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Abbreviations

APC: allophycocyanin

B2m: 2-microgloburin

CNS: central nerve system

DAB: diaminobenzidine

EHV-1: equine herpesvirus-1

EBMECs: Equine brain microvascular endothelial cells
GFP: green fluorescent protein

HE: hematoxylin and eosin

HRP: horseradish peroxidase

HSV-1: herpes simplex virus-1

IFN: interferon

[HC: immunohistochemistry

ISGs: interferon stimulated genes
MEMEC:s: Murine brain microvascular endothelial cells
MHC class 1: ~ Major histocompatibility class 1

NGF: Nerve growth factor

PBMC: Peripheral blood mononuclear cell
PBS: phosphate-buffered saline

PCR: polymerase chain reaction

PFU: plaque forming units

pi.: post-infection

poly(dA:dT):  poly(deoxyadenylic-deoxythymidylic)
RK13 cells: rabbit kidney 13 cells

Rn33B-A68B2M: Rn33B cells expressing equine MHC class 1

RT-PCR: Reverse transcription-polymerase chain reaction

SAB: streptavidin-biotin

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Tg: transgenic

WT: wild-type



General Introduction

Equine herpesvirus-1 (EHV-1) is an alphaherpesvirus of the family
Herpesviridae. EHV-1 causes respiratory disease, abortion, and myeloencephalopathy,
which results in severe economic loss in horse industries. Outbreaks of EHV-1 have been
reported around the world (1-6). There are no effective treatments. Modified live and
inactivated vaccines are used to prevent EHV-1 infection, but cases of
myeloencephalopathy in highly vaccinated adult horses have been reported (3,7-9).

In horses, following oronasal transmission, EHV-1 infection occurs in
respiratory epithelial cells and local lymph nodes (7,10). This results in a leukocyte-
associated viremia, followed by the infection of endothelial cells in the pregnant uterus
and central nervous system (CNS) (9). The pathologic consequences of endothelial
infection in the uterus and CNS are vasculitis, thrombosis and secondary ischemia that
cause abortion (11) and neurological signs (12), respectively. EHV-1 establishes latent
infection in T lymphocytes (13) and/or in trigeminal ganglia (14).

Large amounts of experimental data have been generated from experimental
infections using horses. Peripheral blood mononuclear cells (PBMCs) collected from
horses infected with EHV-1 is used to identify the subpopulation of viremic PBMC in the
early infection (15). Experiments using EHV-1-infected primary equine monocytes
elucidate EHV-1 pathogenesis in those cells (16,17). Horses are also used to evaluate a
vaccine candidate (18,19). However, experiments using horses are labor-intensive. In
addition, there are difficulties in obtaining large numbers of horses for experiments.
Therefore, small animals have been used to develop the models for EHV-1 infection.

Unlike other alphaherpesviruses that show strong neurotropism, neuronal



infection is not observed in EHV-1 myeloencephalopathy. The mechanism underlying the
resistance of neurons to EHV-1 infection is unclear, due to the lack of a suitable neuronal
cell culture model. Murine neuronal cell lines, such as PC-12 and Neuro2A, have been
used as experimental models of infection with herpes simplex virus-1 (HSV-1) (20-22).
However, murine neuronal cell lines are not suitable as a model for EHV-1 infection in
vitro, because the majority of murine cell lines are resistant to EHV-1 infection.

Recently, an equine major histocompatibility class 1 (equine MHC class 1) heavy
chain 468 gene has been reported as a functional entry receptor for EHV-1 (23,24). MHC
class 1 molecule has the three extracellular domains (al, a2, a3) and is polygenic and
pleomorphic. EHV-1 utilizes equine MHC class 1 molecules with the hydrophobic amino
acids residue at position 173 in a2 domain (24). Because mouse MHC class 1 molecule
has the hydrophilic amino acids at position 173, mouse MHC class 1 molecule is unlikely
to work as a receptor for entry into murine cells (24). Mouse NIH3T3 cells, which express
mouse MHC class 1 molecules (haplotype H2q) (25,26) on their surface, are not
susceptible to EHV-1 infection. However, exogenous expression of equine MHC class1
genes in NIH3T3 cells confers susceptibility to EHV-1 infection (23).

The present study was performed to establish convenient models for EHV-1
experimental infection in vivo and in vitro. In chapter 1, transgenic mice expressing
equine MHC class 1 were generated to confirm that exogenous expression of equine MHC
class 1 rendered mice more susceptible to EHV-1. In chapter 2, rat neuronal cell line
lentivirally transduced with equine MHC class 1 was established to demonstrate that the
susceptibility of cells to EHV-1 was different between undifferentiated status and

neuronally-differentiated status.



Chapter 1
Exogenous expression of equine major histocompatibility class 1 in mice

increases susceptibility to equine herpesvirus-1 pulmonary infection



Introduction

Equine herpesvirus-1 (EHV-1) causes respiratory disease, abortion, and
myeloencephalopathy. In horses, EHV-1 infection occurs in respiratory epithelial cells,
mononuclear cells and endothelial cells. Especially, the pathologic consequences of
endothelial infection in the uterus and CNS are vasculitis, thrombosis and secondary
ischemia that cause abortion (11) and neurological signs (12), respectively.

Experimental infections using horses are labor-intensive. Mice have also been
used as models for EHV-1 infection. EHV-1-infected mice are reported to show
pneumonia, viremia (27), and abortion (28). However, neither viral replication in the
endothelial cells nor the subsequent formation of CNS lesion has been reported in the
murine model. Equine brain microvascular endothelial cells (EBMECs) are susceptible
to EHV-1 infection, whereas their murine counterparts (MEMECs) are EHV-1 resistant,
reflecting the inability of the virus to enter mouse cells (29).

Equine major histocompatibility class 1 (equine MHC class 1), a functional entry
receptor of EHV-1, has been reported to render murine cells susceptible to EHV-1
infection (23,24). In the current study, transgenic mice (Tg mice) expressing equine MHC
class 1 was generated to verify its ability to act as an entry receptor for EHV-1 in vivo and
make mice more susceptible to EHV-1 infection. After inoculation with EHV-1, the
histopathological changes in Tg mice were compared with those in their wild-type (WT)
littermates to evaluate the effect of equine MHC class 1 expression on EHV-1

pathogenicity.



Materials and methods

Virus
The EHV-1 strain Ab4 (30) was kindly provided by Dr. Hideto Fukushi (Gifu
University, Gifu, Japan). Stock viruses were cultured in rabbit kidney (RK13) cells, and

titrated by plaque formation assays on RK13 cells.

Plasmid

The plasmid vector pCXSN was generated as previously described (23). The
plasmid pCAGGS-MCS(KS), which was kindly provided by Dr. Naomi Ohnishi
(Japanese Foundation for Cancer Research, Tokyo, Japan), was generated from pCAGGS
(31) by replacing the cloning sites with Kpnl, Xhol, EcoRl, and Sacl endonuclease

recognition sequences.

