMCs of EHM horses compared to non-EHM horses. Previously, in PBMCs 

we found upregulation of genes encoding proteins involved in coagulation during EHV-1 

viremia [242]. In humans, decreases of THBS1 expression by endothelial cells infected with 

hantavirus is linked to hemorrhagic disease, and elevated serum levels have been seen in stroke 

patients [243,244]. Elevated levels of FN1, and also MMP9 predicts endothelial damage and 

hemorrhage after stroke in response to thrombolytic therapy [245]. While it is unclear what 
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precise role the downregulation of these genes in PBMCs have in the pathogenesis of EHM, our 

results further support a role of hemostasis (dys)regulation in EHM.  

We also observed an upregulation of several interferon stimulated genes (ISGs) in EHM 

horses. These genes tend to typically be related to the innate immune response to viruses. Many 

of these ISGs were upregulated in both EHM and Non-EHM horses, which is in agreement with 

our previous observations [242]. However, EHM horses appeared to have more significantly 

upregulated genes related to the antiviral defense and type 1 interferon response than the non-

EHM group, such as the pattern recognition receptor, TLR3, the interferon regulatory factors 

IRF7 and IRF9, and interferon stimulated genes, such as RSAD2. An early and rapid induction 

of interferons has been shown critical for protection from viral diseases and we have previously 

demonstrated significantly lower amounts of IFNα in the nasal secretions of horses that went on 

to develop EHM when compared to horses that did not develop EHM at 24 hours after EHV-1 

challenge infection [22]. Confirming this observation, the EHM horses in this study also 

exhibited significantly lower IFNα secretion in the nasal secretion at 24 and 48 hours post 

infection when compared to the non-EHM horses (unpublished data). In viral infection, the 

timing of type 1 IFN pathway induction in relation to peak viral replication can dictate the 

severity of downstream immunopathology and disease, because delayed IFN responses to 

increased viral titers contribute to immunopathology, presumably through exaggerated pro-

inflammatory cytokine response and leukocytic activation [246–248]. The present study does not 

provide information on the timing of the interferon response or whether there is a delay in 

induction of IFN response in PBMCs resulting from the lower interferon levels in the nasal 

secretions and the reduced nasal shedding early on in EHM horses. There also is no information 

on how this contributes to propensity for the development of higher viremia and EHM. However, 
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the higher viremia levels in EHM horses likely explain the increased defense response genes 

observed in this group and could contribute to the downstream immunopathology of the CNS 

vasculature. Future work should focus on the expression patterns of the interferon associated 

genes over time.  

While IL-6 and associated inflammatory factors likely play a major role in the 

immunopathology of the CNS, the dysregulation of the development of an appropriate T cell 

response also appears to be involved in the likelihood to develop EHM. In our study, FOS, the 

gene encoding the c-fos protein and the direct product of the ERK cascade, was downregulated 

as well as the gene encoding the other AP-1 subunit, JUN. Many genes associated with or 

influenced by the MAPK/ERK cascades also appeared to be differentially regulated in EHM 

horses. Previously, in vitro experiments have shown that EHV-1 infection of PBMCs stimulates 

the MAPK pathway in infected cells, and thus enhances cell adhesion and viral transfer with the 

vascular endothelial cells [29,249]. In our study, we are focused on the entire PBMC population, 

not only infected cells. The differential expression of MAPK pathways in the PBMCs of EHM 

horses points to the importance of this pathway in the pathogenesis of EHM from an 

immunological perspective. Taken together with the literature on immunosenescence, our gene 

expression data support the idea that impairment of T-cell activation and cellular immunity plays 

an important role in EHM pathogenesis. Increased age has been identified as a s a risk factor for 

development of EHM [21,31]. This was confirmed in our study where EHM developed in 7/7 

aged horses and only 1/7 young horses. Immunosenescence is a well-known phenomenon 

affecting aged individuals, with T-cells being considered the most affected immune cell 

population [250,251]. One of the key features of immunosenescence is the resistance of T-cells 

to activate and proliferate upon antigenic stimulation [209]. Ligand/Receptor binding (such as T-
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cell receptor stimulation by antigen) triggers a variety of signal transduction pathways, which 

ultimately result in transcription factor production. Interleukin-2 (IL-2) expression is the 

hallmark feature of T-cell activation and proliferation. Binding of several transcription factors to 

the IL-2 promotor, including the transcription factor AP-1 are required for full activation of IL-2 

production [52]. The signal transduction pathway responsible for AP-1 production is the mitogen 

activated protein kinase (MAPK) cascade. This cascade involves the production of extracellular 

signal-related kinase (ERK), which then enters the nucleus to facilitate transcription of the FOS 

gene and phosphorylation of the c-fos protein. The c-fos and c-jun proteins form the subunits of 

AP-1, the transcription factor involved in IL-2 production [52]. Activity of AP-1 has been shown 

to be impaired in aged mice, and this is related to a decrease in FOS expression [252]. In 

humans, age related impairments in AP-1 activity has also been shown to be associated with 

decreased IL-2 production in T-cells [253]. Aging is known to reduce MAPK activation and the 

ERK1/ERK2 cascade [253–255]. Further, impairment of activation of the ERK pathway is 

known to be associated with decreased IL-2 production by T-cells in response to stimulation in 

aged humans [256]. Finally, age-related immunosenescence is also known to be associated with 

a decreased lymphoproliferative response in humans [257]. In horses, it has been shown that 

PBMCs from aged horses exhibit a reduced lymphoproliferative response in vitro when exposed 

to mitogens when compared to younger horses [258–260]. In our study, there was a significant 

upregulation of CD4+ memory cell activation in non-EHM horses, which is a response we did 

not observe in EHM horses. Furthermore, we have previously shown that lymphopenia, as well 

as decreased T-cell responses are part of the immune response to EHV-1 infection, even in 

horses that do not develop EHM [76,175,176]. Consistent with this, our data indicate there is a 

downregulation of AP-1 production (through FOS/JUN downregulation) in horses that develop 
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EHM when compared to non-EHM horses, most likely through dysregulation of MAPK/ERK 

cascades. 

In persistent viral infections (as occurs with many herpesviruses) reactivation is 

suppressed by constant immune surveillance. It has been suggested for human herpesviruses that 

this chronic antigenic stimulation contributes to immunosenescence, specifically in CD4+ and 

CD8+ memory T-cells [261]. This is thought to be because after a lifetime of replication, the 

memory cell population enters a late stage of effector differentiation and senescence [209,262]. It 

appears different herpesviruses may affect this in different ways. For example, VZV specific 

CD4+ T-cells are shown to decline with age, while human cytomegalovirus specific T-cell 

clones can grow to become a prominent proportion of the memory T-cells [209,263,264]. 

Nevertheless, frequent antigenic stimulation throughout the life of the horse likely influences the 

EHV-1 specific T-cell population in aged horses, though more work is needed to verify this.  

In addition to the dysregulation of MAPK cascades, JUN/FOS expression, and the 

presumed decrease in T-cell activation, we also observed an apparent skew towards a T-helper 

type 2 (Th2) immune response in the EHM horses when compared to the non-EHM group. The 

T-helper 1 (Th1) cytokine genes IFNG and TBX21 were downregulated in EHM horses. Though 

many phenotypes of CD4+ T cells have been identified, the classic dichotomy dictates that 

CD4+ Th cells express a repertoire of cytokines that fit either a Th1 (pro-inflammatory) or Th2 

(anti-inflammatory) upon activation. Th1 immunity contributes to effective clearance of viral 

infections and encourages CTL responses, which are the only known correlate for protection 

from EHV-1 [21,53,54]. In further support of a transition to a Th2 immune response and its 

contribution to EHM, the horses that developed EHM in our study showed higher levels of IL-10 

in nasal secretions and CSF and lower IFNα and IL-17 in nasal secretions when compared to 
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non-EHM horses (unpublished data). Furthermore, EHM horses induced a greater EHV-1 IgG(T) 

antibody sub-isotype response following EHV-1 challenge compared to non-EHM horses 

(unpublished data). This sub-isotype has been associated with a Th2 immune response in horses 

[265]. The observed skew from Th1 to Th2 immunity in horses that develop EHM indicates that 

proper Th1 mediated immune responses are important protective features against EHV-1 

infection and EHM and a shift to Th2 responses may predispose horses to clinical EHM.  

We also saw some differential expression of chemokines in EHM horses compared to 

non-EHM horses. CXCL10 is best known for its T-cell chemotactic activity and its receptor can 

be found on Th1 cells, CD8+ cytotoxic lymphocytes, and NK cells [156]. We observed an 

upregulation of CXCL10 in EHM horses, but not in non-EHM horses. This is in contrast to our 

previous study where we found a statistically significant increase in CXCL10 expression in 

PBMCs following EHV-1 challenge [242]. Additionally, infection of PBMCs in vitro has been 

shown to increase CXCL10 expression [41]. Thus, it was surprising to see that CXCL10 was 

only significantly upregulated in the EHM horses in this study. However upon further 

examination it was apparent that CXCL10 was upregulated in the non-EHM horses in this study 

as well but this difference was not statistically significant (FDR = 0.16, log fold change = 1.5). 

Additionally, we saw a CCL5 was downregulation in EHM horses. Also known as “regulated 

upon activation normal T-cell expressed and secreted” or “RANTES”, CCL5 acts as a 

chemotactic agent for monocytes, T-cells, NK cells, dendritic cells, eosinophils, and basophils 

[266]. Aging may have an impact on the sensitivity of PBMCs to secrete CCL5 following 

stimulation. In human PBMCs, T-cells from the elderly produced more CCL5, while NK cells 

produced less when compared to PBMCs from younger people [267]. While the role of the 
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downregulation of CCL5 from PBMCs is unknown in EHM pathogenesis, it likely reflects 

differences in cell populations, activation status, and responsiveness between these two groups.  

In addition to host transcripts, we were able to identify viral transcription in the PBMCs 

using RNA sequencing analysis. EHV-1 transcription was detected in all samples post EHV-1 

infection, but no noticeable differences in gene expression between EHM and non-EHM horses 

were observed. We found very little EHV-1 transcription in PBMCs prior to EHV-1 challenge, 

and only two pre-challenge samples (0/6 non-EHM horses and 2/8 EHM horses) were positive 

for EHV-1 transcripts. This is in contrast to our previous study, where we found low-level 

transcription in 5 of 7 horses prior to EHV-1 challenge, which likely indicated latent infection 

[242]. It is possible that the previously described horses were latently infected with EHV-1, 

while the majority of the horses in the present study were not. However, this is unlikely as most 

horses are exposed to EHV-1 at a young age, often before 1 year of age [1–4]. Another 

explanation could be differences in the sensitivities of the two analyses. However, while the 

RNA quality was slightly better in our previous study, the depth of sequencing and mapping 

quality was comparable between the two. Another explanation is that there is a difference in the 

“depth” of latency in PBMCs between the different herds in this experiment. It is thought that 

EHV-1 exhibits several gene expression profiles during latency and “deeper” latency is 

characterized by lower transcription [132]. It is possible different factors between the herds 

contributed to modulation of EHV-1 depth of latency in the PBMCs. We additionally identified 

transcripts from the gammaherpesviruses EHV-2 and EHV-5 in several samples both pre and 

post EHV-1 challenge with no apparent effect of EHV-1 challenge, which is what we observed 

previously [242]. We did observe that EHV-2 transcripts were more prevalent in the non-EHM 
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group – which may indicate that younger horses are more likely to have active transcription of 

EHV-2. 

