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Murine gammaherpesvirus 68 (MHV68) establishes a lifelong infection in mice and is used as a model
pathogen to study the role of viral and host factors in chronic infection. The maintenance of chronic MHV68
infection, at least in some latency reservoirs, appears to be dependent on the capacity of the virus to reactivate
from latency in vivo. However, the signals that lead to MHV68 reactivation in vivo are not well characterized.
Toll-like receptors (TLRs), by recognizing the specific patterns of microbial components, play an essential role
in the activation of innate immunity. In the present study, we investigated the capacity of TLR ligands to induce
MHYV68 reactivation, both in vitro and in vivo. The stimulation of latently infected B cell lines with ligands for
TLRs 3, 4, 5, and 9 enhanced MHV68 reactivation; the ex vivo stimulation of latently infected primary
splenocytes, recovered from infected mice, with poly(I:C), lipopolysaccharide, flagellin, or CpG DNA led to
early B-cell activation, B-cell proliferation, and a significant increase in the frequency of latently infected cells
reactivating the virus. In vivo TLR stimulation also induced B-cell activation and MHV68 reactivation,
resulting in heightened levels of virus replication in the lungs which correlated with an increase in MHV68-
specific CD8* T-cell responses. Importantly, TLR stimulation also led to an increase in MHV68 latency, as
evidenced by an increase in viral genome-positive cells 2 weeks post-in vivo stimulation by specific TLR ligands.
Thus, these data demonstrate that TLR stimulation can drive MHV68 reactivation from latency and suggests
that periodic pathogen exposure may contribute to the homeostatic maintenance of chronic gammaherpesvirus

infection through stimulating virus reactivation and reseeding latency reservoirs.

Gammaherpesviruses are characterized by their capacity to
establish lifelong latent infection within host lymphocytes. Vi-
rus reactivation is thought to be necessary for transmission of
the virus to new hosts and may also be required to maintain
reservoirs of latently infected cells in the chronically infected
host (8, 19, 30, 52, 53). The switch between latency and the lytic
cycle for the human gammaherpesviruses Epstein-Barr virus
(EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV)
has been extensively characterized in established latently in-
fected cell lines in vitro (18, 45, 61). The initiation of the EBV
Iytic cycle can be stimulated by several different reagents, in-
cluding anti-immunoglobulin (anti-Ig), calcium ionophore, so-
dium butyrate, and tetradecanoyl phorbol acetate (TPA) (45).
KSHYV reactivation can also be induced by stimulation with
phorbol esters and sodium butyrate (9, 37).

Toll-like receptors (TLRs) are important pattern recogni-
tion receptors in innate immunity. Following TLR engagement
by ligands of microbial origin, dendritic cells undergo matura-
tion, which in turn activates the adaptive immune response.
Pathogen-associated molecular patterns (PAMPs) recognized
by TLRs can come from bacteria, fungi, protozoans, insects, or
viruses. TLR1/2 and -2/6 recognize bacterial components (e.g.,
lipoproteins) and components from yeast (e.g., zymosan) (40,
48-51), TLR4 recognizes lipopolysaccharides (LPS) (44), and
TLRS recognizes flagellin (20). TLRs that sense viral PAMPs
include TLR3 recognition of double-stranded RNA (1), TLR7
and TLRS (14, 21, 22, 26, 34) recognition of single-stranded

* Corresponding author. Mailing address: Emory Vaccine Center,
1462 Clifton Road, Suite 429, Atlanta, GA 30322. Phone: (404) 727-
7665. Fax: (404) 712-9736. E-mail: sspeck@emory.edu.

¥ Published ahead of print on 19 November 2008.

1474

RNA (ssRNA), and TLR9Y sensing of unmethylated CpG DNA
(12, 23, 28, 33).

The engagement of TLR ligands, as well as heterologous
viral infections, can trigger the reactivation of latent infections.
Signaling through TLR2, -4, or -9 enhances viral replication
from human immunodeficiency virus type 1 (HIV-1) latently
infected mast cells (46). LPS can also induce KSHV reactiva-
tion from BCBL-1 cells (38) and the reactivation of latent
murine cytomegalovirus (CMV) (13). HIV-1 infection of the
primary effusion lymphoma cell lines BC-3 and BCBL-1 trig-
gers KSHYV reactivation (36, 57). CMV superinfection of cell
lines latently infected with EBV (BJAB-B1 and P3HR-1) in-
duces the reactivation of EBV (3).

Although EBV and KSHYV reactivation has been extensively
studied in tissue culture, little is known regarding the triggers
of gammaherpesvirus reactivation in vivo. Murine gammaher-
pesvirus 68 (MHVG68) is closely related to EBV and KSHV.
The infection of mice with MHV6S provides a tractable small-
animal model in which to study the pathogenesis of gamma-
herpesviruses in vivo. The ectopic expression of the MHV68
orf50 gene product RTA (the lytic transactivator) in an
MHV68S latently infected lymphoma B-cell line, S11, can drive
the expression of both early and late viral genes and the pro-
duction of lytic virus (55, 63). We have previously demon-
strated that, like EBV and KSHV, TPA and anti-Ig can stim-
ulate MHV68 reactivation from MHV68 latently infected
B-cell lines. In addition, we have shown that the ex vivo stim-
ulation of latently infected splenocytes with anti-Ig/anti-CD40,
as well as LPS stimulation, enhances MHV68 reactivation (39).

