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ABSTRACT
Mtb influences DC activity and T cell-mediated immune
responses. We show that the treatment of immature
monocyte-derived DC with Mtb elicited the formation of
mature DC, producing TNF-�, IL-1�, IL-6, and IL-23 and
instructing CD4� cells to secrete IFN-� and IL-17. Mtb-in-
duced cytokine release by DC depended on dectin-1 re-
ceptor engagement, whereas MR or DC-SIGN stimulation
inhibited this process. A selective dectin-1 binding by the
receptor agonist glucan was sufficient to enable DC to
generate Th1/Th17 lymphocytes, showing features com-
parable with those induced by Mtb-treated DC. Interest-
ingly, DC-SIGN or MR engagement inhibited Th17 and in-
creased Th1 generation by glucan- or Mtb-treated DC.
Our results indicate that Mtb modulates the lymphocyte
response by affecting DC maturation and cytokine re-
lease. Dectin-1 engagement by Mtb enables DC to pro-
mote a Th1/Th17 response, whereas DC-SIGN and MR
costimulation limits dectin-1-dependent Th17 generation
and favors a Th1 response, probably by interfering with
release of cytokines. J. Leukoc. Biol. 86: 1393–1401;
2009.

Introduction
In peripheral tissues, immature DC capture antigens by spe-
cialized pathogen recognition receptors and then undergo
maturation and migrate to lymphoid organs, where they pro-
cess antigens and present them to T lymphocytes [1–5]. These
receptors, whose engagement modulates the functional activity
of DC, include C-type lectin receptors and TLRs [6, 7]. DC
regulate the immune response by stimulating the differentia-
tion of CD4� lymphocytes into Th effectors, such as Th1, Th2,
and Th17 cells [8–11], characterized by the production of dif-
ferent patterns of cytokines, which released by DC-stimulated
T lymphocytes and by DC themselves, orchestrate the course

of infective diseases, leading to eradication of the pathogens,
chronicization of the infection, or autoaggressive events.

Mtb has evolved several strategies to survive in infected individ-
uals, including the ability to interfere with DC functions. For in-
stance, engagement of DC-SIGN receptor by mycobacterial cell-
wall component ManLAM inhibits the LPS-generated signaling
leading to DC maturation [12, 13]. Moreover, infection of mono-
cytes with Mtb interferes with IFN-�-induced monocyte differenti-
ation into fully competent DC, leading to formation of macro-
phage-like cells with impaired capacity to prime IFN-�-producing
T lymphocytes [14]. Interestingly, cell wall-associated �-glucan
induces monocytes to differentiate into DC with the same altered
phenotype and functionality observed in DC infected with Mtb
[15], suggesting that some isolated mycobacterial components
can reproduce the effects of the whole Mtb.

Mice infected with Mtb develop a Th1 and Th17 immune
response [16–18]. It has been demonstrated that Mtb interacts
with dectin-1 of DC [19, 20] and that dectin-1 engagement by
curdlan induces Th17 generation in in vitro [21] and in vivo
[22] mouse models.

Although the role of Th17 cells in host protection has not
been clarified completely, it has been suggested that IL-17 pro-
duced by these lymphocytes could trigger the induction of
chemokines, which attract the leukocytes to infected tissues
[23–25]. It has also been reported that the ability of IL-17-pro-
ducing CD4� T cells to control Mtb infection in mouse mod-
els is limited [16, 26], although Umemura et al. [27] found an
impaired granuloma formation in bacillus Calmette-Guerin-
infected lungs of IL-17-deficient mice. An efficient generation
of Th17 cells depends on IL-23, IL-1�, IL-6, and TNF-� release
[28–34], and an altered secretion of these cytokines has im-
portant consequences on the inflammatory outcome of myco-
bacterial infections [16, 24, 35].

On the basis of the above-mentioned reports, it is possible
that subversion of DC maturation or changes in the pattern of
cytokines secreted by DC upon Mtb interaction with selected
receptors could represent mechanisms by which Mtb drives the
human Th lymphocytes response. The aim of our investiga-
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tions was to individuate these mechanisms as well as the DC
pathogen recognition receptors involved in these processes.

