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ABSTRACT

Cytomegalovirus (CMV) is a ubiquitous beta-herpesvirus whose reactivation from latency is a major cause of morbidity and
mortality in immunocompromised hosts. Mouse CMV (MCMV) is a well-established model virus to study virus-host interac-
tions. We showed in this study that the CD8-independent antiviral function of myeloid dendritic cells (mDC) is biologically rele-
vant for the inhibition of MCMV replication in vivo and in vitro. In vivo ablation of CD11c� DC resulted in higher viral titers
and increased susceptibility to MCMV infection in the first 3 days postinfection. We developed in vitro coculture systems in
which we cocultivated MCMV-infected endothelial cells or fibroblasts with T cell subsets and/or dendritic cells. While CD8 T
cells failed to control MCMV replication, bone marrow-derived mDC reduced viral titers by a factor of up to 10,000. Contact of
mDC with the infected endothelial cells was crucial for their antiviral activity. Soluble factors secreted by the mDC blocked
MCMV replication at the level of immediate early (IE) gene expression, yet the viral lytic cycle reinitiated once the mDC were
removed from the cells. On the other hand, the mDC did not impair MCMV replication in cells deficient for the interferon (IFN)
alpha/beta receptor (IFNAR), arguing that type I interferons were critical for viral control by mDC. In light of our recent obser-
vation that type I IFN is sufficient for the induction of latency immediately upon infection, our results imply that IFN secreted by
mDC may play an important role in the establishment of CMV latency.

IMPORTANCE

Numerous studies have focused on the infection of DC with cytomegaloviruses and on the establishment of latency within them.
However, almost all of these studies have relied on the infection of DC monocultures in vitro, whereas DC are just one among
many cell types present in an infection site in vivo. To mimic this aspect of the in vivo situation, we cocultured DC with infected
endothelial cells or fibroblasts. Our data suggest that direct contact with virus-infected endothelial cells activates CD11c� DC,
which leads to reversible suppression of MCMV replication at the level of IE gene expression by a mechanism that depends on
type I IFN. The effect matches the formal definition of viral latency. Therefore, our data argue that the interplay of dendritic cells
and infected neighboring cells might play an important role in the establishment of viral latency.

Human cytomegalovirus (HCMV) is a betaherpesvirus which
establishes a lifelong latent infection in immunocompetent

hosts. Latent HCMV is present in the majority of people world-
wide, but the primary infection is usually asymptomatic. The pri-
mary infection is well contained by the immune cells, such as
natural killer (NK) cells and T cells, which also prevent viral reac-
tivation from latency (1, 2).Their activation depends on cross talk
with dendritic cells (DC) (3, 4), and this interaction plays an im-
portant role in CMV control (5–7). The direct effect of DC on viral
replication remains, however, unclear.

In immunocompromised hosts, like AIDS patients or people
undergoing transplantation, the virus cannot be contained, and its
reactivation from latency has been associated with severe disease
(8). Therefore, to develop new therapeutic approaches against
CMV disease, it is exceedingly important to understand the im-
mune mechanisms that drive the virus into latency.

Murine cytomegalovirus (MCMV) is a natural pathogen of the
mouse. It shows numerous analogies in latency and reactivation to
the human virus, and its genome displays substantial similarity to
the HCMV one (9). Therefore, MCMV is a widely used model for
CMV infection and immunity (10–12).

During primary infection, MCMV infects various different cell

types, such as macrophages and DC but also nonhematopoietic
cells, including endothelial and epithelial cells (13). On the other
hand, the establishment of latency appears to be restricted to cer-
tain cell types. Latent HCMV was found in blood monocytes and
in progenitor cells of the myeloid lineage (14–19), whereas liver
sinusoidal endothelial cells (LSEC) were shown to be a site of
MCMV latency and reactivation (20, 21), although myeloid cells
might also present a latent reservoir in the mouse (22, 23).
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DC are heterogeneous mononuclear phagocytes which can be
classified in different subsets due to their ontogeny, surface mark-
ers, and functions (24). Murine plasmacytoid DC (pDC) are de-
scribed as CD11b� CD11cint SiglecH� and are the major source of
interferon alpha/beta (IFN-�/�) in response to MCMV infection
(25–27). We and colleagues showed recently that pDC mount
high type I interferon (IFN-I) responses after MCMV infection
(28), even though the cells do not appear to be productively in-
fected. In these cells, the sensing of MCMV is completely depen-
dent on myeloid differentiation primary response gene 88
(MyD88), with a major contribution of the Toll-like receptor 9
(TLR9) (7, 29, 30). Type I IFNs play a prominent role in the pro-
tection against CMV infection, and we have recently shown that
IFN-� is able to block MCMV immediate early (IE) gene expres-
sion in a reversible manner, which is consistent with the formal
definition of viral latency (21).

