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Abstract
The role played by lung dendritic cells (DCs) which are influenced by external antigens and

by their redox state in controlling inflammation is unclear. We studied the role played by

nitric oxide (NO) in DC maturation and function. Human DCs were stimulated with a long-

acting NO donor, DPTA NONOate, prior to exposure to lipopolysaccharide (LPS). Dose-

and time-dependent experiments were performed with DCs with the aim of measuring the

release and gene expression of inflammatory cytokines capable of modifying T-cell differen-

tiation, towardsTh1, Th2 and Th17 cells. NO changed the pattern of cytokine release by

LPS-matured DCs, dependent on the concentration of NO, as well as on the timing of its ad-

dition to the cells during maturation. Addition of NO before LPS-induced maturation strongly

inhibited the release of IL-12, while increasing the expression and release of IL-23, IL-1β

and IL-6, which are all involved in Th17 polarization. Indeed, DCs treated with NO efficiently

induced the release of IL-17 by T-cells through IL-1β. Our work highlights the important role

that NO may play in sustaining inflammation during an infection through the preferential dif-

ferentiation of the Th17 lineage.

Introduction
DCs recognize foreign antigens through various pathogen-associated molecular patterns
(PAMPs), as well as damage-associated molecular patterns (DAMPs), which are associated
with tissue and cell damage during infection. Depending on the antigen, DCs are able to modu-
late immunity or tolerance [1, 2]. However, DCs are not alone in undertaking this task as their
function depends on their localization and is highly modulated by factors produced by stromal
cells and epithelial cells (ECs). In the lung, ECs are important cells situated at the interface with
the external environment and, during an infection, they form an early critical component of
the innate immune defence mechanism in the airways through their ability to produce high
levels of nitric oxide (NO) [3]. The production of NO. is catalysed by nitric oxide synthases
from L-Arginine. The inducible isoform, inducible nitric oxide synthase (iNOS), is
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constitutively present in the airway epithelium, and is markedly upregulated in inflammatory
conditions such as asthma [3, 4] and chronic obstructive pulmonary disease (COPD) [5, 6].
However, its role in inflammation has raised interesting controversies. For example, during DC
maturation both an increased and a reduced release of IL-12 by NO. has been reported [7–9].
In mouse model, NO. has also been shown to be a co-factor that can regulate differentiation
signals on T-helper cells. Depending on the prevailing cytokine environment such as TGF-β
and IL-6, NO. is able to antagonize Th17 differentiation [10, 11].

IL-17 is a pleiotropic cytokine that can stimulate host defences during bacterial and fungal
infections[12] as well as increasing inflammation, which results in tissue damage and autoim-
mune responses. There is good evidence that IL-17A expression is increased in asthma and
that IL-17A may play a role in steroid-resistant asthma [13]. IL-17 produced from γδT cells
have been shown to mediate the resolution of allergic airway inflammation and airway hyper-
reactivity in a murine model of allergic inflammation [14]. In COPD, IL-17 is found upregu-
lated in the bronchial submucosa with the presence of TH17 cells and CD8 IL-17 secreting
cytotoxic T cells [15].

In chronic lung diseases such as COPD and more so in asthma, NO. has been associated
with disease progression [16]. However, no clear correlations have been established between in-
flammatory events and lung disease status or severity; additionally, a better understanding of
the factors that involve high susceptibility and severity to infections in these patients is needed
[17, 18]. Because IL- 17 is a key cytokine in asthma and COPD as described above, we therefore
asked to what extent was nitric oxide able to modulate IL-17 production by T cells. In order to
unravel the role of NO. during inflammation, human DC were pre- treated with NO. prior to
addition of lipopolysaccharide (LPS), and the innate and adaptive responses were analysed.

In this paper, we showed that NO. can change the pattern of cytokine release by LPS-
matured DCs, which was dependent on the concentration of NO. used, as well as on the timing
of the addition of NO. to the DCs during their maturation process. The major outcome of our
study is the novel demonstration that NO. sustains the expression and release of IL-1β in ma-
tured DCs, thus enhancing their capacity to induce IL-17 production by T-cells.