Small RNA sequencing and analysis identified several known and novel host and viral 

miRNAs expressed in the PBMC samples of these horses. Interestingly, and in agreement with 

our previous findings [242], no miRNAs mapped to the EHV-1 or EHV-4 genomes, even during 

peak EHV-1 viremia. Also in agreement with our previous study, several miRNAs were 

identified for the equine gammaherpesviruses, EHV-2, and EHV-5. The gammaherpesviruses are 

known for their persistence in lymphocytes [186,187]. Given our findings, it is presumed that 

miRNA expression plays a role in the maintenance of latent lymphocytic infection of 

gammaherpesviruses. The lack of EHV-1 miRNAs indicate that EHV-1 likely does not make use 

of miRNA expression during lymphocytic infection during peak viremia. We also identified 

numerous equine (host) miRNAs expressed by the PBMCs. However, very few of these were 

differentially expressed as a result of EHV-1 infection. Of the few miRNAs altered during EHV-

1 infection, the majority were downregulated in EHM horses during infection. The human and 

murine orthologs of these miRNAs have routinely been associated with cancer, and presumably 

due to their role in regulation of the cell cycle [220–228]. It is unknown what the role of these 

miRNAs are in EHM development, but the differences between EHM and non-EHM horses may 

indicate differences in the proliferative activity of PBMCs between the two groups. 

For this study, we used the “old mare model” in order to reliably induce EHM in horses 

using EHV-1 challenge infection. It has been well established aged female horses are 

significantly more likely to develop EHM during acute EHV-1 infection, and we also observed 

this in our study where all aged (but only one young) horses developed EHM, all of which were 

female [21,31,202]. It is known that factors associated with age and sex also play a role in the 
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development of EHM [18,21]. It is also known that EHV-1 associated abortions are rare when 

infection occurs in early pregnancy, but more frequent when it occurs in late pregnancy. It is 

presumed that changes to the hormonal microenvironment of the pregnant uterus predisposes this 

site to vasculitis and thrombosis at different stages of pregnancy [268]. In our study, we observed 

genes associated with the response to progesterone upregulated in EHM horses following EHV-1 

challenge. It was not within the scope of this study to tease out specific differences between ages 

and sexes of horses, but rather to reliably induce EHM. More work is needed to study factors in a 

larger cohort of younger and male horses that develop EHM. Additionally, focusing on more 

timepoints, specifically looking at early immune events in the PBMCs and the respiratory tract 

on day 1 or 2 following challenge could help to further elucidate host factors important for 

protection from EHM.  

In summary, the features we found to be associated with EHM such as elevated IL-6 

expression and decreased T-cell activation through reduced AP-1 production can be explained 

with the phenomena associated with the aging immune system. Regardless, these mechanisms 

are also likely involved in EHM development in younger horses and were observed in the young 

horse exhibiting EHM in our study as well. Further host mechanisms identified to be associated 

with EHM included factors involved in coagulation, cell adhesion and the response to 

progesterone. Future studies should follow up on these factors identified as risk factors (or 

protective factors) for EHM in cohorts of horses of all age groups and of both sexes as well as in 

different breeds. In conclusion, this study provides an unbiased insight into differences in 

systemic responses during peak viremia of horses with and without EHM during EHV-1 

infection and identifies inhibition of IL-6, regulation of hemostasis, and mechanisms to activate 
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T-cells, and shifting immune responses toward Th1 cell-mediated immunity as interesting targets 

for protection from EHM.  
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CONCLUSIONS AND FUTURE DIRECTIONS 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 In this dissertation I describe my work dedicated to further the understanding of equine 

immunity to equine herpesvirus 1 infection. My initial experiment was not per se designed to 

investigate host immunity, however, the unexpected results lead to my speculation that the 

interplay between innate and adaptive systemic immune responses are complex and important for 

protection against EHV-1 viremia. As viremia is the central pre-requisite for secondary diseases 

such as EHM, this speculation deserved to be further investigated. In this experiment, I 

hypothesized that delivery of the IR2 gene (a gene inhibitory for EHV-1 replication) using a 

human adenovirus vector would reduce EHV-1 replication in the nasal epithelium and thereby 

reduce clinical disease and viremia. Contrary to my hypothesis, I found no reduction in nasal 

viral shedding, but instead, horses that received either the IR2 vector or the null (empty) viral 

vector had a decrease in viremia compared to horses that received no adenovirus treatment. It is 

my belief that delivery of the adenovirus to the nasal epithelium 2 days prior to EHV-1 challenge 

initiated an anti-viral innate immune response and “primed” the horses to mount a more effective 

systemic immune response upon EHV-1 challenge infection. 

 This lead to my second experiment, which investigated the efficacy of an intranasal live-

attenuated influenza virus (LAIV) vaccine treatment to provide protection from EHV-1. Prior to 

investigating this hypothesis in vivo, I performed an in vitro experiment with equine respiratory 

epithelial cell (EREC) cultures. The goal of this was to determine at what day post LAIV 

treatment was optimal immune induction achieved, as measured by expression of cytokine 

mRNA and protein, specifically interferons and chemokines. I found that LAIV treatment in 

ERECs, particularly 5 days prior to EHV-1 inoculation, did improve immune responses to EHV-

1 and reduced EHV-1 replication. The intention was to then vaccinate horses with intranasal 
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LAIV a few days prior to EHV-1 challenge infection and measure immunological, virologic, and 

clinical signs of disease. Unfortunately, a naturally occurring outbreak of EHV-4 spread through 

the research herd prior to the experiment. Due to the similarities of EHV-4 and EHV-1 and 

antibody cross reactivity between the two viruses, it was determined these horses should not 

continue in the study. Resource limitations indefinitely postponed this in vivo experiment.  

 While the first two experiments focused on innate immune events at the respiratory 

epithelium and their role in protection from EHV-1, it is my ultimate goal to protect horses 

particularly from EHM. Therefore, the next experiments were focused on the systemic host 

immune responses in PBMCs during viremia. As a the carriers of EHV-1 to secondary infection 

sites, as well as important inflammatory cells PBMCs are an important tissue to study the 

mechanisms surrounding EHM pathogenesis. These experiments used next-generation RNA 

sequencing to create an unbiased gene expression profile of the samples. The first experiment 

was initially designed as a pilot study to the study described in chapter 5, in order to ensure the 

data analysis would be successful with a larger number of samples. However, analysis of this 

“pilot” data revealed many previously unknown features of viremia. For example, I found type 1 

interferon response to be robustly upregulated in PBMCs. In addition, I found PBMCs to be 

sources of chemokines (especially the CXCR3 ligands) as well as components of the 

complement and coagulation protein activation cascades.  

 While this study provided previously unknown data at the gene expression responses in 

PBMCs during EHV-1 viremia, the question remained as to which mechanisms are different in 

horses that go on to develop clinical EHM.  The experiment described in chapter 5 was designed 

to compare horses with and without EHM disease in order to identify systemic host immune 

mechanisms ultimately responsible for the disease. I identified features such as IL-6 
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overexpression, defects in T-cell activation, and a skew from Th1 to Th2 immunity to be likely 

contributors to EHM.  

The work in this dissertation identifies some potential directions for future studies: 

Firstly, this work identifies IL-6 as a biomarker and potentially a target for EHM disease. IL-6 is 

an important cytokine involved in the immunopathology of many diseases involving vascular 

permeability and endothelial damage [213]. In humans, serum IL-6 expression can be used as a 

biomarker to predict severity of stroke in addition to clinical outcome [213,234–237]. Based on 

the mRNA expression we observed in PBMCs, it would be a logical and exciting next step to 

analyze serum IL-6 levels in these horses, as well as any other available clinical or research 

samples to identify the ability of IL-6 to predict EHM incidence in horses. Serum samples are 

relatively easy for clinicians and researchers to obtain and should serum IL-6 prove to useful for 

predicting EHM would allow for expansion of current research using larger samples and more 

diverse study designs. In addition to being a marker of disease, IL-6 also likely plays a direct role 

in immunopathology leading to EHM clinical disease. As such, IL-6 inhibition is an interesting 

idea to explore as target for treatment or protection from EHM.  

Secondly, the inability of current EHV-1 vaccines to induce protection against EHM has 

been thought to be associated with the difficulty in in stimulating cell-mediated immunity  

[53,54]. The work described in this dissertation further supports the idea that T-cell activation 

deficiencies, especially in older horses, may contribute to the pathogenesis of EHM. Similarly, 

deficits in T-cell mediated immunity has been implicated in shortcomings of varicella-zoster 

virus (VZV) vaccines to protect against herpes zoster (HZ) disease in older humans [269]. A 

recent new vaccine (brand name Shingrix, manufactured by GlaxoSmithKline) has recently been 

shown to outperform previously approved vaccines for HZ, and is recommended as the 
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“preferred shingles vaccine” according to the Centers for Disease Control and Prevention 

[269,270]. The success of Shingrix has been attributed to the adjuvant, AS01. This adjuvant 

contains two stimulants: Quillaja saponaria Molina, fraction 21 (QS-21), which stimulates 

innate immunity and recruitment and activation of dendritic cells, and 3-O-desacyl-4′-

monophosphoryl lipid A (MPL), which acts as a TLR-4 agonist. These two stimulants act in a 

synergistic way to boost cell-mediated immune responses [269,271–273]. Given the similarities 

between EHV-1 and VZV life-cycles and cell tropism, in addition to the problems generating 

protective immunity of older individuals, investigation of similar technology in adjuvants for 

EHV-1 vaccination is warranted. 

Finally, additional host mechanisms contributing to EHM may be identified or clarified 

by comparing the transcriptome of PBMCs in age and sex matched horses with EHV-1 infection 

to those with EHV-4 infection. EHV-4 is the other major alphaherpesvirus affecting horses, and 

is genetically and antigenically very similar to EHV-1. While both viruses cause respiratory 

disease in younger horses, the hallmark difference between these two viruses is that EHV-4 

causes little to no viremia, and is not known to result in EHM, even in aged horses [274]. We 

have previously investigated differences in host responses to EHV-4 genes by replacing the 

glycoprotein D gene of EHV-1 with that of EHV-4, and we found delays and reductions in 

viremia [22]. Virological factors (such as glycoproteins) may explain part of the differences in 

clinical diseases between these two viruses. However, cell tropism and viremia establishment 

may not be explain the whole story. In fact, I performed deep sequencing analysis of PBMCs of 

horses with EHV-4 infection and found that EHV-4 transcription occurred in all 5 horses 

sampled (unpublished data). This indicates that EHV-4 viremia may be more prevalent than 

previously thought, and viremia alone cannot account for the different propensities of these two 
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viruses to cause neurologic disease. In light of the results presented in this thesis, a more 

comprehensive analysis of systemic host immunity to these two viruses, ideally a repeated 

measure design and experimental challenge infection of aged matched older horses. To help 

shape this hypothesis, I have collected and performed RNA deep sequencing on 5 young horses 

with EHV-4 infection and can compare to the transcriptome post infection of the young horses 

with EHV-1 presented in Chapter 4 or 5. A limitation to this is there were no pre-samples 

collected for the EHV-4 infected horses (as these were collected during an unexpected natural 

EHV-4 outbreak). However, the analysis may provide useful information to shape a future study 

investigating differential host responses to these two viruses.   
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Figure 1. Overview of adaptive immunity involved in protection from EHV-1. Cytokines 

expressed from and Th cells, as well as other surrounding cells, dictate the polarization of 

responses following antigen presentation and activation. Th1 cells produce IFNγ, which further 

promotes Th1 cell differentiation, as well as CTL activation. Th2 cells produce cytokines such as 

IL-4, which promote humoral immune responses. Th1 cytokines block activation of Th2 cells, 

while Th2 cytokines block activation of Th1 cells, further contributing to the polarity of these 

responses. Following activation, T-cells produce IL-2 which acts in an autocrine manner to 

stimulate proliferation of that clone.  
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Table 1. Experimental design. Groups consisted of Ad-IR2 treated horses (n=4), null Ad 

treated horses (n = 4), or no Ad vector controls (n=8). Ad-IR2 or null Ad treatment was 

performed on day -2. EHV-1 challenge was performed on all groups on day 0. Pre samples were 

collected between days -13 and -3. X indicates daily sampling. ad indicates sampling on 

alternating days. Y indicates sampling for only the Ad-IR2 and null Ad groups. *sample 

collections on day 0 were performed prior to EHV-1 challenge. Physical exams were performed 

to collect clinical score and body temperature data. VN – virus neutralizing serum titer. 