Tg mice

DNA fragments of equine MHC «class 1 heavy chain 468
(GenBank/EMBL/DDBJ entry AB525079) excised from pCXSN-A68-HA (23) were
cloned into the Xhol-Hindlll site of a pSP73 vector (Promega, Wisconsin, USA) to
generate vector pSP-A68. The construction of pSP-V5 68 was done by the insertion of a
VS5 epitope tag following the putative signal alignment of 468 into the pSP-A68 vector
using inverse polymerase chain reaction (PCR). The region of DNA containing the equine
P2-microglobulin (2m) was amplified by PCR from plasmid pCXSN-equine f2m (23),
and cloned into the HindllI-EcoRI site of pSP-V5 68 (pSP-V68-B2M). To induce

bicistronic expression of the equine MHC class 1 heavy chain 468 and equine f2m on



the cell surface, 2A oligopeptide (ATNFSLLKQAGDVEENPGP) (32) was inserted
between the C terminus of A68 and the N terminus of f2M in pSP-V68-B2M using
inverse PCR (pSP-V68-2A-B2M). The V68-2A-B2M fragment was then excised as an
Xhol-EcoRI fragment, and cloned into vector pPCAGGS-MCS(KS) to generate the vector
pCAGGS-V68-2A-B2M. The equine MHC class 1 heavy chain 468 with equine [2m
excised from pCAGGS-V68-2A-B2M as a SnaBI-Hindlll fragment was used as a
transgene (Fig. 1). The transgene was microinjected into fertilized eggs of Slc:BDF1 mice
(Japan SLC,Inc., Shizuoka, Japan). The transgenic founders carrying the 468 gene were
backcrossed with BALB/cAJcl (CLEA Japan, Inc., Tokyo, Japan). The mouse line
designated BALB/cAJcl;BDF1-Tg (CAG-Eq-MHC-1-B2M) 30LCP/A68 was used in this

study as Tg mice.

Genotyping of Tg mice

The founder and its progeny were genotyped by PCR. Mouse tail-derived DNA
was used as template. PCR was performed with 2 x Quick Taq HS DyeMix (TOYOBO,
Osaka, Japan), 0.2 uM each of the primers, and 200 ng of DNA. Details of the PCR
primers used for the amplification are shown in Table 1. For the amplification of the 468
gene, primers A68-B2M-F1 and PCAGGS-REV were used; for amplification of mouse
actin, primers mouse actin F and mouse actin R were used. The PCR cycling profile was
94 °C for 2 min for denaturation, followed by 35 sequential cycles of 94 °C for 30 s, 63 °C
for 30 s, and 72 °C for 1 min. The PCR products were electrophoretically analyzed on

1.5% agarose gels.

Reverse transcription-polymerase chain reaction (RT-PCR)



The liver, spleen, kidneys, and lung of Tg mice were collected. Total RNA was
extracted using the TRIZOL reagent (Thermo Fisher Scientific, Massachusetts, USA).
The RNA samples were treated with DNase I, Amplification Grade (Thermo Fisher
Scientific) to digest contaminating DNA. Synthesis of complementary DNA (cDNA) was
carried out using the SuperScript™ III First-Strand Synthesis System (Thermo Fisher
Scientific). PCR was performed with 0.2 mM dNTP, 10 x PCR buffer, 1.5 mM MgCl,,
1.25 units of HotStarTaqg DNA Polymerase (Qiagen, Hilden, Germany), 0.3 uM of each
primer, and 1 pl of cDNA in a total volume of 12.5 pl. The PCR primers used for the
amplification were the same as those used in genotyping of Tg mice. The PCR cycling
profile was 95 °C for 15 min for initial denaturation; followed by 40 sequential cycles of
94 °C for 30 s, 63 °C for 1 min, and 72 °C for 1 min; and final extension at 72 °C for 10

min. The PCR products were electrophoretically analyzed on 1.5% agarose gels.

Western Blot

The liver, spleen, lung, and brain of Tg mice or WT mice were collected. The
tissues were lysed in lysis buffer (10 mM Tris-HCI, pH 7.5; 150 mM NaCl,; 5 mM EDTA;
10% glycerol; and 1% Triton X-100) supplemented with complete protease inhibitor
cocktail (MERCK, Darmstadt, Germany). Lysed proteins were homogenized and
sonicated. Following sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), proteins were transferred onto Immobilon-P transfer membranes (Merck
Millipore, Massachusetts, USA), and labeled with anti-V5 antibody (1/5000 dilution,
Thermo Fisher Scientific), or anti-actin antibody clone C4 (1/5000 dilution, Merck

Millipore).



Immunofluorescence staining

The lungs of Tg mice or WT mice were collected, and the tissues were fixed in
4% paraformaldehyde/phosphate-buffered saline (PBS), pH 7. The tissues were paraffin-
embedded, and sections were prepared using standard methods. Indirect
immunofluorescence staining was performed using Tyramide SuperBoost kits with Alexa
Fluor Tyramides (Thermo Fisher Scientific). Briefly, the sections were deparaffinized,
heated with 0.01 M citric acid buffer (pH 6.0) using a microwave for antigen retrieval,
treated with 0.3% hydrogen peroxide in methanol, and blocked with 10% normal rabbit
serum. A goat anti-V5-tag polyclonal antibody (1/500 dilution, ab95038; Abcam,
Cambridge, England) was added, and the sections were incubated overnight at 4 °C. The
sections were then washed with PBS, and incubated with donkey anti-goat horseradish
peroxidase (HRP)-conjugated IgG (1/500 dilution, Santa Cruz Biotechnology, Texas,
USA) for 20 min at room temperature. After further washing with PBS, the sections were
incubated with Alexa Fluor 488 Tyramide Reagent for 10 min at room temperature.
Nuclei were stained with Hoechst 33258 (MERCK). As a negative control, sections were
stained without primary antibody. The fluorescent-stained sections were examined using

an LSM 700 confocal microscope (Zeiss, Oberkochen, Germany).

Experimental infection

Heterozygous Tg mice and WT littermate mice were used at six weeks of age.
Seven Tg mice and three WT mice were anesthetized with isoflurane, and intranasally
inoculated with 2 x 10° plaque forming units (PFU) of EHV-1 Ab4. All animal
experiments were authorized by the Institutional Animal Care and Use Committee of the

Graduate School of Veterinary Medicine, Hokkaido University (approval number: 13-
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0092), and all experiments were performed according to the guidelines of this committee.

Histopathology and Immunohistochemistry

The mice inoculated with EHV-1 were euthanized and necropsied at 3 days post-
inoculation (d p.i.). The liver, spleen, kidneys, heart, lung, and brain were collected. All
organs were fixed with 4% paraformaldehyde/PBS. The tissues were paraffin-embedded,
sectioned at 2 to 4 um, and stained with hematoxylin and eosin (HE). To calculate the
number of necrotic bronchiolar epithelial cells in the lungs, the total number of
bronchiolar epithelial cells showing necrotic morphology in each section and the total
area of the sections was measured using a CellSens Dimension microscope (Olympus,
Tokyo, Japan). The number of necrotic cells was divided by the total area of each section.
The mean number of necrotic cells in the bronchioles of Tg mice was compared with
those of WT mice using the Welch two-sample #-test.

Indirect immunohistochemistry staining was carried out using the labeled
streptavidin-biotin (SAB) technique (Histofine SAB-PO Kit, Nichirei, Japan). Briefly, the
sections were deparaffinized, heated with 0.01 M citric acid buffer (pH 6.0) using a
microwave for antigen retrieval, treated with 0.3% hydrogen peroxide in methanol, and
blocked with 10% normal rabbit serum. Goat anti-equine rhinopneumonitis virus/equine
herpesvirus type 1 polyclonal antiserum (1/5000 dilution, VMRD, Washington, USA) or
polyclonal rabbit anti-human CD3 antibody (ready-to-use, Agilent, California, USA) was
added, and the sections were incubated overnight at 4 °C. The sections were then washed
with PBS, and incubated with a secondary antibody labeled with biotin for 20 min at room
temperature. After additional washing with PBS, the sections were incubated with

peroxidase-conjugated streptavidin for 10 min at room temperature. The bound
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peroxidase was detected with 3,3’-diaminobenzidine (DAB). The sections were
counterstained with hematoxylin. As a negative control, sections were stained without
primary antibody.

