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Infection of Dendritic Cells by a �2-Herpesvirus Induces
Functional Modulation1

Emilio Flaño,* Basak Kayhan,† David L. Woodland,† and Marcia A. Blackman2†

The murine �-herpesvirus-68 (�HV68) establishes viral latency in dendritic cells (DCs). In the present study, we examined the
specific consequences of DC infection by �HV68, both in vivo and in vitro. Ex vivo analysis of infected mice showed that the virus
colonizes respiratory DCs very early after infection and that all subsets of splenic DCs analyzed are viral targets. We have
developed and characterized an in vitro model of �HV68 infection of DCs. Using this model, we demonstrated that viral
infection neither induces full DC maturation nor interferes with exogenous activation, which is assessed by cell surface pheno-
typic changes. However, whereas �HV68 infection alone failed to elicit cytokine secretion, IL-10 secretion of exogenously activated
DCs was enhanced. Furthermore, �HV68-infected DCs efficiently stimulated virus-specific T cell hybridomas but failed to
induce alloreactive stimulation of normal T cells. These data indicate that viral infection doesn’t interfere with Ag processing and
presentation but does interfere with the ability of DCs to activate T cells. The inhibition of T cell activation was partially reversed
by blocking IL-10. Analysis of infected mice shows elevated levels of IL-10 expression in DCs and that lack of endogenous
IL-10 is associated with decreased �HV68 long-term latency. Taken together, these observations indicate that �2-herpesvirus
infection of DCs is a mechanism of viral immune evasion, partially mediated by IL-10. The Journal of Immunology, 2005, 175:
3225–3234.

D endritic cells (DCs)3 play a central role in initiating and
modulating immune responses to pathogens (1–6).
Thus, many viruses have developed strategies for dis-

rupting DC function (7, 8). This interference is possible at several
levels of the DC induction of immunity: 1) maturation, viability,
and migration of DCs; 2) Ag presentation; and 3) T cell activation
and priming. A key question is whether interference with the ini-
tiation of immunity as a consequence of infection of DCs by
chronic viruses constitutes a viral immune evasion mechanism.

�-Herpesviruses are oncogenic viruses associated with numer-
ous malignancies and have significant health implications, espe-
cially in immunocompromised individuals (e.g., posttransplant or
AIDS patients). More than 90% of the Western population carries
EBV and between 1 and 8% is infected with Kaposi’s sarcoma-
associated herpesvirus (KSHV). However, both viruses are en-
demic in several African regions, where KSHV seroprevalence
exceeds 60% (9). Kaposi’s sarcoma is the most common reported
neoplasm in many African counties, partially due to the AIDS
epidemic, and represents a largely unseen and unchallenged public
health problem (9).

�-Herpesvirus infections are characterized by the establishment
of lifelong latency in the immunocompetent host. After an acute

and generally asymptomatic infection, the infectious virus is
cleared, and the virus persists in a latent state. Whereas the major
reservoir of latent EBV, a �1-herpesvirus, is the memory B cell,
KSHV, a �2-herpesvirus, targets a variety of cell types, including
DCs (10–12). It has been reported that DCs derived from patients
with Kaposi’s sarcoma are functionally impaired (13), but nothing
is known about the specific consequences of DC infection by
�2-herpesviruses.

Characterization of a murine �2-herpesvirus, MHV-68 or
�HV68, has provided an important in vivo experimental model in
which both the virus and the host can be manipulated. There are
substantial genetic and biological similarities between �HV68 and
KSHV (14–16). As with KSHV, �HV68 establishes latency in a
broad range of cell types, including B cells, macrophages, epithe-
lial cells, and, importantly, DCs (17–20). For example, we have
shown that DCs are a major target of �HV68 latency in the spleen
(17, 21) and that they are a long-term reservoir of persistent virus
in a variety of anatomical sites (18). These data are consistent with
the possibility that the virus exploits its ability to infect DCs as a
mechanism for usurping DC function. In this report, we have char-
acterized the in vivo viral reservoirs in splenic and lung DCs dur-
ing acute infection and early latency and have developed an in
vitro model of �HV68 infection of DCs to determine the impact of
infection on DC function. Both the in vivo and in vitro data support
the hypothesis that �2-herpesvirus infection of DCs results in im-
mune evasion.

Materials and Methods
Animal procedures and virus infection

�HV68, clone WUMS, was propagated and titered on monolayers of NIH-
3T3 fibroblasts. C57BL/6J mice were purchased from Taconic Farms and
housed under specific pathogen-free conditions in BL3 containment. IL-
10-deficient mice (B6.129P2-IL-10tm1Cgn/J) and control mice (C57BL/6)
were purchased from The Jackson Laboratory. The Institutional Animal
Care and Use Committees at Trudeau Institute and at Columbus Children’s
Research Institute approved all studies described here. Mice were anesthe-
tized with 2,2,2-tribromoethanol and intranasally inoculated with 4 � 102

PFU of virus in PBS.
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Viral assays

