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Summary

Equine herpesvirus (EHV)-1 induces respiratory infection, neurological disorders and abortion in horses. Most
of the currently available attenuated or inactivated vaccines against this infection are administered intramus-
cularly and only provide partial protection against the respiratory disease. The present study examines the ef-
fect of intranasal immunization with purified EHV-1 recombinant glycoprotein D (gD) in BALB/c mice
followed by challenge with three different EHV-1 strains during early to mid-pregnancy. The induced viral
infection was evaluated by virus isolation, DNA detection by polymerase chain reaction, histopathology
and immunohistochemical localization of antigen in the lung, placenta and uterus. Non-immunized mice
showed clinical signs of infection, positive virus isolation from lungs and uteri, and abortion induced by one
of the virus strains. Endometrial lesions developed in some of these animals that have been described previously
only in horses. Immunized mice and their offspring had no viral infection or typical lesions. Intranasally
administered gD therefore induced partial or complete protection against three different EHV-1 strains in
BALB/c mice.

© 2014 Elsevier Ltd. All rights reserved.
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Introduction remain susceptible to new infections throughout their

Equine herpesvirus (EHV)-1 induces respiratory
infection, neurological disorders and abortion in hors-
es throughout the world (Jackson et al., 1977; Smith,
1997); however, the pathogenesis of abortion is
poorly understood. Primary infection induces a
humoral immune response and production of
neutralizing antibodies, but naturally infected
animals do not develop long-lasting protection and
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lives (Allen and Bryans, 1986; Crabb and Studdert,
1995). EHV-1 and other alphaherpesviruses have
developed many strategies to evade the host immune
system (Ambagala et al., 2004; Koppers-Lalic et al.,
2005; Van de Walle et al., 2008). Up to now, no
vaccine 1is able to prevent the infection and most of
the attenuated or inactivated vaccines currently
available are administered intramuscularly and only
provide partial protection against the respiratory
disease. These wvaccines do not prevent cell-
associated viraemia nor do they protect fully against
abortion (Walker ez al., 1999; Minke et al., 2004).
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Envelope glycoproteins play an important role in
the infectivity and pathogenicity of EHV-1 and
constitute major targets for the host immune system
(Packiarajah et al., 1998). These glycoproteins have
been incorporated into recombinant vaccines (Love
et al., 1993; Osterrieder et al., 1994; Munro et al.,
1999). Experimental studies using individual or
combined glycoproteins B, C, D and H have been
performed in mice (Guo et al., 1990; Tewari et al.,
1994, 1995; Osterrieder et al., 1995; Kukreja et al.,
1998; Zhang et al., 1998; Ruitenberg et al., 1999)
and in the natural host (Foote et al., 2005, 2006).
These studies have involved different vaccination
strategies and they mainly used non-purified glyco-
proteins and parenteral routes of immunization.
Most of the vaccines have been evaluated using the
murine respiratory model of the disease (Awan et al.,
1991, 1995; Iwai et al., 1998; Walker et al., 1999),
but for the abortion model only DNA encoding
glycoprotein D (gD) of was used (Walker et al.,
2000). Glycoprotein D is a component of the viral en-
velope involved in wviral entry into host cells
(Whittaker et al., 1992).

The aim of the present study was to determine
whether intranasal administration of gD was protec-
tive against respiratory disease and abortion in
BALB/c mice challenged with different strains of
EHV-1 during early to mid-gestation.

Materials and Methods
Amimals

Specific pathogen-free 5-week-old BALB/c mice were
provided by the Department of Laboratory Animals
(School of Veterinary Sciences, National University
of La Plata, Buenos Aires, Argentina) and kept in
conventional animal rooms. Temperature, light and
ventilation were controlled and animals received
food and water ad libitum. All experimental proce-
dures were carried out in compliance with the Guide
for the Care and Use of Laboratory Animals of the

National Research Council (ILAR, 2010) and super-
vised by the Institutional Committee for Care and
Use of Laboratory Animals (School of Veterinary Sci-
ences, National University of La Plata).

Immunization and Antibody Detection

Glycoprotein D was expressed in insect cell lines
derived from Trichoplusia ni (High Five™ cells, Invi-
trogen, Carlsbad, California, USA) and purified as
described by Fuentealba et al. (2014).

