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The fundamental question of whether a primed immune system is capable of preventing latent gammaher-
pesvirus infection remains unanswered. Recent studies showing that vaccination can reduce acute replication
and short-term latency but cannot alter long-term latency further call into question the possibility of achieving
sterilizing immunity against gammaherpesviruses. Using the murine gammaherpesvirus 68 (yHV68) system,
we demonstrate that it is possible to effectively vaccinate against long-term latency. By immunizing mice with
a yHV68 mutant virus that is deficient in its ability to reactivate from latency, we reduced latent infection of
wild-type challenge virus to a level below the limit of detection. Establishment of latency was inhibited by
vaccination regardless of whether mice were challenged intraperitoneally or intranasally. Passive transfer of
antibody from vaccinated mice could partially reconstitute the effect, demonstrating that antibody is an
important component of vaccination. These results demonstrate the potential of a memory immune response
against gammaherpesviruses to alter long-term latency and suggest that limiting long-term latent infection in

a clinically relevant situation is an attainable goal.

The human gammaherpesviruses Epstein-Barr virus (EBV)
and Kaposi’s sarcoma-associated herpesvirus pose significant
health risks worldwide, including the induction of cancer and
lymphoproliferative diseases. Although acute gammaherpesvi-
rus infection is rapidly cleared by a strong immune response,
the establishment of latent infection in hematopoietic cells
allows these viruses to successfully evade the host immune
response and maintain lifelong infection. Therefore, one of the
great challenges in the field is prevention of latent infection.
However, despite concerted efforts to understand gammaher-
pesvirus pathogenesis and immunity, a convincing strategy to
prevent long-term latency has not yet been realized.

Due to the strict host restrictions of the human gammaher-
pesviruses, strategies for vaccinating against human gamma-
herpesviruses have been difficult to study. Therefore, several
groups have used murine gammaherpesvirus 68 (YHV68) in-
fection of mice to examine whether protection against gamma-
herpesvirus latency can be achieved by single-protein vaccine
approaches (reviewed in references 7 and 41). Although the
physiology of gammaherpesvirus infection is not completely
understood, it appears that latency has multiple forms in vivo,
with early forms transitioning to stable long-term latency (2,
37). Several previous vaccination studies have demonstrated
effective reduction in both acute infection and the early forms
of latency. Vaccination against the lytic cycle protein peptide
epitopes ORF6,4, ,05/D® and ORF61 ,,5 s5,/K" induces strong
CDS8 T-cell responses and significantly reduces acute infection
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and early latency (3, 16, 25). Vaccination against the cell mem-
brane and virus particle antigen gp150 induces neutralizing
antibody and reduces acute infection and the early stages of
latency (16, 27). Vaccination against the latency-associated
antigen M2 also induces CD8 T-cell responses and reduces
early latency (33). Despite the effectiveness of these strategies
against acute infection and/or early latency, none was effective
against YHV68 latency beyond 20 days of infection.

These findings raise the question of whether vaccination
against long-term gammaherpesvirus latency can be achieved.
Although single-protein vaccine strategies have been unsuc-
cessful, it is possible that a live-attenuated vaccine could be
more effective. The utility of vaccination with live-attenuated
viruses has been demonstrated for both alphaherpesviruses
and betaherpesviruses. For example, replication-defective vi-
ruses have been used to vaccinate against herpes simplex virus
in mice (1, 6, 15, 20, 21), and a live-attenuated varicella zoster
virus vaccine is useful in humans (30, 39). Vaccination with a
live-attenuated murine cytomegalovirus can limit, but not elim-
inate, long-term latency (17). Use of a live-attenuated virus for
vaccination against a gammaherpesvirus has not been re-
ported.

In this report, we present the use of a mutant reactivation-
deficient virus as a vaccination agent for gammaherpesviruses.
The yHV68.v-cyclin.LacZ mutant virus, like the YHV68 v-bcl-2
mutant viruses (10), establishes a normal acute infection and a
normal latent infection, but has a severe defect in reactivation
from latency (35). Three factors influenced the choice of this
vaccine virus. First a live-attenuated virus might offer better
protection against latency than single-protein vaccination. Sec-
ond, the mutant vaccine virus and the wild-type challenge virus
are genetically distinguishable, allowing us to use a sensitive
nested PCR assay to determine whether the challenge virus
establishes and maintains latent infection. Finally, because the
vaccine virus is reactivation deficient, we could determine
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whether the challenge virus reactivates from latency in the
presence of a primed immune response.

In this study, we show that vaccination with a reactivation-
deficient virus reduced long-term latent infection of wild-type
challenge virus to an undetectable level. Vaccination was ef-
fective whether the challenge virus entered the host via muco-
sal (intranasal [i.n.]) or systemic (intraperitoneal [i.p.]) routes.
Immune antibody could partially reconstitute the vaccination
effect, and, surprisingly, CD8 T cells were not required.