In the present study, we investigated the role of TLR stim-
ulation in inducing MHV68 reactivation. We demonstrate that
the stimulation of MHV6S latently infected B-cell lines with
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ligands for TLRs 3, 4, 5, and 9 increases the output viral titer.
The ex vivo stimulation of primary splenocytes latently infected
with MHV68 with these same TLR ligands led to B-cell acti-
vation and proliferation and an increase in the frequency of
cells reactivating the virus. Lastly, the administration of LPS or
CpG DNA in vivo at 42 days postinfection (dpi) triggered an
increase in MHV68 reactivation, early B-cell activation, and
CD8" T-cell responses. MHV68 reactivation in the spleen was
accompanied by an increase in virus replication in the lungs.
Importantly, the increase in MHV68 reactivation/replication
led to an increase in the frequency of MHV68 latently infected
splenocytes 14 days poststimulation.

MATERIALS AND METHODS

Cells, virus, and virus culture. MHV68 strain WUMS (ATCC VR1465) was
used for all virus infections unless indicated. Virus passage, maintenance, and
titers were performed as previously described (11). NIH 3T12 cells and mouse
embryonic fibroblast (MEF) cells were maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with 100 U penicillin/ml, 100 mg streptomycin/ml,
10% fetal calf serum (FCS), and 2 mM L-glutamate (¢cMEM). A20-HE1 and
A20-HE2 (16) and A20 were maintained in RPMI medium supplemented with
100 U penicillin/ml, 100 mg streptomycin/ml, 10% FCS, and 2 mM L-glutamate;
the A20-HE cells were also maintained with 20 ng/ml hygromycin and 300 p.g/ml
B sulfate in the medium. The cells were maintained at 37°C in a 5% CO,
environment. MEF cells were prepared from C57BL/6 mice as previously de-
scribed (43).

Mice, infections, and organ harvests. Six- to eight-week-old C57BL/6 mice
(Jackson Laboratory, MD) were housed and bred in the Whitehead Building
vivarium at the Emory University School of Medicine in accordance with all
federal, university, and facility regulations. The mice were placed under isoflu-
rane anesthesia prior to intranasal inoculation with 1,000 PFU of virus in 20 pl
of cMEM. The mice were anesthetized with isoflurane prior to sacrifice by
cervical dislocation. Spleens were homogenized in cMEM and filtered through a
100-pm pore size nylon cell strainer (Becton Dickinson). Erythrocytes were
removed with red-blood-cell lysis buffer (Sigma, St. Louis, MO). Splenocytes
from three to five mice were used in all experiments. Lungs were harvested intact
into cMEM and stored at —80°C.

A20-HE cell stimulation. A20-HE cells were resuspended at 1 X 10%ml of
RPMI complete medium and stimulated for 24 h with either 20 ng/ml phorbol
myristate acetate (PMA), 0.5 pg/ml Pam3CSK4, 10 wg/ml poly I:C, 1 pg/ml LPS,
600 pg/ml flagellin, 0.5 pg/ml FLS-1, 0.5 wg/ml ssRNA, or 1 uM CpG (Invivo-
gen). After 24 h, the supernatants were harvested and freeze-thawed three times
prior to the plaque assay.

Plaque assays. The plaque assays were performed as previously described (11),
with minor modifications. NIH 3T12 cells were plated onto six-well plates 1 day
prior to infection at 2.5 X 10° cells/well. Serial 10-fold dilutions of the superna-
tants were plated into NIH 3T12 monolayers in a 200-ul volume and allowed to
absorb for 1 h at 37°C with rocking every 15 min. Immediately after infection, the
plates were overlaid with 2% methylcellulose in cMEM. After 7 days, the plates
were stained with a neutral red overlay, and the plaques were scored the next
day. The limit of detection for this assay was 50 PFU/ml.

Flow cytometry. For the flow cytometry analysis, cells were resuspended at 1 X
10° cells/ml in phosphate-buffered saline (PBS) containing 2% FCS, and prior to
staining, they were Fc blocked with rat anti-mouse CD16/CD32 for 10 min and
then stained with a combination of the following antibodies: fluorescein isothio-
cyanate-conjugated antibodies to CD69; phycoerythrin (PE)-conjugated antibod-
ies to CD19, CD44, and CD62L; peridinin chlorophyll protein-conjugated anti-
bodies to CD8 and CD4; PE-Cy7-conjugated antibodies to CD69 and CD11a;
PacificBlue-conjugated antibodies to CDS, all purchased from BD Pharmingen;
and allophycocyanin-conjugated antibody to CD8 purchased from eBioscience.
Tetramers to ORF6,g; (, 405 (H-2DP) were synthesized at the NITH Tetramer
Core Facility at Emory University and conjugated to streptavidin-allophycocya-
nin (Molecular Probes) according to the Core protocol. Antibodies were used at
a 1:100 dilution except for the PE- and PE-Cy7-conjugated antibodies, which
were used at 1:200, for 20 min on ice in the dark. The cells were then washed with
PBS/2% FCS and resuspended in 200 pl. Data were collected on an LSR II flow
cytometer (BD Biosciences) and analyzed using FloJo software (TreeStar).