 

Experimental design 

 pre -2 -1 0 1 2 --- 7 --- 10 11 12 13 14 --- 20 

Physical 

exams 

X  X  X X X X X X X X X X ad ad 

Nasal 

Shedding 

X    X X X X X X X X     

Viremia X    X X X X X X       

VN titers X       X      X  X 

Nasal 

cytokines 

X  Y Y* X            

Nasal 

IR2P 

X  Y Y* X            
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Table 2. Clinical score grading criteria. For each sampling session, a grade was assigned for 

each component (cough, nasal discharge, and ocular discharge) for each horse and summed for a 

total clinical score.  

 

Clinical Score Criteria 

Score Cough Nasal Discharge Ocular Discharge 

0 No coughing during 

sampling time 

No discharge or 

slight serous 

discharge 

No discharge 

0.5 Single cough during 

sampling time 

Copious serous 

discharge 

Serous discharge 

1 Two coughs during 

sampling time 

Slight mucopurulent 

discharge 

Slight mucopurulent 

discharge 

2 ≥ 3 coughs during 

sampling time 

Moderate or severe 

mucopurulent 

discharge 

Moderate or severe 

mucopurulent 

discharge 
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Figure 2. Detection of IR2P in NBL-6 cells by western blot analysis. NBL-6 cells were 

transduced with the newly created IR2P-expressing recombinant adenovirus (Ad-IR2) vector or 

null vector (null Ad) at an MOI of 5, harvested, and analyzed with anti-IEP (IR2P) OC33 

antibody [69]. As a positive control, the IR2P were expressed from the IR2 expression vector 

pSVIR2.   
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Figure 3. IR2P-expressing recombinant adenovirus (Ad-IR2) reduces EHV-1 yield. (A) 

ARPE-19 cells and (B) NBL-6 cells were inoculated with the Ad-IR2 and an MOI of 30 and 24 h 

later inoculated with EHV-1 RacL11 at an MOI of 0.02 At the indicated time post EHV-1 

inoculation, the cell culture was harvested for use in a plaque assay. EHV-1 titers were 

determined by plaque assay on NBL6 cells. Each sample was assayed in triplicate and data are 

presented as means ± SD. 
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Figure 4. Clinical disease following EHV-1 infection. (A) Rectal body temperature was 

measured at the indicated timepoints. Fever is indicated by the line at 101.5 °F. (B) Total clinical 

score was assessed during the physical examination and calculated for each individual horses by 

adding scores for cough, nasal discharge, and ocular discharge following the criteria in table 2. 

All data are presented as means ± SEM. * indicates statistically significant difference between 

the control group when compared to the Ad-IR2 and the null Ad groups (p ≤ 0.05).   
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Figure 5. Viral load following EHV-1 infection. (A) Nasal viral shedding. Nasal swab samples 

were collected from each horse at the indicated timepoints and stored at -80 °C until further 

processing. (B) Viremia. Whole blood was collected by jugular venipuncture into heparinized 

tubes at the timepoints indicated for each horse. Immediately following blood collection, PBMCs 

were isolated by density gradient centrifugation as previously described [76] and stored at -80 °C 

until further processing. Viral load was determined for all frozen samples via qPCR as 

previously described [10]. Data are presented as means ± SEM. * indicates statistically 

significant difference between the control group when compared to the Ad-IR2 and the null Ad 

groups (p ≤ 0.05). 
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Figure 6. Nasal cytokine protein expression. (A) IFNα (B) IFNγ (C) IL-4 (D) IL-10. Nasal 

secretion samples were collected at the indicated timepoints by inserting and absorbent tampon 

into the central nasal meatus of each horse. After 30 m, the tampon was removed and centrifuged 

for 20 m at 2,000 x g to collect the fluid. Fluid was stored at -80 °C until further processing. 

Protein expression was quantified using a bead-based multiplex assay as described previously 

[78]. Ad-IR2 or null Ad administration occurred on day -2 and EHV-1 challenge occurred on day 

0 after sampling occurred. Data are presented as means ± SEM. * indicates statistically 

significant difference compared to baseline (day -9) values (p ≤ 0.05). † indicates statistically 

significant difference between the indicated groups on that day (p ≤ 0.05).   
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Figure 7. Virus neutralizing (VN) antibody titers in blood serum following EHV-1 

infection. Blood serum was collected via jugular venipuncture at the indicated timepoints. VN 

assays were performed with final serial dilutions of serum from 1:4 to 1:4096 as previously 

described [77]. Data are presented as means ± SEM.   
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Table 3. Grading criteria for Flu Avert toxicity in EREC cultures. 

 

Grade Criteria 

0 Cells appear healthy 

1 Cell clumping or mucus in <50% of well or minor clumping/mucus 

2 Cell clumping or mucus in >50% of well or severe clumping/mucus 

3 Same as grade “2” plus cells peeling off of culture membrane 
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Table 4. Primer and probe source list. 

 

Primer and probe source list 

Gene Source 

CCL2 TaqMan® Gene Expression assay no: Ec03468496_ml (Thermo Fisher) 

CCL5 TaqMan® Gene Expression assay no: Ec03468106_ml (Thermo Fisher) 

CXCL9 TaqMan® Gene Expression assay no: Ec03469470_ml (Thermo Fisher) 

CXCL10 TaqMan® Gene Expression assay no: Ec03469403_ml (Thermo Fisher) 

IL-8 TaqMan® Gene Expression assay no: Ec03468860_ml (Thermo Fisher) 

IFN-γ TaqMan® Gene Expression assay no: Ec03468606_ml (Thermo Fisher) 

IFN-α Designed in house;  

Forward 5’-CGGAAGCCTCAAGCCATCT-3’ 

Reverse 5’-TCTGTGCTGAAGAGGTGGAAGA-3’ 

Probe 5’-TGCGGTCCATGAGACGATCCAACA-3’ 

IFN-β Young Go, et al. 2014 [275] 

IL-10 TaqMan® Gene Expression assay no: Ec03468647_ml (Thermo Fisher) 

ACTB TaqMan® Gene Expression assay no: Ec04176172_gH (Thermo Fisher) 

B2M TaqMan® Gene Expression assay no: Ec03468699_ml (Thermo Fisher) 

GUSB TaqMan® Gene Expression assay no: Ec03470630_m1 (Thermo Fisher) 
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Table 5. Intracellular and extracellular EHV-1 virus. 

 

Intracellular Virus 

Flu Avert 

treatment day 

# of cultures 

where viral 

load is reduced 

by >104 gB 

DNA copies 

Day -1 7/10 

Day -2 8/10 

Day -5 8/10 

Day -7 4/10 

Extracellular Virus 

Flu Avert 

treatment day 

# of cultures 

where viral 

load is reduced 

by >500 gB 

DNA copies 

Day -1 7/10 

Day -2 5/10 

Day -5 7/10 

Day -7 6/10 
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Figure 8. Cell viability and chemokine mRNA expression following Flu Avert treatment in 

ERECs. A. Microscopic analysis of EREC cultures. Mean grades from cells of three horses  
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Figure 8. (Cont’d) following Flu Avert treatment at different MOI. Grade 0 indicates cells 

appear healthy. Grade 1 indicates cell clumping or mucus in < 50% of well or minor clumping or 

mucus. Grade 2 indicates cell clumping or mucus in > 50% of the well or severe clumping or 

mucus. Grade 3 criteria is same as for grade 2, plus cells peeling off of the membrane. B. Cell 

viability analysis. Mean percent positive cells ± SEM of three horses at each MOI as determined 

with propidium iodide staining. Black circle is MOI = 0. Black square is MOI = 0.1. Black 

upright triangle is MOI = 1. Black upside down triangle is MOI = 5. C. IL-8 mRNA expression. 

D. CCL2 mRNA expression. E. CXCL9 mRNA expression. Values are mean log fold change (-

ddCq) ± SEM. Black square represents untreated (media) treated ERECs. Black circle represents 

Flu Avert treated ERECs. * and ** indicates statistically significant difference at p ≤ 0.05 and p 

< 0.01, respectively, between media and Flu Avert treatment groups. 
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Figure 9. Difference in EHV-1 copy number between Flu Avert treated and media treated 

ERECs. A. Intracellular copy number in cells treated with Flu Avert or media at day-1 prior to 

EHV-1 inoculation; B. Intracellular copy number in cells treated with Flu Avert or media at day-

2 prior to EHV-1 inoculation; C. Intracellular copy number in cells treated with Flu Avert or 

media at day-5 prior to EHV-1 inoculation; D. Intracellular copy number in cells treated with Flu 

Avert or media at day-7 prior to EHV-1 inoculation. 
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Figure 10. Difference in EHV-1 copy number between Flu Avert treated and media treated 

ERECs. A. Extracellular copy number in cells treated with Flu Avert or media at day-1 prior to 

EHV-1 inoculation; B. Extracellular copy number in cells treated with Flu Avert or media at day-

2 prior to EHV-1 inoculation; C. Extracellular copy number in cells treated with Flu Avert or 

media at day-5 prior to EHV-1 inoculation; D. Extracellular copy number in cells treated with 

Flu Avert or media at day-7 prior to EHV-1 inoculation. * p<0.05. 
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Figure 11. Effect of Flu Avert treatment on chemokine mRNA expression in ERECs 24 

hours following EHV-1 inoculation. A. IL-8 mRNA expression in ERECs that were treated 

with Flu Avert on day -5 prior to EHV-1 inoculation. B. IL-8 mRNA expression in ERECs that 

Figure 11. (Cont’d) were treated with Flu Avert on day -7 prior to EHV-1 inoculation. C. 

CXCL10 mRNA expression in ERECs that were treated with Flu Avert on day -5 prior to EHV-1 
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inoculation. D. CXCL10 mRNA expression in ERECs that were treated with Flu Avert on day -7 

prior to EHV-1 inoculation. The mean log fold change (-ddCq) is represented by a bar. * 

indicates statistically significant difference (p < 0.05).  
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Figure 12. Effect of Flu Avert treatment on chemokine mRNA expression in ERECs 48 

hours following EHV-1 inoculation. A. IL-8 mRNA expression in ERECs that were treated 

with Flu Avert on day -1 prior to EHV-1 inoculation. B. IL-8 mRNA expression in ERECs that 

were treated with Flu Avert on day -2 prior to EHV-1 inoculation. C. IL-8 mRNA expression in 

ERECs that were treated with Flu Avert on day -5 prior to EHV-1 inoculation. D. IL-8 mRNA 

expression in ERECs that were treated with Flu Avert on day -7 prior to EHV-1 inoculation. E. 

