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IL-27 Is Essential for Suppression of Experimental Allergic
Asthma by the TLR7/8 Agonist R848 (Resiquimod)

Adan Chari Jirmo,*,†,1 Kathleen Daluege,*,1 Christine Happle,*,† Melanie Albrecht,*

Anna-Maria Dittrich,* Mandy Busse,* Anika Habener,*,† Jelena Skuljec,*,† and

Gesine Hansen*,†

Different models of experimental allergic asthma have shown that the TLR7/8 agonist resiquimod (R848) is a potential inhibitor of

type 2 helper cell–driven inflammatory responses. However, the mechanisms mediating its therapeutic effects are not fully

understood. Using a model of experimental allergic asthma, we show that induction of IL-27 by R848 is critical for the observed

ameliorative effects. R848 significantly inhibited all hallmarks of experimental allergic asthma, including airway hyperreactivity,

eosinophilic airway inflammation, mucus hypersecretion, and Ag-specific Ig production. Whereas R848 significantly reduced IL-5,

IL-13, and IL-17, it induced IFN-g and IL-27. Neutralization of IL-27 completely reversed the therapeutic effect of R848 in the

experimental asthma model, demonstrating dependence of R848-mediated suppression on IL-27. In vitro, R848 induced produc-

tion of IL-27 by murine alveolar macrophages and dendritic cells and enhanced expression of programmed death–ligand 1, whose

expression on monocytes and dendritic cells has been shown to regulate peripheral tolerance in both murine and human studies.

Moreover, in vitro IL-27 enhanced secretion of IFN-g whereas it inhibited IL-5 and IL-13, demonstrating its direct effect on

attenuating Th2 responses. Taken together, our study proves that R848-mediated suppression of experimental asthma is depen-

dent on IL-27. These data provide evidence of a central role of IL-27 for the control of Th2-mediated allergic diseases. The

Journal of Immunology, 2016, 197: 4219–4227.

A
sthma is one of the most common chronic diseases, af-
fecting ∼300 million people worldwide (1). It is a het-
erogeneous disease with different clinical endotypes that

share the typical features of airway inflammation, mucus hyper-
secretion, and reversible airway obstruction (2). Asthma affects
patients from infancy to senior age and is associated with high
morbidity and health care costs (2–4). Although symptoms can be
controlled in most patients by the use of anti-inflammatory and
bronchospasmolytic drugs (5), they remain uncontrolled in ∼10%
of patients (6, 7). Progress in development of novel treatment strat-
egies for asthma has been relatively slow, and treatment guidelines
are primarily based on clinical symptoms rather than underlying
mechanisms of pathogenesis. So far, no curative therapies or even
effective primary prevention strategies exist.

The origin of asthma is multifactorial with both genetic pre-
disposition and environmental factors contributing to an increased

disease risk (8, 9). One of the most common origins of asthma

is sensitization to allergens in atopic patients resulting in a type

2 polarization of Th cells in response to allergen contact (10).

Immune modulatory attempts have aimed at redirecting this in-

appropriate Th2 response toward allergens and inducing a counter-

balancing Th1 or regulatory T cell response (11). Central components

in these immunotherapeutic attempts are TLRs, key players of the

innate immune system that mediate recognition and response to

various microbial and viral pathogens (12, 13). TLR7 and TLR8 are

receptors with high affinity for viral ssRNA (14). TLR7 is expressed

most abundantly on plasmacytoid dendritic cells (DCs), myeloid

DCs, B cells, and epithelial cells (15), whereas TLR8 is mainly

expressed on monocytes, myeloid DCs, and neutrophils (14, 16–18).
R848 (resiquimod) is an imidazoquinoline compound initially de-

veloped as a potential antiviral agent that exerts its immunostimulatory

function via mouse TLR7 as well as human TLR7 and TLR8 (19–21).

