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After mouse mammary tumor virus (MMTYV) infection, B lymphocytes present a superantigen (Sag) and
receive help from the unlimited number of CD4* T cells expressing Sag-specific T-cell receptor Vf elements.
The infected B cells divide and differentiate, similarly to what occurs in classical B-cell responses. The
amplification of Sag-reactive T cells can be considered a primary immune response. Since B cells are usually
not efficient in the activation of naive T cells, we addressed the question of whether professional antigen-
presenting cells such as dendritic cells (DCs) are responsible for T-cell priming. We show here, using
MMTV(SIM), a viral isolate which requires major histocompatibility complex class II I-E expression to induce
a strong Sag response in vivo, that transgenic mice expressing I-E exclusively on DCs (I-EaDC tg) reveal a
strong Sag response. This Sag response was dependent on the presence of B cells, as indicated by the absence
of stimulation in I-EaDC tg mice lacking B cells (I-EaDC tg pMT /"), even if these B cells lack I-E expression.
Furthermore, the involvement of either residual transgene expression by B cells or transfer of I-E from DCs
to B cells was excluded by the use of mixed bone marrow chimeras. Our results indicate that after priming by
DCs in the context of I-E, the MMTV(SIM) Sag can be recognized on the surface of B cells in the context of
I-A. The most likely physiological relevance of the lowering of the antigen threshold required for T-cell/B-cell
collaboration after DC priming is to allow B cells with a low affinity for antigen to receive T-cell help in a

primary immune response.

Dendritic cells (DCs) play a crucial role in antigen presen-
tation (3, 4). Immature DCs found mostly in nonlymphoid
organs, such as Langerhans cells of the skin, continuously filter
the surrounding liquids and carry the antigens or infectious
microorganisms to the draining lymph nodes. There they dif-
ferentiate into professional antigen-presenting cells, called in-
terdigitating DCs, which prime naive T cells to become effi-
cient effector cells (3, 29-31, 36, 51, 52, 55).

B cells are inefficient at inducing immune responses with
naive T cells (9, 14, 15, 18, 20, 44, 48). On the other hand,
however, they are good presenting cells for antigen-experi-
enced T cells when they express an antigen-specific Ig (11, 37,
54). Most likely, the nature and the density of costimulation
molecules required for the long duration of priming observed
in the context of DCs in vivo and in vitro is responsible for this
difference (29, 40). DCs have also been shown to directly
activate B cells when the T cell-DC interaction is replaced by
anti-CD40 treatment (13).

T-cell/B-cell collaboration induced by mouse mammary tu-
mor virus (MMTYV) infection is indistinguishable from classical
antigen responses in lymph nodes (40) and is therefore a valu-
able model to study T-cell/B-cell collaboration in vivo. MMTV
preferentially infects B cells, which then present the superan-
tigen (Sag) in the context of major histocompatibility complex
(MHC) class II on their cell surface (2, 5, 25, 26). Sag-present-
ing B cells receive help from the large number of T cells
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expressing Sag-specific T-cell receptor VB chains. The infected
B cells divide and differentiate in both extrafollicular and fol-
licular B-cell compartments, similarly to classical B-cell re-
sponses in terms of localization, surface marker phenotypes,
antibody secretion, and kinetics (40, 41). After the initial ex-
pansion, the Sag-reactive T cells are slowly deleted from the
repertoire by peripheral clonal deletion (27, 43, 46, 64).

Although the importance of B cells during MMTYV infection
has been clearly demonstrated, we were interested to know
whether other types of antigen-presenting cells might also be
required to mount an efficient Sag-induced immune response.
Indeed, since such a response can be considered a primary
immune response, and since B cells are usually not efficient in
the activation of naive T cells, we addressed the question of
whether professional antigen-presenting cells such as DCs
could play a cooperative role in the activation of Sag-reactive
T cells (32).