MATERIALS AND METHODS

Viruses and mice. YHV68 clone WUMS (ATCC VR1465) and yHV68.v-
cyclin.LacZ (35) were passaged and titered by plaque assay on NIH 3T12 cells
(36). YHV68.v-cyclin.LacZ contains a LacZ expression cassette (the B-galacto-
sidase gene driven by the human cytomegalovirus immediate-early promoter-
enhancer) in place of the first 475 bp of the v-cyclin gene (35). Vaccinia virus
(WR strain) was obtained from Bill Joklik (Duke University). Mice of the
C57BL/6] (B6) and CD8a '~ lines on a B6 background were obtained from
Jackson Laboratories (Bar Harbor, Maine) and were bred at Washington Uni-
versity School of Medicine in accordance with all federal and university guide-
lines. Eight- to 12-week-old animals were used for all experiments.

Vaccination and challenge virus infections. Mice were vaccinated i.p. with 10°
PFU of yHV68.v-cyclin.LacZ in 0.5 ml of Dulbecco’s modified Eagle’s medium
(DMEM) or were mock vaccinated with DMEM alone or DMEM containing an
equivalent volume of 3T12 cell lysate (prepared identically to virus stock sam-
ples). Twenty-cight days later, mice were challenged i.p. with 100 PFU (unless
otherwise stated) of YHV68 in 0.5 ml of DMEM or i.n. with 400 PFU of YHV68
in 40 wl of DMEM. At the end of the challenge period, mice were sacrificed, and
organs from five mice per group were harvested and pooled as described previ-
ously (11, 37).

Ex vivo limiting dilution reactivation analysis. The frequency of cells reacti-
vating from latency was assayed as described previously (37). Serial twofold
dilutions of harvested cells (24 wells per dilution, starting at 1 X 10° cells per well
for splenocytes and 4 X 10* cells per well for peritoneal cells) were plated onto
permissive mouse embryonic fibroblast (MEF) monolayers for 21 days and then
scored for cytopathic effect due to reactivating virus. To verify that cell samples
contained latently infected cells and not preformed infectious virus as a result of
persistent replication, replicate cell aliquots were mechanically disrupted in 1/3X
DMEM in the presence of 0.5-mm-diameter silica beads. This procedure kills
>99% of cells, but has at most a twofold effect on viral titer (37), thus allowing
an experimental distinction between reactivation from latency (which requires
live cells) and persistent replication. The highest frequencies of persistent rep-
lication observed in mock-vaccinated mice were <1 in 40,000 for peritoneal cells
and <1 in 100,000 for splenocytes. As previously described (31), this level of
persistent replication does not significantly impact the frequency of reactivation
from latency. Persistent replication was not detected in samples from vaccinated
mice. In samples from mice that were both vaccinated and challenged, the
identity of reactivating virus was determined by staining for the presence of
B-galactosidase. (YHV68.v-cyclin.LacZ, but not yYHV68, encodes B-galactosi-
dase.) Individual wells containing single reactivation events (cell dilutions that
yielded =63.2% cytopathic effect for that dilution) were replated onto fresh
MEF monolayers, fixed with 2% paraformaldehyde, and stained overnight at
37°C with a mixture of 2.2 mM X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside), 2 mM MgCl,, 5 mM K;Fe(CN)g, and 5 mM K, Fe(CN), - H,O (4).
The presence of a white or blue monolayer staining was evaluated microscopi-
cally.

Limiting dilution PCR analysis. To determine the frequency of cells carrying
the YHV68 genome, single-copy sensitivity nested PCR for yHV68 v-cyclin (gene
72), LacZ, or gene 50 was performed on serial dilutions of cells by a previously
published method (31, 35, 37). Briefly, frozen test cells were thawed, washed,
resuspended in an isotonic solution, and counted. Starting at 10* cells per reac-
tion, cells were serially diluted threefold in a background of uninfected NIH
3T12 cells such that 10* total cells were present in each well (10 pl total) and
plated in a 96-well PCR plate at 12 wells per dilution. Single copies of a plasmid
containing YHV68 v-cyclin and LacZ genes as well as gene 50 in a background of
3T12 cells were included as positive controls. 3T12 samples with no plasmid were
included as negative controls. After overnight lysis of cells with proteinase K,
round 1 of PCR was performed with 20 pl per reaction. Nested PCR was
performed following addition of 10 .l of round 2 reaction buffer to the same well,
and nested products were visualized on a 1.5% agarose gel. The primers for
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v-cyclin were GAGATCTGTACTCAGGCACCTGT and GGATTTCTTGACA
GCTCCCTGT for round 1 and TGTCAGCTGTTGTTGCTCCT and CTCCG
TCAGGATAACAACGTCT for round 2. The primers for LacZ were CTGGT
TTCCATCAGTTGCTG and GACATTGGCGTAAGTGAAGC for round 1
and ACTGGTGTGGGCCATAATTC and AGTGCACGGCAGATACACTT
for round 2. The primers for gene 50 were as published previously (37). False
positives were detected in 0.4% of all reactions. Positive control reaction mix-
tures containing 10, 1, or 0.1 copy of v-cyclin plasmid DNA were positive in 94,
63, and 9% of all reactions, respectively. Positive control reaction mixtures
containing 10, 1, or 0.1 copy of LacZ plasmid DNA were positive in 96, 51, and
7% of all reactions, respectively. Positive control reaction mixtures containing 10,
1, or 0.1 copy of gene 50 plasmid DNA were positive in 83, 58, and 8% of all
reactions, respectively.

