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After ocular herpes simplex virus type 1 (HSV-1) infection, the virus travels up axons and establishes a
lifelong latent infection in neurons of the trigeminal ganglia. LAT (latency-associated transcript), the only
known viral gene abundantly transcribed during HSV-1 neuronal latency, is required for high levels of
reactivation. The LAT function responsible for this reactivation phenotype is not known. Recently, we showed
that LAT can block programmed cell death (apoptosis) in neurons of the trigeminal ganglion in vivo and in
tissue culture cells in vitro (G.-C. Perng et al., Science 287:1500-1503, 2000; M. Inman et al., J. Virol.
75:3636-3646, 2001). Consequently, we proposed that this antiapoptosis function may be a key to the mech-
anism by which LAT enhances reactivation. To study this further, we constructed a recombinant HSV-1 virus
in which the HSV-1 LAT gene was replaced by an alternate antiapoptosis gene. We used the bovine herpes virus
1 (BHV-1) latency-related (LR) gene, which was previously shown to have antiapoptosis activity, for this
purpose. The resulting chimeric virus, designated CJLAT, contains two complete copies of the BHV-1 LR gene
(one in each viral long repeat) in place of the normal two copies of the HSV-1 LAT, on an otherwise wild-type
HSV-1 strain McKrae genomic background. We report here that in both rabbits and mice reactivation of
CJLAT was significantly greater than the LAT null mutant dLAT2903 (P < 0.0004 and P = 0.001, respectively)
and was at least as efficient as wild-type McKrae. This strongly suggests that a BHV-1 LR gene function was
able to efficiently substitute for an HSV-1 LAT gene function involved in reactivation. Although replication of
CJLAT in rabbits and mice was similar to that of wild-type McKrae, CJLAT killed more mice during acute
infection and caused more corneal scarring in latently infected rabbits. This suggested that the BHV-1 LR gene
and the HSV-1 LAT gene are not functionally identical. However, LR and LAT both have antiapoptosis activity.
These studies therefore strongly support the hypothesis that replacing LAT with an antiapoptosis gene restores

the wild-type reactivation phenotype to a LAT null mutant of HSV-1 McKrae.

Herpes simplex virus type 1 (HSV-1) is a large (152-kb)
double-stranded DNA virus with neurotropic properties.
HSV-1 establishes lifelong latent infections in host sensory
neurons. This virus is wide spread in the general population.
When the eye is infected, the virus travels up nerves and
establishes latent infection in neurons of the trigeminal ganglia
(TG). During neuronal latency, HSV-1 has no apparent impact
on the infected individual. The latent virus can reactivate at
various times throughout the life of the individual. This occurs
through a mechanism(s) that is currently not completely un-
derstood. HSV-1 reactivation in the TG results in virus return-
ing to the eye via the same route previously used to get from
the eye to the TG. At the eye, reactivated HSV-1 can produce
recurrent disease. Recurrent HSV-1 infection in the eye can
cause corneal scarring leading to loss of vision. As a result,
HSV-1 is one of the most common infectious causes of corneal
blindness in the developed world.

* Corresponding author. Mailing address: Ophthalmology Research
Laboratories, Cedars-Sinai Medical Center Burns & Allen Research
Institute, Davis Bldg., Rm. 5072, 8700 Beverly Blvd., Los Angeles, CA
90048. Phone: (310) 423-6457. Fax: (310) 423-0225. E-mail: Wechsler
(@cshs.org.
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During neuronal latency, LAT (latency-associated tran-
script) is the only abundantly transcribed viral gene (30, 37).
The primary LAT transcript is ca. 8.3 kb long (7, 45) and
overlaps two viral genes, ICPO and ICP34.5, in an antisense
direction (30, 37). A very stable intron, the 2-kb LAT is spliced
from the primary transcript (9) and is the major LAT RNA
detected during latency (7, 33, 36, 42-44).

LAT enhances the induced and spontaneous reactivation
phenotypes in the rabbit ocular model (12, 21) and the induced
reactivation phenotype in mice (la, 6, 19, 26, 31, 35). The
reduced reactivation phenotypes of LAT™ mutants does not
necessarily imply that LAT is directly involved in the molecular
mechanism of HSV-1 reactivation from latency. LAT might
enhance reactivation by increasing the initial amount of latency
established and/or by maintaining a high level of latently in-
fected neurons. The larger pool of latently infected neurons
and/or the larger pool of neurons containing high copy num-
bers of the HSV-1 genome would be expected to increase
reactivation. Several reports have, in fact, shown that in exper-
imentally infected animals more neurons become latently in-
fected with LAT™" viruses compared to LAT™ viruses (29, 31,
40). In addition, we have recently shown that LAT has anti-
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apoptosis activity that could protect acutely infected neurons
from virus-induced programmed cell death and result in in-
creased establishment of latency (15, 20).

