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ABSTRACT

DEVELOPMENT AND APPLICATION OF A QUANTITATIVE PCR ASSAY TO STUDY THE
PATHOGENICITY OF EQUINE HERPESVIRUS 5

By

Lila Marek Zarski
Equine herpesvirus 5 (EHV-5) infection is associated with pulmonary fibrosis in horses, but
further studies on EHV-5 persistence in equine cells are needed to fully understand viral and
host contributions to disease pathogenesis. We developed a quantitative PCR (gPCR) assay to
measure EHV-5 viral copy number in equine cell culture, blood lymphocytes, and nasal swabs of
horses. The PCR primers and a probe were designed to target gene E11 of the EHV-5 genome.
Specificity was verified by testing multiple isolates of EHV-5, as well as DNA from other equine
herpesviruses. Four-week old, fully differentiated (mature) and newly seeded (immature)
primary equine respiratory epithelial cell (ERECs) cultures were inoculated with EHV-5 and the
cells and supernatants collected daily for 12-14 days. Blood lymphocytes and nasal swabs were
collected from horses experimentally infected with EHV-1. The gPCR assay detected EHV-5 at
concentrations around 10% intracellular genomes per cell culture in experimentally inoculated
mature ERECs, and these values remained stable throughout 12 days. Intracellular EHV-5 copies
detected in the immature cultures increased over 14 days and reached levels greater than 10°
genomes per culture. EHV-5 was detected in the lymphocytes of 97% of horses and in the nasal
swabs of 88% of horses both pre and post EHV-1 infection. In conclusion, gPCR was a reliable
technique to investigate viral load in in vivo and in vitro samples, and EHV-5 replication in

equine epithelial cells may be influenced by cellular stages of differentiation.
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CHAPTER 1.

General Introduction



GENERAL INTRODUCTION

Equine Herpesvirus 5 (EHV-5) infection is ubiquitous in the equine population. Scientific
investigation of this gamma herpesvirus has lagged due to the inability to implicate it in clinical
disease. This changed in 2007 when it was linked to a newly described progressive and fatal
fibrotic lung disease of the horse termed equine multinodular pulmonary fibrosis (EMPF). A
few years later, it was found that in vivo inoculation of the lung with EHV-5 induced the
development of pulmonary fibrosis with features similar to EMPF.? The importance of this
discovery extends beyond veterinary medicine. The human disease idiopathic pulmonary
fibrosis (IPF) has been associated with gamma herpesvirus infection of the lung, however, to
what degree the infection contributes to disease pathogenesis remains unknown. Due to the
practical limitations of human research and the imperfection of murine models, certain key
mechanisms involved in the progression of gamma herpesvirus related IPF remain to be
evaluated in the natural host.

Because it is a naturally occurring disease, EHV-5 associated EMPF in the horse could
prove to be a valuable model by which to study potential mechanisms by which gamma
herpesviruses contribute to the pathogenesis of IPF in humans. In order to justify the costs and
labor involved in in vivo equine research, more information about EHV-5 must be obtained and
used to develop efficient and useful in vivo protocols. The following work represents the first
use of primary equine cell cultures to our knowledge to investigate the interaction of EHV-5

with its host cells.



This thesis contains three chapters. The first chapter will review the existing literature
describing the cellular mechanisms involved in the development of IPF, the possible
mechanisms by which gamma herpesvirus infection of the lung can influence these processes,
and a summary of the current knowledge of EHV-5. The second chapter describes the research
performed for this thesis. This work includes the development of a quantitative assay to
measure viral load and the use of this assay to characterize viral growth in equine cell culture.
The third chapter includes conclusions drawn from this work as well as the future directions of

this study.



CHAPTER 2.

Review of the Literature



IDIOPATHIC PULMONARY FIBROSIS

Interstitial lung diseases are diseases of the lung parenchyma (versus disease of the
airway) and can be classified based on whether the cause is known or unknown. Interstitial lung
diseases in human medicine of unknown etiology are classified as idiopathic interstitial
pneumonias (lIP) (Figure 1). Of the several distinct IIPs, the most common and severe form is
idiopathic pulmonary fibrosis (IPF). >* IPF is distinguished from the other IIPs based on
radiographic and histologic evidence of a usual interstitial pneumonia (UIP). UIP is characterized
by lesions of excessive and dense deposits of collagen along with accumulation of activated
myofibroblasts (referred to as fibroblast foci) and hyperplasia of type Il alveolar epithelial cells
(AECs). The lesions are bordered by seemingly unaffected parenchyma. Importantly, the lesions
are spatially and temporally heterogeneous, indicating the progressive and chronic nature of
the diseases as opposed to the results of a single insult. > The median survival after diagnosis is
3-5 years in humans regardless of treatment course. ©

Historically, the view of IPF pathogenesis was that an unknown inciting event triggered a
chronic inflammatory response in the lung that continued to injure the tissue throughout the
course of the disease. Inflammatory cells have been identified in IPF diseased lungs, and though
not a conclusive criterion, presence of inflammatory cells in the bronchoalveolar lavage can
support a diagnosis of IPF.”"1! Although it is evident that inflammation plays a role in creating a
pro-fibrotic environment, it is likely that this view may not explain the complete pathogenesis
of fibrotic lung disease seen in IPF. Immunosuppressive and corticosteroid treatments have

little to no effect on the progression and expected outcome of the disease, indicating that the



classical hypothesis that chronic inflammation is the primary mediator of lung damage needs
revision.!?

The current working hypothesis considers IPF a disease that results from dysregulated
wound repair in the lung, rather than chronic inflammation. In the normal lung, over 90% of the
alveolar surface area is covered by large flat terminally differentiated type | alveolar epithelial
cells (AEC 1), with 7% of the surface area consisting of the more plastic and cuboidal shaped
type Il cells (AEC 11).22 After damage occurs to the epithelium of the alveoli, several mechanisms
occur in order to promote effective wound healing. Local fibroblasts are activated to become
myofibroblasts, which function to produce collagen. Furthermore, the AEC Il migrates to the
area of injury, where these cells eventually differentiate into and replace the damaged AEC
1.141> This re-epithelialization following injury allows the alveoli to regain its gas-exchange
function. However, IPF lesions are characterized by hyperplasia of AEC Il along with excessive
collagen deposition, which indicates dysfunctional wound healing: the failure to re-epithelialize
and the aberrant accumulation of myofibroblasts. Fibrotic disease is ultimately the result of an
increase in collagen deposition, and a decrease in collagen degradation.® The activation and
accumulation of myofibroblasts occurs as a result of signals from the epithelium, and can be
perpetuated by inflammatory events that contribute to the pro-fibrotic environment (Figure 2).
Though there is no known cause for IPF, several risk factors are associated with the disease,
such as old age, cigarette smoking, inhaling occupational particles, gastro-esophageal reflux,
viral infections, and diabetes. >17~2! These factors likely initiate one or multiple cascades of

events that promote alveolar injury and inflammation and ultimately lead to the development



and progression of fibrosis. The following sections review the crucial roles that epithelial
damage and pulmonary inflammation have in the activation of myofibroblasts.

Role of epithelial cells in IPF — activators of myofibroblasts

Apoptosis

Prolonged apoptosis of epithelial cells perpetuates the dysfunctional wound healing
signals characteristic of IPF and contribute to the failure to re-epithelialize.

Epithelial apoptosis is a critical event in animal models of pulmonary fibrosis, and inhibition of
apoptosis leads to attenuation of the disease. 2223 Targeted destruction of AEC Il in a mouse
model has shown to be enough to incite a fibrotic response. 2* However, it is important to note
that in laboratory animal models, unlike the natural human disease, the inciting event of the
disease is a known and controlled agent. However, given the results of these studies along with
the evidence of apoptotic events in the IPF lung, it is likely that epithelial injury is an important
and critical factor to disease development and progression. Lung biopsies taken from IPF
patients show an increase in epithelial apoptosis in areas of fibroblast foci of collagen producing
myofibroblasts. 2> Although the inciting factor involved in apoptosis in IPF is not known, it is
likely that a combination of environmental and genetic factors are responsible for the
perpetuation of epithelial damage.

Increased oxidative stress in the lungs of IPF patients may contribute to AEC cell damage
and perpetuate activation of apoptotic pathways.2® These damaging oxidants can be produced
from neutrophils or macrophages recruited to the region.?” However, because anti-
inflammatory treatments do not affect the outcome of IPF patients, it is likely that immune cell

mediated epithelial damage is not solely responsible for the progression of the disease.'> A



human cell culture system has identified that myofibroblasts isolated from the lungs of IPF
patients are capable of producing hyrdrogen peroxide, which can contribute to cell death of
nearby AECs. %8

Genetic studies have provided important clues to other contributors to epithelial
apoptosis and the pathogenesis of IPF. A mutation of the surfactant protein C (SFTPC) gene is
associated a familial form of the disease. 2230 As a result of this mutation, the surfactant C
protein is misfolded as it is being processed by AEC Il cells. The aggregation of misfolded
proteins within the cell results in endoplasmic reticulum (ER) stress, and contributes to a
cellular process known as the unfolded protein response (UPR). Mutation of the surfactant
protein results in ER stress, the UPR, and subsequently cell death by apoptosis in human
epithelial cells. 3! It does not appear that sporadic IPF patients have mutations in SFTPC,
however, there are other mechanisms that could generate a similar cellular response. 32
Markers of ER stress and UPR have been found in the AECs of IPF patients. 33 Chronic ER stress
and UPR may be responsible for the apoptosis of AEC Il in IPF. 34

Telomere shortening is a feature of cell senescence and aging, and is also accelerated in
smokers when compared to non-smokers. 3> Both smoking and ageing are co-factors that can
be involved with the development of the disease and have been associated with IPF. ¥ Genetic
evaluation of familial IPF have also highlighted the association between the disease and a
mutation of the telomerase gene, TERT. 3437 This gene encodes the polymerase responsible for
lengthening the telomeres following chromosome replication. A defect in TERT results in
shortened telomeres, cell senescence and eventually apoptosis.3® Though the TERT mutation is

not necessary in order to develop all cases of IPF, it indicates that other mechanisms of



abnormal shortening of telomeres may be responsible for the pathogenesis of the disease, by
inducing apoptosis of epithelial cells.

The above literature strongly indicates that epithelial apoptosis is an important
contributor to the activation of myofibroblasts. Epithelial apoptosis can occur as a result of
many factors, including direct oxidative damage, ER stress, and cell senescence. These factors
can be incited by many genetic and environmental stimuli. In addition to apoptosis, epithelial
cells likely play another role in the activation of fibroblasts , which is transitioning into
fibroblasts themselves.