Plaque assays. Plaque assays were performed as previously described (34, 35).
Briefly, organs were harvested into sterile, screw-cap 2-ml tubes containing 1 ml
of DMEM and 100 pl of 1-mm-diameter zirconia-silica beads (BioSpec Products,
Inc., Bartlesville, Okla.) and stored at —80°C. Samples were thawed on ice and
homogenized with a Mini BeadBeater (BioSpec) and then further diluted in
DMEM prior to infecting NIH 3T12 monolayers. Infected monolayers were
overlaid with Noble agar, and plaques were visualized at day 7 by neutral red
staining. The limit of detection was 50 PFU.

Passive antibody transfer. Blood from 10 mock-vaccinated or vaccinated B6
mice was harvested from the retro-orbital sinus at day 28, pooled, and allowed to
stand at room temperature for 5 to 10 min. Serum separation was performed with
Microtainer serum separator tubes (Becton Dickinson, Franklin Lakes, N.J.),
and serum was aliquoted and stored at —20°C until use. One day prior to
challenge and 7 days after challenge, 100 pl of serum was transferred i.p. to each
of five naive B6 mice for each experimental group. Sixteen days postchallenge,
peritoneal cells and splenocytes were harvested and assayed as described above.

Statistical analysis. All data points represent the mean of all experiments *
standard error for two to three experiments, with 5 mice per condition per
experiment. To quantify the number of cells from which the virus reactivated or
which carry latent viral genome, data were subjected to nonlinear regression
(sigmoidal dose curve with nonvariable slope) by using GraphPad Prism (Graph-
Pad, San Diego, Calif.). Frequencies of reactivation events or genome-positive
cells were based on a Poisson distribution of the cell number at which 63.2% of
the wells scored positive for reactivation or the viral genome, respectively. To
calculate significance, unless otherwise noted, data were statistically analyzed by
paired ¢ test over the range of dilutions.

RESULTS

Vaccination severely limits reactivation of challenge virus
from latency. To determine if the immune system is capable of
preventing latent infection, we vaccinated mice against YHV68
infection by using a reactivation-deficient YHV68 mutant. B6
mice were either mock vaccinated or vaccinated with yYHV68.v-
cyclin.LacZ for 28 days and then challenged with yYHV68 for 16
days. Based on the results of dosing experiments (Tibbetts et
al., unpublished data), we used a YHV68 challenge dose of 100
PFU, because this dose is 1,000-fold above the minimum dose
(0.1 PFU) required to establish maximal levels of latency in B6
mice. It is notable that establishment of full levels of latency by
infection with 0.1 PFU (as detected by plaque assay on 3T12
cells) likely reflects the fact that mice provide a more sensitive
readout for infection with yYHV68 than 3T12 cells. This is also
seen when viral stocks are serially diluted on MEFs, an assay
that detects 0.1 to 0.2 PFU of yHV68 (36, 37). A control group
was vaccinated and mock challenged. The effect of vaccination
on latency was assessed by ex vivo limiting dilution reactivation
analysis of cells from two major sites of latency (29, 37, 38), the
peritoneum and the spleen (Fig. 1A). In mice that were mock
vaccinated and challenged, the frequencies of peritoneal cells
and splenocytes reactivating from latency 16 days postchal-
lenge were 1 in 300 and 1 in 5,200, respectively. In contrast,
little or no reactivation was detected in mice vaccinated prior
to challenge, demonstrating that previous exposure to
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FIG. 1. Vaccination prevents reactivation from latency. Limiting
dilution reactivation analysis was used to quantify latent infection in B6
mice challenged only, vaccinated only, or challenged and vaccinated 16
days after i.p. challenge. CPE, cytopathic effect. The horizontal line
indicates the 63.2% Poisson distribution line. (A) Vaccination with
yHV68.v-cyclin.LacZ, challenge with 100 PFU of yHV68. Statistical
differences between mock-vaccinated and vaccinated mice were P <
0.0001 and P = 0.002 for peritoneal cells and splenocytes, respectively.
(B) Vaccination with yHV68.v-cyclin.LacZ and challenge with 10°
PFU of yHV68. The statistical difference between mock-vaccinated
and vaccinated mice was P = 0.004 for splenocytes. (C) Vaccination
with vaccinia virus and challenge with 100 PFU of yHV68.

