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Critical role of IL-6 in dendritic cell-induced allergic
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Abstract
Interleukin (IL)-6 plays important roles in autoimmunity and
inflammation and is essential for T helper (Th) 2 and Th17
differentiation. However, whether it is involved in the devel-
opment and function of dendritic cells (DCs) during allergen-
induced airway inflammation and airway hyper-reactivity
(AHR) remains undefined. In this study, Dermatophagoides
pteronyssinus (Der p)-induced airway inflammation and
AHR were studied in IL-6 knockout (KO) mice. Der p-
loaded bone marrow-derived DCs (BMDCs) from IL-6 KO
mice were used to assaying their ability to induce airway
inflammation in naïve wild-type mice. Our results showed
that IL-6 KO mice showed reduced AHR, significant de-
creases in inflammatory cell recruitment and Th2 and Th17
cytokine production in the airways, and lowered Der p-
specific immunoglobulin G1 after Der p exposure. Further
exploration of BMDCs from IL-6 KO mice revealed

decreased activity of phagocytosis and reduced expression
of MHC class II and CD86 after Der p stimulation. Adoptive
transfer of Der p-loaded BMDCs from IL-6 KO mice also
showed a functional defect in their inability to induce Th2
and Th17 immune responses and trigger airway inflammation
and AHR in recipient mice. Finally, in allergic asthmatics,
DCs that differentiated from monocytes treated with anti-
IL-6 receptor antibody (tocilizumab) had poor capacity for
eliciting Th2 polarization as compared to DCs generated
from monocytes without antibody treatment. In conclusion,
IL-6 signaling in DCs is essential for their uptake of aller-
gens, maturation, and initiation of Th2/Th17-mediated air-
way inflammation and AHR in asthma, thus providing a
new potential target for treating allergic asthma.

Key messages
& IL-6 signaling is important for DCs to take up allergens

and to initiate Th2/Th17-mediated airway inflammation.
& DCs from allergic asthmatics treated with anti-IL-6 recep-

tor antibody had poor capacity for eliciting Th2
polarization.

& Anti-IL-6 treatment may provide a new potential target for
treating allergic asthma.
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Introduction

Allergic asthma is characterized by eosinophil infiltration in the
inflammatory airway induced by interleukin (IL)-4-, IL-5-, and
IL-13-producing T helper (Th)2 lymphocytes, which lead to
immunoglobulin (Ig)E production, mucus overproduction, and
airway hyper-reactivity (AHR) [1–3]. Accumulating evidence
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indicates that Th17 cells and the main Th17-derived cytokine,
IL-17A, whichmediate neutrophil-dependent airway inflamma-
tion and AHR, are also associated with steroid-resistant asthma
[4, 5]. In addition, Th17 cells are capable of enhancing airway
eosinophilia by upregulating eotaxin expression [6, 7].

It has been reported that IL-6 suppresses transforming
growth factor (TGF)-β-mediated forkhead box protein
(Foxp) 3 expression and synergizes with TGF-β to drive naïve
CD4+ T cells toward Th17 development [8, 9]. IL-6 secreted
from dendritic cells (DCs) also promotes Th2 differentiation
by inducing nuclear factor of activated T(NFAT) cells expres-
sion and inhibits Th1 polarization by upregulating suppressor
of cytokine signaling (SOCS)1 expression [10, 11]. Previous
studies showed increased IL-6 levels in bronchial epithelial
cells, induced sputum, bronchoalveolar lavage (BAL), and
peripheral blood of asthmatic patients [12–15]. Increased IL-
6 levels have also been described in mouse models of allergic
asthma [16, 17]; however, the role of IL-6 in aeroallergen-
induced airway inflammation and AHR remains unclear.

Previous findings suggest that overexpression of human
IL-6 inmurine airway epithelial cells causes lymphocyte, rath-
er than eosinophil, infiltration into surrounding airways, air-
way wall thickening, and subepithelial airway fibrosis, but
these mice have similar basal airway resistance and are less
responsive to methacholine (MCh) compared to wild-type
(WT) mice [18, 19]. Although overexpression of IL-6 induces
peribronchial inflammatory cell accumulation, IL-6 transgenic
mice do not show representative features of allergic asthma,
such as eosinophil-mediated airway inflammation and AHR.
Therefore, the role of IL-6 in aeroallergen-induced animal
models of allergic asthma remains to be defined.

In this study, we first address whether IL-6 plays a role in the
pathogenesis of allergic asthma. We hypothesize that IL-6 in-
fluences the development and function of DCs and that DCs
from IL-6 knockout (KO) mice exhibit defects in inducing
airway inflammation and AHR. Our results show that IL-6
KO mice exhibit diminished airway inflammation and AHR
in Dermatophagoides pteronyssinus (Der p)-induced allergic
asthma. Compared to WT bone marrow-derived DCs
(BMDCs), immature BMDCs from IL-6 KO mice display re-
duced phagocytic activity and markedly lower expression of
major histocompatibility complex II (MHC) class II and
CD86 after Der p stimulation. Intratracheal transfer of in vitro
Der p-loaded BMDCs from IL-6 KOmice into naïve WTmice
results in impaired Th2 and Th17 responses and remarkably
reduced airway inflammation and AHR after repeated Der p
challenge. In patients with allergic asthma, Der p-loaded DCs
that differentiated frommonocytes treated with anti-IL-6 recep-
tor antibodies have defective Th2 priming capacity. Our find-
ings show that IL-6 signaling enables DCs to capture allergens,
mature, and initiate allergen-specific Th2 and/or Th17 effector
cell-mediated pulmonary inflammation and AHR and thus may
provide a new target for allergic asthma treatment.