We show here, using MMTV(SIM), a viral isolate which
requires MHC class II I-E expression to induce a strong Sag
response in vivo (42), that transgenic mice expressing I-E ex-
clusively on DCs (I-EaDC tg) reveal a strong Sag response.
This Sag response is dependent on the presence of B cells as
indicated by the absence of stimulation in I-EaDC tg mice
lacking B cells (I-EaDC tg uMT /"), even if these B cells lack
I-E expression. Furthermore, the involvement of either resid-
ual transgene expression by B cells or transfer of I-E from DCs
to B cells could be excluded by the use of mixed bone marrow
chimeras. Our results clearly demonstrate that following pro-
fessional T-cell priming by DCs, T-cell/B-cell interactions be-
come productive in the immune response induced by the
MMTYV Sag.
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MATERIALS AND METHODS

Mouse strains. C57BL/6 mice were purchased from Harlan OLAC Ltd. (Bic-
ester, United Kingdom). C57BL/6 I-Ea-transgenic mice (C57BL/6 I-Ea tg) were
obtained from D. Mathis (38). Mice transgenic for MHC class II I-E expression
restricted to DCs (C57BL/6 I-EaDC tg) were bred in our animal facility (6, 7).
B cell-deficient IgM mice (wWMT/7) were obtained from K. Rajewsky (33).
C57BL/6 mice deficient in MHC class II expression (I-A™/~) were provided by J.
van Meerwijk (63). All the mouse strains were maintained as breeding pairs in
our animal facilities, and the C57BL/6 I-EaDC tg pMT~/~ mice were obtained
by breeding in our animal facilities. For all the experiments described, either
nontransgenic littermates or C57BL/6 mice were used as control mice, with no
difference in the results obtained.

MMTYV injections. Titered stocks of MMTV(SIM) diluted in phosphate-buff-
ered saline (PBS) were injected subcutaneously into the hind footpads of naive
mice, and the draining popliteal lymph node was isolated 2, 4, or 6 days after
injection. Alternatively, mice were tail bled, and leukocytes were recovered from
heparinized blood samples by centrifugation through a Ficoll cushion.

AZT treatment. Three milligrams of 3’-azido-3'-deoxythymidine (AZT; Sigma,
St. Louis, Mo.) were injected intravenously, and it was dissolved in the drinking
water of the mice at a concentration of 1 mg/ml 36 h after MMTV(SIM)
injection.

Antibodies. The following antibodies were used in this study: fluorescein
isothyocyanate (FITC)-labeled anti-V 34 (KT4-10) (60), phycoerythrin (PE)-cou-
pled anti-CD4, PE-coupled anti-CD8 and PE- or FITC-coupled anti-B220
(Caltag, San Francisco, Calif.), biotinylated goat anti-mouse IgM, IgG,, IgG.,,
1gG,y,, 1gGs, and IgA (Caltag); anti-Syndecan-1 (Pharmingen, Uppsala, Swe-
den).

Flow cytometric analysis. Lymph node cells or peripheral leukocytes were
stained in one step, either with a mixture of anti-Vy4 antibody and anti-CD4
antibody or with a mixture of anti-Syndecan-1 and anti-B220 antibody. Analysis
was performed on a FACScan (Becton Dickinson & Co., Mountain View, Calif.)
cell analyzer with Lysis IT software for data evaluation. Dead cells were excluded
by a combination of forward and side scatter characteristics. B and T cells from
popliteal lymph nodes were sorted at different times after MMTV(SIM) injection
on a FACStar Plus (Becton Dickinson & Co.) flow cytometer after staining with
PE-coupled anti-CD4 and anti-CD8 and FITC-labeled anti-B220. After reanal-
ysis, the sorted cell populations had a purity of >98%.

Enzyme-linked immunospot (ELISPOT) assay. The number of Ig-secreting
cells and Ig isotypes were determined. Briefly, microtiter plates (Nunc Maxisorp)
were coated with goat anti-mouse IgG and IgM (TAGO, Burlingame, Calif.),
and cells isolated from lymph nodes were serially diluted from 10° cells/well. The
plate was incubated 4 h at 37°C, and the Ig-secreting cell isotypes were then
determined with biotinylated goat anti-mouse IgM, IgG,, 1gG,,, 1gG,y, 1gGs3,
and IgA. Finally, the plates were developed with 5-bromo-4-chloro-3-indolyl
phosphate (Sigma) after incubation with a streptavidin-conjugated alkaline phos-
phatase (Boehringer Mannheim). The resulting spots were counted and ex-
pressed as the number of spot-forming cells (SFC) per 10° B cells.

