











Figure 3.5 Insertion of long DNA fragments using the developed mutagenesis protocol. First, a
universal transfer construct was generated. The transfer construct was amplified by PCR and
integrated into the target site with a first Red recombination. The cleavage of the I-Scel site in
vivo and a subsequent second Red recombination resulted in the removal of the positive selection
markers, leaving behind the sequences of interest. Lines or boxes of identical colors symbolize
identical sequences. Colored dotted lines indicate single homologous recombination events. soi,
sequence of interest; psm, positive selection marker; S, I-Scel restriction site; asterisk, unique
restriction site (Tischer et al., 2006).
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EHV-1 gD has similar 3D model (Figure 3.1) with HSV-1. They have 100% confidence

according to Phyre? Protein Homology/analogy Recognition Engine. Domains of EHV-1 gD

align with continuous antigenic sites of HSV-1 gD, suggesting that these two gD polypeptides
have common structural features (Flowers & O'Callaghan, 1992; N. A. Fuentealba et al., 2014;
Wellington, Lawrence, Love, & Whalley, 1996) and they might share same epitopes for virus

neutralizing function.

VC2 conferred significant protection against either virulent HSV-1(McKrae) or HSV-2(G)
intravaginal challenge in mice. Also, vaccination with VC2 produced protective humoral and
cellular immunity that fully protected vaccinated mice against lethal disease. VC2 virus may

serve as a safe vector for the production of vaccines against other viral and bacterial pathogens.

Figure 3.6 Plague morphology of VC2 vs VC2-EHV-gD on Vero and NBL-6 cells 72 hours post
infection.

96


http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index

100
75

50
37

Figure 3.7 EHV-1 gD expression detected by anti-FLAG antibodies or anti-EHV-1 gD 19-mer
polyclonal antibodies. Lane 1 and 2: cellular extracts from VC2-EHV-1-gD or VC2 infected
NBL-6 cells detected by anti-FLAG antibody; lane 3 and 4: cellular extracts from VC2-EHV-1-
gD or VC2 infected Vero cells detected by anti-FLAG antibody; lane 5 and 6: cellular extracts
from VC2-EHV-1-gD or VC2 infected NBL-6 cells detected by antibodyanti-EHV-1 gD 19-mer
polyclonal antibodies; lane 7 and 8: cellular extracts from VC2-EHV-1-gD or VVC2 infected Vero
cells detected by anti-EHV-1 gD 19-mer polyclonal antibodies.

The HSV-VC2-EHV-gD recombinant virus was constructed utilizing the two-step red-
mediated recombination protocol using HSV-VC2 as a vector. The recombinant virus can grow
both on Vero cell and equine NBL-6 cell lines, which can be tested in murine model and also be
used as a vectored-virus vaccine against EHV on horses. The mutation affects virus replication

and the virus produces smaller plague on Vero and NBL-6 cells compared to original VC2

(Figure 3.6). Moreover, the virus grows slower on Vero and NBL-6 cells than parental virus VC2

EHV-1gD protein produced by the mutant virus was detected by anti-FLAG antibodies and
anti-EHV-1 gD 19-mer polyclonal antibodies after viruses infected Vero and NBL-6 cells

(Figure 3.7). The infected cell lysis were run on SDS-PAGE (6%) and transferred to the
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Titer PFU/mL

membrane. Expression of gD was detected with mouse anti-FLAG antibody (1/5,000 dilution)
and anti-EHV-1 gD 19-mer polyclonal antibodies (1/2,000 dilution, kindly provided by Dr.
Dennis O'Callaghan, Louisiana State University Health Sciences Center, Shreveport, LA). Goat
anti-mouse or anti-rabbit 1gG coupled to peroxidase at 1/5,000 dilutions were used as secondary

antibodies. Reactive bands were visualized by enhanced chemiluminescence (Figure 3.7).

Insertion of EHV-gD affects virus replication. VC2-EHV-gD virus replicated not as

efficiently as the parental virus and the peak virus titer was lower than VC2 on both Vero and

NBL-6 cell lines (Figure 3.8).
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Figure 3.8 Growth curve representative of the replication kinetics of VC2 vs VC2-EHV-gD at
both high (5) and low (0.1) MOI on both Vero and NBL-6 cells.

Herpesvirus latency confers a surprising benefit to the host. Mice latently infected with

either murine y-herpesvirus 68 or murine cytomegalovirus, are resistant to infection with the

bacterial pathogens Listeria monocytogenes and Yersinia pestis. Latency-induced protection is
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not antigen specific but involves prolonged production of the antiviral cytokine interferon-y and
systemic activation of macrophages. Latency thereby upregulates the basal activation state of

innate immunity against subsequent infections (Yanase et al., 2014).

