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Abstract

This study tested the hypothesis that activation of B2-adrenoceptors on DCs influences NOD2
signaling along with its cross-talk with Toll-like receptor-2 resulting in altered Th cell priming
ability. Th17 cells are a newly discovered lineage of CD4* T cells involved in defense against
extracellular bacteria and also implicated in autoimmune disorders. Initiation and polarization of
the adaptive immune response is controlled by innate immune recognition mediated by DCs.
Previous studies demonstrated that adrenergic receptors modulate cytokine production by DCs and
affect their Th cell priming ability. We show that the p2-adrenoceptor agonist salbutamol
enhanced IL-6 production in murine bone marrow-derived DCs stimulated with the nucleotide-
binding oligomerization domain 2 ligand muramyl dipeptide. However, when the Toll-like
receptor-2 ligand Pam3CysSK4 was added, salbutamol inhibited I1L-12 but did not alter IL-6 and
IL-23 expression. Gene expression analysis showed that salbutamol inhibited the p40 subunit as
well as IL-12p35, while 1L-23p19 and I1L-6 were stimulated. Therefore, f2-adrenoceptors
modulated cytokine production resulting in a Th17 cell priming cytokine pattern. Indeed, when
antigen-pulsed DCs stimulated by muramy! dipeptide or Pam3CysSK4+muramyl dipeptide in the
presence of salbutamol were used for in vivo immunization, the resulting Th17/Th1 cell ratio was
increased as evaluated by IL-17 and IFN-y production. In addition, intradermal injection of
norepinephrine along with Pam3CysSK4+muramy! dipeptide increased the Th17 response to an
immunogenic protein and this effect was reversed by a p2-adrenoceptor antagonist. Thus, p2-
adrenoceptors may be involved in the regulation of defense against extracellular bacteria and the
pathogenesis of inflammatory diseases.
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1. Introduction

Dendritic cells (DCs) are professional antigen presenting cells (APCs) involved in the
initiation and polarization of the adaptive immune response. The priming of Th cell subsets
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is orchestrated by cytokines produced by DCs that sense pathogen-associated molecular
patterns (PAMPs) and local microenvironmental factors. Th17 cells are a recently
discovered lineage of effector CD4* T cells characterized by the production of IL-17, IL-21
and IL-22 [1]. Th17 cells provide defense against extracellular bacteria but are also
implicated in autoimmune disorders. In mice, the development of a Th17 immune response
depends on the presence of the proinflammatory cytokines IL-6 and TGF-B1 and is
suppressed by the Thil-type cytokines IFN-y and I1L-12 and by the Th2-type cytokine IL-4
[2]. Furthermore, 1L-23 was shown to be important for Th17 expansion [3]. Previous studies
have demonstrated that adrenergic receptors may modulate cytokine production in DCs and
affect their Th cell priming ability [4]. In particular, activation of 2-adrenergic receptors
(B2-ARs) in DCs stimulated by Toll-like receptor (TLR) agonists hampered IL-12 and
stimulated IL-10 production resulting in reduced migration and Th1 priming [5, 6]. More
recently, we demonstrated that 3-ARs in mouse skin may modulate the innate and adaptive
immune response to certain, but not all, PAMPs suggesting that the physiological role of the
skin adrenergic system might be that of limiting the immune response to specific pathogens
[7]. We observed that inhibition of B-ARs in the skin increased the inflammatory cytokine
response to peptidoglycan (PGN). When a protein antigen was injected after PGN
administration and B-AR blockade, the consequent adaptive memory response was shifted
toward the Th1l-type. This was validated by increased interferon-y (IFN-y) production in cell
suspensions from draining lymph nodes and by the delayed-type hypersensitivity response to
a protein antigen [7]. However, the increased production of IFN-y was not associated with a
corresponding decrease of the Th2 cytokine IL-4, indicating that the Th1 shift did not
depend on polarization of naive Th cells toward the Th2-type. As IFN-y may suppress Th17
cell formation [2], we hypothesized that the increased Th1 priming observed after B-ARs
blocking was at the expense of Th17 cells. In our murine model, B-ARs in the skin could
influence the response to the TLR-2 agonist PGN but not to the TLR-4 agonist
lipopolysaccharide (LPS). Unlike LPS that signals only via TLR-4 [8], there are numerous
PGN recognition molecules that are distinct from TLR2. These include CD14, the
nucleotide oligomerization domain (NOD)-containing proteins, a family of peptidoglycan
recognition proteins and PGN-Ilytic enzymes [9]. NOD?2 is a cytosolic receptor, which
induces innate immune responses by recognizing the PGN derivative muramyl dipeptide
(MDP). It has been observed that TLR-2 and NOD?2 co-stimulation was associated with a
dose-dependent inhibition of IL-12 expression and stimulation of IL-6 and I1L-10 resulting in
negative regulation of the TLR-2-mediated Th1 response [10]. Moreover, it has been
recently shown that NOD?2 is involved in human Th17 differentiation [11].