Materials and methods

Mice

Six- to 8-week-old female C57BL/6J mice and C57BL/6J-
derived IL-6 KO (B6.129S2-Il6tm1 kopf /J) mice (The Jackson
Laboratory, Bar Harbor, ME) were used for our study. All
mice were maintained in specific pathogen-free conditions.
All experimental protocols were approved by the Institutional
Animal Care and Use Committee at National Cheng Kung
University.

Induction of allergic airway inflammation

The concentration of bacterial endotoxins in the Der p prepa-
ration (Allergon AB, Angelholm, Sweden) was <0.03 EU/ml
(Pyrotell Limulus amebocyte lysate test; Associates of Cape
Cod, Inc., Falmouth, MA). WTand IL-6 KO mice were intra-
nasally administered 25 μg of Der p or saline daily for 10 days
[20]. AHR was measured 48 h after the last saline or Der p
exposure. Sera, bronchoalveolar lavage (BAL), and lung tis-
sues were obtained from mice sacrificed 72 h post-exposure.
The measurement of AHR, BAL analysis, and Ig quantifica-
tion is described in the Supporting Information.

Adoptive transfer of Der p-loaded BMDCs

BMDCs were generated using a previously described proce-
dure [21]. On day 6, the CD11c+ fraction of BMDCs was
isolated with magnetic beads specific for mouse CD11c
(Miltenyi Biotech, Cologne, Germany); the purity of isolated
CD11c+ BMDCs as determined by flow cytometry was over
95 %. Der p-loaded isolated CD11c+ BMDCs (1×106) from
WT or IL-6 KO mice were adoptively transferred
intratracheally into naïve WT mice. Ten days later, recipient
mice were intranasally challenged with 10 μg of Der p daily
for 6 days. AHR was measured 24 h post-challenge, and re-
cipient mice were sacrificed after 48 h.

Generation of human DCs and naïve CD4+ T cell priming

The definition of allergic asthma was based on Genetic Infor-
mation Nondiscrimination Act guidelines and described in the
Supporting Information. Details regarding DC stimulation and
T cell cocultures in mice and humans are described in the
online supplement.

Statistics

In mouse and human experiments, data are expressed as mean
±standard error of the mean (SEM; n=6 per group). In the
AHR measurement experiment, differences between groups
were determined via two-way analysis of variance with a
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Bonferroni post-test. For the remaining mouse experiments,
differences between groups were analyzed using unpaired,
two-tailed Student’s t tests. For human studies, differences
were tested using paired t tests. Statistical differences were
analyzed using GraphPad Prism 5.00 software (GraphPad
Software, Inc., La Jolla, CA). P values <0.05 were considered
statistically significant.

Results

IL-6 is involved in Der p-induced AHR and lung
inflammation

We chose Der p, one of the most common allergens, for the
induction of allergic airway inflammation in this study [22,
23]. Mice were administered Der p (25 μg) intranasally daily

for 10 days, and the control group received saline. Invasive
assessments of respiratory mechanics were performed 48 h
after the last Der p exposure. Der p-exposed WT mice devel-
oped airway resistance against methacholine (MCh) in a dose-
dependent manner, as compared to saline-challenged WT
mice. In contrast, Der p-exposed IL-6 KO mice did not show
any increase of airway resistance against MCh (Fig. 1a). Total
infiltrating cells, eosinophils, neutrophils, and lymphocytes in
the BAL of Der p-exposed IL-6 KO mice substantially de-
creased compared with those in WT mice (Fig. 1b and
Fig. S1). Histological examination of hematoxylin and eosin
(H&E)-stained lung sections also revealed less inflammatory
cell accumulation in the surrounding perivascular and
peribronchial regions in Der p-exposed IL-6 KO mice
(Fig. 1c). Moreover, the levels of tumor necrosis factor
(TNF)-α, IL-4, CCL11, CCL17, and IL-17 in the BAL
(Fig. S1) and Der p-specific IgG1 in the serum (Fig. 1d)
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Fig. 1 IL-6 knockout (KO) mice demonstrate less airway hyper-
reactivity (AHR) and airway inflammation upon exposure to
Dermatophagoides pteronyssinus (Der p). Naïve wild-type (WT) and
IL-6 KO mice were intranasally exposed to Der p or saline for 10
consecutive days. a Total airway resistance (Rrs) to increasing dosages
of aerosolized methacholine (MCh). b Numbers of total cells,
eosinophils, lymphocytes, and neutrophils in the bronchoalveolar

