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Abstract

Infection of mice with murine gammaherpesvirus-68 (yHV-68) serves as a model to understand the pathogenesis
of persistent viral infections, including the potential for co-infections to modulate viral latency. We have pre-
viously found that infection of neonates (8-day-old mice) with yHV-68 resulted in a high level of persistence of
the virus in the lungs as well as the spleen, in contrast to infection of adult mice, for which long-term latency was
only readily detected in the spleen. In this study we investigated whether stimulation of toll-like receptor (TLR)9
would modulate viral latency in mice infected with yHV-68 in an age-dependent manner. Pups and adult mice
were injected with the synthetic TLR9 ligand CpG ODN at 30 dpi, at which time long-term latency has been
established. Three days after CpG injection, the lungs and spleens were removed, and a limiting dilution assay
was done to determine the frequency of latently infected cells. RNA was extracted to measure viral transcripts
using a ribonuclease protection assay. We observed that CpG injection resulted in an increase in the frequency of
latently-infected cells in both the lungs and spleens of infected pups, but only in the spleens of infected adult
mice. No preformed virus was detected, suggesting that TLR9 stimulation did not trigger complete viral re-
activation. When we examined viral gene expression in these same tissues, we observed expression only of the
immediate early lytic genes, rta and K3, but not the early DNA polymerase gene or late gB transcript indicative
of an abortive reactivation in the spleen. Additionally, mice infected as pups had greater numbers of germinal
center B cells in the spleen following CpG injection, whereas CpG stimulated the expansion of follicular zone B
cells in adult mice. These data suggest that stimulation of TLRY differentially modulates gammaherpesvirus
latency via an age-dependent mechanism.

one model for the interaction between EBV and malaria
is through TLR9 stimulation of latently-infected memory B
cells (35).

In vitro studies have found that HIV infection can trig-

Introduction

( ;AMMAHERPESVIRUSES ESTABLISH LIFE-LONG LATENCY
IN LYMPHOCYTES. Whether viral latency is modulated

by stimulation of lymphocytes following subsequent
heterologous infections is an area of intense investigation.
Epidemiological evidence from studies of the human gam-
maherpesvirus Epstein-Barr virus (EBV), and the malaria
parasite Plasmodium falciparum, suggests that co-infections
modulate viral latency (26). P. falciparum contains a toll-like
receptor (TLR)9 ligand, which consists of both malaria DNA
and parasite hemozoin, that increases the efficiency by which
malaria DNA is transported to the endosomal location of
TLRY (29,31). TLR9Y is found on memory B cells in humans,
where EBV is latent, and stimulation of TLR9 can result in
B-cell expansion and/or plasma cell differentiation; in mice
TLRO is expressed on all B cells (17). We have proposed that

ger another human gammaherpesvirus, Kaposi’s sarcoma-
associated herpesvirus (KSHV), to reactivate from primary
effusion lymphoma cell lines (25,42). Furthermore, lytic
reactivation was found to occur following infection of
latently-infected endothelial cells and fibroblasts with human
cytomegalovirus (44). Using the murine gammaherpesvirus-
68 (yHV-68) as a model for human gammaherpesvirus in-
fection, it has previously been reported that splenocytes
harboring latent virus can be induced to produce lytic virus
by stimulation with anti-Ig, anti-CD40, or LPS (27). More
recently this has been modeled in vivo using infection of mice
with yHV-68, and subsequent injection of ligands for TLR4
and TLR9 (14).
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In Africa, EBV infection occurs early in life and most are
infected by the age of 2 years (2,26). Infection with P. falci-
parum can also occur in infants and young children. The age of
the host then needs to be considered when modeling these
host-pathogen interactions. Eight-day-old mice are equivalent
to approximately a 1'/,-year-old infant (12), and thus can be
used to model how early age of infection with EBV influences
viral pathogenesis. We have previously found that the path-
ogenesis of yHV-68 infection of mice is age-dependent, such
that infection of pups (8-day-old mice) results in enhanced
persistence of the virus in the lungs, whereas no viral DNA is
detected in the lungs following infection of adult mice (32). In
contrast, in both adult mice and pups, once latency is estab-
lished in the B cells in the spleen, no differences in viral load
are seen. However, the long-term effects of neonatal gam-
maherpesvirus infection on maintaining latency remain to be
determined, including how subsequent heterologous infec-
tions may affect viral latency.

