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Monocyte-derived dendritic cells (DCs) differentiate in the presence of Toll-like-receptor (TLR) ligands in
the course of ongoing infections. A single–stranded RNA (ssRNA) sequence, corresponding to the sequence of
the U5 region of human immunodeficiency virus type 1 RNA, was used to mimic viral activation of TLR7 in
human DCs. We determined the effector potential of DCs differentiated in the presence of this ssRNA molecule
(ssRNA-DCs). ssRNA-DCs phenotypically resembled mature DCs. In contrast, their capacity to allostimulate
naive CD4ⴙ T cells resembled that of conventional immature DCs and could be increased by TLR4 stimulation. Th1
polarization of CD4ⴙ T cells and production of interleukin 12p70 (IL-12p70) by ssRNA-DCs were selectively
abrogated in response to a late TLR4, but not in response to a CD40, maturation signal. Inhibition of p38
mitogen-activated protein kinase partially restored IL-12p70 secretion but did not restore Th1 polarization, whereas
addition of exogenous IL-12 led to recovery of Th1 polarization. In contrast to lipopolysaccharide, ssRNA induced
IL-12p70 production at the very earliest stages of DC differentiation, indicating a particular role for TLR7 in
monocyte-derived DCs recently engaged in differentiation. These data demonstrate generation of phenotypically
mature DCs with the ability to expand CD4ⴙ T lymphocytes lacking Th1/2-polarizing capacity.
Several reports show that at early stages of in vitro differentiation, ligands for TLR4 or TLR9 allow DC differentiation
while modifying their function (11, 22, 34). DCs differentiated
in the presence of LPS have reduced antigen presentation
capacity, partly due to early IL-10 production by the stimulated
cells (34). In contrast, the presence of CpG oligonucleotides
stimulates monocyte differentiation to DCs, which induce
strong in vitro and in vivo antigen-specific T-cell responses
(11).
In peripheral tissues, DCs are predominantly immature, and
upon detecting danger signals and sampling antigens, they mature during migration to germinal centers. Under inflammatory conditions, recruitment and differentiation of blood
monocytes allows replenishment of tissues with DCs (20, 25).
The encounter of monocytes with pathogen-derived products
is therefore likely to influence the conventional DC (cDC)
differentiation process. We have recently shown that repeated
addition of a synthetic TLR7/8 agonist, resiquimod, during DC
differentiation modified the DC phenotype, partially inhibiting
CD1a expression, and led to proinflammatory cytokine production (3). In the present study we examined the effector
properties of DCs given ssRNA, a TLR7/8 agonist, from the
beginning of differentiation (ssRNA-DCs). We show that
ssRNA-DCs lost their ability to induce Th1 polarization
despite maintaining an allostimulatory capacity. In addition,
we show that very early in DC differentiation, and in contrast
to TLR4, TLR7/8 induces production of IL-12p70.

Dendritic cells (DCs) link innate recognition of pathogens
with the subsequent development of a pathogen-specific adaptive immune response. One key event in the progression of the
immune response is the initial recognition by DCs of conserved
pathogen-derived patterns through receptors such as the Tolllike receptors (TLRs), which trigger the expression of different
cytokines and costimulatory molecules (13). Different TLRs
recognize specific bacterial, fungal, or viral molecules. In particular, TLR4 is required for Escherichia coli lipopolysaccharide (LPS)-mediated signal transduction (23), whereas TLR7/8
recognizes virus-derived single-stranded RNA (ssRNA) sequences (12). With the exception of TLR3, all the members of
the human TLR family share signaling pathways dependent on
the adaptor protein myeloid differentiation factor 88 (MyD88),
which activates NF-B and leads to the production of inflammatory cytokines and in most cases to the production of interleukin 12 (IL-12) (1). Instead, TLR3 together with TLR4 signals via the adaptor molecule TRIF, activating not only IL-12
production but also type 1 interferon (IFN) synthesis (1, 10).
Production of IL-12 by DCs is critical for the polarization of
CD4 T cells toward a Th1 phenotype (31).
The response driven by different TLR ligands in fully differentiated DCs has been widely described (24). However, the
effect of TLR ligands on the effector function of DCs can be
modified by factors such as the differentiation state of the cells.