MATERIALS AND METHODS

Reagents and antibodies
Reagents used include: RPMI 1640, ultraglutamine 1, and 10% low endotoxin
FBS (Lonza, Walkersville, MD, USA); rhGM-CSF and rhIL-4 (PeproTech,
Rocky Hill, NJ, USA); biglycan from bovine cartilage, glucan from baker’s yeast
Saccharomyces cerevisiae, laminarin from Laminaria digitata, and PMA (Sigma
Chemical Co., St. Louis, MO, USA); Ultra Pure Escherichia coli LPS (0111: B4
strain, InvivoGen, San Diego, CA, USA). Whole cell �-irradiated Mtb strain
H37Rv and ManLAM from Mtb H37Rv were provided by Colorado State Uni-
versity (Fort Collings, CO, USA; Contract HHSN266200400091c). All of the
reagents and solutions were prepared using clinical pyrogen-free water and
were tested by a Limulus amebocyte lysate assay kit (Microbiological Associates,
Walkersville, MD, USA) to determine the endotoxin content, which was found
to be always �0.125 unit/ml. Antibodies used include: CD83 (HB15e) and
CD1a (HI149; Becton Dickinson, San Jose, CA, USA); CD80 (2D10), CD86
(IT2.2), HLA-DR (L243), HLA-I (W6/32), CD40 (HB14), and CD14 (M5E2;
Biolegend, San Diego, CA, USA); CD1c (AD5-8E7, Miltenyi Biotec GmbH, Au-
burn, CA, USA); MR (HM2056, Hbt, Uden, The Netherlands); dectin-1
(MAB1859, R&D Systems, Minneapolis, MN, USA); DC-SIGN (ab13487, Ab-
cam, Cambridge UK); mouse isotype control (Sigma Chemical Co.); IL-17A
(eBio64DEC17), IFN-� (4S.B3), and IL-4 (MP-4-25D2; eBioscience, San Diego,
CA, USA).

DC and lymphocyte preparation and culture
DC were generated from monocytes obtained from the blood bank of the Uni-
versity of Verona (Italy) as discarded material after preparation of therapeutic
blood products. Monocytes isolated from buffy coats of healthy donors by
Ficoll-Hypaque and Percoll (Amersham Biosciences, UK) density gradients, as
described previously [36], were purified using the Human Monocyte Isolation
Kit II (Miltenyi Biotec GmbH). The final monocyte population was 99% pure,
checked by FACS analysis. CD4� lymphocytes were isolated from the lympho-
cyte fraction of the Percoll gradient with the EasySep Negative Selection Hu-
man CD4� T Cell Enrichment Kit (StemCell Technologies, Vancouver, BC,
Canada). The final CD4� lymphocyte population was 99% pure, checked by
FACS analysis. To preserve T cells during the differentiation of monocytes into
DC, CD4� T cells were spun down, resuspended in freezing medium (low en-
dotoxin FBS�10% DMSO), and kept in a liquid nitrogen freezer. Control ex-
periments demonstrated that the responsiveness to DC from frozen T cells was
comparable with that of fresh T lymphocytes. To generate DC, monocytes
were incubated at 37°C, 5% CO2, for 5–6 days at 1 � 106/ml in six-well tissue-
culture plates (Lonza, Walkersville, MD, USA) in RPMI 1640 supplemented
with heat-inactivated 10% FBS, 2 mM L-glutamine, 50 ng/ml GM-CSF, and 20
ng/ml IL-4.

ELISA and intracellular cytokine staining
Cytokine production in culture supernatants was determined by ELISA, ac-
cording to the manufacturer’s instructions: IL-10 (range 1.2–300 pg/ml),
TNF-� (range 1.4–1000 pg/ml), IL-6 (range 0.6–500 pg/ml), IFN-� (range
2–600 pg/ml), and IL-4 (range 0.6–500 pg/ml; ImmunoTools GmbH,
Friesoythe, Germany); IL-12 (range 4–500 pg/ml), IL-23 (range15 pg/ml–2.0
ng/ml), IL-1� (range 4–500 pg/ml), and IL-17 (range 4–500 pg/ml; eBio-
science). T cell intracellular cytokine staining was done upon 20 ng/ml PMA,
1 �M ionomycin, and brefeldin A (Biolegend) stimulation for the final 6 h of
culture. Cells were incubated with a fluorescent-conjugated antibody anti-CD4
(IgG1, RPA-T4, Biolegend) and then with fixation/permeabilization buffer
(420801 and 421002, Biolegend). Cells were stained with anti-IL-17A, IFN-�,
and IL-4 fluorescent-conjugated antibodies, acquired on a FACScan flow cy-
tometer (BD Biosciences, Mountain View CA, USA), and analyzed using FCS
Express 3 (De Novo Software, Thornhill Ontario, Canada).