Epithelial mesenchymal transition

Damage to the alveolar epithelium is not the only pro-fibrotic fate of the AEC Il in IPF. It
is likely that a process known as epithelial mesenchymal transition (EMT) contributes to the
unwanted accumulation of fibroblasts in the fibrotic lung. Though likely not the only source of
fibroblast accumulation, epithelial cells have the ability to lose key epithelial characteristics and
acquire a fibroblast phenotype. One study found that primary rat AECs as well as a rat AEC Il
cell line lost epithelial markers and gained fibroblast markers after exposure to transforming
growth factor B1 (TGF-B1), a known pro-fibrotic factor. 3° The epithelial cells of the lungs of a
mouse model developed mesenchymal cell markers after 3 weeks of exposure to TGF-B1. In this
study, the authors found that nearly all of the fibroblasts in the diseased lung were of epithelial
origin. %% Similarly, TGF-B1 also can induce EMT in a human lung cell line. ** TGF-B1 and pro-
fibrotic exogenous factors are not the only mechanisms by which AECs may be stimulated
towards EMT. There is evidence that ER stress is capable of inducing EMT as well.*?43 This

phenomenon is likely to play a role in the natural disease of IPF, as lung biopsy samples from



patients revealed cells with markers for both epithelial cells and fibroblasts, indicating that this
transition occurs in the natural disease. 3° Tanjore and colleagues observed EMT in vivo in the
lungs of their mouse model of pulmonary fibrosis. However, contrary to some other findings by
another laboratory, in this study only a small percentage of fibroblasts of epithelial origin had
differentiated into activated myofibroblasts. 4>444> In the natural disease, it is difficult to
determine whether a fully differentiated myofibroblast is of epithelial or another origin. So
although EMT may occur, the extent to which epithelial derived fibroblasts are responsible for
collagen deposition in IPF is still unknown.
Contribution of the immune system to IPF — perpetuation of a pro-fibrotic environment
Though the importance of chronic inflammation to the development and progression of
IPF has recently been challenged, there is evidence that certain immune processes are present
within diseased lungs. The adaptive immune response likely plays an important role in the
chronic damage that perpetuates progressive fibrosis. CD4+ T cells, or T helper (Tn) cells, can be
divided into subtypes based on the cytokines they produce. Type 2 Tu (Tu2) cells are known to
produce high levels of type 2 cytokines, namely IL-4, IL-5, and IL-13. In addition to the Tx cells
of the adaptive immunity, recent work has revealed an important role for innate lymphoid cells
(ILC) that secrete cytokines in response to a non-specific antigen. The subset that produces type
2 cytokines upon activation are known as ILC2. Epithelial derived factors, IL-25, IL-33, and TSLP
are currently thought to be the crucial activating stimuli for ILC2.#67%° Both T2 and ILC2 may be
critical sources of profibrotic type 2 cytokines necessary for the development or progression of
fibrosis. Investigations using transgenic laboratory mice or neutralizing factors have indicated a

critical role for type 2 cytokines in the development of fibrotic disease.>®>3 Analysis of

10



bronchoalveolar lavage fluid of IPF patients has revealed elevated type 2 cytokines, specifically
IL-13.>% Furthermore, type 2 cytokines appear to be up-regulated in the tissues of lungs from
patients with IPF.>®> These results indicate that a type 2 environment is an important contributor
to the development of IPF.

Cell culture work has shown that type 2 cytokines contribute by directly stimulating
fibroblasts to differentiate in to the ECM producing myofibroblast phenotype.>® Type 2
cytokines are also responsible for activating macrophages into their alternative phenotype.>’
Alveolar macrophages isolated from patients with pulmonary fibrosis express markers indicated
an alternative activation state.’® Alternatively activated macrophages, as well as type 2
lymphocytes, are important producers of pro-fibrotic factors that not only can perpetuate the
type 2 inflammatory response, but also directly activate fibroblasts to produce collagen. >0
Perhaps one of the most crucial factor directly affecting the activity of fibroblasts, and the
subsequent development of tissue fibrosis is TGF-B1.

TGF-81

In fibrotic lung disease, TGF-B1 can be secreted by inflammatory cells as well as AEC I,
and is a paracrine or autocrine signal for activating mechanisms involved in the fibrotic
pathway. It is secreted as an inactivated precursor protein. Interestingly, this latent form of
TGF- B1 can accumulate within the ECM for later activation ®! Interaction with epithelial and
fibroblast derived factors are necessary to activate TGF- B1 into its functional form. 6263
Activated TGF- B1 has long been known to contribute to the expression and deposition of ECM,
perhaps by promoting the differentiation of fibroblasts into activated myofibroblasts 4% TGF-

B1is also capable of promoting differentiation of epithelial cells into fibroblasts, through the
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process of EMT. 3%4! Because of its role in ECM production, TGF- B1 has been investigated in IPF
as a potential contributor to the activation of fibroblasts and ECM deposition in the disease.
Using immunoshistochemical staining techniques, Khalil and colleagues found heavy
localization of TGF- B1 to hyperplastic type Il AEC in fibrotic lesions. ¢ This observation indicates
that AEC Il driven secretion or activation of TGF- 31 may contribute to the disease and severity
of lesions. As a follow up study, this group found that in lungs of those with early disease and
less severe lesions, TGF- B1 was limited to alveolar macrophages. However, in the lungs of
those with more advanced disease and severe fibrosis, TGF- B1 was predominantly located in
the AEC Il. 87 Interestingly, although TGF- B1 is considered an important molecule for normal
wound healing, there is evidence that heavy local expression can reduce the re-epithelialization
of wounds. 8% These observations indicate that epithelial derived or activated TGF- B1 is
involved in the progression of the disease, perhaps in a feed-forward cycle. This could explain
treatment with steroids is ineffective in cases of advanced disease. It has been demonstrated
that TGF- B1 expression is not reduced in response to corticosteroid treatment, and in fact
corticosteroids may up-regulate activation of the latent TGF- B1. 7971
The myofibroblast — effector of disease

It is the accumulation of excessive extracellular matrix (ECM) proteins, such as collagen,
that leads to the damage of the alveolar architecture and consequentially impaired gas
exchange and organ dysfunction. The effector cells responsible for normal and abnormal
deposition of ECM are activated fibroblasts, known as myofibroblasts. Myofibroblasts are
mesenchymal cells distinguished by the de novo production of a-smooth muscle actin (aSMA),

which has become the marker to identify effector cells in normal and abnormal ECM
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deposition.’?”3 In IPF lesions, the fibroblast foci are characterized by an accumulation of
myofibroblasts and therefore an increase in production of ECM proteins. 7 There are many
possible origins of precursor cells. Myofibroblasts can differentiate from tissue resident
fibroblasts, bone marrow derived circulating fibrocytes, or from epithelial cells in a process
known as epithelial mesenchymal transition (EMT).3%6575 |n order to understand the
progressive pathology of IPF it is important to understand the factors that can contribute to the
aberrant accumulation and activation of myofibroblasts. As reviewed above, this can occur
through various mechanisms. Cellular damage to the AEC by multiple exogenous and
endogenous signals contributes to the activation of myofibroblasts. Additionally, pro-fibtrotic
factors such as TGF- B1 can induce AECs to transition into myofibroblasts themselves. The
profibrotic environment is exacerbated and perpetuated by the accumulation of type 2
inflammatory cell recruitment. However, a direct insult to initiate these mechanisms in IPF
remains unknown. The development of the disease is likely due to a “perfect storm” of co-
factors that trigger the multiple pathways reviewed above. However, another important co-
factor to the development of this complex disease is a topic of current investigation. Evidence
has shown that viral infection of the lung is associated with IPF, and it may be involved in the

perpetuation of unwanted collagen accumulation.
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GAMMAHERPESVIRUSES AND PULMONARY FIBROSIS

Herpesviridae are a family of viruses in the order herpesvirales that infects mammals,
birds, and reptiles. The gammaherpesvirinae are one of three subfamilies, and includes the
genera Lymphocryptovirus, Macavirus, Rhadinovirus, and Percavirus. 7677 A hallmark of all
herpesviruses is their ability to establish lifelong latency in their host. The latent genome
packages itself within the host cell nucleus as a circular extra-chromosomal episome of viral
DNA.”® Unlike other subfamilies of herpesviruses, infection with gamma herpesviruses usually
produce only a mild clinical disease (if any) upon primary infection, and quickly establish latency
in the B lymphocytes of the host.

Of the gamma herpesviruses (gHVs), Epstein Barr virus (EBV) is perhaps the most well
studied. EBV was first detected in the 1960’s by electron microscopy in the lymphocytes of
Burkitt’s lymphoma tumors. ’° Primary infection occurs through oral contact with saliva of an
infected individual.®° Frequently, primary infection produces mild, if any clinical disease. In
some instances, primary exposure may produce acute infectious mononucleosis.8! It is
hypothesized that the virus passively passes through the epithelium via transcytosis in order to
encounter lymphocytes.®? Upon interaction with the naive B cell, EBV enters the cell via
interaction of gp350/220 with the cell surface protein CD21 and also via interaction of three
viral proteins gp42, gH, and gL with the MHC Il molecule on the cell.8 After entry, the virus
enters a state of latency where the genome arranges itself as a closed circular episome.’886

Once infected, the latent virus induces cellular expression of proteins that signal for the cell’s

migration to the germinal center of the lymph node, in much the same way as if the naive B cell

14



encountered its cognate antigen.?’ In the germinal center, the infected B cell undergoes rapid
division and exits into the periphery as a memory cell.8 Latently infected memory cells circulate
and act as a reservoir of persistent infection within the host. As the circulating memory B cells
transit near the oropharyngeal lymphoepithelium, they occasionally differentiate into a plasma
cell. The exact stimulus of this differentiation is unknown: one possibility is that it encounters
its cognate antigen and differentiates in order to produce antibody. Upon differentiation of a
latently infected memory cell into a plasma cell, lytic viral gene expression is initiated, and the
virus begins de novo replication of infectious virions.® It is from these plasma cell-produced
virions that infection of the nearby epithelium occurs. Though more research is necessary to
understand specific mechanisms permitting the infection of epithelial cells, it is likely the active
lytic infection of these cells that produces the virus shed by the host through the saliva.®°
Evidence of gamma herpesvirus involvement in IPF

Gamma herpesvirus infection, specifically infection with EBV, has long been suspected
to be involved in IPF. Serological evidence has shown that individuals with IPF have higher
serum IgA and IgG antibodies against the viral capsid antigen (VCA) of EBV when compared to
subjects without signs of IPF. °°2 Investigations of lung tissue reveal that EBV infection occurs
in the lower airways of IPF patients at a significantly higher frequency than in other
populations. Pulkkinen et al used PCR to detect EBV DNA in the lung tissues of 11/12 patients
with IPF, while none of the 10 control lungs showed detectable levels of viral DNA. 3 Similarly,
Stewart et al found EBV DNA in the lung tissues of 13/27 IPF patients, while only 4/28 controls
had detectable levels. 2! Another study by Calabrese et al in 2013 found EBV DNA in the lung

tissues of 22/55 IPF patients, while only 3/41 control lung tissues were positive. °* It is evident
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that despite the ubiquity of infection with EBV in the population, presence of EBV in the lower
airway is not commonly detected in healthy lungs. The higher incidence of EBV DNA in IPF lungs
makes a strong case that the virus may be involved with the etiology or exacerbation of IPF.
However, though an association is likely, causality cannot be determined based on the above
observations. It must also be noted that reports exist in which EBV was not detected within the
lung tissue of IPF patients, and controversy still exists on whether infection of the lower airway
with the virus is important in the pathogenesis of IPF.%>%