PCR detection of proviral DNA sequences. DNA from 25,000 cells (deter-
mined by fluorescent-activated cell sorting) was amplified with the 5’ oligonu-
cleotide Ms10 (AGGTGGGTCACAATCAACGGC), which reacts with various
Sag sequences, and the 3’ oligonucleotide IM15 (CCCCTCCTTGGTATAATA
TCT) specific for the MMTV(SIM) Sag or HD57 (CAAACCAAGTCAGGAA
ACCACTTG) for all Mtvs. The PCR conditions were as follows: 1 cycle consist-
ing of 5 min at 94°C, 1 min at 59°C, and 1 min at 72°C; 25 cycles, with 1 cycle
consisting of 30 s at 94°C, 30 s at 59°C, and 30 s at 72°C; and finally, an extension
step for 10 min at 72°C in PCR buffer containing 20 mM Tris-HCI (pH 8.55), 16
mM (NH,),SO,, 2.5 mM MgCl,, 150 pg of bovine serum albumin/ml, and 0.2
mM (each) deoxynucleoside triphosphate; 2.5 U of Tag polymerase (Biotaq;
Bioprobe Systems, Les Ulis, France) and each oligonucleotide (10 uM) were
added to the PCR mixture. The specific PCR product was detected by liquid
hybridization, with 20% of the PCR mixture being hybridized in 150 mM NaCl,
2.5 mM EDTA with 50 fmol of a 3*P-labeled internal probe common to various
Sag sequences (Ms11 [CAAGGAGGTCTAGCTCTGGCG]). The conditions for
the reaction were 5 min at 98°C, 15 min at 60°C, and rapid cooling to 4°C. The
reaction products were separated by size on a 2% agarose gel, dried on DES81
paper (Whatman), and autoradiographed at —70°C on X-Omat films (Eastman
Kodak Company, Rochester, N.Y.).

Generation of bone marrow chimeras. The chimeric mice were prepared as
previously described (63). C57BL/6 mice were lethally irradiated (1,000 rads)
with a 137Cs source and injected the next day intravenously with 107 bone marrow
cells depleted of T cells by complement killing with anti-Thyl antibody (AT83).

RESULTS

T-cell expansion induced by the MMTV(SIM) Sag in mice
expressing I-E exclusively on DCs. The MMTV(SIM) Sag in-
teracts with VB4-expressing CD4™ T cells and requires MHC
class II I-E expression to induce a strong Sag response in vivo
(42). This last property has been demonstrated previously in
C57BL/6 mice, which do not express MHC class II I-E mole-
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FIG. 1. DCs can present MMTV(SIM) Sags. The T-cell response to decreas-
ing doses of MMTV(SIM), i.e., 2, 0.2, and 0.02 pl of MMTV/(SIM) containing
purified milk (30) was analyzed 4 days after injection in C57BL/6, C57BL/6 I-Ea
tg, or C57BL/6 I-EaDC tg mice. The means of four lymph nodes =+ standard
deviations are shown. The experiment was repeated three times, with similar
results. P < 0.01 (C57BL/6 compared to C57BL/6 I-Ea tg or C57BL/6 I-EaDC
tg mice).

cules, compared with transgenic C57BL/6 mice expressing
I-Ea under the control of the MHC class II promoter (I-Ex tg)
and thus expressing I-E on all MHC class II positive cells. To
further understand the respective roles of different types of
antigen-presenting cells, we used transgenic C57BL/6 mice ex-
pressing I-Ea specifically on DCs but not on B cells or other
MHC class II positive cells (I-EaDC tg). Such a phenotype has
been generated through the use of the CD11c promoter to
specifically drive I-Ea expression in the DC compartment.
I-EaDC tg mice have normal levels of I-E on DCs, with un-
detectable I-E expression on B cells as shown by flow cytom-
etry (6, 7).