To calculate the number of cells in the lungs that were positive for viral antigen,
the total number of EHV-1-positive cells were counted in each section of the tissue and
the total area of the sections was measured using a CellSens Dimension microscope. The
number of positive cells was divided by the total area of each section. The mean number
of EHV-1-positive cells in the lungs of Tg mice was compared with the number in the
lungs of WT mice using the Welch two-sample #-test.

To calculate the number of T cells in the lung, CD3-positive cells were counted
in each tissue section using ImageJ (33). The number of positive cells was divided by the
total area of each section. The mean number of CD3-positive cells was statistically

compared in Tg and WT mice by using the Mann-Whitney U test.
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Results

Tg mice expressing equine MHC class 1

Tg mice transduced with equine MHC class 1 were generated as described in the
Materials and methods. Because endogenous MHC class 1 was expressed on most
somatic cells (34), the CAG promoter, which can induce ubiquitous gene expression, was
used (Fig. 1) (31). The expression of equine MHC class 1 heavy chain mRNA and protein
was detected in the heterozygous Tg mice, but not in the WT littermate mice (Fig. 2a).
The level of equine MHC class 1 protein in the brain was lower than in the liver, spleen,
and lung (Fig. 2b). Immunofluorescence staining revealed the expression of equine MHC
class 1 on the apical surface of bronchiolar epithelial cells of the Tg, but not of the WT
mice (Fig. 3). The expression of equine MHC class 1 was not detected by
immunofluorescent staining in the liver, spleen, kidneys, heart, or brain of both of Tg and

WT mice.

Experimental infection

Starting at 1d p.i., all EHV-1-inoculated mice, Tg and WT, began to show
tachypnea and lethargy with ruffled fur. At 3 d p.1., all mice inoculated with EHV-1 had
postmortem lesions of bronchointerstitial pneumonia, with peribronchiolar, and
perivascular infiltration of lymphocytes, macrophages, and neutrophils. Necrosis of the
bronchiolar epithelial cells were more evident in Tg mice than in WT mice (Figs. 4a, 5a
and 6a; p < 0.05). Using IHC, EHV-1 was detected in the nucleus and cytoplasm of
bronchiolar epithelial cells and macrophages in both groups of mice (Figs. 4b, 4c, 5b, and

5¢). More EHV-1-positive cells were found in the lungs of Tg mice than those of WT

13



mice (Fig. 6b; p < 0.05). Furthermore, perivascular edema was much more prominent in
the Tg mice; but, virus antigen was not detected in the vascular endothelium (Fig. 4d, 4e,
5d and 5e). Inflammatory cells infiltrating the lung were primarily lymphocytes. The
number of CD3-positive cells in the lung did not differ between the two groups of mice
(Fig. 6¢c; p >0.05). Notably, neither histological lesions nor viral antigen were detected in

the liver, spleen, kidneys, heart, and brain of Tg or WT mice inoculated with EHV-1.
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Discussion

In this study, mice were transduced with equine MHC class 1 molecules, which
are known to act as entry receptors for EHV-1 in vitro. Western blot analysis showed the
expression of equine MHC class 1 proteins in various organs including the lung. After
experimental nasal infection with EHV-1, the number of EHV-1-infected cells observed
in the lung of Tg mice was higher than in that of WT mice. These results suggest that
exogenous expression of equine MHC class 1 increased the susceptibility of mice to EHV-
1 infection.

Intranasal infection with EHV-1 in adult BALB/c mice causes bronchiolar
epithelial infection as well as pulmonary lesions with intranuclear inclusions and
peribronchiolar and perivascular mononuclear cell infiltrates (27). Tg mice developed
similar lesions upon EHV-1 intranasal infection. However, infection and necrosis of the
bronchiolar epithelium were severer in Tg mice expressing equine MHC class 1 compared
to the WT mice. This finding was consistent with the result of immunofluorescent staining
that revealed selective expression of equine MHC class 1 expression in the bronchiolar
epithelium of Tg mice.

Perivascular edema surrounding pulmonary arteries was a characteristic lesion
in both Tg and WT mice, but was more severe in Tg mice than WT mice. Because neither
vascular endothelial cells nor vascular smooth muscle cells were positive for viral antigen,
the edema may have reflected the severity of adjacent bronchiolar damage.

The role of leukocytes in lung lesion pathogenesis remains unclear. The numbers
of CD3-positive cells in the lung were similar in WT and Tg mice, although necrosis and

desquamation of bronchiolar epithelial cells were more evident in the Tg mice. Foals
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infected with EHV-1 show necrotizing bronchiolitis and infiltration of mononuclear cells
(35,36) similar to the lesions of the Tg mice in this study. Smith et al. (37) previously
reported that mice infected with EHV-1 RacL11 strain developed more severe lung
lesions than those infected with attenuated KyA strain. Interestingly, the level of
proinflammatory beta chemokines produced in the bronchiolar lavage fluid by RacL11
was higher than that by KyA, despite identical T cell responses and viral loads in the lungs
of both strains (37). Therefore, the pathogenesis of the relatively severe lung lesions in
EHV-1-infected Tg mice may involve a contribution of the immune response in addition
to a direct cytolytic effect of the viral infection.

Immunofluorescence staining of the V5 epitope tag did not show positivity in
the liver, spleen, and brain of Tg mouse, although RT-PCR and western blot analyses
demonstrated the gene and protein expression of equine MHC class 1 in these organs. It
may be that the expression levels of equine MHC class 1 in cell types other than
bronchiolar epithelial cells were below the detection limit of the indirect
immunofluorescent technique. The CAG promoter used in this study is known to induce
high-level gene expression in mammalian cells; but, at times it fails to attain sufficient
protein expression levels, depending on the nature of the cargo gene and/or the type of
host cell (38). An unknown mechanism was potentially involved in determining the final
stationary expression levels of the equine MHC class 1 in the mice.

Neither histological lesions nor viral antigens were detected in the liver, spleen,
kidneys, heart and brain of the Tg mouse at 3 days after intranasal inoculation with EHV-
1. This was consistent with the paucity of equine MHC class 1 antigen-specific signal
obtained in these tissues by immunofluorescent staining. Notably, western blot analysis

showed the expression of exogenous protein in all examined organs, albeit at levels below
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the detection limit of immunofluorescent staining. Therefore, it will be interesting to
investigate the susceptibility of Tg mice to EHV-1 by using alternative routes of virus
inoculation.

This study suggests that transgenic expression of equine MHC class 1 is a useful
method for increasing the susceptibility of mouse cells to EHV-1 infection in vivo. New
Tg mice with more widespread overexpression of equine MHC class 1, including
additional EHV-1 target cells (e.g. endothelial cells and leukocytes) in addition to
bronchiolar epithelial cells may provide a suitable model for the study of EHV-1

pathogenesis.
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CAG Equine MHC class | Equine B2m

promoter heavy chain A68 gene gene
V5 2A
— P
A68B2M-F1 PCAGGS-REV
€ >
CAGGS-V68-2A-B2M
3.45 kbp

Figure 1. Construct of the equine MHC class 1 transgene.

V'5: gene coding for the V5 epitope tag. 24: gene coding for the 2A peptide in which self-
cleavage occurs following translation. Arrows: positions of the primers (A68-B2M-F1
and PCAGGS-REV) used for genotyping to detect exogenous expression of equine MHC

class 1.
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Figure 2. Exogenous expression of equine MHC class 1 in the liver, spleen, lung, and
brain of Tg mice.