Material and Methods

Dendritic cell preparation and stimulation
PBMCs were isolated from buffy coats of healthy donors. In accordance with the Cantonal Eth-
ics Committee of the Canton of Vaud (Vaud-Switzerland), written consent from the donors
was obtained by the Lausanne blood transfusion center, the donors agreed that after absolute
anonymity that certain components of their blood be used for medical research purposes.
PBMCs were isolated by Ficoll Paque density gradient centrifugation. Monocytes (Mo) were
prepared as described [19, 20] and were characterized by high expression of CD14 (more than
88%). Differentiation of DCs from monocytes was performed as originally described by Sal-
lusto and Lanzavecchia, by culturing cells in the presence of granulocyte-macrophage colony-
stimulating factor (10 ng/ml) and interleukin-4 (10 ng/ml) for 5 days [21]. At day 5, DCs were
stimulated with lipopolysaccharide (LPS, DIFCO E. coli 055:B5) and nitric oxide (NO) donor,
DPTA NONOate. Two different experimental protocols were performed to determine the ef-
fect of dose and time of stimulation using NO. during LPS-induced maturation of DCs. For
concentration-dependent experiments, cells were stimulated with different concentrations of
DPTA NONOate added 10 minutes before LPS stimulation (100ng/ml). For time-dependent
experiments, DPTA NONOate (0.6mM) was added 10 min, 1 or 5 hours before LPS matura-
tion. To demonstrate the specificity of NO, cells were cultured with Carboxy-PTIO (5μM) 30
min before DPTA NONOate (0.6mM). For some experiments DPTA NONOate was
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resuspended in electrolyzed water (EW) and compared to the usual solution of DPTA NONO-
ate resuspended in RPMI. After 1 h of incubation with DPTA NONOate cells were stimulated
with LPS (100ng/ml). Electrolyzed water was obtained by electrolysis of deionized water (Milli-
Q plus 185 model from Millipore, Zug, Switzerland) with 0.1g/L NaCl, with 1.5V for 5 min as
previously described [22]. Release of NO was detected by measuring the fluorescence emission
intensity of a specific NO indicator, DAF-FM diacetate (5μM) (Molecular Probes, USA). Su-
pernatants were collected and stored at -80°C. Cells were immediately processed to measure
the apoptosis rate and phenotypic changes by flow cytometry.

Cytokine measurements
IL-17, IL-6, IL-1β IL-12p70, 12p40, IL-10, TNF-α and IL-13 cytokines were measured in the
Luminex Bio-Plex 200 System (Bio-Rad, USA), using Bio-Rad kits according to the manufac-
turer’s instructions. IL-23 was measured with a commercial ELISA kit (Biotest, France).

Flow cytometry
DC differentiation was determined by flow cytometry analysis using fluorescent-labelled
monoclonal antibodies to CD86 (IgG1), CD80 (IgG1), and CD83 (IgG1), all FITC labelled
(R&D), and isotype controls for IgG1-FITC. Delta MFI was defined as the MFI ratio of specific
markers and isotype controls. Apoptosis and necrosis control was performed using Annexin-
V-FITC and Propidium Iodide Staining (PI), respectively, according to the
manufacturer's instructions.

Mixed Lymphocyte Reaction (MLR)
DCs were stimulated at specific time-points with DPTA NONOate (0.6mM) and LPS (100ng/
ml). T-cells used for allogenic MLR were isolated using Pan T-cell Isolation Kit II (Miltenyi
Biotec, Germany). Isolated T-cells were added to washed DCs at DC:T-cell ratios of 1:10, 1:50
and 1:100. Cells were incubated for 6 days. For proliferation analysis, cells were pulsed for the
last 18 h with 0.5 μCi of (3H)thymidine. Otherwise, supernatants were collected and stored at
-80°C until required for cytokine measurement. Neutralizing experiments, were performed
using the following neutralizing antibodies: IL-1β (CRM56, Ebioscience) used at 10μg/ml, IL-
6R (Tocilizumab-Roche) (humanized IgG1) used at 10μg/ml and IL-23 (B-Z23, Diaclone) used
at 10μg/ml.

Real-time quantitative RT-PCR
Total RNA was extracted with the RNeasy mini kit (Qiagen Inc.) according to the manufac-
turer's instructions. Reverse transcription and PCR were performed using high capacity RNA-
to-cDNA kit (Applied Biosystems). Transcripts were quantified by real-time quantitative PCR
on an ABI PRISM 7900HT (Applied Biosystems) with Applied Biosystems predesigned Taq-
Man Gene Expression Assays and reagents, according to the manufacturer's instructions. The
following probes were used (identified by Applied Biosystems assay identification number):
TaqMan assay β-actin: 4326315E; IL1β, Hs01555413_m1; IL12A, Hs01073447_m1; IL12B,
Hs01011518_m1; IL23A, Hs00372324_m1; IL6, Hs00985639_m1; CASP1, Hs00354836_m1.
For each sample, mRNA abundance was normalized to the endogenous control β-actin using
ΔΔCT values, and is expressed relative to control conditions.
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Statistical analysis
Results are expressed as means ± SEM. Comparisons between two groups were assessed by the
Student's t test. The statistical significance was determined using the Holm-Sidak method. This
analysis concerns the comparison the group of Caspase-1 inhibitor II with the respective group
treatment andthecomparison the group of cells treated with LPS alone, with the group of cells
treated with NO 30 min before LPS. Multiple group comparison was determined by one way
analysis of variance followed by Bonferroni multiple comparisons test and was applied to the
rest of data set analysis. p-values less than 0.05 were considered statistically significant. All sta-
tistical analyses were done with GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA, USA).

