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IL-17-producing CD4* T cells have been recognized as key players
in organ-related autoimmune disease; however, the parameters
that govern their development are yet to be elucidated fully. By
using both in vivo and in vitro systems, we have investigated the
role of antigen dose, pathogen-associated molecular patterns, and
CD40-CD40 ligand (CD40L) cross-talk in Th17 differentiation. We
found that the strength of antigenic stimulation critically influ-
enced the extent of Th17 differentiation, because high, but not low
or intermediate, antigen concentrations led to IL-17 production.
Strong antigenic stimulation of T cells up-regulated CD40L expres-
sion, which in concert with certain microbial stimuli (i.e., cytosine
phosphate guanine, curdlan, and zymosan) synergistically in-
creased dendritic cell (DC) IL-6 production and Th17 polarization.
CD40-deficient DCs exhibited reduced cytokine release and failed
to drive Th17 development in vitro. These results were confirmed
in vivo where the absence of CD40-CD40L cross-talk was found to
prevent the expansion of IL-17-producing cells and accordingly the
development of experimental autoimmune encephalitis. Our data
demonstrate that CD40-CD40L cross-talk is important for Th17
development by translating strong T cell receptor and microbial
stimuli into IL-6 production.

IL-6 | Th17 cells

L-17-producing CD4" T cells, referred to as Th17 cells, have been

identified as key players in several mouse models of autoimmune
diseases, including experimental autoimmune encephalitis (EAE)
(1-3), collagen-induced arthritis (4), and experimental autoim-
mune myocarditis (5, 6). Moreover, IL-17 production has been
associated with human autoimmune and inflammatory diseases,
including multiple sclerosis, rheumatoid arthritis, inflammatory
bowel diseases, and psoriasis (7-10). Several cytokines have been
implicated in the differentiation of Th17 cells including TGF-8,
IL-6, IL-1, and TNF-« (1, 11-15). IL-23, although not absolutely
required for the differentiation of naive CD4* T cells to Th17, has
been shown to be critical for the expansion and/or survival of
human and mouse Th17 effectors (1-3, 15-17). The Th1l and Th2
prototypic cytokines appear to exert inhibitory effects upon Th17
differentiation, because enhanced Th17 development has been
reported in IFN-vy- and IL-12-deficient mice or upon neutralization
of IL-12, IFN-vy, IFN-o/B, or IL-4 (1, 12, 18, 19). Paradoxically,
Th17 differentiation in vivo is paralleled by development of Thl
cells (1, 12, 20), and in models of EAE effector CD4" T cells have
been shown to produce both IFN-y and IL-17 (21). Thus, it remains
to be clarified exactly how Th1, Th2, and Th17 responses are related
and counter regulated.

Antigen-presenting cells (APCs) have been proposed to be the
main source of cytokines required for Th17 differentiation. Bone
marrow-derived dendritic cells (BMDCs) in mouse and peripheral
blood monocytes in humans have been shown to promote differ-
entiation of naive CD4* T cells toward Th17 upon triggering of
pattern-recognition receptors (PRRs) by the corresponding patho-
gen-associated molecular patterns (PAMPs). The nature of the
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stimuli required for Th17 development is still debated and might
vary according to the type of APCs and consequently their partic-
ular PRR expression profile. Indeed, mouse BMDCs have been
reported to induce Th17 polarization on stimulation by the Toll-like
receptor (TLR)-4 agonist LPS (14) or by the dectin-1-agonist
curdlan (22), whereas human monocytes can promote Th17 differ-
entiation upon exposure to LPS or to the TLR2 agonist peptidogly-
can (PG) (11, 16). In addition, Th17 development in vivo has been
shown to occur after immunization with complete Freund’s adju-
vant (CFA) or zymosan, a fungal cell wall component, as adju-
vants (20).

It is well recognized that the strength of signal provided by
antigen dose and costimulatory molecule expression can regulate
the differentiation of Th1 and Th2 cells. Specifically, high antigen
doses have been shown to promote Thl polarization, whereas low
antigen doses favor Th2 differentiation (23-25). Similarly, cross-
talk between CD40 on dendritic cells (DCs) and CD40 ligand
(CD40L) on T cells has been reported to influence Th1l and Th2
polarization and is known to be a crucial factor in the pathogenesis
of several autoimmunity models, including EAE, collagen-induced
arthritis, and experimental autoimmune myocarditis (26-30). No-
tably, the relevance of antigen dose and CD40—CD40L signaling in
Th17 differentiation has yet to be addressed.