(a) Expression of equine MHC class 1 mRNA detected by RT-PCR. Actin was used as an
internal control. (b) Expression of equine MHC class 1 protein detected by western blot
analysis using an anti-V5 antibody. Actin was used as an internal control. A non-specific

band with a higher molecular weight was observed in the panel of the lung of WT mouse.
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Figure 3. Detection of equine MHC class 1 in the lung by the immunofluorescent
staining using an anti-V5 antibody.

Alexa 488 was used as a secondary antibody (green). (a) Bronchiolar epithelial cells of
Tg mice were positive for equine MHC class 1. (b) Bronchiolar epithelial cells from WT

mice did not express equine MHC class 1.
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Figure 4. Histopathological changes of the lung in Tg mice infected with EHV-1.

(a) Necrosis and desquamation of bronchiolar epithelial cells. Remaining bronchiolar
epithelial cells often showed degeneration. Arrowheads: desquamated epithelial cells. HE.
(b, ¢) IHC for EHV-1 antigens. (b) Positive signals for EHV-1 in most desquamated
epithelial cells. (c) Negative control of (b). IHC for the EHV-1 antigen without primary
antibody. (d) Perivascular edema. HE. (e¢) EHV-1 antigen was not detected in vascular
endothelial cells. A bronchiole with positive immunolabelling was present at lower left.

IHC for EHV-I1.
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Figure 5. Histopathological changes of the lung in WT mice infected with EHV-1.

(a) Necrosis of few bronchiolar epithelial cells. Arrowheads: desquamated epithelial cells.
(b, ¢) IHC for EHV-1 antigens. (b) Sporadic EHV-1 antigen in the epithelial cells. (c)
Negative control of (c). IHC for the EHV-1 antigen without primary antibody. (d) Mild
perivascular edema. HE. (e) Vascular endothelial cells were negative for the EHV-1

antigen. A bronchiole with positive immunolabelling is present at right. IHC for EHV-1.
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Figure 6. Statistical analysis of Tg and WT mice infected with EHV-1.

(a) Number of necrotic bronchiolar epithelial cells within lungs. Error bars show standard
deviations. *p < 0.05, Welch two sample #-test. (b) Number of EHV-1 antigen-positive
cells within lung. Error bars show standard deviations. *p < 0.05, Welch two sample -
test. (c) Number of CD3-positive cells within lung tissues. Error bars represent standard

deviation. p = 0.3677, Mann-Whitney U test.
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Table 1. Primer sequences

primer name alignment (5' to 3")

A68-B2M-F1 AAGAAAACCCCGGGCCTATG (20 bp)
PCAGGS-REV TTTGTGAGCCAGGGCATTGG (20 bp)
mouse actin F TTCTTTGCAGCTCCTTCGTTGCCG (24 bp)
mouse actin R TGGATGGCTACGTACATGGCTGGG (24 bp)

bp : base pair
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Summary

Equine herpesvirus-1 (EHV-1) utilizes equine major histocompatibility
complex class 1 (MHC class 1) as an entry receptor. Exogenous expression of equine
MHC class 1 genes in murine cell lines confers susceptibility to EHV-1 infection. In
order to examine the in vivo role of equine MHC class 1 as an entry receptor for EHV-1
in vivo, transgenic (Tg) mice expressing equine MHC class 1 were generated under the
control of the CAG promoter. Equine MHC class 1 protein was expressed in the liver,
spleen, lung, and brain of Tg mice, which was confirmed by western blot. However,
equine MHC class 1 antigen was only detected in bronchiolar epithelium and not in
other tissues, by using the immunofluorescence method employed in this study. Both Tg
and wild-type (WT) mice developed pneumonia 3 days after intranasal infection with
EHV-1. The bronchiolar epithelial cells of Tg mice showed severer necrosis, compared
with those in WT mice. In addition to this observation, the number of virus antigen-
positive cells in the lungs was higher in Tg mice than in WT mice. These results suggest
that exogenous expression of equine MHC class 1 renders mice more susceptible to

EHV-1 infection.
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Chapter 2
Susceptibility of rat immortalized neuronal cell line Rn33B expressing
equine major histocompatibility class 1 to equine herpesvirus-1 infection

is differentiation-dependent
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Introduction

Equine herpesvirus-1 (EHV-1) is an alpha herpesvirus and causes
encephalomyelopathy in horses. Unlike the encephalitis caused by other species of alpha
herpesvirus in which the virus replicates in neurons, EHV-1 generally does not infect
neurons. EHV-1 infects endothelial cells, resulting in vasculitis, thrombosis, and ischemic
damage of the central nervous system (9).

Little is known about the mechanism underlying low susceptibility of neurons to
EHV-1 infections due to the lack of reliable and convenient cell culture systems. Murine
neuronal cell lines, which have been used in experimental infection of herpes simplex
virus-1 (HSV-1), are not suitable as a model for EHV-1 infection in vitro, because murine
cells are resistant to EHV-1 due to the lack of a functional viral entry receptor (23).

Rn33B is a neuronal cell line derived from rat medullary raphe cells by infection
with a retrovirus encoding the temperature-sensitive mutant of the SV40 large T antigen
(39). Rn33B cells differentiate into neuronal cells at 37 °C (differentiated cells) and
remain undifferentiated at temperatures lower than 33 °C (undifferentiated cells) (39).
Because differentiated cells cease dividing and exhibit neuronal markers, they are similar
to mature neurons (39).

Equine major histocompatibility class 1 (equine MHC class 1) has been reported
to act as a viral entry receptor and render murine cells susceptible to EHV-1 infection
(23,24). In this study, an Rn33B-derived cell line that constitutively expresses equine
MHC class 1 (Rn33B-A68B2M) was established to create a convenient model for
studying the susceptibility of neurons to EHV-1 infection. As such, the susceptibility of

undifferentiated Rn33B-A68B2M cells with EHV-1 infection was compared with that of
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differentiated counterparts. As the host factors may be responsible for the observed
differences, the effects of interferon (IFN) response and the components of a
transcriptional regulatory complex on the viral immediate-early promoters (i.e. Oct-1 and
HCF-1) were also investigated. The latter is known to be vital for the initiation of HSV-1

transcription in neurons (40).
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Materials and methods

Cells and viruses

RK13 and Vero cells were cultured in Eagle’s minimum essential medium
(EMEM; Nissui, Tokyo, Japan) containing 10% fetal bovine serum (FBS). E.Derm and
293T cells were cultured in Dulbecco’s modified EMEM (DMEM; Nissui) containing
10% FBS and MEM Non-essential Amino Acids Solution (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan). Undifferentiated Rn33B and Rn33B-A68B2M
cells were maintained in DMEM / Ham’s F-12 (Nissui) containing 10% FBS at 32 °C.
For differentiation, Rn33B and Rn33B-A68B2Mcells were cultured at 37 °C in DMEM
high glucose / Ham’s F12 containing 1% bovine serum albumin (FUJIFILM Wako Pure
Chemical Corporation) and N> supplement (FUJIFILM Wako Pure Chemical
Corporation). The EHV-1 strain Ab4 and EHV-1 mutant Ab4-GFP containing a green
fluorescent protein (GFP) expression cassette between ORF 62 and 63 were produced in
E.Derm cells and titrated by plaque formation assay in RK13 cells (30,41). HSV-1 (F)

were cultured in Vero cells for the stock.