In the present study, we investigated whether B-AR activation could influence NOD2
signaling along with its cross-talk with TLR-2 and the resulting Th cell priming ability by
murine DCs. We found that the B2-AR agonist salbutamol modulates cytokine production in
DCs stimulated with MDP or simultaneously by both TLR-2 and NOD2 ligands, resulting in
a cytokine pattern suggestive for Th17 priming. Indeed, in mice immunized with antigen-
pulsed DCs stimulated by MDP or by the TLR-2 ligand Pam3CysSK4 (PAM)+MDP in the
presence of salbutamol, the resulting IL-17/IFN-y production ratio was increased. These
results were confirmed by the examination of cytokine production ratios by draining lymph
node cells after direct injection in mice of the B-AR agonist norepinephrine (NE) along with
PAM+MDP. Thus, B2-ARs represent an important mechanism by which the adaptive
immune response to certain pathogens is regulated. Remarkably, p2-ARs might be involved
in the defense against extracellular bacteria and in the pathogenesis of inflammatory
diseases by modulating Th17 polarization.
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2. Materials and Methods

2.1 Mice

C57BL/6 inbred mice were purchased from Harlan, Udine, Italy. All the mice used in these
experiments were female, 2—-3 months old and were maintained under a standard 12 hours
photoperiod, at 21 + 1 °C, with food and water ad libitum. All the experiments performed
were authorized by the local veterinary committee.

2.2 Bone marrow-derived DCs

Bone marrow cells from C57BL/6 mice were cultured in 10 cm petri dishes at a
concentration of 2.5x10° cells/10 ml at 37°C, 5% CO, in complete medium: RPMI 1640
(Gibco, Karlsruhe, Germany) containing 25 mM HEPES (Bioconcept, Allschwil,
Switzerland), 10% FCS (Bioconcept), 2 mM L-glutamine (Bioconcept), 50 uM 2-
mercaptoethanol (Bioconcept), 100 U/ml Penicillin (Bioconcept), 100 pg/ml streptomycin
(Bioconcept) and 20 ng/ml granulocyte/macrophage-colony—stimulating factor (GM-CSF,
ReliaTech Gmbh, Braunschweig, Germany). At day 2, 10 ml of fresh medium was added to
each plate. At days 4 and 7, half of the culture medium was replaced with fresh medium. At
day 9 cells were collected and selected by CD11c positivity using magnetic microbeads in a
magnetic cell sorting system (Miltenyi Biotech, Bergisch Gladbach, Germany). The purity
of CD11c* cells obtained was routinely >95% as assessed by flow cytometry.

2.3 In vitro experiments

24 ELISA

DCs were incubated at 108 cells/ml in complete medium and stimulated by either 2 pg/ml
MDP (NeoMPS, Strasbourg, France), 10 ug/ml PAM (N-palmitoyl-2-(2,3-bis
(palmitoyloxy)-(2R, S)-propyl)-(R)-cysteinyl-seryl-(lysyl)3-lysine, EMC microcollections
Gmbh, Tuebingen, Germany) or a combination of PAM+MDP. In some wells 1 uM
salbutamol (Fluka, Buchs, Switzerland), a specific p2-adrenergic receptor agonist, was
added. Cells were collected 3 hours later for gene expression analysis, and supernatants 6
hours later for cytokine protein quantification by ELISA.