T lymphocyte proliferation assays
Autologous CD4� T lymphocytes were cultured for 5 days in 96-well plates
(2�105 cells/well/200 �l), alone or with 50 �g/ml Mtb and/or receptor li-
gand-activated DC (2�104 cells) and then incubated 12 h with 10 �M BrdU
(B5002, Sigma Chemcal Co.). Incorporated chemical was detected by anti-
BrdU antibody (FastImmune anti-BrdU FITC with DNase, Becton Dickinson).
Cells were stained with 7-amino-actinomycin D (Becton Dickinson) for the ex-
clusion of nonviable cells, acquired on a FACScan flow cytometer (Becton
Dickinson), and analyzed using FCS Express 3 (De Novo Software).

Flow cytometric analysis
Live cells were washed twice with PBS and incubated 30 min with 10% hu-
man male AB serum to prevent nonspecific binding. For immunofluores-
cence staining, mouse anti-human CD1a, CD1c, CD14, CD80, CD83, CD86,
CD40, HLA-I, and HLA-DR were used (see Reagents and antibodies).
Annexin-V-Alexa 568 (Roche, Indianapolis, IN, USA) was used to detect
apoptotic cells. FACScan flow cytometer (Becton Dickinson) and FCS Ex-
press 3 (De Novo Software) were used to analyze cells.

Real-time PCR
RT-PCR has been performed as described [37]. Briefly, total RNA extracted
from 106 DC or T cells using the RNeasy mini kit (Qiagen, Crawley, UK)
was used as a template for the RT reaction, using random hexamers and
SuperScript II RT (Invitrogen, Carlsbad, CA, USA). Oligonucleotide prim-
ers (Invitrogen) are available under the following entry code in the public
database RTPrimerDB (medgen.ugent.be/rtprimerdb/): GAPDH (3539),
T-bet (7752), ROR�C (7756), GATA3 (7757), IL-23R (7755), IL-17A
(7754), IL-6 (3545), IFN-� (7753), TNF-� (3551), IL-23 p19 (7758), IL-1�

(7760), IL-22 (7759). Triplicate RT-PCR reactions for each sample were
performed in 20 �l containing 20 ng cDNA, SYBR Premix Ex Taq (Takara,
Tokio, Japan), and primers (200 nM). The PCR reactions were performed
in 96-well plates using the DNA Engine Opticon 2 system (MJ Research,
Waltham, MA, USA). Amplification plots were analyzed using Opticon
Monitor Software, Version 2.02 (MJ Research). Data were calculated with
Q-Gene software (www.BioTechniques.com) and expressed as MNE units
after GAPDH normalization [38]. In DC-T cell coculture experiments, RNA
was extracted from whole mixed cell populations.

Image stream
DC prestimulated 24 h with Mtb were cocultured 5 days with autologous
CD4� T cells. PMA 20 ng/ml, ionomycin 1 �M, and brefeldin A were
added for the final 6 h of culture. Cells were fixed, permeabilized, then
stained with anti-IL-17A and anti-IFN-� fluorescent-conjugated antibodies,
and acquired by the Amnis ImageStream cytometer (Amnis, Seattle, WA,
USA): data analysis was performed using IDEAS (Amnis). In our experi-
ment, we have tested 1 � 106 cells/100 �l. IDEAS application builds a ma-
trix of spectral compensation values by using control files, which contain
fluorescence values of cells stained with one single fluorochrome as well as
unlabeled cells. To set the instrument, CD4� cells cocultured 5 days with
Mtb-matured DC were fixed, permeabilized, and left unstained as well as
stained with anti-IL-17A, anti-IFN-�, or anti-CD4 fluorescent-conjugated an-
tibodies and acquired by the Amnis ImageStream cytometer. Moreover,
immature DC, cocultured 5 days with CD4� T cells, were used as a negative
fluorescent control to exclude false fluorescent-positive cells. Debris and
cell aggregates were excluded, and individual cells were identified by gat-
ing on size and aspect ratio. Individual cell populations were identified by
gating on CD4� cells and confirmed by visual inspection of the fluores-
cence pattern.

Statistical analysis
Statistical analysis was performed with SigmaStat for Windows, Version 2.0, us-
ing a one-way ANOVA. Statistical significance was established at P � 0.001.
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RESULTS

Mtb induces TNF-�, IL-6, IL-1�, and IL-23
production by DC and enables DC to trigger a Th1/
Th17 response
We first analyzed the effect of �-irradiated Mtb on the DC mat-
uration process and cytokine release: Monocytes were cultured
for 5 days with GM-CSF and IL-4 to obtain immature DC ex-
pressing the differentiation markers CD1a and CD1c but not
the monocytes marker CD14 (Fig. 1A). These cells were then
challenged for 24 h with Mtb (Mtb-matured DC) or induced
with LPS (LPS-matured DC) as control. Mtb and LPS in-
creased the expression of the DC maturation markers CD80,
CD86, CD83, HLA-DR, HLA-I, and CD40 (Fig. 1A). Moreover,
Mtb caused a remarkable TNF-�, IL-6, IL-1�, and IL-23 pro-
duction and a weak IL-12 secretion (Fig. 1B). Mtb-induced
TNF-�, IL-6, IL-23, and IL-12 secretion was lower than that
obtained upon DC treatment with LPS (Fig. 1B). In contrast,
IL-1� production by Mtb-matured DC was comparable with
that observed in LPS-matured DC (Fig. 1B).