In contrast to pDC, which morphologically resemble plasma
cells, conventional myeloid DC (mDC) and macrophages (M�)
are derived from a common myeloid progenitor cell (31). The
nonplasmacytoid DC may also secrete IFN-I upon infection with
RNA viruses, such as lymphoid choriomeningitic virus or NS1-
deficient influenza mutants (32). The susceptibility of mDC and
M� to CMV was addressed in different studies. MCMV can infect
and replicate in both cell types, but the replication is suboptimal in
macrophages and even less efficient in mDC (28). They secrete
IFN-� and a small amount of IFN-� in response to MCMV infec-
tion, but uninfected bystander mDC produce just minor amounts
of type I IFN (28). However, all of these studies were performed
with monocultures of DC infected at a high multiplicity of infec-
tion (MOI), which might not reflect the in vivo situation, where
most of the infected cells are epithelial and endothelial cells, which
show higher permissiveness for MCMV than DC. Hence, it is still
unclear if DC restrict or contribute to viral replication and spread
(24).

While the role of mDC in activating CD8 T cells or NK cells and
their cytokine release after direct infection was investigated in var-
ious studies, the direct effect of mDC on MCMV replication has
remained unexplored. Here we show that CD11c� mDC are suf-
ficient for the inhibition of MCMV replication immediately after
infection in vivo and in vitro, in a manner that is independent of
their function as antigen-presenting cells (APC). While the cocul-
ture of mDC with infected embryonic fibroblasts (MEF) or endo-
thelial cells activated mDC to release IFN and reversibly inhibit
IE1 gene expression, direct MCMV infection of mDC in monocul-
ture did not show this effect. Therefore, infection experiments
with cocultures of permissive target cells and mDC revealed a
novel mechanism by which mDC-secreted IFN may contribute to
the early establishment of virus latency.

MATERIALS AND METHODS
Mice. All animal experiments were handled in compliance with the Ger-
man regulations for animal experimentation (Animal Welfare Act) and
approved by the responsible state office (Lower Saxony State Office of
Consumer Protection and Food Safety) under permit numbers 33.9-
42502-04-11/0426 and 33.19-42502-04-14/1710. C57BL/6 mice for bone
marrow (BM) isolation were purchased from Janvier (Le Genest St Isle,
France) at 4 weeks of age. B6.FVB-TG (Itgax-DTR/EGFP)57Lan/J mice
and C57BL/6 littermates were purchased from The Jackson Laboratory
(Bar Harbor, ME) at 5 to 6 weeks of age. gBT-I mice (33) were housed
under specific-pathogen-free (SPF) conditions and kindly provided by

Frank Carbone (University of Melbourne) and Georg Behrens (Medical
School Hanover).

Cells. M2-10B4 and NIH 3T3 cells were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal calf serum, 1%
glutamine, and 1% penicillin-streptomycin. Primary C57BL/6 and
IFNAR�/� MEF were prepared and maintained as described previously
(11). LSEC were isolated from in-house-bred C57BL/6 mice, and the
LSECB6 line was generated by conditional immortalization and cultiva-
tion as previously described (34).

Viruses. The bacterial artificial chromosome (BAC)-derived wild-
type MCMV (MCMV WT) (35) and MCMVr strains (34) have been de-
scribed previously. To generate the MCMVIE2SL-MIEP mutant, the se-
quence encoding the SSIEFARL peptide was inserted at the 3= end of the
ie2 gene, as described before (36), whereupon the full-length major im-
mediate early promoter (MIEP) sequence was inserted into this mutant
using a previously described construct and insertion site (34). Viral
growth of the new mutant was assessed by infecting NIH 3T3 cells with
MCMVIE2SL-MIEP or MCMV WT at an MOI of 0.1 as described elsewhere
(34), and no growth impairment was observed. All MCMV clones were
grown on M2-10B4 cells and purified as described before (37). Virus
infectious titers were determined by plaque assay on MEF as described
previously (38).

Diphtheria toxin (DT) treatment and in vivo infection. Eight- to
14-week-old Itgax-DTR/EGFP and C57BL/6 mice were intraperitoneally
(i.p.) injected with DT (Sigma-Aldrich, St. Louis, MO) diluted in phos-
phate-buffered saline (PBS) at a dose of 9 ng per g of body weight. Control
groups were injected with the same volume of PBS. Infection with 106

PFU of purified, tissue culture-derived MCMV WT was performed intra-
peritoneally 12 to 24 h after DT treatment. Mice were monitored for signs
of illness and loss of body weight throughout the experiment. On day 3
postinfection, mice were sacrificed by CO2 administration. Spleen, lungs,
and weighed parts of the liver were harvested under sterile conditions and
stored at �70°C until titration was performed. Organ homogenates were
titrated as described previously (38).

Isolation and sorting of CD11c� myeloid dendritic cells. BM cells
were isolated by flushing the femur and tibia of C57BL/6 mice with RPMI
medium supplemented with 10% fetal calf serum, 1% glutamine, and 1%
penicillin-streptomycin.