To quantitate protein production in culture supernatants, I1L-6, 1L-12, IL-17, IL-23 and IFN-
v Ready-Set-Go! Kits (eBioscience, San Diego, CA, USA) were used following the
manufacturer’s instructions. Optical density was determined at 450 nm in a MRX microplate
reader (DynexTechnologies Inc., Chantilly, UK).

2.5 Real-time RT-PCR

Total RNA was extracted from DCs using the RNAqueous kit (Ambion, Foster City, CA,
USA) following the manufacturer’s instructions. Genomic DNA was removed using the
Turbo DNA-free kit (Ambion) and cDNA was synthesized from 1 pg of total RNA using
random hexamer primers (Pharmacia Biotech, Uppsala, Sweden) and Superscript |1
(Invitrogen, Basel, Switzerland). The PCR reaction was performed using the SensiMix DNA
kit (Quantance, London, UK) and pre-developed TagMan probes (Applied Biosystem,
Foster City, CA, USA). Amplification of 18S rRNA was performed for each sample as an
endogenous control for the amount and quality of total RNA added to each reaction. Data
were analyzed using the AACt methods and results were expressed as fold difference relative
to the amount of target mMRNA in unstimulated control cells.

2.6 Immunization with DCs and Th cell polarization

DCs were incubated at 108 cells/ml in a Petri dish with 10 pg/ml PAM and/or 2 ug/ml MDP
in the presence of endotoxin-free keyhole limpet hemocyanin (KLH, Calbiochem,
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Nottingham, UK) and in the presence or absence of 1 uM salbutamol. After 3 hours, cells
were collected, washed and counted. One million cells were injected intradermally (i.d.) in
the right hind footpad of each mouse. The animals were sacrificed 5 days later and cells
from the draining popliteal lymph nodes were incubated in complete medium at 5x10° cells/
250 pl/well at 37°C for 48 hours. Culture supernatants were then collected and the
concentration of IFN-y and IL-17 were quantified by ELISA.

2.7 Direct in vivo experiments

Mice were shaved on the back and injected i.d. with either 50 ug PAM, 50 ug MDP or both
in the presence or absence of 2 ug norepinephrine (NE, Calbiochem) £ 5 ug of the 2-AR
antagonist ICI 118,551 hydrochloride (Tocris, Bristol, UK). Three hours later, mice were
injected in the same skin site with 50 ug of KLH. After 7 days, single cell suspensions were
prepared from the draining inguinal lymph node and 5x10° cells were incubated with 0, 10,
100 pg/ml of KLH for 48 hours. Supernatants were harvested and IL-17 and IFN-y
concentration was determined by ELISA.

2.8 Statistical analysis

3. Results

The statistical significance of differences between experimental groups was assessed by
analysis of variance (ANOVA) performed with the computer-assisted software JMP.

3.1 B-adrenergic effect on cytokine production in DCs

We examined the effect of salbutamol, a specific 2-AR agonist, on IL-6, IL-12 and IL-23
production by DCs stimulated by TLR-2 and/or NOD?2 ligands. These cytokines are known
to be implicated in the Th1/Th17 cell polarization. We used the lipopeptide PAM as a
TLR-2 agonist and the NOD2 ligand MDP. Cytokine concentrations were measured in the
supernatants after 6 hours of culture. Salbutamol significantly increased IL-6 production
when DCs were activated by MDP suggesting a possible involvement of B2-AR in the
modulation of DC antigen presentation for an IL-17 immune response (Fig. 1). A minor,
albeit significant, increase of IL-6 was also evident when salbutamol was added to DCs
cultured in medium alone. This is in agreement with a recent report showing that p2-ARs
may slightly stimulate IL-6 in murine macrophages [12]. Although PAM— or PAM+MDP-
induced IL-6 production was much higher than in MDP-stimulated cells, salbutamol did not
affect it. With regard to IL-12 production, the potency of the stimuli was PAM+MDP >>
PAM > MDP, with the latter giving values similar to those of non-stimulated DCs.
Salbutamol inhibited the production of 1L-12 in DCs activated by PAM or PAM+MDP, i.e.
when IL-12 was effectively stimulated. In both the PAM and PAM+MDP groups, 1L-23
production was high but salbutamol did not affect it. Again, in the MDP group, the
concentration of IL-23 was similar to that found in the supernatant of non-stimulated DCs.