Results

DPTA NONOate modulates cytokine release in a dose-dependent
manner
To determine whether NO. is able to modulate the release of cytokines from matured DCs, and
therefore influence initiation and development of inflammation towards a pro-inflammatory
or anti-inflammatory state, we used the NO donor, DPTA NONOate, which is able to release
NO. with a half-life of 5h at neutral pH. For these experiments, DPTA NONOate was added at
different concentrations to immature DC cultures 10 min before the induction of maturation
with LPS. Concerning the concentration of LPS, 100 ng has shown to be sufficient to stimulate
DCs, inducing low cell death (apoptosis/necrosis) (S1 Fig). As already shown, LPS-matured
DCs released a mixed pattern of Th1 and Th2 cytokines with high amounts of IL-10, IL-12 and
TNF-α. Under our co-stimulatory conditions of DPTA NONOate and LPS, when a high con-
centration of DPTA NONOate was added before DC maturation, the release of TNF-α, as well
as IL-10, was non-significantly modulated (Fig. 1A and C). On the other hand, the release of
IL-12 was inhibited with DPTA NONOate at 0.6mM (Fig. 1B). These results show that NO. act
predominantly on IL-12 release and may modulate an inflammatory or anti-inflammatory pro-
cess depending on the concentration used.

DPTA NONOate abrogates IL-12 release at early time-points
We next determined whether the duration of exposure to NO. before DC maturation can mod-
ulate the pattern of cytokine release by DCs. A concentration of 0.6mM was used for further
experiments, since the toxicity of DPTA NONOate is low, with the ability to prevent apoptosis
and spontaneous necrosis (S1 Fig.) and DPTA NONOate was also able to induce significant
changes in cytokine release. DCs were stimulated with DPTA NONOate for 10 min, 1 or 5
hours before maturation with LPS to determine if an extended exposure to NO. was able to
change the profile of cytokine release. When DCs were exposed to DPTA NONOate, the re-
lease of IL-12p70 and IL12-p40 was significantly reduced after only 10min incubation, but the
inhibition was observed over the 5h period of incubation, compared to LPS-matured DCs
(Fig. 2B and S2 Fig). DPTA NONOate did not modulate the release of IL-10 and TNF-α at any
time-point (Fig. 2A and C). Thus, a short time pre-exposure to NO donor of 10 min before
maturation with LPS was sufficient to convert DCs into an inhibitory role, modulating the in-
flammation induced by LPS, and decreasing the levels of IL-12. However, the 1- and 5-hour
time periods were used for further experiments, since we considered it important that DCs
should be exposed to NO. over long periods of time and because the strongest cytokine modu-
lation was observed at these time-points.

Role of Nitric Oxide Modulating IL-17 T Cell Responses

PLOS ONE | DOI:10.1371/journal.pone.0120134 April 8, 2015 4 / 18



DPTA NONOate-treated DCs increase the release of the pro-Th1
cytokine INF-γ and pro-Th17 cytokine IL-17
Based on the fact that NO. inhibits the release of some pro-inflammatory cytokines such as IL-
12, we asked whether NO. could modulate the expression of co-stimulatory molecules, and
hence the alloantigen-presenting capacity, or induce a specific T-helper polarization. The ex-
pression of CD86, CD80 and CD83 on DCs, co-stimulated with DPTA NONOate and LPS,
was analyzed by flow cytometry (S3 Fig.). The expression of the co-stimulatory makers, CD86,

Fig 1. Cytokine release is dependent on NO. concentration. DCs were stimulated for 23 h with different
concentrations of DPTA NONOate 10 minutes before maturation with LPS (100ng/ml). Cytokines were
measured using Luminex system as described in Material and Methods: (A) IL-10, (B) IL-12p70 and (C) TNF-
α. Data are expressed as means ±SEM of 6 independent experiments. *P< 0.05.

doi:10.1371/journal.pone.0120134.g001
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CD80 and CD83, was not modified by DPTA NONOate (S3A–D Fig.). To test whether DCs
were able to prime Th1, Th2 or Th17 responses, DCs treated with DPTA NONOate before LPS
were washed and then co-cultured with allogenic T-cells.

