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RESUMO

CONSTRUCAO E CARACTERIZACAO DE UM RECOMBINANTE DO
Alphaherpesvirus caprino 1 COM DELECAO NO GENE DA TIMIDINA KINASE

AUTORA: Jéssica Caroline Gomes Noll
ORIENTADOR: Dr. Alfredo Quites Antoniazzi

O Alphaherpesvirus caprino 1 (CpHV-1) é um patdgeno de cabras distribuido mundialmente,
associado com infeccBes sistémicas e doenca respiratoria em caprinos jovens e infeccdo
subclinica ou doenca reprodutiva e abortos em animais adultos. As perdas associadas com a
infeccdo pelo CpHV-1 poderiam ser prevenidas por vacinagdo, no entanto nao existem vacinas
comerciais disponiveis. Assim, o presente trabalho teve como objetivo construir e caracterizar
um recombinante do CpHV-1 com delecdo no gene da enzima timidina quinase (TK) para
potencial uso em vacinas. Um recombinante contendo dele¢éo total no gene tk foi construido
por recombinacdo homologa, introduzindo-se em seu lugar o gene da proteina verde
fluorescente (eGFP) para sele¢do dos recombinantes. A caracterizagdo in vitro demonstrou que
o recombinante CpHV-12TK replicou em titulos similares e produziu placas de tamanho
semelhante ao virus parental em cultivos celulares. Com isso, demonstrou-se que a delecéo do
gene tk ndo afetou a capacidade replicativa in vitro do virus. Apos inoculacdo intranasal em 5
cabritos por virus (10” TCIDsg), o virus parental replicou de forma mais eficiente e por um
periodo de tempo maior que o virus recombinante. Além disso, o virus parental produziu sinais
clinicos sistémicos e respiratorios moderados, enquanto os animais inoculados com o
recombinante CpHV-12TK permaneceram saudaveis e soroconverteram em titulos mais baixos.
Administracdo de dexametasona nos dias 35 a 39 pos-infeccdo (pi) ndo resultou em excregdo
viral em secregdes nasais dos animais inoculados, indicando auséncia de reativagdo viral.
Entretanto, o DNA viral foi detectado no ganglio trigémeo de 4 animais do grupo parental (4/5)
e em 3 animais do grupo recombinante (3/5), eutanasiados no dia 14 pDx, indicando que ambos
0s virus estabeleceram infeccdo latente. Esses resultados demonstram que o recombinante
CpHV-12TK apresenta um fen6tipo atenuado em caprinos jovens em comparagdo com o Virus
parental e, portanto, pode ser uma cepa apropriada para uso em vacina.

Palavras-chave: CpHV-1, virus de cabras, alfaherpesvirus, gene tk, atenuacao.



ABSTRACT

CONSTRUCTION AND CHARACTERIZATION OF A RECOMBINANT OF Caprine
alphaherpesvirus 1 WITH A DELETION IN THE THYMIDINE KINASE GENE

AUTHOR: Jéssica Caroline Gomes Noll
ADVISER: Dr. Alfredo Quites Antoniazzi

Caprine alphaherpesvirus 1 (CpHV-1) is a pathogen of goats distributed worldwide,
associated with systemic infections and respiratory disease in Kids and subclinical infection or
reproductive disease and abortions in adult animals. The losses associated with CpHV-1
infection could be prevented by vaccination, however, commercial vaccines are not available.
Thus, the present study aimed to construct and characterize a recombinant of the CpHV-1 with
a deletion in the thymidine kinase (TK) gene for potential use in vaccines. A recombinant with
a total deletion in the tk gene was constructed by homologous recombination, by replacing the
tk with the enhanced green fluorescent protein (eGFP) gene for the selection of recombinants.
In vitro characterization showed that the recombinant CpHV-12TK replicated to similar titers
and produced plaques of similar size to the parental virus in cell cultures, demonstrating that
the deletion of the tk gene did not affect the replicative ability of the virus in vitro. After
intranasal inoculation of five kids per virus (10" TCIDso), the parental virus replicated more
efficiently and for a longer period of time than the recombinant virus. In addition, the parental
virus produced moderate systemic and respiratory signs, whereas the kids inoculated with the
recombinant virus remained healthy and seroconverted to lower titers. The administration of
dexamethasone on days 35 to 39 post-infection (pi) did not result in viral excretion in nasal
secretions, indicating the absence of viral reactivation. However, viral DNA was detected in
the trigeminal ganglia of 4 animals from the parental group (4/5) and 3 animals from the
recombinant group (3/5), euthanized at day 14 pDx, indicating that both viruses established
latent infection. These results demonstrated that the recombinant CpHV-12T¢ shows an
attenuated phenotype in kids compared to the parental virus and, thus, may be a suitable strain
for use as a CpHV-1 vaccine.

Keywords: CpHV-1, caprine viruses, alphaherpesvirus, tk gene, attenuation
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1. INTRODUCAO

A familia Herpesviridae ¢ composta por virus que coevoluem com seus hospedeiros ha
milhares de anos, resultando em grande adaptacdo entre virus e hospedeiro. Aproximadamente 200
espécies de herpesvirus sdo conhecidas, e 0s hospedeiros sdo muito diversificados, incluindo
moluscos, peixes, répteis, passaros e mamiferos (DAVISON, 2002). Na natureza, a maioria dos
herpesvirus esti associada com um determinado hospedeiro e, virtualmente, todas as espécies
animais estudadas até o momento sdo susceptiveis a infeccdo por pelo menos um herpesvirus
(ROIZMANN; PELLETT, 2001).

A familia Herpesviridae é composta por trés subfamilias: Alpha-, Beta- e
Gammaherpesvirinae. A subfamilia Alphaherpesvirinae é composta por cinco géneros:
Simplexvirus e Varicellovirus, cujos hospedeiros sdo mamiferos, e Mardivirus e lltovirus que
infectam aves (ROIZMAN; PELLET, 2001). Recentemente, o género Scutavirus foi adicionado a
subfamilia, contendo duas espécies de herpesvirus de queldénios (GANDAR et al., 2015). Os
membros da subfamilia Alphaherpesvirinae compartilham caracteristicas tais como ampla
variedade de hospedeiros, curto ciclo replicativo, rapida destruicao do tapete celular em culturas in
vitro e capacidade de estabelecer infeccdo latente principalmente, mas ndo exclusivamente, em
neurdnios (ROIZMANN; PELLETT, 2001).