3.2 B-adrenergic effect on cytokine gene expression in DCs

To investigate whether the effects reported above were reflected in cytokine gene
expression, we evaluated by real-time RT-PCR the relative amount of mRNA. IL-12 and
IL-23 share the p40 subunit [13]; therefore, we measured mRNA levels for IL-12/IL-23
shared subunit p40, IL-12 p35, IL-23 p19 as well as that of IL-6. As expected, salbutamol
increased IL-6 mRNA in DCs stimulated with MDP (Fig. 2). In the other groups the
expression of 1L-6 was higher but salbutamol did not affect it, correlating nicely with the
protein concentration results. With regard to IL-12 and IL-23, salbutamol inhibited both
IL-12 p35 and IL-12/IL-23 p40 mRNA and, conversely, increased the expression of 1L-23
p19 in DCs activated by PAM+MDP. No significant effect was seen in the other groups,
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which had a much lower expression of both IL-12 and IL-23. Thus, in the PAM+MDP group
salbutamol inhibited the expression of both IL-12 heterodimers and stimulated IL-23 p19
expression. This differential effect at the gene expression level may explain the outcome
observed on relative protein production, notably no difference in 1L-23 production and
inhibition of IL-12. These results, along with the cytokine production results, suggest that
salbutamol may be implicated in supporting Th17 development.

3.3 Immunization with DCs

To examine the possibility that exposure of DCs to salbutamol might enhance Th17 type
cells priming, we set-up experiments in vivo in which mice were immunized with DCs
pulsed with endotoxin—free KLH and pre-incubated for 3h with MDP, PAM or PAM+MDP
in the presence or absence of salbutamol. Five days after injections, spontaneous IL-17 and
IFN-y production was assessed in supernatants of cultures of draining lymph node cell
suspensions. The data shows that in mice injected with MDP-activated DCs pulsed with
KLH, salbutamol enhanced IL-17 production in the draining lymph node cells while
inhibiting IFN-y production Fig 3. In the other groups, Th1 priming was consistently
reduced by p2-AR stimulation as assessed by a significantly reduced IFN-y production (Fig.
3). Th17 cell differentiation, as evaluated by IL-17 production, was most manifest in the
PAM or PAM+MDP groups compared to the MDP group but treatment of DCs with
salbutamol did not influence it. Taken together, these results indicate that B2-AR agonists in
the presence of the NOD2 ligand results in a DC-expressed cytokine pattern that
preferentially instructs an IL-17 immune response or, in other terms, that appears to shift the
Th balance towards the Th17-type at the expense of the Th1-type. Nevertheless, in PAM and
PAM-+MDP groups salbutamol influences the IL-17/IFN-y ratio in favor of IL-17 suggesting
also a shift towards a Th17-type immune response.

3.4 Direct effect in vivo

The immunization model, although informative and potentially interesting for
immunotherapy, is of limited physiological significance. Hence, we asked whether the direct
injection of PAM + MDP along with a f-AR agonist before immunization with KLH at the
same site could result in an increased IL-17 immune response. Mice were injected i.d. with
PAM+MDP in the presence or absence of the sympathetic neurotransmitter norepinephrine
(NE) followed 3 hours later by KLH injection into the same skin site. This injection
schedule proved capable of revealing a B-adrenergic influence on the innate and adaptive
recall memory response in our previous studies [7]. Here we investigated the primary
response and, therefore, 7 days after treatment the draining lymph nodes were removed to
obtain cell suspensions to be re-stimulated in vitro with KLH. Preconditioning mouse skin
with PAM+MDP before KLH injection resulted in a robust IL-17-type immune response as
shown by the much higher IL-17 production compared to IFN-y Fig 4. This finding is
consonant with previous results obtained in vitro with human cells, which showed that MDP
is able to orchestrate Th17 immunity [11]. Addition of NE during the skin preconditioning
further increased the production of 1L-17 while slightly, yet significantly, decreasing that of
IFN-y. These effects were reversed by addition of the specific f2-AR antagonist ICI
118,551. Thus, we demonstrated that in vivo, in the presence of NOD2 and TLR-2 ligands,
i.e. in a situation mimicking bacterial infections, NE is able to increase the IL-17 immune
response via p2-ARs. The weak effect on IFN-y could depend either on the fact that the IFN-
y response was very low or on the NE activation of other skin adrenoceptors, which we have
recently shown to enhance expression of Th-1-type cytokines [7].