Because of LAT’s antisense orientation to ICPO, it was orig-
inally proposed that LAT might function in the latency-reac-
tivation cycle by regulating ICP0O expression via an antisense
mechanism (30, 37). In addition, an apparent readthrough
LAT transcript extends well into the region of another impor-
tant immediate-early gene, ICP4, also in an antisense orienta-
tion. Thus, it has been proposed that LAT may suppress these
immediate-early genes via an antisense mechanism and that
this in turn results in virus shutdown and increased establish-
ment of latency, subsequently resulting in increased reactiva-
tion (3, 10). However, the LAT function that enhances reacti-
vation maps to within the first 1.5 kb of the primary LAT
transcript (2, 24). This 1.5-kb region does not overlap ICPO or
ICP4, encompasses only the first 837 nucleotides of the stable
2-kb LAT, and does not retain the 2-kb LAT stability (24).
Thus, LAT must enhance reactivation in the rabbit by a mech-
anism that does not involve antisense regulation of ICP0, does
not require production of the entire 2-kb LAT, does not re-
quire splicing of the 2-kb LAT, and does not require the
presence of a stable LAT RNA.

We recently showed that LAT has antiapoptosis activity in
the absence of other viral genes, which correlates well with a
LAT null mutant inducing high levels of virus-induced pro-
grammed cell death (apoptosis) in neurons of HSV-1-infected
rabbit TG (20). LAT’s antiapoptosis activity has been indepen-
dently confirmed in tissue culture and in the mouse model of
ocular HSV-1 (1). Moreover, we have shown that this anti-
apoptosis activity maps to within the same 1.5-kb region to
which enhancement of the spontaneous reactivation pheno-
type maps (15). This further suggests that LAT’s antiapoptosis
activity is important in the latency-reactivation cycle.

To investigate this further, we constructed an HSV-1 mutant
in which both copies of the region of LAT that enhances the
reactivation phenotype were removed and replaced by a dif-
ferent antiapoptosis gene. If a recombinant virus containing an
alternative antiapoptosis gene in place of LAT had a LAT null
mutant-like reactivation rate, it would suggest that interfering
with apoptosis is not the primary LAT function responsible for
enhancing reactivation. In contrast, if an alternative antiapo-
ptosis gene could effectively replace LAT and produce a virus
with wild type-like reactivation, it would suggest that LAT’s
antiapoptosis activity was key to LAT’s ability to enhance re-
activation.

We report here on the construction of a chimeric recombi-
nant HSV-1 virus, CJLAT, in which both copies of LAT were
replaced with the bovine herpesvirus type 1 (BHV-1) latency-
related (LR) gene. Like LAT, the LR gene can block apoptosis
in transient-transfection assays in tissue culture (4). We show
here that, compared to the LAT™ mutant dLAT2903, CJLAT
had significantly higher in vivo spontaneous reactivation in the
rabbit (P = 0.0003 and P < 0.0001 in two independent exper-
iments) and significantly higher in vitro-induced reactivation in
the mouse (P = 0.001). These results support the hypothesis
that LAT’s antiapoptosis activity is important for LAT’s ability
to enhance reactivation.
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MATERIALS AND METHODS

Virus and cells. All parental and mutants viruses were triple plaque purified
and passaged only one or two times in rabbit skin (RS) cells prior to use.
Wild-type McKrae, the McKrae-derived LAT ™ mutant dLAT2903, and marker-
rescued dLAT2903R have been previously described (21). RS and CV-1 cells
were grown in Eagle minimal essential medium supplemented with 5% fetal calf
serum.

Construction of CJLAT. The plasmid p1658 contains two HSV-1 DNA restric-
tion fragments. One restriction fragment (Hpal-EcoRV) corresponds to the
region from 1800 to 161 nucleotides upstream of the LAT start site (LAT
nucleotides —1800 to —161). The other restriction fragment (Hpal-Mlul) corre-
sponds to LAT nucleotides 1667 to 2850. A unique Pacl restriction site was
cloned between these restriction fragments (i.e., between LAT nucleotides —161
and +1667). Pacl linkers were added to the complete BHV-1 LR gene DNA,
which was then cloned into the above unique Pacl restriction site of p1658. The
LR gene was a 1.9-kb HindIII-Sall fragment derived from the HindIIID frag-
ment of BHV-1 strain Cooper (BHV-1 nucleotides 1 to 1941) that contains the
LR promoter and the known coding sequences (18). The resulting plasmid,
CJLATP1658, was cotransfected with infectious dLAT2903 genomic DNA into
RS cells as we previously described for construction of other HSV-1 mutants (21,
25). After homologous recombination between the HSV-1 DNA flanking the
BHV-LR DNA in the plasmid and the genomic DNA flanking the LAT deletion
in dLAT2903, the cotransfection mix was plated on RS cells, and viral plaques
were isolated. Individual plaques were analyzed by restriction digestion and
Southern analysis. In the final chimeric virus, CJLAT, the core LAT promoter
and the region of the LAT gene corresponding to the first 1.7-kb of the primary
LAT transcript of HSV-1 McKrae has been replaced by the BHV-1 LAT gene.
CJLAT was triple plaque purified and its genomic structure was confirmed by
additional restriction digestion-Southern analysis.