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MATERIALS AND METHODS
Reagents and antibodies. Lipopolysaccharide (LPS) from E. coli serotype
0111:B4, ionomycin, brefeldin A, phorbol myristate acetate (PMA), and phyto-
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RESULTS
ssRNA-DCs develop a mature phenotype. During an infection or an inflammatory process, local DCs emigrate to draining lymph nodes and monocytes are recruited (6, 28) which
differentiate into DCs (20) in an environment rich in inflammatory and microbial molecules. Here we have assessed the
functional effects of a virus-derived ssRNA sequence, a
TLR7/8 agonist, on DC differentiation. We compared the functional potential of DCs differentiated in the presence of E. coli

LPS (LPS-DCs), a TLR4 ligand, for which changes in phenotypic and cytokine responses have been characterized (34).
Low concentrations of ssRNA or LPS were present from the
beginning of the DC differentiation process. Additionally, on
day 5, LPS was added in order to test the potential of these
DCs to undergo further maturation.
Differences in the cultured cells were observed at early culture times. On day 2, control cultures of DC were mainly
composed of single-cell suspensions whereas addition of
ssRNA led to formation of small cell aggregates (not shown).
Early ssRNA priming constantly led to a lower cell yield,
which, depending on the donor, was reduced by 18% to 64%
compared to that of cDCs. The phenotype of DCs was analyzed on day 6, 24 h after addition or not of a late maturation
stimulus. cDCs had the typical phenotype of in vitro-differentiated monocyte-derived DCs (29), with high expression of
CD1a and low surface expression of HLA-DR and costimulatory molecules including CD40, CD80, and CD86 (Fig. 1).
CD14 was not detected (data not shown). Day 5 LPS-DCs and
ssRNA-DCs expressed lower levels of CD1a but higher levels
of HLA-DR, CD40, CD80, CD86, and CD83, indicating maturation of these DCs compared to control iDCs (Fig. 1). However, in response to the late LPS stimulus, cDCs markedly
up-regulated surface expression of different maturation markers (HLA-DR, CD40, CD80, CD86, and CD83) while the
expression level of these markers was unchanged in ssRNADCs (Fig. 1, thick lines). Control DC cultures differentiated in
the presence of Dotap were included here and in all experiments presented below; they were not significantly different
from nonstimulated DCs (data not shown). These results confirm data from our group and from others showing that an
early LPS or ssRNA stimulus (3, 34) leads to DCs with a
mature phenotype that remains stable even after addition of a
late maturation signal. Moreover, in contrast to results in our
previous study, these data reveal that a single ssRNA stimulus
was sufficient to induce phenotypic modification.
The capacity of ssRNA-DCs to stimulate CD4 T-cell proliferation is unrelated to their phenotype. We next determined
the ability of ssRNA-DCs to stimulate allogeneic naive CD4
T-cell proliferation. Figure 2 shows that in all cases, DCs induced the proliferation of allogeneic naive CD4 T cells. Conventional iDCs stimulated significantly less T-cell proliferation
than mDCs did (Fig. 2), in strict correlation with their phenotypic maturation state (Fig. 1). In contrast, the allostimulatory
capacity of LPS-DCs and ssRNA-DCs did not correlate with
the expression level of activation markers. Although the proportions of CD4 T cells activated by LPS-DCs and ssRNA-DCs
varied from donor to donor, they were constantly equivalent to
the proportions activated by conventional iDCs (Fig. 2). Thus,
ssRNA-DCs which were provided with a late TLR4 stimulus
consistently stimulated significantly higher levels of T-cell proliferation (Fig. 2), despite their phenotypic similarity with
ssRNA-DCs, which had not received a late TLR4 stimulus
(Fig. 1). These results indicate that the expression level of
maturation and/or activation markers is therefore not predictive of the capacity of ssRNA-DCs to induce a high level of
CD4 T-cell proliferation. In addition, the phenotypic similarity
between ssRNA-DCs which had or had not received a late
TLR4 stimulus suggests that other functional changes are trig-
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hemagglutinin (PHA) lectin were purchased from Sigma Chemical Co. (St.