After red blood cell lysis with ammonium chloride-potassium (ACK)
lysing buffer, cells were washed and resuspended at a density of 1 � 106/ml
in medium supplemented with 100 ng/ml of granulocyte-macrophage
colony-stimulating factor (GM-CSF). Cells were seeded in T175 flasks
and incubated at 37°C, 5% CO2, and 5% O2 for 6 days. Medium was
changed on day 3 or 4, depending on the status of the cultures, by centri-
fuging the cells (1,200 rpm for 5 min) and replacing the supernatant with
fresh GM-CSF-supplemented medium. On day 6 nonadherent cells were
harvested and sorted. Cells were stained for 20 min at 4°C with CD11c-
phycoerythrin (PE) antibody (Biolegend, San Diego, CA), washed with
PBS–2.5% fetal bovine serum (FBS) to remove unbound primary anti-
body, and afterwards stained with 20 �l of anti-PE MicroBeads (Miltenyi
Biotec) per 107 total cells for 15 min at 4°C. After the washing step, cells
were resuspended in 2 ml of PBS–2.5% FBS and purified by magnetic
sorting.

Isolation and sorting of CD4� CD19� CD8� T cells from gBT-I
mice. gBT-I mice were used as donors for CD4� CD19� CD8� T cells. In
brief, spleens were homogenized and erythrocytes were lysed with ACK
buffer. Cells were washed and stained with anti-CD8b-PE-Cy7, anti-
CD19-PerCP/Cy5.5, and anti-CD4-Pacific blue (Biolegend). Cells were
washed and sorted for CD8� CD19� CD4� using a FACS Aria II (BD
Bioscience) cell sorter, and purity was 	98% in all experiments.

Isolation and sorting of NK cells. NK cells were isolated from naive
C57BL/6 mice. In brief, spleens were isolated and homogenized, and
erythrocytes were lysed with ACK buffer. Cells were stained with anti-
CD3-PE and anti-NKp46-eFluor660 (Bioscience). Cells were washed and
prepared for sorting. For this, cells were transferred to 15-ml conical cen-
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trifugation tubes. The cell suspension was further filtered through Cell-
Trics filters to remove cell debris. The cells were acquired to gate on CD3�

Nkp46� using a FACS Aria II (BD Bioscience) cell sorter. The marked
cells were sorted into 15-ml conical centrifugation tubes containing RPMI
medium. The sorted cells were counted and directly used for the coculture
experiments.

In vitro infection and coculture protocols. Confluent monolayers of
noncycling LSEC, C57BL/6 MEF, IFNAR�/� MEF, or CD11c� mDC were
infected in 96-well or 48-well plates with MCMVr or MCMVIE2SL-MIEP at
the desired MOIs. After 1 h, the infectious supernatant was replaced either
with fresh RPMI 1640 or with CD11c� mDC and/or CD8� CD19� CD4�

cells at the desired ratios. To test if CD8� T cells sorted from gBT-I mice
are activated by LSEC infected with MCMVIE2SL-MIEP (MOI of 1), IFN-

released in the supernatants was measured at 1 day postinfection; more
than a 1,000-fold induction could be observed.

Two-chamber experiments. Collagen-coated 0.4-�m-pore-size
Transwell chambers suitable for mounting on 24-well plates were pur-
chased from Corning.

LSEC were seeded in the lower chamber and infected with MCMVr at
an MOI of 0.1. LSEC or mDC were infected (MOI of 0.1) alone or in
coculture in the upper chamber. Infectious virus titers were determined in
supernatants from the lower chambers at day 7 postinfection.

Supernatant experiments. LSEC or CD11c� DC were seeded in T75
flasks and infected with MCMVr. The virus was washed from LSEC cul-
tures after 1 h of infection, and RPMI 1640 or CD11c� DC were added.
This wash step was omitted in CD11c� DC cultures to increase virus
infection in the low-permissiveness cell type. Supernatants were harvested
after 5 to 7 days, filtered through a 0.1-�m filter (Pall Newquay, Cornwall,
United Kingdom), and added to cultures of LSEC infected with MCMVr.
Seven days later, titers of infectious virus in supernatants from secondary
cultures were determined. Where indicated, the supernatant was replaced
with normal medium at day 5 postinfection, upon which the medium or
supernatants were exchanged with fresh batches every 2 days up to day 12
postinfection. Infected cells were monitored via fluorescence microscopy
for enhanced yellow fluorescent protein (EYFP) gene expression, and
wells with one single positive cell were classified as productively infected.
Medium was taken at day 5, day 7, day 9, and day 12 to determine virus
titers before and after the medium exchange.

RESULTS
In vivo ablation of CD11c� mDC increases susceptibility to
MCMV infection. The in vivo relevance of numerous immune
subsets in the control of MCMV infection can be studied by tar-
geted depletion strategies. Still, the role of mDC remains unclear.
To determine the effect of CD11c� myeloid dendritic cell deple-
tion during early murine cytomegalovirus infection, we took ad-
vantage of the well-described ltgax-DTR-GFP transgenic mouse
model (39), which allows for inducible depletion of CD11c� den-
dritic cells by a single treatment with diphtheria toxin (DT). Eigh-
teen hours after DT application all DC are depleted, and they
return to normal levels 5 days later (40).