We hypothesize that HSV-VC2 in the mice or horses may stimulate the humoral and cellular
immune response to environmental antigens through cytokine secretion. Moreover, embedded

EHV-gD will excite the specific immune response to combat EHV infection.
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CHAPTER 4: TESTING OF THE VC2-EHV-GD VACCINE IN THE EHV-1 MOUSE
MODEL

4.1 Introduction

EHV-1 infection involves a local immune response at the primary site of replication as well
as a systemic immune response which consists of antibody, cytokine and cellular components.
First time EHV-1 infection induced a fully protective immunity against re-infection lasting 4 to 8
months (Trapp et al., 2005), although some reports demonstrate shorter periods of immunity
lasting <3 months. EHV-1 invades the host mostly via mucosal epithelium. The equine lung
surface has been estimated to total around 2000 m=tompared to around 400 m3n humans. EHV-
1 is a persistent virus. The acute clinical signs resolve after a few weeks, but EHV-1 establishes a
persistent infection with chronic reactivations. A strong mucosal immune response is needed to
prevent EHV-1 infection before it invades into cells and tissue (S. B. Hussey et al., 2006; Soboll
Hussey, Ashton, Quintana, Van de Walle, et al., 2014; Wilsterman et al., 2011). Both humoral

and cellular immune responses are important in protection and recovery from EHV-1 infection.

Macrophages and lymphocytes are dominant in normal lungs. After EHV-1 infection,
neutrophils recruits to the tissue inflammation caused by infection, so the percentage of
neutrophils increases, macrophages and lymphocytes decreases in a few days (Kydd et al., 1996;
Slater et al., 2006). During the 3 weeks after EHV-1 infection, bronchoalveolar CD8+ T
lymphocytes increase significantly and show a cytotoxic activity against EHV-1 infected cells.
Edington et al has also detected Equine type 1 interferon (IFNa/p) in nasal secretions and serum
of ponies during the first two weeks after experimental infection with EHV-1 (Edington et al.,

1989; D. J. Smith et al., 2001). IFNo/f has variety of immune-modulatory activities and
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stimulates both innate (e.g. enhancement of natural killer activity) and adaptive immunity (e.g.
promotion of Thl response). The secretion of such IFN correlated with the duration of EHV-1
shedding, which could be an indicator of EHV-1 replication and epithelium damage (Edington et

al., 1989; Siedek, Whelan, Edington, & Hamblin, 1999).

Adaptive immune responses to EHV-1 are believed to be initiated in NALT (nasal
associated lymphoid tissue) and MALT (mucosal associated lymphoid tissue). Kydd et al.
detected EHV-1 and viral antigens in the retropharyngeal and bronchial lymph nodes as early as
12h after infection with EHV-1 (Kydd et al., 1994). Natural immunity to EHV-1 is short-lived.
Complement fixing (CF) and virus neutralizing (VN) antibodies appear within 2 weeks after
infection with EHV-1 and IgGa, IgGb, IgGc, 1gG(T) and IgM antibody serotypes can be detected
(Hannant et al., 1993; K. C. Smith et al., 1993). However, CF antibodies are short lived and do
not last more than 3 months, whereas VN antibodies are more durable and usually last more than
1 year. Virus specific IgA with virus neutralizing activity is dominated in the local mucosal
humoral response. The mucosal humoral immune response reduced virus shedding induced by
subsequent infection with EHV-1 a few weeks after the initial infection (Breathnach et al., 2001;
Holmes et al., 2006). EHV-1 specific immune responses also take place in the draining lymph
nodes of the respiratory tract after EHV-1 infected subepithelial cells, leucocytes, and spread in
the host through the blood and lymphatic vessels. The presence of VN antibody prior to EHV-1
infection reduced the amount and duration of nasopharyngeal virus shedding (Hannant et al.,
1993; Kydd et al., 2003). Although virus neutralizing antibody specific for EHV-1 in serum can
be associated with a reduction in the amount and duration of virus shed, there are no significant
effects on cell-associated viremia because EHV-1 viruses become intracellular soon after landing

on the respiratory mucosal surface and killing of cell associated virus is the major function of
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cytotoxic T lymphocytes (CTL) (G. Allen, Yeargan, Costa, & Cross, 1995; G. P. Allen et al.,
2008; G. P. Allen et al., 2004; Soboll et al., 2003). However, a previous study indicated that
virus neutralizing antibody stimulated by commercial vaccination did reduce the cell-associated

viremia but the mechanism is unknown (Goehring, Wagner, et al., 2010).

There are two main subsets of T lymphocytes, distinguished by the presence of cell surface
molecules known as CD4+ and CD8+. CD4 lymphocytes are also known as T helper cells, and
they are the most prolific cytokine producers. This subset can be further subdivided into Th1 and
Th2, and the cytokines they produce are known as Th1-type cytokines and Th2-type cytokines

(Garcia-Pelayo, Bachy, Kaveh, & Hogarth, 2015; Tripp, Jones, Anderson, & Brown, 2000).

Th1-type cytokines tend to produce the proinflammatory responses responsible for killing
intracellular pathogens and IFN-y is the main Th1 cytokine. Excessive proinflammatory
responses can lead to uncontrolled tissue damage, so there is a mechanism to counteract this. The
Th2-type cytokines include interleukins 4, 5, 13, and also interleukin-10, which introduce an
anti-inflammatory response. In excess, Th2 responses will counteract the Th1 mediated cellular
response (Hochreiter, Ferreira, Thalhamer, & Hammerl, 2003). The body should produce a

balanced Th1 and Th2 response to combat the pathogen challenge.

