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Mouse mammary tumor virus (MMTV) is a milk-transmitted betaretrovirus that causes mammary tumors
in mice. Although mammary epithelial cells are the ultimate targets of MMTV, the virus utilizes components
of the host immune system to establish infection. Previous studies indicated that dendritic cells play a role in
MMTV infection. Here we show that dendritic cells are the first cells to be infected by MMTV in vivo and that
they are capable of producing infectious virus that can be transmitted to other cell types. Moreover, upon
contact with the virus, dendritic cells became more mature and migrated in response to the chemokine
macrophage inflammatory protein 3�. Finally, we demonstrate that targeted ablation of dendritic cells in vivo
dramatically attenuated MMTV infection. These data indicate that MMTV infection of dendritic cells is critical
to initial propagation of the virus in vivo.

Dendritic cells (DCs) play key roles in the immune system as
initiators and regulators of antigen-specific T-cell responses.
Initial studies of virus-DC interactions focused predominantly
on the outcomes of antiviral immune responses and the control
of infection (36). More recently, however, it has been demon-
strated that DCs play multiple roles in the pathogenesis
induced by a variety of viruses, including human immuno-
deficiency virus (HIV), cytomegalovirus, measles virus, herpes-
virus, influenza virus, and respiratory syncytial virus (3, 28). In
particular, DC participation in the immune response to the
murine retrovirus mouse mammary tumor virus (MMTV) has
been demonstrated.

MMTV is a betaretrovirus transmitted through milk that
causes mammary tumors in mice (25). Although mammary
epithelial cells are the ultimate targets of MMTV, the virus
initially uses lymphoid cells to establish infection; with the
exception of its association with milk, the virus is cell associ-
ated in vivo (31). Previous studies indicated that milk-borne
MMTV first infects B cells in neonatal Peyer’s patches (1, 7,
14). These infected B cells were thought to present the virus-
encoded superantigen (Sag) to T cells expressing Sag-specific
T-cell receptor (TCR) V� chains, resulting in their stimulation.
T-cell stimulation results in the subsequent amplification of
infection, through inducing the proliferation of infected B cells
and the recruitment of additional infection-competent target
cells. B cells are clearly required to establish high-level infec-
tion, since immunoglobulin � knockout mice that lack B cells
do not support long-term MMTV infection (7). However, al-
though B cells present antigen to experienced T cells, they are
inefficient at inducing immune responses by naı̈ve T cells (9,
10), as would occur when cognate T cells first encounter Sag

during MMTV infection. Moreover, mice with targeted muta-
tion of the �7 integrin chain that have almost no B or T cells
in their Peyer’s patches are infected with milk-borne MMTV at
wild-type levels (11).

Thus, several groups have tested whether DCs, which are
professional antigen-presenting cells, participate in MMTV
Sag presentation to cognate T cells and thereby initiate virus
infection. Indeed, MMTV has been shown to interact with DCs.
Both experimental subcutaneous inoculation with MMTV and
milk-borne infection produce dramatic increases in the num-
bers of DCs in the draining lymph nodes and Peyer’s patches,
respectively (8, 24). In addition, DCs can be infected by
MMTV and can present Sag to T cells, suggesting their in-
volvement in the early phase of infection (5, 24, 38). Finally, it
has been demonstrated that MMTV can induce DC matura-
tion and up-regulation of surface expression of the virus entry
receptor transferrin receptor 1 (TfR1) via interaction with
Toll-like receptor 4 (TLR4) (8). However, whether DCs pro-
duced infectious MMTV or were required to initiate or sustain
infection has not been demonstrated.

Here we show that DCs are the first cells to be infected with
MMTV in vivo and that they are capable of producing infec-
tious virus that can be transmitted to other cell types in vitro
and in vivo. Upon contact with the virus, these cells became
more mature and migrated in response to the chemokine mac-
rophage inflammatory protein 3� (MIP-3�), and this effect
depended on functional TLR4. Finally, we demonstrate that
MMTV infection is attenuated in a transgenic mouse model
with transient DC ablation and that functional DCs are re-
quired throughout the early stages of virus infection in vivo.

