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ABSTRACT Vaccine development is a top priority in malignant catarrhal fever
(MCF) research. In the case of sheep-associated MCF (SA-MCF) caused by ovine her-
pesvirus 2 (OvHV-2), progress toward this objective has been hindered by the ab-
sence of methods to attenuate or modify the virus, since it cannot be propagated in
vitro. As an alternative for vaccine development, in this study, we tested the hypoth-
esis that one of the SA-MCF vaccine candidate targets, OvHV-2 glycoprotein B (gB),
could be expressed by a nonpathogenic alcelaphine herpesvirus 1 (AlHV-1) and then
evaluated the potential of the AlHV-1/OvHV-2 chimera to be used as a vaccine and a
diagnostic tool. The construction and characterization of an AlHV-1/OvHV-2 chimeric
virus that is nonpathogenic and expresses an OvHV-2 vaccine target are significant
steps toward the development of an SA-MCF vaccine and also provide a valuable
means to study OvHV-2 biology.
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Ovine herpesvirus 2 (OvHV-2) and alcelaphine herpesvirus 1 (AlHV-1) are two major
gammaherpesviruses in the malignant catarrhal fever (MCF) group within the

genus Macavirus (1, 2). OvHV-2 and AlHV-1 are carried asymptomatically by sheep and
wildebeest, respectively, but can cause MCF when transmitted to nonadapted species.
MCF is an often fatal lymphoproliferative disease that affects a large variety of animals,
including cattle, bison, deer, pigs, and antelope (2, 3). Although the disease is sporadic,
significant outbreaks have been reported with death of large numbers of animals. With
no treatment available, separation of carrier and clinically susceptible animals is cur-
rently the only disease control strategy. Better ways to avoid virus transmission and
disease are necessary, and the development of vaccines is a high priority in MCF
research.

An attenuated strain of AlHV-1, obtained by successive passages in culture (4),
protected cattle against lethal challenge with the virulent virus, and the protection was
associated with high levels of neutralizing antibodies in nasal secretions (5, 6). AlHV-1
and OvHV-2 are very close genetically and cause clinically and pathologically indistin-
guishable diseases; however, using the attenuated AlHV-1 as a vaccine against OvHV-
2-induced MCF is unlikely to succeed because there is no cross-reactivity of neutralizing
antibodies between the two viruses (7). Moreover, because there is no in vitro system
to culture OvHV-2, the same strategy used to attenuate AlHV-1 cannot be used with
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OvHV-2. A possible strategy to overcome these problems would be to modify AlHV-1,
which can be propagated in vitro, to express protective OvHV-2 antigens. Recently, a
mutated AlHV-1 (AlHV-1ΔORF73), which has the gene encoding the latency-associated
nuclear antigen disrupted, was shown to be attenuated; AlHV-1ΔORF73 is able to infect
and replicate in rabbits without causing disease, and it induces protection against lethal
challenge with a virulent AlHV-1 (8). Using this mutant virus, we tested the overall
hypothesis that AlHV-1 with its glycoprotein B (gB) gene replaced by the OvHV-2
homologous gene can replicate in vitro and is infectious to rabbits. OvHV-2 gB stimu-
lates neutralizing antibodies capable of blocking OvHV-2 entry (9), and therefore, it was
chosen as a target in this study. Here we describe the construction and characterization
of the AlHV-1/OvHV-2 chimeric virus and indicate its potential as a vaccine and as a tool
for analysis of OvHV-2 neutralizing antibody responses.