Virus-specific cell-mediated responses are important components of immunity against
herpesviruses. IFN-y synthesis is one of the most widely used markers of cell mediated immunity
(CMI) to measure responses to herpesviruses in humans and it has now been applied to horses
(Luce et al., 2007; Nugent & Paillot, 2009; R. Paillot et al., 2005; R. Paillot et al., 2007; R.
Paillot et al., 2006; R. Paillot et al., 2008). IFN-y promotes cell-mediated immune response by

increasing viral peptides presentation by APC and promoting the development of T helper 1 (Th1)
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lymphocytes. IFN-y up-regulates differentiation and activity of TH1 cells and is a key factor in
the development of cellular response involving cytotoxic T lymphocytes (CTL), which leads to
the destruction of virus infected cells. Moreover, IFN-y is an important activator of macrophages
and inducer of Class | major histocompatibility complex (MHC) molecule expression. IFN-y is
produced predominantly by natural killer (NK) and natural killer T (NKT) cells as part of the
innate immune response, and by CD4 Th1 and CD8 cytotoxic T lymphocyte (CTL) effector T
cells once antigen-specific immunity develops. Infection elicits the production of large amounts
of IFN-y by NK cells, and this secreted IFN-y is crucial in controlling some infections before T
cells have been activated to produce this cytokine. The expression of both MHC class | and
MHC class Il molecules is regulated by cytokines, in particular interferons, released in the course
of immune responses. IFN-y increases the expression of MHC class I and MHC class 11
molecules, and can induce the expression of MHC class 11 molecules on certain cell types that do
not normally express them. IFN-y also enhance the antigen presenting function of MHC class |
molecules by inducing the expression of key components of the intracellular machinery that
enables peptides to be loaded onto the MHC molecules. MHC class | and MHC class 11
molecules have a distinct distribution among cells that reflects the different effector functions of
the T cells that recognize them. MHC class | molecules present peptides from pathogens,
commonly viruses, to CD8 cytotoxic T cells, which are specialized to kill any cell that they

specifically recognize.

Tumor necrosis factor (TNF or TNF-a) is an important cytokine that triggers local
containment of infections. Inflammatory mediators also stimulate endothelial cells to express
proteins that trigger blood clotting in the local small vessels, occluding them and cutting off

blood flow. This can be important in preventing the pathogen from entering the bloodstream and
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spreading through the blood to organs all over the body. Instead, the fluid that has leaked into the
tissue in the early phases of carries the pathogen enclosed in phagocytic cells, especially
dendritic cells, via the lymph to the regional lymph nodes, where an adaptive immune response
can be initiated. The importance of TNF-a in the containment of local infection is illustrated by
experiments in which rabbits are infected locally with a bacterium. Normally, the infection will
be contained at the site of the inoculation; if, however, an injection of anti-TNF-a antibody is

also given to block the action of TNF-a, the infection spreads via the blood to other organs.

Current commercial vaccines that contain inactivated virus give only partial clinical and
virological protection against respiratory infections with EHV-1 because they do not stimulate
CTLs and therefore do not control the cell-associated viremia which disseminates virus from the

respiratory tract (Kydd, Townsend, & Hannant, 2006).

Mouse models of EHV-1 infection have been used to investigate the vaccine potential of
various EHV-1 immunogens, the effect of antiviral agents on EHV-1 infection and the
pathogenicity of EHV-1 strain variants and deletion or insertional mutants. Infection of EHV-1
in the mouse causes respiratory signs — polypnoea and dyspnoea, as well as signs of systemic
illness and weight lost. The mice become quiet, are dehydrated, have ruffled fur, hunched
posture, and occasionally mucopurulent conjunctivitis (Frampton et al., 2004; Ma et al., 2012;
Walker et al., 1999). The lung histopathology in EHV-1-infected mice is similar to that of the
horse and is characterized by an acute focal alveolitis and bronchiolitis, eosinophilic intranuclear
inclusion bodies in bronchiolar epithelial cells, focal necrosis of pneumocytes (M. J. Bartels et al.,
1998; T. Bartels et al., 1998). Although the mouse model of EHV-1 infection is not perfect, its

extensive use has given direction for vaccine strategies. Here, this study was design to study the
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immune response in mouse model after immunization of a novel viral-vectored vaccine and

challenged by wild type EHV-1 virus.

4.2 Materials and Methods

This work has been approved by Louisiana State University Inter-Institutional Biological
and Recombinant DNA Safety Committee (IBRSDC reference number: 00615) and Institutional

Animal Care and Use Committee (IACUC reference number: 15-019).

Virus and cells

HSV-1 VC2 was constructed before in BIOMMED and is a bacterial artificial chromosome
(BAC) plasmid was utilized to construct the new recombinant virus. VC2 contains the gK A31-
68 deletion and a deletion of UL20 amino-terminal 19 amino acids. VC2-EHV-1-gD virus was
constructed using two-step red-mediated recombination system in E. coli SW105 cells as

described previously(Stanfield et al., 2014).

EHV-1 virus was isolated from placenta of Thoroughbred horse in 2008 and provided by Dr.
Roy from Louisiana Animal Disease Diagnostic Laboratory (LADDL). Vero cell (African green
monkey kidney cell) and RK13 (Rabbit kidney cell) were by LADDL and cultured using DMEM
with 5% FBS and 1% Promicin. NBL-6 cell (Equine dermal cell) was purchased from ATCC and

cultured as the instruction.