Os virions dos membros da familia Herpesviridae sdo grandes (120 a 300 nm de diametro),
envelopados e contém uma fita dupla de DNA com genomas que variam entre 125 a 235 quilopares
de base (BOEHMER; NIMONKAR, 2003; MOCARSKI; ROIZMAN, 1982). Uma caracteristica
que distingue os herpesvirus de grande parte dos outros virus é a capacidade de persistir em seus
hospedeiros indefinidamente, pelo estabelecimento de laténcia que pode, ocasionalmente, resultar
em recrudescéncia de doenga e retomada de excrec¢éo viral (BOEHMER; NIMONKAR, 2003). As
manifestacdes clinicas produzidas por um herpesvirus em particular sdo determinadas pelo tipo
celular onde o virus replica e estabelece laténcia. Durante a reativacao, o virus retorna ao local de
infeccdo priméria por transporte anterogrado, onde € novamente excretado e produz sinais clinicos
condizentes com os tecidos afetados (BOEHMER; NIMONKAR, 2003; KRAMER; ENQUIST,
2013). Os membros da subfamilia Alphaherpesvirinae tem em seu genoma um segmento Unico
longo (UL) e um segmento Unico curto (US) flanqueado por duas sequéncias repetidas invertidas

chamadas regido repetida interna (IR) e regido repetida terminal (TR) (SCHWYZER;
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ACKERMANN, 1996). Nas sequéncias Unicas estdo presentes genes de cOpia Gnica no genoma,
enquanto nas regides repetidas estdo presentes genes em mais de uma cépia (MOCARSKI,
ROIZMAN, 1982; MUYLKENS et al., 2007). As regides UL e US podem trocar de posicado
durante a replicacdo viral, dando origem a formas isoméricas do genoma viral (ROIZMANN;
PELLETT, 2001). A expressdo génica dos alphaherpesvirus ocorre em forma de cascata. O
primeiro passo ocorre imediatamente apds a liberacdo do genoma viral, com expressdo de genes
alfa (immediate early, ou de transcricdo imediata). A sintese de proteinas de transcri¢do imediata
leva a transcricdo de genes beta (early, ou de transcricdo inicial) e producédo de proteinas iniciais.
A transcricdo de genes gama (late, ou de transcrigdo tardia) ocorre apenas apos a sintese de DNA
viral (ROIZMAN; KNIPE, 2001).

O Alphaherpesvirus caprino 1 (CpHV-1), membro da subfamilia Alphaherpesvirinae, género
Varicellovirus, foi isolado pela primeira vez nos Estados Unidos em 1975 e tem caprinos como
hospedeiros naturais (BERRIOS; MCKERCHER; KNIGHT, 1975). InfeccGes pelo CpHV-1 foram
reportadas em diversos paises como Nova Zelandia, Australia, Suécia, Espanha, Itdlia e Franga
(HORNER; HUNTER; DAY, 1982; KEUSER et al., 2004; METTLER et al., 1979; ROPERTO et
al., 2000; THIRY et al., 2008; TISDALL et al., 1984). Atualmente, a infeccdo por CpHV-1 é
prevalente em paises europeus e mediterraneos, onde a cria¢do de caprinos para producao de carne
e queijo é intensa. Nesses locais, a soro prevaléncia chega a alcancar 50% dos rebanhos (SUAVET
etal., 2016). Recentemente, um estudo de fatores de risco determinou que o CpHV-1 esté associado
a rebanhos criados de forma extensiva (BERTOLINI et al., 2018).

A severidade da doenca causada pela infeccdo por CpHV-1 esta relacionada com a idade dos
animais. Em adultos, a infeccdo é frequentemente assintomatica, porém podem ser observadas
falhas reprodutivas e abortos, além de vulvo-vaginite e balanopostite (CAMERO et al., 2015;
TEMPESTA et al., 2000). As infec¢bes por CpHV-1 causam elevadas taxas de morbidade e
mortalidade em cabritos de uma a duas semanas de idade. Nesses animais, a infec¢do se apresenta
de forma generalizada, provocando severas lesdes gastroentéricas. Durante a necropsia de cabritos
naturalmente infectados, lesdes erosivas, ulcerativas e necrdticas foram observadas no trato
gastrointestinal, além edema pulmonar, hemorragia na vesicula urinaria e focos necréticos no
figado. A presenca do virus foi detectada via PCR no duodeno, jejuno, ileo, ceco, linfonodos
mesenteéricos, baco, figado, rins, vesicula urinaria, pulmdes, coracdo e timo desses mesmos animais
(ROPERTO et al., 2000).
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As consequéncias da infeccdo também variam de acordo com a rota de infeccdo. Quando a
infeccdo ocorre via intranasal, ha excregdo viral tanto em secre¢des nasais quanto genitais, e 0s
sinais clinicos também sdo observados em ambos os sistemas (TEMPESTA et al., 1999a).
Entretanto, quando a infeccdo ocorre via genital, excrecdo viral e sinais clinicos sdo observados
apenas no sistema genital (TEMPESTA et al., 1998, 2000). Diante da reativacéo viral, o virus é
novamente excretado pelas mesmas vias da infec¢do aguda (TEMPESTA et al., 1999b, 2000).

A reativacdo da infeccdo por CpHV-1 € de dificil obtencdo tanto em condicGes naturais quanto
experimentais (BUONAVOGLIA et al., 1996; TEMPESTA et al., 1998, 2000). Porém, em
condicBes naturais, a excrecdo do virus em secrecfes vaginais coincide com o estro em fémeas,
sugerindo que o status hormonal do estro tem participacdo na reativacdo do ciclo litico do CpHV-
1 (KOPTOPOQULOS et al., 1988; TEMPESTA et al., 1998). Além disso, considerando o tropismo
seletivo do CpHV-1 para o trato genital (BUONAVOGLIA etal., 1996; TEMPESTA et al., 1999a),
a laténcia estabelecida no ganglio sacral (TEMPESTA et al., 1999b) e a transmissdo venérea do
virus (SILVA et al., 2013; TEMPESTA et al., 2000), é possivel afirmar que a monta natural pode
ser um dos principais fatores responsaveis pela manutencdo do virus nos rebanhos (BERTOLINI
etal., 2018; CAMERO et al., 2015; SILVA et al., 2013; TEMPESTA et al., 2000).

Essas caracteristicas biologicas se assemelham ao Alphaherpesvirus humano tipo 2 (HSV-2),
que também apresenta tropismo pelo trato genital, produz lesbes topicas vesiculares e ulcerativas,
transmissao através de contato préximo e/ou sexual, entre outras. Devido a essas similaridades, o
tratamento com antivirais para prevencao e tratamento do CpHV-1 utilizando cabras como modelo
experimental vem sido desenvolvido com objetivo de tracar paralelos no tratamento e prevencéao
do HSV-2 em humanos (CAMERO et al., 2017; ELIA et al., 2015; TEMPESTA et al., 2008).

O CpHV-1 apresenta proxima relacdo antigénica ao Alphaherpesvirus bovino 1 (BoHV-1),
agente da rinotraqueite infecciosa bovina (IBR). Estudos moleculares revelaram que ha reacédo
cruzada de anticorpos entre os dois virus, especialmente induzida pela glicoproteina B (gB), mas
também gC e gD (BERTOLOTTI et al., 2013; ENGELS et al., 1992). Experimentos realizados
com ambos 0s virus apontam que tanto bovinos sdo susceptiveis ao CpHV-1, quanto cabras séo
susceptiveis ao BoHV-1. Tanto CpHV-1 quanto BoHV-1 séo capazes excretar o virus na infeccao
aguda e de estabelecer infeccéo latente na espécie heterdloga. O BoHV-1 é capaz de provocar sinais

clinicos leves quando inoculado em cabras. Entretanto, sinais clinicos provocados pelo CpHV-1
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parecem ser restritos ao seu hospedeiro natural (ENGELS et al., 1992; GUR et al., 2019; SIX et
al., 2001; THIRY et al., 2006).