MATERIALS AND METHODS

Mice. C3H/HeN, C3H/HeJ, and BALB/c mice were obtained from the Animal
Program of the National Cancer Institute (Frederick, MD). Transgenic mice
bearing the HYB PRO construct in the C3H/HeN background were previously
described and were maintained by backcrossing to C3H/HeN mice (15). CD11c-
diphtheria toxin receptor (CD11c-DTR) transgenic mice [C.FVB-Tg (Itgax-
DTR/EGFP) 57Lan/J] were originally obtained from Dan Littman and were
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maintained by crosses with BALB/c mice; offspring were genotyped from tail
DNAs, using published primer sequences (22). Nontransgenic littermates of
between 8 and 12 weeks of age were used as controls. For systemic DC depletion,
CD11c-DTR transgenic mice were injected intraperitoneally with 4 ng/g body
weight diphtheria toxin (DT) (Sigma Chemical Co., St. Louis, MO). All mice
were housed according to the policies of the Institutional Animal Care and Use
Committee of the University of Pennsylvania.

Virus preparation. MMTV(LA) and MMTV(FM) were isolated from milk,
and MMTV(HP) was isolated from DC culture supernatants as previously de-
scribed (18, 19, 43). Dilutions of purified virus were tested for B-cell- and
Sag-mediated T-cell activation in vivo, as previously described (29). For each
virus preparation, the maximum virus dilution giving significant activation in the
draining versus nondraining lymph node was used in all subsequent experiments.

Pseudovirus preparation. An MMTV Env-pseudotyped recombinant murine
leukemia virus was made by transient cotransfection of 293T cells with the mouse
stem cell virus-based vector MIGR1 (carrying the green fluorescent protein
[GFP] gene), pcap (carrying the gag/pol genes under the control of a murine
leukemia virus promoter), and pR739 (a modified version of the pEnv plasmid
which contains MMTV env with the cytoplasmic tail from Moloney murine
leukemia virus [a gift from Lorraine Albritton]) (17, 27). Virus was concentrated
from cell supernatants by centrifugation at 105,000 � g for 1 h on a 30% sucrose
cushion in phosphate-buffered saline (PBS). The pellet was resuspended in
endotoxin-free PBS.

Virus injection. Fifty microliters of diluted MMTV(LA) or -(FM) virus stock
was injected into the right hind footpad of each mouse; the left hind footpad
served as the uninfected control. At different times postinfection, the mice
were killed, and single-cell suspensions were prepared from the popliteal
lymph nodes, stained, and studied by fluorescence-activated cell sorting
(FACS) analysis. Cells were subjected to four-color flow cytometry on a
FACSCalibur flow cytometer and analyzed using CellQuest 3.2.1f1 software
(Becton Dickinson, Inc., San Jose, CA).

For virus inactivation studies, MMTV was boiled for 30 min, diluted to the
same final concentration as untreated virus, and injected. Injections were also
performed in the presence of 3 mg of azidothymidine (AZT; Sigma Co., Saint
Louis, MO), which was administered intraperitoneally before injection as de-
scribed previously (20).

Tissue culture cells. NMuMG (normal mouse mammary gland epithelial) cells
were grown in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum and 10 �g of insulin per ml. 293T cells were grown in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum. TRH3 cells (293T cells
stably expressing mouse TfR1 [44]) were grown in the same medium supple-
mented with G418 (100 �g/ml).

Primary cell cultures. Total splenocytes were enriched for mononuclear cells
by density gradient centrifugation over Ficoll (Sigma Chemical Co., St. Louis,
MO). Naı̈ve B cells were isolated using CD43 (Ly-48) microbeads according to
the manufacturer’s instructions (Miltenyi Biotech, Auburn, CA). The purity of
the enriched populations always exceeded 98%, as determined by flow cytometry.

Bone marrow DCs (BMDCs) were generated according to the method of Lutz
et al. (23). Cells were differentiated with recombinant murine granulocyte-mac-
rophage colony-stimulating factor (20 ng/ml; Peprotech, Rocky Hill, NJ). Imma-
ture DCs were incubated with MMTV at the indicated dilution or with 1 �g/ml
lipopolysaccharide (LPS) (Sigma Chemical Co., St. Louis, MO) for 48 h. Differ-
entiation into immature or mature DCs was documented by flow cytometry
detection of CD80, CD86, and major histocompatibility complex class II mole-
cules.