Louis, MO). LPS was further purified by a phenol-chloroform-petroleum ether
extraction (18). ssRNA (GCCCGUCUGUUGUGUGACUC) (12) was from
IBA (Germany) and the Dotap liposomal reagent from Roche (Germany). The
p38 mitogen-activated protein kinase (MAPK) inhibitor SB203580 was from
Calbiochem (San Diego, CA). Fluorescein isothiocyanate-, Alexa 488-, or phycoerythrin-conjugated antibodies and isotype controls were used. Monoclonal
antibodies against CD1a were purchased from Dako (Denmark), those against
CD40 were from Immunotech (Marseille, France), and those against CD11c,
CD14, CD54, CD80, CD83, CD86, HLA-DR, gamma IFN (IFN-␥), and IL-4
were all from BD Biosciences (San Jose, CA).
Generation of monocyte-derived DCs. Human mononuclear blood cells from
healthy donors were isolated by density gradient centrifugation using lymphocyte
separation medium (Eurobio, France), and monocytes were isolated by magnetically activated cell sorting of CD14⫹ cells (Miltenyi Biotech, Germany). Monocytes (2 ⫻ 106/ml) were cultured in RPMI 1640 supplemented with 10% fetal calf
serum, 800 IU/ml human recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) (R&D Systems, France) and 1,000 IU/ml human recombinant IL-4 (R&D Systems). Half of the culture supernatant was renewed with
fresh medium and cytokines on day 2. On day 5 the medium was completely
renewed, and cells (2 ⫻ 106/ml) were further cultured for 24 h without any
stimulus to maintain immature cDCs (iDCs) or with LPS (10 ng/ml) to generate
mature cDCs (mDCs). For stimulation of DCs during differentiation, our previously described protocol (3) was modified and LPS (10 ng/ml) or ssRNA (500
ng/ml in 5 g/ml Dotap) was added at day 0 of monocyte culture. Stimuli given
at day 0 of DC differentiation are referred to as early, whereas those given at day
5 are referred to as late stimuli. Dotap alone was used as a control stimulus
throughout and did not alter either the DC phenotype or function at the indicated concentration. In some assays, 1 M SB203580 was added at the beginning
of DC differentiation, 30 min before adding TLR agonists to the culture.
Immunophenotype analysis. Staining of cells with antibodies was performed in
phosphate-buffered saline containing 100 g/ml human gamma-globulin (Calbiochem) and 5% fetal calf serum. Fluorescence-activated cell sorting (FACS)
analysis was carried out with addition of propidium iodide to exclude dead cells
from analysis. For intracellular staining, cells were fixed in 2% paraformaldehyde
and permeabilized with 0.5% saponin before staining.
Allogeneic T-cell proliferation assay. Purified naive CD4 T cells (naive CD4⫹
isolation kit; Miltenyi Biotec) from allogeneic donors were labeled with 5 M
carboxyfluorescein diacetate succinimidyl ester (Molecular Probes) and were
cocultured with irradiated DCs (1.5 ⫻ 105 and 5 ⫻ 104 cells, respectively). On
day 6, cells were stained with propidium iodide and were analyzed by FACS. Cell
proliferation was calculated as the frequency of CD4 T-cell precursors in the
original sample that were engaged in proliferation. In all proliferation assays,
autologous naive CD4 T cells were included as controls (not shown).
T-cell polarization. Irradiated DCs were cocultured with naive CD4 T cells
under the conditions described above. In some experiments, 5 ng/ml of recombinant human IL-12p70 (R&D Systems) was added to the cell culture. On day 6,
cells were restimulated with PMA (50 ng/ml) and ionomycin (1 M) for 6 h, and
brefeldin A (1 M) was added during the last 2 h. Polarization of T cells toward
a Th1 or Th2 phenotype was analyzed by intracellular detection of IFN-␥ or IL-4,
respectively.
Quantification of cytokine production. Supernatants of DC cultures were
collected at different times, and specific cytokines were measured by enzymelinked immunosorbent assays (ELISAs). Commercial kits for IL-10 and IL-12p70
(detection limit, 4 pg/ml) were from BD Biosciences, and that for tumor necrosis
factor alpha (TNF-␣) (detection limit, 15.6 pg/ml) was from R&D Systems.