In this study, we asked whether injection of mice latently
infected with yHV-68 with CpG-ODN, a known TLR9 ligand,
would modulate latency. In addition, we asked if this mod-
ulation was different depending on the site of latency (lung or
spleen), and the age of infection with yHV-68 (pup or adult).
Our data suggest that there is a potential for heterologous
infections through TLRY stimulation to lead to abortive viral
reactivation and transient expansion of the latently-infected
cell pool, which has implications for the pathogenesis
of gammaherpesvirus-associated diseases. Furthermore, our
data indicate that external factors may affect viral latency in
an age-dependent manner.

Materials and Methods
Cell lines and virus preparation

All cell culture reagents were purchased from Cellgro
(Mediatech, Inc., Herndon, VA). Murine embryonic fibro-
blast (MEF) cells were grown in Dulbecco modified Eagle’s
medium (DMEM) supplemented with 4.5 g/L glucose, 1 mM
sodium pyruvate, 10% fetal bovine serum (FBS), 2mM L-
glutamine, 100 U/mL penicillin, and 100 ug/mL streptomy-
cin. Owl monkey kidney (OMK) cells were grown in RPMI
supplemented with 10% FBS, L-glutamine, penicillin, and
streptomycin. yHV-68 virus stocks were grown as previously
described (4).

Mice and infections

C57BL/6 mice were purchased from Jackson Laboratory
(Bar Harbor, ME), and bred in-house under specific pathogen-
free conditions. Male or female mice were used at 8d old
(pups) or at 6-8 wk old (adults). The pups were infected in-
tranasally with 400 pfu yHV-68 in 5 uL. HBSS. Adult mice were
infected with 4x10* pfu in 50 uL of HBSS. For in vivo experi-
ments, latently-infected mice (30 dpi) were injected intrave-
nously with either 10nmol CpG (Coley Pharmaceutical
Group, Wellesley, MA), or with HBSS. For all experiments, at
least four mice were used per group, and each experiment was
repeated twice.

Tissue preparation

Tissues were removed from the mice and either processed
immediately or frozen at —80°C. Mouse lungs were perfused
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with 10mL HBSS containing 10mM ethylenediaminete-
traacetic acid (EDTA) before removal. Lung tissues were then
processed as previously described, with minor modifications
(15). Briefly, the lungs were minced and digested in RPMI
supplemented with 5% FBS, 2mg/mL collagenase D, and
20 ug/mL DNase I for 90 min at 37°C with constant rocking.
The cells were then filtered through a 70-um cell strainer and
red blood cells were lysed in a hypotonic solution. The cells
were resuspended in 2mL HBSS and overlaid onto 3mL
Ficoll-Paque PLUS (Amersham Biosciences, Piscataway, NJ),
then centrifuged at 800 g for 20 min at room temperature. The
cells were harvested from the interface and resuspended in
DMEM containing 2.5% FBS, L-glutamine, penicillin, and
streptomyecin, for limiting dilution assay, or in phosphate-
buffered saline containing 0.3% bovine serum albumin (Fisher
Scientific, Pittsburgh, PA), and 10 mM HEPES buffer. Spleen
cells were isolated as previously described (45).

DNA extraction and real-time quantitative PCR

All DNA extraction procedures were done using the
QIAamp DNA Mini Kit, following the manufacturer’s pro-
tocols for either cultured cells or crude lysates (Qiagen,
Valencia, CA). Real-time quantitative PCR was performed
using primers and probe against yHV-68 viral DNA as pre-
viously described (46). Mouse f-actin was used as an internal
control with primers and probe as previously described (5).
The reactions were performed using iQ Supermix (Bio-Rad
Laboratories, Hercules, CA).

Viral titers of infected tissues

Murine embryonic fibroblasts were seeded in 2mL in 12-
well plates at a concentration of 1 x10° cells/mL in DMEM.
The cells were allowed to adhere overnight. Tissue samples
that had been flash-frozen were thawed and weighed, then
homogenized in 2mL complete DMEM. Homogenates were
diluted 1:10 for the highest concentration, and 1:10 serial di-
lutions were made. The remaining homogenates were stored
at —80°C. For the plaque assay, the supernatants were aspi-
rated off MEF monolayers, and homogenate dilutions were
plated in 1 mL complete DMEM. The plates were incubated
for 2h at 37°C, and the plaque assay procedure was continued
as previously described (4).