lavage fluid (BALF). c Representative hematoxylin and eosin (H&E)-
stained lung sections from indicated groups of mice. Magnification =
×200. Images are representative of 6 mice per group from 1 experiment.
d Total serum immunoglobulin (Ig)E and Der p-specific IgG1 levels.
Data are expressed as mean±standard error of the mean (SEM; n=6
mice per group). *P<0.05, **P<0.01. Similar results were obtained in
2 additional experiments
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markedly decreased in Der p-exposed IL-6 KO mice com-
pared with those in WT mice. There were no significant dif-
ferences in interferon (IFN)-γ (Fig. S1) and IgE levels
(Fig. 1d) between Der p-exposed WT and IL-6 KO mice.
These results indicate that IL-6 is essential for Der p-induced
airway inflammation and AHR.

The influence of IL-6 on DC development and function

Inflammatory CD11c+MHC class II+ DCs play a key role in
the initiation of allergen-induced inflammation [24]. To deter-
mine whether endogenous IL-6 affects the development and
function of CD11c+ DCs, BMDCs were generated from WT
or IL-6 KO mice. The percentage of immature CD11c+

BMDCs from IL-6 KO mice was significantly lower than that
fromWTmice (Fig. 2a). Moreover, the proportion of CD11c+

BMDCs fromWTmice, but not IL-6 KOmice, increased after
stimulation with lipopolysaccharide (LPS; 100 ng/ml), TNF-α
(1 μg/ml), or increasing doses of Der p (1, 10, and 20 μg/ml).
As shown in Fig. 2b, purified CD11c+ BMDCs fromWTmice
(52.9 %) had higher phagocytic activity than those from IL-6
KOmice (34.0 %), as measured from the uptake of fluorescent

latex beads. CD11c+ BMDCs from WT, but not IL-6 KO
mice, exhibited upregulated MHC class II and CD86 expres-
sion following LPS, TNF-α, and Der p stimulation (Fig. 2c).
WT CD11c+ BMDCs secreted significant levels of IL-6 in
response to LPS, TNF-α, and Der p stimulation. IL-6 levels
in the supernatants collected from IL-6 KO CD11c+ BMDCs
were below the detection limit even after stimulation (Fig. 2d).
However, no significant differences in TNF-α or IL-10 pro-
duction were observed between WT and IL-6 KO CD11c+

BMDCs stimulated with LPS, TNF-α, or increasing doses
of Der p (Fig. S2). IL-12p70 was not detected in LPS, TNF-α,
or Der p-stimulated CD11c+ BMDCs obtained from WT and
IL-6 KO mice (data not shown). In the coculture experiment
with naïve CD4+ T cells, Der p-loaded WT CD11c+ BMDCs
induced Th2 and Th17 differentiation with an increase in IL-4,
IL-5, IL-13, and IL-17 cytokine production in the culture su-
pernatants (Fig. S3). In contrast, there was increased IFN-γ
production (for Th1 differentiation) in the supernatants when
naïve CD4+ T cells were cocultured with IL-6 KO CD11c+

BMDCs primed with Der p (Fig. S3). These data suggest that
IL-6 promotes CD11c+ DC generation and confers DCs to
have the better capacity for activating naïve CD4+ T cells.
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Fig. 2 Development and function of bonemarrow-derived dendritic cells
(BMDCs) are modulated by IL-6. a Percentages of CD11c+ BMDCs.
Bone marrow cells from WT or IL-6 KO mice were cultured with
recombinant murine granulocyte–macrophage colony-stimulating factor
(GM-CSF) for 6 days. Non-adherent cells were harvested, counted,
incubated in medium alone (C) or stimulated with lipopolysaccharide
(LPS), tumor necrosis factor (TNF)-α, or Der p for 24 h, and stained
for CD11c. Data are expressed as mean±SEM (n=6 mice per group).
*P<0.05. b Phagocytic activity of CD11c+ BMDCs. Isolated CD11c+

BMDCs were incubated with fluorescent carboxylate-modified
polystyrene latex beads, washed, and analyzed by flow cytometry.

Representative histogram plots of WT CD11c+ BMDCs (left panel) and
IL-6 KO CD11c+ BMDCs (right panel) are representative of 6 mice per
group from 1 experiment. The black line indicates that CD11c+ BMDCs
fromWTand IL-6 KOmice were not incubated with fluorescent beads. c
Major histocompatibility complex (MHC) class II and CD86 expression
and d IL-6 release in the culture supernatants of purified CD11c+ BMDCs
fromWTor IL-6 KOmice were incubated in medium alone or stimulated
with LPS, TNF-α, or Der p for 24 h. Data are expressed as mean±SEM
(n=30 mice per group) pooled from 5 experiments. *P<0.05. Similar
results were obtained in 2 additional experiments. BD below detection
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IL-6 is required for DC-induced airway inflammation
and AHR