Under the co-stimulatory conditions, DPTA NONOate did not change the proportion of T-
cell proliferation measured by incorporation of thymidine, whether it was added 1 or 5 hours be-
fore LPS stimulation (Fig. 3F). Interestingly, during the allo-presentation, the NO.-LPS-treated

Fig 2. NO. inhibits the release of IL-12 at early time-points. DCs were stimulated with DPTA NONOATE
(0.6mM) 10 min, 1h and 5h before maturation with LPS (100ng/ml). The secretion of cytokines was analyzed
using the Luminex system: (A) IL-10 (Due to a high variability of the IL-10 production the values were
normalized to the levels of LPS%), (B) IL-12p70 and (C) TNFα. Data are expressed as means ±SEM of 11
independent experiments. *P< 0.05.

doi:10.1371/journal.pone.0120134.g002
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DCs, compared with LPS-treated DCs, were able to increase the release of IL-17 and IL-6
(Fig. 3A and D), while maintaining a strong Th1 response through the release of TNF-α with
(enhanced) IFN-γ (Fig. 3B and C). Th2 responses measured by the release of IL-13 were not
modulated by DCs pre-treated with NO-LPS (Fig. 3E). These results suggest that NO. has an im-
portant ability to modulate DC phenotype, resulting in diverse T-helper responses during the
maturation of DCs. NO. did not modify the co-stimulatory molecules required for the allo-
presentation to lymphocytes, but alters the kinetics of cytokine release necessary to polarize
T-helper responses.

Fig 3. NO. fails to modify the alloantigen T-cell response but enhances the release of IL-17 during a MLR.DCs were simulated in time-dependent
experiments with DPTA NONOATE. 0.6mM and LPS 100ng/ml. 1×105 responder T-cells used for allogenic MLR assays were added to washed DCs for 6
days. A-E, Bioplex of IL-17, IFN-γ, TNF-α, IL-6, IL-13 in 6-day culture at a DC:T-cell ratio of 1:10. Data are expressed as means ±SEM of 7 independent
experiments for IL-17 and 6 independent experiments for IFN-γ, TNF-α, IL-6, IL-13. F, T-cell proliferation was measured by incorporation of thymidine at DC:
T-cell ratios of 1:10, 1:50 and 1:100. Data are expressed as means ±SEM from 3 independent experiments done in triplicate. *P< 0.05.

doi:10.1371/journal.pone.0120134.g003
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DPTA NONOate modulates IL-1β and IL-23 release from DCs driving
Th17 responses
To further characterize the role of NO. in the modulation of Th17 responses, we measured the
production of the additional cytokines, IL-23, IL-6, TGF-β and IL-1β by DCs treated with NO.

prior to addition of LPS. DPTA NONOate increased the release of IL-23 when added 1h before
LPS (Fig. 4A). IL-6 was not modulated compared to LPS (Fig. 4B). The release of TGF-β was
not increased compared to control conditions (unpublished data). Interestingly, IL-1βwas
upregulated when compared to LPS alone, and this increase was sustained whether DPTA
NONOate was used for 1 or 5 hours before LPS maturation (Fig. 4C). Different mechanisms of
IL-1β release might be involved, since cell incubation in the presence of the specific caspase-1
inhibitor 1 hour before DPTA NONOate/LPS co-stimulation only inhibited the release when
the cells were incubated with DPTA NONOate for 5 hours before LPS and not for 1 hour.
Therefore, NO. may also be involved in the expression of IL-1β, since the pro-IL-1β is en-
hanced intracellularly (Fig. 4D). These results suggests that NO. is involved in the expression of
IL-1β through at least 2 mechanisms. The expression of IL-1β is initially increased and, if NO.

stimulation lasts longer, the cytokine release is increased through a caspase-1 dependent mech-
anism (Fig. 4C). Overall, NO. stimulated the release of IL-1β and IL-23, two cytokines that
have been shown to be involved in the production of IL-17.

Differential regulation of cytokines by DPTA NONOate
To investigate the early events that modulate cytokine expression by NO. during the matura-
tion of DCs, we measured the kinetics of the expression of mRNA encoding for IL-12Bp40,

Fig 4. NO. promotes the release of IL-23, IL-6 and IL-1β duringmaturation of DCs.DCs were stimulated with DPTA NONOate (0.6mM) treated DCs 1h
or 5h before maturation with LPS (100ng/ml). (A) IL-23 and (B) IL-6 were analyzed in supernatants. (C) IL-1βwas analyzed in supernatants, but also in DCs
pre-treated with the specific caspase-I inhibitor II Ac-YVAD-CMK (50 M) for 1 h before the DPTA NONOate /LPS stimulation. (D) Cells were harvested and
intracellular pro-IL-1β (blotted with a specific pro-IL1β was analyzed byWestern blot. Data are expressed as means ±SEM of 6 independent experiments.
*P< 0.05 or **P< 0.01.

doi:10.1371/journal.pone.0120134.g004
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IL-12Ap35, IL-23Ap19, IL-1βand IL-IL-6 of DCs over 20 hours (Fig. 5). DPTA NONOate
added 30 min before LPS stimulation has a strong inhibitory effect on the expression of IL-
12p40 during the first 6 hours of LPS stimulation, but beyond 6 hours, the inhibition by DPTA
NONOate seems to be lost (Fig. 5A). Interestingly, the expression of IL-12p35 at 6 hours was
significantly increased (Fig. 5B), but the expression over 20 hours was reduced to levels similar
measured in the presence of LPS alone. The cytokines involved in Th17 polarization were high-
ly induced. IL-23p19 was increased after 6 hours and its expression is highly sustained for up to
20 hours when compared to LPS (Fig. 5C).