In vitro infection by coculture. Virus infection of naı̈ve C3H/HeN B lympho-
cytes and DCs was done by coculturing these cells (104 cells/plate) with 105 HYB
PRO DCs in 60-mm-diameter tissue culture plates for 5 days. To prevent cell-cell
contact, coculturing was carried out with 0.4-�m-pore-size filter inserts.

In vitro infection of BMDCs for in vivo injection. DCs were infected by the
spinoculation method as previously described (32). Briefly, DCs were plated in a
96-well plate at a cell density of 105/100 �l. One microliter of undiluted
MMTV(LA) was added to the cells, and the plate was centrifuged at 1,200 � g
for 120 min at room temperature. After centrifugation, the supernatant was
discarded and fresh medium was added to the cells. The cells were incubated
overnight at 37°C and washed with PBS, and 4 � 106 cells/animal were injected
intraperitoneally into naı̈ve C3H/HeN mice. DNAs were also extracted from the
DCs prior to injection into animals to monitor the initial infection levels.

Virus detection by PCR. DNAs from 293T, TRH3, and NMuMG cells and in
vitro-cultured DC or B- or T-cell pellets were isolated by proteinase K-sodium
dodecyl sulfate digestion followed by phenol-chloroform extraction and ethanol
precipitation. Viral DNA was detected by PCR, using primers specific to the
MMTV(C3H) Sag hypervariable region (5� AATTCGGAGAACTCGACC

TTCC 3� and 5� CCCCCATGAGTATATTTGA 3�). The PCR products were
analyzed by electrophoresis on 1.5% agarose gels.

RT-PCR. Virus from 100 ml of HYB PRO BMDC supernatant was passed
through a 0.22-�m filter and concentrated by centrifugation for 1 h at 24,000 � g.
Total RNA was isolated using an RNeasy Mini kit (QIAGEN, Inc., Valencia,
CA) according to the manufacturer’s instructions. Reverse transcriptase PCR
(RT-PCR) was performed using an Access RT-PCR system kit (Promega, Inc.,
Madison, WI) according to the manufacturer’s instructions. In addition to the
MMTV-specific primers described above, we used mouse �-actin primers to
control for RNA integrity (5� TCATGAAGTGTGACGTTGACATC 3� and 5�
CCTAGAAGCATTTGCGGTGCAACGATG 3�). The RT-PCR products were
analyzed in 1.5% agarose gels.

Flow cytometry. Cells were stained with fluorochrome-conjugated monoclonal
antibodies against CD11c (HL3), CD80 (16-10A1), CD86 (GL1), B220 (RAE-
6B2), CD4 (L3T4), CD71 (C2), CD69 (H1.2F3), V�2 TCR (B20.6), V�14 TCR
(14-2), V�8 TCR (MR5-2), V�6 TCR (RR4-7) (BD-Pharmingen, Inc., San
Diego, CA), CCR6 (140706) (R&D Systems, Inc., Minneapolis, MN), and CCR7
(4B12) (eBioscience, Inc., San Diego, CA) and subjected to FACS analysis.

Chemotaxis assay. Migration of murine DCs towards MIP-3� (100 ng/ml;
R&D Systems, Minneapolis, MN) was assessed in 96-well chemotaxis chambers,
using an 8-�m-pore-size nitrocellulose membrane (Neuroprobe, Gaithersburg,
MD). Pyrogen-free RPMI 1640 containing 1% bovine serum albumin was used
as the chemotactic medium. Results are presented as chemotactic indexes, de-
fined as x-fold increases in cell migration in the presence of chemotactic factors
compared to that in chemotactic medium alone. Each determination was per-
formed in triplicate.