We have examined the role played by several parameters, in-
cluding antigen dose and the effects of PRR and CD40 ligation on
DC, in Th17 differentiation in vitro and in vivo. We found that the
strength of antigenic stimulation critically influences Th17 devel-
opment by modulating CD40—CD40L interactions. Upon exposure
to high antigen doses, T cells markedly up-regulated CD40L, thus
providing efficient costimulation to antigen-presenting DCs for
their release of inflammatory cytokines. Simultaneous PRR stim-
ulation of DCs further supported Th17 differentiation by synergis-
tically enhancing the release of IL-6. CD40-CDA40L cross-talk
played a central role in translating the strength of signal provided
by high antigen dose into a cytokine environment that promoted
Th17 development, because the absence of CD40 impaired Th17
differentiation in vitro and in vivo. Our data show that optimal
CD40-CDA40L interaction, favored by high antigen concentrations,
is central to the development of Th17 responses.

Results

High Antigen Concentrations Promote Th17 Differentiation in the
Absence of Exogenous Cytokines. It is well established that
supplementing T cell cultures with TGF-B and IL-6 leads to the

Author contributions: G.1., I.S., N.S., and M.K. designed research; G.., |.S., F.A., and B.J.M.
performed research; G.I., I.S., and M.K. analyzed data; and G.1., B.J.M., and M.K. wrote the
paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

To whom correspondence may be addressed. E-mail: giezzi@uhbs.ch or
manfred.kopf@ethz.ch.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0810769106/DCSupplemental.

© 2009 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0810769106


http://www.pnas.org/cgi/content/full/0810769106/DCSupplemental
http://www.pnas.org/cgi/content/full/0810769106/DCSupplemental

Lo L

P

2N

=]
(=]

A 2 M IFN-g B so C 300 e TCR
o 60 60 A CD40L
g = 200
g 40 40 S o0
2 20 20
o
R 0

0= T T T T
10° 10" 102 10° 104
9pe1-g0 (NM)

0
100 10" 102 10° 10%
9ps1-80 (NM)

100 101 102 10° 10
9pPe1-go0 (NM)

D A 104 102 10 nM gps1.a0
0.41 0.2 0.23 0.12
3
(0]
o
C
3
~

2 —
= ()
L
=
x
n
»

>

IFN-y

Fig. 1. Cytokine-driven Th17 differentiation requires strong TCR engagement. Naive TCR transgenic CD4* T cells specific for the LCMV glycoprotein gpgi-so
from Smarta-2 mice were cultured with spleen-derived DCs in the presence of the indicated antigen doses in the absence of exogenous cytokines (A and D Top)
or in the presence of TGF-g (5 ng/ml) and rIL-6 (20 ng/ml) (B and D Bottom). After 5 d, cytokine production by expanded T cells was assessed by intracellular
cytokine staining after PMA/ionomycin restimulation. Shown are the percentages of IFN-y-, IL-4-, or IL-17-producing CD4* T cells (A and B) and the expression
levels (mean fluorescence intensity, M.F.1.) of TCR and CD40L assessed by flow cytometry after 5 and 20 h of culture, respectively (C). SD <2 for all points depicted.

(D) Dot plot of IL-17* and IFN-y* CD4 T cells cultured at the indicated antigen concentrations in the absence or presence of TGF-8 and IL-6.

