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ABSTRACT.- Cadore G.C., Weiss M., Anziliero D., Brum M.C.S., Weiblen R. & Flores E.F. 2013.
A thymidine kinase-deleted bovine herpesvirus 5 establishes latent infection but re-
activates poorly in a sheep model. Pesquisa Veterindria Brasileira 33(3):331-338. Depar-
tamento de Medicina Veterinaria Preventiva, Universidade Federal de Santa Maria, Camobi,
Santa Maria, RS 97105-900, Brazil. E-mail: eduardofurtadoflores@gmail.com

The ability of thymidine kinase (tk)-deleted recombinant bovine herpesvirus 5 (BoHV-
-5tkA) to establish and reactivate latent infection was investigated in lambs. During acute
infection, the recombinant virus replicated moderately in the nasal mucosa, yet to lower
titers than the parental strain. At day 40 post-infection (pi), latent viral DNA was detected
in trigeminal ganglia (TG) of all lambs in both groups. However, the amount of recombinant
viral DNA in TGs was lower (9.7-fold less) than that of the parental virus as determined by
quantitative real time PCR. Thus, tk deletion had no apparent effect on the frequency of
latent infection but reduced colonization of TG. Upon dexamethasone (Dx) administration
at day 40 pi, lambs inoculated with parental virus shed infectious virus in nasal secretions,
contrasting with lack of infectivity in secretions of lambs inoculated with the recombinant
virus. Nevertheless, some nasal swabs from the recombinant virus group were positive for
viral DNA by PCR, indicating low levels of reactivation. Thus, BoHV-5 TK activity is not re-
quired for establishment of latency, but seems critical for efficient virus reactivation upon

Dx treatment.

INDEX TERMS: BoHV-5, recombinant, TK, latency, qPCR.

RESUMO.- [Recombinante do herpesvirus bovino tipo 5
com delecdo natimidina quinase estabelece infecc¢io la-
tente porém reativa ineficientemente em ovinos.] A ca-
pacidade de um recombinante do herpesvirus bovino tipo 5
com delec¢do no gene da timidina quinase (BoHV-5tkA) em
estabelecer e reativar infecgdo latente foi investigada em
cordeiros. Durante a infec¢do aguda, o virus recombinante
replicou na mucosa nasal em titulos moderados, porém me-
nores do que os da cepa parental. Aos 40 dias pos-infeccdo
(pi) DNA viral latente foi detectado no ganglio trigémeo
(TG) de todos os cordeiros em ambos os grupos. No entan-
to, a quantidade de DNA do virus recombinante nos TGs foi
9,7 vezes menor do que do virus parental, segundo deter-
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minacdo por PCR em tempo real. Assim, a delecdo do gene
tk (timidina quinase) nao produziu efeito aparente sobre a
frequéncia da infecgdo latente, porém reduziu a colonizagio
do TG. Apos a administracdo de dexametasona (Dx) no dia
40pi, os cordeiros inoculados com o virus parental excreta-
ram particulas virais infecciosas, contrastando com a falta
de infectividade nas secre¢des nasais dos animais inocula-
dos com o virus recombinante. Entretanto, alguns suabes
nasais dos cordeiros do grupo do virus recombinante foram
positivos para o DNA viral por PCR, indicando baixos niveis
de reativacdo. Assim, a atividade da enzima timidina quina-
se ndo é requerida para o estabelecimento de laténcia pelo
BoHV-5, mas parece fundamental para reativacao eficiente
da infecgao latente apés tratamento com Dx.

TERMOS DE INDEXACAO: BoHV-5, recombinante, TK, laténcia,
qPCR.

INTRODUCTION

Bovine herpesvirus type 5 (BoHV-5) is an enveloped DNA
virus classified within the family Herpesviridae, subfamily
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Alphaherpesvirinae, genus Varicellovirus (Roizman et al.
1992). The agent is associated with meningoencephalitis in
cattle, a disease frequently described in Argentina (Perez
et al. 2003) and Brazil, where many outbreaks are reported
every year (Salvador etal. 1998, Rissi etal. 2008). BoHV-5is
closely related to bovine herpesvirus 1 (BoHV-1), the agent
of bovine infectious rhinotracheitis and vulvovaginitis/ba-
lanoposthitis (Kahrs 2001). BoHV-5 is highly neurovirulent
in cattle and in animal models, a property that distingui-
shes it from BoHV-1 (Belknap et al. 1994, Chowdhury et
al. 1997, Vogel et al. 2003). Like other alphaherpesviruses,
these viruses establish latent infections in sensory nerve
ganglia and can be reactivated spontaneously or by corti-
costeroid administration (Rock 1994, Vogel et al. 2003).