To further investigate the role of IL-6 in DC-induced allergic
airway inflammation, Der p-loaded CD11c+ BMDCs from
WT or IL-6 KO mice were adoptively transferred
intratracheally into naïve WT mice. Ten days after adoptive
transfer, allergic airway inflammation was triggered by re-
peated intranasal instillations of Der p (Fig. 3a). Naïve WT
mice receiving saline-loaded WT CD11c+ BMDCs exhibited
no elevation in Der p-specific IgE and IgG1 after Der p
challenge (data not shown). The assessment of AHR

(Fig. 3b), total and differential BAL cell counts (Fig. 3c),
lung histological analysis, and periodic acid-Schiff staining
(Fig. 3d) showed that CD11c+ BMDCs from IL-6 KO mice
could not induce allergic airway inflammation and AHR in
naïve WT mice compared with Der p-loaded WT CD11c+

BMDCs. In contrast to mice that received WT CD11c+

BMDCs, those that received IL-6 KO CD11c+ BMDCs
had no increase in serum Der p-specific IgE and IgG1 levels
despite intranasal instillation of Der p (Fig. 3e). In another
experiment, BMDCs from wild-type mice have been adop-
tively transferred into IL-6 KO mice which were able to
induced AHR in recipient IL-6 KO mice, but to a lesser
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Fig. 3 IL-6 is a key factor in the initiation of DC-induced airway
inflammation and AHR. a Der p-loaded CD11c+ BMDCs from WT or
IL-6 KO mice were adoptively transferred intratracheally into naïve WT
mice. Ten days later, recipient mice were intranasally challenged with Der
p daily for 6 days. b Rrs to increasing dosages of aerosolized MCh. c
Numbers of total cells (Total), macrophages (Mac), lymphocytes
(Lymph), neutrophils (Neu), and eosinophils (Eos) in the BAL. d

Representative examination of airway inflammation and airway mucus
production (dark purple) on lung sections stained with H&E (upper
panels) and periodic acid-Schiff (PAS) (lower panels). Magnification =
×200. Images are representative of 6 mice per group from 1 experiment. e
Serum Der p-specific IgE and IgG1 levels. Data are expressed as mean±
SEM (n=6 mice per group). *P<0.05, **P<0.01. Similar results were
obtained in 2 additional experiments
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extent than wild-type BMDCs into wild-type mice (Fig S4).
In contrast, wild-type BMDCs were ablated for IL-6 gene by
IL-6 siRNA treatment failed to induce AHR in recipient IL-
6 KO mice (Fig. S4). Decreased levels of CCL17 and IL-17
were also found in the BAL of mice that received IL-6 KO
CD11c+ BMDCs (Fig. S4). However, the IFN-γ and IL-10
concentrations in the BAL were markedly higher in mice
that received IL-6 KO CD11c+ BMDCs than those in mice
that received WT CD11c+ BMDCs (Fig. S4).

Immunohistochemical staining revealed that CD4+, GATA
binding protein (GATA)-3+, and retinoic acid-related orphan
receptor (ROR)γt+ cells were predominantly distributed in
lung sections of mice that received WT, but not IL-6 KO
CD11c+, BMDCs (Fig. 4a). When the cells from lung-
draining lymph nodes (LLNs) were stimulated with Der p
in vitro for 72 h, significant increases in the levels of IL-4,
IL-5, IL-13, and IL-17were detected inmice that receivedWT

CD11c+ BMDCs (Fig. 4b). Elevated IFN-γ production was
observed in mice that received IL-6 KO CD11c+ BMDCs
(Fig. 4b). These data show that IL-6 is essential for DC-
induced airway inflammation and AHR. Moreover, IL-6 KO
CD11c+ BMDCs fail to trigger pathogenic Th2 and Th17
responses to Der p allergen in vivo.

The effect of IL-6 signaling blockade on human
monocyte-derived DC function

Because our data in mice described above suggested that en-
dogenous IL-6 regulates the development and function of
DCs, we further investigated whether the inhibition of IL-6
signaling also influences human DC development and DC-
induced naïve CD4+ T cell polarization. Tocilizumab, a hu-
manized monoclonal antibody that binds to IL-6 receptor-α to
neutralize IL-6, is Food and Drug Administration-approved

(B) IFN- IL-4 IL-5 IL-13 IL-17
** * **

CD4

GATA-3

WT BMDCs             WT

ROR t

(A) IL-6 KO BMDCs         WT
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Fig. 4 IL-6-competent DCs are necessary to induce pathogenic Th2 and
Th17 responses. Mice were sensitized and challenged as described in
Fig. 3. a Representative photographs of immunohistochemistry for CD4
(red), GATA-binding protein (GATA)-3 (brown), and retinoic acid-related
orphan receptor (ROR)γt (brown) in lung sections. Magnification =
×400. Arrows indicate cells positive for CD4 (upper panel), GATA-3
(middle panel), and RORγt (lower panel). Images are representative of