Rabbits. Eight- to ten-week-old New Zealand White male rabbits (Irish
Farms) were used. Rabbits were treated in accordance with ARVO (Association
for Research in Vision and Ophthalmology), AALAC (American Association for
Laboratory Animal Care), and National Institutes of Health guidelines. Rabbits
were bilaterally infected without scarification or anesthesia by placing, as eye
drops, 2 X 10° PFU of virus into the conjunctival cul-de-sac, closing the eye, and
rubbing the lid gently against the eye for 30 s as we previously described (30).
Analysis of virus replication in eyes was done as previously described (21)

Mice. Swiss-Webster mice were used. Mice were ocularly infected as for
rabbits except that the infectious dose was 2 X 10° PFU/eye. Analysis of virus
replication in the eyes and TG was done as previously described (26).

Neutralization assay. Serum-neutralizing antibody titers were determined by
standard plaque reduction assays as previously described (28).

Northern blot hybridization. Subconfluent cell monolayers were infected at a
multiplicity of infection (MOI) of 5 PFU/cell, total RNA was isolated, and
Northern blot analysis was performed according to standard protocols by using
a 3?P-labeled cloned restriction fragment specific for the detection of BHV
LR-RNA or specific for the detection of HSV-1 LAT and ICPO.

RT-PCR. For the reverse transcription (RT) step, 1 wg of total cell RNA
(DNase treated) was mixed with 1 pg of random hexamer primers in a total
volume of 4 pl, incubated at 65°C for 7.5 min, and chilled on ice (denaturation).
Then, 16 pl of ice-cold RT mix (20 mM Tris-HCI [pH 8.3]), 50 mM KCl, 2.5 mM
MgCl, 100 pg of bovine serum albumin/ml, 1 mM dithiothreitol, a 0.5 mM
concentration of each deoxynucleoside triphosphate, 10 U of RNasin, and 100 U
of RNase H™ reverse transcriptase [Stratagene]) was added. The reaction mix-
ture was incubated for 10 min at 20.5°C and then for 90 min at 45°C. RT was
terminated by incubation at 95°C for 5 min. As a control for DNA contamination
in the RNA samples, 0.5 pg of RNA (DNase treated) was mixed with ice-cold RT
mix lacking reverse transcriptase in a final volume of 10 .l

An aliquot (1.5 pl) of RT reaction mixtures was used for each PCR. PCRs
were carried out in 50 pl of a mixture containing 1X commercial PCR buffer, a
200 wM concentration of each deoxynucleoside triphosphate, 1.0 mM MgCl,, a
1 wM concentration of each LR primer, 10% glycerol, and 1 U of Tag polymer-
ase. Amplification was carried out for 40 cycles of denaturing at 95°C for 1 min,
annealing at 65°C for 1 min, and extending at 72°C for 2 min. After completion
of the last cycle, reaction mixtures were further incubated at 72°C for 7 min to
ensure complete extension of the amplified products. All PCRs were “hot start-
ed.” The use of RNase H™ reverse transcriptase, a high temperature for RT,
10% glycerol, and a “hot start” in the PCRs allow amplification through RNA
regions of complex secondary structure. Amplified products were visualized on
agarose gels. The LR primers used—L3B upstream (nucleotides 1755 to 1775;
5'-TTCTCTGGGCTCGGGGCTGC-3") and L3B downstream (nucleotides
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FIG. 1. Schematic representation of mutant viruses. (A) Genomic structure of wild-type HSV-1 strain McKrae. TRL and IRL indicate the viral

long repeats (terminal and internal, respectively). IRS and TRS indicate
regions. The dashed lines indicate that the region of the TRL and IRL are

the viral short repeats. UL and US indicate the long and short unique
expanded below with the TRL inverted relative to the IRL so that both

identical regions can be represented by a single image. (B) The LAT region of wild-type and marker-rescued dLAT2903R. The LAT promoter is
represented by the open rectangle. The primary 8.3-kb LAT transcript is indicated by the large arrow. The solid rectangle indicates the stable 2-kb
LAT intron. The start of LAT transcription is indicated by the arrow at +1 (LAT nucleotide 1). The relative locations of the ICP0O and ICP34.5
RNAs are shown for reference. (C) The deletion from LAT nucleotide —161 to +1667 in dLAT2903 is indicated by “XXXXXXX.” dLAT2903
is a true LAT null mutant that is missing primary LAT promoter elements between positions —161 and +1. dLAT2903 is also lacking a putative
secondary LAT promoter, LAP2, located within the 5" end of the primary LAT transcript prior to the start of the 2-kb LAT (11). This mutant
therefore is not capable of expressing any LAT RNA (21). (D) The LAT region of CJLAT. The complete LR gene of BHV-1, including the
promoter (a 1,941-bp HindIII-Sall fragment), was inserted into the deletion in dLAT2903. The resulting virus expresses the LR-RNA from the

HSV-1 LAT region.

1924 to 1947; 5'-AGAGGTCGACAAACACCCGCGGT-3")—were described
previously (13).

Statistical analysis. Analyses were performed by using the personal computer
program Prizm GraphPad, version 3.02.