Limiting-dilution ex vivo reactivation analyses. Limiting-dilution analyses to
determine the frequency of cells spontaneously reactivating from latency upon
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explant was performed as described previously (58, 60). Briefly, bulk splenocytes
were resuspended in cMEM and plated in serial twofold dilutions (starting with
10° cells) onto MEF monolayers in 96-well tissue culture plates. Twelve dilutions
were plated per sample, and 24 wells were plated per dilution. The wells were
scored for cytopathic effect at day 21 postplating. To detect preformed infectious
virus, parallel samples of mechanically disrupted cells were plated onto MEF
monolayers. This process kills more than 99% of live cells, which allows pre-
formed infectious virus to be discerned from virus reactivating from latently
infected cells (58-60). The level of sensitivity of this assay is 0.2 PFU (59). Unless
otherwise indicated, significant levels of preformed virus were not detected in
these assays.

Limiting-dilution nested-PCR detection of MHV68 genome-positive cells. The
frequency of cells harboring the MHV68 genome was determined using a lim-
iting-dilution analysis coupled with a single-copy-sensitivity nested PCR assay to
detect the MHV68 orf50 gene sequence, as previously described (59, 60). Briefly,
bulk splenocytes were thawed, counted, and resuspended in isotonic buffer. A
series of six threefold serial dilutions, starting with 10* cells/well, were plated in
a background of 10* uninfected NIH 3T12 cells in 96-well PCR plates. The cells
were lysed prior to the nested PCR by 6 h of treatment at 56°C in the presence
of detergent and proteinase K. Then, 10 pl of round 1 PCR mix was added to
each well. Following the first-round PCR, 10 pl of round 2 PCR buffer was added
to each well and samples were subjected to a second round of PCR. All cell lysis
and PCRs were performed on a PrimusHT thermal cycler (MWG Biotech). The
products were resolved by ethidium bromide staining on 2% agarose gels. Twelve
PCRs were performed for each sample dilution, and a total of six dilutions were
performed for each sample. Every PCR plate contained control reactions (un-
infected cells and 10 copies, 1 copy, and 0.1 copy of plasmid DNA in a back-
ground of 10* cells). All of the assays demonstrated approximately single-copy
sensitivity with no false positives.

Ex vivo stimulation of latently infected splenocytes. Splenocytes were har-
vested from day 42 infected mice. A total of 10° cells were stimulated with
medium alone, 20 ng/ml TPA, 0.5 pg/ml Pam3CSK4, 10 pg/ml poly(I:C), 1 pg/ml
LPS, 600 pg/ml flagellin, 0.5 wg/ml FLS-1, 0.5 pg/ml ssRNA, or 1 uM CpG DNA.
The stimulated splenocytes were labeled with 1 uM carboxyfluorescein diacetate
succinimidyl ester (CFSE) and harvested at different times to assay cellular
proliferation or were plated into the limiting-dilution ex vivo reactivation assay,
in the presence or absence of TLR ligands.

In vivo administration of TLR ligands. C57BL/6 mice were infected with 1,000
PFU intranasally and, at 42 days postinfection, were injected intraperitoneally
(i.p.) with either 200 ul PBS, 15 pg LPS, or 20 pg CpG DNA in 200 wl PBS. The
splenocytes and lungs were then harvested at days 1, 3, 7, and 14 poststimulation
and processed as described above.

Measurement of viral persistence in the lung. Persistent MHV68 replication
in the lungs was measured using a modified form of the limiting-dilution ex vivo
reactivation assay described above. Briefly, the left lung from each animal was
mechanically disrupted as described previously (56). This disrupts >99% of the
cells present but has less than a twofold effect on the titer of the preformed
infectious virus (58). The homogenate was plated in a twofold-dilution series
onto MEFs in 96-well tissue culture plates—12 dilutions of 16 replicate wells
were plated. The appearance of a cytopathic effect (CPE) was monitored micro-
scopically and read 21 days postplating. The individual lungs from three to five
mice were used in all experiments.

Statistical analyses. All data were analyzed by using GraphPad Prism software
(GraphPad Prism). Viral titer data were statistically analyzed using the Mann-
Whitney nonparametric two-tailed ¢ test. Based on Poisson distribution, the
frequencies of reactivation and viral genome-positive cells were obtained from a
nonlinear regression fit of the data where the regression line intersects 63.2%.
The frequencies of reactivation and viral genome-positive cells were statistically
analyzed by an unpaired two-tailed ¢ test of the log 63.2% effective concentration.