Mice were immunized intranasally with 50 pl
(300 pg/ml) of gD in phosphate buffered saline
(PBS), under light anaesthesia with isoflurane (Baxter
Co., Deerfield, Illinois, USA). The same dose was
administered for a second time on day 20. Non-
immunized mice received intranasal PBS.

Blood was taken from the maxillary vein 10 days af-
ter each immunization and pooled serum samples (six
mice/pool) were tested for antigen-specific immuno-
globulin (Ig) G by indirect enzyme-linked immunosor-
bent assay (ELISA) using a soluble antigen produced
with ARS8-infected Madin—Darby bovine kidney
(MDBK) cells. Control antigen was prepared
following the same procedure with uninfected
MDBK cells. An optimum dilution of 1 in 40 was deter-
mined for the serum samples. Anti-mouse IgG peroxi-
dase (Sigma—Aldrich, St Louis, Missouri, USA) was
used as secondary antibody and ABTS (2,2'-azino-di-
[3-ethyl-benzothiazoline-6-sulphonic acid]) solution
containing HyO, was used as substrate—indicator solu-
tion. Absorbance was determined by use of an ELISA
reader (Thermo Scientific Multiskan FC, Vantaa,
Finland) at 405 nm and the cut-off value was deter-
mined as two average optical density (OD) values of
negative serum (IAEA, 1989).

Virus Strains and Cell Culiures

Three virus strains (AR11, AR52 and HHI) were
used in this study. The Argentinean ARI1l and
ARS52 strains were isolated from mares after an

Table 1
Experimental design

Experimental group Number of mice Inoculation time Treatment of animals
per group
I+/P+/V 6 Day 7 of pregnancy Four killed at 96 hpi and two continued until day
I-/P+ |V of parturition
I-/P+/S
I+/P=/V 6 In accordance with the respective Two killed at 48 hpi, two killed at 72 hpi and two
I—-/P—/V pregnant group observed until 40 dpi
I-/P—/S

I, immunized; P, pregnant; V, virus inoculation; S, sham-inoculated; +, positive; —, negative; hpi, hours post infection; dpi, days post infection.
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abortion storm and from a case of neonatal disease in
2004 and 2005 (data not published), respectively.
The HHI Japanese reference strain was isolated
from a case of abortion and was provided by Dr. T.
Mikami (University of Tokyo, Japan). Rabbit kidney
(RK13) cells were used to grow virus. Each strain was
propagated and after three cycles of freezing and
thawing, the cell suspensions were centrifuged at
10,000 g for 30 min to remove cell debris and the virus
suspensions were fractionated, quantified by the stan-
dard Reed and Muench method (1938) and stored at
—70°C until used.

Experimental Design

Twenty days after the second immunization, a group
of female mice were caged with males at a ratio of
3:1 and pregnancies were confirmed by the presence
of vaginal plugs. Then, the pregnant mice were
caged individually. The assays were developed
sequentially according to the availability of preg-
nant mice.

The following experimental groups were estab-
lished for each virus strain (Table 1):

Group I+/P+/V: immunized, pregnant, virus-
inoculated mice (n = 6);

Group I—/P+/V: non-immunized, pregnant,
virus-inoculated mice (n = 6);

Group I—/P+/S: non-immunized, pregnant,
sham-inoculated mice (n = 6);

Group I+ /P—/V: immunized, non-pregnant, vi-
rus-inoculated mice (n = 6);

Group I—/P—/V: non-immunized, non-pregnant,
virus-inoculated mice (n = 6);

Group I—/P—/S: non-immunized, non-pregnant,
sham-inoculated mice (n = 6).