The BoHV-5 genome is a linear double-stranded DNA
molecule of approximately 138 kb in length and encodes
at least 70 gene products (Delhon et al. 2003). By analo-
gy with other alphaherpesviruses, approximately half of
viral-encoded products are non-essential (NE) for virus
replication in tissue culture (Delhon et al. 2003). Deletions
of individual NE genes - especially the gene encoding the
enzyme thymidine kinase (TK) - have been used to produ-
ce attenuated BoHV-1 strains for use in vaccines (Kit 1985,
Chowdhury 1996, Kaashoek et al. 1996). Herpesvirus-en-
coded TK is an enzyme involved in the metabolism of deo-
xyribonucleotides, an activity necessary for viral DNA syn-
thesis and genome replication in non-dividing cells such as
neurons (Tenser 1991). Usually, tk gene deletion leads to
deficient virus replication in neurons and reduced neurovi-
rulence of human and animal alphaherpesviruses (Coen et
al. 1989, Mengeling 1991, Tenser 1991, Ferrari et al. 2000).
BoHV-1 mutants lacking TK activity are attenuated to di-
fferent levels (Kit 1985, Chowdhury 1996, Kaashoek et al.
1996), and a tk deletion BoHV-5 mutant was shown to be
attenuated for rabbits (Silva et al. 2010) and calves (Santos
etal. 2011).

Although herpesvirus-encoded TK activity is required
for virus replication in neurons, it is not necessary for the
establishment of latency by human and animal alphaher-
pesviruses (Tenser et al. 1979, Coen et al., 1989, Volz et al.
1992, Kaashoek et al. 1996, Chen et al. 2004). In contrast,
TK activity is required for efficient reactivation such the
ability of TK-defective viruses to reactivate latency is dras-
tically reduced, if not abolished (Coen et al. 1989, Volz et
al. 1992, Kaashoek et al. 1996, Ferrari et al. 1998, Chen et
al. 2004). Regardless, some conflicting results have been
reported, and reactivation of TK-negative pseudorabies vi-
rus (PRV, Mengeling 1991) and BoHV-1 mutants has been
reported (Whetstone et al. 1992). In any case, it generally
accepted that TK-defective alphaherpesviruses do not re-
activate - or reactivate poorly - from sensory nerve ganglia
(Tenser et al. 1979, Coen et al. 1989, Chen et al. 2004).

Our group described the construction of a tk-deleted
recombinant BoHV-5 strain (BoHV-5tkA) as a part of a
vaccine project (Brum et al. 2010a). The recombinant was
attenuated for calves and rabbits, yet it was capable of es-
tablishing latent infection in the trigeminal ganglia (TG)
of both species (Santos et al. 2011, Silva et al. 2010). The
recombinant virus reactivated poorly in calves upon dexa-
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methasone (Dx) treatment (Santos et al. 2011) and did not
reactivate in rabbits (Silva et al. 2010). In the present study,
we conducted a more comprehensive study on the biology
of latent infection by BoHV-5tkA. We used lambs as a model
since rabbits are too susceptible to BoHV-5 neurological
disease and most inoculated animals die during acute in-
fection (Caron et al. 2002, Flores et al. 2009). In contrast,
lambs are susceptible to acute and latent BoHV-5 infection
yet and are relatively resistant to neurological disease (Sil-
va et al. 1999, Cadore et al. 2011). In addition to investi-
gate the latency-reactivation cycle, we used real time PCR
(qPCR) to compare the amount of latent viral DNA in TGs of
lambs inoculated with the recombinant BoHV-5¢tkA versus
the parental strain.

MATERIALS AND METHODS

Experimental design. Lambs were inoculated intranasally
(IN) with the parental virus (BoHV-5 SV-507/99, n=14) or with
the recombinant (BoHV-5tkA, n=14) and submitted to clinical,
virological and serological monitoring during acute infection. At
day 40 post-inoculation (pi), 10 animals of each group were eu-
thanized for tissue collection. Total DNA extracted from TGs was
submitted to a nested-PCR for detection and real time quantitative
PCR (gqPCR) for quantification of latent viral DNA. The remaining
lambs (n=4 from each group) were submitted to Dx treatment and
monitored thereafter for virus shedding and seroconversion.