By using recombination strategies, constructs containing the AlHV-1 ORF8 gene
replaced by the galK gene (AlHV-1ΔORF73/ΔORF8) or by the OvHV-2 ORF8 gene (AlHV-
1ΔORF73/OvHV-2-ORF8) were successfully obtained, as confirmed by sequencing. Digestion
of each construct and the parental bacterial artificial chromosome (BAC) DNA with two
restriction enzymes, one that does not cut (SpeI) and another that cuts (EcoRI) within
the recombined region (Fig. 1), yielded expected restriction patterns, confirming the
correct recombination events and indicating the overall integrity of the genomes. To
evaluate the ability of the AlHV-1 constructs to infect cells, BAC DNA was first trans-
fected into immortalized fetal mouflon sheep kidney (FMSKhTERT.1) cells, and plaque
formation was evaluated. As illustrated in Fig. 2A, green fluorescence resulting from the
expression of green fluorescent protein (GFP) by the BAC cassette was visualized in
individual cells at 24 h, indicating that BAC DNA was taken up by cells. No green
fluorescence or plaques were visualized in mock transfected cells. At 96 h posttrans-
fection, plaques in cells infected with AlHV-1ΔORF73/OvHV-2-ORF8 and AlHV-1ΔORF73 were
visualized, indicating reconstitution of viral particles and cytopathic effect (CPE). Conversely,
although cells were successfully transfected with DNA from the AlHV-1ΔORF73/ΔORF8 BAC, no
plaque formation was observed at 96 h, indicating that this mutant virus was unable to
spread to other cells. The nonviability of the AlHV-1 mutant that had ORF8 deleted
(AlHV-1ΔORF73/ΔORF8) is not surprising, given that gB has been shown to be essential for
virus entry in several herpesviruses (10). Even though the essentiality of gB for AlHV-1
was not investigated in this study, the finding that OvHV-2 gB can replace AlHV-1 gB
in the entry process, as demonstrated in AlHV-1ΔORF73/OvHV-2-ORF8, is novel and useful
information. Although gB from equine herpesvirus 1 (EHV-1) can be replaced by the
EHV-4 homolog, gB homologs are not universally interchangeable (11–13). The loxP-
flanked BAC cassette was successfully removed when AlHV-1ΔORF73/OvHV-2-ORF8 was
cultured on FMSKhTERT.1/Cre cells, as confirmed by the absence of GFP expression
(Fig. 2B). As expected, chimeric viruses with either the BAC cassette excised or intact
were able to infect cells, spread, and cause CPE, as indicated by the presence of plaques
at 96 h postinfection (Fig. 2B). Importantly, specific gB staining in cells infected with
AlHV-1ΔORF73/OvHV-2-ORF8 was visualized when serum against OvHV-2 gB was used
(Fig. 3A), confirming expression of OvHV-2 gB protein by the AlHV-1/OvHV-2 chimeric
virus. Specificity of the antibodies used was confirmed by detection of OvHV-2 gB
expressed by a plasmid (pOvHV-2 ORF8), which was used as a positive control (Fig. 3B).
When treated with a negative serum, no staining was observed in cells transfected with
either AlHV-1ΔORF73/OvHV-2-ORF8 (Fig. 3C) or pOvHV-2 ORF8 DNA (not shown). No cross-
reactivity was detected in cells transfected with AlHV-1ΔORF73/ΔORF8 (Fig. 3D) or in
untransfected cells (Fig. 3E) treated with the OvHV-2 gB-specific serum. Next, we
evaluated whether replacement of the AlHV-1 ORF8 gene by the OvHV-2 homolog
affects virus growth in FMSKhTERT.1 cells. As illustrated in Fig. 4A, the growth kinetics of
AlHV-1ΔORF73/OvHV-2-ORF8 were similar to those of the parental and wild-type viruses
(P � 0.8270 by analysis of variance [ANOVA]). Plaque sizes were also similar in the three
viruses (P � 0.1561 by ANOVA; Fig. 4B). These results indicated that the chimeric virus
has the same replicative fitness as the parental virus, which is an important character-
istic when considering the AlHV-1/OvHV-2 chimeric virus as a vaccine. The possibility of
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generating AlHV-1/OvHV-2 chimeric viruses makes available a novel way to study
OvHV-2 pathogenesis by identifying proteins that may promote or restrict viral infec-
tion. Such studies are also essential to guide the development of efficacious MCF
vaccines.