All mice from each experimentally-infected group
(I+/P+/V, 1+/P—/V, I-/P+/V and I-/P-/V)
were lightly anaesthetized (Eory e/ al., 2013) and
inoculated intranasally with ~10°° TCID;0/50 ul
of each virus strain at day 7 of pregnancy (early to
mid-gestation). Non-pregnant mice were inoculated
on the same day. Mice from each sham group (I—/
P+/S and I—-/P—/S) were inoculated intranasally
with 50 pl of supernatant of RK 13 cells kept in Eagle’s
Minimum Essential Medium (EMEM) with 2% fetal
calf serum (M-EMEM). Four mice from groups I +/
P+ /V,1—/P+/V and I—/P+ /S were killed by intra-
peritoneal injection of 0.1 mg/g body weight of keta-
mine (Laboratorios Holiday, Buenos Aires,
Argentina) and 0.0]1 mg/g body weight of xylazine
(Laboratories Richmond, Buenos Aires, Argentina)
at 96 hours post infection (hpi), and two mice in these
groups were left alive until natural parturition. The

number, size and development of embryos were re-
corded and lesions in uteri and placentaec were
described. Two mice from groups 1+ /P—/V, I—/
P—/V and I-/P—/S were killed at 48 hpi or 72 hpi,
or left alive until ~40 days post infection (dpi).

Clinical Assessment, Collection and Processing of Samples

Animals were weighed before mating and then daily
from day 7 of pregnancy (or on the respective day
for non-pregnant mice). The body weights of the
mice were checked to verify their normal distribu-
tion by the Shapiro—Wilk test. The analysis was
performed only on day 7 (initial weight) regardless
of strain or treatment. The mean body weight
values among groups of mice were compared by
one-way ANOVA. In addition, after virus inocula-
tion, the general condition of the mice was deter-
mined twice daily by assessing the presence of
clinical signs, premature births and/or parturition.
Premature loss of pregnancy was identified when
there was a sharp fall in the body weight of the
pregnant mice. Heparinized (20 IU/ml) and non-
heparinized blood samples were collected from all
experimental groups before killing and were pro-
cessed immediately for virus isolation (Galosi et al.,
2004) and IgG detection. The left lung of each an-
imal was selected for histological studies, while the
right lung was used for titration of viral infectivity
and processed for DNA detection by polymerase
chain reaction (PCR). The placentae and uteri
were processed for histological studies, virus isola-
tion or PCR. Fifty percent of the offspring of females
that remained alive were killed by deep anaesthesia
and processed for virus isolation and PCR. The re-
maining offspring and their mothers were monitored
daily and 30 days after birth they were bled for IgG

detection.

Virus Isolation

Samples were processed by preparing a 10% (weight/
volume) homogenized suspension in M-EMEM and
clarified by centrifugation at 6,000 g for 20 min.
The supernatants were inoculated into RK13 cells
and these were observed for cytopathic effect for 1
week. Supernatants from cell cultures without cyto-
pathic effect were re-passaged twice before being
considered as definitively negative.

Tutration of Viral Infectivity

Tenfold serial dilutions of lung homogenates in M-
EMEM were inoculated onto preformed cell mono-
layers and after 3 h of incubation at 37°C the cells
were overlaid with M-EMEM and checked for
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Table 2
Antibody detection by ELISA (absorbance values at 405 nm)

Group Primary immunization Secondary immunization Hours post infection 30 days post partum or 40 days post infection

Infection with ARII strain

I+/P+/V 136 131 418 (96 hpi) 410 (mother)
339 (offspring)
—/P+ |V 113 120 141 (96 hpi) 423 (mother)
386 (offspring)
—/P+/S 125 139 141 (96 hpi) 158 (mother)
147 (offspring)
I+/P—/V 132 137 150 (48 hpi) 400
408 (72 hpi)
I-/P—/V 138 145 139 (48 hpi) 362
147 (72 hpi)
I-/P—/S 146 132 130 (48 hpi) 141
143 (72 hpi)
Infection with ARS2 strain
I+/P+ |V 143 139 406 (96 hpi) 381 (mother)
370 (offspring)
—/P+ |V 155 152 138 (96 hpi) 394 (mother)
385 (offspring)
I-/P+/S 138 141 137 (96 hpi) 142 (mother)
140.5 (offspring)
+/P—/V 137 149 139 (48 hpi) 379
390 (72 hpi)
I-/P—|V 128 131 134 (48 hpi) 400
147 (72 hpi)
I-/P—/S 121 134 138 (48 hpi) 137
137 (72 hpi)
Infection with HHI strain
I+/P+/V 152 147 446 (96 hpi) 413 (mother)
373 (offspring)
I-/P+ )V 121 139 137 (96 hpi) 394 (mother)
Offspring not determined
I-/P+/S 141 153 135 (96 hpi) 136 (mother)
139.5 (offspring)
I+/P—/V 147 138 145 (48 hpi) 409
429 (72 hpi)
I-/P—|V 128 131 139 (48 hpi) 407
153 (72 hpi)
I-/P—/S 121 134 143 (48 hpi) 147
146 (72 hpi)
Table 3
Virus isolation from lungs of mice infected with EHV-1
Group Virus titre
HH1 AR11 ARb52
96 hpi 96 hpi 96 hpi
+/P+/|V 10 TCID;ot Negative Negative