Statistical analysis. The statistical significance of the data was analyzed by
using paired t tests. P values smaller than 0.05 were considered significant. All
experiments were carried out with cells from a minimum of three different
donors.
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gered which allow these DCs to display a stronger capacity to
stimulate CD4 T cells.
ssRNA-DCs have low potential to polarize the CD4 T-cell
response. To further characterize the effector potential of
ssRNA-DCs, we tested their ability to polarize T cells toward
a Th1 or Th2 phenotype. Naive CD4 T cells were stimulated
with DCs, and on day 6, the cytokine profile of the T cells was
assessed. Figure 3A shows the gating of conventionally produced mDCs for IFN-␥ and IL-4 measurements. Figure 3B
shows that cDCs given a late maturation stimulus (LPS or

ssRNA) strongly induced a Th1 profile increasing the frequency of IFN-␥-producing cells from 6.8% ⫾ 1.2% for iDCs
to either 30.3% ⫾ 6% for LPS or 20.8% ⫾ 5.9 for ssRNA. The
frequency of IL-4-producing cells in all cases was less than 1%.
This result concords with the reported Th1-polarizing potential
of E. coli LPS and TLR7/8 ligands (24).
In contrast, the Th1-polarizing potential of ssRNA-DCs was
significantly diminished. Thus, ssRNA-DCs induced 9.5% ⫾
1.5% IFN-␥-producing cells (LPS-DCs induced 3.7% ⫾ 1.5%,
for comparison), and the polarizing potential of these DCs
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FIG. 1. ssRNA-DCs and LPS-DCs display a mature phenotype. Monocyte-derived DCs were differentiated in the presence or not (cDCs) of LPS
(LPS-DCs) or ssRNA/Dotap (ssRNA-DCs). On day 5, DCs were kept for 24 h in medium (filled histograms) or stimulated with LPS (thick lines).
Expression of surface HLA-DR, CD1a, CD14, CD40, CD80, CD83, and CD86 was determined by FACS analysis. The background signal of an Ig isotypic
control is shown (dotted lines). The phenotype of DCs differentiated in the presence of Dotap did not differ from that of cDCs (not shown).
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failed to increase after a late LPS maturation stimulus (10.9% ⫾
0.6% IFN-␥ producing cells) (Fig. 3B). Overall, the Th1-polarizing potential of ssRNA-DCs was equivalent to that of
conventional iDCs but was significantly lower than that of
conventional mDCs (P ⬍ 0.05).
Interestingly, the absence of Th1 polarization by ssRNADCs did not result in increased Th2-polarizing potential.
Whereas cDCs, immature and mature, led to frequencies of
IL-4-producing cells of 2.55 ⫾ 0.1% and 3.15 ⫾ 0.2%, respectively, ssRNA-DCs generated IL-4-producing cell frequencies
of 3.8% ⫾ 1% (Fig. 3). Overall, these results demonstrate that
ssRNA-mediated activation of DCs can lead to distinct functional outcomes depending on the differentiation stage of the
DC. Whereas both ssRNA and LPS activate Th1-polarizing
potential in cDCs, addition of these stimuli at the beginning of
differentiation results in a DC population which fails to induce
Th polarization even in response to a late TLR4-mediated
signal.
Early ssRNA addition to differentiating DCs is accompanied
by strong IL-10 production and late IL-12p70 suppression.
The response of DCs to TLR ligands involves the production
of cytokines which participate in the polarization of primed
CD4 T cells (21, 24, 26). IL-12p70 and IL-10 are particularly
associated with Th1- and Th2-polarizing potential, respectively
(24, 26). Since ssRNA-DCs failed to induce Th polarization,
we examined whether this failure was due to modified production of IL-12 and/or IL-10. Differentiation of DCs in the absence of TLR stimuli was not accompanied by production of
IL-10 or IL-12 either at early (day 1) or at later (day 6) culture
times (Fig. 4A and B: no TLR agonist at day 0 or 5). After 5
days of differentiation, cDCs responded to LPS or to ssRNA by
production of IL-10, IL-12p70, and proinflammatory cytokines,
such as TNF-␣ (Fig. 4B, no TLR agonist at day 0 and LPS at
day 5). Conversely, addition of ssRNA or LPS at the beginning
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of DC differentiation induced a distinct cytokine response.