Plasmids

The self-inactivating (SIN) lentiviral vector construct (pCSII-CMV-MCS-
IRES2-Bsd), packaging construct (pCAG-HIVgp), and the VSV-G and Rev-expression
construct (pCMV-VSV-G-RSV-Rev) were kindly provided by Dr Miyoshi (RIKEN Bio
Resource Center, Ibaraki, Japan). The DNA fragment containing the equine MHC class
1 heavy chain 468 gene (GenBank/EMBL/DDBJ entry AB525079) and downstream

equine [2-microglobulin (2m) gene was amplified from plasmid pCAGGS-V68-2A-
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B2M by using Nhel-A68F and EcoRI-A68R as primers, and the fragment was cloned
into the Nhel-EcoRlI site of the pCSII-CMV-MCS-IRES2-Bsd vector (42). A
recombinant lentivirus vector was generated by transient transfection of 293T cells with
a combination of pCAG-HIVgp and pCMV-VSV-G-RSV-Rev. The supernatant
containing the lentiviral vector was collected after the incubation of the cells at 37 °C
for 48 hr. Rn33B cells were infected with the lentiviral vector and cultured in the
presence of 5 pg/ml blasticidin-S (MERCK). PCR primers used in this study are listed

in Table 2.

Flow cytometry

Undifferentiated and differentiated Rn33B-A68B2M cells were cultured at 32
°C and 37 °C, respectively. Two days after the culture, cells were collected using Cell
Dissociation Buffer, Enzyme-Free, PBS-based (Thermo Fisher SCIENTIFIC). Cells
were incubated with the anti-equine MHC class 1 monoclonal antibody PT85A (1/200
dilution, WSU monoclonal antibody center, Washington, USA) at 4 °C for 30 min.
Mouse IgG2a (1/200 dilution, BioLegend, California, USA) was used as a control. Cells
were stained with allophycocyanin (APC)-conjugated anti-mouse IgG antibody (1/200
dilution, BioLegend) at 4 °C for 30 min. Flow cytometry was performed using a BD
FACSVerse™ system (BD Biosciences, New Jersey, USA), and the data collected was

analyzed using the FCS express 4 software(De Novo Software, California, USA).

Real-time PCR
Cells were collected, and total RNA was extracted using the TriPure isolation

reagent (MERCK). cDNA was synthesized using the previously extracted RNA as a
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template by using the PrimeScript™ II 1% strand cDNA synthesis kit (Takara, Shiga,
Japan). cDNA (0.5 ul) was used in the final reaction volume of 5 pl and the experiment
was performed in triplicate using the KAPA SYBR FAST qPCR Master Mix ABI
Prism™ (Roche, Basel, Switzerland) in a Step One™ Real-Time PCR system (Thermo
Fisher SCIENTIFIC). The real-time PCR program was 1 cycle of 95 °C for 3 min and
40 cycles of 95 °C for 3 sec and 60 °C for 30 sec. As an internal control, rat S-actin was
used. The Cr value of the target genes was normalized by that of internal controls, and
then the expression levels of genes in undifferentiated cells were compared with those

in differentiated cells using the 2"22¢r method (43). Primers used in this study are shown

in Table 2.

Reverse transcription-polymerase chain reaction (RT-PCR)

Cells were infected with the virus at a multiplicity of infection (MOI) of 5.
Cells transfected with poly(deoxyadenylic-deoxythymidylic) (poly(dA:dT); MERCK)
using Lipofectamine 3000 (Thermo Fisher SCIENTIFIC) were used as positive controls
for IFN response. Total RNA was extracted using the TriPure isolation reagent. After the
treatment with amplification-grade DNase I (Thermo Fisher SCIENTIFIC), RNA was
converted into complementary DNA with the PrimeScript™ II 1st strand cDNA
synthesis kit. To detect transcripts, PCR was performed with primers specific for /CP0,
gB, IFN-a, IFN-p, and fS-actin genes using a previously described method (29,44). The
band density was measured using ImagelJ software. The band density of viral transcripts
was divided by that of internal controls. The mean densities of the bands were
statistically compared using the Tukey-Kramer test for the /CP0 gene and Student’s ¢-

test for the /FN-« gene.
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Viral growth analysis

Cells were infected with EHV-1 Ab4 or HSV-1 (F) at an MOI of 5. After
incubation at 37 °C for 1 hr, cells were washed with Glycine buffer (0.05 M glycine-
HCI, 0.1 M NacCl, pH 3.0) and cultured with growth medium. At 1, 8, 24, and 48 hr p.i.,
the cells were collected and sonicated. The viral titer was determined by the plaque

formation assay on RK13 cells for EHV-1 or on Vero cells for HSV-1 (F).

Immunofluorescence analysis

Cells were cultured at temperatures below 32 °C for undifferentiated cells or at
37 °C for differentiated cells in poly-L-lysine-pretreated dishes for 2 days. 293T cells
were used as a reference. Two days after the culture, the cells were fixed with 4%
paraformaldehyde for 15 min and then permeabilized by using 0.1% TritonX-100 for 10
min at room temperature. Cells were stained with rabbit polyclonal anti-HCF-C1
antibody (1/50 dilution, Proteintech, IL, USA) followed by Alexa 488 conjugated anti-
rabbit IgG (1/1000 dilution, Thermo Fisher SCIENTIFIC). Nuclei were counterstained
with Hoechst 33258 (MERCK). Fluorescence was detected using an LSM 700 confocal

microscope.

Western blot

Cells were lysed with RIPA buffer (50mM Tris-HCI (pH 8.0), 150mM NacCl,
0.5% DOC, 0.1% SDS, and 1% NP-40) containing a complete protease inhibitor
cocktail (Merck), and then were sonicated. The lysates were separated by SDS-PAGE

and were transferred to Immobilon-P membranes. The membranes were blocked for 1hr
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in 5% BSA in TBST, and then incubated with a primary antibody at 4 °C overnight. The
primary antibody was detected with an HRP-conjugated second antibody. Signals were
visualized by using Immobilon Western Chemiluminescent HRP Substrate (Merck
Millipore). Beta-actin was used as an internal control. The antibodies used in this study
were as follows: Phospho-Statl (Tyr701) (D4A7) Rabbit mAb (1/1000 dilution, Cell
Signaling Technology, Massachusetts, USA), Statl antibody (1/1000 dilution, Cell
Signaling Technology), rabbit polyclonal anti-OCT-1 antibody (1/1000 dilution,
Proteintech), rabbit polyclonal anti-HCF-C1 antibody (1/500 dilution, Proteintech),
Anti-Actin Antibody, clone C4 (1/10000 dilution), anti-Mouse IgG, HRP-Linked Whole
Ab Sheep (1/10000 dilution, GE Healthcare UK Ltd., Little Chalfont, England), and
Anti-Rabbit IgG, HRP-Linked Whole Ab Donkey (1/10000 dilution, GE Healthcare UK

Ltd.).
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Results

Establishment of a rat neuronal cell line expressing equine MHC class 1

To establish a susceptible cell line to EHV-1 infection, Rn33B cells were
lentivirally transduced with the clone 68 of the equine MHC class 1 heavy chain gene
and horse b2-microglobulin (Rn33B-A68B2M cells) (23,24). As Rn33B cells proliferate
at a permissive temperature of 32 °C, proliferation is stopped and differentiation is
induced when cells are cultured under a non-permissive temperature of 37 °C (39).
Differentiated Rn33B-A68B2M as well as Rn33B cells, exhibited a bipolar shape with
round cell bodies and unbranched fibers (Fig. 6a). In the present study, when compared
to undifferentiated cells cultured under permissive temperatures, differentiated cells
expressed low affinity of the nerve growth factor (NGF) receptor, which is a neuronal
marker (Fig. 6b). The expression of equine MHC class 1 was detected in
undifferentiated and differentiated Rn33B-A68B2M cells but was not detected in either

type of Rn33B cells (Fig. 6¢).

