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Equid alphaherpesvirus 1 (EHV-1) is an important pathogen of horses, associated with respiratory,
neurological disease and abortions. As vaccination is not always effective, anti-herpetic therapy
may represent an alternative to prevent the losses caused by the infection. We herein investigated
the activity of ganciclovir (GCV), an anti-herpetic human drug, in rabbits experimentally infected
with EHV-1. Thirty-days-old New Zealand rabbits were allocated in three groups (6 animals
each) and submitted to different treatments: G1 (non-infected controls), G2 (inoculated with
EHV-1) - 107 TCID,  intranasally - IN) and G3 (inoculated IN with EHV-1 and treated with
GCV - 5mg/kg/day for 7 days) and monitored thereafter. All animals of G2 developed systemic
signs (moderate to severe apathy, anorexia), ocular discharge and respiratory signs (serous
to mucopurulent nasal discharge), including mild to severe respiratory distress. Viremia was
detected in all rabbits of G2 for up to 11 days (mean duration = 6.5 days). One animal died
after severe respiratory distress and neurological signs (bruxism, opistotonus). In addition,
these animals gained less weight than the control (G1) and GCV-treated rabbits (G3) from days
4 to 14pi (p<0.05). The clinical score of rabbits of G2 was statistically higher than the other
groups from days 3 to 6pi (p<0.05), demonstrating a more severe disease. In contrast, G3 rabbits
did not present systemic signs, presented only a mild and transient nasal secretion and gained
more weight than G2 animals (p<0.05). In addition, viremia was detected in only 3 rabbits and
was transient (average of 2.3 days). Thus, administration of GCV to rabbits inoculated IN with
EHV-1 resulted in an important attenuation of the clinical disease as demonstrated by full
prevention of systemic signs, maintenance of weight gain and by drastic reduction in viremia
and in the magnitude of respiratory signs. These results are promising towards further testing
of GCV as a potential drug for anti-herpetic therapy in horses.

INDEX TERMS: Ganciclovir, respiratory disease, equid alphaherpesvirus 1, rabbits, herpesvirus, therapy,
EHV-1, animal model.
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produzida pelo alfaherpesvirus equino 1 em coelhos.]
0O alfaherpesvirus equino 1 (EHV-1) é um importante patégeno
de equinos, associado com doenca respiratéria, neurolégica
e abortos. Como a vacinagdo nem sempre é eficaz, a terapia
anti-herpética pode representar uma alternativa para prevenir
as perdas causadas pela infec¢do. Para tal, investigou-se a
atividade do ganciclovir (GCV), uma droga anti-herpética de
uso humano, em coelhos infectados experimentalmente com
o EHV-1. Coelhos da raca Nova Zelandia com 30 dias de idade
foram alocados em trés grupos (6 animais cada) e submetidos
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a diferentes tratamentos: G1 (controles ndo infectados),
G2 (inoculados com o EHV-1) - 107 TCID,, intranasal - IN) e
G3 (inoculados IN com o EHV-1 e tratados com GCV - 5mg/kg/dia
por 7 dias), e monitorados posteriormente. Todos os animais
do G2 desenvolveram sinais sistémicos (apatia moderada
a grave, anorexia), secre¢do ocular e sinais respiratérios
(secregdo nasal serosa a mucopurulenta), incluindo dificuldade
respiratoria leve a grave. Viremia foi detectada em todos os
coelhos do G2 por até 11 dias (duracdo média = 6,5 dias).
Um animal morreu ap6s dificuldade respiratéria grave e
sinais neuroldgicos (bruxismo, opistdtono). Além disso, esses
animais ganharam menos peso que os coelhos controle (G1)
e tratados com GCV (G3) entre os dias 4 e 14pi (p<0,05).
0 escore clinico de coelhos do G2 foi estatisticamente maior
que os demais grupos dos dias 3 a 6pi (p<0,05), demonstrando
uma doenca mais grave. Em contraste, os coelhos do G3
ndo apresentaram sinais sistémicos, apresentaram apenas
secrecdo nasal leve e transiente e ganharam mais peso que os
animais do G2 (p<0,05). Além disso, a viremia foi detectada
em apenas 3 coelhos e foi transitéria (média de 2,3 dias).
Assim, a administracao de GCV a coelhos inoculados com
EHV-1 resultou em uma importante atenuagao da doenga
clinica, como demonstrado pela prevencdo completa de sinais
sistémicos, manuteng¢do do ganho de peso e pela redugdo
drastica da viremia e da magnitude dos sinais respiratdrios.
Estes resultados sdo promissores para testes adicionais com
o GCV para potencial terapéutico anti-herpética em equinos.