Real-time quantitative PCR. The ABI Prism 7900 sequence detection system
and a SYBR green I PCR kit (both from Applied Biosystems, Foster City, CA)
were used for real-time PCR following the manufacturer’s directions. The fol-
lowing primers specific to the Sag hypervariable regions were used to detect virus
(see reference 19 for descriptions of the viruses): for MMTV(LA) (see Fig. 2), 5�
CGTGAAAGACTCGCCAGAGCTA 3� and 5� GAAGATCTCCCCCATGAG
TATATTTCA 3�; for BALB2 (see Fig. 4), 5� AACTCAAGGGCAATGCCTT
AATACTATCT 3� and 5� CGTTTATCGAGGGACAGGAATGA 3�; and for
the mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (con-
trol), 5� CCTGCACCACCAACTGCTTA 3� and 5� CATGAGTCCTTCCACG
ATACCA 3�). Data are expressed as numbers of MMTV molecules per 106

GAPDH molecules. Samples were considered virus positive if more than five
copies of MMTV/106 GAPDH molecules were detected.

Statistics. The statistical significance of differences between groups was tested
using the unpaired Student t test.

RESULTS

DCs produce infectious MMTV. Previous studies showed
that DCs could be infected by MMTV in vitro (8) and that a
small percentage of DCs with newly integrated proviral DNA
could be isolated from the lymph nodes of acutely infected
adult mice (24, 38). However, these studies did not demon-
strate that infected DCs produce infectious MMTV. To deter-
mine if MMTV-expressing DCs actively shed transmissible vi-
rus, we used BMDCs isolated from HYB PRO transgenic
mice. HYB PRO mice express a molecular clone of MMTV in
lymphoid tissue and mammary glands and shed infectious
MMTV into milk (16, 34). The HYB PRO DCs provided us
with a larger number of MMTV-expressing cells than that
found in infected mice, thus allowing us to detect virus pro-
duction and infection. First, we collected supernatants from
HYB PRO BMDC cultures and purified the virions, from
which we extracted total RNA. We then used RT-PCR with
MMTV-specific primers to detect the virus. As shown in Fig.
1A, the supernatants from HYB PRO BMDCs contained vi-
rus, while no virus was found in the supernatants from control
uninfected C3H/HeN BMDCs.

Next, to show that HYB PRO BMDCs produced infectious
virus, we cocultured them with splenic B cells and BMDCs
from uninfected C3H/HeN mice, an uninfected mammary
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gland tissue culture cell line (NMuMG), and the human cell
lines 293T and TRH3 (293T cells stably expressing the MMTV
entry receptor, mouse TfR1); all coculturing was done in the
presence of a 0.4-�m barrier filter. After coculturing the cells
for 3 days, we removed the DCs, prepared DNAs from the
recipient cells, and tested for the presence of viral DNA by
PCR, using primers specific for the HYB PRO long terminal
repeat. All MMTV-susceptible cells were infected after cocul-
ture with HYB PRO BMDCs, indicating that the DCs can
produce virus that is transmitted to other cell types (Fig. 1B).
Importantly, this infection was dependent on the presence of
the MMTV entry receptor, mouse TfR1, since 293T cells lack-
ing this receptor did not become infected.

MMTV-producing DCs transmit virus in vivo. Next, to de-
termine whether DCs could transmit virus in vivo, 107 naı̈ve
BMDCs or BMDCs infected in vitro with MMTV(LA) were
subcutaneously injected into naı̈ve C3H HeN mice. The in-
jected mice were bled, and genomic DNAs were isolated from
peripheral blood lymphocytes. Real-time quantitative PCR
specific for MMTV(LA) was used to examine infection. As
shown in Fig. 2, four of seven mice injected with infected DCs
were positive for virus sequences. Thus, infected DCs could
transmit virus in vivo, albeit with low efficiency.

DCs are the initial targets of MMTV infection in vivo. The
data presented thus far indicated that MMTV-producing DCs
were capable of transmitting virus to uninfected cells. Al-
though previous work had indicated that DCs were infected in
vivo, several studies indicated that B cells were the initial
targets of infection (1, 2, 7, 24, 38). Moreover, it is well estab-
lished that replication-competent MMTV spreads to the entire
lymphoid compartment during in vivo infection (13, 41). To
determine which cells (B cells, T cells, or DCs) are the initial
MMTV target(s), we constructed MMTV Env-bearing pseudo-

virions tagged with a GFP-encoding genome and used these
one-hit viruses for in vivo infection. Naı̈ve mice received sub-
cutaneous footpad injections of the pseudovirus, and 24 h
later, lymphocytes from the draining lymph nodes were col-
lected and analyzed by FACS. As shown in Fig. 3A and B, no
GFP was associated with T (CD3�) or B (CD19�) cells. In
contrast, 28% of the DCs (CD11c�) were GFP positive (Fig.
3C). Treatment of the mice with the antiretroviral drug AZT,
which is known to inhibit MMTV infection, significantly dimin-
ished the percentage of GFP� CD11c� cells (Fig. 3D and E)
(20, 29). These data indicated that DCs are the primary in vivo
targets of MMTV.