Limiting dilution assay

Murine embryonic fibroblasts were seeded in 200 uL in 96-
well plates at a concentration of 5x10* cells/mL in DMEM
containing 2.5% FBS (Invitrogen, Carlsbad, CA), L-glutamine,
penicillin, and streptomycin. Spleen or lung cells were re-
suspended at a concentration of 10° cells/mL, and a limiting
dilution assay was performed as previously described (41,
45), with the exception that threefold serial dilutions were
made. To determine the levels of preformed lytic virus, a
duplicate aliquot of cells was subjected to three cycles of
freeze-thaw, and the lysates were plated in 100 uL. volume
onto the MEF monolayers. The percentage of wells exhibiting
cytopathic effect was calculated after 21 d.

Flow cytometry

Single-cell suspensions were prepared as described above,
and all reagents and methods have been previously described
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(18), with the exception that the cells were first blocked using
FeyIII /11 receptor (BD Biosciences, San Jose, CA) on ice. The
cells were stained with the following antibodies: PE-labeled
B220 (BD Biosciences), FITC-labeled PNA (Vector Labora-
tories, Burlingame, CA), PerCP-Cy5.5-labeled CD19 (BioLe-
gend, San Diego, CA), PE-Cy7-labeled CD23 (eBiosciences,
San Diego, CA), and APC-labeled CD21 (BioLegend). The
cells were collected on an LSRII flow cytometer (Becton
Dickinson, Rutherford, NJ), and live cells were analyzed by
gating on forward-side scatter. Data were acquired using
FACSDIVA software (BD Biosciences), and the populations
were analyzed using FlowJo software (Tree Star Inc., Ash-
land, OR).

RNA extraction and ribonuclease protection assay

RNA was extracted from tissue as previously described
(8,36). Viral gene expression was determined using a ribop-
robe recognizing both lytic (K3, rta, M8, DNA polymerase,
and gB), and latent (M2, M3, M9, M11, ORF73, and ORF74)
yHV-68 transcripts (36). Riboprobe synthesis was driven by
T7 bacteriophage RNA polymerase with [¢-32P]UTP as the
labeling nucleotide. The ribonuclease protection assay (RPA)
and quantitation was done as previously described (18,36).
Probe bands were visualized and quantified by a Phos-
phorImager 445 SI and ImageQuant software (Molecular
Dynamics, Sunnyvale, CA).

Results

TLR9 stimulation leads to an increased frequency
of latently-infected cells in the lungs and spleens
of neonates, and the spleens of adult mice

The use of synthetic CpG-ODN to stimulate TLR9 on B cells
has been shown to lead to proliferation and differentiation
into plasma cells (20-22,24). Because yHV-68 establishes
latency in B cells (39), we wanted to determine whether CpG-
ODN had an effect on viral load in B cells latently infected
with yHV-68. We had previously reported that infection of
pups with yHV-68 at 8d old does not affect splenic latency
30d after infection; however, infected pups fail to completely
clear virus from the lungs, and maintain a latent infection
(32). We therefore wanted to determine the effect that CpG
injection had on latent virus in both pups and adult mice.
Eight-day-old (pups) and 6- to 8-week-old (adults) C57BL/6
mice were infected intranasally with yHV-68. Thirty days la-
ter, the mice were injected intravenously with 10nmol CpG
1826, and control mice were injected with PBS. Three days
after injection, the lungs and spleens were removed and viral
load was determined by quantitative PCR. Both pups and
adult mice injected with CpG had higher viral copy numbers
in the spleen than mock-infected mice (Fig. 1A). The pups also
had an increased frequency of viral load in the lungs; how-
ever, no viral DNA was detected in the lungs of adult mice
injected with either PBS or CpG (data not shown).

Because of the increase in viral load, we wanted to deter-
mine whether this was due to an increase in the frequency of
latently-infected cells following CpG injection. Frequency was
measured by a limiting dilution reactivation assay, in which
cells were plated onto a monolayer of MEFs. The MEFs were
analyzed after 3 wk for cytopathic effect (CPE), indicating
reactivation from latency. We found that injection of CpG

549

1826 led to an increase in the frequency of latently-infected
cells in the lungs and spleens of mice infected as neonates,
as well as those infected as adults (Fig. 1B). To determine
whether CPE was due to reactivated latent virus, we plated
duplicate aliquots of cells that had been lysed, thereby pre-
venting any reactivation from latency. Any CPE observed
would therefore be due to preformed lytic virus. We did not
detect any CPE in wells plated with lysates (data not shown),
indicating that no preformed virus was present in the ly-
sates, suggesting that CpG-ODN increased the frequency of
latently-infected cells rather than inducing lytic replication.