10%3° TCID50*

I—/P+ |V 10%%7 TCIDso} 10%%2 TCIDs0t 10%%7 TCIDs
10%* TCID;o* 10%6%2 TCID;0* 10%2% TCID;o*
48 hpi 72 hpi 48 hpi 72 hpi 48 hpi 72 hpi
+/P—|V Negative Negative Negative Negative Negative Negative
I—-/P—/V 10°7° TCIDsyt 10%% TCIDs 10%7° TCIDsok 10°2° TCIDsot 10%7° TCIDs} 10 TCIDs}

10%3° TCID;0*

10°3° TCID;,*

10%3° TCID50*

10%3° TCID;,*

10 TCIDgo* 10%% TCID;*

*Average standard deviation.
g

All mice of the group were positive. Average at third passage over cells.
*All mice of the group were positive. Average at first passage over cells.
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cytopathic effects over the next week. Supernatants of
cells were re-passaged twice before being considered
as negative. Viral titres (log TCIDsg/lung) were
calculated by the Reed and Muench method (1938)
at 96 hpi.

Polymerase Chain Reaction

Samples were processed using a commercial kit
(Wizard Genomic DNA Purification Kit, Promega,
Madison, Wisconsin, USA) for DNA extraction. In
addition, cells inoculated with a third passage of sam-
ples and negative for virus isolation were processed for
DNA extraction. PCR was performed as described by
Galosi et al. (2001).

Histopathology and Immunohistochemistry

Samples of lungs, placentae and uteri were fixed
in 10% neutral buffered formalin for 24 h, pro-
cessed routinely and embedded in paraffin wax.
Sections (3 wm) were stained with haematoxylin
and eosin (HE). Immunohistochemistry (IHC)
was used to detect EHV-1 antigens (Lory et al.,
2013; Zanuzzi et al., 2014) and IgA. Briefly,
EHV-1 antigens were detected using a primary
rabbit polyclonal anti-EHV-1 antibody produced
in our laboratory, diluted 1 in 1,500 in PBS with
bovine serum albumin 0.1%. Labelling was ‘visu-

alized> with anti-rabbit EnVision® detection
system + HRP (Dako, Carpinteria, California,
USA). To detect IgA protein direct IHC using pri-
mary goat anti-mouse IgA (Southern Biotech,
Birmingham, Alabama, USA) labelled with perox-
idase was used.

Results
Antibody Detection and Clinical Signs

Values of OD =300 were considered positive in the
ELISA. Antigen-specific serum IgG was detected in
immunized mice of groups I +/P+/V and I+ /P—/
V after two immunizations, at 96 hpi and 72 hpi,
respectively. IgG was also detected in mice and
offspring of group I+ /P+/V and I—/P+/V on day
30 after parturition and in surviving mice of groups
I+ /P—/V and I—-/P—/V at ~40 dpi (Table 2).
According to the Shapiro—Wilk test the initial
body weights were normally distributed (P >0.05).
After challenge, neither body weight loss nor clinical
signs of infection were observed in mice of immunized
groups (I+/P+/Vand [+ /P—/V). Premature births
were not recorded and the number, size and develop-
ment of the embryos and offspring of mice of group
I+/P+/V challenged with each virus strain was
similar to those of the control group (I—/P+/S).

Fig. 1. Lungofamouse from group I—/P+ /V challenged with strain AR11. There is immunohistochemical labelling of EHV-1 antigen in

the bronchiolar epithelium. IHC. Bar, 30 pm.
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Fig. 2. Lung of a mouse from group I + /P +/V challenged with strain AR11. There is immunohistochemical labelling of IgA in peribron-

chiolar tissue. IHC. Bar, 100 pm in (A), 50 pm in (B).