6 mice per group from 1 experiment. b Interferon (IFN)-γ, IL-4, IL-5, IL-
13, and IL-17 levels in the culture supernatants collected from single cells
of lung-draining lymph nodes incubated in medium alone or re-
stimulated with Der p in vitro. Data are expressed as mean±SEM (n=
30 mice per group) pooled from 5 experiments. *P<0.05, **P<0.01.
Similar results were obtained in 2 additional experiments
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for the treatment of rheumatoid arthritis [25]. Peripheral
blood monocytes, collected from Der p-sensitive, allergic
asthmatics and non-atopic controls, were differentiated into
DCs by addition of recombinant human (rh) granulocyte–
macrophage colony-stimulating factor (GM-CSF) and rhIL-
4 in culture. During this differentiation phase, monocytes
were also treated in the absence (medium-DCs) or presence
of tocilizumab (tocilizumab-DCs). We found that the expres-
sion of human histocompatibility leukocyte antigen (HLA)-
DR and CD86 was reduced in Der p-loaded tocilizumab-
DCs compared with that in Der p-loaded medium-DCs in
allergic asthmatics (Fig. 5a). In non-atopic controls and al-
lergic asthmatics, decreased HLA-DR expression was also
observed in immature tocilizumab-DCs as compared to that
in immature medium DCs (Fig. 5a). Moreover, in allergic
asthmatics, IL-5 levels were decreased in the supernatants
of naïve CD4+ T cells cocultured with Der p-loaded toci-
lizumab-DCs relative to Der p-loaded medium-DCs
(Fig. 5b). These data further show that Der p-loaded DCs
that differentiated from monocytes with IL-6 receptor-α
blockade have lower HLA-DR and CD86 expression and
poor capacity for eliciting Th2 development.

Discussion

In the present study, we found that IL-6 was necessary for the
development of Der p-induced airway inflammation and
AHR. Former observations suggested that IL-6 is not related
to the development or severity of AHR [18, 19, 26]. However,
our data imply that the development or exacerbation of AHR
is due to IL-6-triggered Th2/Th17 expansion in Der p-induced
airway inflammation, which is in agreement with previous
studies showing that IL-13 or IL-17 can promote AHR [5,
27]. A previous study showed that IL-6 was not required for
airway eosinophilia because IL-6 deficiency did not impair the
produc t ion of CCL11, an impor tan t eos inophi l
chemoattractant, in response to inhaled extracts of Aspergillus
fumigatus [28]. However, we found that the levels of IL-5
(data not shown), IL-17, and CCL11 significantly decreased
in Der p-exposed IL-6 KO mice accompanied by markedly
reduced airway eosinophilia. These results are reasonable, as
IL-6 can directly upregulate CCL11 expression [29] or indi-
rectly by increasing IL-17 expression [6]. Moreover, IL-6-
deficient mice display enhanced Th2 responses and eosino-
philia in the chronic mouse model of ovalbumin (OVA)-
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Fig. 5 Der p-loaded DCs
differentiated from monocytes
with IL-6 receptor-α blockade are
defective in inducing Th2
responses. To determine the effect
of IL-6 signaling on DC
development and function, in
addition to incubation with
recombinant human (rh) GM-
CSF and rhIL-4, some monocyte
cultures were supplemented with
tocilizumab to neutralize IL-6.
DCs differentiated from
monocytes treated with
tocilizumab or controls were
stimulated with Der p for 48 h. a
Expression of human
histocompatibility leukocyte
antigen (HLA)-DR and CD86 on
immature and Der p-loaded
monocyte-derived DCs was
assayed by flow cytometry. b
IFN-γ, IL-5, and IL-13 levels in
the supernatants collected from
naïve CD4+ T cells cocultured
with immature or Der p-loaded
DCs. Data are expressed as mean
±SEM (n=6 individuals per
group). *P<0.05, #P<0.05,
†P<0.05
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induced allergic asthma [30]. Therefore, the different roles of
IL-6 in mouse models of allergic asthma may depend on the
duration of allergen exposure.

DCs play an important role in the initiation of adaptive
immune responses and induction of peripheral tolerance, in-
cluding Tcell anergy and/or regulatory Tcell (Treg) induction.
The factors that program DCs toward inflammatory or
tolerogenic phenotypes remain inconclusive. We found that
CD11c+ BMDCs from IL-6 KO mice were functionally de-
fective because their reduced phagocytic activity and expres-
sion of MHC class II and CD86 were not upregulated after
antigen stimulation. CD11c+ BMDCs tended to exhibit an
immature or tolerogenic phenotype when IL-6 signaling was
deficient in the bone marrow. Moreover, we found that IL-6
KO mice generated fewer CD11c+ BMDCs than WT mice.
Even following stimulation with LPS, TNF-α, and Der p, the
percentages of CD11c+ BMDCs from IL-6 KO mice did not
increase as compared to those from WT mice, implying that
IL-6 can promote DC generation. In a previous study, IL-6
levels were also positively correlated with DC yield in CD34+

progenitor cell culture [31]. Our results appear to contrast the
report of Bleier et al. [32], which shows that IL-6 KO BMs
generate more CD11c+ BMDCs than WT BMs. This discrep-
ancy may be due to the timing of harvest and culture of
BMDCs from IL-6 KO mice, which requires that need further
confirmation in a future study.