It activates APCs via the MyD88 pathway, leading to induction of

proinflammatory cytokines and chemokines, especially large amounts

of type 1 IFNs (22). In different rodent models of experimental

asthma, R848 effectively inhibited the development of asthma

and even reversed already established asthma symptoms after

systemic and intranasal application (18, 23–25).
In these studies, the R848-mediated effect was mostly attrib-

uted to its ability to induce IFN-g by NKT, NK, or CD8+ T cells

(23, 26). However, IFN-g cannot solely account for the protec-

tive effect because the R848-mediated protection is neither

abolished in IFN-g–deficient mice nor through depletion of

NKT cells (23, 26). In addition to inducing IFN-g (18), application

of R848 enhanced secretion of IL-27 in human and murine cells

(27, 28). Moreover, in allergen-induced airway inflammation models,

secretion of IL-27 together with IFN-g was essential for atten-

uation of the Th2 response (29).
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IL-27 is a member of the IL-12 family and primarily produced by
activated DCs and pulmonary macrophages (30–32). This hetero-
dimeric cytokine binds to the IL-27 receptor and gp130 to activate
STAT1 (33–35) and induce Th1 cell differentiation (32, 36) whereas
it directly suppresses Th2 and Th17 differentiation (37). Very re-
cently, it was shown in different models of lung inflammation, in-
cluding allergic inflammation and viral respiratory tract infection,
that IFNs and IL-27 regulate the function of group 2 innate lym-
phoid cells and thereby together restrict type 2 immune responses
(38–40). Using a model of immune perturbation, Molofsky et al.
(41) have also shown that a counterregulatory mechanism involving
IFN-g and IL-33 is involved in regulating type 2 innate lymphoid
cells and thereby maintenance of immune homeostasis.
In this study, we aimed at further elucidating the immunological

mechanism underlying the therapeutic effect of R848 in experi-
mental asthma. In a murine asthma model, intranasal application of
R848 efficiently inhibited the asthma phenotype, including airway
hyperreactivity (AHR), airway inflammation, mucus hypersecre-
tion, and Th2 cytokine production, confirming findings of previous
studies in asthma models (18, 23–26). Furthermore, R848 strongly
induced IL-27 secretion, which was crucial for its therapeutic
effect as demonstrated by in vivo neutralization of IL-27 via an mAb.
In vitro, R848 induced IL-27 production in murine pulmonary APCs
and upregulated programmed death–ligand 1 (PD-L1), a ligand
critically involved in tolerance mechanisms (42, 43), on murine and
human monocytes and DCs. Our data demonstrate a crucial role of
IL-27 for the therapeutic effect of R848 in an experimental model
of allergic asthma and support the impact of IL-27 for the control of
Th2-mediated diseases.

Materials and Methods
Animals

C57BL/6N wild-type mice (6–8 wk of age) were purchased from Charles
River Laboratories (Sulzfeld, Germany). Animals were maintained under
specific pathogen-free conditions at the animal facility of Hannover Medical
School. All animal experiments were performed according to institutional
and state guidelines. The Committee on Animal Welfare of the state of
Lower Saxony in Germany approved all animal protocols used in this study.

Asthma protocol and treatment with R848

To induce an allergic asthma phenotype, mice were immunized with the
model allergen OVA (Sigma-Aldrich, Steinheim, Germany). The con-
taminating LPS in Sigma OVA (grade V, LPS content of $1500 endotoxin
units/mg protein) was removed by Detoxi-Gel endotoxin-removing gel
columns (Pierce Biotechnology, Rockford, IL) to a level of ,10 endotoxin
units/mg protein, which was confirmed with Limulus amebocyte lysate
assay (Cambrex Bio Science, Walkersville, MD). Mice were i.p. sensitized
with OVA (20 mg in 200 ml of 0.9% NaCl, Fig. 1A) adsorbed to 2 mg of an
aqueous solution of aluminum hydroxide and magnesium hydroxide
(Imject Alum; Perbio Science, Bonn, Germany) on days 0 and 7, followed
by daily OVA challenges on days 15–17 by intranasal administration of
20 mg of OVA in 40 ml of 0.9% NaCl or in the case of Alum group chal-
lenged only with 0.9% NaCl solution. AHR was measured on day 18 and
mice were sacrificed immediately afterward.

Mice that were subjected to the asthma protocol are referred to as OVA,
and Alum refers to control animals that received control solutions only
without the model allergen at each time point. The group R848 constitutes
mice that were subjected to the asthma protocol that received a treatment
with 200 mg of R848 in 40 ml of 0.9% NaCl intranasally (InvivoGen
Europe, Toulouse, France) 1 d before the OVA challenge period (see the
protocol scheme in Fig. 1A).

In vivo neutralization of IL-27

In vivo neutralization of IL-27 was done by intranasal application of 40 mg
of anti–IL-27 mAb (clone MM27-B1; eBioscience, San Diego, CA) or
appropriate isotypes as control 1 d before treatment with R848 as shown in
Fig. 3A. Animals that were treated with the neutralizing mAb are referred
to as R848 plus anti–IL-27, and those that received isotype control are
termed R848 plus isotype.