TERMOS DE INDEXACAO: Ganciclovir, doenca respiratéria,
alfaherpesvirus equino 1, Equid alphaherpesvirus 1, coelhos,
herpesvirus, terapia, EHV-1, modelo animal.

INTRODUCTION

Equid alphaherpesvirus 1 (EHV-1) is an enveloped, double-stranded
DNA virus belonging to the genus Varicellovirus, subfamily
Alphaherpesvirinae, family Herpesviridae (ICTV 2018).
EHV-1 infection is distributed worldwide and is frequently
associated with respiratory disease, abortion, perinatal foal
mortality and/or neurological disease (equine herpesvirus
myeloencephalopathy - EHM) (Allen & Bryans 1986, Allen
& Umphenour 2004, Lunn et al. 2009, Goodman et al. 2012,
Maetal. 2013, Pusterla & Hussey 2014). After acute infection,
EHV-1 establishes lifelong latent infections, mainly in sensory
nerve ganglia but also in lymphoid cells (Welch et al. 1992,
Pusterla et al. 2010). Natural reactivation of latent infection
results in virus replication and transmission to susceptible
animals, representing a means of virus perpetuation in nature
(Patel & Heldens 2005).

The respiratory disease associated with EHV-1 infection
is especially important in young racing horses submitted to
intensive training since it affects the physical performance
(Gilkerson etal. 1999). The reproductive losses by abortions,
perinatal foal mortality and neurological disease (EHM)
resulting in high mortality, in addition to the restrictions to
transportation, contribute to the economic impact of EHV-1
infection (Lunn et al. 2009).

Although vaccines against EHV-1 are available, they are not
fully protective such as outbreaks of disease have been reported
even in regularly vaccinated herds (Allen & Umphenour 2004,
Kydd et al. 2012). Likewise, no specific treatment is available
for the disease caused by EHV-1. Then, control measures such

as support therapy and animal isolation have been indicated to
reduce transmission and to minimize clinical signs (Carmichael
& Greene 2006). Considering the high economic value of some
horses, EHV-1 infection represents an attractive target for testing
and, eventually employing antiviral drugs (Schwers etal. 1980,
Maggs & Clarke 2004, Bentz et al. 2006, Marley et al. 2006,
Meulen et al. 2006, Garré et al. 2007a).

A number of drugs have been successfully used for the
treatment of herpetic infections in humans, yet their use
in veterinary medicine is still incipient (De Clercq 2008,
Razonable 2011, Maxwell 2017). However, some studies
investigated the antiviral action of drugs against bovine
herpesviruses (1, 2 and 5) (Dezengrini et al. 2010), felid
herpesvirus (Thomasy & Maggs 2016) and herpesviruses
of horses (Vissani et al. 2015, Oliveira et al. 2018). These
drugs may have important applications in equine medicine
by reducing the clinical consequences of herpetic infections
(Garré etal. 2008, Carmichael etal. 2013, Glorieux etal. 2012,
Maxwell et al. 2008, Maxwell 2017).

Antiviral drugs include the nucleoside analogs acyclovir
(ACV), ganciclovir (GCV), cidofovir (CDV), famciclovir (FAM),
foscarnet (FOS) and vidarabine (VID) (Coen & Richman 2007).
The action of these drugs occurs via their incorporation into
the nascent DNA molecule, halting the DNA polymerase from
completing polymerization (Whitley & Roizman 2001, Coen &
Richman 2007, Levinson 2016). A number of studies in vitro
has indicated the efficacy and safety of some of these drugs
against EHV-1, especially GCV (Vissani etal. 2015, Oliveira et al.
2018), which was the most effective and safest drug among
six drugs tested in vitro (Oliveira et al. 2018). Furthermore,
the pharmacokinetics of GCV in horses has been already
studied (Carmichael et al. 2013). The activity of GCV in horses
with meningoencephalitis by EHV-1 has been demonstrated
(Maxwell 2017), yet its antiviral activity in the respiratory
disease induced by EHV-1 has not been investigated.