RESULTS

Construction and genomic structure of CJLAT. The
genomic structures of CJLAT and other viruses used in this
study are shown schematically in Fig. 1. All viruses were de-
rived from HSV-1 strain McKrae. Figure 1A shows the proto-
typic structure of the wild-type HSV-1 McKrae genome. The
viral long repeats are expanded (dashed lines) to show the
relative location and status of the LAT gene in McKrae and
marker-rescued dLAT2903R (Fig. 1B). The dashed lines cross
to indicate that the repeats are inverted (i.e., the DNA se-
quences are in opposite orientations). The locations of the

ICPO and ICP34.5 genes are shown for reference. The primary
LAT transcript in wild-type virus and marker-rescued
dLAT2903R is ca. 8.3 kb (41, 42). A very stable and easily
detected 2-kb LAT (solid rectangle) appears to be an intron
derived by splicing of the primary LAT (9). The LAT region of
dLAT2903 (Fig. 1C) contains a deletion in both copies of LAT
from —161 to +1,677 relative to the start of the primary LAT
transcript (indicated by “XXXXX”). This virus is missing key
promoter elements, makes no LAT RNA, is a true LAT null
mutant, and reactivates from latency inefficiently (21). The
LAT region of CJLAT (Fig. 1D) contains the complete BHV-1
LR gene, including the LR promoter, inserted into the dele-
tion in dLAT2903. CJLAT thus contains two complete copies
of the BHV-1 LR gene (one in each viral long repeat) driven
by the BHV-1 LR promoter. This virus is equivalent to marker-
rescued dLAT2903R (Fig. 1B), except that the deletion in
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dLAT2903 was “rescued” by using BHV-1 DNA rather than
HSV-1 DNA.

The construction of dLAT2903 and dLAT2903R have been
previously described (21). Because the BHV-1 LR gene has no
sequence homology to the HSV-1 LAT gene, construction of
CJLAT by homologous recombination required that the
BHV-1 LR gene was first cloned into a plasmid containing
appropriate HSV-1 flanking sequences. This and additional
details of the construction of CJLAT are given in Materials
and Methods.

CJLAT expresses BHV LR-RNA but no HSV-1-LAT. CV-1
cells were infected with CJLAT, dLAT2903, or wild-type Mc-
Krae at an MOI of 5. Total RNA was isolated at various times
postinfection (p.i.). RT-PCR was performed by using the L3B
primers specific for BHV-1 LR-RNA, and the RT-PCR prod-
ucts were analyzed by agarose gel electrophoresis as described
in Materials and Methods (Fig. 2A). Lane 13 shows the PCR
product generated from cloned LR DNA and acts as a size
marker. An RT-PCR product of the same size was seen with
RNA from cells infected with CJLAT. The amount of the
RT-PCR product appeared to increase from 6 to 12 to 24 h p.i.
(lanes 5, 6, and 7, respectively) and then remained constant
from 24 to 48 h p.i. (compare lanes 7 and 10). This is consistent
with expression of LR-RNA in BHV-1-infected cells (18) and
for LAT in HSV-1-infected cells (34). As expected, no RT-
PCR product was seen at any time p.i. with RNA from wild-
type HSV-1 McKrae-infected cells (lanes 1, 2, and 8) or
dLAT2903-infected cells (lanes 3, 4, and 9). Also, as expected,
no RT-PCR product was seen with RNA from mock-infected
cells (lane 11) or when RNA (lane 12) was left out of the
reaction mix. In addition, no RT-PCR product was seen when
reverse transcriptase was left out of the reaction mix (Fig. 2B,
lanes 1 to 10).

Transcription of BHV-1 LR-RNA was also examined by
Northern blot analysis. CV-1 cells were infected at an MOI of
5 with CJLAT, wild-type McKrae, or dLAT2903. Total RNA
was isolated 12 h p.i. and subjected to standard Northern blot
analysis with a probe specific for BHV-1 LR-RNA (a
HindIII-Sall DNA restriction fragment containing the entire
LR gene). An RNA transcript that hybridized to the LR-RNA
specific probe and that corresponded in size to LR-RNA (ca.
1.3 to 1.5 kb) was readily detected in the CJLAT lane (Fig. 2C,
arrow) but not in the wild-type, dLAT2903, or uninfected CV-1
cell lanes. Additional LR-RNA bands representing alternative
splicing products or readthrough transcription were also seen
in the CJLAT lane. The Northern blot in Fig. 2C was stripped
and reprobed with an HSV-1 Hpal-MIul DNA restriction frag-
ment (LAT nucleotides 1667 to 2850) capable of hybridizing to
both LAT and ICPO (Fig. 2D). As expected, the 2-kb LAT
RNA was detected in wild-type HSV-1 McKrae-infected cells
(lower arrow) but not in mock-, CJLAT-, or dLAT2903-in-
fected cells. ICPO was detected with all three viruses (upper
arrow) but not in uninfected cells, and the intensities of the
ICPO bands were similar with all three viruses. These results
shown in Fig. 2 suggest that LR-RNA was expressed by CILAT
and that ICPO expression was not perturbed in CJLAT.

Replication of CJLAT in tissue culture. CV-1 cells were
infected at an MOI of 0.01 with CJLAT, dLAT2903 (the im-
mediate parental virus), or wild-type McKrae (the parental

REPLACEMENT OF HSV-1 LAT WITH ANTIAPOPTOSIS GENE 1227

virus for dLAT2903). Replication appeared similar for all
three viruses (Fig. 3). Thus, insertion and expression of the
BHV-1 LR gene in place of the HSV-1 LAT gene did not
noticeably alter virus replication in tissue culture. This also
supports the conclusion that the ICPO gene is functioning cor-
rectly.