Mice of groups I—/P+/V and I-/P—/V showed
ruffled fur, hunched posture, depression and dysp-
noea at 24 hpi with all of the virus strains studied,
although these signs were more severe with strain
HHI1 at 72 hpi. Slight loss of body weight was
observed in mice of group I—/P+/V from 48 to
72 hpi with all of the virus strains. Mice of group
I—-/P+/V challenged with ARI11 or ARJ32 strains
and killed at 96 hpi had few embryos (2 £ 1) and
some small haemorrhagic spots indicative of pre-

Fig. 3. Uterine horn of a mouse from group I—/P +/V challenged
with strain HH1 and showing apoptosis in the glandular
epithelium (black arrow) and neutrophils (white arrow)
in the lamina propria. HE. Bar, 30 um.

sumptive abortion, whereas those challenged with
HHI strain only showed small haemorrhagic spots
and no embryos. Mice of group I—/P =+ /V challenged
with AR11 or AR52 that were left alive until parturi-
tion delivered an average of three offspring at term.
However, HH1-inoculated mice of this group showed
an abrupt decrease in body weight at 5 dpi and no
offspring, which may have been associated with abor-
tion. Mice of group I—/P—/V showed a decrease in
body weight from 24 to 72 hpi for all of the virus
strains tested, although the differences between this
group and mice in groups I+ /P—/V and I—-/P—/S
were not significant. None of the sham-inoculated
mice (groups I—/P—/S and I—/P+/S) developed
clinical signs. The mean number of embryos and neo-
nates (n = 6) from mice of group I—/P+ /S was in
accordance with the mean number expected for this
mouse strain.

Virus Isolation and DNA Detection

Virus isolation from the lungs of group 1+ /P+/V
challenged with strain HH1 was positive only after
the third passage in RK13 cells (10° TCIDs),
whereas it was negative in mice inoculated with
strains AR11 or AR52. Virus isolation was also nega-
tive in the lungs of mice of group I+ /P—/V chal-
lenged with each strain.

Viral titres from the lungs of mice in challenged
groups are shown in Table 3. The virus was not recov-
ered from plasma rich in leucocytes from immunized
mice challenged with any strain, but it was isolated
from two females of group I—/P + /V and one of group
I—/P—/V challenged with strain HH1. Virus isola-
tion from uteri of mice of group I—/P+/V was posi-
tive in four mice challenged with strain HHI, in
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Fig. 4. Placenta ofa mouse from group I—/P + /V challenged with strain AR52 showing normal spongiotrophoblast (*) and a necrotic area

(#). HE. Bar, 30 pm.

three mice inoculated with AR11 and in one mouse
inoculated with strain AR52. In addition, lungs and
uteri that were positive for virus isolation were also
positive for DNA. Virus isolation and PCR from
placentae, embryos and neonates of mice of groups
[+/P+/V and [—/P+/V challenged with strains
ARI1 or AR52 were negative. Fetal resorptions
were found in the groups challenged with each strain,
but virus isolation was negative. Cells of third passage
of each analyzed sample were also negative by PCR.

Histopathology and Immunohistochemistry

Lesions such as inflammatory infiltration, loss of
normal alveolar architecture, desquamation and ne-
crosis of bronchial, bronchiolar and alveolar epithelia
were found in the lungs of non-immunized animals

(groups I—/P+/V, I-/P—/V) challenged with the

Fig. 5. Uterine horn of a mouse from group I+ /P +/V challenged
with strain HH1 showing remodelling in the luminal
epithelium (arrow). HE. Bar, 30 um.

three virus strains. Intranuclear inclusion bodies
were also present in some epithelial cells. Viral anti-
gens were detected by IHC in bronchial and bronchi-
olar epithelia (I'ig. 1). Lungs of mice from groups I +/
P+/V and I+ /P—/V challenged with strains HHI,
ARI1 or AR52 showed no lesions and the detection
of viral antigens was negative. IgA-positive cells
were detected, some at the bronchial epithelium and
others in peribronchial tissue (I'ig. 2).