Synthetic peptides

BALB/c mouse MHC-1 and MHC-2 binding prediction peptides were predicted by IEDB T

Cell Epitope Prediction Tools (http://tools.immuneepitope.org/main/tcell/). The peptides are
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listed in the following table and synthesized in LSU Protein Core Lab (Table 4.1, Figure 4.1).
Those peptides (final 1ng in each reaction tube) were applied to stimulate splenocyte from

different vaccinated or challenged mice in vitro.

Table 4.1 MHC-1 and MHC-2 of BALB/c mouse binding prediction peptides

Allele Length Position Peptide
1 MHC-1 H-2-Dd 12 338-349 KPPKTSKSNSTF
2 MHC-1 H-2-Ld 10 47-56 FPPPRYNYTI
3 MHC-2 H2-1Ed 15 365-379 GVILYVCLRRKKELK

Table 4.2 Vaccination design

Grou # of mice Vaccine Dose

P

1 20 Nave No vaccination

2 20 Vetera® EHV** 1/4 0.1 ml primary, secondary, and a third boost

3 20 HSV-VC2 10° PFU primary, secondary, and a third
boost

4 20 HSV-VC2-EHV-gD 10° PFU primary, secondary, and a third
boost

Vetera® EHV*F 1/4 (Boehringer Ingelheim Vetmedica) was diluted as 1: 1000 in DMEM and 0.1

ml was used as single dose on mice.
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Vaccination

Seven-week old female BALB/c mice were used in this study (60 mice). We had 4 groups
of 15 each. Each individual mouse was identified with an ear tag. Vaccination schematic was
described in the table below (Table 4.2). Vaccines were administered in 2 week intervals for
three times except nawe group. Mice were observed and weighted daily over the course of the
vaccination period. Blood were collected from the facial vein every other week. Four mice from

each group were sacrificed at week six after the final vaccination for tissue collection.

Challenge

The challenge study included 4 groups of 11 mice that were vaccinated as described in
Table 4.3. Challenge experiment was designed as described in the Table 4.3 below. Nawe
animals did not get any vaccines and a commercial vaccine Vetera® EHV*® 1/4 (Boehringer
Ingelheim Vetmedica) served as a control group. Mice were challenged intra nasally with a
totally volume of 20 510" PFU EHV (10 pL per nostril) five weeks following the final

administration of the vaccine.

Table 4.3 EHV-1 challenge arrangement

Vaccination Number of Animals Challenge
Na've 11 10° PFU Wild Type EHV-1
Vetera® EHV*® 1/4 11 10° PFU Wild Type EHV-1
HSV-VC2 11 10° PFU Wild Type EHV-1
HSV-VC2-EHV-gD 11 10° PFU Wild Type EHV-1
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Mice were weighted daily over the course of this study and were monitored daily for the
development of clinical signs such as ruffled fur, labored breathing, crouching or huddling
behavior, sluggishness and loss of body weight. Previous research has demonstrated that body
weight loss is an excellent indicator of EHV-1 infection in the mouse (van Woensel, Goovaerts,
Markx, & Visser, 1995). Three mice from each group were sacrificed after one week for tissue

collection and histopathological analysis.

Tissue collection and analysis

On two weeks after 3" vaccination and one week post challenge, three mice from each
group were anesthetized by inhalation of 2-3% isoflurane. Maximum volume of blood was
collected and mice were euthanized by cervical dislocation. Blood were allowed to clot at room
temperature for at least 30 minutes. Serum was centrifuged, collected and stored at -20°C until
use. Spleens were excised from euthanized animals, minced and passed through a 10 mm nylon
mesh cell strainer in RPMI 1460 with 10% heat-inactivated fetal bovine serum (HI-FBS). Cell
suspensions were pelleted by centrifugation at 400> for 7 minutes and cell concentration was
adjusted to 10’cell/ml for FACS analysis. The lung tissues from all four groups after challenge

were collected and stored at -80°C for EHV-1 Real-time PCR test.

Serum neutralization

Collected serum was used to neutralize 50 L of stock EHV-1 containing approximately
100 PFU. After the sera were heated to 56°C for 1 h to inactivate complement, samples were
then diluted 1:10 in complete DMEM containing 10% heat inactivated FBS, 50 pi each. Fifty

microliter of virus dilute was added to each dilution of serum to a total volume of 100 L.
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Addition of virus made serum dilutions to 1:20. Serum virus mixtures were placed on a rocker at

room temperature for 1 hour and titrated on NBL-6 cell monolayers.

FITC flow cytometry analysis on mice sera

RK13 were infected with EHV-1 and were harvested by using 1ImM EDTA in PBS.
Fixation/permeabilization solution was then added to the cells. Mouse sera (1:20) from different
groups were mixed with cells after two times washes and incubated for 30 min at 37°C. Goat
anti-mouse conjugate (FITC, 5jd) were added to the suspension and incubated for another 30
min at 37°C. The cells were washed twice by adding 3 ml buffer (1% HI FBS in PBS). BD

Fixative solution was applied to the cells and cells were kept at 4°C till flow cytometry analysis.