We then examined the capacity of Mtb-matured DC to instruct
the functional activity of T lymphocytes. A MLR demonstrated
that these DC induced the proliferation of autologous CD4� lym-
phocytes as efficiently as control, LPS-matured DC (Fig. 1C).
Moreover, Mtb-matured DC triggered a remarkable IL-17 and
IFN-� production (Fig. 1D) but no IL-4 or IL-10 secretion (results
not shown) by CD4� cells. LPS-matured DC used as control trig-
gered a remarkable IFN-� but a weak IL-17 production (Fig. 1D).
Stimulation of CD4� lymphocytes with Mtb in the absence of DC
or in the presence of immature DC did not result in substantial
CD4� lymphocyte proliferation (Fig. 1C), IL-17 or IFN-� (Fig.
1D), IL-4, or IL-10 (results not shown) production.

To further characterize the lymphocytes obtained upon in-
cubation of CD4� cells with Mtb-matured DC, we performed a
RT-PCR analysis to investigate the expression of IL-23R, IL-
17A, RORC transcription factor, and IL-22, selective for Th17
cells [39], as well as of T-bet transcription factor and IFN-�,
peculiar to Th1 cells [39]. Lymphocytes challenged with Mtb-
matured DC expressed mRNA levels of IL-23R, IL-17A, RORC,
IL-22, T-bet, and IFN-� higher than lymphocytes cocultured
with immature DC (Fig. 1E). Lymphocytes cultured with LPS-
matured DC showed increased levels of T-bet, IFN-�, and to a
lesser extent, IL-22 but not of IL-23R, IL-17A, and RORC tran-
scripts (Fig. 1E). Moreover, lymphocyte incubation with imma-
ture DC or Mtb-matured DC did not result in relevant changes
of the GATA3 transcript, peculiar to Th2 lymphocytes (Fig.
1E). GATA3 mRNA was increased slightly only upon T cell
incubation with LPS-matured DC (Fig. 1E). These results show
that Mtb-matured DC induce the Th1 and Th17 generation,
whereas LPS-matured DC trigger a prevalent Th1 response,
confirming the data depicted in Figure 1D.

Furthermore, we analyzed CD4� lymphocytes by intracellu-
lar staining to assess the relative amounts of IL-17- and IFN-�-
producing T cell populations generated upon coculture with
Mtb-matured DC. An analysis by the ImageStream cytometer
showed that Mtb-matured DC induced the formation of a het-
erogeneous lymphocyte population, including T cell subsets
selectively producing IL-17 or IFN-�, as well as lymphocytes

secreting IL-17 and IFN-� (Fig. 1F). Th17, Th1, and Th1/
Th17 subsets represent, respectively, 38%, 17%, and 12% of
CD4� cells, as assessed by IDEAS (see Materials and Methods).
These results demonstrate that Mtb-matured DC stimulate
CD4� lymphocytes with formation of cells showing features of
Th17, Th1, or Th1 and Th17 cells.

Mtb triggers cytokine production through engagement
of DC receptor dectin-1
We then sought to individuate the DC receptors responsible
for Mtb-induced cytokine release. First of all, we performed a
preliminary screening of the most important DC receptors by
analyzing the cytokine secretion by immature DC stimulated
with purified glucan, a dectin-1 agonist [40], biglycan that
binds to MR [41], or ManLAM, agonists of DC-SIGN and MR
[7, 42, 43]. Notably, ManLAM, used in our experiments, was
purified from Mtb H37Rv (see Materials and Methods). We
found that DC stimulation with glucan caused TNF-�, IL-6,
IL-1�, and IL-23 (Fig. 2A) but no IL-12 secretion (not shown).
Biglycan and ManLAM were unable to elicit a substantial
TNF-�, IL-1�, IL-23 (Fig. 2A), and IL-12 (not shown) release.
However, ManLAM, but not biglycan, triggered a weak IL-6
production (Fig. 2A). Interestingly, simultaneous addition of
glucan and biglycan or ManLAM resulted in inhibition of glu-
can-dependent IL-1�, IL-23, and to a lesser extent, TNF-� re-
lease. Contemporaneous addition of glucan and biglycan re-
sulted in IL-6 secretion comparable with that observed upon
cell stimulation with glucan alone, whereas this secretion was
increased upon addition of glucan plus ManLAM (Fig. 2A).
To investigate the role of dectin-1 further, we also performed
experiments by using the dectin-1 agonist curdlan [21, 22],
alone or in combination with biglycan or ManLAM, and we
observed a cytokine secretion similar to that obtained with glu-
can (results not shown).