From a sheep-associated MCF (SA-MCF) vaccine development standpoint, the
AlHV-1 expressing OvHV-2 gB is a potentially valuable tool. For insight in this direction,
we used a rabbit model of infection (21) to test whether AlHV-1ΔORF73/OvHV-2-ORF8 is able
to infect animals and induce production of antibodies without causing MCF. Rabbits
were inoculated with the AlHV-1/OvHV-2 chimera, the parental AlHV-1, or the wild-type

FIG 1 Replacement of AlHV-1 ORF8 by OvHV-2 ORF8 in the AlHV-1�ORF73 BAC using the galK recombineering
system. (Top) In step 1, the galK gene sequence flanked by arms (R1 and R2) corresponding to AlHV-1 ORF8
was produced by PCR and transformed into E. coli SW102 containing the AlHV-1�ORF73 BAC. Positive selection
on minimal medium containing galactose was used to identify colonies carrying the galK gene (AlHV-
1�ORF73 �ORF8). In step 2, a clone with the AlHV-1 ORF8 replaced by galK was subjected to recombination with
a PCR fragment containing the OvHV-2 ORF8 gene flanked by the R1 and R2 arms. Negative selection was
performed on plates containing minimal medium and 2-deoxygalactose with glycerol as the carbon source and
clones carrying OvHV-2 ORF8 (AlHV-1�ORF73/OvHV-2-ORF8) were selected. (Bottom) Restriction patterns of the BAC
DNAs are demonstrated following digestion with SpeI and EcoRI and electrophoresis in 1% agarose/SYBR
green gel. Lanes: 1, AlHV-1�ORF73; 2, AlHV-1�ORF73 �ORF8; 3, AlHV-1�ORF73/OvHV-2-ORF8. Red arrows indicate shifts
in band size or new bands. The expected sizes of target bands are indicated in base pairs to the right of the
gels.
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AlHV-1 by intranasal nebulization, and the outcome of infection was monitored.
Infection outcomes following inoculation are summarized in Table 1. As expected, no
viral DNA was detected in peripheral blood leukocytes (PBL) of rabbits inoculated with
AlHV-1ΔORF73/OvHV-2-ORF8 or with AlHV-1ΔORF73; however, AlHV-1-specific antibodies
were detected in serum starting at 42 days postinoculation (dpi), confirming that the
animals were infected. OvHV-2 gB-specific antibodies were also detected in all four
rabbits infected with the AlHV-1/OvHV-2 chimeric virus at 72 dpi; OvHV-2 gB antibody
titers in these animals ranged from 40 to 80. The absence of viral DNA in the PBL after
infection with the AlHV-1 ORF73-null virus has been shown previously (8). This is
probably simply due to the inability of the virus to establish latent infection/episomal
maintenance in lymphocytes. There is sufficient acute virus replication during the first
days after infection in vivo to induce antibodies, and then the virus is simply cleared by
the immune response and does not persist. None of the rabbits inoculated with the

FIG 2 Plaque formation and viral replication in cell culture. (A) Representative fluorescence microscopy
images of FMSKhTERT.1 cells transfected with AlHV-1 BAC DNA from different constructs at 24 and 96 h
posttransfection. Nontransfected cells (mock) were used as a control. Virus spreading and cytopathic
effect are indicated by the formation of plaques. Green fluorescence indicates expression of green
fluorescent protein encoded by the BAC cassette. BF, bright field; F, fluorescence with a fluorescein
isothiocyanate (FITC) filter. Magnification, �10. (B) Representative images of FMSKhTERT.1 cells infected
with AlHV-1�ORF73/OvHV-2-ORF8 reconstituted from FMSKhTERT.1 (BAC�, BAC cassette intact) or FMSKhTERT.1/
Cre cells (BAC�, BAC cassette excised) at 96 h postinfection.
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chimeric virus or the parental virus developed fever or any other clinical sign and were
healthy at the end of the experiment. In contrast, the rabbits inoculated with wild-type
AlHV-1 had detectable levels of viral DNA in PBL, starting at 35 dpi, and developed fever
between 36 and 51 dpi. MCF was confirmed by the presence of AlHV-1 DNA (ranging
from 1 � 104 to 5 � 105 viral genome copies per 50 ng of tissue total DNA) and
histological lesions compatible with AlHV-1-induced MCF in all three tissues examined
(lung, popliteal lymph node, and liver); perivascular infiltration of lymphoblastoid cells
in the lung of one representative rabbit is illustrated in Fig. S2 in the supplemental
material. In addition, three out of four rabbits in this group seroconverted to AlHV-1
between 35 and 45 dpi.