We treated Itgax-DTR-Tg mice or BL/6 littermates with DT or
a PBS vehicle control, 12 to 24 h prior to MCMV infection. DT-
treated Itgax-DTR-Tg animals showed signs of illness, like leth-
argy or ruffled fur (data not shown), and lost, on average, 16.5% of
their total body weight in the first 3 days after the infection,
whereas BL/6 littermates or Itgax-DTR-Tg mice with the PBS ve-
hicle control lost about 3 to 4% on day 1 postinfection but then
stabilized (Fig. 1A). At day 3 postinfection, weight was signifi-
cantly reduced (P � 0.001) in MCMV-infected Itgax-DTR-Tg
mice treated with DT compared to that in all control groups. Con-
trol Itgax-DTR-Tg mice, which were treated with DT but not in-

fected with MCMV, did not lose weight (data not shown), which is
in line with published data (39, 41).

Three days after MCMV infection, plaque assay revealed a
	10-fold median increase in infectious MCMV titers in livers,
lungs, and spleens of DT-treated Itgax-DTR-Tg mice in compar-
ison to those in DT-treated BL/6 mice, Itgax-DTR-Tg littermates
with an intact DC population (Fig. 1B), and other control groups
(data not shown). On the other hand, the MCMV titers observed
in organs of DC-depleted mice overlapped in part with those from
the control groups, which was reflected by P values ranging from
0.01 to 0.1 in the tested organs and below 0.05 only in the liver. The
experiment was performed twice (for DT-treated Itgax-DTR-Tg
mice versus DT-treated BL/6 mice) or three times (DT-treated

FIG 1 Impact of depletion of CD11c� dendritic cells on body weight loss and
viral titers after MCMV infection. Itgax-DTR-TG mice or WT littermates were
treated with DT (9 ng/g of body weight) or a PBS vehicle as control 1 day prior
to infection with 106 PFU of MCMV WT. (A) Mice were weighed on infection
and daily thereafter, and average group weights are shown. Errors bars indicate
the standard errors of the means (SEM). Weight loss over time in Itgax-
DTR-Tg mice treated with DT was compared with all control groups by re-
peated-measures two-way analysis of variance (ANOVA) followed by Bonfer-
roni postanalysis. (B) Lung, spleen, and liver homogenates were plaque
assayed for infectious MCMV titers at day 3 postinfection. Each symbol rep-
resents one mouse, and horizontal lines indicate group medians. The left and
right sides show independent sets of two (left graphs) or three (right graphs)
experiments. Statistics were performed using the Student t test with Welch
correction.
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Itgax-DTR-Tg mice versus PBS-treated DTR-Tg mice), and data
were pooled. Therefore, our data indicated that CD11c� DC
might play an important role in limiting MCMV replication early
after infection.

Myeloid dendritic cells repress MCMV immediate early gene
expression in vitro independently of CD8� T cell and NK cell
response. Since we observed a clear effect of DC ablation on
weight loss and MCMV growth at 3 days postinfection, which is
before detectable CD8 responses to MCMV may be measured in
the blood or lymphatic organs (data not shown), we surmised that
these effects might be CD8� T cell independent. On the other
hand, DC ablation by DT administration diminishes CD8� CTL
function after herpes simplex virus 1 (HSV-1) infection (41).
Thus, we wondered if DC impaired MCMV replication by activat-
ing CD8� T cells or by direct effects of CD11c� DC on virus
replication.

To study this question directly, we derived mDC from bone
marrow cultures by culturing them with GM-CSF and sorted the
CD11c� subset. CD11c� DC were cocultured with syngeneic
MCMV-infected LSEC or with MCMV-infected LSEC and anti-
gen-specific CD8� T cells. We used the new LSEC line LSECB6 and

generated a recombinant MCMV (MCMVIE2SL-MIEP) expressing
two fluorescent proteins under the control of the full-length major
immediate early promoter-enhancer, akin to the previously pub-
lished MCMVr (34). The mutant also encoded the Kb-restricted
peptide SSIEFARL as a C-terminal tag on the IE2 viral gene, be-
cause this expression context results in robust SSIEFARL-specific
CD8 responses upon infection with recombinant MCMV (36).
More importantly, this allowed us to use SSIEFARL-specific
CD8� T cells derived from T cell receptor (TCR)-transgenic gBT-I
mice (33), recognizing virus-infected cells in coculture experi-
ments.

In line with published data (42), we observed that MCMV-
infected LSEC are able to activate CD8� T cells, which results in
IFN-
 production (data not shown). Cocultures of CD8� T cells
and infected cells moderately impaired virus replication over the
control group (Fig. 2A). However, viral titers were substantially
decreased when infected LSEC were cocultivated with CD11c�-
sorted mDC from naive mice. Identical titers were observed when
DC and infected LSEC were cocultured with virus-specific CD8 T
cells, arguing that mDC have a direct antiviral function in vitro,
which is independent of their function as APC.