Antibody subclass determination

To determine the antigen specific antibody isotypes, 96-well plates were coated with 50 i
of EHV-1 infected cell lysate (20pd/ml), then sera from four groups were diluted at 1:100 and
tested in duplicate. To detect mouse 1gG1, 1gG2a, 1gG2b, 1gG3, IgA and IgM isotypes, anti-
mouse Ig subclass-specific HRP-conjugated secondary antibodies (abcam®, 1:10,000 dilution)
were used. The ratio of IlgG2a and 1gG1 was calculated by dividing OD values for IgG2a by OD

values for 1IgG1 (Cribbs et al., 2003).

Lymphocytes polychromatic flow cytometry and analysis

Spleens were excised from euthanized animals, minced and passed through a 10 mm nylon
mesh cell strainer (Fisher Scientific) in RPMI 1640 medium with 10% heat-inactivated fetal

bovine serum (HI-FSB) and 1% Primocin. Cell suspensions were then pelleted by centrifugation
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at 400>q for 7 minutes at 4°C. Five milliliter ACK (Ammonium-Chloride-Potassium) Lysing
Buffer was added to the cells. The cells were suspended and kept in room temperature for 7
minutes, and then the volumes were adjusted to total 25 ml with RPMI 1640 medium. The cell

concentration was adjusted to 10’cell/ml after washed by RPMI 1640 medium.
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Figure 4.1 Protein alignment analysis between EHV-1 and HSV-1. 1, 2, 3: peptides used in the
lymphocytes stimulation test.

Three different peptides (1ng), 3 W Golgi-Plus and 100 i of 10’cell/ml splenocyte
suspension were gently mixed. Then the mixtures were incubated at 37°C and the splenocytes
were stimulated for 6 hours. Cells were then stained with monoclonal rat anti-mouse CD3
antibody conjugated to PerCP-Cy™5.5 (BD Biosciences), monoclonal rat anti-mouse CD4
antibody conjugated to PE (BD Biosciences), rat anti-mouse CD8a antibody conjugated to FITC

(BD Biosciences), monoclonal rat anti-mouse IFN-y antibody conjugated to APC (BD
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Biosciences) and rat anti-mouse TNF antibody conjugated to BV510 (BD Biosciences). FACS
was assessed using an Accuri C6 personal flow cytometer. The data were analyzed using FlowJo

software (v10.1r1, FlowJo Enterprise) (Figure 4.10).

Real-time PCR

Lung tissues were obtained from all four groups one week after EHV-1 challenge. DNA
from lungs was extracted using the Qiagen DNeasy Blood& Tissue Kit as the manufacturer’s
protocol. The eluted DNA was quantified using Nanodrop 1000 spectrophotometer. Equal
amounts of DNA from each sample were used to perform real-time PCR on Cepheid™
SmartCycler™ Real-Time Thermal Cycler. The following primer/probe combinations were used
to detect EHV-1: 1) EHV1-29f (ATCTGGCCGGGCTTCAAC); 2) EHV1-82r
(GGTCACCCACCTCGAACGT); 3) EHVINNP (ATCCGTCGACTACTCG) (Leutenegger et

al., 2008).

4.3 Results

Previous experiments indicated that the VC2 virus did not produce significant clinical
disease symptoms in mice (Stanfield et al., 2014). No clinical disease symptoms were noted
throughout the vaccination period (8 weeks) in all treatment groups. There was no significant

difference on the weight gain during the vaccination period among the groups (Figure 4.2).

The mice of all groups started to lose weight after challenge with 106 PFU Wild Type EHV-
1, although no clinical symptoms (no fur ruffling, no heavy breath) were observed during 6
weeks post challenge. No mice died during the challenge experiment in all treatments.

Pathogenesis of this particular clinical isolate might not strong enough to kill the mice. The
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unvaccinated group gained weight back slower than other three groups. Mice weight in
unvaccinated group was significantly less than other groups from day 5 to day 13 and at day 23

(Figure 4.3).

Vetera

VC2
VC2-EHV-gD
Unvaccinated

-0
-
—h—
=

Weight difference (g)

20 40 60
Days after vaccination

Figure 4.2 Mice weight change during three vaccinations in Vetera/\VVC2/VC2-EHV-
gD/Unvaccinated groups. No clinical disease symptoms were noted throughout all the three
vaccinations period. No significant difference on the weight gain among all the groups after the
third vaccination.

Antisera from five groups of mice were individually tested at 1:20 dilution. Boosted
vaccinations increased serum neutralization abilities significantly. Vetera, VC2 and VC2-EHV-
gD groups have significantly higher virus neutralization activities than Unvaccinated group after
first immunization (Figure 4.4). Vetera and VC2-EHV-gD groups have similar virus
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neutralization activities during the whole vaccination period. Vaccination of VC2-EHV-gD
increased virus neutralizing activities (33.6%) in mice after three vaccinations, which was similar
to commercial whole virus vaccine group (32.6%) and both were significantly higher than
Unvaccinated group all the time (p<0.01 or p<0.001) and VVC2 group at week 8 (p<0.01). VC2
group also neutralized 65.5 % of viruses after three vaccinations and provided a partial

protection against EHV-1.
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-- VC2
3~ % VC2-EHV-gD
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0O 5 10 15 20 25 30 35 40 45 50 55 60 6
Days after challenge