CpG injection of latently-infected mice leads
to viral gene expression in pups and adult mice

We next wanted to determine whether there were changes
in viral gene expression associated with the increased num-
ber of latently-infected cells. To do this, we utilized an RPA
that measured transcripts for both lytic (K3, rta, M8, DNA
polymerase, and gB) and latency-associated (M2, M3, M9,
M11, ORF73, and ORF74) transcripts. In the spleens of mice
infected as adults, we detected expression of the viral gene
rta (Fig. 2A), which is the viral transactivator that initiates
reactivation to the lytic cycle (30,48,49). However, no other
viral gene expression was detected, and rta expression was
no longer detected at 6d after CpG injection (data not
shown), indicating an abortive reactivation. In contrast, in
the spleens of mice infected as pups, we were unable to
measure rfa; however, we detected expression of a variety of
yHV-68 genes associated with latent and lytic infection
(Fig. 2B), including the early gene K3. Additionally, these
genes were detected even though lytic reactivation was not
observed. Because increased viral load and frequency of
latently-infected cells were also seen in the lungs of mice
infected as pups, we analyzed viral gene expression by RPA,
but surprisingly we were unable to detect any viral gene
expression in this tissue (data not shown).

CpG injection of latently-infected mice results
in differences in splenic B-cell populations
between pups and adult mice

We found that the pool of latently-infected B cells is ex-
panded in response to TLRY stimulation; however, the phe-
notype of the expanded B-cell population is unknown. To
determine how TLR9 stimulation affected B-cell phenotype
in latently-infected mice, or if the age of infection altered the
response, we determined the B-cell phenotype in the spleens
of latently-infected pups and adults injected with PBS or
CpG-ODN and harvested 3d post-injection. The marginal
zone (CD19%, CD23"%, and CD21M), follicular (CD19,
CD23", and CD21"), and germinal center (CD19", or B220",
PNA™) B-cell subsets were examined by flow cytometry, and
for each subset the percentage of the total B-cell population
was determined. Fig. 3A shows representative graphs for
mice infected as pups or adults, and then injected with PBS
or CpG; averages are shown in Fig. 3B. There was a signif-
icant increase in the percentage of germinal center B cells
in CpG-treated compared to PBS control mice that were in-
fected as pups, but this increase was not seen in mice infected
as adults. Additionally, PNA expression on B cells from
mice infected as pups was higher following CpG injection,
as measured by mean fluorescence intensity, indicating
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FIG. 1. Injection of infected mice leads to a differential increase in viral load and the frequency of latently-infected cells in

pups and adult mice. Mice were infected with yHV-68 and at 30 dpi were injected with 10 nmol CpG-ODN or with PBS as a

control. Three days following injection, the spleens and lungs

were removed. DNA was extracted from a portion, while the

rest was processed to make a single-cell suspension. (A) DNA was extracted from whole spleen or lung tissues and viral load
was measured by quantitative PCR. (B) The frequency of latently-infected cells that could reactivate virus was measured by
limiting dilution assay (*p < 0.05 compared to mock-infected animals; CPE, cytopathic effect).

increased activation, whereas this increase was not noted in
mice infected as adults. In contrast, the adult mice injected
with CpG showed an increase in follicular B cells that was
not seen in pups. No differences were seen in marginal zone
B cells in either age group.

Discussion

In this study, we used a mouse model to investigate how
polymicrobial interactions can affect gammaherpesvirus
persistence. The interaction between EBV, a human gam-
maherpesvirus, and P. falciparum malaria has been hypoth-
esized to alter viral latency in children in equatorial Africa
(7,26). We used yHV-68 infection of mice as a model for la-
tent herpesvirus infection. Because P. falciparum DNA con-

tains CpG motifs, a TLR9 ligand, we used CpG-ODN to
study how TLR9 stimulation affects gammaherpesvirus
pathogenesis. We found that injection of CpG into latently-
infected mice leads to differences in viral gene expression
between the spleens of neonates and adult mice, suggesting
an age-dependent effect of CpG on yHV-68 latency.
Stimulation of human B cells via TLRY leads to prolifera-
tion and differentiation into plasma cells (20-22,24). When
latently-infected B cells differentiate into plasma cells, the EBV
lytic cycle reactivates (23). We have also found that stimu-
lating murine B cells with CpG ODN in vitro leads to prolif-
eration and plasma cell differentiation (data not shown). Thus
we hypothesized that CpG injection of latently-infected mice
would reactivate virus to the lytic cycle. However, while we
were able to measure an increase in the frequency of latently-
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FIG. 2. Differential yHV-68 gene expression in mice infected as pups and as adults following injection with CpG. The mice
were infected with yHV-68 and at 30 dpi they were injected with 10 nmol CpG-ODN. The spleens were removed 3 d after
injection and RNA was extracted from whole tissue. Viral gene expression was measured by ribonuclease protection assay in