Both stimuli induced production of TNF-␣ and IL-10 within
24 h (Fig. 4A, LPS or ssRNA at day 0) at levels comparable
to those produced by cDCs in response to the same stimuli
(Fig. 4B).
However, LPS-DCs failed to produce either IL-12p40 (not
shown) or IL-12p70, whereas ssRNA DCs produced IL-12p70
detected within 24 h of culture (Fig. 4A). Although neither
ssRNA DCs nor LPS-DCs produced IL-10 or IL-12p70 in
response to a late maturation stimulus (Fig. 4B), the same cells
did produce TNF-␣ and were therefore selectively rather than
totally refractory to a late TLR4-mediated signal.
In order to enhance a potentially low level of expression of
IL-12p70, we stimulated LPS-DCs and ssRNA-DCs together
with LPS and IFN-␥; IL-12p70 was still not produced (data not
shown).
To further test the extent of nonresponsiveness, we evaluated the ability of soluble CD40L, a non-TLR-mediated maturation stimulus, to stimulate LPS-DCs and ssRNA-DCs. The
CD40-mediated signal led to production of IL-12p70 (Fig. 4C,
DC⫹CD40L). This result is important, since it reveals that the
inhibition of the IL-12p70 response to a late TLR4-mediated
signal is not due to an IL-12 exhaustion phenomenon, as occurs in models of repetitive DC stimulation (15). Taken together, these results indicate that ssRNA-DCs maintain a selective ability to signal via TLR4 and that IL-12 production
remains possible in response to certain stimuli.
Finally, whereas LPS-DCs failed to produce significant IL12p40 (not shown) or IL-12p70, ssRNA-DCs produced IL-12p70
detected within 24 h of culture (Fig. 4A).
Addition of exogenous IL-12p70, but not recovery of endogenous IL-12 production, supports Th1 polarization by ssRNADCs. It has been previously reported that the capacity of LPSDCs to produce IL-12p70 could be increased by pretreatment
with the p38 MAPK inhibitor SB203580 (34). We therefore
tested whether SB203580 increased the ability of ssRNA-DCs
to induce CD4 T-cell polarization. We examined LPS-DCs for
comparison. Adding SB203580 at the beginning of the DC
differentiation process resulted in an overall decrease in effector function: IL-12p70 production, T-cell proliferation, and
Th1 polarization (Fig. 5, SB pretreatment, no LPS at day 0).
However, SB203580 pretreatment only partially restored the
capacity of ssRNA-DCs to produce IL-12p70 in response to a
late LPS stimulus (Fig. 5A). This was significantly low (P ⬍
0.05), limited to around 22% of the capacity of pretreated DCs
(Fig. 5A, SB pretreatment, LPS at day 5). SB203580 pretreatment was more effective in restoring the IL-12p70 production
of LPS-DCs, which reached 50% of that of cDCs, though
remaining significantly lower (P ⬍ 0.05).
Regarding the ability to activate T cells, cDCs pretreated
with the p38 MAPK inhibitor induced a slightly reduced proliferation of T cells compared with nontreated DCs (Fig. 5B).
Moreover, addition of the p38 MAPK inhibitor restored CD4
T-cell proliferation levels (to those of cDCs) when ssRNADCs were given a late LPS stimulus. However, despite restored
IL-12p70 production and proliferation, ssRNA-DC pretreatment with the p38 MAPK inhibitor failed to restore Th1 polarization in response to a late LPS stimulus (Fig. 5C).
Although IL-12 expression was partially restored by SB203580,
we cannot exclude that the lack of restoration of Th1 polar-
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FIG. 2. ssRNA-DCs and LPS-DCs induce proliferation of allogeneic T cells. cDCs, LPS-DCs, and ssRNA-DCs (day 0 treatment) not
receiving further stimuli or receiving a late LPS maturation stimulus
(day 5) were cocultured with carboxyfluorescein diacetate succinimidyl
ester-loaded naive CD4 T cells (ratio, 1:3) from one allogeneic donor.