NO. modulated the expression of IL-1βwith a different time-course: the expression increased
at 3 hours but was not different from the expression in LPS-stimulated DCs. The expression de-
creased in cells matured with LPS alone after 20 hours, unlike the cells pre-incubated with NO.

Fig 5. NO. modulates the gene expression of IL-12, IL -23, IL-6 and IL-1β duringmaturation of DCs.DCs were stimulated with DPTA NONOate (0.6mM)
for 30 min before maturation with LPS (100ng/ml). Cells were analyzed at the different time-points indicated. (A) IL-12Bp40, (B) IL-12Ap35, (C) IL-23Ap19,
(D) IL-1β and(E) IL-6 levels were assessed by TaqMan real-time reverse transcription—polymerase chain reaction (RT-PCR), using β-actin as endogenous
control. Data express the relative gene abundance compared to control conditions, and are shown as mean ±SEM of 4 independent experiments, done in
duplicates. *P< 0.05 or **P< 0.01.

doi:10.1371/journal.pone.0120134.g005
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before LPS, where the expression was maintained (Fig. 5D). The expression of caspase-1 was low
in both LPS alone and, DPTANONOate- and LPS-exposed DCs, and no differences over 20h
were observed (unpublished data). Furthermore, IL-6 expression was also upregulated at 6 hours.
Overall, these results suggest that NO. plays an important modulatory role in the gene expression
of cytokines, causing an initial inhibition of the expression of IL-12, followed by stimulation of
the expression of cytokines involved in Th17 polarization, namely IL-23, IL-6 and IL-1β.

IL-1β and IL-6 in IL-17 priming T-cells by DPTA NONOate
To further document the function of NO. and hence the role of IL-23, IL-1β and IL-6 in the
ability of LPS-DCs to induce Th17 responses, we evaluated the effects of anti-IL-23, anti-IL-1β
and anti-IL-6 receptor (IL-6R) neutralizing antibodies. Treatment with neutralizing antibodies
to IL-1β or both IL-1β and IL-6R abolished the release of IL-17 by T-cells induced by LPS-
activated DCs, whereas neutralization of IL-23 did not affect the release (Fig. 6). These results
indicate that the ability of NO. to induce IL-17 release is critically dependent on the production
of IL-1β and on the synergistic effect of IL-6 with IL-1, but is not dependent on IL-23 or
IL-6 alone.

Carboxy-PTIO specifically inhibits the DPTA NONOate induction of
IL-1β and IL-23
In order to determine the specificity of NO, for the experiments, Carboxy-PTIO, was added to
immature DC 30 min prior DPTA NONOate treatment. After 1 h incubation cells were ma-
tured with LPS. As shown in Fig. 7, the release of IL-23 induced by LPS or NO-LPS stimulation
was markedly blocked by the addition of carboxy-PTIO (Fig. 7B). However, carboxy-PTIO
markedly boosted the induction of IL-1β in both LPS and DPTA-Nonoate-LPS treatment
(Fig. 7A). Carboxy-PTIO has been recognized as a specific NO scanvenger which directly oxi-
dizes NO to form NO-

2 and promote N2O3 formation [23]. Thus, the generation of these NO
oxidative products may be involved in the IL-1β pathway activation, making difficult to

Fig 6. IL-1β is required to prime T-cells to produce IL-17 in a mixed lymphocyte reaction condition.
Production of IL-17 by T-cells primed for 6 days with allogenic DCs at a DC:T-cell ratio of 1:10. As described
in Materials and Methods, DCs were simulated with DPTA NONOate (0.6mM) 1h before LPS (100ng/ml)
stimulation. During the MLR, cells were cultured in the presence of neutralizing antibodies to IL-23, IL-1β and
IL-6R. Data are expressed as mean ±SEM of 3 independent experiments. *P< 0.05.

doi:10.1371/journal.pone.0120134.g006
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determine the specificity of NO. In order to reduce active oxygen species generated during the
co-stimulation with Carboxy-PTIO and DPTA NONOate, DPTA NONOate was dissolved in
electrolyzed water (EW), which potently scavenges active oxygen species [22]. DPTA NONO-
ate in EW release NO in a similar manner as in RPMI (S4 Fig). DPTA NONOate was added to
DC pre treated or not with carboxy-PTIO and then matured with LPS. As a control 6 μL of EW

Fig 7. Carboxy-PTIO inhibits the DPTA NONOate induction of IL-1β and IL-23.DCs were stimulated with Carboxy-PTIO (5μM) 30 min before treatment
with DPTA NONOATE (0.6mM in RPMI or electrolyzed water (EW)). After 1h stimulation cells were maturated with LPS (100ng/ml). The secretion of
cytokines was analyzed using the Luminex system: (A) IL-1β, (B) IL-23 and (C) IL-12p70. Data are expressed as means ±SEM of 3 independent
experiments. *P< 0.05.