CCL2 mRNA expression in ERECs that were treated with Flu Avert on day -1 prior to EHV-1 

inoculation. F. CCL2 mRNA expression in ERECs that were treated with FluAvert on day -2 

prior to EHV-1 inoculation. G. CCL2 mRNA expression in ERECs that were treated with Flu 

Avert on day -5 prior to EHV-1 inoculation. H. CCL2 mRNA expression in ERECs that were 

treated with Flu Avert on day -7 prior to EHV-1 inoculation. The mean log fold change (-ddCq) 

is represented by a bar. ** indicates statistically significant difference (p<0.01). * indicates 

statistically significant difference (p < 0.05). 
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Figure 13. Effect of Flu Avert treatment on chemokine mRNA expression in ERECs 72 

hours following EHV-1 inoculation. A. CCL2 mRNA expression in ERECs that were treated 

with Flu Avert on day -2 prior to EHV-1 inoculation. B. CCL2 mRNA expression in ERECs that 

were treated with Flu Avert on day -5 prior to EHV-1 inoculation. C. CCL2 mRNA expression in 

ERECs that were treated with Flu Avert on day -7 prior to EHV-1 inoculation. D. CXCL9 

mRNA expression in ERECs that were treated with Flu Avert on day -2 prior to EHV-1 

inoculation. E. CXCL9 mRNA expression in ERECs that were treated with Flu Avert on day -5 

prior to EHV-1 inoculation. F. CXCL9 mRNA expression in ERECs that were treated with Flu 

Avert on day -7 prior to EHV-1 inoculation. The mean log fold change (-ddCq) is represented by 

a bar. * indicates statistically significant difference (p < 0.05). 
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Figure 14. IL-10 protein expression in EREC supernatants 72 hours post EHV-1 infection. 

The mean concentration (pg/ml) is represented by a bar. * represents statistically significant 

difference (p < 0.05). 
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Table 6. Mapping summary statistics of mRNA sequencing. Total reads after sequencing and 

the number and percent that uniquely mapped to the EquCab3.0 genome are shown for each 

sample. 

 

Mapping summary statistics of mRNA sequencing 

Sample ID Total reads Uniquely mapped (number of 

reads) 

Uniquely mapped 

(%) 

H1_PRE 26999513 21296243 78.9 

H1_POST 27536037 20976540 76.2 

H2_PRE 35256030 29155433 82.7 

H2_POST 42517852 33582323 79.0 

H3_PRE 56397724 45505043 80.7 

H3_POST 63282694 51758322 81.8 

H5_PRE 93180427 75568952 81.1 

H5_POST 27862507 23309213 83.7 

H6_PRE 50453360 40889209 81.0 

H6_POST 24740083 19062322 77.1 

H7_PRE 26710306 20926895 78.3 

H7_POST 52898636 43121055 81.5 

H9_PRE 51887615 42716415 82.3 

H9_POST 28998398 23182557 79.9 

Average 43480084 35075037 80.3 
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Table 7. Differentially expressed genes. 

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

ENSECAG00000034754 6.4 3.8E-22 Interferon-induced 

transmembrane protein 

3 (PTHR13999:SF4) 

No UniProtKB function listed 

DDX60 6.1 1.1E-65 ATP-dependent RNA 

helicase DDX60-

related 

(PTHR44533:SF3) 

Positively regulates DDX58/RIG-I- 

and IFIH1/MDA5-dependent type I 

interferon and interferon inducible 

gene expression in response to viral 

infection. 

MX2 

5.8 1.4E-64 

Interferon-induced 

GTP-binding protein 

MX2 

(PTHR11566:SF46) 

Interferon-induced dynamin-like 

GTPase with potent antiviral activity 

against human immunodeficiency 

virus type 1 (HIV-1). 

APOBEC3Z1B 5.8 

1.8E-07 

DNA DC-DU-editing 

enzyme APOBEC-3G 

(PTHR13857:SF20)  

No UniProtKB function listed 

ENSECAG00000032492 5.0 1.7E-52 

Subfamily not named 

(PTHR44533:SF5) 

No UniProtKB function listed 

CXCL9 4.8 5.7E-34 

C-X-C motif 

chemokine 9 

(PTHR10179:SF44) 

Cytokine that affects the growth, 

movement, or activation state of 

cells that participate in immune and 

inflammatory response. Chemotactic 

for activated T-cells.  

NRGN 

4.6 8.6E-04 

none Acts as a 'third messenger' substrate 

of protein kinase C-mediated 

molecular cascades during synaptic 

development and remodeling.  
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

TNFSF15 4.5 4.9E-04 

Tumor necrosis factor 

ligand superfamily 

member 15 

(PTHR11471:SF24) 

Mediates activation of NF-kappa-B. 

Inhibits vascular endothelial growth 

and angiogenesis (in vitro). 

Promotes activation of caspases and 

apoptosis. 

ENSECAG00000004433 4.5 1.5E-70 

Interferon-induced 

protein with 

tetratricopeptide 

repeats 1 

(PTHR10271:SF30) 

No UniProtKB function listed 

ENSECAG00000015137 

4.4 

1.5E-03 

Granzyme B 

(PTHR24271:SF53) 

No UniProtKB function listed 

CXCL11 4.4 1.5E-07 

C-X-C motif 

chemokine 11 

(PTHR10179:SF28) 

Chemotactic for interleukin-

activated T-cells but not 

unstimulated T-cells, neutrophils or 

monocytes. 

C3AR1 4.4 1.6E-05 

C3A anaphylatoxin 

chemotactic receptor 

(PTHR24225:SF28) 

Receptor for the chemotactic and 

inflammatory peptide anaphylatoxin 

C3a. This receptor stimulates 

chemotaxis, granule enzyme release 

and superoxide anion production. 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

CXCL10 4.3 3.9E-21 

C-X-C motif 

chemokine 10 

(PTHR10179:SF47) 

Pro-inflammatory cytokine that is 

involved in a wide variety of 

processes such as chemotaxis, 

differentiation, and activation of 

peripheral immune cells, regulation 

of cell growth, apoptosis and 

modulation of angiostatic 

effects.Plays thereby an important 

role during viral infections by 

stimulating the activation and 

migration of immune cells to the 

infected sites. 

ENSECAG00000001555 4.3 5.4E-04 

Metallothionein-2 

(PTHR23299:SF24) 

No UniProtKB function listed 

ENSECAG00000032756 4.3 1.4E-07 

DNA DC-DU-editing 

enzyme APOBEC-3G 

(PTHR13857:SF20) 

No UniProtKB function listed 

SAMD9L 

4.2 5.3E-53 

Sterile alpha motif 

domain-containing 

protein 9-like 

(PTHR16155:SF18) 

May be involved in endosome 

fusion. Mediates down-regulation of 

growth factor signaling via 

internalization of growth factor 

receptors. 

MX1 4.2 5.8E-79 

 Interferon-induced dynamin-like 

GTPase with antiviral activity 

against a wide range of RNA viruses 

and some DNA viruses. 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

BCL2L14 4.0 7.4E-08 

Apoptosis facilitator 

BCL-2-like protein 14 

(PTHR14965:SF1) 

Plays a role in apoptosis. 

GBP1 3.9 2.2E-56 

Guanylate-binding 

protein 1 

(PTHR10751:SF96) 

Hydrolyzes GTP to GMP in 2 

consecutive cleavage reactions. 

Exhibits antiviral activity against 

influenza virus. Promotes oxidative 

killing and delivers antimicrobial 

peptides to autophagolysosomes, 

providing broad host protection 

against different pathogen classes. 

ACOD1 3.9 5.5E-39 

Cis-Aconitate 

Decarboxylase 

(PTHR16943:SF11) 

Involved in the inhibition of the 

inflammatory response. Acts as a 

negative regulator of the Toll-like 

receptors (TLRs)-mediated 

inflammatory innate response by 

stimulating the tumor necrosis factor 

alpha-induced protein TNFAIP3 

expression via reactive oxygen 

species (ROS) in LPS-tolerized 

macrophages. Involved in 

antimicrobial response of innate 

immune cells; ACOD1-mediated 

itaconic acid production contributes 

to the antimicrobial activity of 

macrophages. 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

IFIT3 3.9 8.2E-91 

Interferon-induced 

protein with 

tetratricopeptide 

repeats 3 

(PTHR10271:SF3) 

IFN-induced antiviral protein which 

acts as an inhibitor of cellular as 

well as viral processes, cell 

migration, proliferation, signaling, 

and viral replication. 

C1R 

3.8 2.3E-19 

Complement C1R 

subcomponent 

(PTHR24255:SF25) 

C1r B chain is a serine protease that 

combines with C1q and C1s to form 

C1, the first component of the 

classical pathway of the 

complement system. 

ALPK1 

3.8 2.2E-03 

Alpha-protein kinase 1 

(PTHR46747:SF1) 

Serine/threonine-protein kinase that 

detects bacterial pathogen-

associated molecular pattern 

metabolites (PAMPs) and initiates 

an innate immune response, a 

critical step for pathogen 

elimination and engagement of 

adaptive immunity. 

ENSECAG00000028889 3.6 3.3E-04 

Metallothionein-2 

(PTHR23299:SF24) 

No UniProtKB function listed 

IFI44 

3.6 1.2E-100 

Interferon-induced 

protein 44 

(PTHR14241:SF3) 

This protein aggregates to form 

microtubular structures. 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

ENSECAG00000033029 3.6 8.0E-15 

Interferon-induced 

protein with 

tetratricopeptide 

repeats 1B 

(PTHR10271:SF16) 

No UniProtKB function listed 

HSD11B1 3.5 1.1E-11 

Corticosteroid 11-

Beta-dehydrogenase 

isozyme 1 

(PTHR44279:SF1) 

Catalyzes reversibly the conversion 

of cortisol to the inactive metabolite 

cortisone. 

OAS1 3.5 5.4E-79 

2’-5’-oligoadenylate 

synthase 1 

(PTHR11258:SF13) 

Interferon-induced, dsRNA-

activated antiviral enzyme which 

plays a critical role in cellular innate 

antiviral response. In addition, it 

may also play a role in other cellular 

processes such as apoptosis, cell 

growth, differentiation and gene 

regulation. 

SERPING1 

3.5 3.3E-13 

Plasma protease C1 

inhibitor 

(PTHR11461:SF159) 

Activation of the C1 complex is 

under control of the C1-inhibitor. 

ENSECAG00000031838 3.5 7.1E-04 unknown No UniProtKB function listed 

CCL8 3.5 1.0E-14 

C-C Motif Chemokine 

8 

(PTHR12015:SF168) 

Chemotactic factor that attracts 

monocytes, lymphocytes, basophils 

and eosinophils. 

OASL 3.4 6.1E-89 

2’-5’-oligoadenylate 

synthase-like protein 

(PTHR11258:SF16) 

Does not have 2'-5'-OAS activity, 

but can bind double-stranded RNA. 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

MYO1D 3.4 5.1E-06 

Unconventional 

myosin-ID 

(PTHR13140:SF417) 

Unconventional myosin that 

functions as actin-based motor 

protein with ATPase activity. 

IFIH1 3.3 2.2E-56 

Interferon-induced 

helicase C domain-

containing protein 1 

(PTHR14074:SF14) 

 

Innate immune receptor which acts 

as a cytoplasmic sensor of viral 

nucleic acids and plays a major role 

in sensing viral infection and in the 

activation of a cascade of antiviral 

responses including the induction of 

type I interferons and 

proinflammatory cytokines. 

ENSECAG00000035315 3.2 5.9E-05 

Leukocyte 

immunoglobulin-like 

receptor subfamily B 

member 4 

(PTHR11738:SF174) 

No UniProtKB function listed 

OAS3 3.2 1.2E-69 

2’-5’-oligoadenylate 

synthase 3 

(PTHR11258:SF4)  

Interferon-induced, dsRNA-

activated antiviral enzyme which 

plays a critical role in cellular innate 

antiviral response. In addition, it 

may also play a role in other cellular 

processes such as apoptosis, cell 

growth, differentiation and gene 

regulation. 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

MPZ 3.1 1.6E-03 

Myelin protein P0 

(PTHR13869:SF7) 

Is an adhesion molecule necessary 

for normal myelination in the 

peripheral nervous system. It 

mediates adhesion between adjacent 

myelin wraps and ultimately drives 

myelin compaction 

IFI6 3.1 1.8E-70 

Interferon alpha-

inducible protein 6 

(PTHR16932:SF25) 

Plays a role in apoptosis, negatively 

regulating the intrinsinc apoptotic 

signaling pathway and TNFSF10-

induced apoptosis. However, it has 

also been shown to have a pro-

apoptotic activity. Has an antiviral 

activity towards hepatitis C 

virus/HCV by inhibiting the EGFR 

signaling pathway, which activation 

is required for entry of the virus into 

cells. 