Atualmente, ndo existem vacinas comerciais disponiveis para prevencdo das doencas
produzidas pelo CpHV-1. Porém, diversos estudos realizados com cepas atenuadas do CpHV-1
com e sem a presenca de adjuvantes, e utilizando a glicoproteina E do CpHV-1 inserida em um
vetor, obtiveram sucesso na protecdo contra a doenca genital provocada pelo CpHV-1
(DONOFRIO et al., 2013; MARINARO et al., 2012).

A enzima timidina quinase (TK) esta associada a sintese de nucleotideos e esta presente em
uma grande variedade de organismos, incluindo bactérias, celulas procaridticas e eucarioticas e
virus (BLACK; HRUBY, 1991; WEN et al., 2010). A maioria dos herpesvirus e alguns outros virus
DNA como vaccinia virus (VACV) e o virus da peste suina africana (ASFV) possuem genes que
codificam a sua propria enzima TK (DENG et al., 2017; SANFORD et al., 2016; TENSER;
MILLER; RAPP, 1979). O gene tk é parte dos genes iniciais da cascata de replicacdo dos
herpesvirus e, portanto, a expressdo funcional da TK precisa ser regulada por proteinas de
transcricdo imediata, além de depender de transcricdo pela RNA polimerase celular Il (WAGNER;
DELUCA, 2013).

Desde a década de 70 tem-se estudado as propriedades bioldgicas da TK, majoritariamente no
Alphaherpesvirus humano 1 (HSV-1). Esses primeiros estudos concluiram que a expressdo da TK
ndo afeta a infeccdo viral em células in vitro, porém, é uma enzima necessaria para replicag&o viral
em células ndo replicativas e células cultivadas em meio de cultura sem soro (JAMIESON;
GENTRY; SUBAK-SHARPE, 1974). No entanto, estudos posteriores indicam que mutantes do
HSV-1 TK deletados (TK") apresentam replicacdo defectiva in vivo (TENSER; MILLER; RAPP,
1979).

Posteriormente, pela realizacdo de estudos com outros herpesvirus defectivos na TK, tais como
BoHV-1 (CHOWDHURY, 1996; KIT et al., 1985), Alphaherpesvirus bovino 5 (BoHV-5)
(ANZILIERO et al., 2011; BRUM et al., 2010), Alphaherpesvirus equino 1 (EHV-1) (SLATER;
GIBSON; FIELD, 1993), Alphaherpesvirus suino 1 (PRV) (FERRARI et al., 2000; KIT; KIT;
PIRTLE, 1985), entre outros, foi possivel observar que a TK viral ndo é essencial para a replicacdo
em cultivo celular e também no hospedeiro. No entanto, mutantes TK™ geralmente apresentam

diminuicao da viruléncia in vivo.
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A partir desses estudos, pode-se concluir que o gene tk, embora ndo-essencial para replicacdo
viral in vitro e in vivo, é fundamental para a expressdo da viruléncia dos virus nos seus hospedeiros.
Devido ao fato de neurdnios serem células nédo replicativas, com baixos niveis de acido timidilico,
a habilidade do virus em expressar o gene tk é crucial para a replicacdo em tecido nervoso in vivo.
O baixo nivel de &cido timidilico também é observado em cultivos celulares privados de soro e
células em repouso (JAMIESON; GENTRY; SUBAK-SHARPE, 1974). Esta pode ser a
explicacdo sobre o porgque de mutantes TK™terem sua neuroviruléncia reduzida (SUZUTANI et al.,
1995). Por essa razdo, mutantes TK defectivos tem sido amplamente utilizados para producéo de
vacinas vivas atenuadas e vetores vacinais (ANZILIERO et al., 2011; KIT et al., 1985; KIT; KIT;
PIRTLE, 1985; MCGREGOR et al., 1985; SMITH et al., 1994).

O transcrito associado a laténcia (LAT) é transcrito a partir das sequéncias repetidas do genoma
viral e é o produto viral mais abundante durante a fase de laténcia do HSV-1 e HSV-2 (STEVENS
et al., 1987). A presenca de LAT foi detectada em mutantes HSV-1 TK defectivos ap6s infeccao
por diversas vias (COEN et al., 1989; LEIST; SANDRI-GOLDIN; STEVENS, 1989; TENSER,;
HAY; EDRIS, 1989). Além disso, os mutantes foram capazes de estabelecer laténcia com
praticamente a mesma eficiéncia que o virus parental (CHEN et al., 2004; LEIST; SANDRI-
GOLDIN; STEVENS, 1989), podendo-se concluir com base nesses estudos que a habilidade dos
mutantes em estabelecer laténcia ndo esta relacionada a sua capacidade em expressar o gene tk
(SEARS; MEIGNIER; ROIZMAN, 1985). Os mutantes HSV-1 TK™ normalmente ndo reativam,
estabelecendo laténcia incompleta (TENSER, 1991). Estudos realizados com alphaherpesvirus de
interesse veterinario tais como BoHV-1 (KIT et al., 1985), BoHV-5 (ANZILIERO et al., 2011,
CADORE et al., 2013; SILVA et al., 2010) e PRV (KIT; KIT; PIRTLE, 1985) apresentaram
resultados similares no que condiz a inexisténcia ou reducdo de reativacdo viral de mutantes TK"
em diversas espécies.

O presente estudo relata a construcéo e caracterizacdo in vitro e in vivo de um mutante do

CpHV-1 com delecio total no gene tk (CpHV-12TK) para potencial uso em vacinas.
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Abstract

Caprine alphaherpesvirus 1 (CpHV-1) is a pathogen associated with systemic infection and
respiratory disease in kids and subclinical infection or reproductive failure and abortions in adult
goats. The enzyme thymidine kinase (TK) is an important viral product involved in nucleotide
synthesis necessary for virus replication. Therefore, it is a common target for herpesvirus
attenuation. Here we deleted the tk gene of a CpHV-1 isolate and characterized the recombinant
CpHV-12"invitro and in vivo. In vitro characterization revealed that the recombinant CpHV-14TK
replicated to similar titers and produced plaques of similar size to the parental CpHV-1 strain in
BT and CRIB cell lines. Upon intranasal inoculation, of young goats, the parental virus replicated
more efficiently and for a longer period than the recombinant virus. In addition, infection with the
parental virus resulted in mild systemic and respiratory signs whereas the kids inoculated with the
recombinant CpHV-12T€ virus remained healthy. Goats inoculated with the parental virus also
developed higher neutralizing antibody titers when compared to CpHV-12TK inoculated animals.
Dexamethasone (Dx) administration on days 35 to 39 post-inoculation did not result in virus
shedding in nasal secretions, indicating lack of reactivation from latency. However, viral DNA was
present in trigeminal ganglia of animals euthanized at 14 days post-Dx, indicating that both viruses
successfully established latent infection. Our results show that the recombinant CpHV-14TK
presents an attenuated phenotype when compared to the parental virus, and hence may represent a

promising strain to be used as a vaccine to prevent CpHV-1 disease in goats.