differentiation of Th17 cells, but the role of antigen concentration
has not been investigated. To address this issue specifically, we
cultured naive CD4* T cells specific for the lymphocytic chorio-
meningitis virus (LCMYV) glycoprotein gpesi—go from Smarta-2 T cell
receptor (TCR) transgenic mice (31) with spleen-derived DCs and
titrated concentrations of the specific peptide in the absence or
presence of TGF-B and IL-6. The extent of T cell proliferation, as
evaluated by carboxyfluorescein succinimidyl ester (CFSE) dilu-
tion, was proportional to the antigen doses, and it was comparable
between cultures performed in the absence or presence of exoge-
nous cytokines (supporting information (SI) Fig. S1). After 5 days
of culture, T cell cytokine production was evaluated. At low antigen
doses T cells differentiated primarily toward IL-4-secreting Th2
cells, whereas at high antigen doses Th1 differentiation was dom-
inant, as reported (25, 32). Notably, at the highest concentration of
peptide tested (i.e., 10 uM), IL-17-producing cells developed even
in the absence of exogenous polarizing cytokines (Fig. 1 A and D).
As expected, the addition of TGF-B8 and IL-6 to the cultures
suppressed Th1l and Th2 polarization and induced Th17 develop-
ment (Fig. 1 B and D). The extent of Th17 polarization increased
proportionally with the antigen dose (up to 66 = 0.2% of cells at 10
uM antigen) and could be improved further by the addition of
anti-IFN-v-, anti-IL-4-, and IL-12-neutralizing antibodies (data not
shown). Phenotypic analysis of stimulated CD4* T cells revealed
TCR down-regulation (up to 60% of basal level) and CD40L
up-regulation occurring at high antigen doses as a consequence of
strong TCR engagement (Fig. 1C). Thus, the acquisition of a Th17
phenotype in vitro is favored by strong antigenic stimulation.

High Antigen Concentrations and the Presence of Pathogen-Associ-
ated Molecular Patterns Synergistically Enhance Th17 Polarization.
Certain microbial products have been shown to induce Th17
polarization in cultures of CD4* T cells and mouse BMDCs or
human peripheral blood monocytes. We sought to investigate the
role of various PAMPs on primary splenic DC in the differentiation
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of naive T cells to the Th17 subset by using TCR transgenic T cells
and specific antigens. Exposure of splenic DCs to the TLR9 agonist
cytosine phosphate guanine (CpG), and to the dectin-1 ligands
zymosan and curdlan induced development of IL-17-producing
CD4™ T cells (Fig. 24). In contrast, stimulation of DC by the TLR4
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Fig. 2. Th17 differentiation is induced synergistically by high antigen doses
and stimulation of primary DC with certain microbial stimuli. (A) Naive trans-
genic Smarta-2 CD4" T cells were cultured with spleen-derived DCs in the
presence of gpg1-go peptide (1 uM) and the microbial stimuli CpG (1000 or 100
nM), imiquimod (IQ, 5 or 1 ug/ml), LPS (100 or 10 ng/ml), polyl:C (pIC, 5 or 1
ng/ml), LTA (5 or 1 uwg/ml), PG (10 or 2 ug/ml), zymosan (Zym, 300 or 100 ng/ml),
and curdlan (Cdl, 500 or 100 ug/ml). (B-D) Naive transgenic Smarta-2 CD4* T
cells were cultured with spleen-derived DCs in the presence of the indicated
doses of antigen and CpG (B), curdlan (C) or zymosan (D). After 5 d, IL-17
production by expanded T cells was assessed by intracellular cytokine staining
after PMA/ionomycin restimulation. *, P < 0.05, compared with culture with-
out microbial stimuli.
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Fig.3. CD40 ligation on DCs boosts PRR-induced cytokine production. (A-C)
Spleen-derived DCs were incubated with the indicated doses of CpG, curdlan,
or zymosan in the absence or presence of 2 or 10 ug/ml of anti-CD40 antibody.
After 20 h, surface molecule expression was analyzed by flow cytometry (mean
fluorescence intensity, M.F.l.) (A), and the cytokine content in supernatants
was determined by ELISA (B and (). *, P < 0.05 compared with cultures in the
absence of anti-CD40 antibodies. (D) Spleen-derived DCs were incubated with
CpG (100 nM), curdlan (500 pg/ml), or zymosan (300 ug/ml) in the presence of
naive Smarta-2 CD4" T cells (DC:T cells = 1:5) and the indicated antigen doses.
After 20 h the cytokine content in supernatants was determined by ELISA. *,
P < 0.05.

agonist LPS, the TLR7 agonist imiquimod, the TLR3 agonist
polyinosinic-polycytidylic acid sodium salt (polyl:C), or by the
TLR2 agonists lipoteichoic acid (LTA) and PG failed to drive Th17
differentiation (Fig. 2A4).

The effect of the antigen dose on DC-mediated Th17 polariza-
tion then was evaluated. Naive CD4* T cells and DCs were cultured
in the presence of titrated doses of antigen and of CpG, curdlan, or
zymosan. The extent of Th17 differentiation increased in parallel
with the antigen concentration and was further promoted at high
doses of PAMPs (Fig. 2B-D). These data indicate that optimal
Th17 differentiation is favored by both strong TCR stimulation on
T cells and PRR ligation on antigen-presenting DCs.