Replication of CJLAT in rabbit eyes. Rabbits were bilater-
ally ocularly infected with 2 X 10° PFU of CJLAT, dLAT2903,
or wild-type McKrae/eye as described in Materials and Meth-
ods. Tear films were collected from 10 eyes at various times,
and the amount of virus in each tear film was determined by
standard plaque assays on RS cells. Two independent experi-
ments were performed (Fig. 4). Replication of CJLAT ap-
peared similar to that of dLAT2903 and wild-type McKrae in
both experiments.

Rabbit survival. In the above experiments rabbit survival
(with death due to viral encephalitis) was determined on day
21 p.. There was no significant difference in rabbit survival
among the three viruses in either experiment (Fig. 5). Thus,
after ocular infection of rabbits, CJLAT appeared to have
wild-type virulence as measured by survival.

Spontaneous reactivation. Beginning 30 days p.i., a time at
which latency is well established, spontaneous reactivation can
be determined by analyzing tears for the presence of infectious
virus (i.e., virus shedding). However, if corneal scarring devel-
ops (<10% of wild type-infected eyes) detection of infectious
virus in the tears of that eye becomes difficult, and these eyes
are routinely excluded (29). In both sets of infected rabbits
described above, ca. 80% of the eyes in the CJLAT group
developed corneal scarring. Therefore, we were unable to use
this approach to examine spontaneous reactivation of CJLAT.

In rabbits infected with viruses showing efficient (LAT™" and
wild type) or inefficient (LAT ) spontaneous reactivation,
neutralizing antibody titers increase and are similar through-
out the first 45 days p.i. (28). However, by day 59 p.i. (ca. 31 to
45 days after latency is established), the continued restimula-
tion of the immune system in rabbits latently infected with
efficiently reactivating viruses results in increased neutralizing
antibody titers compared to rabbits infected with poorly reac-
tivating viruses (28). This difference has been used to deter-
mine whether mutant viruses show wild-type LAT-like or
LAT™ -like spontaneous reactivation (29). An increase in neu-
tralizing antibody titers is also a sensitive measure of detecting
dexamethasone-induced reactivation of calves latently infected
with BHV-1 (17), demonstrating that an increase in virus-
specific antibodies normally occurs after alphaherpesvirus re-
activation. Thus, this approach was used to examine spontane-
ous reactivation of CJLAT.

Sera were collected on day 59 p.i. from each of the surviving
rabbits shown in Fig. SA (experiment 1) or from the 8 wild-
type-infected surviving rabbits or the 10 dLAT2903- and
CJLAT-infected surviving rabbits shown in Fig. 5B (experi-
ment 2). Neutralizing antibody titers were determined on each
serum, and the results were plotted as scattergrams (Fig. 6A
and B). As expected, in both experiments the wild-type-in-
fected rabbits had significantly higher neutralizing antibody
titers than the dLAT2903-infected rabbits, a finding indicative
of higher spontaneous reactivation with the wild-type virus.
The CJLAT-infected rabbits also had significant higher aver-
age neutralizing antibody titers than the dLAT2903-infected
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FIG. 2. RT-PCR and Northern blot analysis of LR-RNA expressed in CJLAT. (A) CV-1 cells were infected with CJLAT, dLAT2903, or
wild-type McKrae at an MOI of 5. Total RNA was isolated at various times p.i., and RT-PCR was performed as described in Materials and
Methods. Lanes: 1, McKrae (6 h pi); 2, McKrae (24 h p.i.); 3, dLAT2903 (6 h p.i.); 4, dLAT2903 (24 h p.i.); 5, CJLAT (6 h p.i.); 6, CILAT (12 h
p.i.); 7, CJLAT (24 h p.i.); 8, McKrae (48 h p.i.); 9, dLAT2903 (48 h p.i.); 10, CJLAT (48 h p.i.); 11, mock infected; 12, no RNA; 13, plasmid
containing LR gene; M, 100-bp marker ladder (the fastest-migrating band is 100 bp). The expected size of the RT-PCR product is 192 bp. (B)
No-RT controls. Lanes: 1 to 10 are the same as in panel A, except that no reverse transcriptase was added to the reactions. (C) Total RNA from
CV-1 cells infected as described above was isolated 12 h p.i. and analyzed by Northern blot with a HindIII-Sall restriction fragment probe
corresponding to the entire BHV-1 LR gene as described in Materials and Methods. The arrow points to the LR-RNA band. (D) The membrane
from panel C was stripped and reprobed with an HSV-1 Hpal-Mlul DNA restriction fragment (LAT nucleotides 1667 to 2850) capable of
hybridizing to both LAT and ICPO (arrows). CILAT, CJLAT-infected CV-1 cells; wt, wild-type McKrae-infected CV-1 cells; dLAT2903,
dLAT2903-infected CV-1 cells; CV-1, uninfected CV-1 cells.

rabbits in both experiments (Fig. 6A and B). Interestingly, the dLAT2903 but may also have reactivated more efficiently than
neutralizing antibody titers in CJLAT-infected rabbits were wild-type McKrae.