GCV was the first antiviral drug used for the treatment
of cytomegalovirus (CMV) infections, and currently it is
widely used in immunosuppressed patients (HIV infected,
transplanted, etc.) that develop secondary CMV infection.
GCV is an acyclic analog of the nucleoside guanosine, and
when at triphosphate state, it is a competitive inhibitor of
deoxyguanosine triphosphate incorporation into DNA and
inhibits viral DNA polymerases, serving as a poor substrate
for chain elongation, thereby disrupting viral DNA synthesis
(Crumpacker 1996).

Thus, in this article we describe an investigation of the
antiviral activity of GCV in a rabbit model for EHV-1 respiratory
disease. Our results are promising towards further testing of
GCV in herpetic infections of horses.

MATERIALS AND METHODS

The activity of GCV against EHV-1 in vivo was investigated in rabbits
inoculated intranasally (IN) with strain Kentucky D. All procedures
involving animals were performed under veterinary supervision and
conducted following the guidelines by the Brazilian Committee of
Animal Experimentation (COBEA, law no. 6,638, of May 8th, 1979).
The animal experiment was approved by the Institutional Committee
of Ethic and Animal Experimentation Welfare (UFSM - “Comité de
Etica e Experimenta¢do Animal”: CEUA no. 3364110719).

Cells and virus. Vero cells (African Green Monkey kidney) were
used in all procedures of virus amplification, quantitation, isolation
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from clinical specimens and virus-neutralizing (VN) assays. Cells
were cultured in RPMI medium supplemented with 10% fetal bovine
serum (Cultilab, Inc.), added of antibiotics (streptomycin 0.4mg/mL;
penicillin 1.6mg/mL) and antifungic (anphotericin B 0.0025mg/mL).
The EHV-1 Kentucky D strain was kindly provided by Dr Rodrigo
Franco (Instituto Butantan, Sdo Paulo/SP, Brazil).

Animals and virus inoculation. Eighteen New Zealand rabbits
(approximately 30-days-old) were allocated in three groups of six
animals each according to the respective treatments: G1 (uninfected
controls, inoculated IN with RPMI medium); G2 (inoculated with
EHV-1); G3 (inoculated with EHV-1 and treated with GCV). Animals
from G2 and G3 were inoculated into the paranasal sinuses (Kanitz et al.
2015) with 1mL of culture supernatant containing 10” mean tissue
culture infectious doses (TCID, ) of EHV-1 after sedation with
ketamine (50mg/kg) and xylazine (5mg/kg). Starting at the day
of virus inoculation, animals of G3 received GCV intravenously
(5mg/kg/day) during seven days.

Animal monitoring and sample testing. Experimental animals
were weighted and monitored in a daily basis for clinical and virological
aspects up to day 15 post-inoculation (pi). Clinical monitoring involved
a close observation of behavior, food ingestion, alertness, ocular and
respiratory signs. A clinical score was determined per group/day by
the sum of the values of the following parameters: apathy (presence: 1,
absence: 0); ocular secretion (presence: 1, absence: 0), nasal discharge
(serous: 1, mucopurulent: 2, absence: 0), respiratory distress (mild: 1,
mild to moderate: 2, moderate to severe: 3, absence: 0), neurological
signs (presence: 1, absence: 0), death (yes: 1, no: 0).

Nasal swabs were collected in alternate days up to day 15pi and
submitted to virus isolation. For virus isolation, swabs collected
in 0.5mL of RPMI medium were drained, centrifuged (1,000xg for
10min) and the 0.1mL of the supernatant was inoculated onto Vero
cell monolayers grown in 24-well plates. Samples were submitted
to three passages of four days each and monitored for cytopathic
effect (cpe). Lung fragments collected from rabbit #28 (G3) which
died at day 3pi were also submitted to virus isolation in Vero cells.

Viremia was investigated by submitting blood collected in alternate
days (50ul/animal) to DNA extraction by phenol-chloroform and a
PCR for EHV-1 gB gene according to Kanitz et al. (2015). Total DNA
extracted from uninfected Vero cells and from cells inoculated with
EHV-1 was used as negative and positive controls, respectively.