IRF7 3.1 4.9E-12 

Interferon regulatory 

factor 7 

(PTHR11949:SF2) 

Key transcriptional regulator of type 

I interferon (IFN)-dependent 

immune responses and plays a 

critical role in the innate immune 

response against DNA and RNA 

viruses. 

ENSECAG00000012132 

3.1 2.0E-55 

2’-5’-oligoadenylate 

synthase-like protein 2 

(PTHR11258:SF7) 

No UniProtKB function listed 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

ENSECAG00000032818 3.1 8.9E-49 

Interferon-induced 

protein with 

tetratricopeptide 

repeats 5 

(PTHR10271:SF28) 

No UniProtKB function listed 

RF01955 3.0 1.5E-02 Unknown No UniProtKB function listed 

ENSECAG00000017970 3.0 1.3E-04 

Solute carrier family 

23 member 4 

(PTHR11119:SF22) 

No UniProtKB function listed 

TGM2 3.0 2.6E-18 

Protein-glutamine 

gamma-

glutamyltransferase 2 

(PTHR11590:SF6) 

Catalyzes the cross-linking of 

proteins, such as WDR54, and the 

conjugation of polyamines to 

proteins. 

TRIM22 3.0 2.0E-139 

E3 ubiquitin-protein 

ligase TRIM22 

(PTHR24103:SF650) 

Interferon-induced antiviral protein 

involved in cell innate immunity. 

The antiviral activity could in part be 

mediated by TRIM22-dependent 

ubiquitination of viral proteins. 

OAS2 3.0 6.5E-66 

2’-5’-oligoadenylate 

synthase 2 

(PTHR11258:SF3) 

Interferon-induced, dsRNA-

activated antiviral enzyme which 

plays a critical role in cellular innate 

antiviral response. 
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Table 7. (Cont’d)  

Symbol Log2FoldChange Padj PANTHER 

family/subfamily 

Function – UniProtKB (homo 

sapiens ortholog) 

Upregulated genes 

IFIT5 3.0 7.4E-09 

Interferon-induced 

protein with 

tetratricopeptide 

repeats 5 

(PTHR10271:SF28) 

Interferon-induced RNA-binding 

protein involved in the human innate 

immune response. Has a broad and 

adaptable RNA structure recognition 

important for RNA recognition 

specificity in antiviral defense. 

SLC1A3 3.0 8.3E-06 

Excitatory amino acid 

transporter 1 

(PTHR11958:SF24) 

Sodium-dependent, high-affinity 

amino acid transporter that mediates 

the uptake of L-glutamate and also 

L-aspartate and D-aspartate. 

Downregulated genes 

FAM71A -4.6 2.4E-08 

Protein FAM71A 

(PTHR22574:SF15) 

No UniProtKB function listed 

FN1 -4.0 6.3E-19 

unknown Fibronectins bind cell surfaces and 

various compounds including 

collagen, fibrin, heparin, DNA, and 

actin. Fibronectins are involved in 

cell adhesion, cell motility, 

opsonization, wound healing, and 

maintenance of cell shape. 

DEFB1 -3.3 1.7E-04 

Beta-defensin 1 

(PTHR21388:SF9) 

Has bactericidal activity. 
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Table 8. Average fraction of cell population fractions. Cell population fractions for each 

sample was estimated using CIBERSORTx [177] and the reference gene signature “LM22” 

included with the software, which is based off of the transcriptome of human PBMC samples 

with pre-determined cell populations. Wilcoxon signed-rank test was performed. * indicates p ≤ 

0.1 and ** indicates p ≤ 0.05. 

 

 

Average fraction of cell populations 

 

 Pre-challenge (% 

of total cell 

population) 

Post-challenge (% 

of total cell 

population) 

B cells naive 42.07 ± 0.02 39.89 ± 0.01 

B cells memory 0.00 ± 0.00 0.62 ± 0.01 

Plasma cells 0.38 ± 0.00 0.00 ± 0.00* 

T cells CD8 2.37 ± 0.00 0.46 ± 0.00** 

T cells CD4 naive 5.52 ± 0.02 6.95 ± 0.02 

T cells CD4 memory resting 1.34 ± 0.01 1.04 ± 0.01 

T cells CD4 memory activated 5.55 ± 0.01 3.28 ± 0.01 

T cells follicular helper 17.75 ± 0.02 16.69 ± 0.01 

T cells regulatory (Tregs) 0.88 ± 0.00 1.05 ± 0.01  

T cells gamma delta 1.11 ± 0.00 4.00 ± 0.00** 

NK cells resting 2.32 ± 0.01 1.32 ± 0.01 

NK cells activated 0.18 ± 0.00 0.51 ± 0.00 

Monocytes 4.38 ± 0.01 4.71 ± 0.01 

Macrophages M0 1.49 ± 0.00 0.00 ± 0.00* 

Macrophages M1 0.00 ± 0.00 2.14 ± 0.01* 

Macrophages M2 2.39 ± 0.00 3.18 ± 0.00 

Dendritic cells resting 0.00 ± 0.00 0.66 ± 0.00 

Dendritic cells activated 4.98 ± 0.00 5.84 ± 0.01 

Mast cells resting 0.00 ± 0.00 0.64 ± 0.01 

Mast cells activated 2.89 ± 0.01 1.54 ± 0.01 

Eosinophils 4.22 ± 0.01 4.92 ± 0.01 

Neutrophils 0.15 ± 0.00 0.55 ± 0.00 
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Table 9. Mapping summary statistics for miRNA. Total reads after sequencing and the 

number and percent that uniquely mapped to the combined genome consisting of horse 

(EquCab3.0), EHV-1 (NCBI RefSeq NC_001491.2), EHV-2 (NCBI RefSeq NC_001650.2), 

EHV-4 (NCBI RefSeq NC_001844.1), and EHV-5 (NCBI RefSeq NC_026421.1 genome are 

shown for each sample.  

 

Table 3. Mapping summary statistics for miRNA 

Sample ID Total reads Mapped reads 

(number of 

reads) 

Mapped reads 

(%) 

H1_PRE 20352241 11692423 57.5 

H1_POST 23676872 13834897 58.4 

H2_PRE 20994711 10117799 48.2 

H2_POST 20255481 9999105 49.4 

H3_PRE 20651994 10458273 50.6 

H3_POST 19113616 9805906 51.3 

H5_PRE 20352426 9223249 45.3 

H5_POST 18477943 9073071 49.1 

H6_PRE 14388881 6751730 46.9 

H6_POST 12035002 6261094 52.0 

H7_PRE 17643353 8970565 50.8 

H7_POST 13916919 6010956 43.2 

H9_PRE 13712739 6613096 48.2 

H9_POST 18748418 8506104 45.4 

Average 18165757 9094162 49.7 

 



165 

 

Table 10.  Differentially expressed miRNAs. Differentially expressed (adjusted p value < 0.05 and log 2 fold change > |1| were 

determined for miRNAs. Upregulated refers to miRNAs upregulated during viremia compared to pre-challenge infection and 

downregulated refers to miRNAs downregulated during viremia compared to pre-challenge infection.  

 

Differentially expressed miRNAs 

ID 

log2 

Fold 

Change padj 

mirBase 

ID 

Human 

ortholog mature sequence precursor sequence 

Upregulated miRNAs 

Equine_chr11_

2567 1.2 

3.5E

-08 

eca-miR-

9104  

CTGACCTGAGGCCTCT

GCTGCA 

GAGTGGCTGGGCTCAGCAGGGC

GGAGGGTC 

AGGAGGTGAGCTTGGCTCTGCTG

ACCTGAGG 

CCTCTGCTGCA 

Equine_chrX_

44985 1.1 

1.3E

-17 

eca-miR-

652 

hsa-miR-

652-3p 

AATGGCGCCACTAGG

GTTG 

CAACCCTAGGAGAGGGTGCCAT

TCACATAGA 

CTATAATTGAATGGCGCCACTAG

GGTTG 

Equine_chrX_

45803 1.1 

2.0E

-03 

eca-miR-

2483  

TCTGTCAACCATCCAG

CTGTTT 

TCTGTCAACCATCCAGCTGTTTG

GGGTGATG 

CAAACAAACATCTAGTTGGTTGA

GAGAAT 
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Table 10. (Cont’d)  

 

Differentially expressed miRNAs 

ID 

log2 

Fold 

Change padj 

mirBase 

ID 

Human 

ortholog mature sequence precursor sequence 

Downregulated miRNAs 

Equine_chr15_

10631 -1 

1.4E

-02 - 

hsa-miR-

6852-5p 

ACCTGGGGATCTGAG

GAG 

ACCTGGGGATCTGAGGAGGCCC

TTCCAGCCC 

CAAGGCTGGGAATGCTCCTGGTC

CCCTTTCTT 

GC 

EHV-2_38 -1 

1.0E

-02 -  

TATGATAGTCCATACC

CTTAAGT 

TATGATAGTCCATACCCTTAAGT

TTGATAAGTA 

AAAAATTTAAGTACGTGGACTGT

CAACA 
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Figure 15. Clinical and virological disease post EHV-1 challenge. (A) EHV-1 nasal shedding. 

Data is expressed as EHV-1 copy number per 100 ng template DNA as determined by qPCR. (B) 

Viremia. Data is expressed as EHV-1 copy number per 500 ng template DNA as determined by 

qPCR. (C) Body temperature. Fever is any body temperature over 101.5 °F, which is indicated 

by the horizontal dashed line.
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Figure 16. Principal component analysis and differentially expressed genes. (A) Principal component analysis. Samples from 

horses pre-infection (gray) cluster separately from samples during viremia (black). (B) Differentially expressed genes in horses pre-

infection vs. post-infection. Genes with positive Log2 fold change (x-axis) indicate genes upregulated in PBMCs during EHV-1 

infection compared to pre-infection while negative Log2 fold change values indicate genes downregulated in PBMCs during infection. 

P values are expressed on the y-axis, with more significantly differentially expressed genes towards the top of the plot. Genes 

highlighted in red passed the threshold of significance set at adjusted p-value < 0.05 and Log2 fold change > |3|.
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Figure 17. Gene ontology enrichment results. (A) GO terms for biological processes 

overrepresented in horses during EHV-1 infection. GO term enrichment analysis was performed 

using the enrichgo function of the clusterprofiler package in R. The resulting terms were filtered 

for redundancy using REVIGO. The 18 non-redundant enriched GO terms are visualized here. 

The most significantly enriched terms are at the top and listed in decreasing significance 

(increasing p.adjust). The number of genes from our gene list are indicated on the x-axis. (B) Net 

plot of the most significantly enriched GO terms and associated genes. The ten non-redundant 

GO terms with the lowest p.adjust values are listed here with the associated genes from our gene 

list. Tan nodes represent the GO term and gray nodes represent genes. The size of the GO term 

nodes indicate the number of genes from our list associated with that term. The biological 

processes and the associated genes cluster based on similarity.  
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Figure 17. (Cont’d) 
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Figure 18. Cell population fractions in PBMC samples. Cell population fractions for each sample was estimated using 

CIBERSORTx and the reference gene signature “LM22” included with the software, which is based off of the transcriptome of human 

PBMC samples with pre-determined cell populations. Twenty-two cell subpopulations are represented by different colors. Fractions 

are expressed as percent of the total population (y-axis) for each sample (x-axis). 
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Figure 19. Read coverage plot of the EHV-1 genome. The top 7 tracks are the pre-infection 

samples, and the bottom 7 tracks are post infection samples. Reads were aligned to EHV-1 strain 

Ab4 genome (NCBI RefSeq NC_001491.2). UL = unique long region, IR = internal repeat 

region, US = unique small region, and TR = terminal repeat region as described in [143].
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Figure 20. Normalized counts of viral genes. Data represents the average transcripts per million (TPM) of EHV-1 (A), EHV-2 (B), 

and EHV-5 (C). The gray line is pre-EHV-1 challenge infection and the black line is post EHV-1 challenge.
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Figure 21. miRNA expression analyses. (A) Principal component analysis of miRNA samples. 