CD40 Ligation on DCs Boosts Pattern-Recognition Receptor-Induced
Cytokine Production. The capacity of microbial stimuli to enable
DCs to promote Th17 differentiation may rely on their ability to
trigger DC maturation and cytokine production. Therefore, we
analyzed in detail the effects of CpG, curdlan, and zymosan on
spleen DC phenotype and cytokine secretion. All stimuli induced
a dose-dependent up-regulation of the expression of costimulatory
molecules including CD40, CD86, CD80, and, to a lesser extent,
MHC class II (Fig. 34 and data not shown). CpG-stimulated DC
released IL-12p35 (up to 360 *+ 30 pg/ml) and high amounts of IL-6
(up to 12.8 = 4 ng/ml) (Fig. 3 B and C), whereas curdlan- and
zymosan-stimulated DCs produced low levels of IL-6 (up to 1.1 =
0.03 and 2.9 = 0.06 ng/ml, respectively) and negligible amounts of
IL-12p35 (Fig. 2 B and C). The addition of agonistic anti-CD40
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antibodies markedly amplified the level of cytokine production (up
to 5-fold increase of IL-6 production upon all stimulatory condi-
tions and up to 7-fold increase of IL-12p35 production upon CpG
stimulation), indicating that CD40- and PRR-mediated signals
synergize in boosting cytokine release by DCs. All of the stimuli also
induced secretion of high amounts IL-12p40 (430 = 70 ng/m upon
CpG, 85 = 8 on curdlan, and 54 = 3 ng/ml on zymosan stimulation),
which were increased further ~5-fold after the addition of anti-
CDA40 antibodies. In contrast, no significant IL-23, TNF-«, or IL-13
production was detected under any of the stimulatory conditions,
irrespective of the presence or absence of anti-CD40 antibodies
(data not shown). Microbial stimuli that poorly induced Th17
differentiation, such as LPS, PG, polyl:C, imiquimod, and LTA,
induced IL-12p35 release by DCs to various extents but failed to
trigger IL-6 production in high amounts (Fig. S2).

Under physiological conditions, activated T cells express CD40L
that acts to promote DC maturation through CD40 stimulation.
Because CD40L was markedly up-regulated on CD4* T cells after
stimulation with high (but not with low) antigen doses (Fig. 1C), we
tested the ability of CD4* T cells to influence cytokine production
by PRR-activated DCs. Antigen-exposed CD4* T cells enhanced
the extent of PRR-induced DC cytokine production proportionally
to the strength of antigenic stimulation. The CD40-CD40L stim-
ulatory pathway was central to this phenomenon, because CD40-
deficient (CD40~/~) DCs exhibited only a marginal increase of
cytokine production (Fig. 3D). Taken together, these data indicated
that by inducing CD40L expression on T cells, strong antigenic
stimulation synergistically enhances cytokine production by PRR-
activated DCs.

CD40-CD40L Interaction Is Critical for Th17 Differentiation in Vitro
and in Vivo. We next evaluated whether this CD40-CD40L-
mediated DC activation influenced Th17 differentiation. Naive
transgenic CD4" T cells were primed at high antigen concentration
by WT or CD40~/~ DCs, in the presence of exogenous IL-6 or
different Th17-promoting PAMPs, and cytokine production was
determined after 5 d of culture. In the presence of TGF-g and IL-6,
WT and CD40~/~ DCs led to the expansion of comparable
proportions of IL-17-producing CD4* T cells. In contrast, upon
CpG stimulation CD40~/~ DCs exhibited an impaired capacity to
drive development of Thl7, but not Thl, cells (Fig. 44). The
addition of exogenous IL-6 to the culture completely restored the
Th17-polarizing capacity of CpG-stimulated CD40~/~ DCs (Fig. 4
A and B). Similar results were obtained by using curdlan and
zymosan for DC stimulation, although in the latter case exogenous
IL-6 only partially restored Th17 polarization in cultures with
CD40~/~ DC (Fig. 4B). These results clearly indicate that simul-
taneous PRR and CD40 engagement on antigen-presenting DCs is
required for optimal secretion of IL-6 and the promotion of Th17
development.