The virus associated with disease in IPF lungs are likely involved in active, lytic infection
of the lung tissue, specifically the epithelial cells of the alveoli. Studies in the 1990s used
immunohistochemistry to target the viral antigens gp 340/220 and VCA. These antigens are
expressed during lytic replication of EBV. It was shown that the epithelial cells in lung biopsies
taken from IPF patients were significantly more likely to stain positive for these antigens when
compared to control lung biopsies. This not only supports the previous evidence that EBV may
be associated with IPF disease, but also indicates that the virus is undergoing lytic replication.
2197 Kelly, et al. found that of IPF lung tissue samples that were positive for EBV, 61% of these
samples contained a rearranged genome fragment known as WZhet that is indicative of a lytic
version of the virus. In this study, EBV DNA was found in the peripheral leukocytes of 75-85% of
IPF patients and controls, but interestingly, the WZhet form was found in 16 of 27 IPF patients,
but 0 out of 32 lung transplant recipients, and 1 out of 24 control blood donors. °® Some studies
involving animal models of viral associated lung fibrosis indicate that pulmonary cells latently
infected with gHV up-regulate expression of pro-fibrotic factors and contribute to in vivo

development of fibrosis.?®1% Understanding the state of latency of the virus will give better
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understanding as to its contributions to pathogenesis of disease. Regardless, detectable levels
of gHV in healthy lungs is abnormal, and given the prevalence of evidence of EBV in the lungs of
patients with IPF, an association between gHV infection of pulmonary cells and fibrotic disease
is worthy of additional study in humans as well as other model systems.
Mechanisms by which EBV can contribute to IPF — evidence from murine models

Murine models have been a useful tool to help tease out the mechanisms involved in
gHV related pulmonary fibrosis. Murine herpesvirus 68 (MHV68) is a gHV that naturally infects
the bank vole (Myodes glareolus) and the wood mouse (Apodemus sylvaticus). °1°2 Because
EBV is unable to establish infection in laboratory mice, MHV68 has been shown to establish
infection within laboratory mice and used as models of human gHV infection. 1° However, the
pathogenesis MHV68 disease is not completely similar in the laboratory mouse when compared
to the natural host. 103104

The natural host of MHV68 does not develop significant pathology upon infection with
the virus. 1°* However, wild type laboratory mice will develop some lung inflammation, but no
pulmonary fibrosis when infected with MHV68. % Bleomycin treated laboratory animals are a
popular model for studying the mechanisms of pulmonary fibrosis in vivo, though this model
only shares some histologic features of human pulmonary fibrosis.1% Bleomycin is an antibiotic
that is used clinically in humans as a chemotherapeutic cancer treatment. Bleomycin reacts
with metal ions and oxygen to produce reactive oxygen species (ROS) which cleaves DNA
leading to arrest of the cell cycle and death of the cancer cell.1% However, in the lungs, the
overproduction of ROS leads to unwanted cell damage and triggers an inflammatory response.

This damage signals for wound healing mediators, such as TGF-B1, which initiates fibrosis.
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Through this mechanism, the lung undergoes an acute phase injury due to neutrophilic and
lymphocytic infiltration, and up-regulation of type 1 pro-inflammatory cytokines prior to
fibroblast activation and excessive collagen deposition. In this first inflammatory phase,
steroidal treatment can cease the progression of fibrosis and discontinuation of bleomycin
exposure can halt disease progression.19”:1% |n human IPF, a known injurious event is absent (or
has long been resolved) upon clinical presentation. Anti-inflammatory treatments are
ineffective, and the disease does not regress with time, but instead progresses despite the
absence of a known inciting factor. Though the bleomycin model may elucidate some key
mechanisms involved in the formation of fibrosis in general, the history and development of the
resulting lesions differs from natural disease. In this way, information generated from this
model may be limited.

MHV68 infection in the bleomycin model may provide clues to the development of gHV
associated pulmonary fibrosis. Laboratory mice resistant to the effects of bleomcyin were
infected with MHV68 8 days prior to a bleomcyin challenge. Mice that did not receive the virus
did not develop pulmonary fibrosis in response to the bleomycin, but importantly those mice
infected with MHV68 developed significant fibrotic pathology after belomycin injection. 10°
These results indicate that MHV68 lytically infected animals will develop fibrosis when exposed
to conditions that will not cause disease in an uninfected animal.

By 14 days post infection with MHV68, laboratory mice harbor the latent form of the
virus within the lung °>1% Latently infected laboratory mice have an enhanced fibrotic response
when challenged with FITC or bleomycin as far as 70 days post infection with MHV68. 1

Latently infected alveolar macrophages, B-cells, and fibroblasts were harvested from mice 28
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days post infection and analyzed for expression of pro-fibrotic factors. When compared to
those from mock inoculated animals, the latently infected cells up-regulated cytokines and
chemokines important for myfibroblast differentiation, leukocyte, and fibrocyte recruitment. *°
These results indicate that the presence of latent gHV may be enough to modulate the
environment of the lung into a pro-fibrotic state.

MHV68 infection can also exacerbate established fibrosis. After established FITC induced
fibrosis, mice infected with MHV68 had increased collagen deposition 7 days post infection
when compared to uninfected mice. 19 In this study, it was observed that the lytic replicating
form of the virus was responsible for the exacerbation of the fibrotic response. 1° Established
fibrosis is not exacerbated by infection with other common viral or bacterial pathogens. Though
infection with influenza or Pseudomonas aeruginosa increases the recruitment of inflammatory
cells to the lungs, it does not increase collagen deposition in mice previously treated with
bleomycin. MHV68 infection, however, does increase collagen deposition in mice previously
treated with bleomycin when compared to uninfected animals, or those infected with influenza
or Pseudomonas aeruginosa. Animals treated with bleomycin have an increase in lytically active
MHV68 when compared to those infected with the virus, but not challenged with bleomycin. %!

The above studies illustrate that MHV68 infection likely contributes to the development
of fibrotic mechanisms in the lung. In these observations, the virus acts as a co-factor to an
insult known to induce fibrosis. In contrast, in the cases of IPF observed in humans, fibrosis can
develop in the absence of a known environmental stimulus. In those cases, the pulmonary
environment is often characterized by a type 2 cytokine profile.>*>> Knocking out the IFNy

receptor creates a mouse (IFNyR-/-) with a cytokine profile skewed towards a type 2 response.
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Though both IFNyR-/- and wild type mice develop pulmonary inflammation following infection
with MHV68, only the knockout mouse develops fibrosis without any other pro-fibrotic
stimulus. Evidence of subpleural fibrosis in the lungs begins around 45 days post infection, with
the disease advancing to interstial fibrosis by 150 days post infection. The alveolar wall
continues to thicken at least until day 180 post infection. 1*? The results of this study are
substantial, as this model is not dependent on a single insult, such as a bleomycin or FITC
challenge. Importantly, the disease observed in the type 2 biased mice was a progressive
disease that continued to worsen with chronic herpesvirus infection. In this model, it seems
that the progression of fibrosis can be halted by administering anti-virals to target MHV68,
indicating that lytic replication of the virus is necessary for the disease progression. > Work
with this model has helped draw conclusions that a type 2 environment in conjunction with gHV
infection in the lung may play important roles in the pathogenesis of the human disease.

The prevalence of IPF increases with age, with the mean age of diagnosis being 66 years
old. In a senescence accelerated mouse model, it appears that the ageing lung is inherently
more prone than a younger lung at developing fibrosis after exposure to bleomycin. 14 This is
likely a result of the aged animal more likely expressing elevated levels of pro-fibrotic factors,
such as TGF-B1, but interestingly aged mice also showed more circulating bone marrow derived
fibrocyte recruitment. 4 Furthermore, evidence shows that aged mouse fibroblasts have more
TGF-B1 receptors and therefore an increased collagen production response to TGF-B1
stimulation. 1> Aged mice are also more predisposed to gHV induced lung fibrosis. 11>116 The
increase in gHV related fibrosis in these models corresponds with an up-regulation of pro-

inflammatory as well as pro-fibrotic factors, notably TGF-B1 and the fibrocyte recruitment
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chemokine, CCL12 5116 The epithelial cells in aged animals infected with MHV68 exhibit higher
levels of ER stress, as well as higher levels of AEC Il apoptosis when compared to infected
younger animals. 1'® These studies indicate that cellular factors associated with aging may
contribute to the pro-fibrotic environment necessary to promote gHV associated fibrotic
disease.

In summary, these laboratory animal experiments provide valuable evidence supporting
the hypothesis that gHV can play a role as a cofactor in the development of pulmonary fibrosis.
The studies indicate that gHV infected animals harboring the lytic or the latent form of the virus
within the lower airways can develop fibrosis under conditions uninfected animals will not. gHV
infection can also exacerbate established fibrosis, or initiate disease in lungs with a pro-fibrotic
environment. Evidence from these models nicely complement the observations from human
IPF patients and together provide a compelling argument that gHV contributes to fibrotic lung
disease in humans. Future studies in laboratory mice will continue to reveal potential
mechanisms by which gHV infection can influence the development of progression of
pulmonary fibrosis. However, the disease created using MHV68 in laboratory mice differs in
several key ways from human IPF. Laboratory mice are not the natural host for the virus, and in
order to develop disease, an extreme fibrotic environment is necessary. Therefore, it will be
difficult to tease out the co-factors that contribute to IPF development in the gHV infected lung
using laboratory mouse models. In order to answer questions regarding pathogenesis of the
natural disease, we can look towards the horse — as this species naturally develops a gHV

associated fibrotic lung disease.
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EQUINE HERPESVIRUS 5 (EHV-5)

Like EBV in humans, EHV-5 is a ubiquitous pathogen among the equine population. Viral
DNA is routinely detected in nasal swab and peripheral blood cells in healthy and diseased
animals.17-123 EHV-5, similarly to gamma herpesviruses of humans, likely establishes latency in
the lymphocytes. Though the specific target cell for latency has not been determined, sensitive
assays can routinely detect viral DNA in the peripheral blood cells of horses.118119121-123 Eo3|s
acquire EHV-5 early in life, likely by 6 months of age. The primary infection is not associated
with any clinical signs of disease. 1% Because of its ubiquity and no noticeable clinical disease,
until recently, EHV-5 infection was largely presumed to be insignificant for veterinary
investigation.