Samples cluster based on horse rather than from infection status (pre-infection (gray) vs. during 

infection (black). Normalized read counts of differentially expressed miRNAs.  
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Figure 21 (Cont’d) (B) eq_chr11_2567 identified with eca-miR-9104 (C) eq_chrx_44985 

identified with eca-miR-652 and the human ortholog hsa-miR-652-3p (D) eq_chrx_45803 

identified with eca-miR-2483 (E) eq_chr15_10631 identified with the human ortholog hsa-miR-

6852-5p (F) EHV-2_38 which aligned to the EHV-2 viral genome. Details regarding these 

miRNAs can be found in Table 10. 
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Figure 22. Summary of data analysis. RNA was extracted from PBMCs from horses prior to 

and during EHV-1 challenge infection. Total RNA was processed with next generation RNA 

sequencing for mRNA and miRNA. Black boxes represent upstream data analysis processes, 

while the red boxes represent processes that resulted in output reported in the results. 
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Table 11. Mapping summary statistics of mRNA sequencing. Total reads after sequencing 

and the number and percent that uniquely mapped to the EquCab3.0 genome are shown for each 

sample. 

 

Mapping summary statistics 

Sample ID Total reads Uniquely mapped (number of 

reads) 

Uniquely mapped 

(%) 

EHM_PRE_H1 44184310 37923518 85.8 

EHM_POST_H1 40599945 34218921 84.3 

EHM_PRE_H2 40137880 34895454 86.9 

EHM_POST_H2 47149254 39078943 82.9 

EHM_PRE_H3 45889974 39613428 86.3 

EHM_POST_H3 39483290 32787239 83.0 

EHM_PRE_H4 47767833 41484855 86.9 

EHM_POST_H4 38260560 31521306 82.4 

EHM_PRE_H5 49226922 42871550 87.0 

EHM_POST_H5 40912839 34362844 84.0 

EHM_PRE_H7 38847518 33686604 86.7 

EHM_POST_H7 38231216 32466324 84.9 

EHM_PRE_H9 35120357 30748238 87.6 

EHM_POST_H9 42198521 35572673 84.3 

EHM_PRE_H15 47675687 40789167 85.6 

EHM_POST_H15 39075706 32534599 83.3 

CONT_PRE_H16 49819781 42630558 85.6 

CONT_POST_H16 39358775 32872086 83.5 

CONT_PRE_H26 51958124 44491095 85.6 

CONT_POST_H26 53090751 45842652 86.4 

CONT_PRE_H27 48454087 41617390 85.9 

CONT_POST_H27 38965552 31684566 81.3 

CONT_PRE_H28 44791662 38284817 85.5 

CONT_POST_H28 43886029 37670974 85.8 

CONT_PRE_H34 53040512 45283021 85.4 

CONT_POST_H34 38011582 32238800 84.8 

CONT_PRE_H35 48119400 41310875 85.9 

CONT_POST_H35 40193344 35081080 87.3 

Average 43730408 37270128 85.2 
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Table 12. Enriched GO terms for contrast comparison between group comparison between EHM and Non-EHM horses. GO 

term enrichment was performed on the up and down regulated gene lists generated from the between group (contrast) comparison. 

Upregulated terms are those based on the genes upregulated in EHM horses compared to Non-EHM horses. Downregulated terms are 

those based on the genes downregulated in EHM horses compared to Non-EHM horses.  

 

ID Description Gene Ratio Bg Ratio pvalue p.adjust qvalue Gene ID 

Gene 

Count 

Upregulated 

GO:0006885 regulation of pH 3/21 73/13991 0.00016 0.00964 0.00702 

NOX1/SLC9B1/SLC4

A9 3 

GO:0002830 

positive regulation of type 2 immune 

response 2/21 14/13991 0.00019 0.00964 0.00702 RSAD2/IL6 2 

GO:0001819 

positive regulation of cytokine 

production 5/21 368/13991 0.00017 0.00964 0.00702 

NOX1/RSAD2/IL1RL

1/IL6/LPL 5 

GO:0048661 

positive regulation of smooth muscle 

cell proliferation 3/21 83/13991 0.00024 0.01082 0.00789 NOX1/TGM2/IL6 3 

GO:0010883 regulation of lipid storage 2/21 41/13991 0.00169 0.03597 0.02622 IL6/LPL 2 

Downregulated 

GO:0050900 leukocyte migration 13/106 349/13991 2.28E-06 0.00596 0.00521 

DAPK2/CCL5/CX3CR

1/CD244/KLRK1/ 

MMP9/TBX21/PLCB1

/DUSP1/SLC7A11/ 

NLRP12/PDGFB/TRE

M1 13 

GO:0070372 regulation of ERK1 and ERK2 cascade 11/106 278/13991 8.18E-06 0.01070 0.00936 

CCL5/FGFR1/INSR/J

UN/DUSP1/ATF3/ 

EPHA4/DUSP6/NLRP

12/PDGFB/KLF4 11 

GO:0007611 learning or memory 9/106 231/13991 6.39E-05 0.02237 0.01956 

CX3CR1/FOS/PLK2/P

LCB1/MAP1A/ 

INSR/JUN/EGR2/SLC

7A11 9 

GO:0071276 cellular response to cadmium ion 4/106 25/13991 3.48E-05 0.02237 0.01956 MMP9/FOS/JUN/GSN 4 

GO:0033002 muscle cell proliferation 8/106 187/13991 8.66E-05 0.02266 0.01982 

CCL5/MMP9/FGFR1/

ABCC4/IFNG/ 

JUN/PDGFB/KLF4 8 
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Table 12. (Cont’d)  

 

ID Description Gene Ratio Bg Ratio pvalue p.adjust qvalue Gene ID 

Gene 

Count 

Downregulated 

GO:2001057 

reactive nitrogen species metabolic 

process 5/106 68/13991 0.00016 0.02324 0.02032 

CX3CR1/KLRK1/INS

R/IFNG/KLF4 5 

GO:0046209 nitric oxide metabolic process 5/106 67/13991 0.00015 0.02324 0.02032 

CX3CR1/KLRK1/INS

R/IFNG/KLF4 5 

GO:0051099 positive regulation of binding 7/106 166/13991 0.00026 0.0278 0.02431 

BAMBI/MMP9/PLK2/

IFNG/EPHA4/ 

KLF4/DACT1 7 

GO:0046777 protein autophosphorylation 8/106 220/13991 0.00026 0.0278 0.02431 

DAPK2/PTK6/FGFR1/

INSR/JUN/ 

EPHA4/NLRP12/PDG

FB 8 

GO:0061614 

pri-miRNA transcription by RNA 

polymerase II 4/106 42/13991 0.00027 0.02811 0.02458 

FOS/JUN/PDGFB/KL

F4 4 

GO:0006066 alcohol metabolic process 9/106 302/13991 0.00047 0.03531 0.03088 

SCD/LIPE/CD244/FG

FR1/ACER2/ 

NUDT4/PLCB1/IFNG/

APOBR 9 

GO:0042136 neurotransmitter biosynthetic process 5/106 90/13991 0.00059 0.03732 0.03264 

CX3CR1/KLRK1/INS

R/IFNG/KLF4 5 
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Table 13. Enriched GO terms based on differentially expressed genes in EHM horses. GO term enrichment was performed on  

the gene list of within group up and downregulated genes unique to EHM horses.  

 

ID Description Gene 

Ratio 

Bg 

Ratio 

pvalue p.adjust qvalue geneID Count 

Upregulated 

GO:0051607 defense response to virus 13/92 175/13

991 

1.1E-10 2.1E-07 1.8E-07 EIF2AK2/TRIM56/ADAR/CXCL10/ 

IRF9/RTP4/ISG15/AIM2/IRF7/TLR3/ 

IL6/ISG20/IL15 

13 

GO:0032479 regulation of type I 

interferon production 

8/92 104/13

991 

3.9E-07 1.3E-04 1.1E-04 TRIM56/UBA7/NMI/ISG15/IRF7/ 

ACOD1/TLR3/ZBP1 

8 

GO:0042107 cytokine metabolic process 7/92 101/13

991 

4.4E-06 6.8E-04 5.9E-04 LAG3/NMI/IGF2BP3/IRF7/TLR3/ 

IL6/CYBB 

7 

GO:0043900 regulation of multi-

organism process 

11/92 313/13

991 

6.3E-06 9.0E-04 7.9E-04 EIF2AK2/ADAR/PPID/ISG15/ 

CD180/AIM2/ACOD1/ISG20/ 

IL15/SLPI/TIMP1 

11 

GO:0048771 tissue remodeling 7/92 150/13

991 

5.8E-05 4.5E-03 3.9E-03 TGM2/CD38/SNX10/IL6/IL15/ 

VDR/TIMP1 

7 

GO:0032570 response to progesterone 4/92 38/139

91 

1.1E-04 6.7E-03 5.9E-03 CD38/ACOD1/NR1H3/RAMP2 4 

GO:0010883 regulation of lipid storage 4/92 41/139

91 

1.5E-04 7.9E-03 6.9E-03 IL6/LPL/NR1H3/MSR1 4 

GO:0015012 heparan sulfate 

proteoglycan biosynthetic 

process 

3/92 23/139

91 

4.4E-04 1.8E-02 1.6E-02 EXT1/TCF7L2/EXTL2 3 

GO:0010743 regulation of macrophage 

derived foam 

cell differentiation 

3/92 25/139

91 

5.7E-04 2.1E-02 1.9E-02 LPL/NR1H3/MSR1 3 

GO:0070661 leukocyte proliferation 7/92 231/13

991 

8.1E-04 2.6E-02 2.2E-02 TNFSF13B/CD38/CD180/IL6/GAPT/ 

IL15/CCL8 

7 

GO:0090077 foam cell differentiation 3/92 30/139

91 

9.8E-04 2.8E-02 2.4E-02 LPL/NR1H3/MSR1 3 

GO:0097050 type B pancreatic cell 

apoptotic process 

2/92 10/139

91 

1.9E-03 4.7E-02 4.1E-02 IL6/TCF7L2 2 
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Table 13. (Cont’d)  

  