Plaque assay. To determine the titer of infectious virus, lungs obtained at
various times after infection were stored frozen and mechanically homog-
enized. The cells were broken by three quick successive cycles of freeze-
thawing. The lytic virus concentration of the lung homogenates or of DC
culture supernatants was determined in a standard plaque assay on NIH-
3T3 fibroblasts. The next day, the monolayers were overlaid with carboxy-
methyl cellulose (Sigma-Aldrich). After 6 days of culture, plaques were
quantitated after methanol fixation and Giemsa staining.
Infective center assay. Single-cell suspensions were obtained as described
above. Duplicates of the cell sample were mechanically disrupted by a
cycle of freeze-thaw. The intact (total infected cells) and disrupted (lyti-
cally infected cells) cell samples from each organ were plated in triplicate
onto monolayers of NIH-3T3 cells in serial 10-fold dilutions in 12-well
plates. The monolayers were overlaid, and the plaques were quantitated as
described above. The number of latently infected cells was calculated as
the difference between total and lytically infected cells.
Limiting dilution-nested PCR. The number of cells containing the
�HV68 genome was determined by a combination of limiting dilution anal-
ysis (LDA) and nested PCR (18). The purified cells were serially diluted in
uninfected NIH-3T3 fibroblasts in 96-well plates, lysed, and DNA ampli-
fied by nested PCR as previously described (18, 22) using primers specific
for �HV68 ORF50. This procedure was able to consistently detect a single
copy of the target sequence. Twelve replicates were assessed for each cell
dilution, and linear regression analysis was performed to determine the
reciprocal frequency (95% degree of confidence) of cells positive for
�HV68 DNA. As controls of nested PCR, 104 NIH-3T3 cells/well with and
without plasmid DNA containing the �HV68 ORF50 gene were included
in each 96-well plate.

Cell purification and FACS analysis

Dendritic cells from spleen and lung were purified on a FACS Vantage
SE/DIVA sorter (BD Biosciences) as described previously (18). Briefly,
the cells were isolated after collagenase D (5 mg/ml; Roche) treatment for
45 min. Cells were next incubated with 5 mM PBS/EDTA for 10 min at
room temperature to disrupt multicellular complexes. If needed, B and T
cells were depleted using a mixture of anti-CD19 and anti-Thy-1.2 cell
culture supernatants and magnetic beads (Dynal Biotech). The cells were
Fc-blocked and stained with fluorochrome-conjugated Abs specific for
CD11c, B220, CD8�, and CD4 or for CD11c, CD11b, CD5, and CD19.

FACS staining was performed on �105 cells/sample with combinations
of the following Abs: CD11c, CD80, CD86, F4/80, Kb, Db, CD54, I-Ab,
and CD40. Samples were washed and resuspended in 1% paraformalde-
hyde diluted in PBS before analysis. Apoptosis analysis was performed
using annexin V and propidium iodide. Flow cytometry data were acquired
on a FACScan or FACSCalibur and analyzed using CellQuest (BD Pharm-
ingen) and FlowJo (Tree Star).

Gardella gel electrophoresis

The resolution of episomal and linear �HV68 genomes in lung DCs puri-
fied as described above was done by Gardella gel analysis (23–25). The
lysis and separating gels were prepared as described previously (24). Pu-
rified DCs were resuspended in loading buffer containing 20% Ficoll (Sig-
ma-Aldrich) and 0.01% bromophenol blue and then loaded onto the gels.
The sample was overlaid with lysis buffer containing 5% Ficoll, 1% SDS,
and 1 mg/ml self-digested pronase (Calbiochem). The gels were run at 4°C
at 40 V for 3 h and then at 160 V for 16 h. The gels were then sliced at
0.5-cm intervals, the agarose was digested, and the DNA was extracted
using �-agarase (Promega) and ethanol precipitation, following the man-
ufacturer’s instructions. The presence of �HV68 DNA in the samples was
determined by PCR in a 25-�l reaction containing primers (6.25 �M each)
specific for �HV68 (5�-GATGGAAACAGAAAACGAGCCC-3� and 5�-
TCGCTTGTTTCTGGGGAGGTTT-3�; product 425 bp), 1 U of TaKaRa
Ex Taq (Takara Biomedicals), 2.5 �l of 10� Ex Taq buffer (Takara Bio-
medicals), and 3 �l of dNTP mixture (Takara Biomedicals). Amplification
was for 45 cycles (94°C, 60 s; 67°C, 60 s; 72°C, 30 s), followed by a 7-min
extension at 72°C. The �HV68-containing B cell line S11, which has been
shown to harbor both episomal and linear �HV68 DNA (19), and lytically
infected NIH-3T3 fibroblasts were used as controls for the Gardella gel
analysis.

Gene expression analysis

The �HV68 gene expression analysis on cultured DCs was performed as
described previously (21). The size of the transcripts detected corresponded
to the sizes previously determined for S11 cells, a �HV68-containing B cell
line that has been shown to harbor both lytic and latent �HV68 DNA (19).

DC cultures

DCs were generated from bone marrow cultures in complete tumor me-
dium supplemented with 20 ng/ml GM-CSF (PeproTech). On day 10, non-
adherent cells were harvested, and DC purity was analyzed by FACS stain-
ing (CD11c�I-Ab�, �95%). Next, DCs were infected for 3 h with �HV68
multiplicity of infection (MOI) 1–10 at 37°C and cultured in complete
tumor medium supplemented with 10 ng/ml GM-CSF.