FIG 2 Myeloid dendritic cells are able to repress immediate early gene expression in coculture with LSEC or MEF. MEF or LSEC were infected with recombinant
MCMVs and cocultured with antigen-specific CD8� T cells or mDC. (A) LSEC infected with MCMVIE2SL-MIEP (MOI of 0.001). Where indicated, LSEC were
cocultured with CD4� CD19� CD8� sorted cells from gBT-I (ratio of 1:1) mice, CD11c� mDC (ratio of 1:1), or both mDC and CD8 T cells. Virus titer in
supernatants on day 5 postinfection was assessed in triplicate, and average values � SEM are shown. (B) LSEC infected with MCMVr (MOI of 0.01) were
cocultured with CD3� Nkp46� sorted NK cells (ratio of 4:1), CD11c� mDC (ratio of 4:1), or both NK cells and DC and compared to LSEC monocultures as
control. Virus titer in supernatants on day 6 postinfection was assessed in triplicate, and average values � SEM are shown. (C) LSEC were infected with MCMVr

at an MOI of 0.1 and cocultured with increasing proportions of CD11c� mDC. Each condition was performed in biological triplicates in two independent
experiments, and average virus titers in supernatants at day 6 postinfection are shown. Errors bars indicate SEM. (D) MEF were infected with MCMVr at the
indicated MOIs and cocultured with CD11c� mDC at a ratio of 1:4. Supernatants from biological triplicates at the indicated days were titrated on MEF, and
graphs show average values � SEM. (E) Representative bright-field and fluorescence microscopy pictures of MEF infected at an MOI of 0.1 in the presence or
absence of CD11c� mDC. Pictures were taken at day 6 postinfection. DL, detection limit.
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Nevertheless, besides their function in activating T cells, DC
contribute to the early control of MCMV infection by activating
NK cells (43). The reduced control of MCMV after the depletion
of mDC in vivo might therefore result from inefficient priming of
NK cells. To test if mDC and NK cells would synergize to control
MCMV replication in LSEC, a coculture with mDC and NK cells
was set up. LSECB6 were infected with MCMVr and cultured alone
or in the presence of CD11c� mDC or CD3� NKp46� NK cells, or
together with both. The addition of mDC to MCMV-infected
LSECB6 resulted in a marked decrease of viral titers, consistent
with previous results, whereas coculture with NK cells did not
efficiently diminish viral titers (Fig. 2B). The inability of NK cells
to diminish MCMV replication in vitro is in line with recently
published data (44). Coculture with both NK cells and DC did not
result in a further decrease of MCMV titers in comparison to the
culture with mDC only (Fig. 2B), arguing that the in vivo effect
might be independent of a synergy between DC and NK cells.

To test the effector-target ratio (ETR) required for the abroga-
tion of viral replication, we cocultured infected LSEC with in-
creasing proportions of mDC in cell culture (from 1:10 to 10:1).
We observed an inhibition of viral replication starting at an ETR
of 1:1 and complete abrogation at an ETR of 10:1 (Fig. 2C). Hence,
the number of DC was relevant for the suppression of virus titers
(Fig. 2C).

To test if CD11c� DC control MCMV replication only in an
endothelial cell line and at defined MOIs, or in a variety of infec-
tion conditions, we infected MEF with different MOIs of MCMV
and monitored the kinetic of viral replication in the presence or
absence of DC. Virus replication appeared similar to that in the
control group until day 2 postinfection but was impaired thereaf-
ter in all tested conditions (Fig. 2D). To further test the ability of
DC to control virus replication in primary cells, we cocultured
CD11c� mDC with infected primary LSEC and observed a similar
reduction in virus replication (data not shown).

To clarify if DC blocked MCMV growth by killing infected
cells, or by impairing its dissemination, we infected MEF with
MCMVr, a recently described reporter MCMV which expresses
two fluorescent proteins under the control of the major immedi-
ate early promoter (MIEP) of MCMV (21, 34). MCMVr infection
of MEF resulted in strong EYFP expression (Fig. 2E). In contrast,
hardly any signal was detected in the coculture of MCMVr infected
MEF and CD11c� mDC at 6 days postinfection with an MOI of
0.1. The MEF monolayer was maintained, with a few single in-
fected cells within it, indicating that the infection was not spread-
ing to bystander cells in the presence of DC but also that infected
cells were not directly killed (Fig. 2E).

In summary, these experiments provided evidence for direct
antiviral function of CD11c� sorted mDC obtained from the bone
marrow of naive mice in a new coculture assay with infected fi-
broblasts or endothelial cells.

Infected neighbor cells are necessary for activation of mDC
and the release of an antiviral factor. Dendritic cells are known as
professional APC with high endocytotic properties but also capa-
ble of secreting cytokines and chemokines (3). To determine
whether MCMV replication was blocked by a factor that was se-
creted by the mDC and if this factor is secreted during contact with
virus particles or infected cells, we performed two-chamber exper-
iments. We used commercially available systems with membranes
carrying pores of 0.4 �m in diameter, which completely block the
migration of cells from one chamber to the other but still allow the

virus to move between chambers. LSEC were seeded in the lower
chamber and infected with MCMV. In the upper chamber, we
seeded CD11c� mDC, cocultures of infected LSEC with CD11c�

mDC. or just infected LSEC, as reference control. At day 7 postin-
fection, the virus titer in the lower chamber showed no differ-
ences from the reference control in the groups where mDC
were seeded alone in the upper chamber, whereas cocultures of
LSEC and mDC in the upper well reduced viral titers in the
lower well by a factor of 10, as normalized to values from the
control group (Fig. 3A).