ID Description Gene 

Ratio 

Bg 

Ratio 

pvalue p.adjust qvalue geneID Count 

Downregulated  

GO:0030335 positive regulation of cell 

migration 

20/18

1 

441/13

991 

1.1E-06 8.4E-04 7.6E-04 DAPK2/MMP9/DOCK5/FGFR1/CASS4/ 

CCL5/FN1/HSPA5/THBS1/JUN/INSR/ 

ADAM8/PDGFB/PDGFD/SEMA6C/ 

SEMA4C/TNFSF14/GATA2/RHOB/ 

GPNMB 

20 

GO:0031952 regulation of protein 

autophosphorylation 

6/181 43/139

91 

1.8E-05 8.9E-03 8.0E-03 NLRP12/JUN/PDGFB/PDGFD/ERRFI1/ 

GPNMB 

6 

GO:0046777 protein autophosphorylation 12/18

1 

220/13

991 

2.9E-05 1.3E-02 1.1E-02 DAPK2/PTK6/FGFR1/NLRP12/JUN/ 

INSR/PDGFB/PDGFD/ERRFI1/INSRR/ 

BMX/GPNMB 

12 

GO:0070371 ERK1 and ERK2 cascade 13/18

1 

292/13

991 

1.1E-04 3.0E-02 2.7E-02 FGFR1/CCL5/FN1/NLRP12/FBLN1/ 

JUN/INSR/PDGFB/PDGFD/ERRFI1/ 

INSRR/ 

ZFP36L2/GPNMB 

13 

GO:0032103 positive regulation of 

response to 

external stimulus 

12/18

1 

260/13

991 

1.5E-04 3.6E-02 3.3E-02 DAPK2/FGFR1/CCL5/FAM19A3/ 

NLRP12/THBS1/MAPK13/ADAM8/ 

PDGFB/PDGFD/NPY/TNFSF14 

12 

GO:0010035 response to inorganic 

substance 

17/18

1 

491/13

991 

2.2E-04 4.6E-02 4.2E-02 EEF1A2/MMP9/HSPA5/THBS1/ 

MAPK13/JUN/SELENOP/PDGFD/ 

PTCH1/GSN/FOSB/FOS/SLC40A1/ 

CHP2/JUND/RHOB/IL1A 

17 

GO:0071248 cellular response to metal 

ion 

9/181 161/13

991 

2.5E-04 4.6E-02 4.2E-02 MMP9/HSPA5/JUN/GSN/FOSB/FOS/ 

SLC40A1/CHP2/JUND 

9 
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Table 14. Differentially expressed genes unique to non-EHM horses. Differentially expressed genes (adjusted p value < 0.05 and 

log 2 fold change > |1|) are displayed here. Upregulated refers to genes upregulated during viremia compared to pre-challenge, and 

downregulated refers to genes downregulated during viremia compared to pre-challenge. The PANTHER family and subfamily 

category is listed for the equine gene [276] and the UniProtKB function for the protein associated with the orthologous human gene is 

shown [277].  

Symbol 

Log fold 

change FDR 

PANTHER 

family/subfamily Function - UniProtKB (homo sapiens ortholog) 

Upregulated genes 

BFSP2 2.2 

1.5E-03 Phakinin 

(PTHR23239:SF32) 

Required for the correct formation of lens intermediate 

filaments as part of a complex composed of BFSP1, BFSP2 

and CRYAA  

NFE2 2.0 

1.5E-02 

 

Transcription factor NF-E2 

45 KDA subunit 

(PTHR24411:SF26) 

Component of the NF-E2 complex essential for regulating 

erythroid and megakaryocytic maturation and differentiation.  

ENSECAG00000021212 1.6 

3.8E-02 

 

C-type lectin domain 

family 4 member M 

(PTHR22802:SF197) Human ortholog unavailable 

HEY1 1.5 

3.0E-03 

 

Hairy/enhancer-of-split 

related with YRPW motif 

protein 1 

(PTHR10985:SF78) 

Transcriptional repressor which binds preferentially to the 

canonical E box sequence 5'-CACGTG-3' Downstream 

effector of Notch signaling required for cardiovascular 

development. Specifically required for the Notch-induced 

endocardial epithelial to mesenchymal transition 

CILP 1.4 

4.6E-02 

 

Cartilage intermediate layer 

protein 1 

(PTHR15031:SF3) 

Probably plays a role in cartilage scaffolding. May act by 

antagonizing TGF-beta1 (TGFB1) and IGF1 functions.  

SCD 1.4 

6.1E-12 

 

Acyl-CoA desaturase 

(PTHR11351:SF73) 

Stearyl-CoA desaturase that utilizes O2 and electrons from 

reduced cytochrome b5 to introduce the first double bond into 

saturated fatty acyl-CoA substrates. Plays an important role in 

body energy homeostasis.  

CISH 1.4 

2.2E-03 

 

Cytokine-inducible SH2-

containing protein 

(PTHR10155:SF9) 

SOCS family proteins form part of a classical negative 

feedback system that regulates cytokine signal transduction. 

CIS is involved in the negative regulation of cytokines that 

signal through the JAK-STAT5 pathway such as 

erythropoietin, prolactin and interleukin 3 (IL3) receptor. 

Inhibits STAT5 trans-activation by suppressing its tyrosine 

phosphorylation.  
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Table 14. Differentially expressed genes unique to non-EHM horses. 

 

Symbol 

Log fold 

change 

FDR PANTHER 

family/subfamily Function - UniProtKB (homo sapiens ortholog) 

Upregulated genes 

TCF7L1 1.3 

1.8E-02 

 

Transcription factor 7-like 

1 (PTHR10373:SF25) 

Participates in the Wnt signaling pathway. Binds to DNA and 

acts as a repressor in the absence of CTNNB1, and as an 

activator in its presence.  

ENSECAG00000009762 1.3 

8.5E-04 

 

Carcinoembryonic antigen-

related cell adhesion 

molecule 1 

(PTHR44427:SF1) No human ortholog available 

DUSP6 1.3 

1.4E-02 

 

Dual specificity protein 

phosphatase 6 

(PTHR10159:SF45) 

Inactivates MAP kinases. Has a specificity for the ERK family 

Promotes cell differentiation by regulating MAPK1/MAPK3 

activity and regulating the expression of AP1 transcription 

factors  

FAM111B 1.2 

8.6E-03 

 

Protein FAM111B 

(PTHR14389:SF4) No function listed 

ENSECAG00000022644 1.1 

1.7E-02 

 

C-type lectin-like domain 

family 1 (PTHR46746:SF4) No human ortholog available 

FRMD4A 1.1 

1.1E-02 

 

FERM domain-containing 

protein 4A 

(PTHR46079:SF3) 

Scaffolding protein that regulates epithelial cell polarity by 

connecting ARF6 activation with the PAR3 complex. Plays a 

redundant role with FRMD4B in epithelial polarization.  

ENSECAG00000019430 1.1 

1.8E-04 

 

Apolipoprotein L2 

(PTHR14096:SF27) No human ortholog available.  

LZTS1 1.1 

4.1E-02 

 

Zipper putative tumor 

suppressor 1-related 

(PTHR19354:SF5) 

Involved in the regulation of cell growth. May stabilize the 

active CDC2-cyclin B1 complex and thereby contribute to the 

regulation of the cell cycle and the prevention of uncontrolled 

cell proliferation.  

SHISA5 1.0 

1.3E-02 

 

Protein SHISA-5 

(PTHR31395:SF14) 

Can induce apoptosis in a caspase-dependent manner and 

plays a role in p53/TP53-dependent apoptosis. 
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Table 14. (Cont’d)  

 

Symbol 

Log fold 

change 

FDR PANTHER 

family/subfamily Function - UniProtKB (homo sapiens ortholog) 

Downregulated genes 

CGA -1.2 

2.8E-05 

 

Glycoprotein hormones 

alpha chain 

(PTHR11509:SF0) 

Shared alpha chain of the active heterodimeric glycoprotein 

hormones thyrotropin/thyroid stimulating hormone/TSH, 

lutropin/luteinizing hormone/LH, follitropin/follicle 

stimulating hormone/FSH and choriogonadotropin/CG. These 

hormones bind specific receptors on target cells that in turn 

activate downstream signaling pathways. 

SYTL2 -1.0 

2.2E-03 

 

Synaptotagmin-like protein 

2 (PTHR45716:SF5) 

Isoform 1 acts as a RAB27A effector protein and plays a role 

in cytotoxic granule exocytosis in lymphocytes. It is required 

for cytotoxic granule docking at the immunologic synapse.  

WWTR1 -1.0 

7.0E-03 

 

WW domain-containing 

transcription regulator 

protein 1 

(PTHR17616:SF6) 

Transcriptional coactivator which acts as a downstream 

regulatory target in the Hippo signaling pathway that plays a 

pivotal role in organ size control and tumor suppression by 

restricting proliferation and promoting apoptosis. Regulates 

embryonic stem-cell self-renewal, promotes cell proliferation 

and epithelial-mesenchymal transition. 
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Table 15. Average fractions of cell populations in PBMCs. Cell population fractions for each sample was estimated using 

CIBERSORTx [177] and the reference gene signature “LM22” included with the software, which is based off of the transcriptome of 

human PBMC samples with pre-determined cell populations. Wilcox signed-rank test was performed on the paired samples for each 

group * indicates a significant difference at p ≤ 0.1, and ** indicates p ≤ 0.05 in cell fraction between pre and post challenge samples 

for each group (EHM and non-EHM). 

 

EHM pre-challenge 

(% of total cell 

population) 

EHM post-challenge 

(% of total cell 

population) 

Non-EHM pre-

challenge (% of total 

cell population) 

Non-EHM post-

challenge (% of total 

cell population) 

B cells naive 23.03 ± 1.84 24.75 ± 3.23 37.03 ± 1.53 32.55 ± 1.14 ** 

B cells memory 0.60 ± 0.60 0.41 ± 0.41 0.03 ± 0.03 0.00 ± 0.00 

Plasma cells 0.27 ± 0.12 0.46 ± 0.29 0.28 ± 0.15 0.74 ± 0.06 * 

T cells CD8 7.92 ± 1.56 2.36 ± 1.59 *  2.18 ± 0.79 2.21 ± 1.03 

T cells CD4 naive 1.64 ± 0.66 4.60 ± 2.05 6.21 ± 2.25 10.26 ± 1.62 

T cells CD4 memory resting 0.77 ± 0.55 1.34 ± 0.77 0.02 ± 0.02 0.00 ± 0.00 

T cells CD4 memory activated 7.88 ± 0.86 9.55 ± 1.62 0.55 ± 0.26 1.71 ± 0.52 * 

T cells follicular helper 16.62 ± 1.58 14.86 ± 1.84 23.27 ± 0.80 19.43 ± 1.44 * 

T cells regulatory (Tregs) 1.82 ± 0.62 0.16 ± 0.16 ** 1.48 ± 0.49 0.41 ± 0.41 

T cells gamma delta 0.88 ± 0.33 2.84 ± 0.66 * 0.79 ± 0.32 2.67 ± 0.82 * 

NK cells resting 6.43 ± 1.10 2.75 ± 1.08 ** 2.24 ± 0.82 0.86 ± 0.35 

NK cells activated 0.13 ± 0.13 0.34 ± 0.22 0.63 ± 0.42 0.53 ± 0.26 

Monocytes 12.71 ± 2.75 13.85 ± 3.72 7.27 ± 0.57 11.85 ± 2.22 

Macrophages M0 2.99 ± 0.91 0.00 ± 0.00 ** 1.77 ± 1.01 0.15 ± 0.15 

Macrophages M1 0.00 ± 0.00 0.98 ± 0.30 ** 0.00 ± 0.00 0.00 ± 0.00 

Macrophages M2 6.34 ± 0.57 8.54 ± 0.80 * 4.22 ± 0.84 5.54 ± 0.93 

Dendritic cells resting 0.04 ± 0.04 0.86 ± 0.37 * 0.37 ± 0.29 0.35 ± 0.30 

Dendritic cells activated 2.92 ± 0.48 4.88 ± 0.89 * 4.24 ± 0.32 5.99 ± 0.42 * 

Mast cells resting 0.33 ± 0.33 0.23 ± 0.22 0.00 ± 0.00 0.00 ± 0.00 

Mast cells activated 4.51 ± 0.78 1.80 ± 0.99 * 5.43 ± 2.04 2.32 ± 1.80 

Eosinophils 1.63 ± 0.77 3.83 ± 0.58 ** 1.74 ± 0.60 1.56 ± 0.50 

Neutrophils 0.54 ± 0.23 0.60 ± 0.24 0.25 ± 0.25 0.86 ± 0.56 
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Table 16. Mapping summary statistics of miRNA sequencing. Total reads after sequencing 

and the number and percent that uniquely mapped to the combined equine and viral genomes are 

shown for each sample. 