doi:10.1371/journal.pone.0120134.g007
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was added to DC or LPS-DCs condition. DPTA NONOate in EW slightly decreases the release
of IL-1β and IL-23 as compared to control conditions and maintains the inhibition of IL-12. In-
terestingly, in the presence of EW, carboxy-PTIO specifically inhibited the release of IL-1β and
IL-23 without modifying the LPS response (Fig. 7A and B). In contrast, carboxy-PTIO in EW
condition does not overcome the inhibitory effect of NO on the release of IL-12. Furthermore,
carboxy-PTIO suppressed the LPS-release of IL-12 (Fig. 7C) suggesting that another unspecific
effect of PTIO, which cannot be counteracted by EW, may act on the IL-12 pathway.

Discussion
We have analysed the role of NO. inmodulating DC response to LPS. The most important
novel finding of our work is that NO. changes the pattern of cytokine expression and release by
LPS-matured DCs, predominantly involved in the priming of IL-17-producing T-cells such as
Th-17 cells, through the release of IL-1β, thereby highlighting the role of NO. in sustaining in-
flammation during infection. The timing of NO. administration, prior to the maturation of
DCs, as well as the concentrations of NO. in activating DCs were important factors that deter-
mined the different mechanisms that NO. can have recourse to in the modulation of the T-cell
response. We modelled our experiments on the in vivo situation, where the generation of NO.

prior to any injurious stimulus to the airway epithelium is akin to the situation in the asthmatic
or COPD patient in which fully-differentiated immature DCs are exposed to NO. on arrival in
the subepithelial tissue. The question we asked was how these DCs might respond to an infec-
tion and thereby induce a different T-helper polarization. LPS has been used to model bacterial
inflammation, particularly gram-negative bacteria since LPS is the most abundant component
within the cell wall of Gram-negative bacteria which can be a major cause of exacerbations in
lung diseases such as COPD.

We found that the response was dependent on the concentration of NO. Thus, high concen-
trations of NO-donor (1mM) prior to LPS maturation directed the immune response towards
an anti-inflammatory pattern by reducing IL-12 release, while maintaining IL-10 and TNF-
α production.

The timing of the NO exposure was also influential. The NO-donor (0.6mM) added prior to
maturation resulted in a significant inhibition of IL-12, which can be partially explained by the
specific down-regulation of the IL-12p40 gene transcription observed earlier on at 1–6 hours,
but post-transcriptional factors may also be involved, since IL-12p40 gene transcription contin-
ues after 12 hours. The intracellular mechanism regulating the secretion of bioactive IL-12 may
involve a transient modulation of IL-12p35 gene expression as reported previously [24], where-
as after 6 hours of co-stimulation, NO. increased the transcription of IL-23p19, which, together
with IL-12p40 gene transcript, led to the generation of IL-23. IL-23 is indeed increased in the
supernatant after 1h of incubation, suggesting the occurrence of post-transcriptional events fa-
vouring the assembly of IL-12p40 with IL-23p19, particularly at earlier time-points.

Our detailed time-course and concentration-effect studies may also help explain some of
the conflicting reports of the effects of NO. on DCs in the literature. On the one hand, NO. in-
creased the ability of DCs to activate T-cells through the increased release of IL-12, which is in
contrast to those groups who have demonstrated that NO. is able to inhibit IL-12 transcription
and NF-κB activation during LPS maturation of DCs [7–9].

There has been also conflicting reports on the role of NO in the induction of IL-1β and their
release [25]. We can speculate that differences can be observed not only between macrophages
and dendritic cells, but also between murine and human cells. In fact in our laboratory in the
context of analysing the role of Salmonella virulence factor SipB, the activation and release of
IL-18 in human dendritic cells was shown to be mediated in a caspase-1 independent
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mechanism [26]. This observation was in contrast to murine macrophages in which the
induction of the release of IL-18 was shown to be mediated by a caspase-1 dependent mecha-
nism [27, 28].

The specificity of NO in the release of IL-1β and IL-23 was demonstrated using carboxy-
PTIO. The release of IL-23 has shown to be sensitive to NO. However, carboxy-PTIO boosted
the induction of IL-1β. It is known that PTIO scavenge NO to form NO-

2. NO
-
2 can react with

the remaining NO to promote N2O3 formation [23, 29]. This oxidative stress generated with
exogenous NO (DPTA-Nonoate) or endogenous NO induced by LPS [30] with carboxy-PTIO
might be the factor that boosts the release of IL-1βThis effect has been reported in other cell
models such as monocytes [29] might be the factor that boosts the release of IL-1β. This result
is very interesting because it demonstrates the sensibility of IL-1β pathway to NO and NO-
derivate species. It is not yet clear the mechanism by which carboxy-PTIO maintains a strong
suppression of IL-12, we can speculate that the IL-12 activation pathway is sensitive to NO and
NO-derivate species; however, in spite of the large spectrum of electrolyzed water (EW) to
scavenge oxidative species that can react with NO, EW was not sufficient to antagonized the in-
hibitory effect of PTIO.