Together, these results show that AlHV-1ΔORF73/OvHV-2-ORF8 was nonpathogenic for
rabbits at the dose used (2.1 � 104 PFU) but sufficient to stimulate the production of
antibodies specific to OvHV-2 gB; in contrast, the wild-type AlHV-1 caused MCF in all
challenged rabbits. Infection parameters, such as viral DNA in PBL and disease devel-
opment, observed in this study were consistent with previous data reported for the
wild-type and AlHV-1ΔORF73 viruses (8). It is important to note that even using a lower
inoculum of AlHV-1ΔORF73/OvHV-2-ORF8 (2.1 � 104 PFU) than the wild-type virus inoculum
(3.2 � 104 PFU), the chimeric virus dose was enough to induce antibodies against the
recombinant protein, which is an essential characteristic regarding the use of this
construction as a vaccine. Although the experiment described here was not appro-
priate for challenge studies due to the small number of animals used, it demon-
strated that anti-gB antibody responses were stimulated in the animals infected
with AlHV-1ΔORF73/OvHV-2-ORF8 and paved the way for future experiments aimed at
evaluating this chimeric virus as a vaccine against SA-MCF. The nonpathogenic AlHV-1
used as a backbone in this study is an attractive alternative to express OvHV-2 gB in the
lung, the site of initial infection where production of neutralizing antibodies is needed.

Another drawback caused by the inability to propagate OvHV-2 in vitro is that there
is no neutralization assay available for this virus. We have previously developed an in
vivo system to measure neutralizing activity of antibodies against OvHV-2 (14). Al-
though this assay allowed the identification of neutralizing antibodies capable of
blocking OvHV-2 infection and the evaluation of cross-reactivity of neutralizing anti-

FIG 3 Reactivity of OvHV-2 gB-specific antibodies to the AlHV-1�ORF73/OvHV-2-ORF8 virus. Representative fluorescence microscopy
images of FMSKhTERT.1 cells harvested at 24 h posttransfection with AlHV-1�ORF73/OvHV-2-ORF8 (A and C), pOvHV-2 ORF8 (B), or
AlHV-1�ORF73/�ORF8 (D) DNA and untransfected cells (E). Cells were treated with OvHV-2 gB hyperimmune mouse serum (A, B, D,
and E) or preimmune serum (C) as a primary antibody and an anti-mouse IgG conjugated to Alexa Fluor 568 as a secondary
antibody. Slides were mounted with SlowFade Gold Antifade Mountant with DAPI and examined using fluorescence microscopy.
Individual images from the indicated area of merged image A are shown in A.1, A.2, and A.3. Red fluorescence indicates reactivity
of serum antibodies with gB, green fluorescence indicates expression of green fluorescent protein encoded by the BAC cassette,
and cell nuclei are stained blue. Magnification, �20.
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bodies between AlHV-1 and OvHV-2 (7), it is not practical to assess neutralizing
antibody responses on a large scale following vaccination. For that, an in vitro OvHV-2
neutralization assay is needed. In this study, we evaluated the AlHV-1/OvHV-2 chimeric
virus in a neutralization assay for OvHV-2 gB. AlHV-1ΔORF73/OvHV-2-ORF8 infection of
FMSKhTERT.1 cells was blocked by OvHV-2-specific antibodies with 50% tissue culture
infective dose (TCID50) titers that ranged from 8 to 256, while no neutralization activity
was observed when negative sera were used (Table 2). These results indicate that a
neutralization assay based on this chimeric virus can be used for detection and
quantification of neutralizing antibodies specific for the heterologous protein and
prompt future studies to validate the assay.