We next assessed the role of the CD40—CD40L pathway in Th17
development in vivo. Naive WT or CD40~/~ mice were immunized
s.c. with different doses of gpei-so peptide in CFA, and Th1/Th17
development was monitored ex vivo by intracellular cytokine
staining of draining lymph node cells. Upon immunization with low
antigen doses, CD40~/~ mice showed reduced development of both
Th1 and Th17 cells. Immunization with higher antigen concentra-
tions, however, led to expansion of comparable fractions of Thl
cells in WT and CD40~/~ mice but did not rescue Th17 differen-
tiation (Fig. 4C).

Similar results were obtained when antigen was administered
together with zymosan as adjuvant (Fig. S3). Thus, in vivo devel-
opment of Th17 critically depends on CD40-CD40L cross-talk.

CD40-CD40L Interaction Is Required for the Development of Enceph-
alitogenic Th17 Cells During Experimental Autoimmune Encephalitis.
Given the central role of Th17 cells in autoimmunity, we investi-
gated the function of CD40-CDA40L cross-talk in Th17 differenti-
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Fig.4. CD40-CD40L interaction is required for efficient Th17 differentiation
in vitro and in vivo. (A) Naive transgenic Smarta-2 CD4* T cells were incubated
with WT or CD40~/~ spleen-derived DCs and 1 uM antigen in the presence of
TGF-gB and IL-6, CpG (1000 nM), or CpG (1000 nM) and IL-6. After 5 d, cytokine
production by expanded T cells was assessed by intracellular staining after
PMA/ionomycin restimulation. (B) Smarta-2 CD4* T cells were incubated with
WT or CD40~/~ spleen-derived DCs in the presence of 1 uM antigen and the
indicated doses of CpG, curdlan, or zymosan in the absence (Top) or presence
(Bottom) of rIL-6. After 5 d cytokine content in supernatants, following
antigenic stimulation of expanded T cells, was determined by ELISA. (C)
C57BL/6 WT or CD40~/~ mice were immunized s.c. with the indicated doses of
Jgpe1-so peptide in CFA and boosted after 7 d. Six days after the boost, draining
lymph node cells were restimulated in vitro with 1 uM of gpe1-so peptide, and
cytokine production by CD4* T cells was assessed by intracellular cytokine
staining.

ation in a model of EAE. Naive WT and CD40~/~ mice were
immunized s.c. with myelin oligodendrocyte glycoprotein (MOG
35-s5) peptide in CFA and monitored for the appearance of clinical
signs of EAE up to day 20 after immunization. Starting from day
11, WT mice developed progressive disease, whereas CD40~/~
mice were completely protected (Fig. 54), as reported (33). In WT
mice analysis of CNS-infiltrating cells revealed a considerable
infiltration of CD4" T cells (up to 32 * 9% of total cells), which
included significant fractions of IL-17- or IFN-y-producing cells
and of Foxp3* cells. In contrast, CNS of CD40~/~ mice contained
few CD4™ cells (up to 3.5 = 1%) that were neither effector nor
regulatory cells (Fig. 5 B and C). Interestingly, upon in vitro
restimulation with MOGgss_ss, spleen-derived T cells from CD40~/~
mice exhibited only a slightly decreased proliferative response
compared with cells from WT mice (Fig. 5SD), indicating that T cell
priming had occurred in the absence of CD40 ligation. However,
when cytokine production was assessed, cells from WT mice
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released substantial amounts of IL-17 and IFN-v, consistent with
the expected development of MOG-specific Th17 and Th1 cells,
respectively. In contrast, although IFN-vy secretion was detected
in 3 of 6 CD40~/~ mice, IL-17 production was not detectable
(Fig. 5 E and F). Thus, CD40 is critical for the development of
pathogenic Th17 cells in vivo.

CD40-CD40L Signaling Is Dispensable for Development of Protective
Th1 Response to Listeria monocytogenes. To assess further the
relative contribution of CD40—CD40L signaling to Th17 and Th1
development in vivo, we investigated Th1 and Th17 differentiation
on infection with an intracellular pathogen, such as Listeria mono-
cytogenes. Infection of WT mice resulted in predominant generation
of IFN-y-producing CD4 T cells and a low frequency of IL-17-
producing CD4 T cells (Fig. S4). CD40~/~ mice showed normal Th1
responses on restimulation with either heat-killed Listeria or phor-
bol myristate acetate (PMA)/ionomycin, whereas frequencies of
specific Th17 cells were severely compromised. Thus, CD40 ap-
pears to be more important for the generation of Th17 cells than
of Thl cells.