Keywords: CpHV-1, caprine viruses, animal alphaherpesvirus, tk gene, attenuation
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Introduction

The family Herpesviridae is a large family of viruses comprising multiple viral species such
that virtually all animal species host at least one herpesvirus. The members of the subfamily
Alphaherpesvirinae are classified based on unique biological properties, including short replicative
cycle, rapid spread and destruction of cultured cells and the capacity to establish latency primarily
in sensory nerve ganglia (Roizman e Pellet, 2001). Caprine alphaherpesvirus 1 (CpHV-1) is a
member of the subfamily Alphaherpesvirinae and it is closely related to Bovine alphaherpesvirus
1 (BoHV-1), an important pathogen of cattle. Goats and cattle are susceptible to CpHV-1 infection,
although the development of overt clinical disease seems to be restricted to goats, the virus’ natural
host (Engels et al., 1992).

Caprine alphaherpesvirus 1 was first reported in 1975 in California (Berrios and
McKercher, 1975) and, subsequently, has been reported in Europe, Australia, New Zeeland and
Canada (Keuser et al., 2006). Currently, CpHV-1 is more commonly detected in European and
Mediterranean countries, where goat production for meat and cheese is intensive, with
seroprevalence rates reaching up to 50% (Suavet et al., 2016). A recent study showed that CpHV-
1 infection is more frequently associated with large, extensively reared herds (Bertolini et al.,
2018).

Infection by CpHV-1 takes place through the nasal (Tempesta et al., 1999a) or genital routes
(Tempesta et al., 2000). In naturally infected kids, CpHV-1 causes hyperthermia, abdominal pain
and anorexia, producing lesions in the intestine, lungs, urinary bladder and liver (Roperto et al.,
2000). Most adult, immunocompetent animals infected with CpHV-1 present a subclinical
infection, yet nonspecific clinical signs may develop, including hyperthermia and leukopenia.

Importantly, vulvovaginitis and balanoposthitis characterized by edema, erythema, ulcers and



20

purulent discharge have been described in goats (Tempesta et al., 1999b, 1999a, 2000).
Additionally, CpHV-1 has also been associated with reproductive failures and abortion storms in
adult female goats (Chénier et al., 2004; Gonzalez et al., 2017). In kids, CpHV-1 infection is
associated with systemic infection, characterized by ulcerative lesions in the gastrointestinal
system, frequently leading to high morbidity and mortality (Roperto et al., 2000). Calves
experimentally inoculated with CpHV-1 did not develop clinical signs but the virus was re-isolated
from nasal swabs during acute infection. All animals seroconverted to CpHV-1 by day 14 post-
infection (pi), however, no reactivation was detected in this species after dexamethasone
administration (Six et al., 2001).

Thymidine kinase (TK) is an enzyme involved in nucleotide metabolism necessary for
DNA synthesis and is encoded by most herpesviruses and by other DNA viruses including, African
swine fever virus (ASFV), vaccinia virus (VACV) and other poxviruses (Sanford et al., 2016; Deng
et al., 2017). Although TK activity is not essential for herpesvirus replication in vitro, studies on
Human alphaherpesvirus 1 (HSV-1) have shown that tk-deleted mutants are usually replication-
defective and do not reactivate from latency in neuronal tissue in vivo (Tenser, 1991). Thymidine
kinase expression is an important factor that has been shown to influence viral properties during
primary, acute infection and during establishment and reactivation of latent infection (Tenser et al.,
1979). Importantly, deletion of tk gene from the genome of different herpesviruses, including
BoHV-1 (Kit et al., 1985b; Chowdhury, 1996), Bovine alphaherpesvirus 5 (BoHV-5) (Brum et al.,
2010) and Suid alphaherpesvirus 1 (PRV) (Ferrari et al., 2000) has been shown to directly attenuate
these viruses in vivo. Deletion of tk gene has been used to study the role of TK during acute and
latent herpesvirus infection and for the production of attenuated strains for use in vaccines and
vaccine delivery vectors (Kit et al., 1985a, 1985b; McGregor et al., 1985; Smith et al., 1994;

Anziliero et al., 2011).
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In the present study, we constructed a tk-deleted CpHV-1 (CpHV-12TK) and assessed its

growth properties in vitro and its virulence in goats.
Material and Methods
Cells and viruses

Bovine turbinate cells (BT, ATCC® CRL-1390™) and primary bovine fetal turbinate cells
(generated in house) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), penicillin (100 U/mLY) streptomycin (100 pg/mL™) and
gentamycin (50 ug/mL1). CRIB cells (Flores e Donis, 1995) (kindly provided by Dr. Clinton Jones,
Oklahoma State University) were cultured in minimum essential medium (MEM) supplemented
with 5% FBS, L-glutamine (2 mM), penicillin (100 U/mL™) streptomycin (100 pg/mL™) and

gentamycin (50 ng/mL™). The cell cultures were maintained at 37°C with 5% CO..

The CpHV-1 isolate WI 13-46 (isolated in North America) was used as parental virus to
construct the tk-deleted CpHV-12TK recombinant virus. The isolate CpHV-1 WI 13-46 was
amplified and titrated in BT cells. Low passage virus stocks (passage 4) were used in all

experiments described below.
Construction of a tk-deleted CpHV-1 (CpHV-14TK)

To generate the tk-deleted CpHV-1 (CpHV-12TK), we initially constructed a recombination
plasmid by inserting the right and left flanks of the tk gene into a pUC57 plasmid backbone
containing the enhanced green fluorescent protein gene (eGFP) under control of a cytomegalovirus
(CMV) promoter (pUC57-eGFP). The right and left tk flanks were amplified by PCR from the

parental CpHV-1 genome, using the Q5® Hot Star High-Fidelity 2X Master Mix (New England
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BioLabs catalog #M0494L) according to the manufacturer’s instructions. The restriction enzymes
Spel and Kpnl, and EcoRI and Sall (New England BioLabs catalog #R3133S, #R3142S, #R3101S,
#R3138S) were used to clone the right and left flanking sequences into the pUC57-eGFP plasmid,
respectively. The ligation reactions were performed using T4 DNA Ligase (New England BioLabs
catalog #M0202S) according to the manufacturer’s instructions. The resultant recombination

plasmid pUC57-tkLF-eGFP-tkRF was used to generate the recombinant.