Ag-processing assays

The T cell hybridoma Ag presentation assays were done as described pre-
viously (26). Control (noninfected and peptide-loaded) and infected DC
cultures were used as APCs. Two-fold serial dilutions of the cells were
prepared in 96-well flat-bottom plates, starting at 106 cells/well. Hybrid-
oma cells (105/well) were then added to each well, and the plates were
incubated for 20 h. The relative response of each hybridoma was measured
with a standard IL-2 assay.

The T cell proliferation assays were done using a standard MLR.
Briefly, 4 � 105 irradiated DCs were mixed with 2 � 105 allogeneic
BALB/c T lymphocytes after enrichment by panning with rat anti-mouse
IgG. All the reactions were conducted in triplicate in 96-well plates. After
72 h of incubation at 37°C, cultures were pulsed with 0.02 �Ci/ml [3H]thy-
midine for 18 h, and incorporation into cellular DNA was subsequently
determined. In some experiments, allogenic T cells were labeled with
CFSE, and T cell proliferation was assessed on day 3 by CFSE dilution.
Functional grade purified anti-mouse IL-10 Ab (clone JES5-2A5; eBio-
science) was added at 10 �g/ml.

Detection of cytokines

For determination of cytokines, the supernatant of stimulated and control
DC cultures was collected. Cytokine release (TNF-�, IL-1�, IL1�, IL-6,
IL-12, and IL-10) was assayed using the Beadlyte Multiplex Cytokine De-
tection System (Upstate Biotechnology) as described by the manufacturer.

For real-time PCR analysis of IL-10, total RNA from FACS-purified
DCs from spleens and lungs of infected (5 and 14 days postinfection (dpi))
and uninfected mice was isolated using RNAqueous-4PCR (Ambion), ac-
cording to the manufacturer’s instructions. cDNA was synthesized using
Cloned AMV RT kit (Invitrogen Life Technologies), and gene expression
was measured using the 5� nuclease TaqMan assay and ABI Prism 7700
sequence detection system (Applied Biosystems). Fold increase in signal
relative to that of sorted-uninfected DCs was determined using the ��Ct
calculations recommended by the ABI Prism 7700 manufacturer. The en-
dogenous control used to normalize the sample specific message levels was
GAPDH, for which levels of expression do not vary in response to infec-
tion and time points (data not shown). The primers and probe sequences for
murine IL-10 were modified from Oberbergh et al. (27) and validated by
Trudeau Institute Molecular Biology Facility, and the sequences are as
follows: IL-10 forward primer, 5�-GAAGACCCTCAGGATGCGG-3�, re-
verse primer, 5�-ACCTGCTCCACTGCCTTGCT-3�, and IL-10 probe, 5�-
TGAGGCGCTGTCATCGATTTCTCCC-3�.

Results
Viral latency is maintained in every subset of splenic DCs

Previous studies of �2-herpesvirus latency have shown that a
broad range of cell types become infected. KSHV has been shown
to establish latency in vivo in B cells, monocytes/macrophages,
DCs, and endothelial cells (10–12) and in vitro in cell lines of
epithelial, endothelial, and mesenchymal origin (28). �HV68 la-
tency has been reported in B cells, macrophages, DCs, and epi-
thelial cells in the host (17–20). We have shown previously that
respiratory and splenic DCs are an important reservoir of �HV68
during the establishment of the latency phase and that splenic DCs
harbor virus during long-term latency (18). However, it is not
known which specific DC subsets contribute to viral persistence.

To identify which subsets of DCs harbor virus, splenic DCs were
flow cytometrically sorted on the basis of surface expression of
CD11c, CD8, CD4, and B220 (Fig. 1, left column) at the peak of
latency establishment (14 days postinfection) and during long-term
infection (3 mo postinfection). Four major DC subsets were analyzed,
including 1) CD11c�CD8�CD4�, 2) CD11c�CD8�CD4�, 3)
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CD11c�CD8�CD4�, and 4) CD11c�B220� cells. All subsets con-
tained virally infected cells, and the frequency of infected cells con-
sistently decreased from early to long-term latency (Fig. 1, right col-
umn). The data in Table I present a detailed analysis of the frequencies
of infection and the total number of infected cells in each different DC
subpopulation. The results show similar frequencies of infection at 14
days and more marked differences at 3 mo after infection. However,
because of the low number of infected DCs during long-term latency,
these differences probably lack functional significance. Taken to-
gether, these data indicate that the major subsets of DCs are latently
and stably infected.

�HV68 infects respiratory DCs early after intranasal infection

Our recent observation that lung B cells are latently infected soon
after intranasal inoculation (25) prompted us to ask how early lung
DCs were infected during the acute respiratory infection. DCs
were sorted on days 3, 7, and 11 after intranasal infection and
subjected to LDA-PCR analysis to determine the frequency of
cells harboring virus. As shown in Fig. 2A, the frequency of lung
DCs harboring viral genome increased dramatically during the first
week of infection, from a frequency of �1 to 1100 on day 3 to �1
to 14 on day 7. By day 11, the frequency had declined to 1 to 126.
These data show that DCs are early targets of �HV68 during the
acute phase of infection in the respiratory tract, which may have an
impact on the initiation of the immune response in the host.