Injection of MMTV(SIM) into the footpads of C57BL/6
mice did not induce an increase in the percentage of the Sag-
reactive T cells in the draining popliteal lymph node (Fig. 1,
left), whereas in I-Ea tg mice a strong Sag response was de-
tected (Fig. 1, middle). This was true with virus doses con-
tained in 2 to 0.02 wl of milk. Interestingly, transgenic mice
expressing I-E exclusively on DCs (I-EaDC tg) showed a
strong, albeit slightly lower, Sag response (Fig. 1, right), indi-
cating that expression of I-E in the DC compartment is critical
to prime the T-cell response to the MMTYV Sag. Indeed, recent
immunohistochemical observations have suggested that DCs
could be involved in priming of Sag-reactive T cells (41).

B cells contribute to the Sag response in I-EaDC tg mice. To
determine the contribution of B cells in the immune response
induced by the MMTV(SIM) Sag in I-EaDC tg mice, the
transgenic mice were crossed and backcrossed to C57BL/6
wMT /" mice, which lack B cells due to disruption of the gene
segment encoding the IgM transmembrane region (33). In this
way, we generated [-EaDC tg wMT '~ mice, expressing I-E on
DCs but lacking B cells. Injection of MMTV(SIM) into the
footpads of these mice did not induce an increase in the per-
centage of Sag-reactive V4™ CD4™ T cells in the draining
lymph node (Fig. 2). As a positive control, I-EaDC tg pMT ™/~
mice were infected with a recombinant vaccinia virus express-
ing the MMTV(GR) Sag (34). Such an infection induced a
large increase in the percentage of Sag-reactive T cells (data
not shown), indicating that the T cells are able to respond to
Sag in these B cell-deficient mice. Taken together, these results
indicated that DCs are efficient presenters in the Sag response
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FIG. 2. B cells contribute to the Sag response in I-EaDC tg mice. The T-cell
response to 2 ul of MMTV(SIM) containing purified milk (42) was analyzed 4
days after injection in C57BL/6 I-EaDC tg and C57BL/6 I-EaDC pMT ™/~ tg
mice lacking B cells. The means of three lymph nodes * standard deviations are
shown. The experiment was repeated three times, with similar results. P < 0.01
[C57BL/6 I-EaDC compared to C57BL/6 I-EaDC pMT /" tg mice both in-
jected with MMTV(SIM)].

induced by MMTV(SIM) but that a measurable response is
dependent on the presence of B cells.

The MMTV(SIM) Sag is presented to T cells in C57BL/6
mice. Although C57BL/6 mice failed to show a detectable
expansion of Sag-reactive T cells in the draining lymph node, it
was important to define whether the MMTV(SIM) Sag can
also be presented to a lower extent to T cells in the absence of
MHC class II I-E molecules. To address this question, we
studied the deletion of V4™ CD4™ T cells after MMTV(SIM)
infection. Indeed, systemic deletion of Sag-reactive T cells is a
much more sensitive readout for a Sag response than the early
localized expansion that was detectable in the draining lymph
node (23). Two microliters of MMTV(SIM)-containing milk
was injected into the footpads of C57BL/6, C57BL/6 I-Ea tg, or
C57BL/6 I-EaDC tg mice. The percentage of Vg4" cells
among CD4™" peripheral blood lymphocytes was determined at
various time points after infection (Fig. 3). The most rapid and
complete deletion of V4" CD4™ T cells was observed in I-Ea
tg mice (Fig. 3, middle). Interestingly, a slow and small but
significant deletion occurred in C57BL/6 mice in the absence
of I-E (Fig. 3, left). C57BL/6 I-EaDC tg mice had an interme-
diate magnitude and kinetics of deletion (Fig. 3, right). These
results indicate a weak but detectable Sag presentation in the
absence of I-E. In addition, the slower deletion kinetics in
I-EaDC tg mice compared to those in I-Ea tg mice can prob-
ably be explained by the weak priming capacity of Sag-present-
ing I-E-negative B cells. Overall, the presentation of the
MMTV(SIM) Sag by I-A is estimated to be at least 100 times
weaker than its presentation by I-E [see Fig. 1, compare the
absence of response in CS57BL/6 mice with 2 pl of
MMTV (SIM)-containing milk to the detectable response in
I-EaDC tg mice with 0.02 pl of MMTV(SIM)-containing
milk].