also significantly higher than in wild-type-infected rabbits. This In experiment 2, neutralizing antibody titers were also de-
suggests that CJLAT not only reactivated more efficiently than termined for sera collected on additional days (Fig. 6C). The
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FIG. 3. Replication of CJLAT in tissue culture. CV-1 cells were
infected at an MOI of 0.01. The infected monolayers were harvested by
freeze-thawing at the indicated times, and the amounts of infectious virus
were determined by plaque assays as described in Materials and Methods.
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neutralizing antibody titers in the wild-type and CJLAT groups
continued to rise throughout the entire study period, a result
indicative of spontaneous reactivation. In contrast, in the
dLAT2903 group the neutralizing titer declined after day 49.
Consistent with the results for a single day shown in Fig. 6A
and B, the CJLAT neutralizing antibody titers were higher and
appeared to rise more sharply in the CJLAT group than in the
wild-type group (Fig. 6C). Since the neutralizing antibody ti-
ters were determined by plaque reduction assays with wild-type
HSV-1, it was very unlikely that the increased neutralizing
antibody titers in the CJLAT group were due to anti-LR an-
tibody somehow neutralizing wild-type HSV-1. Nonetheless,
we confirmed that anti-LR protein antibody did not neutralize
either wild-type HSV-1 or BHV-1 (not shown). These results
therefore strongly suggest that spontaneous reactivation of
CJLAT was at least as efficient as that of wild-type McKrae.

Replication of CJLAT in mouse eyes and TG. To determine
whether CJLAT also had LAT ™" reactivation in a second ani-
mal model, studies were performed in mice. Mice were in-
fected with 2 X 10° PFU of CJLAT, dLAT2903, or wild-type
McKTrae/eye without corneal scarification as described in Ma-
terials and Methods. Eye swabs were collected from 10 eyes/
group at various times, and the amount of infectious virus was
determined (Fig. 7A). All three viruses appeared to replicate
with similar kinetics and to a similar peak titer. Mice were
euthanized at various times, TG were removed and homoge-
nized, and total infectious virus was determined for each TG.
All three viruses appeared to replicate with similar kinetics and
to a similar peak titer (Fig. 7B). Thus, CJLAT was not im-
paired for replication in mouse eyes or TG.
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FIG. 4. Replication of CJLAT in rabbit eyes. Rabbits were infected as described in Materials and Methods. Tears were collected from 10 eyes/group
on the days indicated and the amount of infectious virus was determined as described above. Panels A and B are from two independent experiments.
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FIG. 5. Rabbit survival. The numbers above each bar indicate the number of surviving rabbits on day 21 p.i. over the number of rabbits initially
infected. P values were determined by chi-square analysis. Bars: wt, wild-type McKrae; dLAT, dLAT2903; CJLAT, CJLAT.

Mouse survival. Mice were ocularly infected with CJLAT,
wild-type McKrae, or dLAT2903R (marker-rescued dLAT2903),
and death due to viral encephalitis was monitored for up to 21
days. Significantly fewer CJLAT-infected mice survived com-
pared to wild-type- or dLAT2903R-infected mice (Fig. 8A).
Survival was similar for dLAT2903R- and wild type-infected
mice. In a second experiment, mice were infected as described

above with CJLAT or dLAT2903. Again, significantly fewer
CJLAT-infected mice survived (Fig. 8B). The symptoms dem-
onstrated by the mice that died from CJLAT infection were
similar to those that died from wild-type McKrae, dLAT2903,
or dLAT2903R infection, suggesting that the CJLAT-infected
mice also died from encephalitis. As judged by death, CILAT
appeared to have increased virulence in mice.
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FIG. 6. Spontaneous reactivation. Rabbits were infected as described above, and individual sera were collected on day 59 p.i. (A), day 60 p.i.
(B), or on the days indicated (C). In panels A and B, each datum point indicates the neutralizing antibody titer of one sera. In panel C, each datum
point is the average of between 5 and 10 sera. Panels A and B are from separate experiments. Panels B and C represent sera from the same set

of rabbits. wt, wild-type McKrae; dLAT, dLAT2903.
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FIG. 7. Replication of CJLAT in mouse eyes and TG. Mice were ocularly infected as described in Materials and Methods. (A) Tears were
collected from 10 eyes/group on the indicated days, and the amounts of infectious virus were determined by plaque assay. (B) Mice were infected
as in panel A. Five mice/group were euthanatized on the days indicated, and individual TG (10/group/time point) were homogenized, and the

amounts of infectious virus were determined by plaque assay.

Mouse explant cultivation reactivation. To examine the re-
activation of CJLAT compared to wild-type viruses in the
mouse model, 10 mice/group were randomly selected from the
surviving mice shown in Fig. 8A. On day 30 p.i., the mice were
sacrificed, and individual TG were cultured in tissue culture
media. Aliquots of media were removed from each culture
daily for up to 21 days and plated on indicator cells (RS cells)
to look for the presence of reactivated virus. Reactivated virus
was detected from all 20 CJLAT, wild-type McKrae, and
dLAT2903R TG (Fig. 9A). To examine reactivation of CJLAT
compared to dLAT2903, TG from surviving mice shown in Fig.
8B were similarly analyzed. Again, all 20 TG from mice latently
infected with CJLAT reactivated. In contrast, significantly
fewer TG from dLAT2903 latently infected mice appeared to
reactivate (11 of 20, P = 0.001). Thus, in this standard mouse
reactivation system, CJLAT appeared to have wild-type reac-
tivation that was significantly greater than that of LAT ™ virus
and at least as efficient as that of wild-type McKrae.