Clinical score
w
L

Blood for serology was collected at days 0 and 15pi. Serum
samples were submitted to a standard microtiter virus-neutralizing
(VN) assay, testing two-fold dilutions of serum against a fixed dose
of virus (100-200 TCID, ). Vero cells were used as indicators and
the readings were performed at 96h of incubation. VN titers were
considered the reciprocal of the highest serum dilution capable of
preventing the production of cpe.

Lungs collected from rabbit # 28 were fixed in 10% buffered
formalin, embedded in paraffin, cut at 5pm and stained with
hematoxylin and eosin for microscopic examination.

Statistical analysis. The weight values and clinical score
obtained daily from all experimental animals were submitted to
variance analysis by the Two-way ANOVA method, with Tukey test
for multiple comparisons, using the GraphPad Prism (version 6)
software. Differences between the groups were considered significant
when the p values were lower than 5% (p<0.05).

RESULTS

All six rabbits inoculated with EHV-1 (G2) developed systemic
and respiratory signs from day 2 to 11pi, shed virus in nasal
secretions from day 1 to 13pi and seroconverted to EHV-1
(VN titers from 8 to 128) (Table 1). The disease was characterized
by moderate to severe apathy and anorexia, serous ocular
secretion, nasal discharge (serous to muco-purulent) and mild
to severe respiratory distress. Rabbit # 28 died at day 3pi after
a course of respiratory distress, bruxism and opistothonus.
Infectious virus and histological changes compatible with
virus-associated inflammation were observed in the lungs
of this animal. Viremia was detected in G2 animals from day
3 to 13pi (mean duration = 6.5 days). In addition, G2 rabbits
presented a reduced weight gain comparing to uninfected
controls (G1) and GVC treated rabbits (G3) from day 4 to 14pi
(p<0.05). These results demonstrated the production of
systemic and respiratory disease by EHV-1 in rabbits infected
experimentally.

In contrast, no systemic signs (changes in alertness,
appetite) or overt respiratory signs were observed in rabbits
inoculated with EHV-1 and receiving GCV treatment (G3).
The clinical score, compiling respiratory and systemic signs,
was statistically higher (p<0.01) in G2 rabbits than in GCV
treated animals (G3) from day 3 to 6pi (Fig.1), illustrating

-®— (1 - Mock-infected controls
—— G2 - EHV-1-infected rabbits
G3 - EHV-1-infected, GCV-treated

Days post inoculation

Fig.1. Mean of clinical scores obtained daily from the groups of rabbits experimentally infected with EHV-1 (G2) and infected with EHV-1
and treated with ganciclovir (G3). Statistical difference between groups G2 and G3 (*), p<0.001.
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the important reduction in the magnitude of clinical signs
in animals receiving GCV (G3). These animals presented
only a mild serous nasal secretion between days 5 and 12pi.
The weight gain of these animals was comparable to the
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uninfected control group and higher than the G2 group at days
4,6,10,12 and 14 (p<0.05) (Fig.2). G3 animals shed virus in
nasal secretions from day 1 to 15piand 5/6 seroconverted to
EHV-1 at day 15pi, harboring VN titers from 8 to 32 (Table 1).

Table 1. Clinical, virological and serological findings of equid alphaherpesvirus 1 (EHV-1) infected rabbits and treated with
ganciclovir (GCV)