At day 6 of coculture, the different division cycles undergone by T cells
were detected by FACS analysis and the number of stimulated cells on
the initial sample was calculated. Proliferation induced by cells receiving a late LPS stimulus was significantly greater in all DC preparations
(P ⬍ 0.05). Results are representative of experiments with at least six
different donors. The frequency of responding autologous naive CD4
T cells was in all cases under 2% (not shown). Control peripheral
blood mononuclear cells stimulated with PHA are also shown. DCs
differentiated in the presence of Dotap induced T-cell proliferation
which was not significantly different from that induced by cDCs (not
shown).
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ization was due to other effects of the inhibitor. Therefore, we
tested the effect of exogenous IL-12p70 on the Th1 polarization capacity of LPS-DCs and ssRNA-DCs. Addition of IL12p70 led to an overall and statistically significant increase in
the percentage of IFN-␥-producing T cells (Fig. 6), although
neither the baseline level nor the high proportion of Th1 induced by PHA was significantly increased. However, the Th1
population induced by conventional iDCs increased 2.4 times
(from 6.8% ⫾ 1.2% to 16.3% ⫾ 3.9%), while that induced by
cDCs matured with LPS or with ssRNA increased 1.5 or 1.7
times, respectively (from 20.8% ⫾ 5.9% to 34.6% ⫾ 0.1% and
from 20.8% ⫾ 5.9% to 34.6% ⫾ 0.1%).
Addition of IL-12p70 led to a marked increase in the Th1polarizing potential of ssRNA-DCs or LPS-DCs. The percentage of IFN-␥-producing cells induced in the presence of exogenous IL-12p70 by LPS-DCs receiving or not receiving a late
LPS stimulus (32.8% ⫾ 6.8% or 12.35% ⫾ 2.2%, respectively)
corresponded to an expansion of 5.7 times and 3.3 times, respectively. The population in which addition of IL-12p70 made
the most difference was ssRNA-DCs. The Th1-polarizing potential was increased 4.1 times for ssRNA-DCs (9.5% ⫾ 1.5%
versus 39.3% ⫾ 0.8%) and 4.5 times for ssRNA-DCs which
had received a late LPS stimulus (10.9% ⫾ 0.6% versus 49% ⫾
1.2%). Therefore, although Th1 polarization by ssRNA was

not recovered by the p38 MAPK inhibitor, addition of exogenous IL-12 can be used to compensate.
The IL-12 response of DCs recently engaged in differentiation is differentially regulated by LPS and ssRNA. We showed
above that in early DC differentiation, ssRNA induces production of IL-12p70 whereas LPS does not (Fig. 4A). To identify
the point in differentiation at which DCs begin to respond to
either TLR4 or TLR7 by IL-12 production, we allowed DC
differentiation for different periods of time before adding LPS
or ssRNA. IL-10 and IL-12p70 production was tested 24 h
after addition of either. Monocytes recently engaged in DC
differentiation produced IL-10 immediately after LPS addition, whereas IL-12p70 production was detected only when the
LPS stimulus was given after at least 4 h of differentiation (Fig.
7A). After this time point, the response to LPS of DCs at early
differentiation times was accompanied by relatively low IL12p70 production, with a peak level consistently observed after
48 h of DC differentiation. At day 5 of differentiation, the DC
response to LPS resulted in significantly higher IL-12p70 levels
(Fig. 7A).
In contrast, IL-12p70 production in response to ssRNA was
observed from the beginning of DC differentiation, and the
response levels of IL-10 and IL-12p70 were constant during the
first 3 days of DC differentiation (Fig. 7B). On day 5 of differ-
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FIG. 3. ssRNA-DCs and LPS-DCs have a reduced Th-polarizing capacity. Allogeneic naive CD4 T cells were stimulated for 6 days with the
different DC preparations: cDCs, LPS-DCs, and ssRNA-DCs not receiving or receiving a late LPS maturation stimulus. Control cells were also
stimulated with ssRNA. The phenotype of activated T cells was determined by FACS analysis after stimulation with PMA-ionomycin and
intracellular staining of IFN-␥ and IL-4. Results are shown as dot plots (A) or bar histograms (B) representative of experiments with different
donors. Compared to cDCs, LPS-DCs and ssRNA-DCs receiving a late TLR4-mediated signal induced significantly fewer IFN-␥-producing cells
(indicated with asterisks [P ⬍ 0.05]).