Measurement of AHR

AHR was assessed using invasive lung function as already described
(44). Briefly, after tracheostomy, anesthetized mice were connected to
the flexiVent system (Scireq, Montreal, QC, Canada) and exposed to
different concentrations of aerosolized methacholine (0, 10, 20, and,
where applicable, 30 mg/ml) in 0.9% NaCl. Snapshot perturbations for
each dose of methacholine were used to measure resistance, compli-
ance, and elastance of the respiratory system (airways, lung, and chest
wall).

Bronchoalveolar lavage fluid collection and lung histology

The left lung of each mouse was inflated with 0.4 ml of PBS containing
2 mM EDTA and tied off for histology. Bronchoalveolar lavage fluid
(BALF) of the right lung was obtained as described previously (45, 46).
Lungs were fixed in 4% formalin, embedded in paraffin, and 4-mm-thick
sections were stained with H&E (Merck, Darmstadt, Germany) or with
periodic acid–Schiff (PAS) reagent (Sigma-Aldrich, Taufkirchen, Germany).
Lung sections were scanned using a Keyence BZ-9000 microscope (Keyence,
Osaka, Japan).

Measurement of cytokine production and cell
activation/proliferation in vitro

Bronchial lymph node (BLN) cells were isolated and restimulated in vitro
(5 3 106 cells/well) with 0, 20, or 200 mg/ml OVA in culture medium
(RPMI 1640 medium supplemented with 10% FCS, 100 U/ml penicillin,
and 100 mg/ml streptomycin) for 3 d. For secretion of Th cytokines, BLN
cells were in vitro restimulated in the presence of either 1 mg/ml R848 or
10 ng/ml recombinant mouse IL-27 (BioLegend, San Diego, CA). Alveolar
macrophages (AMs) and lung DCs were isolated after homogenization and
digestion of murine lungs using the gentleMACS system (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s instructions
to attain single-cell suspensions. Pure AMs and DCs were isolated from
digested lungs through sorting based on the surface markers CD11c and
MHC class II (MHC-II) as already described (47) with CD11cloMHC-IIhi

cells representing lung DCs and the CD11hi population representing AMs
(see Fig. 4A).Using further staining with Siglec-F, we demonstrated purity
of AM and DC populations of .95%. In vitro stimulation of human
monocytes and PBMCs as well as murine AMs and lung DCs was done
with either 1 mg/ml R848 or 10 ng/ml recombinant murine or human IL-27
for a maximum of 48 h, and supernatants were collected for cytokine
analysis. Cytokine production was measured using either ELISA (DuoSet;
R&D Systems, Minneapolis, MN) or cytometric bead array (FlowCytomix;
eBioscience) according to the manufacturer’s instructions. The number of
viable cells was measured using a cell titer glow assay (Promega, Mann-
heim, Germany) according to the manufacturer’s instructions. Briefly, the
cell suspension and freshly prepared cell titer glow reagent were mixed
at a 1:1 ratio and measured using a multidetection plate reader system
(Promega).

Measurement of OVA-specific IgG1 and IgE

OVA-specific IgG1 and IgE serum levels were measured by ELISA
according to a standard protocol as described previously (46, 48).

Flow cytometry

Single-cell suspensions were incubated with fluorescently labeled Abs for
30 min at 4˚C in staining buffer (PBS with 0.5% BSA). Abs used in this
study included CD3 (145-2C11), CD4 (RM4-5), and CD25 (PC61) from
BD Pharmingen (San Diego, CA) and Foxp3 (FJK-16s) from eBioscience.
Intracellular staining of Foxp3 was performed using intracellular staining
buffers according to the manufacturer’s instructions (eBioscience). For
identification of murine APCs and expression of B7-H1 (PD-L1), the
following Abs were used: CD11c (clone N418), CD11b (clone M1/70),
MHC-II (clone M5/114.15.2), CD8 (clone 53-6.7), and CD274 (clone
10F.9G2) (all from BioLegend). Characterization of human monocytes and
DCs in the PBMCs was done as follows: CD11c-expressing cells were
taken as myeloid DCs and further classified into either mDC1 or mDC2
based on expression of CD1c or CD141, respectively (49) (Fig. 4B). These
mDC1 and mDC2 subclassifications are important because these DC
subsets found in the peripheral blood have been shown to be functionally
distinct as exemplified through Ag presentation mechanisms (49) as well
as cytokine secretion in response to Ags (50). CD14-expressing cells were
categorized as monocytes (see Fig. 4B).The following Abs were used for
this characterization: CD14, CD11c, CD141, CD1c, and CD274 (Bio-
Legend). Flow cytometry data were collected using a FACSCanto flow
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cytometer (BD Biosciences, Mountain View, CA) and analyzed using
FlowJo version 10 (FlowJo, Ashland, OR).