Since in the above studies media from the explanted TG
cultures were plated daily, the time at which reactivated virus
first appeared in the explanted TG cultures could be deter-
mined. No cultures contained any detectable infectious virus
during the first 3 days of explant. This finding confirmed that
none of the TG contained cell-free infectious virus at the time
of explant. In the experiment comparing CJLAT to wild-type
viruses (Fig. 9A), 80% of the CJLAT TG cultures had detect-
able reactivated virus on day 4 after explant. In contrast, 80%

reactivation was not seen in the wild-type and dLAT2903R
cultures until day 6. This was significantly different by survival
curve analysis (P = 0.0002 for CJLAT compared to
dLAT2903R; P = 0.03 for CJLAT compared to wild type).
Consistent with the serum neutralizing antibody titer results,
this apparent higher reactivation of CJLAT suggests that
CJLAT may have a more efficient reactivation phenotype than
did the wild-type virus.

DISCUSSION

Since its discovery in 1987 (30, 37), LAT, the only HSV-1
gene abundantly transcribed during neuronal latency, has been
thought to be involved in the viral latency-reactivation cycle.
This concept is supported by numerous reports showing that in
mice and rabbits infected with LAT ™ viruses the amount of
reactivation is significantly reduced compared to that seen in
wild type-infected or marker-rescued virus-infected animals
(1a, 6, 12, 19, 21, 26, 31, 35). This reduced reactivation phe-
notype may be the result of LAT playing a direct role in the
reactivation process and/or the result of LAT influencing the
amount of latency that is established after acute infection.
Although LAT reduces expression of immediate-early viral
genes (3, 10) and inhibits virus-induced apoptosis (15, 20) (1),
the mechanism by which LAT enhances the reactivation phe-
notype remains unclear. We report here that replacing the
HSV-1 LAT gene with an alternative gene known to have
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FIG. 8. Mouse survival. Mice were ocularly infected with 2 X 10° PFU of virus/eye, and survival was determined on day 21 p.i. Panels A and
B are from separate experiments. wt, wild-type McKrae; dLATR, dLAT2903R-infected mice.

antiapoptosis activity resulted in a recombinant virus with a
reactivation phenotype at least equivalent to that of the wild-
type virus. This supports the hypothesis that LAT’s antiapop-
tosis activity is a key LAT function involved in enhancing
spontaneous reactivation.

Mice and rabbits infected with LAT™ virus have ca. 50%
fewer TG neurons in which latency is established (29, 31). It
has been proposed that this may completely account for the
reduced reactivation phenotype of LAT™ mutants. However,
in LAT™ mutants, reactivation is often reduced by 3- to 10-fold
(21, 24, 27). This suggests that LAT also influences the reac-
tivation stage or that a LAT null mutant does not establish
latency in specific neuronal populations that are capable of
supporting reactivation. In addition, in at least one report,
infection of rabbits with a virus containing a mutation in an
HSV-1 gene other than LAT resulted in a >5-fold reduction in
the establishment of latency, yet the spontaneous reactivation
phenotype was indistinguishable from that of wild-type virus
(23). This suggests that LAT enhances establishment in certain
neuronal populations and reactivation of latency by different
mechanisms.

The primary LAT transcript overlaps the important imme-
diate-early gene ICPO in an antisense orientation, suggesting
that repression of ICP0 expression by an antisense mechanism
is crucial for regulating latency (30, 37). In this regard, LAT
has been shown to down regulate immediate-early gene ex-
pression in the TG of acutely and latently infected mice (3, 10).
However, it has been shown that mutants capable of expressing
only the first 1.5 kb of LAT, a region that does not overlap
either ICP0O or ICP4, have normal reactivation levels in the
rabbit model (2, 24). Thus, if LAT antisense suppression of

ICPO and ICP4 occurs, it is not a critical factor in the reacti-
vation phenotype as measured in rabbits. This does not rule
out the possibility that LAT suppresses ICPO and/or ICP4 by
an antisense-independent mechanism and that this may play an
important role in the reactivation phenotype.

We recently reported that the HSV-1 LAT can prevent
neurons in the TG of infected rabbits from death by blocking
virus-induced apoptosis (20). We also reported that, in a tran-
sient-expression assay in tissue culture, a plasmid expressing
LAT blocks apoptosis induced by a variety of chemicals (15,
20). We proposed that this LAT antiapoptosis activity is an
important factor in the ability of LAT to enhance reactivation.
Our finding that LAT protects neurons of the TG from viral
induced death was confirmed (39), however, because these
authors could not detect TUNEL (terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling) staining
of neurons, they contended that LAT did not block apoptosis.
Recently, our original report has been independently con-
firmed and extended by showing that plasmids expressing LAT
can block apoptosis induced by anti-Fas antibody, and by show-
ing that in TG of mice infected with LAT™ virus TUNEL
staining and staining for HSV-1 antigens colocalized, while this
did not occur in TG from wild type-infected mice (1).