Neutralizing antibodies

Animal # Viral shedding (dpi*) Viremia (dpi) Clinical signs (dpi) 15dpi
G1 - mock-infected controls
8 -0 - Healthy <2
9 - - Healthy <2
10 - - Healthy <2
11 - - Healthy <2
12 - - Healthy <2
13 - - Healthy <2
G2 - EHV-1 infected
26 3 3-13 Apathy, serous and mucopurulent nasal discharge, 8
socular secretion, mild respiratory distress (3-11)
27 1-5 5-13 Apathy, serous and mucopuruelnt ocular and 8
nasal discharge, mild to moderate respiratory
distress (3-10)
28 1-3* 3 Apathy, serous nasal discharge, severe respiratory n.p.
distress, bruxism, opisthoton, death (3 dpi)* (2-3)
29 5-11 3-13 Apathy, serous and mucopurulent nasal discharge, 128
mild respiratory distress (3-10)
30 1-13 5-9 Apathy, serous and mucopurulent nasal 16
discharge (3-9)
31 1 13 Apathy, serous and mucopurulent nasal discharge, n.p.
mild to moderate respiratory distress (3-7)
G3 - EHV-1 infected and treated with GCV
20 3-5 - Mild serous nasal secretion (5-10) 32
21 1-11 - Mild serous nasal secretion (5-11) 32
22 1-9 - Mild serous nasal secretion (5-9) 8
23 7-15 7 Mild serous nasal secretion (5-11) 16
24 1-15 3-7 Mild serous nasal secretion (5-12) <2
25 1-11 7 Mild serous nasal secretion (7-10) 32

2 Days post-inoculation, ® not-detected, * dead at day 3pi, ** dead at day 14pi; n.p. = not performed.

Body weight (g)

12501

10001

750+

500+

2501

* -8— (1 - Mock-infected controls
-®- G2 - EHV-1-infected rabbits
~%= G3 - EHV-1-infected, GCV-treated

3 © ? ,\Q

Days post inoculation

NN

Fig.2. Mean and standard deviation of the mean of body weight of control group (G1), EHV-1 inoculated rabbits (G2) and EHV-1 inoculated
rabbits and treated with ganciclovir (G3). Significant statistical difference between groups (*), p<0.05. No statistical differences in

weight gain was between G1 and G3.
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Transient viremia was detected in only 3 rabbits and lasted
an average of 2.3 days. These results demonstrate that GCV
treatment fully prevented the development of systemic signs,
preserved weight gain, reduced viremia and resulted in an
important attenuation of the systemic and respiratory disease.

No difference in virus shedding (duration) was evident
between rabbits from G2 and G3 (Table 1). Uninfected rabbits
remained healthy, did not shed virus or presented viremia,
gained weight and remained seronegative to EHV-1 throughout
the experiment.

DISCUSSION

The administration of GCV to rabbits inoculated IN with
EHV-1 resulted in an important attenuation of the clinical
disease as demonstrated by full prevention of systemic signs,
maintenance of weight gain and by a drastic reduction in
viremia and in the magnitude of respiratory signs. As one
animal from G2 (# 28) died after severe respiratory and
neurological signs, the prevention of mortality may be also
attributed to GCV treatment. These results may pave the
way for further studies in rabbits and, eventually in horses,
to investigate the real potential of GCV as an anti-herpetic
drug for equine medicine. Although antiviral treatment of
animals may be expensive due to difficulties to obtain GCV
in large scale, the benefits of treating horses against EHV-1
infection may be rewarding.

Anti-herpetic therapy has long been used in human
medicine yet its application in veterinary medicine is still
incipient. Since vaccination is not always effective in preventing
respiratory, neurological disease and abortions associated
with EHV-1 infections, antiviral therapy may represent an
attractive alternative to reduce the losses caused by these
conditions. In fact, human anti-herpetic drugs have been
tested for the therapy of diseases caused by EHV-1 and other
equine herpesviruses as well (reviewed by Vissani etal. 2015,
Maxwell 2017). However, many evidences of anti-herpetic
drug efficacy against equine herpesviruses are derived from
studies in vitro or in animal models, from empirical data, with
limited testing and/or clinical experience in horses (Maxwell
2017). In fact, although investigation of anti-viral therapy
has been performed for several equine herpesviruses, only
diseases associated with EHV-1 and EHV-5 infections have
been treated with anti-herpetic drugs in routine equine
practice (Vissani et al. 2015, Maxwell 2017).

Acyclovir and its prodrug, valacyclovir are the human
anti-herpetic drugs more commonly tested in EHV therapy. Oral
valacyclovir has been used to protect adult horses from EHV-1
myeloencephalopathy. Oral acyclovir is frequently administered
for the therapy of equine multinodular pulmonary fibrosis
associated with EHV-5 infection. Other anti-herpetic drugs
are promising but require further investigation (reviewed
by Maxwell 2017).