We also showed that NO. is able to increase IL-6 gene transcription, while maintaining the
transcription of IL-1β. In contrast, TGF-β was not modulated by NO.. The production of IL-1β
and IL-6 but not IL-12 induced by NO. can enhance Th17 differentiation [31, 32]. In our
mixed lymphocyte reaction, IL-6 was produced, but interestingly only the inhibition of IL-6 in
combination with IL-1β or of IL-1βalone, was critically important for the polarization of Th17,
suggesting that in humans IL-1βmay play a most relevant role in the production of IL-17, and
IL-6 may synergise with the stimulatory activity of IL-1β. We strongly believe that the T-cells
induced in our mixed lymphocyte reaction are indeed of a Th17 lineage and not of γδT cells for
2 reasons. Firstly, γδT cells are involved largely in innate-like response, expressing TLR-1,
TLR-2, and dectin-1, and they do not require MHC presentation to recognize peptides, though
the pathogen itself or its metabolites, epithelial stress signals and cytokines such as IL-23 and
IL1β are required to cause optimal release of IL-17 [33–35]. Thus, the priming of γδT with allo-
genic matured DCs may be insufficient to induce the secretion of IL-17. Furthermore, γδT cells
do not express IL-6R and IL-6 was shown to be dispensable for the activation of IL-17 in these
cells [36].

NO. could favour the priming of both Th17 and Th1 responses without modifying Th2 re-
sponses. We can hypothesize that NO. could be more involved in increasing the neutrophilic
aspects of inflammation but may not modulate Th2 polarization. It is difficult to explain why
NO. inhibited the release of IL-12 without inhibiting Th1 responses in the mixed lymphocyte
reaction. However, there is increased evidence that the polarization of Th1, Th17 and Tregs is a
result of the interaction of different signals such as IFN-γ, IL-6, or TGF-β and the balance of
these interactions will favour the expression of T-bet or ROR-γt, and hence, the final outcome
of the T-helper differentiation [10, 31, 37]. Thus, IFN-γ can increase the expression of T-bet
for Th1 polarization, but the presence of TGF-β is able to abolish the expression T-bet [10, 31].
IL-6 and TGF-βwill favour a Th17 polarization by increasing the expression of ROR-γt, but
TGF-β alone will favour the development of Tregs [10]. Therefore, Th17 and Th1 cells can be
found to some extent under the same culture conditions [10, 31]. Lee and co-workers have
demonstrated that NO. is a co-factor that can directly regulate differentiation signals on
T-helper cells, particularly reinforcing IFN-γR signalling of T cells, thus favouring Th1 devel-
opment. Furthermore, in the presence of TGF-β the relative levels of NO. with regard to the
levels of IL-6 was the key combination that determined Th1 versus Th17 differentiation [10].

One important aspect at this point are the different outcomes observed between human and
mouse studies. In support of our results, it has also been demonstrated by other groups that NO.
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produced by human myeloid-derived suppressor cells selectively increases the expression of
RORγt and hence IL-17A production in naïve and memory T cells [38]. These results were con-
firmed using exogenous NO. donor [38]. In contrast, in mouse models, endogenous as well as
exogenous NO. has been shown to be a suppressor of Th17 polarization not only through a di-
rect effect of NO on the release of IL-17 observed in an iNOS deficient model, but also by the in-
duction of a regulatory T cell expressing CD4+CD25+FoxP3-GITR+CD27+ able to suppress the
induction of Th17 cells [11, 39]. It is important to note that inhibitory properties of NO. have
been observed in the framework of T cell activation supplemented with Th17-driving cytokines
and not in its capacity to modulate the Th17 cytokine pattern on DCs. As was discussed previ-
ously, the cytokine environment importantly determines the final T-helper outcome. TGF-β
seems to be the key difference between humans and mice regarding Th17 polarization. In mouse
models, TGFβ can be placed as a central modulator in which NO. is able to reprogram its action
and, in synergy with IL-6, a direct expansion of the Th17 lineage [10]. Thus, the protective role
observed in vivo, as shown in a model of experimental autoimmune encephalomyelitis (EAE)
[40], could reflect also an inhibitory role of NO. on TGF-β and not a direct role of NO. on IL-17
transcription. This is in contrast with what is observed in humans, where TGF-β per se inhibits
RORτ expression and Th17 polarization [31], suggesting that other NO.-regulatory mechanisms
may be involved. These discrepancies highlight the great variability of NO. action not only in
turning-on/off cascades but also in modulating its action depending on the prevailing cytokine
environment. For example, IL-1β and the synergistic effect of IL-6 with IL1β, may tip the balance
in favour of IL-17 production in the presence of human DCs without TGF-βmodulation.