Figure 4.3 Mice weight change after challenge with EHV-1 clinical isolate in Vetera/\VC2/\VVC2-
EHV-gD/Unvaccinated groups. Statistics analysis on VC2-EHV-gD vs Unvaccinated: Day 7 *,
Day 9**, Day 11*, Day23**, Day 27*, Day 31* (One-way ANOVA followed by Newman-
Keuls Multiple Comparison Test *p<0.05, **p<0.01).
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Figure 4.4 Serum neutralization of EHV-1 at a 1:20 dilution of sera from Vetera/\VC2/\VVC2-
EHV-gD/Unvaccinated mice (One-way ANOVA followed by Newman-Keuls Multiple
Comparison Test *p<0.05, **p<0.01, ***p<0.001).

VC2-EHV-gD group showed strong antigen specific signals on FITC flow cytometry test
after vaccinations (Figure 4.5) and the specific anti-EHV-1 signal was significantly high than
Vetera group (p<0.01) and other two groups (p<0.001). Similar results were also seen on the
microscopy pictures that VC2-EHV-gD group had the strongest signal (Figure 4.6). EHV-1
specific 1gG antibody signals in the sera from all the groups increased after EHV-1
challenge.VC2-EHV-gD group was still the strongest group (Figure 4.5), which was also

observed on the microscopy pictures (Figure 4.7).
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Figure 4.5 FITC flow cytometry test on mice sera (1:20) from Vetera/\VC2/VC2-EHV-
gD/Unvaccinated mice before and after challenge (one-way ANOVA followed by Newman-
Keuls Multiple Comparison Test *p<0.05, **p<0.01, ***p<0.001).

Table 4.3 Ratio of 1gG2a/lgG1 of mice sera in four groups

Before challenge After challenge
Vetera 0.65 251
VC2 0.84 3.97
VC2-EHV-gD 0.43 0.54
Unvaccinated 1.62 21.00

Any ratio >1 is associated with Th1 response and any ratio <1 is associated with Th2 response.
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Vetera

VC2-EHV-gD Unvaccinated

Figure 4.6 FITC microscopy on mice sera (1:20) from Vetera/\VVC2/VC2-EHV-gD/Unvaccinated
mice before challenge.

VC2-EHV—gD Unvaccinated

Figure 4.7 FITC microscopy on mice sera (1:20) from Vetera/\VVC2/VC2-EHV-gD/Unvaccinated
mice after challenge.
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Figure 4.8 In vitro analysis of humoral immune response. Colorimetric ELISA based on analysis
of EHV-1 reactive polyclonal IgG Subclass at a 1:100 dilution of sera from Vetera/\VVC2/\VVC2-
EHV-gD/Unvaccinated mice produced 8 weeks after first vaccination and 1 week after challenge.
Statistical comparison conducted using one-way ANOVA followed by Newman-Keuls Multiple

Comparison Test (*p<0.05, **p<0.01, ***p<0.001).

IgG1 in mice of VC2-EHV-gD group were significantly higher than other groups after

three vaccinations and after challenge (Figure 4.8, p<0.001). IgG2a in VC2-EHV-gD group was

also was significantly higher than other groups before three vaccination (Figure 4.8, p<0.001),

but no significant difference after EHV-1 challenge. Significantly more 1gG2b level was
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produced in VC2-EHV-gD group than other groups (p<0.05) after three vaccination. It’s
interesting that IgM in Vetera group was significantly high than other groups before and after

challenge (Figure 4.9, p<0.01 or P<0.05). No 1gG3 or IgA were detected at the 1:100 dilution of

sera from all treatment groups (date no shown).
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Figure 4.9 In vitro analysis of humoral immune response. Colorimetric ELISA based on analysis
of EHV-1 reactive polyclonal 1gG2b and IgM at a 1:100 dilution of sera from Vetera/\VVC2/\VVC2-
EHV-gD/Unvaccinated mice produced 8 weeks after first vaccination and 1 week after challenge.
Statistical comparison conducted using one-way ANOVA followed by Newman-Keuls Multiple
Comparison Test (*p<0.05, **p<0.01, ***p<0.001).
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Figure 4.10 Cell cytometry FACS gating. Cells were first analyzed for their internal and surface

granular in FCS/SSC, then analyzed for SSC/CD3" (PerCP-Cy™S5.5), CD8a*/CD4" (FITC/PE),
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Figure 4.11 In vitro analysis of cellular immune response. Mouse splenocytes CD4" and CD8" T
cells from Vetera/\VVC2/VC2-EHV-gD/Unvaccinated groups after three vaccinations stimulated
by EHV-1 gD peptides (Table 4.1).