RESULTS

B-cell stimulation by TLR ligands drives MHV68 reactiva-
tion from latently infected B-cell lines. To determine whether
TLR ligands can trigger MHV68 reactivation, we used murine
A20 B cells latently infected with MHV68 (A20-HE cell lines),
which we have previously shown are responsive to a number of
reactivation stimuli (16). Two independently derived A20-HE
cell lines were treated with different TLR ligands or PMA as a
positive control. The supernatants from the untreated and
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FIG. 1. Stimulation with TLR ligands enhances the reactivation of
MHV68 latently infected B-cell lines in vitro. Two independently de-
rived MHV68S latently infected cell lines (A20-HE1 and -HE2 cell
lines) were treated with the indicated reagents. Tissue culture super-
natants were harvested at 24 h posttreatment and virus titers deter-
mined by plaque assay. The data shown are representative of the
results from three independent experiments. (A) The following ligands
were used to stimulate specific TLRs as follows: Pam3CSK4 (TLR1/2),
HKLM (heat-killed Listeria monocytogenes) (TLR2), poly(I:C)
(TLR3), LPS (TLR4), flagellin (TLRS), FSL1 (TLR6/2), ssRNA
(TLR7), and CpG DNA (TLRY). (B) Dose response of A20-HE1 and
-HE2 cells to ssRNA (TLR7).

treated A20-HE cells were recovered at 24 h postinduction and
assayed for changes in virus production by plaque assay on
murine NIH 3T12 fibroblasts (Fig. 1A). To control for the
possible toxic effects of these treatments on NIH 3T12 fibro-
blasts, a parallel series of treatments of the MHV68-negative
parental murine A20 B-cell line was carried out. Importantly,
supernatants from the treated A20 cells were also plated onto
monolayers of NIH 3T12 cells, and no cytopathic effect was
detected under any of the treatment conditions (data not
shown). The stimulation of A20-HE cells with PMA resulted in
a strong induction of virus reactivation (Fig. 1A). In addition,
stimulation with the TLR ligands poly(I:C) (TLR3), LPS
(TLR4), flagellin (TLRS), and CpG DNA (TLRY) also elicited
substantial increases in virus reactivation/replication (Fig. 1A).
It should be noted that we performed reverse transcriptase
PCR using intron-spanning, gene-specific primers for mouse
TLRs 1 to 9 and found that the A20-HE cells express all of
these TLRs (data not shown). Thus, we conclude that these
data demonstrate that stimulation through a subset of TLRs
can promote MHV68 reactivation from latently infected B-cell
lines.

HIV infection can induce KSHYV reactivation (36, 57). Fur-
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thermore, it has also been shown that TLR7 can recognize
HIV ssRNA (4, 21, 35). Thus, we wanted to further investigate
the role of TLR7 signaling and MHV68 reactivation since the
previous failure of MHV68 to reactivate in response to ssRNA
could reflect a true lack of response or alternatively may be due
to the experimental setup. To ensure that the concentration of
ssSRNA used to stimulate the A20-HE cells would be sufficient
to induce MHVG68 reactivation, we performed a dose-response
with ssRNA (Fig. 1B). Notably, we observed that varying the
concentration of ssRNA from 0.25 pg to 10 g made no dif-
ference in the inability of TLR7 stimulation to induce MHV68
reactivation (Fig. 1B).

TLR stimulation leads to early B-cell activation and prolif-
eration, which correlates with an increase in virus reactivation
from primary splenocytes. The B-cell receptor-dependent
stimulation of MHV68S latently infected splenocytes leads to an
increase in B-cell activation and proliferation that correlates
with viral reactivation (39). To investigate the impact of TLR
stimulation, we harvested splenocytes from mice 42 dpi after
intranasal infection. Notably, by 42 dpi, there is barely detect-
able spontaneous virus reactivation from splenocytes detected
in our limiting-dilution ex vivo reactivation assay (54). We
focused our analysis on those TLR ligands that generated the
largest stimulation of virus reactivation from the A20-HE cell
lines (Fig. 1). The TLR ligands poly(I:C), LPS, flagellin, and
CpG DNA were added to bulk splenocytes and B-cell activa-
tion and proliferation examined over several days poststimu-
lation. Within 24 h poststimulation, a significant number of the
B cells were activated, as evidenced by an upregulation of
CD69 compared to unstimulated control cells (Fig. 2A). We
also assessed proliferation by CFSE labeling cells. CFSE is a
dye that labels cells by incorporation into the cell and with each
cell division leads to dilution of the dye in daughter cells. The
CFSE-labeled cells were stimulated with TLR ligands and an-
alyzed by flow cytometry for the loss of CFSE staining at
several time points poststimulation. At 24 h poststimulation,
there was very little evidence of B-cell proliferation (Fig. 2B,
open histogram). However, by 120 h poststimulation, all the B
cells present in the cultures had proliferated to various extents,
with those cultures treated with TLR ligands exhibiting greater
proliferation than the unstimulated culture (Fig. 2B, shaded
histogram). These data indicate that TLR stimulation is effec-
tive in activating B cells and driving them to proliferate.