(A) adult mice and (B) pups (DNA pol, DNA polymerase).

infected cells following CpG injection of infected mice, we did
not observe any lytic reactivation in vivo. Recently it has been
reported that plasma cell differentiation only occurs in vitro
following TLR9 stimulation, but does not occur in vivo (33).
Indeed, we did observe an increase in the frequency of
latently-infected cells that can reactivate virus when those
cells were cultured in vitro. Others have also demonstrated
in vitro reactivation using LPS (a TLR4 ligand) and cross-
linking of Ig and CD40 (14,27). Previously, none of these
agents have been known to induce reactivation in vivo. How-
ever, it was recently demonstrated that injection of LPS and
CpG into latently-infected mice leads to an increase in the
frequency of latently-infected cells, as well as viral reactiva-
tion (14). It is unclear why Gargano et al. (14) were able to
induce lytic reactivation in vivo while we were not; it may be
that the route of inoculation affected the capacity of CpG to
reach latently-infected cells. They injected CpG intraperito-
neally, while we injected CpG intravenously. Intraperitoneal
injection could have resulted in reactivation of yHV-68 in
peritoneal macrophages. Alternatively, a different class of
CpG-ODN may have been used in their studies; we used a
class B CpG-ODN, which has been shown to drive B-cell
proliferation (21,43). It is also possible that the slight differ-
ence in the weight of mice infected as pups or infected as
adults may have altered the dose response to CpG. Ad-

ditionally, there were differences in the dose of virus and
volume of inoculum used. We used a larger volume (50 uL) to
inoculate the mice, compared to 20 uL used by Gargano et al.
Differences in the volume of inoculation can affect how
viruses induce disease, with smaller volumes inducing an
upper respiratory tract infection, and larger volumes inducing
a lower respiratory tract infection (38). This can alter the
pathogenesis of the virus, and may affect the establishment
and maintenance of latency, as well as reactivation.

Further evidence for the importance of immune control of
viral reactivation in vivo comes from our observation that
CpG injection leads to rta expression in the spleens of mice
latently-infected as adults. This expression is transient, and is
lost by 6 d post-injection. rta is the viral transactivator needed
to reactivate latent virus and initiate the lytic cycle (30,48,49),
but because we do not observe lytic reactivation in vivo, this
suggests that an abortive infection occurred. Interestingly,
TLR9 stimulation activates NF-«xB, which suppresses rta ex-
pression (3,34). This may be another reason why rta expres-
sion is lost 6d after CpG injection. The age-dependent
differences in viral gene expression that we observed could
likely stem from the fact that mice infected with yHV-68 as
pups are not likely to have the same degree of protective
immunity as mice infected as adults. This is supported by
our earlier observations that there is a higher level of viral
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FIG. 3. Mice infected as pups or adults have different proportions of B-cell subsets in the spleen following injection with
CpG. Eight-day-old mice were infected with yHV-68 and at 30 dpi were injected with 10nmol CpG-ODN. After 3 d the
spleens were removed and put into a single-cell suspension. The cells were stained with either FITC-PNA and PE-anti B220,
or PerCP/Cy5.5-CD19, PE/Cy7-CD23, and APC-CD21, to determine the B-cell phenotype. (A) Representative flow cytometry
plots of B-cell subsets in mice infected as pups or adults. (B) Percentage of germinal center, follicular zone, and marginal zone
B cells and mean fluorescent intensity of PNA on germinal center B cells (control: n=4, CpG: n=5; *p <0.05 compared to

mock-injected animals).
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persistence in the lungs when mice are infected early in life
(32). In addition, others have found that yHV-68 reactivation
does not readily occur in an immunocompetent host (4). It is
unclear why we didn’t see rta in the spleens of mice infected
as pups, yet we did detect other lytic transcripts. One pos-
sibility could be that the level of rta expression was below the
level of detection. However, since we did not observe any
preformed virus in this tissue, our results are more consistent
with an abortive lytic reactivation.