yHV68.v-cyclin.LacZ decreased latent yHV68 infection in
peritoneal cells by >130-fold and in splenocytes by >19-fold.
Reduction of latency below an undetectable level was not due
to saturation of the potential cellular reservoir for latency,
since challenge with a higher dose (10° PFU) of yHV68 could
overcome the vaccination effect in peritoneal cells (Fig. 1B).
Notably, vaccination had a partial effect even at this high dose,
suggesting that the mechanism of vaccination involves more
than a complete block of infection by neutralizing antibody.
Vaccination was not due to nonspecific effects induced by
previous viral vaccination, since vaccination with vaccinia virus
had no effect on latent yYHV68 infection (Fig. 1C).
Vaccination severely limits the establishment of latency by
challenge virus. The frequency of ex vivo reactivation reflects
both the number of latently infected cells and the ability of
those cells to reactivate from latency (reactivation phenotype)
(31, 37). Thus, any decrease in the frequency of reactivation
could result from an overall decrease in the number of latently
infected cells or an alteration in the reactivation phenotype of
latently infected cells (31). To distinguish between these pos-
sibilities, we developed nested PCR assays to specifically detect
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FIG. 2. Limiting dilution PCR assays to detect either challenge
virus or vaccine virus. (A) Location of sites of amplification from
challenge virus (YHV68) or vaccine virus (YHV68.v-cyclin.LacZ) ge-
nome by using PCR primers specific for v-cyclin, LacZ, or gene 50.
(B) Limiting dilution PCR with primers specific for v-cyclin detects
challenge virus only. PCR analysis of serial dilutions of splenocytes
harvested from mice infected with challenge virus for 16 days or vac-
cine virus for 44 days (28-day vaccination plus 16-day challenge peri-
od). The horizontal line indicates the 63.2% Poisson distribution line.
(C) Limiting dilution PCR with primers specific for LacZ detects
vaccine virus only. (D) Limiting dilution PCR with primers specific for
gene 50 detects both challenge virus and vaccine virus.

either the vaccine or challenge virus. Due to the difference
between the YHV68.v-cyclin.LacZ and yYHV68 genomes at the
v-cyclin locus (Fig. 2A), we developed a PCR assay for v-cyclin
that specifically detects the challenge virus (wild-type YHV68),
but does not detect the vaccine virus (YHV68.v-cyclin.LacZ)
(Fig. 2B). Likewise, we developed a PCR assay for LacZ that
detects the vaccine virus, but not the challenge virus (Fig. 2C).
Both assays detect single copies of viral genome (see Materials
and Methods), and thus the sensitivity of the PCR assays for
v-cyclin or LacZ is comparable to that of the previously estab-
lished gene 50 limiting dilution PCR assay (Fig. 2D) (37).

To determine whether vaccination alters the number of la-
tently infected cells, we used v-cyclin or LacZ limiting dilution
PCR to determine the frequency of cells carrying the wild-type
YHV68 or yHV68.v-cyclin.LacZ genome. In mice that were
mock vaccinated and challenged, 1 in 400 splenocytes con-
tained the YHV68 genome, while the yHV68.v-cyclin.LacZ
genome was not detected (Fig. 3A). In mice that were vacci-
nated with yHV68.v-cyclin.LacZ but not challenged, we de-
tected yHV68.v-cyclin.LacZ, but not yHV68 (Fig. 3B).
yHV68.v-cyclin.LacZ was similarly detected in mice that had
been both vaccinated and challenged, but yYHV68 was not (Fig.
3C). Similarly, the YHV68 genome was not detected in peri-
toneal cells from mice that had been vaccinated and challenged
(data not shown). These results show that vaccination inhibited
establishment of the early forms of latency, at least to a level
below 1 in 10,000 cells. Although these data indicate a signif-
icant decrease in latent infection, they do not rule out the
possibility that latency was established below a detectable level
or at a different site. It should be noted that, surprisingly, the
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FIG. 3. Vaccination prevents establishment of latency. Limiting di-
lution PCR specific for challenge virus (v-cyclin primers) or vaccine
virus (LacZ primers) was used to detect viral genome in splenocytes
from B6 mice challenged only (A), vaccinated only (B), or vaccinated
and challenged (C) 16 days after i.p. challenge with 100 PFU of
yHV68. The horizontal line indicates the 63.2% Poisson distribution
line. For challenge virus, the difference between mock-vaccinated and
vaccinated mice was statistically significant (P = 0.007). The frequency
of cells containing the vaccine virus genome decreased by 84% in
challenged mice (1 in 1,400 mock-vaccinated versus 1 in 9,000 vacci-
nated [P = 0.03]).