To assess whether TLR-dependent B-cell activation and
proliferation had any impact on MHV68 reactivation from
splenocytes, we recovered splenocytes 42 dpi and plated them
in a limiting-dilution reactivation assay either with medium
alone or with the addition of either PMA, poly(I:C), LPS,
flagellin, or CpG DNA. Notably, ex vivo stimulation with PMA
and/or the TLR ligands resulted in a substantial increase in the
frequency of splenocytes reactivating from latency (Fig. 3).
Since the readout of the ex vivo reactivation assay is the pres-
ence of CPE on monolayers of MEFs, we also assessed
whether any of these treatments alone caused the appearance
of CPE on monolayers of MEFs. Notably, none of the treat-
ment conditions used led to detectable CPE on the MEF
monolayers (data not shown). Furthermore, a quantitative
PCR analysis of the MHV68 genomes demonstrated an in-
crease in viral genomes at 48 and 72 h following LPS or CpG
DNA stimulation (data not shown). Taken together, these
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FIG. 2. The ex vivo TLR stimulation of splenic B cells induces
B-cell activation and proliferation. (A) Bulk splenocytes were har-
vested 42 dpi from mice and were either stimulated with the indicated
TLR ligand or left unstimulated in medium. Cells were harvested at
the indicated times poststimulation, labeled with anti-CD69 and anti-
CD19 antibodies, and analyzed by flow cytometry. Error bars represent
standard deviations between the results from individual mice. (B) Mice
were intranasally infected with 1,000 PFU wild-type MHV68, and at 42
dpi, bulk splenocytes were labeled with CFSE and stimulated with the
indicated treatments. At several time points poststimulation, the cells
were stained with anti-CD19 antibody and analyzed by flow cytometry
for the loss of CFSE. The flow cytometry histograms shown were gated
on CD19" cells. The unfilled histograms represent CFSE-staining lev-
els at 24 h poststimulation, while the shaded histograms represent
CFSE staining at 120 h poststimulation. The results shown are repre-
sentative of the results obtained from three independent experiments
with three to four mice per group.

findings demonstrate that ex vivo TLR stimulation induces
B-cell activation, proliferation, and enhanced MHV68 reacti-
vation from latency.

TLR4 and TLRY stimulation in vivo drives B-cell activation
and increased virus reactivation/replication. We next tested
the capacity of TLR agonists to induce B-cell activation in vivo.
For these analyses, we used LPS and CpG DNA, the two most
potent ligands for driving reactivation ex vivo. Also, LPS is a
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FIG. 3. Stimulation of MHV68 reactivation from explanted spleno-
cytes with TLR ligands. Forty-two days following a 1,000 PFU wild-
type MHV68 intranasal inoculation, bulk splenocytes were obtained
and were analyzed for the frequency of cells reactivating virus with and
without TLR stimulation upon explant. The data shown represent the
results from three independent experiments, with cells pooled from
three to four mice per experimental group. Based on these limiting-
dilution analyses, the frequency of cells reactivating virus under each
condition was as follows: no treatment (medium), ~1 in 500,000,
PMA, 1 in 30,000; poly(I:C), 1 in 62,000; LPS, 1 in 30,000; flagellin, 1
in 30,000; and CpG DNA, 1 in 19,000.

known B-cell mitogen, and CpG DNA directly triggers B-cell
activation (27). The mice were intranasally infected with 1,000
PFU intranasally, and at 42 dpi, the mice received i.p. admin-
istration of either PBS, 15 pg LPS, or 20 ng CpG DNA.
Splenocytes were harvested at different times poststimulation
and analyzed by flow cytometry for B-cell activation by an
upregulation of CD69 expression. What we observed was sim-
ilar to that for ex vivo stimulation: the peak of the B-cell
activation occurred 1 day after both LPS and CpG DNA were
administered (Fig. 4). We observed a ca. threefold increase in
B-cell activation in the LPS- and CpG DNA-treated mice com-
pared to that for the PBS-treated control mice (Fig. 4B). Im-
portantly, these data demonstrate that TLR ligand-induced
B-cell activation occurs in mice latently infected with MHV68.

We next assessed whether LPS or CpG DNA treatment of
mice in vivo impacted MHV68S reactivation. After i.p. admin-
istration of LPS or CpG DNA, splenocytes were harvested at
different times poststimulation and plated for reactivation. No-
tably, no further stimulation was given upon the explant of
splenocytes. At day 1 poststimulation, we did not detect any
stimulation-induced change in MHV68 reactivation (Fig. 5) or
any increase in the presence of preformed infectious virus in
the spleen (the latter was assessed by mechanically disrupting
splenocytes) (Fig. 5). In contrast, by 3 days poststimulation, we
were able to detect a more than twofold increase in MHV68
reactivating from latency in mice treated with LPS or CpG
DNA (Fig. 5). This modest increase in virus reactivation cor-
related with a substantial increase in the presence of pre-
formed infectious virus in the spleens of mice that received
LPS or CPG DNA treatment (Fig. 5). The induction of virus
reactivation and the presence of preformed infection virus
were apparent at both days 3 and 7 poststimulation and ap-
peared to largely subside by 2 weeks posttreatment (Fig. 5).
These data provide compelling evidence that in vivo TLR
stimulation can trigger virus reactivation in vivo.