We found a dramatic increase in the frequency of latently-
infected cells in the lungs of mice infected as pups. Because
TLR9 expression is increased on memory cells (1), if these
cells harbor latently-infected virus, they would be a target for
proliferation induced by CpG, thereby increasing the overall
frequency of latently-infected cells. Therefore, it would be of
interest to know the cell type infected in the lungs of pups.
Recently, it has been noted that TLRY is important in the
antiviral immune response to yHV-68, and that this response
is organ-specific (16). We have previously reported that im-
mature dendritic cells are a target for yHV-68 infection in the
lungs, and that these cells also express TLR9 (19). Thus it
may be that CpG injection into mice modulates viral latency
in an organ-specific manner. Interestingly, even though we
observed an increased frequency of latently-infected cells in
the lungs, we did not detect any viral gene expression. It is
possible that the ORF73 transcript, which is necessary for
episomal amplification (13), was transiently expressed or
expressed below the level of detection of the RPA assay.

We observed that CpG injection into mice latently infected
with yHV-68 leads to the expansion of different populations of
B cells, depending on the age at which the mouse was infected.
Indeed, not only were different subsets increased following
injection of CpG in pups and adult mice, we also observed that
different subsets of B cells were more prevalent, even in mock-
infected mice. This suggests that the age of infection affects the
proportion of latently-infected B-cell subsets in the spleen,
which may lead to one subset being preferentially stimulated
by CpG. CpG is surprisingly potent, such that no differences
are seen in its effects on B cells when given at a 10- to 50-fold
range of doses (9). But it is possible that one reason for the
differences in response we observed between the two groups of
mice was that the actual dose of CpG per gram of mouse had a
differential effect on the response to CpG. Additionally, the
immune response to yHV-68 can be driven in part by the
presence of TLR9 on cells. It has been demonstrated that mice
deficient in TLR9 have a greater viral load in the spleen fol-
lowing intraperitoneal, but not intranasal, infection, compared
to WT mice (16). Although we infected mice intranasally, this
potentially direct role for TLR9 in the immune response to
yHV-68 may be important when TLR9 on infected B cells is
stimulated with CpG. Preferential stimulation of different
subsets may lead to changes in viral latency. Alternatively, the
B-cell population initially infected with yHV-68 could be dif-
ferent in pups and adult mice. This may partially explain the
differences in viral gene expression seen in the spleen between
the two age groups following CpG injection. The germinal
center reaction seen in the spleens of mice infected as pups
could be active due to the persistence and altered kinetics of
infection that lead to a lower threshold of activation when CpG
is injected, and therefore an increase in germinal center B cells
in pups but not adults. Whether this is associated with an in-
crease in Ig levels in the blood is unknown.
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In our model, we used infection of 8-day-old pups to mimic
infection of infants less than 1.5 years old with EBV. The lungs
of neonates continue to develop after birth, and inflammation
during this stage of development could cause damage to the
tissue. It is well established that neonates do not mount a
strong proinflammatory response to viral infection; in the
neonatal lung, the environment is unable to support an in-
flammatory response (15). It has been shown that loss of the
CD8* T-cell response in adult mice leads to viral persistence in
the lungs (11), and we have found that neonates infected with
yHV-68 have fewer CD8™ T cells in the lungs (Ptaschinski and
Rochford, unpublished observations). The IFN-y response is
also suppressed in neonates, while the production of Th-2
cytokines is increased (37,47). Because of the decreased in-
flammatory response in the lungs of neonatal mice in re-
sponse to viral infection, it is likely that mice infected as
neonates do not develop a proper memory response, and thus
the immune response is slower to respond following injection
of CpG into latently-infected pups. Furthermore, immune
tolerance to viral antigens has been reported in HBV (6) and
LCMV (28,40), when infection occurs early in life.

Treatment with the TLRY ligand mimics one aspect of
P. falciparum infection, namely signaling of B cells through
TLRO via P. falciparum hemozoin/DNA complexes. Although
it has been reported that P. falciparum can induce viral re-
activation in children suffering from an episode of acute
malaria (10), this was shown in an in vitro system to be due to
another component of P. falciparum—the PFEMP-1 protein—
which acts as a polyclonal activator of B cells (7). Thus the
absence of lytic reactivation in our in vivo model system is
consistent with the results of Chene et al., and suggests that it
is likely that TLRY signaling is not responsible for the in-
creased viral DNA seen in children with acute malaria. In
summary, our data suggest that the age of primary infection
with a gammaherpesvirus can alter the subsequent response
of latently-infected cells to heterologous infections. This has
important implications for gammaherpesvirus pathogenesis,
as in developing countries most people are infected early
in life.
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