CD40-CD40L Interaction Is Not Required for Th17 Differentiation of
Gut Lamina Propria Lymphocytes. Gut lamina propria lymphocytes
(LPL) contain a fraction of IL-17-producing CD4* T cells devel-
oping under steady-state conditions (21). We assessed LPL cyto-
kine production in WT and CD40~/~ mice. Percentages of IL-17"
cells were not significantly decreased in CD40~/~ compared with
WT mice (Fig. S54). Similarly, no major differences were observed
in percentages of Foxp3* CD4* T cells (Fig. S5B). Thus, CD40
signaling does not appear to be required for steady-state levels of
Th17 cells in LPL.

Discussion

A number of studies have begun to unravel the nature of the stimuli
governing Th17 differentiation. Although it is clear that cytokines,
in particular IL-6 and TGF-p, drive the differentiation of Th17 cells
(1, 12, 14), the signals that culminate in their production have yet
to be elucidated fully. By using an antigen-specific system, we show
that Th17 differentiation requires a strong antigenic stimulation
that by up-regulating CD40L expression on T cells results in
increased DC activation and the production of IL-6. This TCR-
driven signal together with PRR-ligation on DCs acts to enhance
the development of Th17 responses.

Antigen dose emerged from our study as a key parameter in the
differentiation of Th17 cells; specifically, the proportion of Th17
cells increased relative to the increase in the concentration of
antigen. In a number of systems, low concentrations of antigen have
been shown to favor Th2 differentiation, whereas high concentra-
tions favor Th1 (23-25). Now, Th17 differentiation can be included
in this scheme, seeming to develop under the strongest inflamma-
tory conditions. Many levels of redundancy support Th1l and CTL
activation (34, 35), which may be a distinguishing characteristic
between such responses and Th17 responses. Th17 cells do not seem
to have the luxury of such redundancies, requiring the collective
signals of strong antigen stimulation and full DC maturation
through PRR agonists and CD40-CD40L cross-talk.

The influence exerted by different degrees of CD40—-CD40L
ligation on Thl and Th2 polarization has been described by our
group (25). Here, we show that the extent of CD40 ligation on
antigen-presenting DCs also modulates the balance between Thl
and Th17 polarization. T cells activated in the presence of high
antigen dose delivered strong CD40-mediated costimulation to
DCs that led to the release of high amounts of IL-6 and the
differentiation of Th17 cells. Such results also were validated in
vivo. We demonstrated that CD40-deficient mice showed impaired
Th17 but not Thl development in response to immunization with
high-dose antigen, whereas both Thl and Thl7 responses were
affected by immunization with lower antigen doses (Fig. 4C and
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concentrations measured by ELISA.

Fig. S3). Moreover, Th17 but not Th1 differentiation was reduced
in CD40-deficient mice infected with Listeria monocytogenes (Fig.
S4). CD40-deficient mice were protected from MOG-induced
EAE, which was associated with absence of Thl17, Thl, and
regulatory T cells in the CNS. Interestingly, proliferation of MOG-
specific CD4 T cells appeared to be normal in the spleen of
CD40-deficient mice, but IL-17 production was abolished, and
IFN-vy production was partially reduced. In contrast, the frequency
of Th17 cells in gut LPL was normal in CD40~/~ mice (Fig. S5). The
requirements for development of inflammatory Th17 cells upon
immunization or infection versus steady-state Th17 cells in LPL has
not been clarified, although both have been shown to require IL-6
(21). Itis possible that enterocytes or other cells in gut produce IL-6
independent of CD40 (36), in contrast to DC in lymph nodes and
spleen.