Scientific and veterinary interest in this virus has grown in the past decade, prompting
improved diagnostics as well as speculative investigations on the potential involvement in
different pathologies. With the prevalence of EHV-5 nasal shedding throughout the equine
population, it is tempting to hypothesize that infection with the virus can influence the
pathogenicity of common upper respiratory diseases. EHV-5 DNA was reported in the nasal
secretions of horses with infectious upper respiratory disease due to various respiratory
pathogens. However, EHV-5 was also detected in the nasal swab samples from horses free from
respiratory disease. The EHV-5 viral load was not significantly higher in diseased animals when
compared to healthy ones, except in the case of those with EHV-4 respiratory disease.
However, this cohort was much younger than any other group of animals tested, and it cannot

be assumed that higher EHV-5 shedding was associated with EHV-4 disease, or other group
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differences, such as age in this particular study. '’ However, it has been suggested that
detection of EHV-5 may be influenced by age by other studies. One group found that it was
significantly more likely to find EHV-5 DNA in the nasal swabs or PBMCs of horses 1-3 years old
than in horses 4 years and older.?2 Rushton, et al. also found a higher rate of detection in nasal
swabs of younger horses when compared to those of older horses. However, in this study
though the horses were housed in different environments, with the younger animals being held
in pens in larger groups. Therefore, it is unclear whether increased shedding is due to age or
housing conditions.??! Another group also found an effect on age with the detection of EHV-5 in
the nasal swabs of horses. However in this group ages 2 or 4 were less likely to be positive,
whereas it was more likely to detect the virus in horses aged 3, 5, or 8 years.'?° The results of
this study must be carefully considered, as there little evidence that there are immunological
distinctions between horses of these ages, and the variances in the viral load reported may
largely be due to differences in environment, housing, and exposure between these groups,
rather than age alone. It has been speculated that EHV-5 infection in young horses may
predispose them to infection of other pathogens.'*® However, as evident by the results of the
above studies, there is no significant evidence that EHV-5 infection induces or modulates the
susceptibility to upper respiratory disease.

In one thorough study, Helena Back and her colleagues measured the EHV-5 viral load
in the nasal swabs of 63 racehorses monthly, for over one year'?°. They found that 97% of these
horses tested positive at least once for the virus, and that viral load did not have any
association with respiratory disease or quality of performance. The findings from this

investigation indicate that any observed variations in presence and viral load of nasal secretions
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are most likely due to the natural temporal variation and epidemiology of this virus, than to a
specific respiratory disease state.

Because of the ubiquity of EHV-5 in nasal swab samples of horses with respiratory
disease, it is tempting to imagine that infection with EHV-5 is a co-factor in upper respiratory
disease pathology. Whether EHV-5 infection makes the host susceptible to other pathogens, or
it is possible that subsequent infections with other respiratory pathogens reactivates EHV-5 out
of a latent state. While it is certainly possible that EHV-5 infection may influence the
pathogenesis of other infectious disease, because EHV-5 can routinely be found in nasal swabs
of healthy horses, it is difficult to make an association by quantifying level of shedding in
healthy and sick animals, without careful attention to match each group in other factors such as
age, breed, diet, sex, use, etc.

Equine multinodular pulmonary fibrosis

Though EHV-5 is prevalent in the nasal swabs and peripheral blood leukocytes of horses
regardless of disease, it is rare to find the virus in the lower airways of healthy or diseased
horses — with one notable exception.1?4#12> Recently, EHV-5 infection of the lung has been linked
to a newly recognized disease termed equine multinodular pulmonary fibrosis (EMPF) by
Williams and colleagues in 2007.1 In horses afflicted with this progressive fibrotic lung disease,
EHV-5 infection of the lung has been confirmed with PCR of the lung tissue, however, tissue
DNA is negative for the virus in horses with respiratory disease but not affected by EMPF.
1,124,126-133 Though the relationship of EHV-5 infection of the lung and the development of EMPF
is still controversial, a study by Williams et al. found that experimental inoculation with EHV-5

into the lungs of healthy horses induced fibrosis in the lung. In this study, 6 horses were

24



inoculated with EHV-5 directly into the lung via endoscope, and 2 horses were mock inoculated.
The horses were euthanized 97-108 days post inoculation and tissues were collected. 3 of the 6
horses had gross fibrotic lesions that resembled naturally occurring EMPF. Histologically, lung
tissues contained significant more collagen deposition when compared to the control
inoculated horses. Around the lesions of in the lungs of EHV-5 inoculated horses,
immunohistochemistry identified numerous activated myofibroblasts, as well as EHV-5 antigen
localized to the alveolar epithelial cells. These results provide compelling evidence that
pulmonary infection with EHV-5 can induce the development of fibrotic disease.?
The clinical disease of EMPF — a review of case studies

Horses with EMPF typically present with a history of lethargy and weight loss.
Examination usually reveals tachycardia, tachypnea, and pyrexia. Laboratory examination will
often reveal leukocytosis, lymphopenia, and hyperfibrinogenemia. Hypoxia is also a common
observation due to decreased gas-exchange area on the lung. Auscultation of the thorax is
commonly abnormal in all lung fields, and includes crackles and wheezes. Thoracic radiographs
will show a diffuse nodular interstitial pattern, and defined nodular lesions can usually be
detected with ultrosonography. Transtracheal wash, bronchoalveolar lavage, or lung biopsy are
collected if the case warrants in order to differentiate from other interstitial lung disease.
Bacterial cultures of tracheal or lung aspirates are normally negative. Histopathology of lung
biopsy will reveal expansion of the alveolar septum due to collagen deposition. The alveolar
lumen will often contain an infiltrate of mixed inflammatory cells. Occasionally, macrophages
with viral inclusion bodies can be detected. If the above conditions indicate fibrotic lung

disease, and the lung tissue is positive for EHV-5 DNA using PCR analysis, a diagnosis of EMPF is
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usually made. Treatment of the cases reviewed here varied, but most included corticosteroids,
non-steroidal anti-inflammatory drugs, bronchodilators, or an anti-herpesviral drug. Once a
diagnosis of EMPF is made, the prognosis is usually fair to poor —and less than 50% of the cases
reviewed here recovered. Prognosis seems to improve if the diagnosis is made early before
severe progression of the fibrosis. Post-mortem examination of the lung will reveal gross tan-
white firm nodules throughout the lung with apparent healthy tissue surrounding the lesions.
1,124,126-133

Though efficacy of acyclovir (a herpesvirus polymerase inhibitor) for treatment of EMPF
is still largely anecdotal and theoretical, there seems to be some consensus that valacyclovir
treatment (the prodrug form of acyclovir) for several weeks has the most potential to be
effective. 24134135 yalacyclovir is preferred over acyclovir treatment, as evidence exists that to
reach effective antiviral plasma concentrations in the horse acyclovir must be administered
intravenously as a constant rate infusion. In contrast, valacyclovir has improved oral
bioavailability, and therefore can be administered orally every 8 hours to achieve ideal plasma
concentrations. 13°7137 There is some controversy surrounding the use of corticosteroids for
EMPF treatment. Corticosteroids have the potential to reduce the inflammatory state of the
lung that is contributing to the development and progression of the fibrosis. ?4#13* However,
besides typical veterinary concerns surrounding long term administration of corticosteroids to
horses, including the increased risks for conditions such as laminitis, some authors believe that
the immunosuppressive properties will encourage an increase in EHV-5 replication. 124129135138

As with human IPF cases, there seems to be mixed evidence that corticosteroid treatment is

effective at improving the disease outcome of EMPF.
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Based on the literature, it is not a stretch to conclude that nearly every horse has been
infected with EHV-5, yet only a select few develop disease. This mimics observations in humans
and EBV related lung disease. More investigations are necessary in order to elucidate the
mechanisms by which EHV-5 infection contributes to the pathogenesis of fibrotic lung disease.
Contrary to the lung fibrosis induced in murine models, EMPF is a naturally occurring
spontaneous disease in the horse and is associated with a gHV that naturally infects the species.
Understanding the pathogenesis of EHV-5 associated lung disease in the horse will provide
insight that cannot be obtained by using laboratory mouse models. The ability to
experimentally study the horse in a laboratory setting overcomes several obvious limitations to
experiments using human disease. However, in vivo studies in equids have some practical,
economical, and ethical limitations that murine models do not. In vitro cell culture models using
equine cells and EHV-5 can answer important questions regarding viral pathogenesis and host
interactions. Furthermore, information generated from these studies can lead to well
supported hypotheses that can justifiably be tested in vivo. In this way, EHV-5 and the horse is
an attractive way to investigate the role of gHV associated lung fibrosis by addressing obvious

limitations to murine and human research.
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PURPOSE AND HYPOTHESES

Though subclinical lifelong persistent infection of both EBV and EHV-5 appear to occur in
the lymphocytes of the majority of their host species’ populations, there is increasingly
compelling evidence suggesting that infection of pulmonary epithelial cells with these viruses is
associated with fibrotic lung disease. ¥>2%%7 In humans, EBV virus is persistently shed in
significant quantities in the oral cavity of healthy individuals. This is likely due lytic replication in
the oral epithelium, and thus the oral cavity can serve as a reservoir for the virus and
subsequent transfer to another host.*° In vivo evidence has identified lytic replication of EBV in
normal epithelial cells, and that this infection occurs in the differentiated (suprabasal) layers of
the epithelium.3®

Until recently, specific mechanisms of EBV replication in the epithelium was poorly
understood due to the inability to generate productive infection in vitro with human epithelial
cells. However, recently lytic replication has been achieved by culturing human oropharangeal
epithelial cells in an organotypic system, in which the bottom surface of the culture is exposed
to liquid media through a porous membrane while the top surface is exposed to air. This model
mimics the biological environment of the airway epithelium, and thus promotes a natural
differentiation program of the cells. In this system, in agreement with in vivo observations, the
differentiated cells are capable of maintaining lytic EBV infection.?* While Iytic viral gene
expression is confined to the suprabasal layer of the epithelium, a low level of latent infection
exists in the basal layer. Furthermore, transcription factors involved in normal epithelial

differentiation can activate latent EBV into a lytic infection. These results indicate that latent
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viral infection can be established in the basal epithelium, and as these cells differentiate lytic
EBV replication can be activated. Consequently, high levels of virus can then be shed into the
environment. 14

In horses, detection of EHV-5 suggests that the virus has a similar cellular tropism, with
the virus establishing low-level latent infection in the lymphocytes, and persistent active
replication in nasal epithelium in order to shed progeny into the environment. Though these
kinetics occur without clinical disease, it appears that infection of lower airway tissue may
contribute to the development of pulmonary fibrosis. Observations of horses with EHV-5
associated fibrosis suggest that EHV-5 infection becomes established in the epithelial cells of
the affected lungs, but not in the lungs of healthy animals.? Understanding mechanisms
involved in EHV-5 infection of equine airway epithelium will provide valuable insight into the
processes involved in the development of gHV associated fibrotic lung disease. Similar to the
work done with EBV, an air-fluid-interface cell culture model of airway epithelium has been
developed to study cellular mechanisms involved in infectious disease of the horse. This model
develops a psuedostratified layer of fully differentiated epithelial cells that maintain key
immunological properties of the natural airway.'*? Infection of this system with EHV-5 could
provide useful information on viral kinetics in equine respiratory epithelial cells, and thus be
used to generate knowledge with which to design future studies on the pathogenesis of EHV-5
associated lung disease in the horse.

It was our intention in this study to develop a reliable and sensitive method by which to
qguantify viral load of EHV-5 in cell culture samples, as well as clinical samples. Once developed,

we sought to use this assay to investigate EHV-5 kinetics in epithelial cell cultures at different
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stages of differentiation in order to better understand the mechanisms involved with lytic

replication of the virus in the respiratory epithelium of the horse. Furthermore, we sought to

use the assay to determine if the viral load of EHV-5 in the nasal secretions and peripheral

blood lymphocytes of horses was affected by acute respiratory disease with equine herpesvirus

1 (EHV-1).