Susceptibility of Rn33B-A68B2M cells to EHV-1 infection

To confirm the susceptibility of Rn33B-A68B2M cells to EHV-1 infection,
cells were infected with Ab4-GFP virus at 37 °C and then incubated under 32 °C for
undifferentiated cells or 37 °C for differentiated cells (Fig. 7a). E.Derm, a cell line
susceptible to EHV-1 infection, was used as a positive control. Undifferentiated Rn33B-
A68B2M and E.Derm cells displayed GFP expression at 8, 12, and 48 hr p.i., while
undifferentiated Rn33B cells showed no GFP expression (Figs. 7b, c, d, and f). This

indicates that equine MHC class 1 renders Rn33B cells susceptible to EHV-1 infection.
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Interestingly, GFP signals were not detected in differentiated Rn33B-A68B2M
cells (Figs. 7e and f). At 48 hr p.i., syncytial cells were observed in undifferentiated
Rn33B-A68B2M cells. However, their differentiated counterparts showed no syncytial
formation (Fig. 7g). To characterize viral gene expression in Rn33B-A68B2M cells, RT-
PCR for the /ICP0 (early gene) and gB (late gene) genes of EHV-1 was performed. At 1
hr p.i., no viral RNA was detected in undifferentiated and differentiated cells (Fig. 7h).
Starting from 4 hr p.i., the expression of ICP0O and gB was detected in undifferentiated
cells, while the expression of the ICPO and gB genes in differentiated cells was lower
and undetectable, respectively (Fig. 7h). The expression of the viral RNAs examined
was detected in E.Derm cells, while they were not observed in Rn33B cells (Fig. 7h).

To examine the ability of undifferentiated and differentiated cells to support
EHV-1 replication, undifferentiated and differentiated cells were infected with EHV-1
Ab4 at 37 °C, and then incubated under permissive or non-permissive condition,
respectively (Fig. 7a). RK13 cells, which are known to be highly susceptible to EHV-1
infection were used as a reference. The titer of EHV-1 in undifferentiated cells gradually
increased with time, while differentiated cells yielded no infectious progeny (Fig. 8a).
To evaluate whether differences in expression level of equine MHC class 1 between
undifferentiated and differentiated cells affected on EHV-1 production, undifferentiated
cells were infected with EHV-1 Ab4, and then cultured at 32 °C (to maintain
undifferentiated) or 37 °C (to induce differentiation). Plaque forming assay revealed that
EHV-1 production was observed in the former, not in the latter (data not shown). These
results indicate that differentiated cells are far less susceptible to EHV-1 infection than
their undifferentiated counterparts.

To confirm whether temperature affected the differences in the amount of viral
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replication, RK13 cells infected with EHV-1 Ab4 were cultured at 32 or 37 °C. There
was no difference in the peak level of viral replication at 32 or 37 °C in RK13 cells (Fig
8b). This result indicates that decreased susceptibility of differentiated cells to EHV-1

occurs independently of temperature.

Susceptibility of Rn33B cells to HSV-1

HSV-1, which is a member of the alpha herpesvirus family, causes encephalitis
in humans. Mouse are susceptible to HSV-1 and have been used as experimental models
for HSV-1 infections (20,45,46). Thus, the effect of differentiation of RN33B cells on
their susceptibility to HSV-1 infection. The plaque forming assay using HSV-1 revealed
that, although the peak level of viral titer in undifferentiated was higher than those of
differentiated cells, differentiated cells, as well as undifferentiated cells, supported the
production of infectious viral progeny (Fig. 8c). These results suggest that both

undifferentiated and differentiated Rn33B cells are susceptible to HSV-1 infection.

Expression of Oct-1 and HCF-1 in Rn33B-A68B2M cells

The assembly of a transcriptional regulatory complex on the viral immediate-
early promoters is required for the initiation of viral transcription in herpesviruses (40).
The transcriptional regulatory complex includes two host cellular proteins, Oct-1 and
HCF-1. Reduced expression of Oct-1 and/or cytoplasmic localization of HCF-1 impedes
the formation of the transcriptional regulatory complex in the nucleus, followed by
inhibition of viral lytic gene expression (47).

Because EHV-1 transcription was restricted in differentiated cells, the

expression of Oct-1 and HCF-1 was examined using real-time PCR, western blot and
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immunofluorescent staining. Expression of Oct-1 and HCF-1 was detected in
differentiated cells as well as in their undifferentiated counterparts (Fig. 9a).
Differentiated and undifferentiated cells expressed Oct-1 and HCF-1 proteins (Fig. 9b).
Immunofluorescent staining revealed the localization of HCF-1 in the nucleus and
cytoplasm of undifferentiated and differentiated cells (Figs. 9c and d). These results
suggest that the restriction of EHV-1 gene transcription in differentiated cells is not due

to the paucity of the cellular component of the transcriptional regulatory complex.

Interferon response to EHV-1 in Rn33B-A68B2M cells

Because the secretion of type 1 IFN is a characteristic response to viral
infection, the IFN response was investigated to confirm whether immune response made
the differences in the susceptibility to EHV-1 infection between undifferentiated and
differentiated cells. The expression of IFN-a and IFN-f in the cells infected with Ab4
was determined by RT-PCR. Cells transfected with poly (dA:dT) were used as
references. At 12 hr p.i., EHV-1 infection in differentiated cells induced higher levels of
IFN-a transcription, compared with that of undifferentiated cells (Fig. 10a).
Transcription of IFN- was not detected in either undifferentiated or differentiated cells
infected with EHV-1 (Fig. 10a). After IFNs bind to the IFN-o/3 receptors, production of
a variety of interferon stimulated genes (ISGs) is induced through the activation of the
JAK-STAT pathway. STAT1 is a key component of the JAK-STAT signaling pathway
and is activated through phosphorylation. As such, the phosphorylation of STAT1 and
the expression of ISGs were investigated by western blot and real-time PCR,
respectively. Neither phosphorylated STAT1 nor ISGs, including ISG15 and ISG54,

were detected in undifferentiated and differentiated cells (Figs. 10b and c). These results
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suggest that the IFN response is unlikely to contribute to the reduction in the

susceptibility to EHV-1 infection of differentiated cells.
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Discussion

In the present study, a rat neuronal cell line RN33B-A68B2M expressing an
EHV-1 entry receptor was established. Differentiated cells showed a bipolar shape and
increased expression of neuronal markers. Undifferentiated cells supported EHV-1
replication, while differentiated cells did not produce progeny virus. These results
suggest that neuronal differentiation of Rn33B-A68B2M cells reduces susceptibility to
EHV-1 infection.

HSV-1 replication in differentiated cells observed in the present study is
consistent with the neurotropic nature of HSV-1. Mice infected with HSV-1 showed
encephalitis, which results from neuronal damage induced by the virus (46). PC-12, a
rat neuronal cell line, has been reported to be susceptible to HSV-1 and is used as a
model of neuronal infection in vitro (20,21). Unlike HSV-1, differentiated cells did not
support EHV-1 replication, suggesting that strong inhibition of viral replication in
differentiated Rn33B-A68B2M cells may be a specific event that occurs in EHV-1
infection.