GCV has been the drug of choice to replace acyclovir (ACV) in
the therapy of herpes simplex virus infections in humans since
itisless toxic and more stable (Shen et al. 2009). The efficacy
of GCV in attenuating clinical disease has been demonstrated
for different human herpesviruses, including Epstein-Barr
virus (Egan etal. 2011), CMV in immunodepressed patients
(Lalezari et al. 2002), keratitis by HSV-1 (Wang et al. 2015)
and encephalitis by HHV-6 (Mookerjee & Vogelsang 1997).

Pesq. Vet. Bras. 39(10):830-836, October 2019

Several studies have shown that GCV is, at least, 10 times
more potent than acyclovir and penciclovir against EHV-1
invitro and in mice (reviewed by Maxwell 2017, Oliveira et al.
2018). In addition, GCV presents a favorable pharmacokinetic
profile and it is well tolerated for horses (Carmichael et al.
2013). Investigation of GCV anti-EHV-1 activity in cases of
neurological disease, however, has yielded conflicting results.
GCV administration to experimentally infected horses at the
onset of fever was able to reduce the severity of neurological
signs, viremia and temperature (Maxwell 2017). On the other
hand, GCV treatment of two naturally infected horses developing
mioencephalopathy was unable to reduce the severity of
clinical disease and death (Estell et al. 2015). The activity
of GCV against EHV-1 in vitro has been demonstrated, being
a potent and selective compound (Oliveira et al. 2018).
Regardless, the activity of GCV in the respiratory disease by
EHV-1 remained unexploited. In this study we investigated
its activity in vivo, using a rabbit model for EHV-1 respiratory
disease established previously (Kanitz et al. 2015).

Treatment of rabbits inoculated with EHV-1 with GCV
starting at the day of virus inoculation was effective in
preventing systemic disease, in maintaining weight gain and
drastically reducing viremia and the severity of respiratory
signs. Interestingly, GCV treatment apparently did not interfere
with virus replication in the nasal mucosa since the duration
of virus shedding through nasal secretions was similar in
G2 and G3 groups. Itis conceivable that GCV may have interfered
with virus replication in the lower respiratory tract, especially
in the lungs, what would explain the prevention of systemic
disease and attenuation of respiratory signs observed in
treated animals (G3). Demonstration of infectious virus and
inflammatory changes in the lungs of rabbit #28, which died
after severe respiratory and neurological signs, reinforce that
EHV-1 pathogenesis involves replication in lower respiratory
tract. Indeed, pulmonary inflammation secondary to EHV-1
infection can cause substantial morbidity and mortality in
neonatal foals and upper respiratory signs in weanlings
(Murray et al. 1998, Brown et al. 2007). Drastic reduction in
viremia reinforces that GCV treatment, at some stage, reduced
EHV-1 replication and/or systemic spread.

The therapeutic protocol, including drug dose, route and
interval of administration and duration was adapted from
previous studies of pharmacokinetics and toxicity in rabbits
and horses (Hedaya & Sawchuk 1990, Carmichael etal. 2013)
and based on previous studies showing antiviral activity in vitro
(Garré et al. 200743, Oliveira et al. 2018). Implementing GCV
administration at the day of virus inoculation, however, is rather
unusual and obviously does not reflect the clinical practice.
By doing so, we tried to proof the concept of GCV activity in
vivo against EHV-1-induced respiratory disease. Whether GCV
will be capable of attenuating clinical disease by EHV-1 when
administered after the onset of clinical signs will demand
further studies. In any case, our results demonstrated anti-
herpetic activity of GCV in vivo and are, therefore, promising
towards further studies to define the real potential of GCV as
a drug for therapy of herpetic infections in horses.

In any case, our results are promising towards the use
of GCV in the therapy of EHV-1 disease in horses and open
the way for further studies of GCV activity against EHV-1
respiratory disease in animal models and, in a second phase,
in its natural host.
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CONCLUSION

Intravenous administration of GCV at a dose of 2.5mg/kg
every 12h for 7 days in rabbits inoculated with EHV-1 by
the intranasal route was effective in preventing systemic
signs, attenuating respiratory disease, reducing viremia and
preserving weight gain, when comparing with untreated
rabbits. These results indicate that this drug may be a good
alternative for experimental studies in horses, aiming to
establish an anti-herpetic therapeutic protocol for this species.
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