Cytokine. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

4. Discussion

In this study we show that 2-AR activation may modulate Th cell priming in favor of an
IL-17 immune response. We found that the 2-AR agonist salbutamol enhanced IL-6 protein
and gene expression in murine DCs stimulated with the NOD2 agonist MDP. I1L-12 mRNA
and protein were inhibited by salbutamol in PAM and PAM+MDP treated cells. This result
confirms the ability of B2-AR agonists to inhibit IL-12 production in DCs stimulated by
various PAMPs as previously reported by us and others [5, 12, 14] and suggests an
inhibitory role of f2-AR agonist in the development of a Th1 immune response.
Surprisingly, PAM-, MDP- and PAM+MDP-induced IL-23 was not influenced at the protein
level by B2-ARs activation. These results were confirmed at the mRNA level for PAM and
MDP treated cells but not for PAM+MDP. This discrepancy between mRNA and protein
level is easily explained by the structure of IL-23 protein, which is composed by two
subunits, IL-12/IL-23 p40 and IL-23 p19. We found that I1L-12/1L-23 p40 subunit expression
is downregulated by salbutamol while IL-23 p19 is upregulated, explaining the resulting
absence of influence of salbutamol at the protein level. These results suggest that in the
presence of PAMPs stimulating NOD2 or both TLR-2 and NOD?2, activation of 2-ARs in
DCs results in a cytokine pattern characterized respectively by induction of 1L-6 or
inhibition of IL-12 without affecting IL-23. These cytokine patterns are favorable for Th17
priming. In fact, both IL-6 and IL-23 have been shown to be central for Th17 cell generation
[15, 16] while IL-12 is known to inhibit it. The in vivo immunization experiments correlated
nicely with the in vitro experiment. In this test we found that in lymph node cells from mice
immunized by injection with KLH-pulsed DCs treated with MDP and salbutamol, I1L-17
production was significantly enhanced while IFN-y was inhibited. In PAM and PAM+MDP
groups IL-17 production was not affected by salbutamol treatment while IFN-y was
inhibited. Therefore, in both groups the resulting IL-17/IFN-y ratio was skewed towards
IL-17. These results were further confirmed by direct i.d. injection of NE and PAM+MDP in
the presence or absence of the B2-ARs antagonist ICI 118,551. The evidence that 2-ARs
may facilitate a cytokine pattern favorable to Th17 cell priming was unanticipated. This
effect seems to depend on the ability of p2-ARs to inhibit IL-12 while sparing and/or
stimulating IL-23. The combination of this effect with the B2-AR stimulation of I1L-6,
occurring in the presence of NOD?2 ligand, may well explain the final outcome, i.e. the shift
in favor of Th17 cells at the expense of Th1 cells as shown by the in vivo immunization and
in vitro experiments. Our results confirm and further expand recently published data, which
show that epinephrine- and LPS-treated DCs enhance IL-17 and IL-4 but not IFN-y
production by CD4+ T cells in vitro [17]. Future experiments using mouse models in which
B2-AR is selectively knocked out in specific cells such as keratinocytes, Langerhans cells or
dermal dendritic cells would be useful in investigating the in vivo contribution of each cell
type to our model.