The responsible factors which contribute to the reduced susceptibility of
differentiated cells are still unknown. The IFN response suppresses viral replication.
Notably, while the IFN-a expression levels were increased in differentiated cells
infected with EHV-1, neither phosphorylation of STAT1 nor expression of [ISGs were
observed. The assembly of a transcriptional regulatory complex on the viral immediate-
early promoters is vital for the initiation of viral transcription in HSV-1 (40). The
transcriptional regulatory complex is composed of one viral protein, VP16, and two host

cellular proteins, Oct-1 and HCF-1 (40). In neurons, a decrease in Oct-1 expression and
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localization of HCF-1 in the cytoplasm results in the inhibition of HSV-1 transcription
(40,47). In this study, EHV-1 transcription was found to be repressed in differentiated
cells. However, Oct-1 expression levels in differentiated and undifferentiated cells were
shown to be identical. Moreover, HCF-1 was localized in the nucleus regardless of
whether cells were differentiated or not. These results suggest that the IFN response and
the transcriptional regulatory complex are not the factors underlying the differentiation-
dependent susceptibility of Rn33B-A68B2M to EHV-1 infection. Because the
expression of EGFP was not observed after the infection of differentiated Rn33B-
A68B2M cells with Ab4-GFP, viral entry processes such as fusion of the viral envelope
with plasma membrane or endosomal membrane, transport of capsid along
microtubules, docking of capsid at nuclear pore complex and subsequent DNA transport
into the nucleus may be impaired (Fig. 11) (48,49). Decreased expression of equine
MHC class 1 on the cell surface of differentiated cells may be responsible, at least in
part to decreased viral entry in the differentiated cells.

The susceptibility of murine neurons to EHV-1 infection is still controversial.
EHV-1 infects neurons in suckling mice and causes neuronal damage (50,51). However,
neurons in adult mice are spared after experimental infection with EHV-1 (52—-54). While
George et al. (54) suggest that cell-mediated immune responses prevent viral widespread
in the brain of adult mice, neuronal maturation is likely to be involved in the decrease in
EHV-1 replication in adult mouse brains. The reduced susceptibility of differentiated
Rn33B-A68B2M cells observed in this study, which mimics the properties of EHV-1
infection in murine immature and mature neurons in vivo, suggests a maturation state-
specific resistance of neurons to EHV-1.

In conclusion, the present study examined the susceptibility of undifferentiated
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and differentiated Rn33B-A68B2M cells to EHV-1, and found that the cells become
resistant to infection as they underwent neuronal differentiation. Due to the fact that
Rn33B-A68B2M can be induced to differentiate by a simple method (i.e. culture at non-
permissive temperature), it provides a convenient model for studying the molecular

mechanism underlying neuron-specific resistance to EHV-1 infection in vitro.
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Figure 6. Establishment of rat neuronal cell line expressing equine MHC class 1.
Cells were cultured at 32 °C for undifferentiated cells or 37 °C for differentiated cells.
Rn33B-A68B2M: Rn33B cells transduced with equine MHC class 1. (a) Morphology of
undifferentiated and differentiated cells. Bar = 100 um. (b) Expression of low affinity
NGF receptor in undifferentiated and differentiated cells. Transcripts of the low affinity
NGF receptor were quantified using real-time PCR. Bars represent means and standard
deviations from three independent experiments. Rn33B cells were used as a reference. *
p <0.05, ** p <0.01, Tukey-Kramer test. (c) Flow cytometry detection of equine MHC
class 1 on undifferentiated and differentiated cells. Cells were stained with anti-equine

MHC class 1 antibody. 7-AAD was used to exclude dead cells.
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Figure 7. Differentiation-dependent susceptibility of Rn33B-A68B2M cells to EHV-
1 infection.

Cells were infected with Ab4-GFP at an MOI of 5 for 1 hr. E.Derm was used as a
reference. (a) Scheme of the experiment. (b-e) Microscopic detection of cells expressing
GFPat 1,4, 8, and 12 hr p.i. in (b) E.Derm cells, (¢) undifferentiated Rn33B cells, (d)
undifferentiated Rn33B-A68B2M cells, and (e) differentiated Rn33B-A68B2M cells.
Arrows indicate cells expressing GFP. DIC: differential interference contrast. Bars =

250 pm.
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Figure 7. (f) Microscopic detection of GFP-positive cells at 48 hr p.i.. Bars = 125 pm.
The number of GFP-positive cells was simultaneously quantified by flow cytometry. 7-
AAD was used to exclude dead cells. (g) Morphological changes of cells infected with
Ab4-GFP virus. Arrow indicates syncytial cells. Bars = 250 um. (h) Expression of viral
transcripts in Rn33B-A68B2M cells. ICPO: viral early gene, gB: viral late gene. f-actin
was used as an internal control. Band density of the ICPO transcript was calculated
using the Image J software. Bars represent means and standard deviations from three
independent experiments. Statistical analysis was performed at each time point using

the Tukey-Kramer test, ** p <0.01.
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Figure 8. Growth kinetics of EHV-1 and HSV-1.
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* p <0.05, ** p<0.01, *** p < 0.001.
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(a) Transcription of HCF-1 and Oct-1 was quantified by real-time PCR. Bars represent

means and standard deviations from three independent experiments. * p < 0.05,

Student’s #-test. (b) Expression of Oct-1 and HCF-1 protein in Rn33B-A68B2M cells. b-

actin was used as an internal control. (¢, d) Localization of HCF-1 in Rn33B-A68B2M

cells was confirmed by immunofluorescent staining. 293T was used as a reference.

Cells were stained with rabbit polyclonal anti-HCF-C1 antibody, followed by Alexa

488-conjugated anti-rabbit IgG. The nucleus was stained with Hoechst 33258. (¢) Bar =

50 um. (d) Bar =20 um.
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Figure 10. Reduced IFN response to EHV-1 infection in Rn33B-A68B2M cells.

Rn33B-A68B2M cells were infected with EHV-1 Ab4 for 1 hr at an MOI of 5. Cells

transfected with poly (dA:dT) were used as a reference. Mo: mock infected cells, EHV-

1: cells infected with EHV-1 Ab4, dA:dT: cells transfected with poly (dA:dT). (a)

Transcription of type 1 IFN was detected by RT-PCR. Rat f-actin was used as an

internal control. Band density of /FFN-« was calculated using the Image J software. Bars

represent means and standard deviations from three independent experiments. ** p <

0.01, Student’s #-test. (b) Detection of phosphorylated STAT1 by western blot. Beta-

actin was used as an internal control. (c¢) Transcription of ISGs was quantified using

real-time PCR. Bars represent means and standard deviations from three independent

experiments. * p < 0.05, ** p <0.01, Student’s ¢-test.
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Figure 11. Viral interaction with the microtubules and nuclear pore complex
(NPC).

Following viral entry through endocytosis or direct fusion, virus interacts with
microtubules and dynein to transport of capsid along microtubules. Docking of capsid at
NPC results in viral DNA transport into the nucleus (modification of Wang IH et al.