Viruses and cells. The recombinant virus lacking the tk gene
(BoHV-5tkA) was constructed out of a well characterized Brazi-
lian BoHV-5 strain (Brum et al. 2010a). The parental strain (SV-
507/99) was isolated from a cow with neurological disease in
Southern Brazil and had its entire genome sequenced (Delhon
et al. 2003). All procedures of virus multiplication, isolation and
serological tests were performed in a MDBK-derived cell line na-
med CRIB (ATCC-CRL 11883). Cells were maintained in minimum
essential medium (MEM, Invitrogen, Brazil), supplemented with
10% fetal bovine serum (Nutricell, Brazil), 100 U/mL of penicillin
and 100pg/mL of streptomycin (Nutricell, Brazil). The two viru-
ses were used at passage # 6 in CRIB cells.

In vitro growth Kinetics. Prior to animal inoculation, we in-
vestigated the ability of both viruses to replicate in cultured cells
of ovine origin. The one step growth curve was performed in pri-
mary lamb testicle cells (passage # 8), using CRIB cells as controls,
according to Brum et al. (2010a). Cell monolayers in 6-well plates
were inoculated with either virus at a multiplicity of infection
(m.o.i.) of 5 and the cells were further incubated for 2 h at 37°C
to allow virus penetration. The inoculum was then removed, and
the cells were washed twice with MEM and overlaid with fresh
MEM supplemented with 5% fetal bovine serum. At intervals af-
ter virus inoculation (0, 6, 12, 18, 24 and 30 h) aliquots of culture
supernatants were harvested and submitted to virus quantitation
by limiting dilution. Virus titers were calculated according to Reed
and Muench (1938) and expressed as log,, median tissue culture
infectious dose per mililiter (TCID, /ml).

Animals, virus inoculation and monitoring. Twenty eight
Pollwarth lambs of both genders, aging 4 to 6 months, were ran-
domly allocated in two groups of 14 animals each and inoculated
with either virus (parental or recombinant). Each animal received
an inoculum of 2mL, divided in the two nostrils, containing a total
dose of 10%7TCID, /mL. After inoculation, animals were monito-
red clinically on a daily basis and nasal swabs for virus isolation
and quantification were collected up to day 15 pi; blood for se-
rology was collected at days 0 and 40 pi. At that day, 10 animals
of each group were euthanized for tissue collection. TGs were
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collected aseptically and stored at -802C until use. The remaining
lambs (n= 4 for each group) were then submitted to five daily in-
tramuscular administrations of dexamethasone (Dx, 0.2mg/kg/
day; Decadronal®, Aché, Brazil) and monitored as described for
acute infection. Swabs for virus isolation and quantification were
collected up to day 15 post Dx treatment (pDx) and blood for se-
rology was collected at day 15 pDx.

All procedures of animal handling and experimentation were
performed under veterinary supervision and according to re-
commendations by the Brazilian Committee on Animal Experi-
mentation (COBEA; law # 6.638 of May 8, 1979). The animal ex-
periments were approved by the Institutional Ethics and Animal
Welfare Committee (UFSM, approval # 96/2010 of January 18,
2011).

Sample processing. Viral isolation and quantification in na-
sal swabs were performed in CRIB cells according to standard
protocols (Diel et al. 2007). Virus titers in nasal secretions were
expressed as log, TCID, /ml. Sera obtained at days 0 and 40 pi;
and at day 15 pDx were submitted to a standard virus neutralizing
assay (VN) for neutralizing antibodies, testing two-fold dilutions
of sera against 100-200 TCID, of virus (Diel et al. 2007). Geome-
tric mean titers (GMT) of neutralizing antibodies of each group
were calculated according to Thrusfield (2005).

DNA extraction and PCR. After cleaning, TGs were minced
with a razor blade and submitted to total DNA extraction using
phenol-chloroform protocol (Vogel et al. 2003). DNA extraction
of nasal swabs was performed using DNAzol® Reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s protocol.
After extraction, DNA was solubilized in Tris-EDTA (80 pL) and
stored at -80°C until testing. DNA concentration was measured
by ultra violet light (UV) absorbance at 260 nm. Total DNA was
submitted to a nested PCR using two set of primers of the glyco-
protein B (gB) amplified according Diel et al. (2007). External
primers, used in first reaction were - forward: 5’-CCAGTCCAGG-
CAACCGTCAC-3’ and reverse: 5’-CTCGAAAGCCGAGTACCTGCG-3..
The internal primers, used in second reaction were - forward:
5’-GTGGTGGCCTTTGACCGCGAC-3’ and reverse: 5-GCTCCGGC-
GAGTAGCTGGTGTG-3". The first PCR reaction amplifying a 444 bp
DNA fragment and the second reaction results in a 294 bp ampli-
con. The PCR products were added with 3pL GelRed® (Biotium,
Inc., CA, USA) and analyzed under UV light after electrophoresis in
an 1% agarose gel. Total DNA extracted from the brain of a control
non-infected lamb, and from a calf with acute BoHV-5 infection
was used as negative and positive controls, respectively.