In summary, this study shows that the replacement of the AlHV-1 gB-encoding gene
by its OvHV-2 homolog did not affect the ability of AlHV-1 to infect and spread in
mammalian cells and that the constructed virus, AlHV-1ΔORF73/OvHV-2-ORF8, was non-

FIG 4 Viral replication kinetics and plaque size assay. (A) Multistep growth curves of the AlHV-1/
OvHV-2 chimera (AlHV-1�ORF73/OvHV-2-ORF8 [red line]), parental (AlHV-1�ORF73 [orange line]), and the
wild-type AlHV-1 (blue line) viruses in FMSKhTERT.1 cells. Virus titers at day zero were calculated from
viral stock titrations. Data presented for days 2, 3, 4, and 5 are means � standard deviations (SD)
(error bars) of triplicate measurements. No statistically significant difference in titers among the three
viruses was observed at any time postinoculation (P � 0.8270 by ANOVA). (B) Average plaque size
of the chimeric, parental, and wild-type (WT) viruses measured at 3 days postinfection. Boxes indicate
median plus the 25th and 75th percentiles for 14 plaques measured for each virus. Dots indicate
outliers, as defined by the Tukey method. No statistically significant difference in the plaque sizes of
the three viruses was observed (P � 0.1561 by ANOVA).
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pathogenic for rabbits and induced antibody response against the OvHV-2 gB protein.
Together, these data suggest that the AlHV-1/OvHV-2 chimeric virus is an attractive
alternative to be tested as a vaccine for SA-MCF. In addition, because anti-OvHV-2
antibodies can neutralize AlHV-1ΔORF73/OvHV-2-ORF8, this chimeric virus is a valuable tool
for the detection and quantification of OvHV-2 gB neutralizing antibodies in vitro, which
is also critical for vaccine development.

AlHV-1/OvHV-2 chimeric virus. AlHV-1ΔORF73 BAC (8) was used as the backbone
for construction of the chimeric virus. The galK recombineering system (15), performed
according to protocols available at http://redrecombineering.ncifcrf.gov, was used to
manipulate the viral genome in the BAC. A schematic representation of the recom-
bineering steps and the oligonucleotides used to replace the AlHV-1 ORF8, encoding
gB, by the OvHV-2 homologous gene are presented in Fig. 1 and Table 3, respectively.
Specifically, a galK gene sequence flanked by arms R1 and R2, corresponding to the

TABLE 1 Infection outcome following AlHV-1ΔORF73/OvHV-2 ORF8, AlHV-1ΔORF73, or wild-type AlHV-1 inoculation in rabbitsa

Virus and rabbit
Clinical signs
(dpi)b

AlHV-1 DNA
in PBL (dpi)c

Antibody response

Outcome

AlHV-1 DNA in tissue (dpi)f

OvHV-2 gB (dpi)d AlHV-1 (dpi)e Lung PLN Liver

AlHV-1ΔORF73/OvHV-2 ORF8

2076 � ND � (72) � (57) Healthy NT NT NT
2077 � ND � (72) � (72) Healthy NT NT NT
2078 � ND � (72) � (57) Healthy NT NT NT
2079 � ND � (72) � (42) Healthy NT NT NT

AlHV-1ΔORF73

2074 � ND ND � (57) Healthy NT NT NT
2075 � ND ND � (57) Healthy NT NT NT
2076 � ND ND � (42) Healthy NT NT NT
2079 � ND ND � (57) Healthy NT NT NT