number of yHV68.v-cyclin.LacZ-infected cells decreased by
85% in challenged samples, suggesting that the memory im-
mune response provoked by the challenge virus altered latency
previously established by yYHV68.v-cyclin.LacZ.

Vaccination severely limits latent infection after i.n. chal-
lenge. To determine if vaccination is also effective against mu-
cosal yYHV68S infection, we challenged vaccinated and mock-
vaccinated mice i.n. with 400 PFU of yHV6S. Sixteen days
later, latent infection in peritoneal cells and splenocytes was
examined. Efficient reactivation of wild-type YHV68 was ob-
served in both peritoneal cells (1 in 680) and splenocytes (1 in
3,400) from mock-vaccinated mice (Fig. 4A). In contrast, re-
activation was low or undetectable in cells from vaccinated
mice. This effect was due to a decrease in the number of
latently infected cells, since we did not detect peritoneal cells
or splenocytes harboring the YHV68 genome in vaccinated
mice (Fig. 4B). Although the presence of genome-bearing cells
at a frequency below 1 in 10,000 cells would not be detected
with this assay, viral genome was readily detected in mock-
vaccinated animals (>1 in 40 splenocytes, 1 in 420 peritoneal
cells), and thus these results indicate a >250-fold decrease in
splenic latency and a >24-fold decrease in latency in peritoneal
cells. Therefore, vaccination achieved by systemic administra-
tion of a reactivation-deficient virus reduced latency to unde-
tectable levels by virus entering the host via either systemic
(Fig. 1) or mucosal (Fig. 4) routes.

Vaccination limits long-term challenge virus latency. As
previously noted, other vaccination approaches can decrease
early forms of latency (14 to 17 days postchallenge), but fail to
control long-term latency (after 20 to 28 days) (16, 25, 27, 33).
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FIG. 4. Vaccination prevents latent infection after i.n. challenge.
Limiting dilution reactivation analysis and limiting dilution PCR were
used to examine latency in B6 mice challenged only, vaccinated only,
or challenged and vaccinated 16 days after i.n. challenge with 400 PFU
of YHV68. CPE, cytopathic effect. (A) Limiting dilution reactivation
analysis. Differences between mock-vaccinated and vaccinated mice
were statistically significant (P = 0.0003 and P = 0.002 for peritoneal
cells and splenocytes, respectively). (B) Limiting dilution PCR specific
for challenge virus (v-cyclin primers). Differences between mock-vac-
cinated and vaccinated mice were statistically significant (P = 0.01 and
P < 0.0001 for peritoneal cells and splenocytes, respectively).

We therefore determined whether the effect of YHV68.v-cy-
clin.LacZ vaccination observed 16 days after infection was
transient. Vaccinated or mock-vaccinated mice were chal-
lenged i.p. with 100 PFU of YHV68, and latency was assessed
42 days later. Even at this late time, little or no reactivation was
observable from peritoneal cells or splenocytes of vaccinated
mice (Fig. 5A). Furthermore, samples from vaccinated mice
contained no detectable challenge virus genome (Fig. 5B).
These data demonstrate that vaccination with a reactivation-
defective mutant virus was effective against long-term latent
vYHV6S infection.