In our study, the ability of the different stimuli to drive Th17
polarization was correlated with their capacity to trigger cytokine
production by DCs. In particular, IL-6 secretion seemed to be a
major determinant of Th17 polarization, consistent with previous
reports (1, 12, 14). Indeed, PAMPs such as LPS, PG, polyl:C,
imiquimod, and LTA, which poorly induced IL-6 release by DCs,
also failed to promote Th17 differentiation (Fig. 24 and Fig. S2).
Moreover, Th17 polarization was abrogated completely when IL-
6-deficient DCs were used as APCs (data not shown). Furthermore,
the inability of CD40~/~ DCs to promote Th17 development could
be overcome by the addition of exogenous IL-6 to cultures (Fig. 4
A and B). Notably, upon T cell priming by zymosan-exposed
CD40~/~ DCs, Th17 expansion was rescued only partially by
exogenous IL-6 (Fig. 4B), suggesting that in these stimulatory
conditions cytokines other than IL-6 might support the differenti-
ation and/or the expansion of IL-17-producing effectors. IL-23, in
particular, has been shown to be critical for survival and/or expan-
sion of mouse and human Th17 cells (1, 14-17). We could not
detect significant IL-23 production in any of the conditions tested,
and Th17 development was decreased marginally (< 10%) by using
IL-23p19-deficient DC (data not shown), suggesting a minor role
for IL-23 in the early phases of Th17 development. Furthermore,
spleen DCs also failed to release detectable amounts of TNF-« and
IL-1p on stimulation with the PRR agonists used in our study (data
not shown). When BMDCs were tested in parallel, significant
TNF-a production in response to zymosan and curdlan (up to 7 =
0.5 and 8 = 2 ng/ml, respectively) and IL-1p secretion on exposure
to zymosan (up to 20 = 3 ng/ml) was observed (data not shown).
Thus, depending on the type of APCs used, identical stimuli may
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mediate the release of distinct types of inflammatory cytokines and
contribute differentially to Th17 polarization. Different APC pop-
ulations, including mouse BMDCs, human monocytes, and mono-
cyte-derived DCs, have been shown to drive the expansion of Th17
cells in response to distinct types of PRR agonists. We have
analyzed the ability of spleen-derived DCs to drive Th17 differen-
tiation of naive T cells, in response to a panel of PRR agonists. The
TLR9 agonist CpG and the dectin-1 ligands zymosan and curdlan
proved the most effective stimuli, in line with data recently reported
for mouse BMDC:s (22). In contrast, LPS, which has been shown to
promote Th17 development on stimulation of BMDCs (14), was
marginally effective on spleen DCs (Fig. 24); however, this result
is not unexpected, given that splenic DCs are known to be less
responsive than BMDCs to TLR4 triggering (37).

Taken together, our data demonstrate that high antigen concen-
trations synergize with PRR-mediated activation of DC to drive
differentiation of IL-17-producing CD4" T cells by fostering
CD40-CDA40L cross-talk.

Materials and Methods

Mice. C57BL/6 mice were obtained from Charles River Laboratories, Germany.
Smarta-2 transgenic mice, encoding a transgenic TCR specific for LCMV glycop-
rotein gps1-so peptide (31) and CD40~/~ mice (38) have been described and were
kindly provided by Dr. M. Bachmann (Cytos Biotechnology AG). All mice were
bred and maintained under specific pathogen-free conditions in our animal
colony (BioSupport, Schlieren, Switzerland). Mice used in experiments were
between 8 and 10 weeks old. All experiments were performed with permission
from the Zurich Animal Ethics Committee.

Reagents. Human recombinant TGF- type | was purchased from Sigma-Aldrich.
Human recombinant IL-6 (cross-reacting with mouse species) was kindly provided
by Dr. L. Aarden (University of Amsterdam). Phosphorothioate CpG (TCCAT-
GACGTTCCTGATGCT) was synthesized by Microsynth AG. LPS from Escherichia
coli (0111:B4), zymosan A from Saccharomyces cerevisiae, and curdlan from
Alcaligenes faecalis were purchased from Sigma-Aldrich. Polyl:C, imiquimod
(R837), LTA, and peptidoglycan from Streptococcus aureus were obtained from
InvivoGen. Gpgi-go peptide (GLNGPDIYKGVYQFKSVEFD) was purchased from
NeoMPS and MOGss ss peptide (MEVGWYRSPFSRVVHLYRNGK) from Anawa
Trading SA. Pertussin toxin was obtained from List Biological Laboratories Inc.