Efficient MMTV infection in vivo requires DCs. We next
tested whether MMTV infection could proceed efficiently in
vivo in the absence of DCs. We used CD11c-DTR transgenic
mice, in which DCs can be transiently ablated by DT treatment
(22). CD11c-DTR transgenic mice received subcutaneous
footpad injections of MMTV(LA) in the presence or absence
of DT treatment. At different times postinfection (1 to 4 days),
lymphocytes from the draining popliteal lymph nodes were
analyzed by FACS for B-cell activation (CD69� B220�) and
the percentage of Sag-reactive T cells (V�2� CD4� and V�6�

CD4�) and by real-time quantitative PCR to determine viral
DNA levels. Lymphocytes isolated from the contralateral non-
draining lymph nodes served as controls.

As previously reported, the DT-mediated depletion of DCs
in transgenic mice was transient, and by day 3, the levels of
CD11c� cells in the spleens of treated animals had partially
recovered (Fig. 4A) (22). However, DT treatment abolished
the characteristic response to MMTV, in both the infection-
and Sag-independent activation of B cells (�24 h) and the
Sag/infection-dependent activation that occurs on day 4 after
virus injection (Fig. 4B) (2); transgenic mice that were not
treated with DT showed the characteristic response to MMTV
at both early and late times after virus injection. Likewise, DT
treatment completely ablated the characteristic increase in
Sag-reactive V�2� CD4� cells seen on day 4 in the control
group (Fig. 4C). Similar results were observed for V�6� CD4�

cells (data not shown). Although low levels of viral DNA were

FIG. 1. HYB PRO BMDCs shed virus and transmit infection to
other cell types. (A) Viral RNAs isolated from the supernatants (SUP)
of HYB PRO (HP) BMDC cultures were analyzed by RT-PCR for
MMTV sequences. The supernatants of C3H/HeN BMDCs and HYB
PRO genomic DNA were used as negative and positive controls, re-
spectively. (B) HYB PRO BMDCs were cocultured for 3 days with
uninfected C3H/HeN BMDCs, C3H/HeN primary B cells, and
NMuMG mammary gland cells in the presence of a 0.4-�m barrier
filter. �, coculture with HYB PRO BMDCs; �, coculture with C3H/
HeN BMDCs. DNAs from the recipient cells were prepared, and viral
DNA was detected by PCR with MMTV-specific primers. TRH3 and
293T cells were used as positive and negative controls for infection,
respectively. The data are representative of three experiments with
similar results.

FIG. 2. MMTV-infected DCs transmit virus in vivo. C3H/HeN
mice injected with MMTV(LA)-infected BMDCs were tested 8
months after inoculation. DNAs from peripheral blood lymphocytes
were prepared, and viral DNA was quantified by real-time PCR with
virus-specific primers. Data were normalized to the GAPDH level of
each sample. These data are representative of three experiments with
similar results. The error bars indicate standard deviations (SD).
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detected in the DT-treated mice, two of five animals in the
control group showed 10-fold higher infection levels (Fig. 4D).
We performed this experiment three times in total and found
high levels of infection in 7/14 control mice; in contrast, 0/14
DT-treated mice showed significant levels of infection. Thus,
the loss of DCs at early stages of MMTV infection had a
profound effect on early virus spread.

MMTV infection induces DC migration. DCs arise from
progenitors in the bone marrow, enter the blood, and traffic
into secondary lymphoid organs and peripheral tissues, such as
skin or the gut, where they contribute to the front line of
defense against pathogens. When DCs encounter inflamma-

tory stimuli, they undergo a switch in chemokine receptor
expression from CCR6 to CCR7, enabling their egress into
lymphatic vessels and transport to draining lymph nodes (33,
35). Thus, if MMTV-infected DCs are responsible for traffick-
ing from the site of infection in the periphery to the lymph
node where virus amplification occurs, they should undergo
this receptor switch in response to virus.