To test for the generation of EHV-1 specific cellular immune responses, a surface and
intercellular labeling assay was utilized to detect IFN-y and TNF synthesized by CD4" and CD8"
T cells in the presence of specific peptides (Table 4.11 and 4.12) predicted MHC-1 or MHC-2
epitopes (Figure 4.1). All 3 peptides stimulated more IFN-y producing CD4" in VC2 and VC2-
EHV-gD groups than Vetera and control groups after EHV-1 challenge. There was more IFN-y
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producing CD8" in VC2-EHV-gD group stimulated by peptide 1 or 3 after three vaccinations
(Figure 4.11). Also peptide 3 stimulated more IFN-y producing CDS8" in Vetera group (Figure
4.11). Moreover, all 3 peptides stimulated more IFN-y producing CD8" in VC2-EHV-gD group

after EHV-1 challenge.
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Figure 4.12 In vitro analysis of cellular immune response. Mouse splenocytes CD4" and CD8" T
cells from EHV-1 challenged mice of Vetera/\VVC2/VC2-EHV-gD/Unvaccinated groups
stimulated by EHV-1 gD peptides (Table 4.1).
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The peptides stimulated cellular immune response after three vaccination and post
challenge. There was more TNF producing CD8" in VC2-EHV-gD group stimulated by all

peptides (1, 2 and 3) one week post challenge (Figure 4.12).

Table 4.4 Real-time PCR on lung tissue of different groups one week after challenge

Group Tag number Results Ctvalue

Vetera 626 NEG 0
627 NEG 0
628 NEG 0
VC2 656 NEG 0

657 POS 37.19
658 NEG 0
VC2-EHV-gD 686 NEG 0
687 NEG 0
688 NEG 0

Unvaccinated 696 POS 34.16
697 NEG 0
698 NEG 0

Real-time PCR was performed on lung tissue after challenge. There was no viral DNA
detected for either Vetera or VC2-EHV-gD groups. However, one out of three mice in VC2 and

Unvaccinated groups were detected positive (Table 4.4).
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4.4 Discussion

Vaccination of VC2-EHV-gD increased virus neutralizing activities (33.6%) in mice after
three vaccinations and was similar to commercial whole virus vaccine group (32.6%). Both were
very significant higher than unvaccinated group (p<0.001). Domains of EHV-1 gD align with
continuous antigenic sites of HSV-1 gD, suggesting that these two gD polypeptides have
common structural features (Flowers & O'Callaghan, 1992; N. Fuentealba et al., 2014; N. A.
Fuentealba et al., 2014; Wellington, Lawrence, et al., 1996). So VC2 group had 65.5% of virus
neutralizing activities and significant higher than unvaccinated group (p<0.05), provided partial
protection against EHV-1 (Figure 4.4). VC2-EHV-gD virus stimulated strong virus neutralizing
activity, which was similar to commercial whole killed virus. Flow cytometry test on mice sera
revealed that VC2-EHV-gD virus stimulated significantly high specific anti-EHV-1 IgG (Figure
4.5, p<0.001) antibody. This active humoral immune response introduced by VC2-EHV-gD
benefited the mice to combat EHV-1 challenge. It had been report that intranasal or
intramuscular immunization with EHV-1 gD produced antigen specific IgG in serum before
challenge and provided complete or partially protection in mice and horses (Flowers &
O'Callaghan, 1992; Foote et al., 2005; N. Fuentealba et al., 2014; N. A. Fuentealba et al., 2014;
Love, Bell, & Whalley, 1992; Ruitenberg et al., 2001; Ruitenberg, Love, et al., 2000; Ruitenberg

et al., 1999a; Weerasinghe et al., 2006).

IgM is a very highly cross-reactive and effective neutralizing agent in the early stages of
disease. The mean serum Ig levels found for 6-month-old C57BL/6 mice were 0.22 mg/ml for
IgM, 0.28 mg/ml for IgG1, 0.7 mg/ml for 1gG2a, 1.22 mg/ml for IgG2b, 0.18 mg/ml for IgG3

and 0.075 mg/ml for IgA (Klein-Schneegans, Kuntz, Trembleau, Fonteneau, & Loor, 1990).

128



Mice in Vetera group produced significantly high specific anti-EHV-1 IgM level than other
groups before and after challenge (Figure 4.9, p<0.05 or p<0.01), which might contribute to virus
neutralizing activities to the same level as VC2-EHV-gD group (Figure 4.4), although specific
anti-EHV-1 IgG was significantly lower than VC2-EHV-gD group (Figure 4.5, p<0.01). IgM
antibodies are the first antibodies produced after an infection and are usually replaced with
higher affinity 1gG antibodies by isotype switching as the immune response progresses (Bego et

al., 2008), so Vetera group might only have short period of virus neutralizing activities.

Moreover, 1gG2a and 1gG1 immunoglobulin isotypes as markers for Th1l and Th2
response (Ebrahimpoor, Pakzad, & Ajdary, 2013; Koyama & Ito, 2001; Song et al., 2014), were
investigated in mice before and after EHV-1 challenge. VC2-EHV-gD vaccinated mice
developed highest IgG1 response before and after challenge. This confirms that Th2 responses
are strong in this group. In comparison, mice in other groups developed lower levels of 1gG1
(Figure 4.8). VC2-EHV-gD vaccinated mice also developed highest 1gG2a response before
challenge. Thus, mice in VC2-EHV-gD group had balanced expression of 1IgG1 and 1gG2a. And

a well balanced Thl and Th2 response is suited to the immune challenge (Berger, 2000).