DC Stimulation and T Cell Differentiation in Vitro. Spleens from WT and CD40~/~
mice were incubated with collagenase-D (Worthington). CD11c* DCs from cell
suspensions were positively selected by sorting with anti-CD11c antibody-
conjugated magnetic beads (Miltenyi Biotec). Naive transgenic CD4* T cells were
isolated from spleens of Smarta-2 mice upon sorting with anti-CD4 antibody-
conjugated magnetic beads (Miltenyi Biotec) and in some experiments were
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labeled with 2 M CFSE (Molecular Probes) before stimulation. DCs were cultured
in the presence of different PRR ligands, alone or in the presence of purified
Smarta-2 CD4" T cells (ratio 1:5) and different doses of gpsi-go. DC cytokine
production and cell surface molecules were measured by ELISA and flow cytom-
etry, respectively, after 20 h of incubation. TCR and CD40L expression on T cells
was evaluated by flow cytometry after 5 h and 20 h, respectively. T cell cytokine
production was assessed after 5 d of culture by intracellular cytokine staining
after PMA stimulation or by measuring cytokine contents in supernatants by
ELISA 24 h after restimulation with 1 uM antigen.

Analysis of Surface Marker Expression and Intracellular Cytokine Detection. DCs
were stained with allophycocyanin-conjugated anti-CD11c antibody and FITC-
conjugated anti-CD40, CD80, CD86, and I-AP antibodies. T cells were stained with
allophycocyanin-conjugated anti-CD4 antibody and FITC-conjugated anti-
TCRva2 or phycoerythrin (PE)-conjugated anti-CD40L antibodies. For intracellular
cytokine detection, T cells were incubated with PMA (10-7 M), ionomycin (1
prg/ml), and monensin (3 pM) for 4 h, then fixed, permeabilized, and stained by
FITC-anti-IFN-vy, PE-anti-IL-4, and allophycocyanin-anti-IL-17 antibodies. All anti-
bodies were purchased from eBioscience.

Cytokine Detection by ELISA. IL-12p35, IL-12p40, IL-6, TNFq, IL-13, and IL-23p19
contents in supernatants from DC cultures and IFN-y and IL-17 contents in
supernatants from T cell cultures were measured by sandwich ELISA. All antibod-
ies used were from eBioscience.

T-Cell Differentiation in Vivo. WT or CD40~/~ mice were immunized s.c. and 7
days later were boosted with the indicated doses of gpgi1-go in CFA or in incom-
plete Freund’s adjuvant plus 500 pg of zymosan. Seven days after the boosting,
cells from draining lymph nodes were collected and restimulated in vitro with 1
M of the specificantigen. After 24 h, cytokine contents in the supernatants were
determined by ELISA.
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Induction and Assessment of Experimental Autoimmune Encephalitis. WT or
CD40~/~ mice were immunized s.c. with 150 ug of MOG 35_s5 peptide in CFA and
400 ng of pertussis toxin. Starting from day 8, mice were monitored daily for the
appearance of clinical signs of disease. The following clinical score was used: 0, no
detectable signs of EAE; 0.5, distal limp tail paralysis; 1.0, complete limp tail
paralysis; 1.5, limp tail and hind limb weakness; 2.0, unilateral partial hind limb
paralysis; 2.5, bilateral partial hind limb paralysis; 3.5, complete hind limb paral-
ysis and unilateral front limb paralysis; 4.0, total paralysis of fore and hindlimbs;
5.0, death. Mice were killed 20 d after immunization. CNS-infiltrating lympho-
cytes were isolated as described in ref. 39, and frequencies of CD4" and Foxp3™*
cells were determined by staining with specific antibodies (Ebioscience). The
frequency of CD4* cells expressing IL-17 and IFN-y was assessed by intracellular
staining after 4 h of PMA/ionomycin stimulation. Splenocytes were restimulated
with titrated doses of MOG 35_s5 peptide. After 48 h, cell proliferation was
measured by 3H-thymidine incorporation, and cytokine contents in supernatants
were assessed by ELISA.

Listeriamonocytogenes Infection. WT and CD40~/~ mice (n = 4) were infected i.v.
with 1000 cfu of Listeria monocytogenes (strain 10403 S). After 7 d, spleen CD4*
T cells were restimulated with heat-killed Listeria or PMA/ionomycin. After 5 h,
frequencies of IFN-y*™ or IL-17+ CD4™" cells were determined by intracellular
cytokine staining.

Analysis of Lamina Propria Lymphocytes. LPL were isolated from WT and
CD40~/~ mice as described in ref. 21. Cells were evaluated for Foxp3 expression
and assessed for cytokine production on PMA/ionomycin restimulation.
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