Despite the effectiveness of vaccination against long-term
YHV68 infection, we further questioned whether this effect was
enduring. Due to the extraordinary ability of gammaherpesvi-
ruses to establish latent infection, we reasoned that if virus was
not permanently cleared from the host that viral genome might
eventually be detectable at some level in peritoneal cells and
splenocytes. To provide a stringent test of long-term protec-
tion, we assessed latency in vaccinated or mock-vaccinated
mice 125 days after challenge with wild-type yYHV68 (Fig. 5C).
Although viral genome was detected in vaccinated mice at a
frequency of less than 1 in 10,000 cells, this was significantly
lower than the frequency in mice that had not been vaccinated.
Thus, although vaccination was not 100% sterilizing, the effects
of vaccination on the frequency of latently infected cells were
evident more than 4 months postchallenge. Furthermore, these
data demonstrate that vaccination was effective at decreasing
long-term latency without blocking infection, indicating that
vaccination involves mechanisms in addition to blockade of
infection.
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FIG. 5. Vaccination is effective against long-term latent infection.
Limiting dilution reactivation and limiting dilution PCR analysis were
used to examine long-term latency in B6 mice after i.p. challenge with
100 PFU of yHV68. CPE, cytopathic effect. (A) Limiting dilution
reactivation analysis was used to determine the status of the latent
infection in cells harvested 42 days postchallenge. The difference be-
tween mock-vaccinated and vaccinated mice was statistically significant
(P = 0.01 for peritoneal cells over the five highest cell dilutions).
(B) Limiting dilution PCR specific for challenge virus (v-cyclin prim-
ers) was used to detect viral genome in cells harvested 42 days post-
challenge. Differences between mock-vaccinated and vaccinated mice
were statistically significant (P = 0.02 and P = 0.04 for peritoneal cells
and splenocytes, respectively). (C) PCR specific for challenge virus for
cells harvested 125 days postchallenge. Bars indicate the percentage of
reactions positive for viral genome at 10,000 cells per reaction. Differ-
ences between mock-vaccinated and vaccinated mice were statistically
significant (P = 0.02 and P = 0.10 for peritoneal cells and splenocytes,
respectively).

Vaccination reduces acute infection of challenge virus. To
determine if the reduction in long-term latency correlated with
reduction in acute infection, we assessed viral titers 13 days
after challenge (Fig. 6). This time point represents the peak of
acute titer for a low-dose i.p. infection (Tibbetts et al., unpub-
lished). In B6 mice that were mock vaccinated and challenged,
the splenic titer corresponded to 784 * 293 PFU, whereas the
titer in all vaccinated animals was below the limit of detection
(<50 PFU). Thus, vaccination reduced both acute and latent
infection to an undetectable level.

Antibody, but not CD8 T cells, is critical for vaccination
against latency. We next sought to determine the immunologic
mechanisms responsible for vaccination against latency. Based
on the important role of CD8 T cells in viral infections and
their ability to alter latent EBV infection (12, 24), one hypoth-
esis was that a CD8 T-cell-dependent antiviral immune re-
sponse was an essential component of vaccination against gam-
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FIG. 6. Vaccination is effective against acute infection. Plaque as-
says were used to determine the acute viral titers in splenocytes from
B6 mice after i.p. challenge with 100 PFU of yHV68. The mean titer
was 784 * 293 PFU for mock-vaccinated mice (n = 8). Titers in
vaccinated mice were below the 50-PFU level of detection (n = 8). The
difference between mock-vaccinated and vaccinated mice was statisti-
cally significant (P = 0.02).

maherpesvirus latency. Furthermore, we and others have
demonstrated an important role for CD8 T cells in restricting
latent YHV68 infection (8, 26, 31, 32), and adoptive transfer of
CDS8 T cells directed against the latent M2 protein of YHV68
effectively limits early forms of yYHV68 latency (32).

To determine whether CD8 T cells were required for the
vaccination effect, CD8 ™/~ mice were vaccinated and then
challenged with 100 PFU of yHV68 for 16 days. In CD8 '~
mice that were not vaccinated, YHV68 established latent in-
fection and reactivated normally (Fig. 7). Vaccination with
YHV68.v-cyclin.LacZ reduced wild-type YHV6S latent infec-
tion to an undetectable level in CD8 ™/~ mice, as shown by
decreased reactivation from latency and a decreased frequency
of cells containing wild-type viral genome (Fig. 7) (data not
shown). The low level of reactivating virus detected in mice
vaccinated only and mice vaccinated and challenged was
YHV68.v-cyclin.LacZ, as determined by staining for B-galacto-
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FIG. 7. CD8 T cells are not required for vaccination. Limiting
dilution reactivation analysis was used to determine the status of the
latent infection in CD8 ™/~ mice challenged only, vaccinated only, or
challenged and vaccinated 16 days after i.p. challenge with 100 PFU of
yHV68. Differences between mock-vaccinated and vaccinated mice
were statistically significant (P < 0.0001 and P = 0.0005 for peritoneal
cells and splenocytes, respectively). All 46 wells containing single re-
activation events (wells in cell dilutions that yielded a cytopathic effect
[CPE] for that dilution of =63.2%) in vaccinated samples stained
positive for the presence of B-galactosidase, indicating that reactiva-
tion was due to the presence of the vaccine virus rather than the
challenge virus.
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FIG. 8. Antibody from vaccinated mice can prevent splenic latency.
Limiting dilution reactivation analysis was used to determine the status
of the latent infection in B6 mice after mock transfer or passive trans-
fer of naive serum or immune serum from vaccinated mice 1 day prior
to and 7 days after challenge. Mice were analyzed 16 days after i.p.
challenge with 100 PFU of yHV68. CPE, cytopathic effect. The dif-
ference between mock-vaccinated and vaccinated mice was statistically
significant (P = 0.008 for splenocytes).