MMTV Sag-dependent B-cell differentiation in mice ex-
pressing I-E exclusively on DCs. The previous experiments
indicated that expression of I-E on DCs in the presence of B
cells was required to prime a strong T-cell response to the
MMTV(SIM) Sag. Since DCs seemed to be the main antigen-
presenting cells in the induction of this primary immune re-
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sponse, we were interested in determining whether B cells
would still receive T-cell help and undergo T-dependent B-cell
differentiation in I-EaDC tg mice (39). MMTV(SIM) was in-
jected into the footpads of C57BL/6, C57BL/6 I-Ea tg, or
C57BL/6 I-EaDC tg mice. Cells from the draining popliteal
lymph node were recovered at day 6 after infection and were
studied by using an ELISPOT assay for Ig secretion and flow
cytometric analysis for the expression of B-cell differentiation
markers. B-cell differentiation was comparable in I-Ea tg and
I-EaDC tg mice (Fig. 4). Total numbers of IgM- and IgG-
secreting B cells were similar in both types of transgenic mice
(Fig. 4a). No IgM- and IgG-secreting B cells could be detected
in C57BL/6 mice in the same experiment (data not shown).
The IgG isotype pattern was somewhat different in I-EaDC tg
mice, with a higher number of IgG,, and a lower number of
IgG,-producing B cells, perhaps reflecting a different pattern
of cytokine secretion in the two transgenic mice. In addition,
extrafollicular B-cell differentiation was assessed by flow cy-
tometry through the detection of syndecan-1, a plasma cell
differentiation marker (Fig. 4b). Both types of transgenic mice
had a similar percentage of syndecan-1 expression among
plasma blasts (FSCM&"/B220*/MHC class 1™ cells) at day 6
after infection with MMTV(SIM), whereas the expression of
this marker in C57BL/6 mice remained at the background
level. In summary, these results clearly indicated that B cells
could receive adequate T-cell help and could differentiate nor-
mally in I-EaDC tg mice, even in the absence of I-E expression
in the B-cell compartment.

Generation of bone marrow chimeric mice. The results de-
scribed so far could be explained (i) by a requirement of I-E
expression on DCs for T-cell priming, (ii) by expression of I-E
by B cells due to a slight leakiness of the CD11c¢ promoter used
for the DC-specific I-E expression, or (iii) by transfer of I-E
molecules from transgene-expressing DCs to B cells. To test
these possibilities, experiments with bone marrow chimeras
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FIG. 3. The MMTV(SIM) Sag is presented to T cells in the absence of MHC
class II I-E molecules. V4™ T-cell deletion upon injection of 1 pl of
MMTV(SIM) containing purified milk was measured in leukocytes recovered
from blood. The data represent the means of peripheral blood samples of four
mice * standard deviations. The experiment was repeated twice, with similar
results.
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FIG. 4. Presentation of Sag by DCs leads to T-cell/B-cell collaboration. (a)
Antibody production measured by ELISPOT assay 6 days after MMTV/(SIM)
injection (42) in C57BL/6 I-Ea and C57BL/6 I-EaDC tg mice. No antibody
production could be measured in C57BL/6 mice (data not shown). (b) Synde-
can-1 expression 6 days after MMTV(SIM) injection. The data are the means of
three independent experiments.

were performed. I-EaDC tg mice were crossed and back-
crossed with wuMT ™/~ mice to generate I-EaDC tg pMT '~
mice, expressing I-E on DCs but lacking B cells. Mixed bone
marrow chimeras with I-EaDC uMT '~ and C57BL/6 bone
marrow were generated. In these chimeras, all the B cells
originated from the C57BL/6 bone marrow, expressing I-A but
not harboring the I-E transgene. In the DC compartment,
expression of I-E was shown to correlate with the mixing ratio
of the two bone marrows (e.g., 50% of the DCs in the chimera
expressed I-E if equal amounts of bone marrow cells were
injected, data not shown).