Wild-type AlHV-1
2083 � (36) � (35) ND � (42) MCF 1 � 104 (36) 3 � 104 (36) 1 � 104 (36)
2084 � (50) � (45) ND � (42) MCF 4 � 104 (52) 3 � 105 (52) 1 � 104 (52)
2085 � (50) � (42) ND � (42) MCF 1 � 105 (50) 5 � 105 (50) 9 � 104 (50)
2086 � (51) � (50) ND ND MCF 4 � 104 (52) 3 � 105 (52) 1 � 105 (52)

aThe values in parentheses in the table show the time (days postinoculation [dpi]) when the clinical sign, DNA, or antibody response was observed.
bClinical signs shown as follows: �, no clinical signs; �, presence of clinical signs (fever).
cAlHV-1 DNA detected in peripheral blood leukocytes (PBL). ND, AlHV-1 DNA not detected at any time point throughout the experiment; �, AlHV-1 DNA
detected by PCR.

d�, anti-OvHV-2 gB antibodies detected by ELISA; ND, not detected.
e�, anti-AlHV-1 antibodies detected by ELISA; ND, not detected.
fAlHV-1 genome copy number per 50 ng of total DNA in tissue as quantified by qPCR; PLN, popliteal lymph nodes; NT, not tested.

TABLE 2 Blocking of AlHV-1ΔORF73/OvHV-2-ORF8 by OvHV-2-specific antibodies from rabbits
and sheep

OvHV-2 serologya Sampleb Neutralization titer (TCID50)

Positive Rabbit 1 (IM) 128
Rabbit 2 (IM) 256
Sheep 1 (ExI) 32
Sheep 2 (ExI) 128
Sheep 3 (NaI) 8
Sheep 4 (NaI) 64

Negative Rabbit 1 (pre) �8
Rabbit 2 (pre) �8
Rabbit 3 (NI) �8
Sheep 5 (NI) �8
Sheep 6 (NI) �8
Sheep 7 (NI) �8

aOvHV-2 specific antibodies as tested by MCFV cELISA.
bThe time and treatment of the animal is shown in parentheses as follows: pre, pre immunization; IM,
OvHV-2 gB immunized; ExI, experimental OvHV-2 infection; NaI, natural OvHV-2 infection; NI,
noninfected/immunized.
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AlHV-1 gene to be replaced (AlHV-1 ORF8), was produced by PCR using the primers
R1-galK-F and R2-galK-R and a plasmid containing the galK gene as the template. The
fragment obtained, R1-galK-R2, was transformed into Escherichia coli SW102 containing the
AlHV-1ΔORF73 BAC. A clone containing an ORF8-deleted AlHV-1 BAC (AlHV-1ΔORF73/ΔORF8)
was positively selected using galactose. Next, an AlHV-1ΔORF73/ΔORF8 clone was sub-
jected to recombination with a DNA fragment containing the OvHV-2 ORF8 gene
flanked by the R1 and R2 arms. This fragment was produced by PCR using primers
R1-OvHV-2-ORF8-F and R2-OvHV-2-ORF8-R and a plasmid containing a codon-
optimized sequence of the OvHV-2 ORF8 gene (see Fig. S1 in the supplemental
material) as the template. Negative selection was performed on plates containing
minimal medium and 0.4% 2-deoxygalactose. Clones containing the OvHV-2 ORF8 gene
were screened by PCR using primers Pre-R1-F and Post-R2-R. BAC DNA was purified
using NucleoBond BAC100 (Clontech) per the manufacturer’s recommendations. The
authenticity and integrity of recombinant clones were verified by both sequencing and
digestion pattern using SpeI or EcoRI (New England BioLabs Inc.).

Cells. FMSK cells were maintained in complete Dulbecco’s modified Eagle medium
(complete DMEM) (DMEM supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 �g/ml streptomycin, and 1 �g/ml amphotericin B) at 37°C in 5% CO2.

To generate an immortalized cell line, FMSK cells were stably transfected with the
plasmid pBABE-puro-hTERT (16) using Attractene transfection reagent (Qiagen). Cells
were selected using puromycin (3 �g/ml) for 12 days and then cloned by limiting
dilution with continued selection in puromycin (2 �g/ml). The cell line was desig-
nated FMSKhTERT.1.