To determine whether the initial infection of lung DCs is lytic or
latent, we assessed the conformational state of �HV68 DNA. It has
been shown that latent �-herpesvirus genomes are episomal (co-
valently closed circular), whereas replicating viral genomes are in
linear conformation (23). Gardella gel analysis, which involves
DNA electrophoresis after in situ lysis of cells, is able to distin-
guish linear DNA (lytic virus) from circular DNA (latent, episomal
virus). To increase the sensitivity of the assay, the presence of viral
DNA was determined by PCR. Thus, after electrophoresis, indi-
vidual lines of the gel were sliced, and each was analyzed for the
presence of viral DNA by PCR of the ORF50 gene. The data in
Fig. 2B show the presence of DNA with migration properties of
episomal DNA in lung DCs as early as day 3 after infection, which
is consistent with early latent infection.

FIGURE 1. �HV68 latency in different subsets of splenic DCs. The
frequency of �HV68 genome-positive cells was determined by LDA-PCR
assay in FACS-purified splenic DC subsets during the establishment of the
latency phase of infection (14 days postinfection, F) and long-term latency
(3 mo postinfection, E). CD11c�CD8�CD4� (A), CD11c�CD8�CD4�

(B), CD11c� CD8�CD4� (C), and CD11c�B220�(D).

Table I. �HV68 frequencies within splenic DC (CD11c�) subsets during the establishment and maintenance
phases of latent infection

Cells
Reciprocal Frequency of
Genome-Positive Cellsa

% of Total
Spleenb

Total No. of
Cellsc

Latently Infected
Cellsd Ratioe

14 days postinfection
B220� 3,102 1.07 2.14 � 106 690 0.117
CD8�CD4� 2,963 2.31 4.62 � 106 1559 0.264
CD8�CD4� 4,769 4.7 9.4 � 106 1971 0.334
CD8�CD4� 1,212 1.01 2.02 � 106 1667 0.283

3 mo postinfection
B220� 7,328 0.48 2.88 � 105 39 0.419
CD8�CD4� 74,336 1.23 7.38 � 105 10 0.107
CD8�CD4� 21,037 1.11 6.66 � 105 32 0.334
CD8�CD4� 13,432 0.26 1.56 � 105 12 0.129

a Frequencies with 95% confidence limits were determined by linear regression analysis of LDA-PCR data. Data are the mean
of three independent experiments, each analyzing pooled spleens from five to seven mice.

b Percentage of each subset of total spleen DC was determined by FACS analysis.
c Total number of each DC subset per spleen based on estimate of 2 � 108 total cells/spleen at 14 days postinfection and 6 �

107 cells/spleen at 3 mo postinfection.
d Number of latently infected cells based on the frequency of viral genome-positive cells within each cell type and the

estimated total number per spleen.
e The subset:total ratio was determined by dividing the absolute number of infected cells in each DC subset by the total number

of infected DC in the spleen at each given time point.
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An in vitro model of �HV68 infection of DCs

To further investigate the consequences of �HV68 infection of
DCs, we established an in vitro infection model. Bone marrow-
derived DCs were grown with murine rGM-CSF and infected with
�HV68 on day 10. Analysis of viral gene expression in infected
cultures using RT-PCR revealed that both viral lytic cycle and
latency candidate genes were expressed 24 h after infection (Fig.
3A). To determine whether the infection was productive, we mea-
sured the amount of free virus in the DC culture supernatant at
different times after infection using a standard plaque assay. The
data show a progressive increase of free virus in the culture me-
dium with time after infection, which is consistent with a produc-
tive infection (Fig. 3B). Analysis of the viability of the �HV68-
infected DCs and 3T3 fibroblasts (Fig. 3C) showed that, in contrast
to infected fibroblasts, which are rapidly killed, the infected DC
cultures maintain viability up to 3 days after infection. To elimi-
nate the possibility that the infectious virus measured in Fig. 3B
was being produced by a minor non-DC population contaminating
the cultures and that the DCs themselves were not infected, we
directly measured viral infection of purified DCs. Cultured DCs
were FACS sorted into CD11c� and CD11c� cells 24 h after in-
fection, and the frequency of infection of the purified cells was
determined by an infective center assay. As shown in Fig. 3D,
100% of the DCs (CD11c�, 95% of the culture) were infected by
�HV68, whereas only 50% of the non-DCs (CD11c�, 5% of the
culture) scored positive for virus.

Next, we analyzed the contribution of lytic and latent �HV68 in-
fection in the cultures using the standard infective center analysis. As
shown in Fig. 3E, between 20 and 35% of the cultured cells are la-
tently infected. We also studied the mechanism of cell death in the
infected DC cultures (Fig. 3F). The data indicate that DC death occurs
by necrotic lysis, which correlates with the percentage of lytically
infected cells in culture. Taken together, our results confirm that this
in vitro infection model with �HV68 offers an excellent tool to study
the interaction between a �2-herpesvirus and DCs.