These findings have both basic and clinical relevance. Indeed, besides being important
effectors against extracellular bacteria and fungi [18], IL-17 and Th17 cells have also been
implicated in the pathogenesis of autoimmune and inflammatory disorders [19]. Thus,
contrary to the concept that 2-AR agonists are immunosuppressive agents able to
counteract autoimmune and allergic diseases [20], the findings reported here suggest that in
combination with TLR-2 and/or NOD2 activation, stimulation of f2-ARs may enhance an
IL-17-type immune response. Thus, administration of f2-AR agonists might conceivably be
useful in augmenting I1L-17 type immunity for therapeutic purposes in some situations, such
as in the setting of an infection where a microorganism product is stimulating TLR and/or
NOD?2 activation. It should be noted that NOD2 is the intracellular pattern recognition
receptor (PRR) that senses MDP derived from both gram-positive and gram-negative
bacteria [11]. On the other hand, B2-AR agonists are widely used in the management of
asthma with some evidence of adverse effect on disease control. Interestingly, IL-17 has
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been reported to exert a dual role in experimental asthma [21]; it is needed during antigen
sensitization to establish allergic asthma, while in sensitized mice it attenuates the allergic
response by inhibiting DC function and chemokine synthesis. IL-17 has been found to be
increased in skin inflammatory disorders such as psoriasis [22] and in rheumatoid arthritis
[23]. Indeed, although IFN-y has been reported to be highly expressed in psoriasis and may
well participate in the pathophysiology of that disorder, Th17 cells together with IL-17 and
IL-22 appear to play a key role in its pathogenesis [24]. In this regard, it may be of interest
that CD4* and CD8* T cells that express both IL-17 and IFN-y have been described and it
has been demonstrated that in psoriatic lesions CD8* T cells have been found that produce
Th17-related cytokines (including 1L-17) as well as IFN-y [25,26]. Our data suggest that
stress-induced release of adrenergic agents by the sympathetic nervous system with
consequent stimulation of Th17-type immunity may explain stress induced exacerbation of
psoriasis.
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Figure 1. Effect of salbutamol on IL-6, IL-12 and IL-23 protein production

Murine DCs were incubated with 10 pg/ml PAM or 2 pg/ml MDP alone or in combination
in the presence or absence of 1 uM salbutamol. Six hours later, the supernatants were
collected and cytokine concentrations were determined by ELISA. The bars represent the
mean + SD of 5 independent experiments (a: p<0.001; b: p<0.005).

Cytokine. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Manni et al.

Page 11

200

3004 |- IL-23p19

n

o

o
1

100

P B

Arbitrary units
Arbitrary units

T T T 1
PAM MDP  PAM4MDP Medium MDP PAM+MDP Medium |
|:] -SAL
. +SAL
200+ 200+
40
IL12p35 P
2 i)
5 b 5 .
5100— 5100_
3 3
< <
a
0 e "1 ‘ ! o
PAM MDP PAM+MDP  Medium PAM MDP PAM+MDP Medium

Figure 2. Effect of salbutamol on IL-6, IL-12 and IL-23 gene expression

Murine DCs were incubated with 10 pg/ml PAM or 2 pg/ml MDP alone or in combination
in the presence or absence of 1 uM salbutamol. Three hours later, cells were harvested and
the specific mMRNA expression was semi-quantitated by real-time RT-PCR. The bars
represent the mean + SD of the arbitrary units (n-fold increase over unstimulated DCs) as
obtained in 6 independent experiments (a: p<0.03; b: p<0.05).
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Figure 3. IL-17 and IFN-y production by lymph node cells from mice immunized with DCs
preincubated with PAMPs * salbutamol

Mice were injected i.d. with KLH-pulsed DCs preincubated for 3 h with 10 pg/ml PAM or 2
ug/ml MDP alone or in combination in the presence or absence of 1 uM salbutamol. Five
days later, cell cultures from the draining lymph nodes were set-up and cytokine
concentrations were measured in the supernatants after 48 hours. The bars represent the
mean + SD of 3 independent experiments with 3 mice per group. (a: p<0.001; b: p< 0.03).
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Figure 4. IL-17 and IFN-y production by lymph node cells from mice injected with PAM+MDP *
NE followed by KLH immunization

Mice were injected i.d with 50 pg/mouse PAM plus 2 ug/mouse MDP in the presence or
absence of 2 ug/mouse NE and of 5 pg/mouse ICI 118,551. Seven days later, cell cultures
from the draining lymph nodes were set-up and the cells were restimulated with graded
concentrations of KLH for 48 hours. The concentrations of IL-17 and IFN-y were then
determined in the supernatants by ELISA. The bars represent the mean + SD of 3
independent experiments with 3 mice per group. (a: p < 0.01).
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