The specific aims of this work are to:

a)

b)

c)

Develop a sensitive quantification method in order to detect and quantify viral load
in a variety of equine clinical and cell culture samples. We hypothesize that the
designed assay will reliably detect and quantify multiple isolates of EHV-5, while not
detecting other equine herpesviruses.

Identify viral load in EHV-5 inoculated equine epithelial cell culture at the air fluid
interface over time, and identify whether viral replication differs when fully
differentiated and stratified epithelial cells are inoculated compared to a newly
growing monolayer. We hypothesize that fully differentiated epithelial cells will
support lytic infection of EHV-5, and that replication of EHV-5 will increase over time
as newly seeded epithelial cells differentiate.

Identify viral load in lymphocytes and nasal secretions of a cohort of horses, and
investigate whether acute EHV-1 infection influences EHV-5 viral quantity at these
sites. We hypothesize that viral load of EHV-5 detected in lymphocytes and nasal

secretions of horses will increase during acute infection of EHV-1.
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ABSTRACT

Equine herpesvirus 5 (EHV-5) infection is associated with pulmonary fibrosis in horses, but
further studies on EHV-5 persistence in equine cells are needed to fully understand viral and
host contributions to disease pathogenesis. We developed a quantitative PCR (qPCR) assay to
measure EHV-5 viral copy number in equine cell culture, blood lymphocytes, and nasal swabs of
horses. The PCR primers and a probe were designed to target gene E11 of the EHV-5 genome.
Specificity was verified by testing multiple isolates of EHV-5, as well as DNA from other equine
herpesviruses. Four-week old, fully differentiated (mature) and newly seeded (immature)
primary equine respiratory epithelial cell (ERECs) cultures were inoculated with EHV-5 and the
cells and supernatants collected daily for 12-14 days. Blood lymphocytes and nasal swabs were
collected from horses experimentally infected with EHV-1. The gPCR assay detected EHV-5 at
concentrations around 10% intracellular genomes per cell culture in experimentally inoculated
mature ERECs, and these values remained stable throughout 12 days. Intracellular EHV-5 copies
detected in the immature cultures increased over 14 days and reached levels greater than 10°
genomes per culture. EHV-5 was detected in the lymphocytes of 97% of horses and in the nasal
swabs of 88% of horses both pre and post EHV-1 infection. In conclusion, gPCR was a reliable
technique to investigate viral load in in vivo and in vitro samples, and EHV-5 replication in

equine epithelial cells may be influenced by cellular stages of differentiation.
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INTRODUCTION

The gammaherpesvirinae form a subfamily of the herpesviridae and are known to
establish lifelong latency in the lymphocytes of their host following primary infection. In
addition, there is evidence that viruses in this subfamily may be associated with fibrotic lung
disease in multiple species. In humans, idiopathic pulmonary fibrosis (IPF) is a chronic and
progressive interstitial lung disease of unknown etiology. IPF is the most severe form of
interstitial pneumonias with a median survival of 3-5 years after diagnosis, regardless of
treatment. ® DNA of the gamma herpesvirus Epstein-Barr Virus (EBV) has been detected in the
lungs of IPF patients, and evidence has strongly suggested an association between viral
infection of the lung and the fibrotic lung disease. 21°3°* However, observations of EBV in
human tissues does not substantiate causality. Because of this, animal models are necessary to
evaluate the potential role of gamma herpesvirus infection in the pathogenesis of fibrotic lung
disease.

Laboratory mice have proven to be useful in generating evidence that infection with
murine gamma herpesvirus 68 (MHV68) can exacerbate established lung fibrosis. 110111
Furthermore, infection with MHV68 alone can induce pulmonary fibrosis in transgenic
laboratory mice with an exaggerated type 2 cytokine response.!'? Despite the value of the
evidence obtained from these studies, murine models have limitations when translating results
to human disease. Wild type laboratory mice do not spontaneously develop lung fibrosis after
MHV68 infection and infection in the virus’s natural host produces no disease pathology.1%* In

this way, these models incompletely mimic human IPF and as a result cannot answer important
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guestions regarding progressive fibrotic lung disease associated with viral infection in the
natural host.

Equine herpesvirus 5 (EHV-5) is a gamma herpesvirus that naturally and ubiquitously
infects the equine population. Like EBV in humans, infection with EHV-5 generally does not
cause disease in the horse, with one notable exception. Equine multinodular pulmonary fibrosis
(EMPF) is a progressive fibrotic lung disease of the horse that has been associated with the
presence of EHV-5 DNA in the lungs of affected animals.® In contrast to murine models of
gamma herpesvirus associated lung fibrosis, healthy horses develop lung fibrosis after
experimental inoculation with EHV-5.2 Thus, the horse has the potential to serve as a tool with
which to study gamma herpesvirus associated lung fibrosis in the natural host. However,
though not as limited as human IPF research, there are practical, ethical, and economical
restrictions with in vivo equine EMPF research. Development of the disease can take several
months, and housing horses in research facilities requires a large amount of labor and
resources. In order to optimally design and justify further in vivo investigations, preliminary
knowledge regarding EHV-5 pathogenesis should be generated in vitro.

Primary cell cultures provide a method in which to study specific mechanisms of virus —
host interactions without the extensive resources of in vivo experiments. Epithelial cell injury
has long been implicated in the dysfunctional wound healing response characteristic of fibrotic
disease. 2223 It is hypothesized that infection of epithelial cells in the lung with gamma
herpesviruses dysregulates the epithelial signals involved with proper wound healing. EBV
antigen can be found in the epithelial cells of the lungs of patients with IPF.2%%7 Similarly, in

horses with both spontaneous as well as experimentally induced EMPF, EHV-5 antigen is
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detected in the epithelial cells of the lungs.? Viral infection of these cells may play a role in the
epithelial dysfunction and as a consequence, perpetuation of aberrant collagen deposition in
these tissues. A primary cell culture system of equine respiratory epithelial cells (ERECs) has
been established that retains key immunological features of the natural equine airway.*? This
model has been used to characterize host gene expression in response to infection with equine
herpesvirus 1, an alpha herpesvirus.13 A similar system in which to measure epithelial cell gene
expression in response to infection with EHV-5 would be a valuable tool for understanding
specific mechanisms involved in the pathogenesis of EMPF, and could be used to generate
knowledge to use to design appropriate, economical and informative equine in vivo
experiments.

In order to develop an in vitro equine cell model for EHV-5 infection, productive
replication must be established and verified. Quantitative PCR (qPCR) can be used to measure
EHV-5 genome copy in cell culture samples and thus evaluate viral replication in this system. In
this study, we sought to develop a sensitive and specific qPCR test to be used to evaluate EHV-5
qguantity in cell cultures and in vivo samples. In order to understand viral and host mechanisms
involved in EHV-5 infection of equine cells, a cell culture system that promotes viral replication
is necessary. Determining viral growth over time in equine cells could elucidate a system that
supports lytic replication of EHV-5, and thus could serve as a model for future investigations

into the pathogenesis of EHV-5 and associated disease.
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MATERIALS AND METHODS

Virus isolation and propagation

EHV-1, EHV-2, and EHV-5 viruses were propagated in rabbit kidney 13 (RK-13) cells. For
this, cell cultures were incubated at 37°C and 5% CO, with MEM-10 (Minimum Essential
Medium Eagle (Sigma-Aldrich, St. Louis, MO USA) supplemented with 100 IU/ml penicillin,
100ug/ml streptomycin, 1% GlutaMAX® (GIBCO, Life Technologies, Carlsbad, CA USA), and 10%
fetal bovine serum (FBS)). EHV-4 was propagated in equine dermal cells (NBL-6) (ATCC® CCL-
57™, Manassas, VA USA), using MEM-10 supplemented with 1ImM sodium pyruvate. After
propagation, the cultures were frozen at -80°C and then thawed and centrifuged at 300*g for
10 minutes to remove cellular debris. The clarified supernatants were aliquoted and stored at -
80°C as viral stock. The EHV-5 stock used to inoculate cell cultures in this study was isolated
from lung tissue lesions from a horse diagnosed with EMPF.
EHV-5 stock titration

To determine infectious titer of EHV-5 viral inoculum for the cell culture experiments,
TCIDso/ml was determined by inoculating monolayers of RK-13 cells in a 24 well plate. 200 pl of
ten-fold serial dilutions of purified viral stock was added to the wells. After incubation at 37°C
and 5% CO; for one hour, 800 ul media was added to each well. The cultures were incubated at
37°C and 5% CO; and the media replaced every 3-4 days. After 7 days, the cells were split 50%
into a new 24 well plate. Cytopathic effect was recorded 17 days p.i. and TCIDso/ml was
calculated via the method described by Reed and Muench.** The DNA titer of the inoculum

was also determined by calculating EHV-5 genomes/ml using the gPCR assay described below.
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DNA extraction

For assay development, viral DNA was extracted from 200ul of clarified supernatants
from isolates of EHV-1, EHV-2, EHV-4, and EHV-5. For EREC culture samples, 200 pl of culture
supernatants or thawed cell pellets from the protocol described below were re-suspended in
200 ul PBS and used for DNA extractions. For in vivo samples, peripheral blood mononuclear
cell (PBMC) pellets re-suspended in 200 pl PBS or 200 ul nasal swab transport media was used.
DNA extraction was performed on all samples using the QiAmp DNA Blood Mini Kit (Qiagen,
Valencia, CA USA) according to the manufacturer’s instructions.
Quantitative PCR (qPCR)
Primer and probe design

Primers and probes were designed using Primer Express software verson 3.0 by Applied
Biosystems (Foster City, CA USA) and based off of the genome described by Wilkie, et al.
(GenBank Accession no. KM924295).14> The primer combinations were tested for possible
cross-reactivity with unintended targets using the BLAST tool with the NCBI database.
Candidate genes E6B and E11 were chosen as a target for EHV-5 detection as these genes are
not present in the genome of EHV-2, a virus which shares a close sequence homology to EHV-
5.1%5 ORF8 (the gene that encodes the EHV-5 glycoprotein B protein) was chosen as it is well
described by several independently derived sequences, and is highly conserved among strains.
Additionally, the performances of the designed primers were compared against a previously
published primer combination targeting ORF8.123 Primers and probes were purchased from

Sigma-Aldrich (St. Louis, MO USA) and are described in Table 1.
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The primers and probe sequences for equine  actin reference gene were previously
described and are as follows: equine B actin forward 5’-AGG GAA ATC GTG CGT GAC A-3’;
equine B actin reverse 5’-GCC ATC TCC TGC TCG AAG TC-3’; equine B actin probe 5'[HEX]-CAA
GGA GAA GCT CTG CTA TGT CGC CCT-[BHQ2]3’.14¢
Conventional and SYBR® Green PCR

Specificity of the primers for EHV-5 was tested using conventional PCR and SYBR® Green
chemistry with viral DNA extracted from isolates of EHV-1, EHV-2, EHV-4, and EHV-5. SYBR®
Green PCR was also performed using the designed primers on DNA obtained from 7 isolates of
EHV-5 propagated from 6-10 passages of equine lung or blood samples in RK-13 cells.
Conventional PCR was performed using 12.5 ul GoTag® G2 Hot Start Green Master Mix
(Promega, Madison, WI USA), 5 ul template DNA, and forward and reverse primers at a final
concentration of 400 nM each with nuclease free water added for a total reaction volume of 25
ul. Thermocycling was performed with an Applied Biosystems Veriti™ Thermal Cycler (Applied
Biosystems, Foster City, CA) using the following conditions: 94°C for 2 min; 40 cycles of 94°C for
15s, 61°C for 15s, and 72°C for 1 min. PCR products were separated by gel electrophoresis in
1.8% agarose gel and stained with GelRed nucleic acid stain (Phenix Research Products,
Chandler, NC USA). The products were visualized with the ChemiDoc™ XRS+ system (Bio-Rad
Laboratories, Hercules, CA USA).