sidase. Wells containing single reactivation events (wells in cell
dilutions that yielded =63.2% cytopathic effect for that dilu-
tion) in vaccinated samples stained positive for the presence of
B-galactosidase (46 of 46 wells), indicating that reactivation
was due to the presence of the vaccine virus rather than the
challenge virus. Wells from mice that were vaccinated only
were positive for (3-galactosidase activity (12 of 12), whereas
wells from mice that were challenged with wild-type virus but
mock vaccinated were all negative (12 of 12). Detection of a
low frequency of yYHV68.v-cyclin.LacZ reactivation in CD8 ™/~
mice is consistent with results previously described for infec-
tion of immunodeficient animals with this virus (37). These
results demonstrate effective vaccination against latency in the
absence of CD8 T cells.

We and others have demonstrated that B cells regulate
vYHV68 latency in vivo (28, 37). Furthermore, generation of
antibody is an important determinant for protection against
diseases caused by the alphaherpesviruses herpes simplex virus
type 1 (HSV-1) and -2 (1, 5, 21-23). In our experiments, an-
tiviral antibody was not detectable in serum from naive mice,
but was readily detectable in mice vaccinated with YHV68.v-
cyclin.LacZ (24 pg of antiviral immunoglobulin G per ml [data
not shown]). Thus, we questioned whether antiviral antibody
could account for vaccination against YHV68 latency. To test
this, naive B6 mice were injected with serum from either mock-
vaccinated or vaccinated mice, and challenged 1 day later with
YHV68. Mice were treated with antibody again at day 8. Naive
serum had no effect on the ability of YHV68 to establish la-
tency (Fig. 8). In contrast, immune serum reduced wild-type
virus latency to an undetectable level in the spleen after i.p.
infection. However, immune serum at this dose had no effect
on the ability of YHV68 to establish latency in peritoneal cells.
This effect was not due to a resistance of peritoneal cell infec-
tion to antibody, since passive transfer of antibody reduced
latency in peritoneal cells when mice were challenged i.n. (data
not shown). These results demonstrate that antibody can play
an important role in reducing latent infection and suggest that
antibody is one important component of the vaccination-in-
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duced memory immune response to gammaherpesvirus infec-
tion.

DISCUSSION

Utilizing a reactivation-deficient mutant virus as a live-at-
tenuated vaccine, we demonstrate that it is possible to vacci-
nate against long-term gammaherpesvirus latency. Impor-
tantly, vaccination was effective against either systemic or
mucosal viral challenge. In addition to decreasing the early
form of latency, vaccination decreased latent infection to be-
low detectable levels 42 days after challenge and had signifi-
cant effects as late as 125 days postchallenge. Thus, despite the
remarkable ability of yYHV68 to establish maximal latency at
doses as low as 0.1 PFU (Tibbetts et al., unpublished), vacci-
nation with a live-attenuated virus was effective at altering
long-term latency. Due to the limitations of the assays to detect
latent infection, we cannot conclude and do not speculate that
vaccination completely prevented latent infection. In fact, at
125 days postchallenge, the viral genome was detectable at a
very low level, indicating that vaccination did not induce ster-
ilizing immunity in 100% of the animals. However, these re-
sults do indicate that vaccination is effective at reducing short-
and long-term latency to an undetectable level as detected by
the most sensitive assays that are currently available. This
demonstrates the potential of immunization to severely limit
long-term gammaherpesvirus latency.

Because this strategy was partially effective against high-
dose challenge (107-fold greater than the maximum dose re-
quired to establish latency), it is unlikely that the effectiveness
of vaccination is due to a simple block in primary infection.
Further work will be needed to clarify at which point in infec-
tion vaccination acts. It is possible that vaccination acts on
virus or virus-infected cells during acute infection, during the
transition from acute infection to latency, during latency itself,
or, conceivably, during all of these phases.

As described above, previous attempts to vaccinate against
YHV68 latency by using single-protein vaccines have been un-
successful despite their ability to induce strong virus-specific
immunity (16, 25, 27, 33). Despite impressive control of acute
productive infection in these previous experiments, YHV68
was able to establish latency at normal levels by 21 to 28 days
of infection. It is not clear why these strategies alter the early
stages of latency, but have no effect on long-term latency. It is
unlikely that reduction of the acute titer results in a delay in
the ability of the virus to establish the early forms of latency,
since we have not observed differences in early latency over
doses ranging from 0.1 X 10° to 1 X 10° PFU for i.p. infection
and from 40 X 10° to 4 X 10° PFU for i.n. infection (Tibbetts
et al., unpublished).