These data suggested that mDC secreted one or more soluble
factors that controlled MCMV growth in LSEC in the lower cham-
ber, but also that mDC inhibited virus replication only if they were
in direct contact with LSEC in the upper chamber. However, it
remained unclear if the mDC were activated by contact with in-
fected LSEC or if contact with uninfected LSEC would suffice for
their activation. Furthermore, since the pores between chambers
could not prevent MCMV from moving between chambers, we
could not exclude that MCMV disseminated into the upper cham-
bers and activated the mDC directly. To determine which condi-
tions were required to release the soluble factors that controlled
MCMV replication, we harvested conditioned supernatants from
MCMV-infected or uninfected LSEC, CD11c� mDC, or their
combinations. Supernatants were filtered through 0.1-�m filters
to prevent virus carryover and transferred to newly infected LSEC
to investigate the antiviral properties of the different supernatants.
Interestingly, only the supernatants gathered from the coculture
of infected LSEC and mDC impaired viral growth. Under these
conditions, the viral titer was 100-fold reduced in comparison to
that in reference controls (Fig. 3B). In contrast, direct infection of
mDC or the coculture of uninfected endothelial cells with mDC
failed to activate DCs to secrete antiviral cytokines. Therefore, we
conclude that the antiviral properties of mDCs are mainly due to
the direct interaction with the infected target cell, whereas direct
activation of DCs by viral particles and/or virus-derived patho-
gen-associated molecular patterns (PAMPs) play an indistin-
guishable role in their activation. We considered that the antiviral
action may be induced by gap junction transfer of cGAMP (45)
from LSEC into mDC. In this scenario, cGAMP would be trans-
ferred from the infected endothelial cells via gap junctions to the
mDC where cGAMP is sensed by STING, which leads to induction
of IFN-I. However, our preliminary data argued that this is not the
case, because STING-deficient mDC were also able to control
MCMV replication in LSEC (data not shown).

The same supernatant strongly inhibited the expression of a
reporter gene expressed with immediate early kinetics in LSEC,
and this inhibition was evident even at 20 h postinfection (Fig.
3C). On the other hand, the supernatants obtained from single
cultures of LSEC or DC or the coculture of uninfected LSEC
and mDC did not impair immediate early gene expression
(data not shown). Therefore, the antiviral substance released
by mDC appeared to act at the level of immediate early expres-
sion or prior to it.

CD11c� DC secrete IFN type I to block virus replication in a
reversible manner. The inhibition of viral replication at the im-
mediate early level was reminiscent of our recent observation that
IFN-� suppresses MCMV transcription at this step of the viral
replication cycle (21). Importantly, we had shown that IFN-� si-
lences gene expression and viral replication in a reversible man-
ner, consistent with the induction of latency (21). To test if the
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inhibition of MCMV replication by mDC is due to a transient
inhibition of viral gene expression or is a reflection of permanent
virus clearance, infected LSEC were monitored over time. We
seeded the cells in dodecuplicate wells of a 96-well plate, infected
them with MCMVr, and added filtered supernatants from cocul-
tures of infected LSEC and CD11c� mDC. Control LSEC were
infected in the presence of standard tissue culture medium. Wells

were scanned for fluorescent gene expression, and if even one
single EYFP-positive cell was observed within 5 days of infection
(Fig. 4B, left), the whole well was classified as positive for lytic
infection (21). We observed a complete abrogation of viral gene
expression in approximately 75% of the wells that received condi-
tioned supernatants (SNs) from LSEC-mDC cocultures, while vi-
ral replication occurred in almost all of the control wells. To test if
the suppression of viral gene expression is reversible, we replaced
the supernatants at day 5 postinfection with standard medium
and monitored the cells for additional 7 days. Remarkably,
MCMV IE gene expression initiated in all of the wells where the
supernatants were replaced but only in a few of those kept with the
original SNs from LSEC-mDC cocultures (Fig. 4). Similarly, no or
very low infectious viral titers were observed in the supernatants of
the wells cultured with the conditioned supernatants, but the ex-
change of the medium resulted in a sharp increase in infectious
MCMV titers (Fig. 4B, right). Since MCMV latency is defined as
the persistence of viral genomes in the absence of lytic viral repli-
cation and gene expression, and by the viral ability to reinitiate the
lytic cycle from this state, the reversible inhibition of viral replica-
tion in our model implied that supernatants from LSEC-DC co-
cultures may be sufficient to drive the virus into latency, similar to
effects that we recently described for type I IFN (21).