SYBR® Green PCR used 10 ul SYBR® Select Master Mix (Applied Biosystems) and 5ul
template DNA were used in each reaction. Forward and reverse primers were added at a
concentration of 400 nM each, with nuclease free water added for a total reaction volume of 25

ul. Thermocycling was performed using the Applied Biosystems 7500 Fast Real-Time PCR
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system with the following conditions: 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 15s
and 60°C for 1 min.
TagMan® probe based qPCR

Probe based qPCR was performed using TagMan® chemistry for all the samples
collected for this study. Gene E11 was selected as the target gene for EHV-5 quantification
based on conventional PCR and SYBR® Green analysis. The following concentrations and cycling
conditions were used for both EHV-5 E11 and equine B actin assays: 10ul TagMan® Gene
Expression Master Mix (Applied Biosystems), 5 ul template DNA, forward and reverse primers
to a final concentration of 500 nM, probe to a final concentration of 200 nM, and nuclease free
water for a total reaction volume of 20 ul. Thermocycling was performed using the Applied
Biosystems 7500 Fast Real-Time PCR system with the following conditions: 50°C for 2 min; 95°C
for 10 min; 45 cycles of 95°C for 15s and 60°C for 1 min. All samples were run in triplicate and
the quantification cycle (Cq) values were averaged; any outliers were excluded from the
average. Plasmid DNA standards and negative template controls were included with each plate.
Plasmid DNA and standard curves

Gene segments of EHV-5 E11 and equine B actin were amplified from positive templates
using the designed primers. The PCR products were cloned using the TOPO® TA Cloning Kit
(Invitrogen, Life Technologies, Carlsbad, CA USA) according to manufacturer’s instructions.
Plasmid DNA concentration was determined by mass spectrophotometry using the NanoDrop
2000 (ThermoScientific, Waltham, MA USA), and copy number was calculated. Ten-fold serial
dilutions were created from the stock plasmid DNA in order to create a standard curve and

determine sensitivity for gPCR. The lowest ten-fold standard dilution that could be detected
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and maintain a linear curve was considered the limit of detection. Intra-assay and inter-assay
repeatability was determined from the CV of Cqs from 5 replicates in one plate or Cq4s from 5
different runs respectively of ten-fold serial dilutions of plasmid copies from 100-108.
EHV-5 quantification

EHV-5 and B actin copy number per 5 pl template DNA was determined using the
standard curve included with each assay, and copy number was determined by averaging the
guantification cycles of triplicates of each sample. Triplicates that did not have at least 2
samples cross the threshold prior to cycle 45 were considered negative. Samples in which the
Cq was later than the limit of detection of that plate’s plasmid standard curve were considered
positive, but below the quantifiable limit. For PBMC samples, EHV-5 copy number per 1 million
copies of B actin was calculated. For cell culture samples, total EHV-5 genomes per culture well
were determined by multiplying the total copies per gPCR reaction by 10 (to estimate the total
copies per 50 ul total DNA elute). For cell culture supernatants, EHV-5 genome copies per
culture well were determined by multiplying by 10 (as above) and the appropriate factor to
consider original culture media volume. To control for differences in total material collected in
the nasal swab transport media, DNA concentration was calculated using mass
spectrophotometry for each sample, and EHV-5 copy number was determined per ng of DNA

used in the reaction.
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Quantification of EHV-5 following infection of equine dermal cell and equine respiratory
epithelial cell (EREC) cultures
Equine dermal cell culture and inoculation

CCL-57™ equine dermal cells were purchased from ATCC® and were seeded into 24 well
tissue culture plates at a density of 0.25 million cells per well in MEM-10 supplemented with
1mM sodium pyruvate and incubated at 37°C with 5% CO,. The next day, the media was
removed and 850 pl of EHV-5 stock (1084 TCIDso/ml; 3.1 X 107 genomes/ml) or blank MEM was
added. After 2 hours incubation at 37°C with 5% CO3, the inoculum was removed and the cells
were gently washed twice with media. 1.1 ml MEM-10 was added to each well, and 100 pl was
removed from each well and pooled for a p.i. measurement. EHV-5 inoculated cells were
harvested and stored as above 1-8, 10, 12, and 14 days p.i. Mock inoculated cells were collected
days 1, 7, 10, and 14 p.i. Media was collected and replaced every 3 days.
Tissue collection for establishment of ERECs

A section of trachea was collected from 6 horses, aged 1-21 years old that were
euthanized by intravenous overdose of pentobarbital for reasons unrelated to respiratory
disease. Approximately 20 cm segments of trachea from just above the bifurcation of the
bronchus were collected and transported immediately to the laboratory in chilled DMEM/F12
(GIBCO). All procedures were performed in compliance with the Institutional Animal Care and
Use Committee of Michigan State University.
EREC isolation and preservation

EREC isolation was performed as previously described by Quintana, et al.2*? Briefly, the

trachea mucosal tissue was washed in Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma-
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Aldrich) and then stored in enzymatic digestion media containing 1.4 mg/ml Pronase (Roche
Applied Science, Indianapolis, IN USA) and 0.1 mg/ml deoxyribonuclease | (Sigma-Aldrich) for 3-
5 days at 4°C. Following digestion, cells were rinsed away from the cartilage and incubated in a
petri dish at 37°C with 5% CO; in order to reduce adherent fibroblasts. The non-adherent cells
were counted, suspended in 10% DMSO, 30% FBS and 60% BEGM™ media (Lonza, Basel,
Switzerland), and stored in liquid nitrogen until cultured.

EREC culture at the air-liquid interface

ERECs were thawed and suspended in DMEM/F12 (GIBCO) media supplemented with
5% FBS that was not heat inactivated, 1% MEM non-essential amino acid solution (GIBCO), 100
IU/ml penicillin, 100pg/ml streptomycin, and 1.25 pg/ml amphotericin B. 2-3 million cells in
500ul media were added to the top chamber of a type IV collagen coated Corning® Transwell®
polyester membrane cell culture insert for 12 well plates (Corning, Inc., Corning, NY USA). 1 ml
media was added to the bottom chamber below the insert. EREC cultures were incubated at
37°C with 5% CO,. The following day, the media was removed from the top and bottom
chambers. The media below was replaced with DMEM/F12 supplemented with 2% Ultroser™ G
(Pall, Port Washington, NY USA), 100 IU/ml penicillin, 100ug/ml streptomycin, and 1.25 pg/ml
amphotericin B.

For the mature cultures, ERECs from 3 horses were maintained under these conditions
with media replacement every 2-3 days. After 4 weeks of maturation, the cells were gently
washed with DMEM/F12. Two days later the media in the bottom chamber was removed and
500 pl of EHV-5 viral stock (10%7 TCIDso/ml; 2.3 X 107 genomes/ml) or DMEM/F12 media was

added to the top chamber for two hours at 37°C with 5% CO,. After removal of the inoculum,
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the top and bottom chambers were gently washed twice with DMEM/F12 and the insert was
moved to a fresh plate containing 1.2 ml media. After the inserts were added to the fresh plate,
200 ul media was collected to quantify any residual viral inoculum in the bottom chamber
supernatant. To harvest cells, media was removed and the cells were disassociated from the
insert membrane by applying 300 ul Accumax™ (Innovative Cell Technologies, Inc., San Diego,
CA USA) to the top chamber and incubating at 37°C with 5% CO,. Once detached from the
insert membrane, the cells were collected, pelleted, and frozen at -80°C until DNA extraction.
EHV-5 and mock inoculated cells were collected daily in this manner for 12 days. Every 4 days,
the media in the bottom chamber was replaced and the old media was collected and stored at -
80°C until DNA extraction.

For immature EREC culture, cells from 3 horses were seeded as above. 24 hours
following seeding, the media was removed from the top and bottom chambers, and 500 pl
EHV-5(1082 - 10%7TCIDso/ml; 2.3-4.7 X 107 genomes/ml) or DMEM/F12 media was added to the
top chamber. After two hours of incubation at 37°C with 5% CO», inoculum was removed and
the top and bottom chambers were gently washed twice, as above. EHV-5 inoculated cells were
harvested daily for 14 days, as above, pelleted, and stored at -80°C. Mock inoculated cells were
collected 1, 7, 10, and 14 days post inoculation (p.i.). The media in the bottom chamber of each
well was collected and replaced each day through day 8, after which media was collected and
replaced days 10, 12, and 14. Mock inoculated cell supernatants were analyzed by qPCR pre

and immediately p.i., as well as 1, 7, 10, and 14 days p.i..
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Detection of EHV-5 in PBMCs and nasal swabs collected from EHV-1 experimentally infected
animals

25 yearling horses were experimentally infected with either a neuropathogenic strain of
wild type EHV-1 (WT), an EHV-1 mutant with a mutation of the polymerase gene (N752), or an
EHV-1 mutant with the glycoprotein D gene replaced with that of EHV-4 (gD4). 60 ml of blood
was collected in heparinized syringes prior to EHV-1 infections, as well as 7 and 10 days post
EHV-1 infection. PBMCs were isolated as previously described and frozen at -80°C in pellets of
20 million cells. ** Nasal swabs were collected at the same time points and stored in virus
transport media (phosphate buffered saline containing 5% glycerol, 800 U m/L
Penicillin/Streptomycin, 200 U m/L Gentamycin, and 100 U m/L Nystatin) at -80°C until DNA
extraction. To compare the temporal variability of EHV-5 viral load in horses not acutely
infected with EHV-1, PBMCs and nasal swabs were collected at similar time intervals from 8

control horses.
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RESULTS

gPCR assay validation

Conventional PCR verified that the designed primers for E6B and E11 specifically
amplified their target genes in EHV-5, while DNA templates from EHV-1, 2, or 4 were not
detected. Both the designed primer set and the previously published primer set targeting ORF8
amplified product when using DNA from both EHV-5 and EHV-2 (data not shown). SYBR® Green
PCR confirmed these results (Figure 3A). The melting curve from the SYBR® Green assay
confirmed the specificity of the primers and the absence of primer-dimers (data not shown).
Further, primers targeting gene E6B and E11 effectively amplified DNA from 7 different isolates
of EHV-5 (Figure 3B). Negative template controls were negative for all assays performed in this
study.