To generate cells expressing Cre recombinase, FMSKhTERT.1 cells were transfected
with the plasmid pEFIN3-NLS-Cre (17) using Lipofectamine LTX with Plus reagent
(ThermoFisher Scientific). Stably transfected cells, designated FMSKhTERT.1/Cre, were
selected using Geneticin (150 �g/ml) and used without further cloning.

Virus reconstitution. FMSKhTERT.1 cells (1 � 105/well of 12-well plates) were
transfected with BAC DNA (1.25 �g) using Lipofectamine LTX with Plus reagent
(ThermoFisher Scientific). Fluorescence microscopy was used to assess successful trans-
fections by visualization of GFP. Five days posttransfection, virus was expanded by
passaging infected cells with uninfected FMSKhTERT.1 cells. Infected cells were frozen at
�80°C when the CPE was about 80%. Virus stocks were prepared by freezing and
thawing infected cells three times. Supernatant containing virus was stored at �80°C
until use.

The titer of virus stocks was calculated using a standard plaque assay. Briefly, virus
was serially diluted in DMEM and incubated with FMSKhTERT.1 for 2 h at 37°C. Cells were
washed and overlaid with 2% carboxymethyl cellulose in DMEM with 1% FBS. The
number of PFU was counted at 5 dpi after fixation (10% formaldehyde) and staining
(0.1% crystal violet).

TABLE 3 Oligonucleotides used in the study

Oligonucleotide IDa Sequence (5= to 3=)b

R1 region TAGTTTATAGCAACAAAAAGTGGATATTTAAAGACTTGTATGCCCTCCTGTACGCCCACATGCAACTAGCCAACA
R2 region AATTTACAAACATAGTGAGTCATACACCAGGAAGTCAGTACAACATGCTCTTACAATGAGTCATACACTTTATTA
R1-galK-F TAGTTTATAGCAACAAAAAGTGGATATTTAAAGACTTGTATGCCCTCCTGTACGCCCACATGCAACTAGCCAACA

CCTGTTGACAATTAATCATCGGCA
R2-galK-R AATTTACAAACATAGTGAGTCATACACCAGGAAGTCAGTACAACATGCTCTTACAATGAGTCATACACTTTATTA

TCAGCACTGTCCTGCTCCTT
R1-OvHV-2-ORF8-F TAGTTTATAGCAACAAAAAGTGGATATTTAAAGACTTGTATGCCCTCCTGTACGCCCACATGCAACTAGCCAACA

ATGGCTTCTCCTACCTCTACC
R2-OvHV-2-ORF8-R AATTTACAAACATAGTGAGTCATACACCAGGAAGTCAGTACAACATGCTCTTACAATGAGTCATACACTTTATTA

CAGGGCAGCAGCAGACTC
Pre-R1-F CCACTGCTTGCTCATCG
Post-R2-R AAAGGCAAGGTTGTAATG
aID, identification; F, forward; R, reverse.
bArms R1 and R2 sequences are underlined.
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To excise the loxP-flanked BAC cassette and expand virus stocks, FMSKhTERT.1/Cre
cells were infected with virus at a multiplicity of infection (MOI) of approximately 0.6.
Infected cells were mixed with uninfected FMSKhTERT.1/Cre cells at 10 dpi, and virus
stocks were prepared as described above. Loss of GFP expression in viral plaques was
monitored by fluorescence microscopy.

Growth curves and plaque size assay. Triplicate cultures of FMSKhTERT.1 cells
were infected with wild-type AlHV-1, AlHV-1ΔORF73, or AlHV-1ΔORF73/OvHV-2-ORF8 at an
MOI of 0.001. Virus was incubated with cells for 2 h at 37°C and then replaced by
complete DMEM. Cells and supernatants were collected at various time points postin-
fection and stored at �80°C. Infectious virus was quantitated in triplicate as described
above. The mean number of PFU of each virus per milliliter was compared using
ANOVA; a P value of �0.05 was considered statistically significant.