Taken together, these results suggest that dectin-1 is in-
volved in the mechanisms of TNF-�, IL-1�, IL-23, and IL-6
production by DC and that DC-SIGN or MR engagement in-
hibits the dectin-1-dependent signals responsible for the re-
lease of some cytokines.

We then investigated whether the results obtained with soluble
receptor agonists could reflect the effect of the interactions be-
tween Mtb and DC receptors. A RT-PCR analysis demonstrated
that incubation of immature DC with the dectin-1 receptor antag-
onist laminarin or a dectin-1-blocking antibody decreased Mtb-
and glucan-induced TNF-�, IL-1�, IL-23, and IL-6 expression
(Fig. 2B). Moreover, DC incubation with MR- or DC-SIGN-block-
ing antibodies increased the Mtb-induced mRNA levels of these
cytokines (Fig. 2C). The effect of dectin-1-, MR-, and DC-SIGN-
blocking antibodies on cytokine mRNA expression was detectable
at 4 h (Fig. 2, B and C) and to a lesser extent, at 8 h and 12 h
(results not shown) after DC treatment with Mtb or glucan.
These results have been confirmed by ELISA experiments show-
ing that incubation of immature DC with a dectin-1-blocking anti-
body decreased, whereas DC incubation with MR- or DC-SIGN-
blocking antibodies increased the Mtb-induced TNF-�, IL-6, IL-
1�, and IL-23 secretion (Fig. 2D). Moreover, we found that DC
treatment with biglycan or ManLAM decreased the Mtb-triggered
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TNF-�, IL-6, IL-1�, and IL-23 release into cell culture supernatant
(Fig. 2E).

These results indicate that Mtb induces TNF-�, IL-6, IL-1�,
and IL-23 production, mainly by activating dectin-1, whereas
MR or DC-SIGN engagement limits the secretion of these cyto-

kines. Differently from the data obtained by stimulating DC
with soluble receptor agonists (Fig. 2A), the results illustrated
in Figure 2E show that DC-SIGN or MR engagement inhib-
ited the Mtb-induced production of all the cytokines, in-
cluding IL-6. This discrepancy could depend on a different