Based on the preliminary results, a probe for use of a TagMan® assay with gene E11
were ordered to test all further samples for this study. Using serial dilutions of the plasmid
DNA, the assay was able to quantify E11 gene copy number per well with the limit of detection
of 100 copies and within a linear range of 100-10% copies. The amplification efficiencies for each
run were between 90%-105% and the curve was linear (R? > 0.99) (Figure 4). Intra-assay and
inter-assay repeatability had CVs of 0.3-1.2% and 0.6-5.4% respectively.

EHV-5 replication in equine dermal cells
Equine dermal cells contained between 6 and 17 X 10°> genomes per well throughout all

days sampled (Figure 5A). The quantity of EHV-5 that accumulated in the culture supernatants
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was slightly greater than in the cells, however no substantial trend was noticed at each 3-day
media change interval (Figure 5B).
EHV-5 replication in mature ERECs

Mature ERECs were collected on days 1-12 p.i. with either media (mock) or EHV-5.
Cytopathic effect was not observed in any culture (data not shown). The amount of EHV-5
peaked at around 40,000 genomes per well (Figure 6A). Viral DNA was not detected in the
bottom chamber supernatants prior to inoculation or after washing away the inoculum. A small
amount of DNA had accumulated in the bottom chamber supernatants in the first four days of
culture in two of the three horses, but DNA was not detected days 5-8 or 9-12 p.i. (Table 2).
Viral DNA was not detected in the ERECs that were mock inoculated or their supernatants (data
not shown).
EHV-5 replication in immature ERECs

In the EREC cultures that were inoculated with EHV-5 24 hours post seeding, the copy
number generally trended upward throughout the 14 days with peak values above 1 million
genomes per culture well (Figure 6B). Cytopathic effect was not observed in any culture (data
not shown). EHV-5 DNA was not observed in the bottom chamber supernatants prior to
inoculation, and small amounts below the quantifiable limit was detected at nearly each time
point following inoculation for all horses (Table 3). Viral DNA was not detected in the mock
inoculated ERECs, or their supernatants (data not shown).
PBMCs and nasal swabs of horses infected with EHV-1

Low levels of EHV-5 DNA could be detected in the PBMCs of all but one horse on at least

one time point (Table 4). Prior to and 7 days after EHV-1 infection, 24 of the 25 EHV-1 infected
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horses had EHV-5 positive PBMC samples. However, 10 days post EHV-1 infection the PBMCs of
7 of these horses were negative for EHV-5.

EHV-5 could be detected in the nasal swab samples of all but four of the horses at least
at one time point. The group of horses that were experimentally infected with EHV-1 gD4
mutant had higher pre-infection quantities when compared to the other groups. In this group,
the quantity of EHV-5 detected in the nasal swabs increased 7 days post experimental infection

with EHV-1 gD4, after which the quantity decreased by day 10 (Table 5).
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DISCUSSION

EHV-5 can routinely be detected in the peripheral blood lymphocytes as well as the
nasal mucosa of the majority of horses.'’"123 However, viral antigen detected in the alveolar
epithelial cells of horses with EHV-5 associated fibrosis indicate that infection localized in the
lung may be associated with the development of EMPF.? In our study, we have developed a
sensitive and specific qPCR assay with which to reliably quantify viral load in equine cell culture
and clinical samples. Horses are often co-infected with both EHV-5 and EHV-2, another gamma
herpesvirus, which shares a close sequence homology to that of EHV-5.1177121123 The developed
primers for genes E11 and E6B did not detect DNA from EHV-2, in contrast to primers targeting
the ORF8 region of the genome that detected EHV-2 and EHV-5 DNA. However, it is important
to note that the previously published primer combination was designed to be used with a
flourogenic probe, which enhances the specificity of the assay. Our designed primers targeting
E11 and E6B can be used with or without a probe to specifically identify EHV-5 with
conventional PCR or SYBR green real-time chemistry, in addition to a probe based reaction.
Further, next generation sequencing has identified four unique genotypes of EHV-5, therefore it
was necessary to develop a robust assay that is capable of detecting multiple strains of the
virus.'® The designed primers targeting E11 and E6B were able to detect DNA from different
EHV-5 isolates obtained from the blood or tissues of 7 different horses.

Moreover, we identified EHV-5 copy number over time in multiple equine cell culture
systems with the intent to develop a model that supported lytic infection. Viral copy number

remained fairly stable in equine dermal cells — between 6 and 17 X 10° genomes per well. A
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pattern of growth was not observed within 14 days of culture. Quantifiable levels of EHV-5
could be detected in the supernatants of the cells at each 3 day interval, however, a clear trend
was not observed to allow for conclusions regarding viral replication and release from this cell
line. In this system, the equine dermal cells were grown in a monolayer submerged in media.
Therefore, the supernatants collected likely contained not only free virus, but also intracellular
virus from cells that had sloughed off the monolayer.

The site of lytic replication of EHV-5 within horses is not known. However, the
prevalence of nasal shedding, as well as identification of EHV-5 viral protein antigen localized
within the epithelial cells of lungs from horses with pulmonary fibrosis suggests that epithelial
cells can support lytic replication of EHV-5 and release of progeny virions. Human gamma
herpesviruses undergo lytic replication in the suprabasal differentiating cells of the epithelium,
while the undifferentiated cells of the basal layer harbor latent, non-replicating virus. 140,141,149
As the cells undergo differentiation, the virus begins to replicate and is subsequently shed into
the environment. This “switch” from the latent to lytic form is closely linked to the up-
regulation of host transcription factors involved in cellular differentiation. 4! In this study, in
vitro inoculation of the apical surface of fully differentiated ERECs with free EHV-5 virus results
in a low level of intracellular infection that peaks at around 40,000 genomes per culture. A
substantial increase in viral copy number is not noted after 12 days of culture. When
inoculating an immature monolayer of epithelial cells, EHV-5 viral load tends towards an
increase as the cells begin to divide and mature. Peak viral load in this system surpasses 1
million genomes per culture. Though the state of latency could not be determined in our

systems, cytopathic effect was not observed in any equine cell.
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In ERECs, negligible amounts of virus is detected over time in bottom chamber
supernatants of both immature and mature cultures, indicating that little to no virus is being
released from the basolateral layer of epithelium in this system. Recent work has suggested
that systemic infection with EBV occurs as a result of transcytosis through the epithelium,
rather than apical entry and basolateral release of newly synthesized virus.8? With EBV,
infection of basal epithelial cells likely occurs as a result of proximity to infected lymphocytes.®®
The basal cells may remain latently infected until the cells begin their differentiation
program.'#! It is possible that EHV-5 employs a similar mechanism, as it was possible to achieve
increasing viral copy numbers when infected immature cells underwent maturation.

Measurements from in vivo samples support previous evidence that EHV-5 establishes
low level infection within the peripheral lymphocytes in most horses, and is shed in higher
guantities through nasal secretions. In this study, 32 of 33 yearling horses had low levels of
EHV-5 in the peripheral blood at least at one time point, indicating latent chronic infection due
to previous exposure to the virus. Viral load did not increase or decrease in horses following
experimental infection with EHV-1, indicating acute respiratory infection with EHV-1 does not
influence the level of EHV-5 circulating in the lymphocytes. Based on these observations, it is
unlikely that EHV-1 infection or reactivation functions as a trigger to initiate EHV-5 replication in
the circulating lymphocytes.

In the same cohort, EHV-5 was detected in nasal secretions of all but 4 horses at least at
one time point. These observations are consistent with previous studies on the prevalence of
horses shedding the virus in other field studies throughout the world.'*’~123 |n this study, the

horses that were experimentally infected with the gD mutant of EHV-1 trended toward an
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increase in EHV-5 shedding 7 days p.i. with EHV-1. It is possible that the other groups had a
similar trend below the limit of quantification for the assay, and this effect was merely
amplified in the gD mutant group as this group had higher levels of EHV-5 shedding at baseline
when compared to the other groups. In humans, oral shedding of EBV remains relatively stable
over short periods of time but can vary several logs over several months. Viral shedding is
believed to be the result of sporadic infection of the epithelium by lymphocytes. The variability
in mucosal EBV output is a result of number of epithelial plagues, and the frequency of
epithelial infection can be modulated by the local immune system.?° It has been previously
demonstrated that horses exhibit marked immunosuppression after infection with EHV-1, an
effect that peaks 7 days p.i.'*” In our study, it is possible that immunosuppression of the host
contributed to the higher viral load of EHV-5 in the nasal mucosa of horses. Our observations
as well as others’ in horses support the model that the peripheral blood lymphocytes maintain
a low level of infection throughout the equine population, and perhaps these cells are
responsible for recurrent infection of the nasal epithelium. This could result in the variable
degrees of nasal shedding that has been observed between horses, and within individuals over
time. 120

With this assay, we demonstrate that EHV-5 does not readily establish lytic infection in
differentiated epithelial cells when free virus is inoculated onto the apical surface. Additionally
we found that inoculation of immature epithelial cells as a monolayer may lead to viral
replication as the cells divide and mature. In order to more completely understand the
mechanisms involved in infection of epithelial cells with EHV-5, an epithelial system that can be

readily infected and allow for lytic viral replication would be valuable. Future work will focus on
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modulating our current mature and immature EREC system with factors to promote viral entry
and lytic replication. Co-culturing the EREC system with infected equine lymphocytes that
contact the basal layer of cells may more closely mimics the putative in vivo mechanism of
equine epithelial cell infection. Furthermore, though the EREC model has previously been
shown to be fully differentiated after 4 weeks of culture, the temporal process of
differentiation including when and which specific differentiation markers become up-regulated
is unknown.'*? To ensure temporal uniformity of differentiation in these cultures, we will use
techniques to promote differentiation such as wounding the tissue or adding factors, such as
12-O-tetradecanoylphorbal-13-acetate.'%>C Viral gene expression involved in lytic and latent
infection of EHV-5 has not been studied. Future assay development is necessary in order to

identify and detect viral transcripts and proteins involved in different states of latency.
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CHAPTER 4.

Concluding Discussion

53



CONCLUDING DISCUSSION

Based on current knowledge, EHV-5 in horses shares many similarities with EBV in
humans. Infection with each is ubiquitous in their respective species. Both viruses establish
latency in the lymphocytes of the host, and are shed in higher and variable quantities through
the oral or nasal epithelium. Importantly, it appears that infection of the alveolar epithelium of
each species is associated with the development of fibrotic lung disease. Existing murine
models for IPF incompletely mimic the natural disease in humans, and of course data collection
on humans is limited to clinical observations and basic sample collections. Because of this,
experimental designs utilizing the horse as a natural host model could be a valuable tool with
which to study the pathogenesis of gamma herpesvirus associated pulmonary fibrosis. In order
to design economical and efficient in vivo studies, more information regarding viral and host
interactions is needed.