To determine if MMTV altered the migratory properties of
DCs, BMDCs were produced and incubated with MMTV. Two
days later, the cells were harvested, their phenotype was ana-
lyzed by FACS, and their migratory properties were tested in a
chemotaxis chamber. As previously shown, MMTV induced

FIG. 3. In vivo infection with a GFP-tagged MMTV pseudovirus. GFP-tagged MMTV Env-pseudotyped recombinant murine leukemia virus
(MMTV/GFP) was injected into the right hind footpads of mice; the left hind footpads served as uninfected controls. Mice were killed 24 h later,
and single-cell suspensions were prepared from the draining and nondraining popliteal lymph nodes. Cells were stained with anti-CD3 (A),
anti-CD19 (B), or anti-CD11c (C), and GFP association with each cell type was analyzed by FACS. The same experiment was performed after AZT
treatment (D and E). These data are representative of three experiments with similar results.
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DC maturation (8); for example, the expression of costimula-
tory molecules, such as CD86, increased (Fig. 5A). At the same
time, there was a diminution in the percentage of CCR6� cells
and an increase in the percentage of CCR7� cells (Fig. 5A).

Incubation with MMTV also caused the BMDCs to migrate
towards the chemokine MIP-3�, at a level similar to that in-
duced by LPS (Fig. 5B). When the virus was inactivated by
boiling, the migratory capacity was reduced to the level for
untreated DCs, indicating that this effect required intact virus
and ruling out endotoxin contamination as being responsible
for cell movement. In contrast, treatment with AZT had no
effect, indicating that MMTV-induced migration was indepen-
dent of infection. Previously, we showed that MMTV activates
DCs via TLR4 and that this activation is also infection inde-
pendent (8). Thus, we tested DCs from C3H/HeJ mice, which
harbor a nonsignaling, defective Tlr4 allele, for the ability to
migrate in response to MMTV. No changes in the migratory
capacity of C3H/HeJ DCs were observed after incubation with
MMTV, indicating that this effect depended on a functional
TLR4 receptor (Fig. 5C).

DCs are required for efficient virus amplification in the
lymph nodes. HIV type 1 (HIV-1)-infected DCs have been
shown to traffic from the periphery to lymph nodes, where they
transmit virus to lymphocytes (40, 42). To determine if DCs
were required only at this initial step in MMTV infection or if

they were important for additional steps in the pathway, such
as Sag presentation to T cells in the lymph node, we infected
CD11c-DTR transgenic mice with MMTV(FM) and treated
the animals with DT at different times after infection (Fig. 6A).
The depletion of DCs on all days significantly impaired the
Sag-mediated T- and B-cell activation on day 4, indicating not
only that DCs are involved in transporting virus from the site
of infection to the lymph node but also that they play a mod-
ulatory role that helps establish the immune response associ-
ated with chronic MMTV infection (Fig. 6).

DISCUSSION

DCs are well-known antigen-presenting cells. These cells are
derived from bone marrow progenitors that home to periph-
eral mucosal sites, where they differentiate into immature DCs.
After contact with an antigen and with the help of maturation
signals elicited by infection or inflammation, immature DCs
undergo a complex transformation process. In vivo, this pro-
cess culminates in DC migration to the lymphoid organs,
where the mature cells can efficiently present processed anti-
genic peptides to T cells (3, 4).

Although DCs play an essential role in immune defense,
there is increasing evidence that DCs also participate in dis-
ease pathogenesis, particularly with regard to viral infections