The recombinant CpHV-12TK virus was generated by homologous recombination, using
infection/transfection, a procedure adapted from poxviruses (DeLange e McFadden, 1986). For
this, primary BT cells were infected with CpHV-1 at a 0.5 multiplicity of infection (MOI). At 3 h
post-infection, 2.5 pg of the recombination plasmid (pUC57-tkLF-eGFP-tkRF) DNA were
transfected in primary BT cells using Lipofectamine® 3000 (Invitrogen by Life Technologies™
catalog #L.3000015) according to manufacturer’s instructions. The strategy of construction of the

recombinant is depicted in Figure 1A.

Approximately 48 h after infection/transfection, GFP expression was monitored under a
fluorescence microscope and the cells were subjected to three freeze-thaw cycles. The
selection/purification of the recombinant CpHV-12TK virus was performed through plaque assays,
as follows: 2 mL of the infection/transfection supernatant was diluted 1:10 in plain DMEM and 1
mL was inoculated into each well of a 6 well plate containing BT cells prepared 24 h in advance.
After 1 h of adsorption at 37°C, the inoculum was removed, and cells were overlaid with 3mL of
2X complete growth media (CGM) + 1% agarose and kept in 37°C. At 72 h of incubation, the
plates were screened for viral plaques expressing eGFP. These plaques were marked, picked and
transferred into 1.7 ml tubes containing 250 uL. MEM and frozen at -80°C. The subsequent plaque

assays were performed as described above, by diluting each of the selected clones/plaques at 1:10,
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1:100 and 1:1000 in MEM. The deletion of the tk gene was confirmed by PCR using tk-specific
primers (Fw: CTCGTCGTCTGCACCCTTC, Rv: CGACATGTCCAGCGTGAATA). The
amplification conditions used were as follows: one cycle of initial denaturation (98°C, 30 sec),
followed by 35 cycles of denaturation, annealing and extension (95°C, 10 sec; 59°C, 30 sec; 72°C,
1 min), and a final extension (72°C, 2 min). The identity and integrity of the CpHV-12T¥ sequences
were confirmed by DNA sequencing. Stocks of the recombinant CpHV-12T¢ were thereafter

produced in CRIB cells.
In vitro characterization of the tk-deleted CpHV-1 (CpHV-14TK)

To assess the kinetics of replication of the recombinant CpHV-12™ virus, CRIB and BT
cell monolayers were inoculated with 0.1 and 10 MOI of parental CpHV-1 and recombinant CpHV-
127K and the cultures (cells plus supernatants) were harvested at 0, 6, 12, 24, 48 and 72 h post

infection. Later, titrations were performed in BT cells for each time point.

To investigate differences in plaque size between the parental and recombinant viruses,
plaque assays were performed in BT and CRIB cells. After 72 h, the agarose overlay was removed,
the cells were fixed with 10% formalin and stained with 0.2% crystal violet. The plaques were
measured using the software ImageJ (Schneider et al., 2012). Plaques produced at the 10~ dilution
by both the parental CpHV-1 isolate WI 13-46 and the recombinant CpHV-12TK viruses were

measured, and the plaque size compared using unpaired t test (p < 0.05).
Animal experiment

The effect of the tk-deletion on the virulence and pathogenicity of respiratory CpHV-1
infection was evaluated in young goats. For this, fifteen 4 to 6-month-old goats were randomly

allocated into three groups as follows: parental virus group (n = 5), recombinant virus group (n =
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5) and negative control group (n = 5). Animals were acclimated for seven days before virus
inoculation. The parental and recombinant virus groups were inoculated intranasally (IN) with 10
mL of a virus suspension containing 10" TCIDso of the parental CpHV-1 WI 13-46 virus or the
recombinant CpHV-12TK virus, respectively. The negative control group was inoculated with 10
mL of MEM. Following virus inoculation all animals were monitored daily and clinical signs and
rectal temperature were recorded for 14 days. Whole blood (one tube containing sodium heparin
for buffy coat separation and one tube for serum collection), nasal and rectal swabs were collected

at0, 1, 3,5,7, 10, 14, 21, 28 and 35 dpi.

To assess the ability of CpHV-12T¢ and CpHV-1 WI 13-46 to reactivate from latent
infection, animals from both groups and three control animals received daily intramuscular
administrations of dexamethasone (Dx, 0.4 mg/kg/day) (Diel et al., 2007) for five consecutive days
(days 35 to 39 dpi). Animals were monitored daily for 14 days post dexamethasone (dpDx) and
clinical signs and rectal temperatures were recorded. Whole blood, nasal and rectal swabs were
collected on days 1, 3, 5, 7, 10 and 14 pDx. All samples collected during acute or latent phase of
infection (pDx) were subjected to virus isolation and/or PCR. At 14 dpDx, all animals were
euthanized and the trigeminal ganglia (TG) and olfactory bulbs (OB) were collected for DNA
extraction and PCR. The animal experiment is illustrated in Figure 2. The mean of rectal
temperatures was analyzed using two-way ANOVA (p < 0.05). All animal experiments and
procedures were reviewed and approved by the South Dakota State University Institutional Animal

Use Committee (Approval no. 18-043A).
Sample handling

Immediately after collection, the blood was centrifuged at room temperature for 10 min at

3500 rpm. The buffy coats were purified from 8 mL of blood collected in tubes containing sodium
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heparin, using red blood lysis buffer. The buffy coat pellet was resuspended in 500 uL of PBS.
Serum was separated from blood collected in red cap tubes by centrifugation at 3500 rpm for 10

min.

Serum, buffy coats, nasal and rectal swabs were stored at -80°C until virus isolation was

performed then transferred to -20°C for long term storage.
Virus neutralizing assays

Virus neutralizing (VN) assays were performed to assess neutralizing antibody responses
in inoculated animals. Briefly, heat inactivated (56°C for 30 min) serum samples were subjected to
two-fold dilutions and incubated with a constant amount of virus (CpHV-14TK 200 TCIDso per well)
for 1 h at 37°C. After the incubation, a suspension of CRIB cells was added to each well and plates
incubation at 37°C for 72 h. Assays were read under a fluorescence microscope and the titer of
neutralizing antibodies was considered as the reciprocal of the highest serum dilution that

prevented virus replication. Group differences were assessed using two-way ANOVA (p < 0.05)
Virus isolation

Virus isolation was performed in BT cells. Nasal swabs, serum, buffy coats, and
homogenates of TG and OB were inoculated in semi-confluent monolayers of BT cells, and
adsorbed for 1 h at 37°C. After adsorption, 500 uL of complete culture media was added to each
well and cells incubated at 37°C four days. Samples were considered negative after three four-day

passages without the evidence of cytopathic effect.
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gPCR and nested PCR

Total DNA was extracted from serum, buffy coats, fecal and nasal swabs using the Cador®
Pathogen 96 kit (cat no.54161) and the QIAcube HT (QIAGEN cat no.ID 9001793) automated
extractor according to the manufacturer’s instructions. The buffy coats underwent pretreatment T2
for enzymatic digestion of tissues described at the cador® Pathogen 96 QIAcube HT handbook. For
all extractions, a dilution of 10* TCIDso of the CpHV-1 virus stock was prepared in plain MEM
and used as positive control. A CpHV-1 negative serum sample was used as negative control. DNA
extraction from TGs and OBs was performed using TRIzol® reagent (Thermo Fischer Scientific

catalog number 15596026) according to the manufacturer’s instructions.