For swabs, nasal secretions obtained from an uninfected lamb
were tested in parallel as negative control. PCR for tk gene applied
on nasal swabs used the following primers: forward: 5’-GACG-
TCGTGACCCTCGTGTTTG-3" and reverse: 5-TAGGAAGGCGCACG-
TGTTCG- 3" The PCR amplifying a 285 pb DNA fragment and was
carried out in a 25pL volume containing 1X PCR buffer, 10mM
deoxyribonucleotides, 10mM of each primer, 2.5 units Taq poly-
merase, 1.5mM MgCl,, 10% DMSO, and 100ng DNA as template.
The PCR conditions consisted of initial denaturation at 942C for 5
min followed by 35 cycles at 942C for 45 s, 602C for 30 s and 72°C
for 45 s, and final extension of 10 min at 722C. The PCR to gB gene
was the same as described previously.

Real-time PCR (qPCR). Total DNA extracted from TGs was
submited to a qPCR analysis to estimate and compare the amount
of latent DNA in lambs infected with the parental and recombi-
nant virus. The qPCR was conducted in an StepOnePlus (Applied
Biosystems, Foster City, CA) with Power SYBR® Green PCR Mas-
ter Mix (Applied Biosystems). Two sets of primers were used:
one set for ovine GAPDH gene (forward: 5-TGTTCCAGTATGAT-
TCCACCC-3’ and reverse: 5-TCCACCACCCTGTTGCTGTA-3’) and
another for BoHV-5 glycoprotein G (gG) gene (forward: 5’-GCCC-

TGGTTGTCCTAGACATG-3’ and reverse: 5-CGTTCCCCGTGCAGT-
TAAAG-3"). The qPCR was performed in 25 pL volume reaction
containing, 12.5 pL of SYBR® Green PCR Master Mix, 5mM of each
primer and 100ng template of total DNA. Thermal cycling para-
meters (10 min at 95°C and 40 cycles of 15 s at 95°C, 1 min at
60°C) were used to amplify each reaction. All samples were run
in duplicates and melting-curve analysis was performed to veri-
fy product identity. Before the relative quantification analysis, a
computer program (LinRegPCR, version 11.4) was used to nor-
malize the Ct results with the amplification efficiency. For quan-
tification analysis just samples that had PCR efficiency next to 2
(+0.1) and correlation next to 1 (+0.001) was used. The relative
DNA quantification across treatments was evaluated using the
AACt method (Livak & Schmittgen 2001). Briefly, the ACt is calcu-
lated as the difference between the Ct of the investigated gene and
the Ct of GAPDH in each sample (Bustin et al. 2009). The AACt of
each investigated gene is calculated as the difference between the
ACt in each treated sample and the ACt of the sample with lower
gene expression (higher ACt). The fold change in relative genomic
DNA concentrations was calculated using the formula 2-24, The
gPCR was made in samples from animals experimentally inocu-
lated with the two virus, wild type virus (SV-507/99) and tk gene
deleted virus (BoHV-5tkA) using TG tissue, of the day 40 pi.

Statistical analysis

The length and titers of virus shedding of both groups were
tested for normal distribution using Shapiro-Wilk test and nor-
malized when necessary. Then, the results from the qPCR were
analyzed using ANOVA test. All analyses were performed using
JMP software (SAS Institute Inc., Cary, NC) and a p<0.05 was con-
sidered statistically significant. Data are presented as mean *
Standard Error Mean (SEM).

RESULTS

One step growth curve

As the recombinant virus was amplified and character-
ized in bovine cells (MDBK), before inoculation in lambs we
investigated its ability to replicate in ovine cells. The one
step growth curve experiment performed in primary lamb
testicle cells demonstrated that the recombinant BoHV-
5tkA replicated to a similar titer and with similar kinetics
to those of the parental virus (Fig.1). Similar titers and ki-
netics were also observed in CRIB cells, a MDBK-derived
cell line. Thus, a possible impairment in replicating in
lambs would not be due to a gross defect of replication in
ovine cells.