Table 6. Mapping summary statistics for miRNA 

Sample ID Total reads Mapped reads (number of reads) Mapped reads (%) 

EHM_POST_H15 10565453 6343105 60.0 

EHM_PRE_H15 13441490 8441676 62.8 

CONT_POST_H16 16333781 9902090 60.6 

CONT_PRE_H16 18666363 10063969 53.9 

EHM_POST_H1 16138773 10132028 62.8 

EHM_PRE_H1 14579372 8401412 57.6 

CONT_POST_H26 20738238 13052381 62.9 

CONT_PRE_H26 12620476 7639817 60.5 

CONT_POST_H27 14478575 9121947 63.0 

CONT_PRE_H27 14274791 8648212 60.6 

CONT_POST_H28 11650722 6770100 58.1 

CONT_PRE_H28 13958536 8185342 58.6 

EHM_POST_H2 10003035 6177560 61.8 

EHM_PRE_H2 27603885 18045362 65.4 

CONT_POST_H34 14229914 7987735 56.1 

CONT_PRE_H34 16414130 8970337 54.7 

CONT_POST_H35 12721783 7562530 59.4 

CONT_PRE_H35 12118767 6341040 52.3 

EHM_POST_H3 13411346 7434254 55.4 

EHM_PRE_H3 16196518 9932650 61.3 

EHM_POST_H4 13378608 8204075 61.3 

EHM_PRE_H4 14230204 8689707 61.1 

EHM_POST_H5 12190031 6308410 51.8 

EHM_PRE_H5 11389204 7010810 61.6 

EHM_POST_H7 11022200 6965796 63.2 

EHM_PRE_H7 6538519 3809812 58.3 

EHM_POST_H9 17781885 11311463 63.6 

EHM_PRE_H9 8758431 5622680 64.2 

Average 14122680 8467011 59.7 
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Table 17. Differentially expressed miRNAs. Differentially expressed (FDR < 0.05 and log 2 fold change > |1|) miRNAs are shown 

here. The top two lists indicate the miRNAs identified in the between group (contrast) comparison. Upregulated terms are those based 

on the genes upregulated in EHM horses compared to Non-EHM horses. Downregulated terms are those based on the genes 

downregulated in EHM horses compared to Non-EHM horses. The bottom two lists indicate the miRNAs uniquely differentially 

expressed within the EHM group (pre vs post challenge). Upregulated refers to genes upregulated during viremia compared to pre-

challenge, and downregulated refers to genes downregulated during viremia compared to pre-challenge. There were no differentially 

expressed miRNAs in the non-EHM horses pre vs post challenge. ID numbers next to novel miRNAs indicate the arbitrary ID given to 

those without corresponding equine, murine, or human IDs. Gene expression of these miRNAs can be visualized in Figure 35.  

 

mirBase ID 

Mouse or Human 

Ortholog mature sequence logFC FDR 

Upregulated in EHM vs non-EHM horses: contrast comparison (between groups) 

novel (id: 764) unknown CCCGCCCGGCCCGGCCGCC 2.633433 0.037716 

novel mmu-miR-7059-5p GCCGGGGAGCCCGGCGGGC 2.007236 0.031695 

     
Downregulated in EHM vs non-EHM horses: contrast comparison (between groups) 

novel mmu-miR-669k-5p TGTGCATGTGTGCATGTAGGCAG -1.35402 0.047318 

eca-miR-199a-5p, 

 eca-miR-199b-5p hsa-miR-199a-3p ACAGTAGTCTGCACATTGGTT -1.32914 0.008 

eca-miR-34c hsa-miR-34a-5p AGGCAGTGTAGTTAGCTGATTGC -1.29981 0.008 

novel hsa-miR-542-5p TCGGGGATTCAGGTGGCTGTTC -1.24093 0.008 

eca-miR-10b hsa-miR-10a-5p TACCCTGTAGAACCGAATTTGT -1.20325 0.035115 

eca-miR-328 hsa-miR-328-3p CTGGCCCTCTCTGCCCTTCCGT -1.1001 0.010824 

eca-miR-146a hsa-miR-146a-5p TGAGAACTGAATTCCATGGGTT -1.05304 0.000473 

Uniquely upregulated in EHM horses (within group) 

novel (id: 764) unknown CCCGCCCGGCCCGGCCGCC 2.310828 0.000781 

novel (id: 983) unknown CCGCCCGCCGCCGCCGCC 1.741133 0.010356 

novel (id: 187) unknown CCCGCCCGCCGCCGCCGCC 1.726318 0.010904 

novel hsa-miR-7108-3p CCCCGCCCGCCGCCGCCG 1.700159 0.009829 

novel mmu-miR-7059-5p GCCGGGGAGCCCGGCGGGC 1.591515 0.002068 
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Table 17. (Cont’d)  

 

mirBase ID 

Mouse or Human 

Ortholog mature sequence logFC FDR 

Uniquely downregulated in EHM horses (within group) 

eca-miR-483 unknown CACTCCTCTCCTCCCGTCTTCT -1.80772 4.23E-12 

eca-miR-146a hsa-miR-146a-5p TGAGAACTGAATTCCATGGGTT -1.49104 1.19E-20 

eca-miR-34c hsa-miR-34a-5p AGGCAGTGTAGTTAGCTGATTGC -1.34093 3.29E-07 

eca-miR-138 hsa-miR-138-5p AGCTGGTGTTGTGAATCAGGCCG -1.31391 0.000642 

eca-miR-199b-5p hsa-miR-199a-3p ACAGTAGTCTGCACATTGGTT -1.034 0.000266 



189 

 

 
Figure 23. Summary of mRNA sequencing data analysis. RNA was extracted from PBMCs 

from horses prior to and during EHV-1 challenge infection. The gray boxes represent 

experimental design. The dashed outline boxes are data analysis processes (actions). Black and 

red boxes represent output. The red outline indicates final output used for interpretation.  
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Figure 24. Summary of miRNA sequencing data analysis. RNA was extracted from PBMCs 

from horses prior to and during EHV-1 challenge infection. The gray boxes represent 

experimental design. The dashed outline boxes are data analysis processes (actions). Black and 

red boxes represent output. The red outline indicates final output used for interpretation. 
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Figure 25. Clinical and virological disease between EHM and non-EHM horses. (A) Body 

temperature.  Fever is any body temperature over 101.5 °F and is indicated by the horizontal 

dashed line. (B) EHV-1 nasal shedding. Data is expressed as EHV-1 copy number per 100 ng 

template DNA as determined by qPCR. (C) Viremia. Data is expressed as EHV-1 copy number 

per 500 ng template DNA as determined by qPCR. This data was obtained in conjunction with 

another study (manuscript in preparation).   
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Figure 26. Principal component analysis (PCA) plot. Principal component analysis was 

performed on the read count data obtained after mRNA sequencing. Red closed circles indicate 

samples from non-EHM horses post EHV-1 challenge, red open circles indicate samples from 

non-EHM horses prior to EHV-1 challenge, blue closed squares indicate samples from EHM 

horses post EHV-1 challenge, and blue open squares indicate samples from EHM horses prior to 

EHV-1 challenge. 
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Figure 27. Venn diagrams of up- and down- regulated genes in response to EHV-1 

challenge. The within group comparisons for EHM and non-EHM horses were compared using a 

Venn diagram to determine genes uniquely (A) upregulated and (B) downregulated for each 

group.   
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Figure 28. Volcano plots of differentially expressed genes. (A) Genes differentially expressed 

between EHM and non-EHM horses. Genes with a positive log fold change represent genes 

upregulated in EHM horses compared to non-EHM horses, while genes with a negative log fold 

change represent genes downregulated in EHM horses compared to non-EHM horses. (B) Genes 

differentially expressed within Non-EHM horses. Genes with a positive log fold change 

represent genes upregulated in non-EHM horses post-challenge compared to pre-challenge,  
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Figure 28 (Cont’d) while genes with a negative log fold change represent genes downregulated. 

(C) Genes differentially expressed within EHM horses. Genes with a positive log fold change 

represent genes upregulated in EHM horses post-challenge compared to pre-challenge, while 

genes with a negative log fold change represent downregulated genes. P values are expressed on 

the y-axis, with more significantly differentially expressed genes towards the top of the plot. 

Genes highlighted in red passed the threshold of significance set at adjusted p-value < 0.05 and 

Log fold change > |1|. 



196 

 

 
 

Figure 29. GO terms for biological processes overrepresented in EHM horses compared to 

non-EHM horses. (A) upregulated biological process and (B) downregulated biological 

processes. GO term enrichment analysis was performed using the enrichgo function of the 

clusterprofiler package in R. The resulting terms were filtered for redundancy using REVIGO. 

The non-redundant enriched GO terms are visualized here. The most significantly enriched terms 

are at the top and listed in decreasing significance (increasing p.adjust). The number of genes 

from our gene list are indicated on the x-axis. 
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Figure 29. (Cont’d) 
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Figure 30. Net plot of the most significantly enriched GO terms and associated genes. (A) 

upregulated biological process and (B) downregulated biological processes. The non-redundant 

GO terms are listed here with the associated genes from our gene list. Tan nodes represent the 

GO term and gray nodes represent genes. The size of the GO term nodes indicate the number of 

genes from our list associated with that term. The biological processes and the associated genes 

cluster based on similarity. 
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Figure 30. (Cont’d) 
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Figure 31. Normalized read counts (cpm) of selected genes in PBMCs of horses. (A) IL6 (B) 

RSAD2 (C) TLR3 (D) FOS (E) JUN (F) IFNG.  
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Figure 32. Gene expression as determined by RT-qPCR and RNA sequencing. RT-qPCR 

data from whole blood is expressed as the negative delta-delta-Cq value for (A) CCL5, (C) 

CXCL10, (E) IRF9, (G) MMP9, and (I) THBS1, where the average pre-challenge data for each 

group used as a calibrator and values above zero represent an upregulation and below zero  
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Figure 32 (Cont’d) represent a downregulation. RNA sequencing data from PBMCs are shown 

for comparison and expressed as delta-CPM (post-challenge CPM value – group average of pre-

challenge CPM) for (B) CCL5, (D) CXCL10, (F) IRF9, (H) MMP9, and (J) THBS1. Differences 

between groups were statistically significant as described in the methods for all genes visualized 

here.
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Figure 33. Normalized counts of viral genes post EHV-1 challenge. Data represents the average transcripts per million (TPM). The 

gray line is non-EHM horses and the black line is EHM horses.
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Figure 34. Principal component analysis (PCA) plot for miRNA read counts. Principal 

component analysis was performed on the read count data obtained after miRNA sequencing. 

Red closed circles indicate samples from non-EHM horses post EHV-1 challenge, red open 

circles indicate samples from non-EHM horses prior to EHV-1 challenge, blue closed squares 

indicate samples from EHM horses post EHV-1 challenge, and blue open squares indicate 

samples from EHM horses prior to EHV-1 challenge. 
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Figure 35. Differentially expressed miRNAs. Details regarding these miRNAs can be seen in 

Table 17. miRNAs upregulated in EHM horses included (A) miR-7059, (B) novel miRNA (id: 

764), (C) miR-7108, (D) novel miRNA (id: 983), and (E) novel miRNA (id: 187) miRNAs 

downregulated in EHM horses include (F) miR-34, (G) miR-146a, (H) miR-542, (I) miR-199, (J) 

miR-328, (K) miR-10, (L) miR-669, (M) miR-483, and (N) miR-138. 
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Figure 35 (Cont’d) 
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