Total DNA extracted from nasal secretions and feces, serum and buffy coats were subjected
to gPCR for CpHV-1 DNA. The gPCR reaction was performed with SensiFAST™ Probe Lo ROX
Mix (Bioline, cat. No. BIO-84050), following the manufacturer’s instructions and using 5 pL of
DNA as template. For the qPCR, two sets of primers and TagMan probes were designed and each
sample tested independently with each set. The first set targeted CpHV-1 gD (probe: 5’-/56-
FAM/CAATAAGCA/ZEN/CTTTGGCTACTGCCGG/3IABKFG/-3’, primer 1: 5-
CGCGAACCCAGACAGAAA-3’, primer 2: 5’- GTACGTGATGGAGTACCAAGAG-3’) and
the second set targeted CpHV-1 polymerase (probe: 5’-/56-
FAM/CAATAAGCA/ZEN/CTTTGGCTACTGCCGG/3IABKFG/-3’, primer 1: 5-
GTAAACTTCGACTGGGCCTAC-3’, primer 2: 5-CTTCACCTTGCTCTGCTTCT-3’). The
amplification/detection conditions for these gPCR reactions were the following: one cycle of
polymerase activation (95°C, 5 min) and 40 cycles of denaturation and annealing/extension (95°C,
10 sec followed by 60°C, 50 sec). A standard curve was generated with serial 10-fold dilutions of

the parental and recombinant viruses to determine the limit of detection of each set of primers and
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probe. The dilution series were subjected to DNA extraction and PCR amplification. The detection
limit of 10 TCIDs per reaction (equivalent to a CT value of 37.2728) was used as a cutoff value
for the gPCR. All samples with CT values higher than this cutoff were considered negative.
Samples were only considered positive if CpHV-1 amplification was detected with both sets of

primers and probes.

DNA extracted from TG and OB was tested through nested PCR (nPCR), performed with
Q5® Hot Star High-Fidelity 2X Master Mix, using 0.5 uL of primers for each reaction and 2 uL of
DNA as template for each reaction. For the nPCR, we used two sets of primers targeting the CpHV -
1 gC (Nesl Fw: CCGTCACGGTCTTTAGCTG, Nesl Rv: CACCCCCAACAACTTTGACT —
amplicon size 584 bp; Nes2 Fw:.CTCGTGGTCGCAGAGCAT, Nes2 Rv:
CACCCCCAACAACTTTGACT - amplicon size 220 bp). After optimization of the primers,
amplification conditions used in our study were: first reaction — one cycle of initial denaturation
(98°C, 30 sec), followed by 35 cycles of denaturation, annealing and extension (95°C, 10 sec; 64°C,
30 sec; 72°C, 30 sec), and a final extension (72°C, 2 min); second reaction — one cycle of initial
denaturation (98°C, 30 sec), followed by 35 cycles of denaturation, annealing and extension (95°C,
10 sec; 59°C, 30 sec; 72°C, 30 sec), and a final extension (72°C, 2 min). The product of the first
reaction was purified with GeneJET PCR Purification Kit (Thermo Scientific ref K0702), using 35
uL of ultra-pure water for the final elution and the purified PCR product used as template in the
second amplification reaction. The amplicons of the second reaction were analyzed by
electrophoresis in a 1% agarose gel stained with GelRed® (Biotium #41003) and visualized under
UV light. The limit of detection of the nPCR (10 TCIDso per reaction) was determined as described
above for the gPCR assays. All amplification included a positive (DNA extracted from the CpHV-

1 stock) and negative (ultra-pure water) controls.
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Results
Generation of the tk-deleted CpHV-14™ virus

Three independent eGFP positive viral plagues were selected and picked in the first plaque
assay following the infection/transfection. A representative plaque expressing eGFP is shown in
Fig. 1B. During each plaque assay, three independent clones were selected and used in the next
plaque purification round. After five rounds of plaque purification (plaque assay no. 5), 15 clones
were picked and amplified in CRIB cells. Inoculated cultures were harvested and subjected to DNA
extraction and PCR amplification to confirm the deletion of the tk gene. Two clones presented
weak bands corresponding to the tk amplicon (data not shown). Two more plaque assays were
performed, and, at plaque assay no. 7, DNA extraction and PCR amplification were repeated
confirming the deletion of tk sequences and insertion of the GFP sequences in the recombinant
CpHV-12TK virus (data not shown). One clone was then selected, amplified in CRIB cells and
subjected to the tk-PCR screening. Results from the PCR amplification confirmed the deletion of
tk-gene sequences from the CpHV-14™ virus genome (Fig.1C). This tk-deleted clone was amplified

in CRIB cells and used in all experiments described below.
The tk gene is non-essential for CpHV-1 replication in vitro

Replication kinetics, plaque size and morphology of the parental and recombinant viruses
were investigated in BT and CRIB cells. Multi-step and single-step growth curves demonstrated
that both viruses present similar replication kinetics in these cells, but the recombinant CpHV-14TK
produced slightly lower viral yields. Significant differences were only observed at 24 h (0.1 MOI)
in BT cells (ANOVA p < 0.05) (Fig. 3A). Plaque assays revealed similar plaque morphology

between the parental and the recombinant CpHV-12T¢ viruses (Fig. 3E). Likewise, no differences
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in the size of plaques produced by both viruses were observed. These results indicate that deletion
of the tk gene from the genome of CpHV-1 did not adversely affect the virus ability to replicate in

vitro, confirming that the viral TK is nonessential for CpHV-1 replication in BT and CRIB cells.
The recombinant CpHV-14K is attenuated in goats

To investigate the effect of tk deletion on CpHV-1 virulence and pathogenesis in vivo, we
performed a study in young goats. For this, fifteen CpHV-1-seronegative goats were inoculated
with the parental virus (CpHV-1 WI 13-46; n = 5), the recombinant CpHV-12T¥ virus (n = 5) or
mock-inoculated with MEM (n = 5). Upon IN inoculation, four animals (4/5) from the parental
virus group developed moderate mucous nasal secretion starting at 5 dpi and lasting up to 14 dpi.
At 7 dpi, two animals from the parental virus group presented respiratory distress and one animal
presented serous ocular secretion at 8 dpi. In contrast, no respiratory or systemic signs of infection
were observed in goats from the recombinant virus group nor in the negative control animals.
Animals inoculated with the parental virus presented fever between days 2 pi and 7 pi when
compared with the animals in recombinant and control groups (Fig. 4A). Serological responses to
CpHV-1 were also evaluated after inoculation. Virus neutralizing (VN) assays demonstrated that
goats inoculated with the parental virus developed higher neutralizing antibodies (NA) titers than

those inoculated with the recombinant virus (Fig. 4B).