Mice of group I—/P+/V challenged with strain
HHI1 showed a large number of dead cells in connec-
tive tissue, epithelium and glandular lumina of uteri.
Inflammatory cells, including macrophages and neu-
trophils, were also observed (I'ig. 3). Mice of this
group challenged with strain AR 11 showed no typical
herpesvirus lesions (e.g. syncytial formation or inclu-
sion bodies) in their placentae or deciduae, although a
large number of apoptotic epithelial cells and inflam-
matory cells were observed in the uterine connective
tissue, probably as a result of a non-specific inflamma-
tory response. Mice challenged with strain ARS52
showed neutrophilic infiltration and necrotic foci in
uteri and placentae (I'ig. 4). Mice of groups I—/
P+/Sand I+ /P+/V challenged with the three virus
strains showed few extensive epithelial remodelling
areas and apoptotic cells in the uteri (Fig. 5).

Discussion

The present study evaluated the effect of intranasal
immunization with purified recombinant gD in
mice challenged with three different strains of EHV-
1 during early to mid pregnancy, and compared the
lesions found in uteri and placentae of these animals.
Immunized pregnant mice did not produce antigen-
specific IgG in serum before challenge; however, virus
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isolation from their lungs was negative for two virus
strains. It is known that secretory IgA blocks the
interaction between cellular receptors and pathogens
and that intranasal immunization is more effective in
stimulating mucosal immunity (Watanabe et al.,
2002; Ito et al., 2003). Therefore, gD may partially
protect against the respiratory and abortigenic
forms of the infection through inducing a secretory
immune response in the upper respiratory tract.
The development of mucosal immunity in
immunized pregnant mice may prevent or reduce
the viraemia and its consequences, as occurs in
mares (Smith et al., 1992). The detection of IgG on
day 30 after parturition in the offspring could be
due to the transfer of maternal immunity via colos-
trum.

The duration of pregnancy in mice from groups
I+/P+/V and I-/P+/V was not significantly
different. Similar findings were reported by Kukreja
et al. (1998) in mice immunized with glycoprotein B
and challenged during late pregnancy. The use of
similar doses and titres for these three strains showed
that strain HHI induced a higher abortion rate than
ARIIl or AR52, thus indicating a possible higher
pathogenicity.

Virus isolation was positive from uteri, but not from
placentae and embryos, which were also negative by
PCR. These results agree with those of Awan e al.
(1995). Smith (1997) also reported abortion in in-
fected mares, positive virus isolation from placentae
and negative isolation from fetal tissues, findings
that may be explained by the rapid expulsion of fe-
tuses induced by specific viral-endothelial tropism.

The most common lesions described in placentae of
infected mares (Smith, 1997; Smith e/ a/., 2000) and
mice (Awan el al., 19935; Iwai et al., 1998; Walker
et al., 1998, 1999) include ischaemia, necrosis and
atrophy of trophoblasts. Vascular lesions and
inflammatory changes have also been reported in
the endometrium of naturally or experimentally
infected mares (Smith et al., 1992; Carlton et al.,
1995). To our knowledge, there are no previous
descriptions of changes in the endometrium of EHV-
I-inoculated mice. In the current study, some of the le-
sions described above were found in mice from group
I—/P+/V, and they varied with the infecting virus
strain. Although equine and murine placentae are his-
tologically different, there are similarities in the local
immune response (Croy et al., 2009).

The variability in the histopathological changes re-
ported in infected mares may also occur in the murine
model, as reported here. In this regard, in the present
study we reported uterine lesions that have been previ-
ously described in horses, but not in mice. The embry-
onic losses reported here after the inoculation of strain

HH1 agree with those described by Awan et al. (1995)
at the same stage of pregnancy using a more virulent
strain of virus. However, the effects on the conceptuses
are highly variable and depend on the virus strain.

Since immunized pregnant challenged mice (group
I+ /P+/V)showed few lesions in placentae and uteri,
the local immune response in the upper respiratory
tract could have prevented or reduced the access of vi-
rus to the bloodstream, thereby inhibiting viraemia
and infection of the reproductive tract.

It remains as an open question whether the abor-
tions were caused primarily by maternal factors or
by the viral infection. Further studies are required
in order to determine the significance of IgA in the
upper respiratory tract of mice immunized intrana-
sally with gD and challenged with EHV-1 strains.
This information will inform strategies for testing
gD immunization in horses with a view to increasing
the immune protection at weaning, when a decline in
maternal antibodies makes animals more susceptible
to infection.
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