To extend these analyses, we assessed whether TLR stimu-
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FIG. 4. LPS and CpG DNA treatment in vivo leads to B-cell acti-
vation. Forty-two days after the mice were intranasally infected with
1,000 PFU of wild-type MHV68, the mice were administered PBS, 15
pg LPS, or 20 g CpG DNA via i.p. injection. Splenocytes were
harvested at different times poststimulation, stained with anti-CD19
and anti-CD69 antibodies, and analyzed by flow cytometry. (A) Rep-
resentative flow cytometry plots of CD69 expression levels in purified
B-cell fractions (splenocytes were pooled from four to five mice per
experimental group). The values shown in the upper right quadrants
are the percentages of CD19" cells that express CD69 activation
marker. (B) Percentage of CD19* CD69" cells at the indicated days
poststimulation. Error bars represent the standard deviations between
the results for individual mice. The percentages of CD19* CD69™ cells
in the spleens of mice treated with LPS (P < 0.0001) or CpG DNA
(P < 0.0001) at day 1 posttreatment were significantly different from
that of the PBS-treated mice. *, LPS stimulation induced a statistically
significant increase in the percentage of activated B cells compared to
those treated with PBS. #x, CpG stimulation induced a statistically
significant increase in the percentage of activated B cells compared to
those treated with PBS.

lation led to the recrudescence of virus in the lungs by per-
forming a limiting-dilution assay on lung homogenate. Follow-
ing an intranasal infection, the lungs are the primary site of
acute lytic replication, which is cleared by ca. 12 days postin-
fection (54). At day 42 postinfection, the PBS-treated mice had
very low levels of replicating virus in the lungs (Fig. 6). As
observed in the spleen, there was a significant increase in virus
replication in the lungs of mice that received either LPS or
CpG DNA which could be detected at both days 3 and 7
posttreatment and was largely cleared by 2 weeks posttreat-
ment (Fig. 6).

MHYV68 reactivation in vivo correlates with an increase in
virus-specific, activated, and effector CD8™" T cells. If LPS and
CpG DNA induce MHV68 reactivation and subsequent virus
replication in vivo, we reasoned that a CD8™" T-cell response to
the reactivating virus would ensue. To test this hypothesis, we
assessed the frequency of CD8" T cells by following viral-
specific, activated, and effector CD8" T cells. One day post-
stimulation, there was little difference in the MHV68-specific
CD8™" T-cell response between PBS-treated and LPS- or CpG-
treated mice, as examined by tetramer staining of MHV68
ORF6,47 ¢, 495 (data not shown). However, by day 7 poststimu-
lation, there was a statistically significant increase in the
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FIG. 5. LPS and CpG DNA treatment of latently infected mice
stimulate the reactivation of MHV68. Mice were infected intranasally
with 1,000 PFU of wild-type MHV68. At 42 dpi, the mice were treated
with PBS, LPS, or CpG DNA via i.p. injection. Limiting-dilution anal-
yses assessed the impact of in vivo TLR stimulation on virus reactiva-
tion upon explant at the indicated days poststimulation. Shown in the
top panel are the percentages of wells in which viral CPE were de-
tected when 10° cells were plated. Similarly, plating mechanically dis-
rupted cells assessed the presence of preformed infection virus. The
frequency of wells exhibiting CPE when 10° cell equivalents were
plated is shown in the bottom panel. The data shown represent the
results compiled from three independent experiments, with cells
pooled from four to five mice per experimental group.

MHV68-specific CD8" T-cell response (Fig. 7A). This in-
crease in the MHVG68-specific response corresponded with a
global increase in CD8" T-cell activation in LPS- and CpG-
treated mice, as seen by a downregulation of CD62L (Fig. 7B).
Finally, we observed an increase in effector CD44" CD62L"°
CD8™" T cells in mice that received LPS or CpG DNA (Fig.
7C). These data indicate that an increase in MHV68 reactiva-
tion/replication corresponds to an increase in the CD8" T-cell
response, suggesting the reengagement of an adaptive immune
response to MHV68 reactivation/replication.

The TLR-mediated induction of MHV68 reactivation/repli-
cation leads to an increase in MHV68 latency in vivo. The
homeostatic maintenance of latency during chronic infection
might involve the periodic reactivation and reseeding of la-
tency reservoirs. To test whether TLR-induced reactivation
leads to changes in the levels of virus latency in the spleen, we
analyzed changes in the frequency of splenocytes harboring
MHV6S between 1 and 14 days poststimulation. We found the
frequencies of viral genome-positive cells were similar at day 1
following PBS (1/3,600), LPS (1/4,000) and CpG (1/4,500)
treatment (Fig. 8). Remarkably, while the PBS-treated controls
exhibited the same frequencies of viral genome-positive
splenocytes at day 14 (1/4,000), mice treated with LPS (1/550)
or CpG (1/650) had a substantial increase in the frequency of
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FIG. 6. Replication of MHV6S in the lungs following in vivo TLR
stimulation. Mice infected with 1,000 PFU wild-type MHV68 intrana-
sally were treated with PBS, LPS, or CpG DNA at 42 dpi, followed by
analysis of virus replication in the lungs at the indicated days post-
treatment. Serial dilutions of lung homogenates were plated onto MEF
indicator monolayers and scored for viral CPE 21 days postplanting
with 16 replicates plated per dilution. Each point on the scatter plot
represents the analysis of lung homogenate from an individual mouse,
and the data represent analyses of the results from three independent
experiments containing four to five mice per condition per experiment.
Statistically significant differences were observed at both day 3 post-
treatment (mock versus LPS treated, P < 0.0001; mock versus CpG
DNA treated, P < 0.0001) and day 7 posttreatment (mock versus LPS
treated, P < 0.0001; mock versus CpG DNA treated, P < 0.0001).
Nonlinear regression analyses were performed to determine the 50%
tissue culture infective dose.

viral genome-positive cells at day 14 poststimulation (Fig. 8).
Therefore, we conclude that the TLR-stimulated induction
of MHV6S reactivation appears to seed latency in vivo.
These data suggest that periodic heterologous infections
may contribute to the homeostatic maintenance of latent
gammaherpesvirus infection through TLR-mediated virus
reactivation/replication.