FIG. 4. Effects of CD11c� cell ablation on MMTV-dependent T- and B-cell activation and infection. CD11c-DTR transgenic mice were treated
with 4 ng of DT/g of body weight, and 2 h later, they were injected subcutaneously with MMTV(LA). At different times (1 to 4 days postinfection),
lymphocytes from the draining popliteal lymph nodes were analyzed by FACS and PCR. (A) The efficacy of DT treatment was checked by analyzing
the percentage of CD11c� cells in the spleen at each time point of the experiment. (B) B-cell activation was analyzed by determining the percentage
of B220� CD69� cells. (C) Stimulation of MMTV(LA) Sag-reactive T cells was analyzed by determining the percentage of CD4� V�2� cells.
Lymphocytes isolated from the draining lymph nodes of mice that did not receive DT were used as positive controls; mice that received no MMTV
showed no activation of T or B cells (not shown; see Fig. 5B and C). (D) DNAs from the draining lymph node lymphocytes of five DT-treated and
five control mice were prepared, and viral DNA was quantified by real-time quantitative PCR. Each bar represents an individual mouse, and the
error bars indicate SD. These data are representative of three experiments with similar results. *, P � 0.05. Open boxes, mice treated with DT;
filled boxes, control mice.
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(30). The presence of DCs at sites of virus entry can be ex-
ploited by the virus to gain access to the host. For example, it
is believed that DCs found at the sites of HIV infection, such
as the rectal and vaginal mucosa, are critical for transporting
virus to the sites of transmission to lymphocytes and virus
replication, such as the lymph nodes (37, 40). Additionally,
measles virus, which is known to infect DCs, enters the body
through the tracheal epithelium, where these cells are very
abundant; DCs may therefore be responsible for measles virus

transport to lymphoid organs and subsequent transmission to T
cells, similar to the role these cells are believed to play in HIV
infection (12). In both situations, the virus-DC interaction is
important for both virus dissemination and modulation of an-
tiviral T-cell responses.

We show here that DCs likely play a critical role in MMTV
infection as well. Previous studies had argued that B cells were
the initial cells infected by MMTV in vivo, based on the ob-
servations that infection could not be sustained in B-cell-defi-

FIG. 5. MMTV induces TLR4-dependent migration of CD11c� BMDCs toward MIP-3�. (A) C3H/HeN BMDCs were infected with MMTV.
Twenty-four hours later, cells were harvested, and expression of CD86, CCR6, and CCR7 was checked by FACS. (B) Chemotaxis assays with
MIP-3� were performed on the lymphocytes used for panel A. LPS, boiled virus, and AZT pretreatment of the cells were used as controls.
(C) C3H/HeN and C3H/HeJ BMDCs were subjected to infection as described for panel A, and chemotaxis assays with MIP-3� were performed.
These data are representative of three experiments with similar results. The error bars indicate SD. *, P � 0.05. C.I., chemotactic index.
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cient mice (7, 14) and that B cells, but not T cells, could be
infected ex vivo (2, 39). However, it was clear that cells in
addition to B cells could present the MMTV Sag, since B-cell-
deficient mice still showed deletion of endogenous MMTV
Sag-cognate T cells (7). More recently, several groups showed
that DCs could be infected by MMTV in vitro and that infected
DCs could be isolated from lymph nodes of mice soon after
virus injection (5, 24, 38). Additionally, both the number and
the percentage of DCs increased in the draining lymph nodes
after subcutaneous injection of MMTV and in the Peyer’s
patches after milk-borne infection (8, 24).

Here we definitively show that DCs are the first cells tar-
geted by the virus and that this infection is required for estab-
lishment of infection in vivo. Using a one-hit, GFP-tagged
pseudovirus, we found that virus infection of DCs occurred in
the absence of infection of any other MMTV targets, such as T
or B cells. We also demonstrated that BMDCs can shed infec-
tious virus that can be transmitted to other cell types. Finally,
depletion of the CD11c� population had a dramatic effect on
infection and resulted in significant inhibition of the charac-
teristic T- and B-cell activation mediated by MMTV. Although
we saw low levels of infection in the CD11c-depleted mice, this
may be the result of incomplete and transient loss of DCs in
this model.