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entiation, the ssRNA-induced IL-12p70 production was significantly higher (Fig. 7B). These results show that at early DC
differentiation times, the IL-12 response is accessible but only
to certain stimuli, such as ssRNA, whereas for other stimuli,
i.e., LPS, the IL-12p70 response is initiated only after a period
of differentiation in the presence of GM-CSF and IL-4. Additionally, following stimulation with LPS, the cytokine response
was uneven throughout DC differentiation, so that at different
times LPS induced variable levels of IL-10 and IL-12p70, which
would result in qualitatively different effector potentials of the
DCs at different stages of differentiation.
Taken together, our results show that the presence of
ssRNA throughout DC differentiation selectively alters the
sensitivity of DCs to further TLR4-mediated stimuli: upregulation of the allostimulatory capacity is maintained but dissociated
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FIG. 5. Pretreatment of LPS-DCs and ssRNA-DCs with the p38
MAPK inhibitor SB203580 recovers the late IL-12p70 response but not
a Th1-polarizing potential. For pretreatment, on day 0 (d0), monocytes
cultured in GM-CSF and IL-4 to induce DC differentiation were
treated for 30 min with 1 M SB203580 (SB) or left untreated before
medium, LPS, or ssRNA was added. For maturation stimulus, on day
5 (d5), DCs were stimulated with LPS for 24 h or left untreated.
(A) Day 6 supernatants were tested for IL-12p70 by ELISAs. (B and
C) DCs were cocultured with allogeneic carboxyfluorescein diacetate
succinimidyl ester-labeled naive CD4 T cells. On day 6, T-cell proliferation (B) and intracellular IFN-␥ accumulation (C) were determined
by FACS analysis. In the proliferation assay (B), the frequency of
responding autologous naive CD4 T cells was under 1.0% in all cases
(not shown). Statistically significant differences (P ⬍ 0.05) between the
control and a given test are indicated with an asterisk.

from the Th1-polarizing capacity, which is lost in response to a
TLR4-mediated signal.
DISCUSSION
Integration of different pathogenic signals during DC differentiation modifies their immunological outcome (13), and li-
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FIG. 4. Early ssRNA or LPS priming suppresses late IL-12p70 response of DCs to LPS but not to CD40LT. Freshly purified blood
monocytes were cultured with GM-CSF and IL-4 to induce DC differentiation. (A) Medium (none), 10 ng/ml LPS, or 500 ng/ml ssRNA
was added at the beginning of the culture (day 0). (B) On day 5 (d5),
cells either were left in medium or were stimulated with 10 ng/ml LPS
or 200 ng/ml CD40LT. (C) On day 5, cells either were left in medium
or were stimulated with 200 ng/ml CD40LT. The amounts of IL-10,
IL-12p70, and TNF-␣ released during the 24 h following stimulation
were determined by ELISA: culture supernatants were collected on
day 1 (A) or day 6 (B and C).
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gands for TLR4 or TLR9 have already been reported to modify DC function without impeding differentiation (11, 22, 34).
We recently reported that repeated addition of a synthetic
TLR7/8 agonist led to the generation of monocyte-derived

FIG. 7. Dynamic of IL-10 and IL-12p70 response induced by LPS
or by ssRNA during the DC differentiation process. Freshly isolated
blood monocytes were cultured in the presence of GM-CSF and IL-4
to allow DC differentiation. Cells cultured for different periods of time
(x axis) were stimulated with 10 ng/ml LPS (A) or 500 ng/ml ssRNA
(B). Twenty-four hours after stimulation, released IL-10 and IL-12p70
were quantified on culture supernatants by ELISAs. The IL-12p70
response by 5-day-differentiated DCs was significantly higher than the
response by DCs in earlier differentiation states (indicated by an asterisk [P ⬍ 0.05]).