Figure 1. Mtb enables DC to induce a
Th1/Th17 response. Monocytes were incu-
bated for 5 days with 50 ng/ml GM-CSF
and 20 ng/ml IL-4 to obtain immature DC
and then treated (24 h) with 50 �g/ml
Mtb (Mtb-matured DC) or 10 ng/ml LPS
(LPS-matured DC) to induce DC matura-
tion. FACS analysis was performed to evalu-
ate the DC surface expression of differenti-
ation and maturation markers. MFI, Mean
fluorescence intensity (A). Cytokine release
was determined by ELISA in DC culture
supernatants (B). Results are mean � sd of
three (A) and five (B) experiments. Mtb-
matured DC and LPS-matured DC versus
immature DC, *, P � 0.05; **, P � 0.01;
***, P � 0.001 (A and B). Immature DC
and Mtb- or LPS-matured DC were incu-
bated 5 days with purified CD4� lympho-
cytes (CD4): BrdU incorporation was ana-
lyzed by FACS (C), and IL-17 and IFN-�
release was analyzed by ELISA (D). As con-
trol, CD4� lymphocytes were incubated
with Mtb without DC (CD4�Mtb; C and
D). Results are mean � sd of five (C) and
three (D) experiments. CD4� lymphocytes
cultured with Mtb- or LPS-matured DC ver-
sus CD4� lymphocytes cultured with imma-
ture DC, *, P � 0.05; ***, P � 0.001 (C
and D). mRNA expression of lymphocyte
markers was tested by RT-PCR. RNA was ex-
tracted from a whole mixed cell population:
One experiment representative of four is
shown (E). Lymphocytes cocultured 5 days
with Mtb-matured DC, immunofluorescent-
stained and analyzed by the ImageStream
cytometer: The images are representative of
different lymphocyte subsets (F).
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Figure 2. Effect of dectin-1, MR,
and DC-SIGN engagement on
cytokine expression by DC. Im-
mature DC were cultured for
24 h in the absence (Ctrl) or
presence of 15 �g/ml glucan
(Glu), 10 �g/ml biglycan
(Bigly), 10 �g/ml ManLAM
(ManL), or a combination of
glucan with biglycan (Glu�Bigly)
or ManLAM (Glu�ManL). Cyto-
kine release was evaluated by
ELISA in culture supernatants.
Results are expressed as the
mean value � sd of three inde-
pendent experiments. Glucan-
treated DC versus control DC,
***, P � 0.001; biglycan- or Man-
LAM-treated DC in the pres-
ence of glucan versus glucan-
treated DC, *, P � 0.05 (A).
Immature DC were preincubated
(30 min) with 500 �g/ml lami-
narin (lam) or 10 �g/ml dec-
tin-1 (Ab�dectin-1; B)-, MR
(Ab�MR; C)-, or DC-SIGN
(Ab�DC-SIGN; C)-blocking anti-
bodies; an irrelevant antibody
(Mtb�Ab ctrl) was used as con-
trol (C). DC were then chal-
lenged for 4 h with 50 �g/ml
Mtb (B and C) or 15 �g/ml glu-
can (B). Ctrl, Untreated DC (B
and C). TNF-�, IL-1�, IL-23, and
IL-6 expression was analyzed by
RT-PCR. (B and C) One experi-
ment representative of three:
laminarin- or blocking antibody-
treated DC versus Mtb- or glu-
can-stimulated DC, ***, P �
0.001. Immature DC were cul-
tured (24 h) with 50 �g/ml Mtb
in the presence of 10 �g/ml dec-
tin-1-, MR-, or DC-SIGN-blocking
antibodies (D) or 10 �g/ml bi-
glycan (Mtb�Bigly) or ManLAM
(Mtb�ManL; E). An irrelevant
antibody was used as control (D).
Cytokine secretion in culture
supernatant was investigated by
ELISA (D and E). Results are the
mean value � sd of four experi-
ments: Mtb-treated cells cultured
in the presence of blocking anti-
bodies (D), biglycan (E), or
ManLAM (E) versus DC treated
with Mtb alone, *, P � 0.05; ***,
P � 0.001.
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pattern of receptors engaged in Mtb-treated DC as com-
pared with DC treated with mixed soluble receptor agonists.

Dectin-1 stimulation enables DC to induce Th1/Th17
generation, whereas DC-SIGN and MR engagement
limits dectin-1-dependent Th17 generation and favors
Th1 response
As dectin-1, DC-SIGN, and MR regulate the release of
TNF-�, IL-1�, IL-23, and IL-6 (Fig. 2), and it is known that
these cytokines are involved in Th1/Th17 generation [28 –
34], we investigated the role of these receptors on the
mechanisms of T cell response. We incubated glucan-stimu-
lated DC with CD4� T cells to assess whether a selective
dectin-1 stimulation is sufficient to enable human DC to in-
duce a Th1/Th17 response: We found that under these ex-
perimental conditions, CD4� lymphocytes produced IL-17
(Fig. 3A) and IFN-� (Fig. 3B). A characterization of these
lymphocytes by RT-PCR showed that they express RORC,
IL-23R, IL-17A, IL-22, IFN-�, and T-bet mRNA (Fig. 3C).
These features are similar to those of CD4� lymphocytes
cultured with Mtb-treated DC (Fig. 1E).

DC incubated with ManLAM or biglycan in the absence of
glucan were unable to trigger a substantial cytokine produc-
tion by CD4� lymphocytes (Fig. 3, A–D). Notably, addition of
biglycan or ManLAM resulted in an inhibition of IL-17 (Fig.
3A) and an increase of IFN-� (Fig. 3B) release by CD4� lym-
phocytes incubated with glucan-treated DC. Accordingly, addi-
tion of biglycan or ManLAM decreased Th17 and enhanced
Th1 marker expression by CD4� lymphocytes cocultured with
glucan-stimulated DC (Fig. 3C). We then explored whether
ManLAM and biglycan caused similar effects on lymphocytes
incubated with Mtb-treated DC. Figure 3D shows an ELISA,
demonstrating that biglycan or ManLAM inhibited IL-17 and
increased IFN-� release by CD4� lymphocytes incubated with
Mtb-challenged DC. Similar results have been obtained by in-
tracellular staining experiments (Fig. 4). Therefore, it is con-
ceivable that glucan and Mtb induce Th1/Th17 generation
through similar mechanisms of dectin-1 stimulation and that DC-
SIGN and MR engagement interferes with these mechanisms,
favoring Th1 and inhibiting Th17 generation. This effect is likely
a result of DC-SIGN- and MR-induced changes of cytokine pat-
terns generated by glucan- or Mtb-stimulated DC (Fig. 2).