The recombinant CpHV-14TK replicates with lower efficiency in vivo when compared to the

parental virus

Viremia and virus shedding were assessed by virus isolation and gPCR performed in serum,
buffy coats, nasal and rectal swabs during acute infection (Table 1). During acute infection, viral

DNA was detected in the serum of two animals from parental group (2/5) at 5 dpi and in none of
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the animals from the recombinant group (0/5). Nasal swabs were positive for viral DNA in all five
animals from the parental virus group between day 1 and 10 pi (average shedding 5.4 days, range:
1 - 10). Infectious virus was only recovered from nasal swabs of three (3/5) animals in the parental
virus group between days 3 and 5 pi. In contrast, only two animals (2/5) from the recombinant virus
group were positive for viral DNA between days 3 and 7 pi. Virus shedding in feces was detected
in rectal swabs of three animals (3/5) from parental virus group between days 3 and 7 pi, and in
one animal (1/5) of the recombinant virus group at 14 dpi. No virus or viral DNA was detected in
buffy coats. These findings demonstrate that the recombinant CoHV-14T¢ replicated with lower
efficiency and was shed for a shorter period than the parental virus. Taken together, these results

demonstrated that deletion of the tk-gene resulted in attenuation of CpHV-1 in goats.
Dexamethasone (Dx) administration did not result in reactivation of CpHV-1

To assess the ability of the parental and recombinant viruses to reactivate from latency, the
inoculated animals were subjected to Dx administration from 35 to 39 dpi and monitored thereafter.
No infectious virus was isolated from serum, buffy coats or nasal secretions collected from animals
from both parental and recombinant virus groups after Dx administration. The qPCR performed in
these samples also resulted negative. Serological testing of animals prior to Dx administration (35
dpi) and on day 14 pDx revealed a > four-fold increase in VN titer in one animal from the parental
virus group (1802, 16 to 64) (Table 1). Following Dx administration, four animals (4/5) from the
parental virus group presented nasal discharge, lasting from 2 dpDx to 11 dpDx. At 5 dpDx and 7
dpDx, two animals (2/5) from parental virus group presented mild cough which extended up to 8
dpDx in one animal. Only one animal from the recombinant virus group presented fever after Dx

administration. None of the animals from the control group presented any clinical signs. Virus
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neutralizing antibody titers remained higher in the parental virus group than in the recombinant

virus group, resembling what had been observed during acute infection (Fig. 5).

One animal from the recombinant group was found dead in the pen at 6 dpDx. A necropsy
performed at South Dakota State University’s Animal Disease Research and Diagnostic Laboratory
revealed an intestinal mesenteric torsion as the cause of death. From 7 dpDx to 10 dpDx, one animal
from the recombinant virus group presented high fever and coughing. This animal was treated with

antibiotic (tulathromicin 75 mg) at 10 dpDx and recovered promptly.
CpHV-1 and CpHV-14TK established latent infection in the trigeminal ganglia

At 14 dpDx, all animals were euthanized for tissue collection (TG, OB) and investigation
of latent infection by nested-PCR (nPCR). The nPCR performed in total DNA extracted from TGs
was positive in four animals (4/5) from the parental virus group and in three animals (3/5) from the
recombinant virus group. No infectious virus was isolated from TG homogenates inoculated in BT
cells after three passages. Viral DNA was not detected in the OBs of any animals and the virus was
not recovered when OB homogenates when inoculated in BT cells (Table 1). These results indicate
that both parental CpHV-1 WI 13-46 and recombinant CpHV-147K did establish latent infection in

TGs of inoculated goats, but latency was not reactivated upon Dx administration.
Discussion

Caprine alphaherpesvirus 1 (CpHV-1) has been associated with systemic, respiratory and
reproductive disease in goats. The enzyme thymidine kinase (TK) is an important product involved
in herpesvirus replication and, consequently, in the virulence of alphaherpesviruses (Tenser et al.,
1979; Roizman e Pellet, 2001). Hence, deletion of the tk gene has been used for the generation of

attenuated virus strains for use as vaccines for several animal alphaherpesviruses (Cornick et al.,
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1990; Mengeling, 1991; Anziliero et al., 2011). Here we hypothesized that deletion of the tk gene
from the CpHV-1 isolate WI 13-46 would result in attenuation of the virus in goats. To assess this
hypothesis, we generated a recombinant virus (CpHV-12T¢) in which the tk gene was deleted from
the viral genome and replaced by the eGFP reporter gene by using homologous recombination. The
replication properties of recombinant CpHV-12TK were assessed in vitro, and its pathogenicity and

virulence were investigated upon intranasal inoculation in young goats.

Caprine alphaherpesvirus 1 represents one of the least studied alphaherpesviruses and the
role of TK in CpHV-1 infection and pathogenesis have not yet been investigated. Results presented
here demonstrate that deletion of the tk gene from the CpHV-1 genome did not significantly affect
the ability of the recombinant CpHV-12™ virus to replicate in vitro, as evidenced by similar
replication kinetics and plaque characteristics (size and morphology) in CRIB and BT cells when
compared to the parental virus (Fig 3A-E). Consistent with our observations, no differences in
plaque size and morphology and/or on viral replication kinetics were observed between the parental
virus and tk-deleted recombinants of BoHV-1 (Chowdhury, 1996), BoHV-5 (Brum et al., 2010),
Equid alphaherpesvirus 1 (EHV-1) (Slater et al., 1993) and Human alphaherpesvirus 2 (HSV-2)
(Da Costa et al., 1999). For other alphaherpesviruses such as HSV-1, however, deletion of the tk-
gene led to production of smaller plagues and to impaired growth properties in cell cultures in vitro
(Jacobson et al., 1989). These findings suggest a diverse role of TK during herpesvirus infection
and replication. Results here indicate that the TK is non-essential for replication of CpHV-1 in vitro

and its deletion did not adversely affect the ability of the virus to replicate in BT and CRIB cells.

Upon intranasal inoculation, goats in the parental virus group presented respiratory (nasal
secretion, respiratory distress) and systemic clinical signs (increased body temperature) (Fig 4A),

while animals inoculated with the recombinant virus did not present overt clinical disease (Fig 4A).
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Animals in both groups developed neutralizing antibodies, however, infection with the parental
virus resulted in a more robust NA response when compared to antibody levels detected in
recombinant CpHV-12T¢ inoculated animals (Fig 4B). In addition, virus shedding was more
frequently detected in animals in the parental virus group, which also were the only ones to present
viremia (Table 1). Together these results demonstrate that, although the recombinant CpHV-12T€
was able to infect all inoculated animals, as evidenced by seroconversion, deletion of the tk gene
from the virus genome resulted in attenuation of the recombinant virus when compared to the
parental virus. Attenuation of tk-deleted herpesvirus mutants has been previously reported for other
animal alphaherpesviruses, including BoHV-1 (Kit et al., 1985b; Chowdhury, 1996), BoHV-5
(Anziliero etal., 2011), EHV-1 (Slater et al., 1993) and PRV (Kit et al., 1985a; Ferrari et al., 2000).
The absence of virus-encoded TK reduces the availability of nucleotides for the synthesis and
replication of the viral genome and, thus, impairs the ability of herpesviruses to replicate in vivo
(Tenser et al., 1983; Tenser, 1991). Our findings with CpHV-1 here confirm and extend previous
results showing that the tk gene represents a bona fide virulence determinant of animal

alphaherpesviruses in their natural hosts.