Acute infection

The main virological and serological findings following
inoculation of lambs with the parental virus (SV-507/99)
and recombinant (BoHV-5tkA) are presented in Table 1
and Figure 2. Inoculated lambs did not show systemic signs
during acute infection. Body temperature remained within
normal limits; food consumption and alertness were una-
ffected. Four of five lambs of both groups presented a mild,
transient serous nasal secretion between days 2 to 6 pi. Lam-
bs inoculated with SV-507/99 shed virus in nasal secretions
up to days 9 to 12 pi, with a mean period of excretion of 11.1
days. Lambs inoculated with the recombinant BoHV-5tkA,
in general, shed virus for a shorter period of time (p<0.05).
Virus shedding by these lambs extended up to days 6 to 12,
with an average of 8.5 days. Mean virus titers shed in nasal
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Fig.1. One step growth curve of replication of bovine herpesvirus
type 5 (BoHV-5) SV-507/99 and recombinant (BoHV-5tkA) in
CRIB cells and primary lamb testicle cells. Cells were inoculat-
ed with a m.o.i of 5 and aliquots of culture supernatants were
collected at different intervals and submitted to virus quanti-
tation by limiting dilution. The results represent the mean of
two repetitions.

secretions are presented in Fig. 2. Virus shedding peaked
at day 1 pi (parental virus) and 2 pi (recombinant), and
the highest titers were observed at day 4 pi for SV-507/99
(10°°TCID,/ml) and 2 pi for BoHV-5tkA (105! TCID, /ml).
Virus titers were also significantly higher in secretions of
lambs inoculated with the parental virus, noticeably at day
1 pi and between days 4 at 9 pi (p<0.01; Fig.2). Most lambs
inoculated with the parental and recombinant strains deve-
loped neutralizing antibodies at day 40 pi (Table 1). The ge-
ometric mean titer (GMT) of the parental group (2.36) was
higher than the GMT of the group BoHV-5tkA (1.90).

Gustavo C. Cadore et al.

Taken together, these results demonstrate that the re-
combinant BoHV-5tkA retained the ability to replicate in
the nasal mucosa of lambs. The magnitude and duration
of virus replication and shedding, however, were reduced
comparing to the parental strain. In other words, tk dele-
tion resulted in a moderate reduction in the replication effi-
ciency of the recombinant virus.

Latent infection

No infectious virus was detected in nasal swabs col-
lected from lambs inoculated with either strain at day 40
pi, demonstrating that acute virus replication had ended.
Nested-PCR examination of total DNA extracted from TGs

) - SV-507/99
-o- BOHV-5tkA

[
i

»
I r—

L0g,(TCID5,)/mL
» d

PRY

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Days post inoculation

Fig.2. Virus shedding during acute infection. Mean virus titers in
nasal secretions of lambs inoculated with the parental bovine
herpesvirus type 5 (BoHV-5) SV-507/99 or with the recom-
binant (BoHV-5tkA). Data are presented as mean * Standard

Error Mean (SEM).

Table 1. Virus shedding in nasal secretions during acute infection and virus neutralizing titers at day 40
post inoculation (pi) in lambs inoculated with parental bovine herpesvirus type 5 (BoHV-5) SV-507/99 and
recombinant (BoHV-5tkA)

Group Virus shedding Virus neutrali zing titers
Animal # Day post inoculation (pi) Day pi

1 2 3 4 5 6 7 8 9 10 11 12 13-15 0 40

SV-507/99 1 45° 43 29 31 41 41 29 13 25 10 - - <2 8
2 51 25 29 36 45 35 29 15 - - - - - <2 16

3 47 43 38 59 48 37 29 09 + 09 - 1.0 - <2 32

4 31 40 40 41 37 41 45 21 - - 09 - - <2 32

5 47 40 35 50 46 49 49 27 33 29 - 09 - <2 8

6 53 49 41 46 50 50 46 37 20 1.0 - 15 - <2 4

7 39 40 41 36 39 35 29 21 19 09 - 1.0 - <2 4

23 48 48 40 46 47 41 41 31 29 28 - 09 - <2 2

24 51 40 26 36 41 45 33 10 19 09 - 1.3 - <2 4

29 46 50 40 41 31 43 30 15 + 09 - 09 - <2 4

BoHV-5tkA 8 1.0 30 21 29 19 - 1.0 - - 1.0 - - - <2 8
9 20 35 39 23 27 26 21 09 13 - - - <2 4

10 25 25 30 23 19 35 - - - - - - - <2 4

11 23 45 31 29 44 31 20 19 19 09 - 1.3 - <2 4

12 33 39 37 21 20 19 09 - - - 11 - - <2 4

13 30 36 35 41 20 33 26 19 - - - - <2 2

14 30 46 29 21 31 26 19 10 11 - + - <2 4

20 27 51 31 35 33 31 20 - - - 23 - <2 8

25 19 47 39 31 40 + 19 - - 1.0 - <2 8

30 25 30 29 41 46 33 20 - 11 - - <2 4

* Positive sample. Viral titers expressed as log, TCID, /mL. " Negative sample after inoculation in cell culture. ¢ Positive sample after

second or third passage in cell culture (titer <10**TCID, /mL).
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Table 2. Virus shedding in nasal secretions after dexamethasone (Dx)
treatment and virus neutralizing titers at day 15 post Dx administration
(pDx) in lambs inoculated with parental bovine herpesvirus type 5 (BoHV-5)
SV-507/99 and recombinant (BoHV-5tkA)