It is well known that type I interferons have antiviral potential
(46). While pDC are generally accepted as main producers of
IFN-I early after MCMV infection (25, 47), nonplasmacytoid
CD11chigh DC may also act as interferon-producing cells (32).
Thus, we considered that mDC might have been controlling
MCMV by secreting IFN-I in our coculture studies. To test this,
we compared viral growth in fibroblasts deficient for the IFN-�/�
receptor (IFNAR�/� MEF) to IFNAR�/� MEF cocultured with
CD11c� mDC. Additional control groups included fibroblasts de-
rived from wild-type mice (C57BL/6 MEF) infected with MCMV
in monocultures or in the presence of mDC. While the coculture
of fibroblasts that respond to IFN-I resulted in a 100-fold decrease
of virus titers after 5 days (Fig. 5A, black bars), the addition of
CD11c� mDC to IFNAR�/� MEF showed only minor differences
in virus titers in comparison to the control (Fig. 5A, gray bars).

In summary, our results argue that CD11c� mDC are neces-
sary for the block of virus replication early after infection in vivo
and sufficient in vitro, and this is independent of their function as
APC. CD11c� mDC suppressed MCMV replication in a reversible
manner through a mechanism requiring IFN-I signaling and thus
may play a critical role in the onset of CMV latency.

DISCUSSION

Numerous studies have focused on mDC permissiveness for in-
fection and on their role in the immune control of CMV infection,
but all of them depended on the infection of monocultures of
mDC with MCMV (14, 26, 27, 48–50). To the best of our knowl-
edge, this is the first study aiming to address the effect of mDC
cocultured with cells that are fully permissive for MCMV infec-
tion. This allowed us to observe that only direct contact with in-
fected fibroblasts or endothelial cells provides activating signals to
mDC that induce potent antiviral cytokines. Since mDC are nat-
urally in contact with such cells in vivo, our data highlight the
limitation of in vitro modeling based on cells kept in monoculture
and strongly argue that coculture of immune cells and permissive
target cells is a strategy that may allow the identification of hith-
erto-unknown principles of high biological relevance.

FIG 3 Direct contact between CD11c� mDC and infected target cells is re-
quired for secretion of a factor, which can block mCMV replication. (A) Virus
growth in a two-chamber assay. LSEC were seeded in triplicates in the lower
chamber and infected with MCMVr (MOI 0.1), while the upper chamber was
seeded with mDC, infected LSEC (MOI 0.1), or mDC and infected LSEC.
Virus titers were determined by plaque assay in supernatants from the lower
chamber and normalized to values from the control group (no mDC in the
upper chamber). Shown is the growth as a percentage of the control. Cells in
the upper chambers are indicated below the x axis. Experiments were per-
formed twice, and data were pooled. (B) Single cultures or cocultures of LSEC
and mDC were infected (MOIs of 0.01 for LSEC and 1 for DC) or left unin-
fected. Supernatants were taken at day 6 or 7, filtered to prevent virus carry-
over, and transferred to fresh LSEC cultures infected with MCMVr (MOI of
0.1). Virus titers at day 6 postinfection were normalized to LSEC infected in the
presence of standard cell culture medium (RPMI) and are shown on the y axis.
Keys below the x axis indicate SN used as medium during second infection.
Data from three independent experiments were pooled and are shown. (C)
Representative bright-field and fluorescence microscopy pictures of LSEC in-
fected at an MOI of 1 with MCMVr cultured in SN taken from coculture or
medium control. Pictures were taken at 20 h postinfection.

mDC Reversibly Block MCMV

October 2015 Volume 89 Number 19 jvi.asm.org 9891Journal of Virology

http://jvi.asm.org


We showed recently that IFN-� is sufficient for the establish-
ment of latency in murine liver endothelial cells in vitro and in vivo
(21), but the in vivo source of IFN remained unclear. pDC, rather
than mDC, have been considered to play a critical role in the
induction of IFN responses that control MCMV in vivo (26, 51).
On the other hand, other viral infections were shown to induce
potent IFN responses from the mDC subset (32), and a recent
study has shown that methods that were used to in vivo deplete
pDC by targeting SIGLEC-H also deplete macrophages and mDC
(52). Therefore, the relative contribution of different DC subsets
to early MCMV control has remained unclear, especially since

both mDC and pDC may respond to CMV infection by secreting
IFN (28). Our in vivo data argue that CD11c� DC play an impor-
tant role in the control of MCMV replication immediately upon
infection, and our in vitro data showed that this effect occurs in the
absence of CD8 T cells and, thus, that it may be independent of
their function as professional APC. On the other hand, our data
do not exclude the possibility that pDC also play a crucial role in
antiviral control, where a concerted action of both DC subsets is
necessary to contain the MCMV replication and spread. Further-
more, we do not exclude the possibility that antigen cross-presen-
tation by mDC and cross talk to other immune cells, such as the
previously described cross talk with NK cells (43), contribute to
their antiviral function in vivo. In line with this, we cannot rule out
the possibility that mDC limit MCMV replication in vivo in an
IFN-I-independent manner. While our results showed a strong
effect of DC depletion on weight loss upon MCMV infection, a
statistically significant (P � 0.05) effect of DC depletion on viral
titers was observed only in the liver and not in the spleen or lungs
of infected animals. One should be cautious in assuming organ-
specific effects, because a similar trend was observed in all organs
and in all of the experiments, and the P values in the liver groups,
while formally satisfying the significance criterion, were not much
lower than those in other organs. Therefore, more experimental
data are necessary to corroborate and clarify our in vivo observa-
tions.