Alternatively, it is possible that the early forms of latent
infection differ in viral gene expression from the later forms,
thereby allowing the presentation of antigens that can be tar-
geted by a primed immune system while simultaneously allow-
ing the escape of latently infected cells that do not express
those antigens. Consistent with this hypothesis, during the
early stage of latency (e.g., 16 days), a higher proportion of
yYHV68 genome-bearing cells reactivate ex vivo than during
long-term latency (e.g., 42 days), suggesting that these stages of
infection are distinct (37). Furthermore, M2 is transiently ex-
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pressed during the early stages of latency (13), and M2-specific
CDS8 T cells can significantly limit early latency, but have no
effect on long-term latency (16). Thus, other vaccination strat-
egies may be effective against early but not long-term latency
because viral gene expression or the types of latently infected
cells differ during these stages of infection.

We have utilized a reactivation-deficient virus as a tool to
examine the potential of a memory immune response to pro-
tect against latent infection following secondary virus chal-
lenge. In this case, it is unlikely that effective vaccination is the
specific result of the use of a cyclin-deficient virus. Rather,
these results likely reflect the presence of a memory response
to the initial viral infection, and we speculate that many other
live-attenuated viruses could function equivalently to
YHV68.v-cyclin.LacZ. The use of a reactivation-deficient virus
is a novel and intriguing possibility for work in the clinical
setting. However, for this to be a viable strategy, a virus com-
pletely incapable of reactivation would be optimal. In this case,
YHV68.v-cyclin.LacZ serves as a useful instrument to study the
potential of an anti-gammaherpesvirus immune response and a
standard to measure the utility of other more feasible vaccina-
tion strategies.

The mechanism of vaccination by yYHV68.v-cyclin.LacZ has
yet to be fully elucidated. The facts that vaccination is partially
effective even at a high dose of challenge, that vaccinia virus
vaccination has no effect on establishment of yYHV68 latency,
and that antiviral antibody is induced by YHV68.v-cyclin.LacZ
vaccination and contributes to reducing latency are consistent
with an antigen-specific, immune-mediated mechanism. The
ability of passively transferred antiviral antibody to reduce
latency in the spleen is consistent with previous work demon-
strating an important role for antibody for partial vaccination
against HSV-1 and -2 (1, 5, 21-23). It is possible that antibody
acts to neutralize viral particles and to prevent trafficking of the
virus to secondary sites or that it acts directly on infected cells.
Consistent with a role for antibody in viral trafficking, passive
transfer of antibody could reduce latency in the spleen but not
peritoneal cells following i.p. challenge, but could reduce la-
tency in peritoneal cells following i.n. challenge. Furthermore,
recent work has demonstrated that immune antibody can alter
established latent infection (10a, 14), suggesting that antibody
can function at stages of chronic infection in addition to its
widely recognized role in acute infection.

Although our data suggest an important role for antibody in
vaccination with yYHV68.v-cyclin.LacZ, antibody alone was not
sufficient to reduce latency in peritoneal cells. It is possible that
this result is a reflection of direct infection of the peritoneal
cavity. While it is conceivable that the passively transferred
antibody did not sustain high enough levels in the peritoneal
cavity to alter latency after i.p. challenge, this result is also
consistent with the need to induce multiple types of immune
responses (e.g., CD4 T cells and antibody) in order to establish
effective vaccination. This argument would be consistent with
findings that neutralizing antibody is not always sufficient to
protect against the development of EBV-related lymphomas in
cottontop tamarins (9, 19, 40).

Because restricting acute infection is not sufficient to reduce
long-term latency (described above), it is likely that some of
the critical regulators of YHV68.v-cyclin.LacZ vaccination tar-
get latency-associated antigens. Although CDS8 T cells were not
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essential for vaccination at either low- or high-dose challenge,
more work will be needed to determine whether other immune
components such as CD4 T cells are involved in YHV68.v-
cyclin.LacZ vaccination or whether CD4 and CD8 T cells have
redundant roles. In addition, it is formally possible that class
I-dependent, CD8-independent T cells develop in the CD8 ™/~
mouse, as has been described for the development of class
II-dependent T cells in CD4~/~ mice (18).

In the clinically relevant situation of human gammaherpes-
virus-related lymphoproliferative disorders and malignancies,
vaccination against latency is key to improving clinical out-
come. Work presented here establishes that it is possible to
generate immune responses that effectively limit gammaher-
pesvirus latency and suggests that priming an immune response
can alter an established latent infection. Furthermore, these
data provide an initial step toward understanding the mecha-
nisms involved in effective vaccination.
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