Group Virus shedding in Virus neutralizing

nasal secretions antibody

Animal # Day after dexamethasone administration (pDx) Day pDx

0-2 3 4 5 6 7 8 9 10-15 0 15

SV-507/99 1Dx 2.0° 1.3 + + 18 1.3 - - 8 16
2Dx - 1.6 1.8 19 20 - - 32 16

5Dx - 1335 + + 1.0 - - 32 32

6Dx - 41 35 25 26 15 - 8 8

BoHV-5tkA 8Dx - - - - - - - - 8 2
10Dx - - - - ¢ - - - 4 4

11Dx - - - - - - - 4 4

12Dx - (+) +) +) ) - 2 2

*Negative sample. ® Positive sample. Viral titers expressed as log,, TCID, /mL. ¢Positive sample
after second or third passage in cell culture (titer <10*°TCID,,/mL). ¢ Samples negative by

virus isolation - positive by nested-PCR.

revealed the presence of viral DNA in the ganglia of all ino-
culated lambs, regardless the group (data not show). No
infectious virus was detected in these portions upon three
passages of tissue homogenates in CRIB cells, confirming
the status of latent infection. These results demonstrated
that the parental virus and the recombinant BoHV-5tkA es-
tablished latent infection with the same frequency in the
TGs of inoculated lambs. In other words, tk deletion (and
the reduced acute replication that ensued) apparently did
not adversely affect the ability of the recombinant to esta-
blish latent infection in nerve ganglia of lambs.

As acute replication of the recombinant virus in the pe-
riphery was reduced compared to the parental virus, we
then sought to compare the amount of latent viral DNA pre-
sent in TG of both groups. This approach would determine
whether tk deletion would affect the efficiency of coloni-
zation of the ganglia with latent DNA. To this end, we used
a real time qPCR to quantitate wildtype and recombinant
latent DNA in the TGs. The results presented in Figure 3

70_

Relative DNA amount
8 8 8 8 8

-
o
)

o 4 I I
SV-507/99 BoHV-6tkA

Fig.3. Relative viral DNA amount in trigeminal ganglia of lambs
inoculated with bovine herpesvirus type 5 (BoHV-5) strain
SV-507/99 and a recombinant BoHV-5tkA. The relative DNA
quantification was determinate using AACt method and GA-
PDH as a housekeeping gene. Data are presented as mean *
Standard Error Mean(SEM).

show that the amount of recombinant virus DNA in TGs
of 10 lambs was approximately 9.7-fold lower than the
amount of parental virus DNA in the respective 10 animals.
Thus, although the recombinant was still able to consisten-
tly colonize the TGs, the overall amount of latent DNA was
highly reduced (p<0.001) compared to the parental strain.
In other words, tk gene deletion did not affect the ability of
the recombinant to establish latency but it did reduce the
efficiency of colonization of TGs with latent viral DNA.

Reactivation of latent infection

Following Dx administration - starting at day 40pi -, all
four lambs inoculated with parental strain shed infectious
virus in nasal secretions (mean duration = 5 days [4-6]) (Ta-
ble 2). Shedding was first detected at day 3 and lasted up to
day 9 pDx in one lamb. The peak in virus titers was obser-
ved at days 5 and 6 pDx, with titers reaching 10*'TCID, /
mL. No systemic or neurological signs were recorded in
these animals. In contrast, nasal secretions from BoHV-
5tkA-inoculated lambs were negative for infectivity upon
virus inoculation in cell cultures (Table 2). These results in-
dicated lack of reactivation by the recombinant virus since
no infectious virus was recovered from nasal swabs.

As to further investigate reactivation of the recombinant
virus, nasal swabs collected after Dx treatment, were sub-
mitted to a PCR for a target sequence within the gB gene.
Surprisingly and contrasting with negative results in virus
isolation, swabs of 3 out of 4 lambs were positive for viral
DNA (Table 2). Two of these animals (# 2 and 5) were posi-
tive in only one collection (days 7 and 8 pDx, respectively);
animal # 6 yielded positive results in four days.