FIGURE 2. �HV68 establishes latency in lung DCs very early follow-
ing respiratory infection. A, Representative graph of data obtained from
LDA-PCR analysis of FACS-purified lung DCs (CD11c�CD11b�/�

CD19�) harboring viral genome at the indicated times after infection. The
proportion of wells positive by PCR is plotted against the number of cells
per well. B, Lung DCs contain both latent (episomal) and lytic (linear)
virus at day 3 after infection. Gardella gel analysis of DNA from FACS-
sorted DCs from lungs 3 days after �HV68 infection. The gel picture shows
PCR for viral DNA of sequential individual gel slices, starting from the top
of the gel (left to right). The slower migrating episomal DNA indicates
latent viral genome and the faster migrating linear DNA represents lytic
viral genome, as confirmed by analysis of viral DNA isolated from S11
cells, a �HV68 latently infected B cell tumor line, which has been shown
to contain both episomal and linear genomes (19, 25).

FIGURE 3. Characterization of �HV68 infection of
bone marrow-derived DC cultures. A, Analysis of viral
gene expression 24 h after infection (MOI:2) by RT-
PCR shows gene expression of �HV68-lytic and -latent
cycle transcripts. B, Analysis of the production of prog-
eny infectious virus in the supernatants of DC cultures at
different times after infection. �HV68 titers were deter-
mined by plaque assay. C, Cell culture viability. Cell
numbers were obtained by trypan blue exclusion at dif-
ferent times after infection. Virally infected 3T3 fibro-
blasts are included for comparison. D, Analysis of the
efficiency of DC infection. Dendritic (CD11c�) and
nondendritic (CD11c�) cells were FACS purified after
24 h of infection, and serial 10-fold dilutions of the cells
were plated in 12-well plates in an infective center as-
say. The figure shows the number of PFU obtained in
the wells receiving 10 or 1 purified cells. E, Analysis of
the contribution of lytically and latently infected cells to
the total number of infected cells in culture at 24 and
96 h after infection. The number of infected cells was
determined using an infective center assay. F, Analysis
of cell death in DC cultures 96 h after infection using
annexin V/propidium iodide. The cells were gated pre-
viously as CD11c� DCs. The numbers show the per-
centage of viable (lower left quadrant), apoptotic (lower
right quadrant), and necrotic (upper quadrant) DCs.
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�HV68 infection does not induce DC maturation

We next analyzed the phenotypic changes induced by �HV68 in-
fection of DCs by FACS analysis 48 and 96 h after viral infection.
�HV68 infection did not induce modulation of the surface expres-
sion of CD80, CD86, F4/80, Kb, Db, IAb, or CD40 (Fig. 4, green
and red lines). The only phenotypic change observed was the up-
regulation of CD54 (ICAM-1) by 96 h. CD54 is a ligand for the
integrin �L chain, and it is involved in a variety of intercellular
adhesions. Similar results were obtained with MOI from 1 to 10 at
time points between 24 and 96 h after infection (data not shown).
Thus, viral infection of DCs did not induce global cellular matu-
ration or activation. To determine whether the failure of viral in-
fection to induce cellular maturation or activation reflected a virus-
induced impairment in the ability of the DCs to mature in response
to other exogenous stimuli, we used two approaches. First, we
analyzed phenotypic changes after LPS stimulation of infected and
uninfected DCs. As shown in Fig. 4 (blue and gray lines), LPS
induced the activation of the infected DCs to the same level as the
uninfected cells. Second, to formally test the possibility that the
lack of cell surface activation was due to shut off of the cellular
machinery induced by ongoing viral replication and to determine
whether this effect required viral gene expression, we repeated the
phenotypic analysis using heat-inactivated virus or phosphonoace-
tic acid, an inhibitor of the viral polymerase (29). Similar to the
results obtained with infectious virus, the addition of heat-inacti-
vated �HV68 to DCs did not induce up-regulation of any of the
markers analyzed (Fig. 5A, red and orange compared with green
lines). Similarly, the addition of phosphonoacetic acid to the cul-

ture medium did not have any impact on the levels of expression
of the cell surface molecules analyzed (Fig. 5, red and pink com-
pared with green lines). This result indicated that the lack of DC
activation was not mediated by the shut off of the cellular machin-
ery due to viral replication and that viral structural proteins do not
induce DC activation by themselves. Taken together, our results
indicate that �HV68 infection does not fully activate DCs and that
�HV68 infection does not impair the capacity of the infected cells
to become activated by an exogenous signal.

�HV68 infection induces IL-10 production in activated DCs

We have shown that �HV68 infection of DCs does not induce
surface expression of most cell surface markers associated with
activation. As only fully mature DCs (IL-12 producers) are potent
inducers of immunity (30), we next examined whether viral infec-
tion impacts cytokine production associated with DC maturation
by analyzing cytokine levels in the supernatants of infected DC
cultures (Fig. 6). The results show that �HV68 infection in the
absence of other activation signals does not induce secretion of
proinflammatory cytokines, including IL-1�, IL-1�, IL-6, IL-
12p70, and TNF-�. In addition, �HV68 infection did not block
LPS-induced secretion of proinflammatory cytokines, although
there were modest changes in the secretion of IL-1�, IL-6, and
IL-12.