Statistical analysis

Statistical analyses were performed using GraphPad Prism V software
(GraphPad Software, La Jolla, CA). The Mann–Whitney U test was used for
determination of the significance of differences between two groups. One-way
and two-way ANOVAs with Bonferroni multiple comparisons testing
were used to determine statistical significances in groups larger than two.
A p value ,0.05 was considered significant. Numbers of mice or pooled
samples per experimental group are indicated in each figure legend.

Results
R848 alleviates the hallmarks of experimental allergic asthma

To test the potential of TLR7/8 ligand R848 in ameliorating murine
asthma, mice that were immunized with OVA according to the
asthma protocol shown in Materials and Methods received R848
intranasally 1 d prior to the first intrapulmonary OVA challenge
(Fig. 1A). R848 treatment significantly reduced all hallmark
characteristics associated with experimental asthma. Cell counts
in the BALF and BALF eosinophilia were significantly reduced

FIGURE 1. Treatment with R848 alleviates airway inflammation and mucus hypersecretion in a model of experimental allergic asthma. Wild-type

animals were subjected to the experimental asthma model and challenged with OVA alone (OVA), treated additionally with R848 before the first OVA

challenge (R848), or treated with control vehicle only (Alum) (A). Total cell counts and eosinophilia in BALF (B and C) are shown. Reduced inflammation

and mucus production in the lungs of treated animals, at original magnification 320 (D) and attenuated levels of OVA-specific IgG1 and IgE in serum of

control versus treated mice (E) are shown. Airway hyperresponsiveness after methacholine challenge was measured in an invasive lung function assay (F).

Data are expressed as means 6 SEM of three independent experiments with n $ 6 animals per group except for IgE measurements, in which two in-

dependent experiments were analyzed with n = 3–4 animals per group. *p , 0.05, **p , 0.01, ***p , 0.001.

The Journal of Immunology 4221



(Fig. 1B, 1C), and peribronchiolar and perivascular eosinophilic
infiltrates as well as airway mucus hypersecretion were signifi-
cantly decreased compared with the nontreated allergic mice
(Fig. 1D). Moreover, R848 treatment effectively inhibited serum
levels of OVA-specific IgG1 and attenuated levels of IgE (Fig. 1E)
and reversed methacholine-induced AHR as reflected by a nor-
malization of both airway resistance and elastance and an ele-
vation of lung compliance (Fig. 1F). In summary, these results
demonstrate the therapeutic effect of R848 in experimental
asthma.

R848 inhibits production of IL-4, IL-13, and IL-17 whereas it
induces IFN-g and IL-27

To assess the influence of R848 treatment on Th cell polarization in
our model, we performed cytokine screening in the supernatant of
OVA-restimulated BLN cells. Treatment of sensitized mice with
R848 before the first intranasal challenge (R848 group) led to a
significant reduction of Th2 cytokines (IL-5 and IL-13), Th17
cytokine (IL-17), and a significant induction of the Th1 cytokine
IFN-g and IL-27 (Fig. 2A, 2B). After in vivo application of R848,
a marked decrease in Ag-specific activation/proliferation of BLN
cells was observed (Fig. 2C), whereas the percentage of regu-
latory T cells was significantly elevated (Fig. 2D). Additionally,
the expression of PD-L1, a ligand that plays a crucial role in
tolerance-inducing mechanisms (42, 43), was significantly increased
on pulmonary DCs isolated from mice that were exposed to R848
(Fig. 2E).