An additional PCR designed to amplify a genome region
contained within the tk deletion was then used to discard a
possible cross-contamination with the parental virus. This
PCR confirmed that the viral DNA present in swabs was in-
deed that of the recombinant virus (Fig.4). These results
contrasted with the results of virus isolation and indicated
reactivation of the recombinant virus.

The discrepant results of virus isolation and PCR in the-
se samples may reflect a low sensitivity of our virus iso-
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gB
<€<— 294 bp

Fig.4. Detection of viral DNA by PCR in nasal swabs of lambs sub-
mitted to dexamethasone treatment. Top panel: nested PCR
for glycoprotein B (gB) gene. Lower panel: PCR for thymidine
kinase (tk) gene, where a positive reaction indicates the pre-
sence of entire tk gene. Lane M: Molecular weight marker; lane
1: CRIB mock; lane 2: BoHV-5 (SV-507/99); lane 3: BoHV-5tkA;
lanes 4, 5, 6: swabs of animals inoculated with BoHV-5tkA; la-
nes 7, 8, 9: swabs of animals inoculated with parental virus
(SV-507/99).

lation protocol and/or virus neutralization by antibodies
present in nasal secretions. In any case, these results de-
monstrate that the recombinant BoHV-5tkA was able to re-
activate - even at very low levels - following Dx treatment.
Hence, TK activity seems not to be absolutely required for
reactivation of latent infection by BoHV-5 in lambs.

DISCUSSION

Our results demonstrate that BoHV-5 TK activity is not
essential for the establishment of latent infection, but is
important for efficient colonization of nerve ganglia with
latent viral DNA. The recombinant BoHV-5tkA colonized
the TGs with the same frequency, yet with approximately
9.7-fold less latent viral DNA than did the parental strain.
Low level of reactivation of BoHV-5tkA was detected after
Dx treatment, indicating that the enzyme activity is impor-
tant - but not essential - for reactivation in lambs. As these
results were obtained in lambs, they need to be validated in
the natural hosts.

The ability of the recombinant BoHV-5tkA to replicate
in cell culture was not adversely affected (Fig. 1), as pre-
viously described in bovine and rabbit cells (Brum et al.
2010Db, Silva et al. 2010). Replication of BoHV-5tkA in the
nasal mucosa of lambs, however, was significantly reduced
(Table 1, Fig.2), confirming previous observations in rab-
bits (Silva et al. 2010) and calves (Santos et al. 2011) and
extending previous observations with tk-deleted PRV and
BoHV-1 strains in pigs and calves, respectively (Kaashoek
et al. 1996, Ferrari et al. 1998). Indeed, TK-defective PRV,
BoHV-1 and BoHV-5 usually show a reduced ability - to va-
rious extents - to replicate in peripheral tissues compared
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to TK positive counterparts (Kaashoek et al. 1996, Ferrari
etal. 1998, 2000, Silva et al. 2010, Santos et al. 2011).

Although the recombinant replicated to lower titers
than the parental strain in the nose during acute infection,
it was still able to establish latent infection in all inocula-
ted animals. These data would suggest that tk deletion - in
spite of reducing acute virus replication at periphery - did
not drastically reduce the ability of the virus to establish la-
tency. However, qPCR analysis showed a 9.7-fold reduction
in the amount of recombinant virus DNA in TGs compared
to the parental strain. Thus, tk deletion did not abolish the
ability of the virus to establish latency, but resulted in a re-
duced colonization of TGs. We hypothesize that the reduced
colonization of TGs with BoHV-5tkA was predominantly a
consequence of the decreased virus replication/load in the
nose during acute infection rather than due to a reduced
ability to replicate in neurons prior to the establishment of
latent infection. Conceivably, a deficient virus replication
during primary infection would result in reduced virus lo-
ads to invade the nervous system and colonize the nerve
ganglia. Previous studies with HSV-1 in mouse models have
shown that the establishment of latent infection by TK-
-defective mutants was 6- to 50-fold reduced comparing to
the wildtype strains, as ascertained by the total of viral ge-
nomes, latently infected neurons and neurons expressing
the latency related transcripts (Coen et al. 1989, Katz et al.
1990, Thompson & Sawtell 2000, Chen et al. 2004). On the
other hand, slight or pronounced reduction in virus repli-
cation during acute infection had no apparent effect on the
ability of the recombinant BoHV-5tkA to produce latency
in calves and rabbits (Silva et al. 2010, Santos et al. 2011)
and of TK- defective PRV strains to establish latent infec-
tion in young pigs (Mengeling et al. 1992, Volz et al. 1992).
Thus, lack of viral TK activity would reduce replication at
peripheral sites but not to an extent that would abolish the
ability to establish latent infection. Hence, viral TK activi-
ty is important for efficient acute replication in peripheral
tissues which, in turn, would directly influence the level of
colonization of ganglia with latent DNA.