Like LAT, the BHV-1 LR gene is the only viral gene abun-
dantly transcribed during neuronal latency. Like LAT, the LR-
RNA overlaps and is antisense to the BHV-1 homologue of the
HSV-1 ICPO gene. In addition, a recent study demonstrated
that a BHV-1 mutant containing stop codons near the begin-
ning of the LR-RNA reactivates poorly compared to wild-type
BHV-1 (14). Finally, both the BHV-1 LR-RNA gene (4) and
the HSV-1 LAT (15, 20) have been shown to have antiapo-
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FIG. 9. Explant reactivation. Ten mice from each of the groups shown in Fig. 8 were selected randomly, and the TG were removed on day 30 p.i.
and individually incubated in tissue culture media at 37°C. Aliquots of the tissue culture media were removed daily for up to 21 days and inoculated

onto RS cell monolayers to look for the presence of reactivated virus.

ptosis activity. Although the LR gene of BHV-1 is clearly the
homologue of the HSV-1 LAT gene, there are some important
differences. For example, the primary LAT transcript is 8.3 kb
(45), whereas the primary LR transcript is only 1.5 kb (18), and
there is no obvious sequence homology between LR-RNA and
LAT. While the region of LAT to which the spontaneous
reactivation phenotype maps does not appear to encode a
protein involved in the latency-reactivation cycle (8), the
BHV-1 LR gene does encode such a protein (16). Although an
open reading frame in the stable 2-kb LAT may encode a
protein (5, 38), this protein is unlikely to play an important role
in reactivation since it is located outside the region of LAT to
which the reactivation function maps in rabbits (2, 24) and
mice (unpublished results). Expression of an LR protein ap-
pears to play a role in protecting cells from death (4). Finally,
the LR gene has also been shown to inhibit cell cycle progres-
sion (32) and in the context of the viral genome plays an
important role in virus shedding in the eyes of infected calves
(14). Thus, structurally, the LR and LAT genes and RNAs are
very different. As a first step toward testing the hypothesis that
LAT’s antiapoptosis activity is responsible for LAT’s ability to
increase reactivation, we therefore inserted the antiapoptosis
BHV-1 LR gene into HSV-1 in place of LAT.

Replication of CJLAT in tissue culture, rabbit eyes, mouse
eyes, and mouse TG was indistinguishable from that of wild-
type McKrae. Surprisingly, although CJLAT appeared to have
wild-type McKrae-like virulence in rabbits, as judged by sur-
vival after ocular infection, in mice CJLAT appeared to be
significantly more virulent than McKrae. Although the reason
for this remains unknown, we have previously shown that sev-
eral mutants lacking portions of LAT have altered virulence

and that with some of these mutants the virulence is asymmet-
ric, or dissimilar, in rabbits compared to mice (22).

One unexpected result in these studies was that CJLAT
caused severe corneal scarring in most of the infected rabbits.
The corneal scarring was not apparent until after day 30 p.i., a
time well after all primary infection had subsided and latency
was established. It is unclear whether the corneal scarring
represents recurrent disease or if it is an aftermath of the
primary infection. We previously reported that viruses express-
ing enhanced green fluorescent protein driven by the LAT
promoter also produced severe corneal scarring in most rabbit
eyes after day 30 p.. (29). Thus, regardless of whether the
corneal scarring is due to acute or recurrent infection, we
speculate that it may be due to high-level long-term expression
of a foreign protein in the eye (LR protein with CJLAT). This
does not occur in wild type-infected rabbits because LAT does
not appear to encode a protein. Alternatively, the increased
corneal scarring with CJLAT in rabbits could be the result of
increased reactivation, more virus in the eye following reacti-
vation, or infection of different cell types. Interestingly, in mice
CJLAT did not cause any significant increase in corneal scar-
ring above that seen with wild-type HSV-1 or dLAT2903. That
spontaneous reactivation occurs in rabbits but not in mice
suggests that the corneal scarring seen in rabbits is due to
recurrent disease following spontaneous reactivation.

Our neutralizing antibody titer results in rabbits and our
explant TG reactivation results in mice each strongly suggested
that the BHV-1 LR gene supported HSV-1 reactivation at
least as efficiently as the HSV-1 LAT gene. Thus, it appeared
that the HSV-1 LAT activity responsible for enhancing reac-
tivation in the rabbit and the mouse could be replaced by an
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activity supplied by the BHV-1 LR gene. Since the BHV-1 LR
gene can block apoptosis (4), it is tempting to conclude that
replacing the HSV-1 LAT with an antiapoptosis gene allows
for efficient LAT*-like reactivation. It would then be further
tempting to conclude that the CJLAT results reported here
prove that LAT’s antiapoptosis activity is responsible for
LAT’s ability to enhance reactivation. However, it remains
possible that an as-yet-unknown additional activity common to
both the BHV-1 LR gene and the HSV-1 LAT gene are re-
sponsible for enhancing reactivation. Experiments are under
way to determine whether replacing LAT with other known
antiapoptosis genes also produces LAT"-like reactivation.
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