DCs control T cell polarization, and some viruses try to affect
the normal development of a Th1 immune response by inducing

FIGURE 4. �HV68 infection does not up-regulate expression of DC
markers. Bone marrow-derived DCs were surface stained with CD11c and
the indicated markers at 48 and 96 h after infection (MOI:2). The histogram
populations were gated previously as CD11c�.

FIGURE 5. Heat inactivation or inhibition of viral replication do not
modify the failure of �HV68 infection to induce or up-regulate expression
of DC surface molecules. A, Infection of DC cultures with heat-inactivated
�HV68 does not induce up-regulation of cell surface markers (MOI:10). B,
Addition of phosphonoacetic acid, an inhibitor of the viral polymerase, to
the cell culture medium does not induce up-regulation of DC markers. The
histogram populations were gated previously as CD11c� DCs.
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DCs to produce immunosuppressive or Th2-type factors (31).
Thus, we also analyzed the secretion of IL-10 in the supernatants
of infected DC cultures (Fig. 6). The data show that �HV68 in-
fection in the absence of other activation signals did not induce
IL-10 production. However, �HV68 infection greatly enhanced the
ability of LPS-stimulated DCs to produce IL-10. IL-10 was first
recognized for its ability to inhibit activation and effector function
of T cells, monocytes, and macrophages (32). Thus, �HV68-en-
hanced secretion of an immunosuppressive cytokine by DCs may
provide an infectious advantage to the virus.

Viral induction of IL-10 is a strategy used by another �-herpes-
virus, EBV, which encodes an IL-10 homologue (BCRF-1) (33).
Endogenous levels of IL-10 have also been shown to increase after
�HV68 infection of mice (34). To corroborate whether the induc-
tion of IL-10 observed in DC cultures could have biological sig-
nificance, we determined whether DCs isolated from infected mice
expressed IL-10. We sorted DCs from the lung and spleen of mice
at days 5 and 14 after infection and analyzed IL-10 expression by
real-time PCR (Fig. 7). The data show a marked increase in IL-10
mRNA expression in DCs isolated from infected mice, especially
in lung (5 and 14 dpi) and spleen (14 dpi). Therefore, �HV68
infection induces IL-10 production by dendritic cells both in cul-
ture and during the course of an in vivo infection.

�HV68 infection of dendritic cells inhibits the proliferation of
T cells

It has been reported that �HV68 interferes with Ag presentation by
inducing MHC class I down-regulation (29, 35). However, our
analysis of infected DCs in vitro showed no evidence for MHC
down-regulation (Fig. 4). To explore the impact of �HV68 infec-
tion on functional Ag presentation, we determined the capacity of
infected DCs, with or without LPS stimulation, to process and
express virus-specific Ags, as assessed by induction of IL-2 secre-
tion by a panel of �HV68-specific T cell hybridomas (26, 36). T
cell hybridoma stimulation is much less stringent than that of naive
T cells because it is independent of costimulation. Therefore, this
experimental approach allows us to determine exclusively the ca-

pacity of the infected cells to process and express viral Ags. As
shown in Fig. 8, the ability of infected DCs to stimulate T cell
hybridomas confirmed expression of �HV68-specific Ags on their
cell surface. The data also indicate that LPS-induced stimulation
did not alter the stimulatory capacity of the infected DCs. This
result was unexpected in light of the different levels of surface
expression of MHC molecules detected in infected DCs with and
without LPS-induced activation (Fig. 4).

Next, we determined the capacity of infected DCs to stimulate
normal T cells in an allogeneic mixed lymphocyte response, a
standard functional readout for pathogen-infected DCs (37–40).
As shown in Fig. 9A, �HV68 infection of cultured DCs interfered
with the LPS induced-activation of allogeneic T cells. Because the
T cell hybridoma experiments indicate that the virus does not in-
terfere with the cell surface expression of functional virus-specific
peptide/MHC complexes, the data suggest that �HV68 interferes
with T cell stimulation per se, either because of inadequate co-
stimulation or due to the enhanced production of the immunosup-
pressive cytokine, IL-10. Next, we cocultured DCs with and with-
out �HV68 in the presence of allogenic T cells and anti-IL-10
blocking Abs. The data show that blocking Ab reduced the sup-
pressive activity in the infected samples (Fig. 9B). Thus, our re-
sults indicate �HV68-infected DCs can generate IL-10-dependent
suppression upon culture with allogenic T cells.

Lack of IL-10 decreases �HV68 latency without modulating
acute viral infection

To further study the role of IL-10 during �-herpesvirus infection,
we analyzed the consequences of the lack of IL-10 on the viral
load in �HV68-infected mice. IL-10�/� mice were intranasally
infected, and the titers of infectious and latent virus were deter-
mined in lung and spleen, respectively. The data show no signif-
icant differences in levels of infectious virus in IL-10 �/� and
control mice, as determined by plaque assay of day 7 lung tissue
homogenates (Fig. 10A). Consistent with previous reports, deter-
mination of the numbers of latently infected cells in the spleen
analyzed by an infective center assay at day 14 show statistically

FIGURE 6. Analysis of cytokine production
in DC culture supernatants 96 h after �HV68
infection (MOI:2). The data presented are the
mean and SD of triplicate wells from one of
three representative experiments.
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significant lower levels of latently infected cells in mice lacking
IL-10 (Fig. 10B). In addition, this reduction in viral latency was
maintained during long-term infection (3 mo), as assessed by
LDA-PCR (Fig. 10C). Thus, the absence of IL-10 decreases the
establishment and maintenance of �HV68 latency in the spleen
without affecting acute viral replication in the lung.