DISCUSSION

The stimuli for herpesvirus reactivation in vivo during nat-
ural infections are largely unknown. Here we report that sig-
naling through specific TLRs can induce MHV68 reactivation,
both in vitro and in vivo, raising the question of whether het-
erologous infections play a significant role in episodic gamma-
herpesvirus reactivation/replication in the chronically infected
host. Notably, we observed that 14 days post-TLR stimulation
there was an increase in the frequency of MHV68 latently
infected splenocytes, suggesting that TLR-driven virus reacti-
vation/replication may be one mechanism by which chronic
MHV68S infection is maintained/renewed. Virus reactivation is
clearly important for the horizontal transmission of herpesvi-
ruses and may for some herpesviruses play an important role in
maintaining reservoirs of “functional” latently infected cells in
the chronically infected host (8, 19, 30, 52, 53). The latter issue
may be particularly important for gammaherpesviruses, whose
genomes are known to be heavily methylated in the long-term
latency reservoirs (10, 41). Methylated cytosines are prone to
oxidative deamination, leading to the production of thymine
which, if not repaired prior to cellular proliferation, can be-
come fixed mutations in the viral genome (5, 6). Thus, episodic
virus reactivation may ensure the persistence and propagation
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FIG. 7. Increase in CD8" T-cell responses following the in vivo
stimulation of MHVG68 reactivation. Mice were infected intranasally
with 1,000 PFU of wild-type MHV68 and at 42 dpi were stimulated
with PBS, LPS, or CpG DNA, and splenocytes were harvested at day
7 poststimulation. (A) Cells were stained with anti-CD8, a major his-
tocompatibility complex I tetramer to an epitope in the MHV68 p56
antigen (ORF6,g; ,, 405), as an indicator of the MHV68-specific CD8*
T-cell response. Each point on the scatter plot represents the percent-
age of CD8" p56" CD8" T cells from the spleen of an individual
mouse. The percentages of tetramer-positive CD8" T cells in the
spleens of mice treated with LPS (P < 0.0001) or CpG DNA (P <
0.0001) were significantly different from that of the control (PBS-
treated) mice. (B) Splenocytes recovered from the control and treated
mice were stained with anti-CD8 and anti-CD62L. Each data point on
the scatter plot represents the percentage of CD8* CD62L' T cells, as
a marker of activated CD8" T cells, from the spleen of a single mouse.
The percentages of activated CD8" T cells in the spleens of mice
treated with LPS (P < 0.0001) or CpG DNA (P < 0.0001) were
significantly different from that of the PBS-treated mice. (C) To ex-
amine effector CD8™ T cells, splenocytes were stained with anti-CDS8,
anti-CD62L, and anti-CD44. Each point on the scatter plot represents
the percentage of CD8" CD62L' CD44™ T cells in the spleen of a
single mouse. The percentages of effector CD8" T cells in the spleens
of mice treated with LPS (P < 0.0001) or CpG DNA (P < 0.0001) were
significantly different from that of the PBS-treated mice. The horizon-
tal bars represent the mean percentages. The data shown represent the
results of three individual experiments with four to five mice per group,
including the naive mice.

of “functional” viral genomes (and perhaps reflects an ongoing
mechanism by which viral fitness is maintained).

Is there any evidence indicating a role for heterologous
infections triggering herpesvirus reactivation? In support of
this idea, latently infected EBV cell lines can be induced to
reactivate upon superinfection with CMV (3). Similarly, HIV-1
infection of KSHV-infected PEL cells causes KSHV reactiva-
tion (36, 57). Many infections, both bacterial and viral, trigger
an immune response by their PAMPs. TLRs are expressed on
a wide variety of cells, including antigen-presenting cells. Sig-
naling through TLRs can trigger HIV-1 replication in latently
infected mast cells (46). KSHV-infected PEL cells can be in-
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FIG. 8. Stimulation of MHV68 reactivation in vivo leads to an
increase in the frequency of latently infected splenocytes. Mice were
infected with 1,000 PFU wild-type MHV6S intranasally and at 42 dpi
were treated i.p. with PBS, LPS, or CpG DNA. Bulk splenocytes from
day 1 and day 14 posttreatment were assayed for the frequency of viral
genome-positive cells by limiting-dilution PCR. The data shown rep-
resent the results of three independent experiments using four to five
mice for each experimental group per experiment.