Interestingly, coculture with antigen-specific CD8 T cells did
not impair MCMV replication in LSEC as efficiently as coculture
with mDC, although MCMV-infected LSEC may activate antigen-

FIG 4 Soluble factor secreted from CD11c� myeloid dendritic cells impairs MCMVr replication in a reversible manner. LSEC were infected with MCMVr at an
MOI of 0.0001 in dodecuplicates and cultured afterwards with medium control or filtered SN from coculture of infected LSEC plus CD11c� mDC. Wells were
analyzed at multiple time points, and those with even one infected cell were classified as positive. At dpi 5, SN was removed in selected wells (�/�) and wells were
further cultured with RPMI medium. (A) Representative EYFP fluorescence and bright-field microscopy of medium control or LSEC cultured in filtered SN from
coculture 1 and 7 days after SN retraction. (B) Percent of wells showing any viral gene expression at the indicated time points (right panel). Group averages �
SEM from three independent experiments are shown. Supernatant was collected at indicated time points and titrated on MEF (left panel). To monitor for virus
reactivation, only wells which showed no viral replication on day 5 were monitored.

FIG 5 Type I IFN secreted from CD11c� myeloid dendritic cells impairs
MCMVr replication. MEF or IFNAR�/� MEF were infected with MCMVr at
an MOI of 0.1 and cocultured in the absence or presence of CD11c� mDC
(ratio of 1:4). Supernatants were collected in triplicates at day 5, and titration
was performed on MEF. Graphs show average values � SEM from three inde-
pendent experiments.
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specific CD8 T cells (42). Our results are consistent with in vivo
observations that the killing of MCMV-infected cells and viral
control by CD8 T cells may be a relatively inefficient process due to
MCMV immune-evasive genes (53, 54). While direct infection of
mDC with MCMV induces IFN-� and IFN-� responses, and
MCMV gene M27 may impair mDC function and IFN-� secre-
tion in response to MCMV infection (28), we showed here that
direct contact with infected LSEC (or MEF) activates mDC much
more efficiently than virus infection of mDC (and, by extension,
more efficiently than direct contact of uninfected mDC with the
infected ones). Future studies will elucidate if this cross talk be-
tween infected endothelial cells and mDC applies also for the
HCMV situation, as well as the exact mechanisms of this activa-
tion axis.

MCMV latency in the mouse model of infection is clearly doc-
umented in LSEC (20), and IFN-� contains lytic MCMV gene
expression in this cell type (21). In contrast, latent HCMV has
been described in precursor cells of the myeloid lineage (14), and
their ex vivo differentiation into mature mDC results in chromatin
remodeling and initiation of lytic gene expression (55). The data
presented here may indicate that IFN released by myeloid cells
plays an important role in the regulation of CMV latency. There-
fore, it is tempting to speculate that the in vitro models of HCMV
latency in myeloid cells and their precursors (56) may also depend
on robust IFN-I responses. However, such claims would need to
be validated by direct evidence in HCMV models of latency.

Virus kinetics in coculture experiments of mDC with in-
fected MEFs showed impaired replication from 3 days postin-
fection (dpi) onwards. This may appear counterintuitive if one
considers that cytokines, especially interferons, are induced
very rapidly. However, since the mDC were added to cocultures
only after the MEF were infected and the viral inoculum was
removed (to avoid direct infection of DCs in the experiment),
the first replication cycle necessarily initiated before mDC were
able to sense the infection. Furthermore, once MCMV was in-
ternalized in LSECs, the activation of DCs could occur only
once the virus would reemerge form the infected cell or the
infected cell was altered in a manner that was sensed by the
nearby DCs. It is important to note that the supernatant de-
rived from the coculture of infected LSEC and mDC had an
immediate effect on virus replication at the immediate early
level. Taken together, our data argued that the delay in DC
activation and buildup of cytokines in the SN likely accounts
for the observed delay in the control of virus replication.

It is very intriguing that MCMV replication in LSEC was
blocked by adding mDC after the infection (Fig. 2). Since the
antiviral activity of mDC depended on IFN signaling (Fig. 5), this
implies that the IFN, which is released after virus entry into LSEC,
controlled MCMV replication. This in stern contrast to our pro-
tocols based on the addition of IFN-� to MCMV-infected LSEC
cultures, where IFN-� had to be added at least 8 h prior to infec-
tion in order to upregulate host genes that prevent MCMV infec-
tion (28, 57). Taken together, these observations lead to the con-
clusion that additional factors released from mDC in the presence
of infected LSEC are required to complement and/or synergize
with the antiviral activity of IFN. If one was to identify these fac-
tors, novel antiviral immunotherapeutic strategies may become
available. This study paves the way toward such efforts.
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