Discussion
Our current findings, that DCs are an early target and long-term
reservoir for �HV68 latency and that viral infection of DCs im-
pairs their function, support the possibility that infection of DCs
may confer a selective advantage for the �2-herpesviruses, as has
been postulated for other chronic viruses such as HIV (41), human
herpes virus-6 (38), HSV-1 (42), murine cytomegalovirus (39),
and lymphocytic choriomeningitis virus (43). First, using an in
vivo mouse model, we have shown that respiratory DCs at the
mucosal site of infection are latently infected at high frequencies
very early during acute primary infection and that all the subsets of
splenic dendritic cells analyzed contribute to the viral reservoir
during the establishment and long-term latency phase of infection.
Second, we developed an in vitro model in which �HV68 produc-
tively infects bone marrow-derived DC cultures without immedi-
ate induction of cytopathic effect to determine the consequences of
�-herpesvirus interaction with the host cell and to examine the
functional impact of viral infection on DC function. The data show
that �HV68 infection did not induce cellular activation or modu-
lation of relevant cell surface costimulatory and MHC molecules.
However, the infected DCs could be activated by addition of LPS
to the culture. Thus, �HV68 infection neither induces DC matu-
ration, nor does it prevent the activation of infected DCs by other
stimuli. The data also show that although infected DCs stimulated
IL-2 production by T cell hybridomas, they were unable to stim-
ulate normal T cells in an allogeneic T cell stimulation assay. This
T cell regulation was partially dependent on IL-10. Third, we also
show that DCs from infected mice expressed high levels of IL-10
and that absence of IL-10 contributed to decrease the amount of
virus during the latent phase of infection.

Primary mouse B cells are inefficiently infected with �HV68,
although the virus induces cellular phenotypic changes (44, 45).
The failure of �HV68 to circularize after virus internalization in
primary lymphocytes is thought to underlie the inability of the
virus to transform or replicate in these cultures (46). In contrast
with B cell infection, we found that �HV68 infection of DCs failed
to induce an activated surface phenotype. DCs also did not secrete

type 1 cytokines in response to �HV68 infection unless they were
exogenously stimulated. In addition, �HV68-activated DCs se-
creted large amounts of IL-10, which suggests that viral infection
and cellular activation have a synergistic effect on IL-10 produc-
tion. IL-10 exhibits potent immunosuppressive activity during
both type 1 and type 2 immune responses (32), and pulmonary
DCs producing IL-10 mediate tolerance (47). Production of IL-10
partially contributes to the failure of infected, exogenously acti-
vated DCs to stimulate normal T cells in an allogeneic response.

Modulation of early DC function appears to be a common un-
derlying theme for the �-herpesviruses but appears to be accom-
plished in different ways for the �1- and �2-herpesviruses. EBV,
the prototypic �1-herpesvirus, does not infect DCs (48) but inhibits
their development by promoting apoptosis of their precursors (49).
KSHV and �HV68, both �2-herpesviruses, have similar mecha-
nisms in that they directly infect and establish reservoirs in DCs.
KSHV has been detected in monocytes and DCs (11), and there is
evidence for functional impairment of DCs isolated from patients
with Kaposi’s sarcoma (13). Understanding the mechanism of this
impairment has been hampered, until now, by the lack of relevant
in vitro models of infection. The initial characterization of an in
vitro model of �HV68 infection reported here will allow a detailed
analysis of the consequences of �2-herpesvirus infection on DC
function. Many viruses are capable of infecting DCs and interfer-
ing with their function in vitro (50). However, due to the different
conditions of infection in culture and to the unclear relationship
between cultured and tissue DCs, these results have to be carefully
extrapolated to the host. The early and broad spectrum of �HV68
infection of DCs in vivo and the fact that DCs express increased
amounts of IL-10 during in vivo infection supports its relevance as
a possible immune evasion strategy.

FIGURE 7. IL-10 expression in DCs isolated from lung and spleen at
days 5 and 14 after �HV68 infection was determined by real-time PCR, as
indicated in the Materials and Methods. FACS-sorted DC populations were
�95% pure.