The subclass of Ig that is induced after immunization or challenge is an indirect measure
of the relative contribution of Th2-type cytokines versus Thl-type cytokines. The production of
1gG1-type antibodies is primarily induced by Th2-type cytokines, whereas production of IgG2a-
type antibodies reflects the involvement of Thl-type cytokines (Yadav & Khuller, 2001). Any
ratio of 19G2a/lgG1 >1 is associated with a Thl response and any ratio <1 is associated with a
Th2 response (Visciano, Tagliamonte, Tornesello, Buonaguro, & Buonaguro, 2012). VC2-EHV-

gD group had Th2 response (ratio of IgG2a/lgG1 <1, Table 4.3) before and after challenge.
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Vetera and VC2 had Th2 response before challenge and switched to Thl response after challenge,
which indicated that EHV-1 infection was undergoing in these mice that preferred cellular
activities to eliminate the viruses. Th1 responses have been implicated in most forms of acute
rejection and graft versus host disease, while Th2 responses have been variably associated with

either protection or chronic rejection (Berger, 2000).

Our results showed the new virus-vectored virus introduced significantly stronger antigen
specific IgG in mice serum comparing the commercial vaccine group (p<0.01) and unvaccinated
group (p<0.001). VC2-EHV-gD also stimulated strong cellular immune response (IFN-y and
TNF). IFN-y is commonly produced by effector CD8+ T lymphocytes upon recognition of
specific antigen, and it stimulates CTL activity (Adams et al., 2004; Baird, Bowlin, Hotz, Cohrs,
& Gilden, 2015; Ghanekar et al., 2001; Mbawuike et al., 1999; McCarthy et al., 2015; Murali-
Krishna, Altman, Suresh, Sourdive, Zajac, & Ahmed, 1998; Murali-Krishna, Altman, Suresh,
Sourdive, Zajac, Miller, et al., 1998; O'Flaherty et al., 2015; Scheibenbogen et al., 2000; Sun et
al., 2003). Besides performing numerous immune-regulatory functions, IFN-y has also been
reported to have direct antiviral effects. Several studies conducted in mice have demonstrated an
important role for IFN-y in immune protection from herpesvirus infections (Cantin, Tanamachi,
& Openshaw, 1999; Cantin, Tanamachi, Openshaw, Mann, & Clarke, 1999; Mikloska &
Cunningham, 2001; Milligan & Bernstein, 1997; P. M. Smith, Wolcott, Chervenak, & Jennings,
1994). Vaccination of VC2-EHV-gD increased the numbers of IFN-y producing CD8" cells after
stimulation of peptide 3 (Figure 4.11). IFN-y is critical for innate and adaptive immunity against
viral infections and is an important activator of macrophages and inducer of MHC molecule
expression. Also, virus-specific CD8" T cells generated long-lived protection (Shin & lwasaki,

2012). MHC class I molecules present peptides from viruses, to CD8 cytotoxic T cells, which are
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specialized to kill any cell that they specifically recognize. Equine PBMC induced IFN-y
production by a significantly higher percentage among post-EHV-1 infection compared to pre-
infection samples after in vitro stimulation of with EHV-1. This response was associated with an
increase in virus-specific CTL activity, a critical immune effector for the control of EHV-1
infection and disease. Also, EHV-1 challenge infection of ponies resulted in increased

production of IFN- y by virus-specific T lymphocytes (Breathnach et al., 2005).

Tumor necrosis factor (TNF or TNF-a) is an important cytokine that triggers local
containment of infections. VC2-EHV-gD vaccine group had more TNF producing CD8" T cells
post challenge comparing to other groups, which was in agreement with previous report showed
a concurrent upregulation of TNF transcripts post infection in RacL11-infected mice (P. M.
Smith, Zhang, Grafton, Jennings, & O'Callaghan, 2000). TNF stimulates endothelial cells to
express proteins that trigger blood clotting in the local small vessels, occluding them and cutting
off blood flow. This can be important in preventing the pathogen from entering the bloodstream
and spreading through the blood to organs all over the body, which might be helpful to reduce
EHV-1 viremia. However, further studies are still needed to determine the specific role played by

TNF in the pathogenesis of EHV-1 infection.

Adaptive immune responses are essential to protect against EHV-1 infections (Ruszczyk,
Cywinska, & Banbura, 2004). VC2-EHV-gD virus stimulated both humoral and cellular immune
responses. The increase of virus neutralizing activities (post immunization), IFN-y (post
immunization and post challenge) and TNF (post challenge) producing T cells were observed in
the experiment, suggesting that VC2 expressed EHV-gD provide a strong adjuvant effect to

introduce adaptive immune response and might be sufficient against EHV-1 infection. U.S. Food
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and Drug Administration (FDA) has approved the Biologics License Application for
IMLYGIC™ (talimogene laherparepvec), a genetically modified oncolytic viral therapy
indicated for the local treatment of unresectable cutaneous, subcutaneous and nodal lesions in
patients with melanoma recurrent after initial surgery (http://www.amgen.com/media/news-
releases/2015/10/fda-approves-imlygic-talimogene-laherparepvec-as-first-oncolytic-viral-
therapy-in-the-us/ ). Herpes simplex virus became the first Oncolytic virus for treatment of
melanoma. VC2, a genetically modified HSV-1, might be used a vector to be applied into other
animals. Additional studies are needed to assess on horses and also the specific T cell memory

responses after vaccination.
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