duced to reactivate in the presence of LPS (38), while the in
vivo administration of LPS also stimulates murine CMV reac-
tivation (13). Finally, we previously demonstrated that follow-
ing i.p. inoculation, MyD88 /'~ mice exhibited a defect in
MHV68 reactivation but not the establishment of latency (17).
The latter suggested a potential role for TLR signaling in
MHV68S reactivation. As a surrogate for heterologous infec-
tions, we assessed whether TLR ligands could induce virus
reactivation in vivo at 42 dpi. Day 42 is a time point at which
very little spontaneous MHV68 reactivation is observed (62).
We focused our analyses on B-cell latency since by day 42 the
vast majority of MHV68 latently infected splenocytes are B
cells (62). LPS and CpG DNA treatment increased the fre-
quency of activated splenic B cells compared to that for the
PBS-treated mice 1 day after administration. This was consis-
tent with the early kinetics of B-cell activation upon TLR
stimulation ex vivo. In vivo TLR stimulation significantly in-
creased MHVG68 reactivation from latency, with both reactiva-
tion and the presence of preformed infectious virus in the
spleen peaking at 7 days poststimulation (cleared by day 14).
As discussed above, by day 14, we observed a significant in-
crease in the frequency of viral genome-positive splenocytes in
mice that received LPS or CpG DNA treatment compared to
that for the PBS-treated mice. This increase implies either the
reseeding of latency following virus reactivation and subse-
quent virus replication and/or the expansion of the pool of
latently infected cells through TLR-driven cell proliferation.
Either mechanism may facilitate the maintenance of chronic
gammaherpesvirus infection.

We have previously demonstrated that anti-Ig/anti-CD40
stimulation ex vivo can induce both the proliferation of B cells
and MHV68 reactivation/replication (39). In the present study,
we show similar results using TLR agonists. The immediate
downstream pathway activated following the TLR stimulation
of a B cell is distinct from that following anti-CD40/anti-Ig
stimulation; however, both pathways eventually lead to the
activation of similar downstream transcription factors, notably
NF-«B and AP-1, as well as interferon regulatory factors (47).

J. VIROL.

Since multiple stimulation pathways lead to the activation of
similar downstream transcription factors, one cannot clearly
decipher what cellular factors and their expression patterns are
necessary to drive the reactivation of MHV6S. Transcription
Element Search software (TESS) analyses have revealed pu-
tative NF-kB and interferon regulatory factor binding sites in
the promoter of orf50, whose gene product RTA is the master
lytic activator of MHV68 replication, being required for both
acute virus replication and reactivation from latency (32, 42).
The activation of one or more of these transcription factors
may not only induce B-cell activation and proliferation but also
bind to the orf50 promoter and cause the production of RTA,
leading to the initiation of the lytic cycle. Interestingly, the
overexpression of the NF-kB subunit p65 has been shown to
inhibit MHV68 replication in tissue culture (7). One interpre-
tation is that the overexpression of a single NF-kB subunit may
alter the dynamic complex formation needed for reactivation.
Notably, however, we have previously shown that NF-kB is not
essential for reactivation in vivo (29). The Raf/MEK/extracel-
lular signal-regulated kinase pathway is known to trigger
KSHYV reactivation (15). Also, growth factors or cell cycle
regulatory proteins induced by NF-kB may also play a combi-
natorial role in MHV68 reactivation.

TLR signaling likely represents one of many pathways that
lead to MHVG68 reactivation. Signals that lead to the terminal
differentiation of latently infected memory B cells are also a
likely trigger (31), as has been shown for EBV and KSHV (25,
31, 64). Apoptotic signaling pathways triggered by activation
through TLR-mediated pathways may be another (2). TLR
signaling leads to an array of proinflammatory cytokine pro-
duction (interleukin-12, tumor necrosis factor alpha, alpha/
beta interferon, and/or interleukin-2), all of which have auto-
crine and paracrine effects that may contribute to MHV68
reactivation. TLRs induce the expression of selectins, chemo-
kines, and chemokine receptor genes that regulate cell migra-
tion to the sites of inflammation (24). Chemokines that cause
B-cell migration into secondary lymphoid organs during an
immune response, such as secondary lymphoid tissue chemo-
kines and B-lymphocyte chemokines, as well as MIP-3a and
MIP-38, may also play a role in triggering virus reactivation in
vivo. Furthermore, the latter may be a mechanism that could
bring the reactivating B cell in close proximity to proliferating
B cells, facilitating de novo latency establishment.

Coincident with the peak of in vivo reactivation following
TLR stimulation, we also observed an increase in the CD8™
T-cell response. Both an increase in MHV68-specific CD8* T
cells and a general increase in activated and effector CD8™
T-cell responses were observed. This indicates that the host
immune system responds to reactivating virus in vivo, likely in
an attempt to control virus replication. Thus, periodic virus
reactivation in vivo may, in turn, keep the MHVG68-specific
immune response primed to control chronic MHV68 infection.

Thus, in conclusion, we have demonstrated that TLR signal-
ing can trigger MHV68 reactivation and subsequent virus rep-
lication in vivo. To our knowledge, this is the first report
demonstrating the in vivo stimulation of gammaherpesvirus
reactivation. We hypothesize that MHV68 may not only take
advantage of this innate immune response to trigger reactiva-
tion but also utilize the expansion of latently infected B cells
and/or the reactivation of MHV68 from B cells reseeding la-
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tency reservoirs to facilitate the homeostatic maintenance of
MHV68S latency.
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