FIGURE 8. �HV68-infected DCs process and express viral epitope-
MHC complexes on the cell surface. The figure shows the relative response
of three virus-specific T cell hybridomas (Kb-, Db-, and IAb-restricted) after
stimulation with �HV68-infected DCs. Positive controls (peptide-loaded
DCs) and negative controls (naive DCs) were routinely included.
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IL-10 induction appears to be a common immune evasion strat-
egy for the establishment of a variety of chronic viral infections,
including the �-herpesviruses. For example, HIV-1-infected DCs
elicit IL-10 production and T cell regulation (41). In addition,
IL-10 production is associated both with KSHV and EBV infec-
tions. Primary effusion lymphoma cells, a type of lymphoma as-
sociated with KSHV infection, release IL-10 (51). EBV expresses
a vIL-10 homologue (31) and also induces transformed cells to
produce IL-10 (52). The role of IL-10 in EBV-related diseases is
remarkable to the extent that IL-10 levels in serum are correlated
with EBV load and serve as an early diagnostic assay for non-
Hodgkin’s lymphoma (53) and posttransplant lymphoproliferative
disorders (54). Our observation that �HV68 infection of bone mar-
row-derived DCs promotes the secretion of IL-10, a cytokine that
has an inhibitory effect on immune responses (32) and that �HV68
infection can generate IL-10 dependent suppression of allogenic T
cell responses, is consistent with data from several other viral in-
fections (55–60). In addition, we showed that DCs isolated from
infected mice produce large amounts of IL-10 in vivo. Consistent
with an important role for IL-10 in �HV68 infection, previous
analysis of �HV68-infected IL-10 �/� mice showed an increase in
virus-induced splenomegaly and leukocytosis and reduced viral
latency (34). We also demonstrated decreased �HV68 latency in
the spleens of IL-10 �/� mice, both at the peak of latency (day 14
postinfection) and after the establishment of stable, long-term la-

tency (day 90 postinfection). Importantly, there was no modulation
of infectious virus titers during acute viral infection in the lung.
These findings suggest that viral induction of host IL-10 produc-
tion contributes to increase the number of latently infected cells
independent of the acute infection.

Our phenotypic analysis showed no evidence for down-modu-
lation of MHC class I molecules, and analysis of functional Ag
presentation, detected by the ability to stimulate virus-specific T
cell hybridomas, showed no evidence for virus-induced impair-
ment. This observation contrasts with other studies indicating that
�HV68 induces MHC class I surface down-regulation, as a con-
sequence of ubiquitination of class I molecules and TAP degrada-
tion by the virally encoded K3 gene product (29, 61). Analysis
following infection with K3-deficient �HV68 showed no effect on
clearance of lytic virus but demonstrated an impact on the estab-
lishment of latency (35). As our gene expression analysis shows
that infected DCs express K3, our failure to observe class I down-
modulation after infection of DCs is unexpected. Down-regulation
of MHC class I has been reported for infected fibroblasts and trans-
fected cell lines (29, 61), raising the intriguing possibility that the
Ag presentation machinery of DCs is efficient to overcome the
effects of K3. Cell type-specific differences in MHC class I down-
regulation have also been described for HSV-1, where ICP47-TAP
interactions vary between cell types (62–64).

Early �HV68 infection of DCs is consistent with two possible
immune evasion strategies. First, early lytic infection of DCs
would result in their death and the release of progeny virus. How-
ever, �HV68-infected cultured DCs do not undergo immediate cy-
topathic effect. Second, early latent infection of DCs might result
in functional modulation. Our data support this latter possibility
that �HV68 establishes a latent infection in DCs and impairs DC

FIGURE 9. �HV68 infection of DCs inhibits T cell proliferation in a
MLR. A, DCs were infected or not with �HV68 and then added to allogenic
T cells. T cell proliferation was assessed by incorporation of [3H]thymi-
dine. B, Neutralizing anti-IL-10 Ab was added at 10 �g/ml to LPS-acti-
vated DCs, and T cell proliferation was assessed by CFSE dilution. The
data are from one of two experiments with similar results.

FIGURE 10. Analysis of �HV68 infection in the absence of host IL-10.
C56BL/6 (B6) wild-type mice and IL-10 �/� mice were intranasally in-
fected with �HV68. A, Infectious virus titers in the lung at day 7 were
determined by plaque assay. B, The numbers of latently infected cells in the
spleen at day 14 were determined by an infective center assay. The statis-
tical significance of the difference in latent virus was determined by Stu-
dent’s t test (p � 0.007). C, The numbers of latently infected cells in the
spleen at day 90 after infection was determined by LDA-PCR (p � 0.01).
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function. The detection of episomal and linear �HV68 DNA in
lung DCs and the establishment of long-term latency in spleen
DCs is consistent with latent infection of DCs. In addition, the
demonstration that �HV68 infection induces increased IL-10 se-
cretion by LPS-stimulated DCs suggests a possible mechanism of
functional modulation.

Despite the impact of infection on DC function demonstrated in
this study, a vigorous immune response is mounted against
�HV68. However, the early response to �HV68, as with EBV, is
largely directed against lytic epitopes (65, 66). The lytic infection
may serve as a decoy to “distract” the immune response and allow
latent virus to sneak through. In support of this, T cells responding
to the single latent epitope characterized are not detectable in the
lung, mesenteric lymph node, or spleen until 19 days postinfection
(67). We propose that early infection of DCs results in functional
modulation, biasing the initiation of the immune response toward
lytic instead of latent epitopes. The vigorous T cell response to
epitopes of lytic cycle proteins, which are produced in larger
amounts than latent cycle proteins in dying cells where the virus
replicates, is likely driven by cross-presentation and cross-priming
by non-�HV68-infected DCs. Thus, we propose that despite strong
antiviral immunity, the relative reduction in response to latent vs
lytic Ags may help latent virus to establish a foothold in the host.
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