Reactivation of latent CpHV-1 infection has been difficult to achieve under experimental
conditions (Tempesta et al., 1999b) and only high doses of Dx (2.5-4.0 mg/kg) have been shown
effective in inducing CpHV-1 reactivation in goats (Buonavoglia et al., 1996). Although in our
study a few animals in the parental and recombinant viruses presented an increase in NA titers
following Dx administration (which is an indirect suggestion of replication/reactivation) (Table 1),
only one animal inoculated with the parental virus (no. 1802) presented a 4-fold increase in VN
titers after Dx administration suggesting a re-stimulation of the immune system and potentially

virus reactivation. Despite the seroconversion, no infectious virus nor viral DNA was detected in
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nasal secretions, feces or serum of this animal and nor in any other inoculated animal following
administration of 0.4 mg/kg of Dx for 5 consecutive days. Observations from Buonavoglia and
collaborators (Buonavoglia et al., 1996) suggest that higher doses of Dx may be needed in order to
effectively reactivate CpHV-1 from latently infected animals. Despite the fact that we were not
able to directly detect CpHV-1 reactivation following Dx administration, establishment of latent
infection by both parental and recombinant viruses was demonstrated by detection of viral DNA
by nPCR in the TGs of inoculated animals. Thus, deletion of the tk (and absence of viral encoded
TK) apparently did not abolish the ability of CpHV-1 to establish latent infection in the neuronal

cells of inoculated goats.

Although tk-deleted alphaherpesvirus are able to establish infection in neurons, the lack (or
expression at low levels) of host TK in this cell type impairs nucleotide synthesis required for
herpesvirus genome replication, events required for virus reactivation (Jamieson et al., 1974).
Limited expression of TK in neurons — linked to the inability of these cells to divide — may explain
why the expression of viral-encoded TK is critical for virus reactivation (Jamieson et al., 1974;
Tenser, 1991). Future studies using higher doses of Dx will be needed, however, to determine
whether deletion of tk from CpHV-1 virus genome results in a reactivation-defective virus as
observed for several other alphaherpesviruses (Jamieson et al., 1974; Tenser et al., 1983; Chen et

al., 2004; Anziliero et al., 2011).

In summary, we successfully constructed a tk-deleted CpHV-1 and demonstrated that the
recombinant virus is attenuated in young goats upon intranasal inoculation. While deletion of the
tk gene did not adversely affect the ability of the virus to replicate in vitro, the recombinant gene-
deleted virus presented an attenuated phenotype in vivo. Both parental and recombinant viruses

were able to establish latent infection in sensory nerve ganglia. Since there are no vaccines
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currently available for CpHV-1, the CpHV-12TK developed here may represent a promising vaccine

candidate to prevent and control CpHV-1 infection in the field.
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Figure 1. Construction and characterization of the recombinant CpHV-12TX, A. Schematic
representation of the recombination plasmid and the homologous recombination to delete the tk
gene from the CpHV-1 genome. B. CpHV-14TK virus plaque showing expression of GFP in BT

cells. C. PCR for an internal region of the tk gene.

Figure 2. Animal experiment design. Fifteen goats were allocated in three groups: parental virus
group, recombinant virus group and negative control (n = 5/group). Acute phase: Animals were
monitored daily and rectal temperatures were measured daily for 14 days. Nasal and rectal swabs
and blood samples were collected on days 0, 3, 7, 10, 14, 21, 28 and 35 pi and processed for
virological assessments. Latent phase: Animals were subjected to Dx administration (0.4 mg/kg
IM) for five consecutive days (between days 35 and 39 pi). Nasal and rectal swabs and blood
samples were collected on days 0, 3, 5, 7, 10, and 14, pDx and processed for virological
assessments. On day 14 pDx, all animals were euthanized for collection of trigeminal ganglia (TG)

and olfactory bulb (OB).

Figure 3. In vitro characterization of the recombinant CpHV-14TK. A, Multi-step growth curve
(MOI = 0.1) comparing replication properties of the parental virus and recombinant virus in BT
cells. B. Single-step growth curve (MOI = 10) comparing replication properties of the parental
virus and recombinant virus in BT cells. C: Multi-step growth curve (MOI = 0.1) comparing
replication properties of the parental virus and recombinant virus in CRIB cells. D. Single-step

growth curve (MOI = 10) comparing replication properties of the parental virus and recombinant
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virus in CRIB cells. E. Comparison of plaque sizes produced by the parental virus and recombinant

in BT and CRIB cells. Statistical differences were assessed by two-way ANOVA (*, p <0.05).

Figure 4. A: Mean rectal temperature of goats inoculated with CpHV-1 (parental) and recombinant
CpHV-12TK during acute infection. B: Neutralizing antibodies developed by inoculated animals
during acute infection. Statistical differences were assessed by two-way ANOVA (p < 0.05): a —
control group vs recombinant group; b — control group vs parental group; ¢ — recombinant group

vs parental group.

Figure 5. A: Mean rectal temperature of goats inoculated with CpHV-1 (parental) and recombinant
CpHV-12TK after dexamethasone administration B: Neutralizing antibodies levels during latent
infection (after Dx administration). Statistical differences were assessed by two-way ANOVA (p
< 0.05): a — control group vs recombinant group; b — control group vs parental group; ¢ —

recombinant group vs parental group.



43

Table 1. Virological and serological findings in kids inoculated intranasally with the parental

CpHV-1 and recombinant CpHV-12TK viruses

Acute infection

Latent infection

Group Animal ID Viral DNA (dpi) VN 35 VN 14 Viral DNA
Nasal swab Rectal swab  Serum Buffycoat dpi dpDx TG OB
0011 3-10 - - - 32 32 + -
0005 1-10 5-7 - - 32 64 + -
Parental 1803 5-7 3and 7 5 - 32 64 + -
1599 3-7 7 5 - 16 16 - -
1802 3 - - - 16 64 + -
0006 3and7 - - - 8/16 32 + -
35492 - 14 - - 2 * + -
Recombinant 1874 3-5 - - - 4 4 + -
1807 - - - - <2 16 - -
1830 - - - - 8 16 - -
0010 - - - - <2 <2 - -
1827 - - - - <2 <2 - -
Control 1817 - - - - <2 <2 - -
1824 - - - - <2 <2 - -
1875 - - - - <2 <2 - -

* animal died at 6 dpDx
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