At least 6 weeks after reconstitution, the bone marrow chi-
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meras were infected with MMTV(SIM) by footpad injection,
and cells of the draining popliteal lymph node were recovered
at day 4 after infection. The percentage of CD4" T cells or
CD4" T-cell blasts expressing V4 was determined using flow
cytometry (Fig. 5). As expected, the negative control, C57BL/6
into C57BL/6 chimeras, had no increase in the percentage of
Vg4 cells among CD4™" T-cell or T-cell blasts. As the positive
control, [-EaDC tg into C57BL/6 mice had a strong Sag re-
sponse to the MMTV(SIM) Sag. Interestingly, mixed bone
marrow chimeras with I-EaDC wuMT~’~ and C57BL/6 bone
marrow also showed a strong response to the MMTV(SIM)
Sag. This response was comparable in magnitude to that of the
positive control. Minor differences in the degree of response
could be correlated to variations in the percentage of recon-
stitution of the DC compartment with I-E-expressing DCs.
Indeed, titration experiments with different ratios of - EaDC
tg and C57BL/6 bone marrow showed that optimal results were
obtained when at least 50% of the DC cells in the chimeras
were of I-EaDC tg origin (data not shown). Overall, these
results indicated that residual transgene expression by B cells
was not the explanation for the effects described in Fig. 1 and
3 (if residual expression had been the explanation, no Sag
response would have been observed in the bone marrow chi-
meras).

Finally, mixed bone marrow chimeras with I-EaDC
wMT ™'~ and C57BL/6 I-A~/~ bone marrow were prepared
and challenged with MMTV(SIM). These mice were similar to
the other chimeras, except that the B cells expressed neither
I-E nor I-A. No Sag response was observed in these mice (Fig.
5, bottom), indicating that transfer of I-E from DCs to B cells
could not be the explanation for the Sag response in I-EaDC
tg mice [if transfer of I-E had been the explanation, these
chimeras would have responded to the MMTV(SIM) Sag].
Therefore, a major contribution of I-E-dependent Sag presen-
tation by B cells in I-EaDC tg mice could be excluded.

Priming of Sag-reactive T cells by DCs led to an increased
recognition of Sag molecules presented on B cells by I-A.
MMTYV initially infects only a few B cells, leading to Sag-
dependent amplification of the infected cells, with little by-
stander activation (25, 26, 40). A strong infection at the peak of
the response would indicate preferential amplification of the
infected B cells and, hence, Sag presentation by I-A. In the
case of a polyclonal activation that is not dependent on Sag
presentation by I-A, weak infection levels would be maintained
at the peak of the response, since there is no preferential
amplification of the infected B cells. To address this question,
we extracted the cellular DNA from total lymph node cells 4
days after MMTV(SIM) injection and performed a PCR anal-
ysis to detect proviral sequences. Figure 6 shows a strong PCR
signal at the peak of the Sag response in I-Ea tg mice as well
as in I-EaDC tg mice as opposed to a weak PCR signal for the
I-E-negative C57BL/6 mice. The endogenous integrated pro-
viral sequences were amplified to control for DNA quantities
(Fig. 6, bottom). These results confirm a preferential amplifi-
cation of the infected B cells.

To exclude the possibility that the strong infection is due to
preferential virus spread to activated B cells, we blocked viral
spread with the reverse transcriptase inhibitor AZT. We have
previously shown by administration of AZT that the Sag re-
sponse does not result from the spread of infectious virus to
bystander-activated B cells but is due mostly to the division of
the few initially infected cells (24). Chronic application of AZT
36 h after infection blocks viral spread to bystander B cells but
does not reduce the overall B-cell amplification. Furthermore,
we have shown that the preferential amplification of infected
cells under these conditions is due to the preferential division
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FIG. 5. Major contribution of I-E-dependent Sag presentation by B cells in I-EaDC tg mice is excluded. The VB4™ T-cell stimulation in radiation bone marrow
chimeras was analyzed 4 days after injection of 2 ul of MMTV(SIM) containing purified milk. In mixed bone marrow chimeras, reconstitutions ranged between 40 and

60% as determined by the percentage of DCs expressing I-E (data not shown).