Our in vitro BMDC-naïve CD4+ T cell coculture experi-
ments revealed that Der p-loaded CD11c+ BMDCs from IL-6
KO mice induced fewer Th2 and Th17 cells and more Th1
cells than did CD11c+ BMDCs fromWTmice. This finding is
supported by the former observation that IL-6 KO BMDCs
induce less allogeneic T cell proliferation as compared to WT
BMDCs [32]. The impaired capability of IL-6 KO BMDCs to
stimulate Tcell proliferation is partially due to their inability to
produce IL-6 [32]. In addition, we found that after repeated
Der p challenge, lower GATA-3 and RORγt expression was
observed in the lungs of mice that received IL-6 KO CD11c+

BMDCs. Higher levels of IFN-γ and IL-10 and lower Th2
cytokine expression were observed in the BAL of mice that
received IL-6 KO CD11c+ BMDCs. Our data imply that
CD11c+ DCs, generated in a microenvironment lacking en-
dogenous IL-6, convert pathogenic Th2 and Th17 responses
to harmless Th1 responses or induce tolerance in response to
allergen sensitization and challenge.

However, DCs from BMs or lungs may exhibit different
functional characteristics, and a different in vivo role of IL-6
in the differentiation of DCs has been reported [33, 34]. How-
ever, our previous study showed that increased IL-6 produced
by Der p-loaded monocyte-derived DCs from allergic asth-
matics than normal controls is positively related to enhanced
DC-induced Th2 polarization [35]. Moreover, in this study,
we identified that in addition to reduced HLA-DR and
CD86 expression, DCs that differentiated from monocytes

treated with tocilizumab failed to effectively polarize naïve
CD4+ T cells toward a Th2 phenotype in allergic asthmatics,
emphasizing the importance of IL-6 signaling in DC differen-
tiation and function.

Our results clearly show that IL-6 signaling confers DCs to
capture allergens, mature, and initiate allergen-specific Th2
and/or Th17 effector cell-mediated pulmonary inflammation
and AHR, demonstrating that IL-6 plays an essential role in
the development of allergic asthma. Blockade of the IL-6 sig-
naling pathway may represent a novel therapeutic strategy for
the prevention or control of allergic asthma.
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Supplemental Methods 

Invasive measurement of airway hyper-reactivity (AHR) 

Mice were anaesthetized by intraperitoneal injections of pentobarbital sodium (60 

mg/kg) and tracheostomized. Total airway resistance in response to increasing 

concentrations of aerosolized methacholine (MCh; Sigma-Aldrich, St. Louis, MO) 

was measured using the FlexiVent apparatus (SCIREQ, Montreal, Canada). 

 

Bronchoalveolar lavage fluid (BAL) analysis 

BAL was collected with 2 instillations of 1 ml of cold saline into the trachea. The 

BAL was centrifuged at 1,200 rpm for 10 minutes at 4°C. The total number of cells in 

the 2 collections was counted with a hemocytometer. Differential cell counts were 

performed by cytospin preparation of the BAL, stained with Liu’s Stain solution for 

microscopic examination, and 300 cells were enumerated. All samples were assessed 

in a double-blinded manner. Cytokine levels in the first BAL collection were 

measured by enzyme-linked immunosorbent assay (ELISA; R&D systems, 

Minneapolis, MN). 

 

Lung histology and immunohistochemistry 

Mouse lungs were filled with 10% (vol/vol) alcoholic formalin (Sigma-Aldrich) via 

the trachea, removed from the chest cavity, stored overnight in 10% (vol/vol) neutral 
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buffered formalin, embedded in paraffin, and sectioned. Hematoxylin and eosin or 

periodic acid-Schiff stain was performed according to the manufacturers’ protocols 

(Sigma-Aldrich). For CD4, GATA-binding protein (GATA)-3, and retinoic 

acid-related orphan receptor (ROR)γt staining, deparaffinized lung sections, after 

antigen retrieval and blocking of non-specific binding, were incubated with rabbit 

anti-CD4, GATA-3, and RORγt antibodies (Bioss, Inc., Woburn, MA). Antibody 

staining was detected using the UltraTek Alk-Phos Anti-Rabbit (Permanent Red) 

Staining System (ScyTek Laboratories, Inc., Logan, Utah) for CD4 and the 

NovolinkTM Polymer Detection System (Leica Microsystems, Wetzlar, Germany) for 

GATA-3 and RORγt. Slides were counterstained with hematoxylin and mounted. 

Images were acquired using an Olympus BX50 light microscope (Olympus, Center 

Valley, PA) attached with an Optronics Magnafire digital camera (Optronics, Inc, 

Muskogee, OK).  

 

Immunoglobulin (Ig) quantification 

Total IgE levels in sera were assayed by ELISA (Bethyl Laboratories Inc., 

Montgomery, TX). For Dermatophagoides pteronyssinus (Der p)-specific IgE and 

IgG1, each well was coated with 1 μg of Der p in a coating buffer (pH = 9.6) 

overnight at 4°C. After blocking, diluted sera were added and incubated overnight at 

4°C, incubated with goat anti-mouse IgE-horseradish peroxidase (HRP) or IgG1-HRP 

conjugate for 3 hours, washed, and developed with 3,3′,5,5′-tetramethylbenzidine. 