What we consider to be valuable in our model is the fact that in our mixed lymphocyte re-
sponse experiments, NO. has not been added to the co-cultures. Thus, the effect of NO. demon-
strated here represents the initial modulation of DCs and at a distance the capacity to modulate
a T-helper response, without modulating the alloantigen-presenting capacity of DCs (unlike
superoxide anions as we have shown previously [41]). In contrast to previous studies where
monocytes and conventional DCs, but not monocyte-derived DCs, efficiently primed IL-
17-producing T cells [31], we have used monocyte-derived DCs and we show that NO. was the
key co-factor to reprogram these cells to induce the profile required for Th17 polarization. We
hypothesize that in vivo NO. produced by the epithelium will be able to reprogram DCs when
these cells are recalled to the submucosal tissue, since the epithelium produced the largest
quantities of NO. [3]. Other sources of NO. such as that derived from TipDCs (TNF-α/
inducible nitric oxide synthase (iNOS)-producing DCs) not only in the airways and lung pa-
renchyma but also in lymphoid tissues deserve further exploration [42].

The role played by IL-17 in lung diseases such as asthma and COPD via the regulation of
neutrophil and monocyte recruitment is becoming established [43, 44]. IL-17 has been also as-
sociated with ischemia-reperfusion injury, and is increased in patients with bronchiolitis oblit-
erans syndrome, indicating a potential role in lung rejection [45]. Therefore, NO. may play a
critical role in lung diseases by modulating the expression of IL-17 through the modulation of
IL-1β. To what extent IL-17 is beneficial or harmful is not completely unravelled. However,
therapies involving complete abrogation of NO. will not be useful when a Th17 response is re-
quired e.g. against a fungal or chronic infection such asM. tuberculosis. In recent years, it has
been suggested that the use of antioxidants, and particularly NO. inhibitors, could be useful in
the treatment of lung inflammatory conditions such as asthma. However, results have been dis-
appointing so far, asin some cases, NO. inhibitors have shown to worsen disease control, which
suggests a protective role of ROS [46]. On the other hand, therapies involving partial reduction
of NO. in combination with/or blocking IL-1βmay result in effective abrogation of neutrophil
recruitment. Further studies using chronic inflammatory models reflecting neutrophilic asth-
ma or COPD will be needed to better assess the role of NO.
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In conclusion, we have demonstrated that in human DCs, NO. potently modulates DC re-
sponse to LPS, predominantly by increasing the expression and release of IL-1β and conse-
quently the priming of IL-17-producing T-cells such as Th-17 cells. Therapies leading to
partial reduction of NO. or such as by blocking IL-1β should be considered [47].

Supporting Information
S1 Fig. LPS protects cells from apoptosis and necrosis. DCs were stimulated with DPTA
NONOate (0.6mM) 10 min and 5h before LPS maturation with LPS (100ng/ml) (NO10’+LPS);
NO5h+LPS). For control conditions, DCs were treated with 1mM or 0.6mM DPTA NONOate.
Apoptosis and necrosis were determined by flow cytometry with annexin-V-FITC and PI, re-
spectively. N+A represents the percentage of necrosis plus apoptosis. The results shown are
representative of two independent experiments.
(TIF)

S2 Fig. Release of IL-12p40 by NO. during maturation of DCs. DCs were stimulated with
DPTA NONOate (0.6mM) 1h or 5h before maturation with LPS (100ng/ml) (NO10’+LPS);
NO5h+LPS). The secretion of IL-12p40 was analyzed using a luminex system. Data are ex-
pressed as mean ± SEM of 3 independent experiments. �P< 0.05.
(TIF)

S3 Fig. NO. failed to change expression of maturation markers such as CD86, 83 and 80.
DCs were stimulated with DPTA NONOate (0.6mM) 10 min and 5h before maturation with
LPS. (A and B) CD86, (C) CD83, and (D) CD80. (B) Additionally, DCs were stimulated with
different concentrations of DPTA NONOate 10 minutes before maturation with LPS. Data are
expressed as mean ± SEM of 5 independent experiments for the time-dependent analysis and 3
independent experiments for the concentration dependent analysis. �P< 0.05.
(TIF)

S4 Fig. Fluorescence emission of DAF-FM in solutions containing 0.6mM of DPTA-Nono-
ate. For the experiments DPTA NONOATE (0.6mM) was resuspended in RPMI or electrolized
water (EW). Fluorescence emission intensity of DAF-FM (5μM) was measured by a 96-well
plate reader. The results shown are representative of two independent experiments.
(TIF)
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