The absence of infectious recombinant virus in nasal
secretions following Dx treatment was somehow expected
and would meet the general concept that TK-defective hu-
man and animal alphaherpesviruses are severely impaired
in reactivating latent infection (Coen et al. 1989, Tenser et
al. 1989, Ferrari et al. 2000, Chen et al. 2004). Whether the
absence of infectious virus was derived from an inherent
inability of BoHV-5tkA to reactivate or a consequence of the
reduced colonization of TGs, or a combination of both, is
unclear. In a mouse model, tk-negative HSV mutants did not
reactivate even when their latent viral loads were compara-
ble to those of the parental strains, indicating that reduced
colonization of nerve ganglia does not suffice to explain fai-
lure to reactivate (Chen et al. 2004).

The role of alphaherpesvirus-encoded TK activity in virus
reactivation is far more controversial. A number of studies
have shown that truly TK negative HSV mutants derived from
laboratory strains do not reactivate from nerve ganglia (Ten-
ser & Edris 1987, Coen et al. 1989, Tenser et al. 1996, Chen et
al. 2004), yet some mutants derived from clinical isolates mi-
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ght reactivate inefficiently (Horsburgh et al. 1998, Griffiths
et al. 2003). Conflicting findings have also been reported for
BoHV-1 and PRV tk deletion mutants, and both reactivation
(Mengeling et al. 1992, Whetstone et al. 1992) and lack of
reactivation have been reported (Mengeling 1991, Kaashoek
et al. 1996, Ferrari et al. 2000). Most of these discrepancies
likely reflect differences in virus species, strains, animals
(natural hosts versus laboratory models) and experimental
procedures (e.g. in vivo versus in vitro reactivation). Regar-
dless, the general concept is that herpesvirus TK activity is
crucial for efficient reactivation such truly tk-null mutants do
not reactivate - or reactivate very poorly - from nerve ganglia
(Coen et al. 1989, Tenser et al. 1996, Chen et al. 2004).

The detection of BoHV-5tkA DNA by PCR in a few na-
sal swabs after Dx treatment indicated that some level of
reactivation did occur. Although this is an unusual event
for many tk negative alphaherpesviruses examined to date,
low level of Dx-induced reactivation was also observed
for this recombinant in calves (Santos et al. 2011). Along
this line, viral TK activity as low as 0.09% of the wt levels
appeared sufficient to support low levels of reactivation of
tk negative HSV mutants in a mouse model (Besecker et al.
2007). Taken together, these data demonstrate that BoHV-
-5tkA is severely, but not completely impaired, in its ability
to reactivate latent infection.

Trying to reconcile these findings, we hypothesize that
the recombinant BoHV-5tkA DNA might present a residu-
al ability to reactivate latent infection in neural tissue. It is
also possible that reactivation of the recombinant occurred
in lymphoid tissue, a secondary site of latency/persisten-
ce of PRV (Wheeler & Osorio 1991), BoHV-1 (Inman et al.
2002) and BoHV-5 (Cadore G. unpublished observations).
Reinforcing the second hypothesis, latent BoHV-1 present
in tonsils of latently infected calves was shown to reactivate
and lead to productive virus replication upon Dx treatment
and explant cultures in vitro (Inman et al. 2002, Perez et
al. 2002). Either hypotheses would only be supported by
a clear demonstration that latent BoHV-5tkA DNA present
in nerve ganglia and/or in lymphoid tissue is reactivatable
upon corticosteroid treatment.

Lastly, the clear demonstration that virus undetectable
by virus isolation may be present in secretions of animals
submitted to corticosteroid treatment recommends a ree-
xamination of the indicators of virus reactivation in studies
of alphaherpesvirus reactivation. As small amounts of virus
may be rendered non-infectious by neutralizing antibodies
present in secretions (Pastoret & Thiry 1985), the absence
of infectivity should not be taken as the sole and definitive
proof of lack of reactivation.

In summary, our results demonstrated that BoHV-5 en-
coded TK activity is not required for the establishment of
latent infection, but is necessary for efficient colonization
of TGs (likely through enhanced replication in peripheral
tissue) and is required for efficient virus reactivation in a
lamb model. The presence of recombinant viral DNA in a
few swabs collected after Dx treatment indicates that virus
reactivation - even at very low levels - took place. Whether
reactivation occurred in TGs or in other neural or non-neu-
ral sites is uncertain.
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