DCs with phenotypic modifications and production of inflammatory cytokines (3). In particular, it was shown that repeated
addition of ssRNA led to phenotypic maturation (decreased
CD1 and loss of induction of CXCR1) and prevented the
further phenotypic maturation usually observed after addition
of a TLR4 ligand (3). Functional evidence for TLR 7/8-driven
maturation was provided by the decreased capacity for antigen
internalization after differentiation in the presence of ssRNA
(3). In the present study, we demonstrate that phenotypic
maturation induced by a single addition of a TLR7 ligand does
not reflect antigen presentation function, since ssRNA-DCs
induced T-cell alloproliferation at levels similar to those induced by conventional monocyte-derived iDCs. Consistent
with our previous study, we show that a TLR4 stimulus did not
alter the phenotype of ssRNA-DCs. The cytokine response of
ssRNA-DCs to LPS was much reduced in comparison with that
of conventional DCs, whereas the capacity for antigen presentation was clearly improved. Although this phenomenon of
uncoupled DC phenotypic maturation and DC effector capacities has not been explained, it has been observed under certain
conditions of activation (27), including virus infection (7), leading to an expression of high levels of costimulatory molecules
which does not translate into a good capacity to stimulate T
cells.
The detriment of polarizing ability correlated with IL-12
suppression in ssRNA-DCs and LPS-DCs at late differentiation times. Both the late IL-12 suppression and the loss of
Th1-polarizing capacity have been previously observed in DCs
differentiated in the presence of alpha IFN or beta IFN (19)
and in other myeloid cells (human monocytes and murine
macrophages) activated with LPS or via FcR (2, 32). Our
results support the suggestion that myeloid cells, including
DCs, share IL-12 suppression as a common mechanism of
limiting the immune response and consequent tissue injury in
the case of long-lasting or repeated infectious and inflammatory stimuli. Indeed, IL-12 promotes the differentiation of Th1
cells and the production of IFN-␥, which enhances the cytotoxic activity of CD8 T cells and NK cells (31).
One mechanism commonly presumed to be at the origin of
IL-12 suppression is regulation by IL-10 (8). Although early
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FIG. 6. Exogenous IL-12p70 recovers the Th1 polarization mediated by LPS-DCs and ssRNA-DCs. Allogeneic naive CD4 T cells were
stimulated with the different DC preparations either without (black bars) or in the presence of (hatched bars) 5 ng/ml recombinant IL-12p70. After
6 days, cell were stimulated with PMA-ionomycin, stained for intracellular IFN-␥, and analyzed by FACS. Percentages of IFN-␥-producing cells
significantly different (P ⬍ 0.05) between IL-12p70-treated and nontreated cultures are indicated by asterisks.
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environment and cytotoxic responses. In animal models of
pulmonary infectious disease, pretreatment with a TLR7 ligand leads to a more efficient immune response (33). However,
it is difficult to extrapolate the outcome of microbial infections
since infection produces a multitude of danger signals with
both stimulatory and regulatory mechanisms simultaneously
present. Nonetheless, in vitro-generated ssRNA-DCs could
provide a means of generating phenotypically mature DCs with
an inducible capacity to expand CD4⫹ T cells and with no
Th-polarizing capacity.
In summary, our results reveal particular features of DCs
differentiated in the presence of ssRNA. First, these earlyactivated DCs have dissociated maturation phenotypes and
potential to allostimulate T cells. Second, in contrast to the
response to ssRNA by fully differentiated DCs, early-activated
ssRNA-DCs are unable to polarize the T-cell response toward
a Th1 phenotype. Finally, we show that at very early stages of
monocyte-derived DC differentiation, DCs respond to ssRNA
but not to LPS by producing IL-12p70, supporting the idea of
a particular role for TLR7/8 (5) in the response of monocytederived cells. These results are particularly relevant since TLR
ligands are currently under intensive study as adjuvants for use
in vaccination protocols and in treatment of immune deficiencies (14, 21).
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