Viruses, 2018) (48).
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Table 2. Primer sequences

primer name alignment (5' to 3")

Nhel-A68F ACGTGCTAGCACCATGTGGGTCATGGAG (28 bp)
EcoRI-A68R ATGTGAATTCTCAGAGGTCTCGATCCCAC (29 bp)
Rat p75NTR_F GCTGATGCTGAATGCGAAGAG (21 bp)
Rat p75NTR_R TGGGTACAAGGTCTTGCTCTG (21 bp)
Rat_actin gpcr F AGGCCAACCGTGAAAAGATG (20 bp)
Rat_actin_gpcr R TGGATGGCTACGTACATGGC (20 bp)
Rat HCF-1 _F TGGAAAAGCTCCTGTCACTGTG (22 bp)
Rat HCF-1 R ATCTGTGGGTTGCTGCCAATC (21 bp)
Rat Oct-1_F TTCAGTGCAGTCAGCCATTCC (21 bp)
RatOct-1 R TGGGCCTGCTGTAGTAAAAGC (21 bp)

bp: base pair
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Summary

Equine herpesvirus-1 (EHV-1), which causes encephalomyelitis in horses, shows
endotheliotropism in the central nervous system of horses, and generally does not infect
neurons. However, little is known about the mechanism underlying the resistance of
neurons to EHV-1, due to the lack of convenient cell culture systems. In this study, EHV-
1 infection in immortalized Rn33B rat neuronal cells was examined. Rn33B cells are
known to differentiate into neurons when cultured under non-permissive conditions.
Because murine cell lines showed resistances to EHV-1 due to the lack of functional entry
receptors for EHV-1, Rn33B cells were transduced with equine major histocompatibility
class 1 molecule, which acted as EHV-1 entry receptor (Rn33B-A68B2M cells). EHV-1
infected undifferentiated Rn33B-A68B2M cells more efficiently than differentiated cells,
resulting in the production of progeny virus in the former but not in the latter. In contrast,
both differentiated and undifferentiated cells supported herpes simplex virus-1 production.
While EHV-1 infection induced stronger expression of interferon (IFN) alpha gene in
differentiated cells than in undifferentiated cells, downstream IFN responses (i.e.
phosphorylation of STATI, expression of IFN-stimulated genes) were not activated
regardless of whether cells were differentiated or not. These results suggest that neuronal
differentiation of RN33B-A68B2M cells reduced their susceptibility to EHV-1, which is
not due to the differences in IFN responses. This culture system may be useful as a model
for studying neuron-specific resistance to EHV-1 in vitro, by investigating viral and host
factors responsible for the difference in susceptibility between differentiated and

undifferentiated cells.
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Conclusion

EHV-1, an alphaherpesvirus, causes respiratory diseases, abortions and
neurological symptoms in horses, resulting in severe economic losses in horse
industries. While vaccines are used to protect horses from EHV-1 infection, outbreaks
of EHV-1 have been reported around the world.

Because experimental infection using horses is expensive and labour-intensive,
small animal models and in vitro infection models are needed to be developed. Mice are
often used in experimental infection with EHV-1, but mouse models do not reproduce
important aspects of EHV-1 infection such as the development of myeloencephalopathy.
Limited number of EHV-1-susceptible cell culture models also disturbs us to study cell
type-specific host response to EHV-1 infection. Especially, mechanisms underlying the
resistance of neurons to EHV-1 infection has not been investigated, due to the lack of
neuronal cell culture model.

To overcome the paucity of infection models available, a mouse model and a
rat neuronal cell line were generated by transduction with a functional entry receptor for
EHV-1 which conferred the EHV-1-susceptibility. In chapter 1, mice ubiquitously
expressing equine MHC class 1 was generated and the susceptibility of transgenic mice
to EHV-1 was confirmed. Various organs including the lung of Tg mice expressed
equine MHC class 1. Experimental nasal infection with EHV-1 demonstrated that more
cells were infected with EHV-1 in the lung of Tg than that of WT mice. These findings
demonstrate that transgenic expression of equine MHC class 1 increases the
susceptibility of mouse cells to EHV-1 in vivo.

In chapter 2, a rat neuronal cell line RN33B-A68B2M expressing an equine
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MHC class 1 was established to confirm whether neurons were susceptible to EHV-1 or
not. Rn33B-A68B2M cells remained undifferentiated at 32 °C and neuronally
differentiated at 37 °C, which was identical to parental cell line Rn33B. While
undifferentiated Rn33B-A68B2M cells supported EHV-1 replication, differentiated cells
did not produce progeny virus. Interestingly, differentiated Rn33B cells as well as
undifferentiated cells supported HSV-1 production. These results suggest that cells
become resistant to EHV-1 infection as they underwent neuronal differentiation.

In this study, it was found that the expression of equine MHC class 1 effected
on the development of pulmonary lesions in Tg mice infected with EHV-1 in vivo. The
rat neuronal cell model was also developed, and the model showed differentiation-
dependent susceptibility to EHV-1 infection in vitro. These models may be useful to

unveiling the molecular pathogenicity in EHV-1 infection.
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Summary in Japanese

TN AT A LA TR (EHV-1) [ZASVXAT A VAR a ~ L
ZTANAERANY AL RABIZET D, EHV-1 1 ZEICIPEREER ., WiE
BROFHMELZSI S EZ L, BEEICRENEREY 525, THIZIZEY 2
FroDWERNEY 7 FUBMERHSNLTWDL DD, BARZEZ L HREHT
EHV-1 JEYYEITHAE L TV 5,

5% V72 EHV-1 LB I3 . B2 HIRA H D, 2o 2
G, BT DD /NEWET VR L Win vitro TF /L OBIFEDRD BTV
%o EHV-1 JEGUED ERIVEL TIE~ U AR DM, ~ 7 A TFHINIE
72 & BHV-1 BYYE O BEAREZ FHL L2\, F7o, BEHV-1 B OB M
ETVOHIIR S TIH Y . EHV-1 BRI 2 MR A 7016 O ROk %
fRtr 42 2 LITREECH 5, R, PRI AY EHV-1 BEYL T BRI 2 7% T B
T S AL TRV ZAUIHEREHIRL O in vitro ET VISMFAE L7202 Th
25

EHV-1 JEYYEE T /L DR &V ) FEZ RS 572 ARBFFETIE,
EHV-1 OEER = U — LB 7 ¥ —Th 25 v~ EEME A B T EA R
(7~ MHC class 1) #EEFEZHEATHZ LT, EHV-1 MO~ T XET L
BLOT v MR MIRE T LV AFR L7, 551 BT, aFfEsicry~
MHC class 1 ZRE+ 5~ 7 A& L, £ BEHV-1 @M e mat Lz, fFi
LIEBIEFEA~T R (Tg~w U R) Tk, MizEiekkx 22as T 7~ MHC
class 1 WREEL TWDHZ ENGhoTe, RIT, Tg~ v AR IO AERIORIIE T
(WT ¥~ 7 Z) |2 EHV-1 ZfR G Sz, ZORE, WT v X &g L

T, Tg vV ADMITIL, £VZ<OMIEN EHV-1 IZEGE L TWD Z &R0
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o7, U EORER XY, U~ MHC class | Z4RMEICRILEES 2 LT, invivo
IZBWTH~ U A EHV-1 2R TEL 2 N LMNE o7,

H2ETIE, Ty MRS Rn33B (27~ MHC class 1 %8s
-5 L7- AR Rn33B-A68B2M Z {ERL L | g lidiZ 1T 5 EHV-1 &3z
ZARHT L7z, BBKTd %5 Rn33B Mllfd & FEEIZ, Rn33B-A68B2M fififdid 32°CT
DIGEE TRMVIRTEZHERF L, 37°C TOR:E TR/ Uiz, AR Rk
BRTd % EHV-1 Abd & WYL BRI LV | RO TIX EHV-1 H5E3
WOBLNDLDIZK L, M TIZ Il Sig 2 & nnoTe, BTG
WZ &2, HSV-1 % Rn33B MlalZ Y S 7256, Mo bRz o 5
UANVAEIENRD bz, T B ORERN S Rn33B-A68B2M iifididsrbik
{FMEZ EHV-1 P 2 159 5 2 & VR S v,

ABFFRIZ LV | invivo THBLL 72U~ MHC class 1 7% EHV-1 &% Tg ~
U 2B DMIREDIERIZHEST L Z LN E o, ETIZAMIET
X, 7 v b HSEARAIEERE T invitro BT VEERLL . [RE T UMK
fFPED BHV-1 P Z2 R L, 2D OF T /UL BHV-1 JBEYYEIZBIT 555 1

FHREER OMIICHIRT 2 b o L HifsSh b,
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