The absorbance of samples was determined at 450 nm in an ELISA reader. 

 

Functional assay of bone marrow-derived dendritic cells (BMDCs) 

Immature CD11c+ BMDCs (1 × 106) were incubated in medium alone or stimulated 
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with 100 ng of lipopolysaccharide (LPS) (Sigma-Aldrich), 1 μg of tumor necrosis 

factor (TNF)-α (PeproTech), or 1, 10, and 20 μg of Der p for 24 hours. The percentage 

of CD11c+ BMDCs and expression of major histocompatibility complex (MHC) class 

II and CD86 on immature or antigen-loaded isolated CD11c+ BMDCs were evaluated 

by flow cytometry using monoclonal antibodies, FITC anti-CD11c (clone HL3; BD 

Biosciences, San Jose, CA), PE-Cy5 anti-MHC Class II (clone M5/114.15.2), and 

PE-Cy5 anti-CD86 (clone GL1) (both from eBioscience). Interleukin (IL)-6, TNF-α, 

IL-10, and IL-12p70 levels in the culture supernatants collected from immature or 

antigen-loaded isolated CD11c+ BMDCs were assayed by ELISA (R&D systems). 

For quantitative analysis of phagocytic ability, immature isolated CD11c+ BMDCs (1 

× 106) were incubated with 1.0 μm fluorescent carboxylate-modified polystyrene latex 

beads (Sigma-Aldrich) at a ratio of 125 particles per cell for 2 hours, washed, and 

analyzed by flow cytometry. For in vitro DC-induced naïve T cell differentiation, 

naïve CD4+ T cells (1 × 106 per well) obtained from naïve WT mice were cocultured 

with Der p-loaded isolated CD11c+ BMDCs (1 × 105 per well) from wild-type (WT) 

or IL-6 knockout (KO) mice for 5 days. Then, CD4+ T cells were harvested and 

stimulated with 1 μg/ml of plate-coated anti-mouse CD3 and 5 μg/ml of soluble 

anti-mouse CD28 for 48 hours. Interferon (IFN)-γ, IL-4, IL-5, IL-13, and IL-17 levels 

in the supernatants collected from CD4+ T cells were assayed by ELISA (R&D 

systems).  

 

Lung-draining lymph node (LLN) cell culture and stimulation 

We re-stimulated single cells from LLNs with 20 μg/ml of Der p. After 72 hours of 

culture, the concentrations of IFN-γ, IL-4, IL-5, IL-13, and IL-17 in the supernatants 

were quantified by ELISA (R&D Systems). 
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Study subjects 

The study population was recruited from the Allergy and Asthma Specialty Clinic at 

National Cheng Kung University Hospital and included newly diagnosed allergic 

asthmatic children and age-matched non-atopic controls. This study was approved by 

the Ethical Committee for Human Research at the National Cheng Kung University 

Hospital and informed consent was obtained from all subjects or their guardians. The 

study subjects consisted of 10 newly diagnosed allergic asthmatic children with a 

mean age of 10.2 years and 10 age-matched non-atopic controls. The definition of 

asthma included: (1) a history of ≥ 2 episodes of wheezing in the last 6 months, 

during or without concurrent respiratory infection, (2) chronic cough diagnosed by a 

physician for > 1 month regarding the presence of wheezing episode(s), and (3) 

confirmation of a 15% increase in forced expiratory volume in 1 second (FEV1) on 

bronchodilator testing. All allergic asthmatic children had a history of atopy and were 

sensitive to Der p as examined by prick skin test and specific IgE against Der p using 

the UniCAP system (Pharmacia Diagnostics AB, Uppsala, Sweden). Age-matched 

non-atopic controls did not have any of the aforementioned symptoms of allergic 

asthma in their previous physical examinations. 

 

Generation of human DCs and naïve CD4+ T cell priming 

CD14+ monocytes and naïve CD4+ T cells were selected from peripheral blood 

mononuclear cells according to the manufacturer’s instructions (Miltenyi Biotech, 

Cologne, Germany). The purity of each isolated cell subset, as analyzed by flow 

cytometry, was >95%. For generation of immature CD1a+CD14- DCs, CD14+ 

monocytes were cultured in complete RPMI 1640 medium supplemented with 50 

ng/ml of recombinant human granulocyte-macrophage colony-stimulating factor 
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(rhGM-CSF) (PeproTech) and 20 ng/ml of rhIL-4 (PeproTech) for 6 days. In order to 

clarify the impact of IL-6 signaling on DC development and function, in addition to 

incubation with rhGM-CSF and rhIL-4, some monocytes were cultured in the 

presence of 5 ng/ml of tocilizumab (Actemra®; Genentech USA, Inc., San Francisco, 

CA) to block IL-6 signaling. Half the medium was replaced with fresh rhGM-CSF- 

and rhIL-4-containing complete medium every second day. On day 6, immature DCs 

were harvested from monocyte cultures and stimulated with 50 μg/ml of Der p for 48 

hours. Expression of cell surface markers on immature or Der p-loaded DCs were 

stained with PE anti-CD1a (clone HI149), APC anti-CD14 (clone M5E2), FITC 

anti-HLA-DR (clone G46-6), and FITC anti-CD86 (clone FUN-1) (all from BD 

Biosciences) and analyzed by flow cytometry. To examine naïve CD4+ T cell 

differentiation induced by antigen-loaded DCs, autologous naïve CD4+ T cells (106 

per well) were cocultured with immature or Der p-loaded DCs (2.5 × 105 per well) for 

6 days. On day 5, 10 U/ml of rhIL-2 (PeproTech) was added to each well. IFN-, IL-5, 

and IL-13 levels in the supernatants collected from cocultures of immature or Der 

p-loaded DCs and autologous naïve CD4+ T cells were assayed by ELISA (R&D 

systems).  