Figure 3. A selective dectin-1 stim-
ulation is sufficient to enable DC
to instruct Th1/Th17 generation,
whereas MR or DC-SIGN engage-
ment affects a dectin-1-dependent
lymphocyte response. DC cultured
for 24 h in the absence or pres-
ence of 15 �g/ml glucan, 10
�g/ml biglycan, 10 �g/ml Man-
LAM, or a combination of glucan
with biglycan or ManLAM were
incubated (5 days) with CD4� lym-
phocytes. IL-17 (A) and IFN-� (B)
release in the culture supernatant
was analyzed by ELISA. Results are
the mean � sd of five indepen-
dent experiments (A and B). The
mRNA expression of RORC, IL-
23R, IL-17A, IL-22, IFN-�, and T-
bet was analyzed by RT-PCR: One
experiment representative of four
independent ones is shown (C).
Biglycan- or ManLAM-treated DC
in the presence of glucan versus
glucan-treated DC, *, P � 0.05 (A–
C); **, P � 0.01 (C); ***, P �
0.001 (C). Immature DC were cul-
tured for 24 h with 50 �g/ml Mtb
in the absence (Mtb) or presence
of 10 �g/ml ManLAM or biglycan
(D). Cytokine secretion in culture
supernatant was investigated by
ELISA: Results are the mean � sd
of four independent experiments.
Mtb-treated cells cultured in the
presence of biglycan or ManLAM
versus DC treated with Mtb alone,
* P � 0.05 (D).
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DISCUSSION

Here, we show that interaction of �-irradiated Mtb with human
DC leads to DC maturation and IL-1�, IL-6, IL-23, and TNF-�
release. Moreover, Mtb enables DC to induce the secretion of
IFN-� and IL-17 by CD4� lymphocytes. Our results agree with
the reports that during mycobacterial infection in mice, IFN-�-
and IL-17-producing T cells are generated [16–18]. It is
known that IL-1�, IL-6, IL-23, and TNF-� play a role in induc-
tion of the Th17 response in human and mouse models [28–
34]. Therefore, our data indicate that Mtb triggers the Th17
response by mechanisms involving the production of these cy-
tokines by human DC.

It has been demonstrated that Mtb interacts with dectin-1 of
DC [19, 20]. Here, we show that IL-1�, IL-6, IL-23, and TNF-�
secretion is mainly a result of dectin-1 receptor engagement by
Mtb and that a selective dectin-1 engagement is sufficient to
enable DC to trigger the Th1/Th17 response, independently
of stimulation of other DC receptors.

These findings indicate that dectin-1 could be an important
receptor involved in induction of Th1/Th17 generation and
agree with previous results showing that mouse DC stimulated
with the dectin-1 agonist curdlan release IL-6, IL-23, and
TNF-� and are able to prime Th1/Th17 cells [21, 22]. Obvi-
ously, we cannot exclude that other DC receptors could coop-

erate with dectin-1 in induction of a Th1/Th17 response. For
instance, it has been reported that TLR2 engagement pro-
grams DC to promote IL-17 generation [44] and that TLR2
collaborates with dectin-1 to induce IL-23 production in
mouse DC [45]. However, Manicassamy et al. [22] published
that TLR2 signaling suppresses IL-23 production and Th17
and Th1 responses, whereas dectin-1 engagement induces
IL-23 and increases Th17- and Th1-mediated autoimmune re-
sponses in an in vivo mouse model. Therefore, the role of
TLR2 in lymphocyte activation by DC remains to be fully eluci-
dated. Notably, some authors demonstrated that TLR2 is not
involved in interactions between mycobacteria and DC [19, 46,
47], thus ruling out an effect of this receptor on a Mtb-in-
duced T cell response.

Some authors [48–50] showed that LPS-stimulated DC induce
T lymphocytes to produce IL-17. Here, we report that LPS-treated
DC induce a remarkable Th1 response but a weak IL-17 genera-
tion. Our results agree with those of Acosta-Rodriguez et al. [28],
who show that human monocyte-derived DC activated by LPS do
not induce IL-17 secretion efficiently.