For plaque size measurement, live cells were examined for GFP expression at 3 days
postinfection using a Nikon Eclipse Ti-S microscope equipped with a Digital Sight
Qi7Mc camera. The perimeters of viral plaques were outlined freehand, and the pixels
were converted to actual dimensions using the NIS-Elements Basic Research software
(ver. 3.06, Nikon). The mean area of plaques of each virus was compared using ANOVA;
a P value of �0.05 was considered statistically significant.

Indirect immunofluorescence staining. FMSKhTERT.1 cells were transfected with
AlHV-1ΔORF73/OvHV-2-ORF8, AlHV-1ΔORF73/ΔORF8, or a plasmid expressing OvHV-2 gB
(pOvHV-2 ORF8) and cultured as described above. Following 24 h in culture, transfected
and untransfected cells were washed in phosphate-buffered saline (PBS) (pH 7.4) and
lifted using 10 mM EDTA (5 min at 37°C). Cells were immobilized on glass slides and
fixed/permeabilized in 25% methanol�75% acetone. For immunostaining, a home-
made mouse hyperimmune serum against OvHV-2 gB (1:80) or the mouse preimmune
serum (1:80) were used. For detection, a goat anti-mouse IgG (H�L) Alexa Fluor 568
conjugate (ThermoFisher Scientific) was used (1:1,000). Slides were mounted with
SlowFade Gold Antifade Mountant with DAPI (4=,6=-diamidino-2-phenylindole) (Ther-
moFisher Scientific), and cells were visualized by epifluorescence microscopy.

Rabbit infection. Three-month-old New Zealand rabbits were used in this study.
The animals were maintained at Washington State University, Pullman, WA, in accor-
dance with approved animal care and use protocols. Four rabbits were inoculated by
intranasal nebulization with the AlHV-1/OvHV-2 chimeric virus (AlHV-1ΔORF73/OvHV-2-ORF8,
2.1 � 104 PFU/rabbit), four rabbits were nebulized with the AlHV-1 parental virus
(AlHV-1ΔORF73, 3.2 � 104 PFU/rabbit), and four rabbits were nebulized with the wild-
type AlHV-1 (C500 strain, 3.2 � 104 PFU/rabbit). The AlHV-1ΔORF73/OvHV-2-ORF8 and
AlHV-1ΔORF73 viruses used in this experiment had the BAC cassette excised. Animals
were regularly monitored for clinical signs of MCF and tested for AlHV-1 DNA and
specific antibodies in blood. AlHV-1 DNA was detected and quantified by quantitative
PCR (qPCR) (18). Antibodies specific for OvHV-2 gB or MCF viruses antibodies were
detected by enzyme-linked immunosorbent assay (ELISA) or competitive ELISA (cELISA),
respectively, as previously described (9, 19). Animals that developed clinical signs were
euthanized within 48 h of onset of fever (�40°C) and necropsied immediately. The
lungs, liver, and popliteal lymph nodes were collected and processed for confirmation
of MCF based on histopathology and detection of AlHV-1 DNA. Euthanasia and post-
mortem examination and testing were performed as previously described (7, 20).
Healthy animals were maintained for 73 dpi, when the experiment was terminated.

Neutralization assay. AlHV-1ΔORF73/OvHV-2-ORF8 (102 TCID50) was incubated with
serially diluted sera for 1 h at 37°C and then mixed with FMSKhTERT.1 cells. The virus,
serum, and cells (2.5 � 104 cells/well) mixture was seeded into 96-well plates and
incubated for 5 days. The titer of neutralizing antibodies against OvHV-2 gB was the
reciprocal of the highest serum dilution that inhibited CPE in �50% of the wells. Tested
samples included homemade hyperimmune sera from rabbits (rabbits 1 and 2, immu-
nized with OvHV-2 gB DNA [9]) and sera from sheep experimentally or naturally
infected with OvHV-2. Serum samples from naive animals (preimmune or uninfected)
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were used as negative controls. All sera were confirmed positive or negative to
anti-MCF viruses gB antibodies by cELISA (19).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://dx.doi.org/10.1128/
mSphere.00108-16.

Figure S1, PDF file, 0.1 MB.
Figure S2, PDF file, 0.2 MB.
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