of the infected B cells due to T-cell help (24). If MMTV-
infected B cells receive help preferentially, an increase of the
PCR signal is expected between days 2 and 4. Therefore, we
used fluorescence-activated cell sorted B cells from I-Ea tg and
I-EaDC tg mice and determined their infection levels (Fig. 7).
A comparably strong PCR signal was observed in both types of
mice in the presence or absence of AZT. The relative infection
levels increased 7.5-fold between days 2 and 4 as determined
by instant imager analysis (data not shown) in both I-EaDC tg
and I-Ea tg mice. As a control for the efficiency of AZT
treatment, we treated mice with AZT before MMTYV infection.
This treatment results in a complete absence of a Sag re-
sponse, absence of a PCR signal, and absence of an increase
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FIG. 6. Detection of MMTV(SIM) infection. Proviral MMTV(SIM) DNA
sequences were specifically amplified from total lymph node cells by PCR and
detected by liquid hybridization 4 days after injection of 2 pl of MMTV(SIM)
containing purified milk. All Mtvs are shown as internal controls for the amount
of DNA.

of lymph node size at day 4 (data not shown [24]). These
results confirm that after priming by DCs in the context of
I-E, Sag can be recognized under highly limiting conditions
in the context of I-A.

DISCUSSION

The findings reported in this article demonstrate that
MMTYV uses at least two different types of antigen-presenting
cells to trigger a potent immune response to the viral Sag.
Indeed, both B cells and DCs were shown to play a crucial role
in this immune response, since the Sag response was undetect-
able or dramatically reduced if one of the two partners was
absent or unable to fulfil its function. For example, this was the
case in C57BL/6 mice, where B cells were present but DCs did
not express the appropriate MHC class II molecules to prime
the Sag-reactive T cells. Similarly, in I-EaDC pMT /" mice,
where DCs were present and functional but B cells were ab-
sent, no Sag response was detectable. Expression of the Sag-
presenting MHC class II I-E molecule exclusively on DCs was
sufficient to induce a strong Sag response, provided B cells

4 days 2 days
c57BLI6 C57BLI6 e, ©P
I-Ea tg I-EaDC tg 22 4 Q
U B3
+AZT +AZT o= ©=

- “ .. MMTV(SIM)

FIG. 7. Proviral MMTV(SIM) DNA sequences specifically amplified from
FACS-sorted B cells (>98% pure) by PCR and detected by liquid hybridization
2 and 4 days after injection of 2 wl of MMTV(SIM) containing purified milk with
or without AZT treatment 36 h after MMTYV injection. All Mtvs are shown as
internal controls for the amount of DNA. The results were analyzed by instant
imager (see text).
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expressing the weakly Sag-presenting MHC class II I-A mole-
cules were present. Therefore, a response to previously unde-
tectable amounts of antigen on the B-cell surface became pos-
sible after DC priming.

The involvement of DCs in the early immune response to
the MMTV SAg clarifies several aspects of the interaction
between MMTYV and the immune system (1). MMTV initially
infects fewer than 100 B cells (25, 26). It was thought previ-
ously that expression of the viral Sag at the surface of the B
cells was able to induce a strong T-cell response, thus providing
potent T-cell help to the infected B cells which started to
differentiate and to divide, increasing dramatically the amount
of proviral DNA. During this process, infected B cells were
preferentially stimulated, since they expressed the viral Sag
and received cognate T-cell help. However, B cells are known
to be inefficient as antigen-presenting cells for naive T cells,
and it was difficult to imagine how the few infected B cells
would be sufficient to trigger a potent primary immune re-
sponse. In fact, priming of the naive Sag-reactive T cells ap-
pears to require the presentation of the viral Sag by DCs. As
professional antigen-presenting cells, DCs are able to present
the Sag much more efficiently than B cells. Sag-reactive T cells
primed by DCs probably have a lower antigen recognition
threshold and can recognize the Sag presented by B cells under
suboptimal conditions. In addition, interaction with DCs might
also be required to induce costimulatory molecules such as
CDA40L in Sag-reactive T cells in order to prepare them for
interaction with B cells (16, 61). Indeed, mice lacking CD40L
expression have been reported to be unable to sustain an
MMTV-induced Sag response (10).