We were able to develop a specific and reliable method of quantifying EHV-5 in a variety
of equine samples. While a previously designed quantitative assay targeted a section of the
glycoprotein B gene, a highly conserved region of the EHV-5 genome, we found that these
primers also detected DNA from a genetically similar virus when used with conventional or
SYBR Green PCR.123 This previously published assay was intended to be used with a flourogenic
probe to ensure specificity. However, it was our intention to design a robust assay that could be
adapted to different PCR applications, with or without the use of a probe. Our designed primers
targeting gene E11, a gene unique to EHV-5, was specific for EHV-5 using conventional and SYBR

Green, as well as the probe based TagMan PCR chemistries.
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Using this assay, we identified EHV-5 in the lymphocytes and nasal swabs of a cohort of
horses that were experimentally infected with the alpha herpesvirus, EHV-1, which causes
acute respiratory disease. Horses maintained very low levels of detectable virus within the
lymphocytes at all time points before and after EHV-1 infection. Levels of EHV-5 nasal shedding
did not vary greatly in response to infection with EHV-1, however, there appeared to be a trend
towards an increase in a few of the horses. It is possible this was due to changes in the immune
system as a result of the acute infection. However, the trend was minor and other natural
causes unrelated to EHV-1 infection cannot be excluded. The results from these samples are
congruent with previous work and support the current knowledge that EHV-5 is a highly
prevalent pathogen among equines. 1177123

In order to better understand potential viral mechanisms that contribute to the
establishment or perpetuation of fibrotic disease, it is useful to establish EHV-5 replication in
equine epithelial cell culture. EHV-5 antigen is detected within the lung epithelial cells of horses
with pulmonary fibrosis, but not healthy horses, indicating that infection of these cells can
occur in vivo and is associated with the disease.? Recent cell culture work with EBV has revealed
that lytic replication can be established in primary epithelial cell cultures. This replication occurs
in the suprabasal differentiated cells of this culture, while latent infection can be established in
the undifferentiated basal layer.14%141 A similar system has been previously established using
equine respiratory epithelial cells (ERECs), and was used to study the pathogenicity of other
viral pathogens.1#%143 |n our work, we were unable to develop high levels of viral replication

within 12 days following apical inoculation with free virus of mature and differentiated ERECs.
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In contrast, we were able to reach peaks greater than 1 million genomes in cultures that were
inoculated as a newly formed monolayer and allowed to grow for up to 14 days. This indicates
that like EBV, EHV-5 may establish a lytic infection in conjunction with upregulation of cellular
transcription factors associated with differentiation.'! However, these levels were variable
between individual cell cultures, indicating that a more robust system needs to be established.

Due to the prevalence of nasal shedding in addition to the previous identification of
EHV-5 protein antigen in the alveolar epithelial cells of horses, it is likely that the equine
epithelium can support productive replication of EHV-5. Future work is needed to understand
the mechanisms that promote this lytic infection.

With current knowledge, specific cellular and viral surface proteins involved in viral
entry are unknown. In human epithelial cell culture, EBV infection is more successful when
infected lymphocytes are cultured with the epithelial cells compared to cell free culture.
Furthermore, infection was achieved by wounding the culture indicating that the virus must be
exposed to different layers of the epithelium for proper entry.14° Our future work with EHV-5
and ERECs will consider this. We plan on inoculating equine lymphocytes and co-culturing these
cells with ERECs. In this system, the lymphocytes will be exposed to the basal layer of the
epithelium, a more representative model of the putative method of epithelial cell infection in
vivo.

Additionally, though the EREC model has been shown to be fully differentiated after 4
weeks of culture, the temporal process of differentiation including when and which specific
differentiation markers become upregulated is unknown in these cells.?*? Variability in the

differentiation of these cells could account for the variability we observed in the viral copy
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number in the immature ERECs. To ensure uniformity of the upregulation of differentiation
associated cellular transcription factors, we plan to use the chemical, 12-O-
tetradecanoylphorbal-13-acetate to induce cellular differentiation.>® We expect this will
promote lytic replication of EHV-5 in the EREC system.

In summary, we have developed a method by which to detect and quantify EHV-5 in in
vivo and in vitro samples. With this assay, we attempted to validate a cell culture system that
represents the natural airway and supports lytic replication of EHV-5. Though we were unable
to reliably produce lytic replication in this culture, we plan on using other techniques to
increase the reliability of lytic replication in this system. Once developed this cell culture model
will be a valuable tool with which to study the viral and cellular mechanisms involved in EHV-5

infection of the epithelium.
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APPENDIX A: TABLES

Table 1. EHV-5 primers and probe

Target Sequence (5’-3’) Amplicon
length
(bp)

ORF8 Published  Forward TCG CTG CCATTG ACAAACTTG A 63

Sequence Reverse TGG ACCAAG AGAGCG TGTTTG

ORF8 Forward GGC CTC TCT GAT GTG GTA CGA 80
Reverse CAG ACA CGG GTC TCC CAT AGA

E6B Forward TCC GGC GGG TCA AACTC 75
Reverse ATG GGC TCT GACCTT ACA CTG TGT

E11l Forward AAG TCT TTG TGG TGG AACCTG TCT 60
Reverse CGC CCCTGC TAA AATCCATA
Probe [6FAM]-CCT GCC GCT GGC T-[BHQ1]
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Table 2. EHV-5 copy number in bottom chamber
supernatants of mature ERECs post inoculation with

EHV-5

Days post

. . EHV-5 E11 copy number

inoculation

Horse 1 Horse 2 Horse 3

Pre-inoculation 0 0 0
Post-inoculation 0 0 0
1-4 + + 0
5-8 0 0 0
9-12 0 0 0

*indicates that the sample was positive for EHV-5 but copy number of E11 was below the
guantification limit of the assay
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Table 3. EHV-5 copy number in bottom chamber
supernatants of immature ERECs post inoculation

with EHV-5

Days post EHV-5 E11 copy number

inoculation

Horse 4 Horse 5 Horse 6

Pre-inoculation 0 0 0
Post-inoculation + + +
1 + + +
2 + + +
3 + + +
4 + + +
5 + + +
6 + + +
7 + + +
8 + + +
9-10 + + +
11-12 + + +
13-14 0 + +

*indicates that the sample was positive for EHV-5 but copy number of E11 was below the
guantification limit of the assay
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Table 4. EHV-5 quantity in PBMCs of horses experimentally
infected with EHV-1 (E11 copy number per 1E6 B actin)

Horse PreEHy-1  3Yyspost 10 days post EHV-1
ID infection . EHV_.l infection
infection

1 + + +

2 + + 0

3 + + +

4 + + +

5 + + 0

6 + + +

7 + + no data

8 + + no data

9 + + 0

10 + + +

11 0 0 0

12 + + 0

13 + + +

14 + + +

15 + + +

16 + + 0

17 + + +

18 + + +

19 145 + +

20 33 + +

21 + + 0

22 + + 22

23 + 65 +

24 + + +

25 + + +

Horse 3 months post
ID Baseline baseline

26 + +

27 + +

28 + +

29 + +

30 + +

31 + no data

32 + +

33 + no data

*indicates that the sample was positive for EHV-5 but copy number of el1 was below the
quantification limit of the assay prior to normalization with  actin.
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Table 4 (cont’d)
Horses 1-8 were experimentally infected with wild type EHV-1; 9-17 with N752 mutant EHV-1;
18-25 with gD4 mutant EHV-1.Horses 26-33 were uninfected controls.
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Table 5. EHV-5 quantity in nasal swabs of horses experimentally infected with
EHV-1 (E11 copy number per ng of DNA)

Pre EHV-1 7 days post EHV-1 10 days post EHV-1
Horse ID . . . . . .
infection infection infection
1 21 + +
2 37 85 1132
3 0 0 0
4 274 93 333
5 + + +
6 + 10 +
7 109 4 no data
8 + + no data
9 0 0 0
10 33 26 +
11 0 0 0
12 0 0 0
13 + + +
14 39 + +
15 8 + +
16 + + 0
17 + 180 50
18 297 1499 75
19 1567 157 +
20 504 1616 331
21 + 136 19
22 910 6756 18
23 1879 2460 992
24 + 41 +
25 686 1343 6
3 months post
Horse ID Baseline 21 days post baseline  baseline
26 64 10 18
27 327 271 570
28 182 359 99
29 + + +
30 139 52 252
31 209 149 271
32 271 55 362
33 + + +

*indicates that the sample was positive for EHV-5 but copy number of E11 was below the

guantification limit of the assay prior to normalization with ng of DNA
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Table 5 (cont’d)
Horses 1-8 were experimentally infected with wild type EHV-1; 9-17 with N752 mutant EHV-1;
18-25 with gD4 mutant EHV-1. Horses 26-33 were uninfected controls.
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APPENDIX B: FIGURES

Diffuse Parenchymal Lung Disease

[

I

]

DPLD of known
cause e.g. drugs

or association e.g.
1

vascular di

Idiopathic
interstitial
pneumonias

Granulomatous
DPLD e.g.
sarcoidosis

Other forms of DPLD
e.g. LAM, HX etc.

[ 1
Idiopathic IIP other than
pulmonary idiopathic
fibrosis pulmonary fibrosis

Figure 1. Classification of parenchymal lung disease. Interstitial lung diseases are classified as
idiopathic interstitial pneumonia (1IP) if the cause is unknown. Distinction between idiopathic
pulmonary fibrosis (IPF) and other IIPs is based the presence of usual interstitial pneumonia

pneumonia

Desquamative interstitial | |

| | Respiratory bronchiolitis
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(UIP) upon radiographic and histologic examination. (Adapted from reference 4).
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Figure 2. Mechanisms of fibrosis. Aberrant collagen deposition by myofibroblasts occurs as a
result of activation of fibroblasts. This is a consequence of many environmental and cellular

factors. ER=endoplasmic reticulum; TGF=transforming growth factor; EMT=epithelial
mesenchymal transition.
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Figure 3. (A) Quantification cycles of SYBR green PCR of equine herpesvirus DNA using 3
designed primer sets and 1 previously published primer set. Primers targeting EHV-5 genes E6B
and E11 specifically amplified DNA from the EHV-5 isolate. (B) Quantification cycles of SYBR
green PCR of DNA from multiple EHV-5 isolates using designed primers targeting genes E11 and
E6B. Primers targeting both genes E11 and E6B were able to detect the DNA from EHV-5
isolated from several cases.
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Figure 5. EHV-5 copy number per culture well in equine dermal cells (A) and supernatants (B)
following inoculation with EHV-5. Mock-inoculated cells and supernatants were negative for
E11 on all days collected (data not shown). *equine dermal cell supernatants collected on day
12 p.i. were positive for E11 below the quantifiable limit of detection.
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Figure 6. EHV-5 copy number in mature (A) and immature (B) ERECs following inoculation with
EHV-5. EHV-5 copy number in mature ERECs peaked at approximately 40,000 E11 copies per
EREC culture well. EHV-5 copy number in immature cells trended towards an increase
throughout 14 days, with peak values nearing 2.5 million per EREC culture well. Mock-
inoculated cells were negative for E11 all days collected (data not shown).
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