Interestingly, DC depletion not only inhibited the infection-
dependent Sag-mediated stimulation of T and B cells but also
inhibited the early, Sag/infection-independent activation of B
cells. Previous studies had argued that MMTV directly inter-
acted with B cells, and we showed that this B-cell activation
required a functional TLR4 allele (2, 29, 39). However, we
demonstrate here that in the absence of DCs, no early B-cell

activation occurred in the draining lymph node. This was true
even in mice in which DC ablation occurred after MMTV
injection (Fig. 6), where there was clearly time for infected
DCs to traffic from the site of infection to the lymph nodes and
to transmit virus to other cell types, such as B cells. Thus, these
data argue that TLR4-dependent B-cell activation is not due to
direct interaction with the virus, but instead results from sig-
nals emanating from the MMTV-infected DCs. Several studies
have also argued that MMTV-infected B cells present Sag to T
cells during the early stages of virus infection. However, we saw
no Sag-mediated T-cell activation, even when DCs were ab-
lated 3 days after the injection of virus, when there was ample
time for B-cell infection. These data therefore also argue ei-
ther that DCs are the primary presenters of Sag or that in-
fected B cells require some signal from DCs to effectively
present this viral protein to naı̈ve T cells.

In the case of HIV-1, DCs serve as virus reservoirs after the
virus enters through CD4 and chemokine receptors (30). In
addition, DCs harbor HIV-1 that enters cells through binding
to C-type lectins, such as DC-SIGN; in this case, HIV-1 is
stored in a cytoplasmic compartment and then transferred to
CD4� T cells in the lymph nodes (30). In both cases, DC
trafficking to the lymph nodes is required for virus spread. We
therefore examined whether MMTV interaction with DCs
would modify their migratory properties. Our experiments
clearly demonstrated that upon contact with the virus, BMDCs
became more mature, up-regulated CCR7 on the surface, and
migrated in response to the CCR7 ligand MIP-3�. This mat-
uration process did not require virus replication, because AZT
treatment did not affect the migratory properties of the cells.
Moreover, this change in migration capacity depended on func-

FIG. 6. Effects of CD11c� cell ablation on MMTV-dependent T- and B-cell activation at different times after infection. MMTV(FM)-
inoculated mice were treated at different times postinfection with 4 ng DT/g body weight. The levels of activation of B and T cells on day 4 after
infection were checked by FACS analysis of cell suspensions from the draining lymph nodes. Lymphocytes isolated from draining lymph nodes of
untreated mice were used as positive controls. (A) Scheme of DT treatment. (�) Sag-mediated T-cell activation (V�8� CD4� cells/total CD4�

cells). (C) Sag-mediated B-cell activation (CD69� B220� cells/total B220� cells). Error bars indicate SD. *, P � 0.05.
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tional TLR4, since migration was not observed with BMDCs
from C3H/HeJ mice, which harbor a defective Tlr4 gene. This
agrees with our previous results showing increased numbers of
CD11c� DCs in the Peyer’s patches of mice with wild-type but
not mutant Tlr4 genes (8).

We propose the following model for MMTV infection. Dur-
ing milk-borne transmission, the virus encounters immature
DCs resident in either the Peyer’s patch or the intestinal epi-
thelial layer; the latter class of DCs is known to sample the
intestinal luminal contents (26). These DCs first interact with
the virus through TLR4, which induces their maturation and
the expression of higher levels of the virus entry receptor TfR1.
As a consequence, DCs become susceptible to MMTV infec-
tion and, in addition, migrate to the draining lymph nodes,
where they release chemokines, present Sag to T cells, and
serve as a reservoir of virus. Notably, while DC activation can
result from direct interaction of MMTV with TLR4, it is also
likely that activation by TLR ligands found on other commen-
sal pathogens could accomplish this step, a prediction borne
out by the observation that while milk-borne MMTV infection
is somewhat delayed in C3H/HeJ mice bearing a mutant TLR4
allele, it nonetheless occurs (21; our unpublished observa-
tions). Additionally, our data show that functional DCs are
required for efficient infection even after their migration to the
lymph nodes. This indicates that MMTV-infected DCs secrete
cytokines that stimulate T- or B-cell proliferation, thereby fa-
cilitating the transfer of virus to other cell types in which
replication is more efficient.

In summary, taken together with previous studies, our re-
sults indicate that DCs play a pivotal role in MMTV infection.
They capture virus at the site of infection, carry it to the lymph
node, support virus replication, and facilitate the infection of
susceptible cells. Given the known involvement of DCs in
shaping adaptive immune responses (4, 6), it is likely that the
MMTV-DC interaction will also affect the host immune re-
sponse to this virus.
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