DC stimulation with Mtb or glucan leads to a low or absent
IL-12 secretion, in agreement with previous reports [51]. How-
ever, we found that in association with IL-17 release, DC stimu-
lated with Mtb or dectin-1 agonists always trigger IFN-� pro-

Figure 4. Effects of MR or DC-
SIGN engagement on IL-17 and
IFN-� production by lymphocytes
cocultured with glucan- or Mtb-
treated DC. CD4� lymphocytes
were cultured for 5 days with DC
stimulated for 24 h with glucan in
the absence (CD4�DC Glu) or
presence of biglycan (CD4�DC
Glu�Bigly) or ManLAM
(CD4�DC Glu�ManL), as well as
with DC stimulated for 24 h with
Mtb in the absence (CD4�DC
Mtb) or presence of biglycan
(CD4�DC Mtb�Bigly) or Man-
LAM (CD4�DC Mtb�ManL).
IL-17 (A) and IFN-� (B) produc-
tion was detected by intracellular
staining using fluorescence-conju-
gated, specific antibodies and ana-
lyzed by FACS. The results illus-
trated in A and B are displayed as
histogram profiles in C and D, re-
spectively. One experiment repre-
sentative of three independent
ones is shown.
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duction by CD4� lymphocytes, as observed previously [21, 24].
These results are not surprising, as it is known that a simulta-
neous Th1 and Th17 response can take place in the absence
of significant amounts of IL-12 [16, 28], although this cytokine
plays an important role in induction of IFN-� secretion by lym-
phocytes [52].

CD4� lymphocytes activated by Mtb- or glucan-treated DC
display Th17-associated RORC, IL-23R, IL-22, and IL-17A tran-
scripts, as well as Th1-associated T-bet and IFN-� mRNA, sug-
gesting that Mtb and glucan enable DC to induce the response
of lymphocytes through similar mechanisms, likely involving
dectin-1-dependent cytokine release. A further characterization
of lymphocytes stimulated by Mtb-treated DC evidenced the
presence of T cells selectively producing IL-17 or IFN-� as well
as lymphocytes secreting both of these cytokines. Therefore
Mtb causes a complex activating condition leading to forma-
tion of Th1, Th17, and Th1/Th17 lymphocyte subsets.

In our experiments, we used human CD4� T cells, contain-
ing naı̈ve and memory T cells. Therefore, it remains to be de-
termined whether Th1/Th17 populations obtained by us de-
rive from naı̈ve or memory cell subsets. To clarify this point,
coculture experiments performed with DC and isolated naı̈ve
or memory T cells should be performed. However, as DC pro-
mote IL-17 production exclusively in memory T cells [44, 53],
it is likely that the Th17 and Th1/Th17 populations obtained
by us result from the expansion of memory cells present in the
blood of the donors.

Here, we also report that DC-SIGN or MR engagement leads
to a decreased, Mtb-dependent IL-23, IL-1�, IL-6, and TNF-�
production by DC, whereas MR- or DC-SIGN-blocking antibod-
ies enhanced the Mtb-induced expression of these cytokines.
These effects are probably a result of an interference of MR
and DC-SIGN on dectin-1-associated signals. Experiments per-
formed with soluble receptor agonists, in which simultaneous
addition of glucan and biglycan or ManLAM results in de-
pressed cytokine release, support this hypothesis. Interestingly,
DC incubation with DC-SIGN or MR agonists inhibits the Th17
generation and increases the Th1 response induced by glucan-
or Mtb-treated DC.

To our knowledge, this is the first demonstration that DC-
SIGN and MR engagement interferes with the dectin-1-depen-
dent mechanisms leading to Th17 generation by human DC.
During our investigations, we found that DC-SIGN engage-
ment also inhibits the LPS-dependent cytokine production (re-
sults not shown), suggesting that these receptors could repre-
sent more general inhibitors of proinflammatory cytokine re-
lease [41]. The exact mechanisms by which dectin-1 signaling
pushes the Th17 response, and the simultaneous MR/DC-
SIGN stimulation preferentially drives Th1 generation remain
to be investigated. These changes probably reside in different
patterns/amounts of cytokines and/or different surface mole-
cules expressed by DC upon engagement of these receptors.

The role of Th17 in the immune response to tuberculosis
remains unclear [16]. It is likely that IL-17 is involved in the
control of mycobacteria-induced inflammation, acting on neu-
trophil and mononuclear cell accumulation [23–25, 54–56] as
well as on neutrophil survival [57]. However, it has been
shown that the Th17 pathway could be associated with defec-

tive pathogen clearance, as well as failure to resolve inflamma-
tion and to initiate protective immune responses [58]. More-
over, it has been found that IL-17-producing cells play a mod-
est role in protecting against intracellular mycobacteria [26].
Therefore, Mtb could induce monocyte-derived DC to increase
the IL-17 production by lymphocytes to promote its own sur-
vival and the chronicization of the disease. These effects are a
part of a more complex strategy by which Mtb subverts the
functions of the cells involved in the immune response and
escapes the defensive mechanisms of the host organisms.
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