 

IL-6 gene ablation by siRNA 

BMDCs were transfected with siRNA that specifically targeted IL-6 mRNA. Short 

interfering RNA was mixed and equilibrated with TransFast (10:1, vol/ vol) (Promega) 

for 15 min at room temperature, and the mixture was added to BMDCs in FCS-free 

medium for 3 h at 37oC. FCS was added to a final concentration of 10%, and the cells 

were used 24 h later. 
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Supplement Table 

Table S1. Demographic and clinical characteristics of the study subjects 

  Allergic Asthma
(N=10)

Controls 
(N=10) 

P-value* 

Gender, male (%)  6 (60%) 5 (50%)  0.56 

Age, years±SD  6.9 ± 3.5  6.8 ± 3.8  0.82 

Bodyweight, Kg±SD  27.19 ± 13.91  28.58 ± 11.72  0.93 

FEV1 (pred %)  92.87 ± 3.77  97.15 ± 3.82  0.03 

Total IgE  421.69 ± 24.41  135.63 ± 22.77  <10-3 

Der p-specific IgE (K.U.)  50.77 ± 7.00  6.99 ± 7.04  <10-3 

Eosinophils (%)  9.19 ± 3.41  5.14 ± 5.10  <10-3 

Absolute eosinophils count  917 ± 29.7  109.8 ± 34.1  <10-3 

 
Note: 
*P values were obtained from either Student’s t test or chi-square test; Student’s t test was used for continuous 
variables and chi-square test was used for discrete variables.. 
 



Lin et al. IL‐6 and asthma 
 

7 

Supplemental figure legends  

 

Figure S1 Cytokine levels in the bronchoalveolar lavage (BAL) fluid in Dermatophagoides 
pteronyssinus (Der p)-exposed mice. Naïve wild-type (WT) and IL-6 knockout (KO) mice 

were intranasally exposed to Der p for 10 consecutive days and sacrificed 72 hours after the 

last exposure. The control group received saline. The concentrations of tumor necrosis factor 

(TNF)-α, IL-4, CCL11, CCL17, IL-17, and interferon (IFN)-γ in BAL collected 72 hours post 

Der p exposure are shown. For differential cell counts, data are expressed as mean ± standard 

error of the mean (SEM; n = 6 mice per group). Similar results were obtained in 2 additional 

experiments. For cytokine levels, data are expressed as mean ± SEM (n = 18 mice per group) 

pooled from 3 experiments. *P < 0.05, **P < 0.01.   
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Figure S2 Levels of TNF-α and IL-10 in the supernatants of antigen-loaded CD11c+ bone 

marrow-derived dendritic cells (BMDCs). Purified CD11c+ BMDCs from WT or IL-6 KO 

mice were incubated in medium alone (C) or stimulated with lipopolysaccharide (LPS), 

TNF-α, or Der p for 24 hours. Data are expressed as mean ± SEM (n = 30 mice per group) 

pooled from 5 experiments. NP = not performed. 
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Figure S3 DC-induced naïve CD4+ T cell differentiation. IFN-γ, IL-4, IL-5, IL-13, and IL-17 

levels in the supernatants of WT naïve CD4+ T cells cocultured with control or Der p-loaded 

CD11c+ BMDCs from WT or IL-6 KO mice. Data are expressed as mean ± SEM (n = 30 

mice per group) pooled from 5 experiments. *P < 0.05. 
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Figure S4. Airway hyper-reactivity (AHR, RrS) to increasing dosage of aerosol methacholine 

(Mch). Der p-loaded CD11c+ BMDCs from WT mice pre-treated with or without IL-6 siRNA, 

were adoptively transferred intratracheally into naïve IL-6 KO mice. Ten days later, recipient 

mice were intranasally challenged with Der p daily for 6 days. 
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Figure S5 BAL cytokine levels in mice with DC-induced airway inflammation. Der p-loaded 

CD11c+ BMDCs from WT or IL-6 KO mice were adoptively transferred intratracheally into 

naïve WT mice. Ten days later, recipient mice were intranasally challenged with Der p daily 

for 6 days. The concentrations of CCL17, IL-17, IFN-γ, and IL-10 in the BAL collected 48 

hours post Der p challenge are shown. Data are expressed as mean ± SEM (n = 18 mice per 

group) pooled from 3 experiments. *P < 0.05, **P < 0.01. 
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