If the MMTYV Sag is presented both by B cells and by DCs,
the question arises how the DCs acquire the Sag and whether
they are also infected with MMTV (62). In theory, several
possibilities can be envisaged as follows. (i) DCs or DC pre-
cursors can be infected with MMTYV and express the Sag clas-
sically from reverse transcribed and integrated proviral DNA.
(ii) DCs can sustain the first steps of the viral life cycle, namely
viral binding, entry, and reverse transcription, and the Sag is
produced from incoming viral RNA or reverse transcribed but
unintegrated viral DNA. (iii) DCs are not infected with
MMTYV, but small amounts of viral Sag are present within the
viral particles and can be delivered to the DCs. (iv) The DCs
are not infected, but they acquire the Sag by transfer from
infected cells, e.g., B cells.

The first possibility is attractive. B cells were known to be the
first targets of MMTYV infection, but so far infection of DCs
has not been reported. Retroviruses in general, with the ex-
ception of lentiviruses, are thought to require dividing cells to
complete the proviral integration process, and DCs are known
to be nondividing cells. The second possibility does not repre-
sent the classical way by which retroviral proteins are ex-
pressed, but small amounts of viral protein have been de-
scribed to be produced in this way by avian retroviruses, e.g.,
avian myeloblastosis virus or Rous sarcoma virus (19, 28, 59).
As few molecules of MMTYV Sag are required to generate a
potent biological effect, this possibility remains a potential
explanation. The third possibility, advocating the presence of
the Sag in the viral particles, would be compatible with the
presence of small amounts of many viral and cellular proteins
within other retroviral particles, e.g., human immunodeficiency
virus (HIV). As the MMTV Sag is produced as a type II
transmembrane protein, one would expect that the viral Sag is
present within the viral membrane and gains access to the cell
membrane upon fusion of the virus with the DC, even without
further steps in the viral life cycle. Alternatively, the Sag would
have to be processed to a soluble form, which could be trans-
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ferred to the surface of the DC. Finally, a fourth possibility is
that the Sag could be transferred from neighboring infected
cells. This would require the transfer of membrane fragments
of the donor cell containing the Sag or processing to a soluble
form. The existence of such a processing and transfer has
already been suggested by other groups with cell culture sys-
tems (12, 45, 47) as well as with earlier experiments on endog-
enous MMTYV Sags in bone marrow chimeras (57, 58).

It is interesting to compare our observations with data from
studies on HIV infection. Although CD4™" T cells are known to
be the main target of HIV and to produce the largest amount
of viral particles, the potential of HIV to infect DCs in vitro
and in vivo has been the focus of intensive research in recent
years. Conflicting reports have been generated initially as to
the infectability of cultured DCs, with efficient replication re-
ported by some groups but not by others (8, 35, 49, 66). More
recently, productive HIV infection has been described in im-
mature but not mature DCs (21). Interaction of HIV with the
DCs has been shown to occur via multiple chemokine recep-
tors (22, 53). It is now generally thought that DCs or DC
precursors are an important target cell type during early HIV
infection, being perhaps the first cell type to be infected within
the exposed mucosa and the carrier of the virus to neighboring
lymphoid tissue (17, 50, 56). In addition, DCs might play an
important role as immune partners of the CD4" T cells, by
allowing intercellular transfer of HIV and favoring productive
infection through activation of the CD4™" T cells (8, 65, 66).
These observations have many similarities with our observa-
tions on the putative role of DCs in MMTYV infection.

Finally, the cooperative involvement of B cells and DCs
during MMTYV infection is interesting for immunology in gen-
eral, since the immune response induced by the MMTYV Sag
recapitulates in many aspects the response to a conventional
antigen (40, 41). Our results indicate that after priming by DCs
in the context of I-E, the MMTV(SIM) Sag can be recognized
under limiting conditions on the surface of B cells in the
context of I-A. During this process, the avidity of the Sag-
reactive T cells for the Sag-MHC complex has to increase
strongly. The most likely physiological relevance of our obser-
vation is to allow B cells with a low affinity for antigen to
receive T-cell help in a primary immune response.
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