IL-27 is crucial in R848-mediated amelioration of
experimental asthma

As IL-27 has been reported to directly suppress Th2 cell devel-
opment and Th2 cytokine production (29, 51), we next addressed
the mechanistic relevance of R848-induced IL-27 in our model. To
this end, IL-27 was blocked in vivo with an antagonizing mAb that
was applied intranasally 1 d before R848 treatment of sensitized
mice a week after the last sensitization (Fig. 3A). Neutralization of
IL-27 with anti–IL-27 mAb significantly inhibited the therapeutic
effect of R848. Anti–IL-27 treatment inhibited R848-induced
protection from AHR as reflected by a significantly elevated air-
way resistance in R848/anti–IL-27-treated mice (Fig. 3B). Fur-
thermore, a significant increase in total BALF cell numbers and
eosinophilic infiltration (Fig. 3C, 3D), as well as an increased
airway inflammation and mucus hypersecretion in H&E- and PAS-
stained lung sections (Fig. 3E), was observed upon IL-27 blockade
in the R848-treated mice. Moreover, restimulated BLN cells iso-
lated from R848-treated mice after neutralization of IL-27 by an
mAb produced more Ag-specific Th2 cytokines (Fig. 3F) and dis-
played an increased Ag-specific activation/proliferation (Fig. 3H).
Meanwhile, OVA-specific IgE was elevated after neutralization of
IL-27 (Fig. 3G). Taken together, inhibition of IL-27 abrogated the
protective effect of R848 in our model.

IL-27 is produced by AMs and DCs and has direct tolerogenic
effects on murine as well as human APCs

We next sorted murine AMs and pulmonary DCs (Fig. 4A) from
lungs of wild-type mice and stimulated them in vitro with
R848. Upon stimulation with R848, both murine AMs and DCs
upregulated PD-L1 (Fig. 4C) and secreted IL-27 (Fig. 4D), a
marker strongly associated with tolerogenic APCs (42, 43). The
secretion of IL-27 in our model was much higher in AMs as
compared with DCs (Fig. 4D). Upregulation of PD-L1 upon
R848 stimulation was also observed in human monocytes and
DCs (Fig. 4B) after in vitro stimulation of human PBMCs
(Fig. 4C).

To determine the direct effect IL-27 has on AMs and DCs, we
stimulated murine AMs and DCs in vitro with rIL-27, which led
to IFN-g secretion in both cell types in a dose-dependent
manner (Fig. 4E). Furthermore, application of IL-27, similar
to R848 stimulation, resulted in upregulation of PD-L1 in
murine as well as human APCs (Fig. 4F, 4H). Next, we stim-
ulated murine BLN cells isolated from allergic mice with OVA
in the presence of IL-27. IL-27 stimulation significantly in-
duced IFN-g secretion but suppressed secretion of the Th2

FIGURE 2. R848 reduces Th2 and Th17 cytokines but enhances

production of IL-27 and IFN-g. On restimulation with the allergen,

BLN cells from the R848 group displayed a decreased Th2 cytokine

production and increased expression of IFN-g and IL-27 (A and B)

compared with those from allergic mice (OVA). Ex vivo proliferation of

BLN cells after restimulation with OVA (C) and frequencies of regu-

latory T cells in BLN (D) are shown. PD-L1 expression on lung DCs in

mice subjected to the asthma protocol after application of R848 (E) is

shown. Data are expressed as means 6 SEM of two to three indepen-

dent experiments with n $ 6 animals per group. **p , 0.01, ***p ,
0.001.
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FIGURE 3. The therapeutic effect of R848 on experimental allergic asthma is dependent on IL-27. Mice subjected to the asthma protocol were either

pretreated with an IL-27–neutralizing Ab or isotype control or left untreated before application of R848 (A). Neutralization of IL-27 abrogated the

beneficial effects of R848 as shown by increased AHR (B) and elevation of total BALF cell counts and eosinophilia (C and D). Increased eosinophilic

airway inflammation and mucus secretion are shown in H&E- and PAS-stained lung sections, at original magnification 320 (E). Effects of antagonizing

IL-27 on Th2 cytokine production by BLN cells and IgE in serum of experimental animals (F and G) or activation/proliferation (H) of BLN cells stimulated ex

vivo using OVA are shown. Data are expressed as means 6 SEM of two to three independent experiments with n $ 4 animals per group.*p , 0.05, **p ,
0.01, ***p , 0.001.
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cytokines IL-5 and IL-13 (Fig. 4G). In summary, our data show
that IL-27 is produced by pulmonary APCs upon R848 stimu-
lation, directly activates IFN-g secretion by these APCs, and

upregulates PDL-1 on their surface. Additionally, IL-27 dampens
production of Th2 cytokines by Ag-experienced helper cells in this
model of allergic asthma.

FIGURE 4. Lung APCs produce IL-27 in response to R848, which impacts Th2/Th1 cytokine production and tolerogenic marker expression in murine

and human APCs. Gating strategy for AMs and DCs in murine lungs (A) and staining strategy used for identification of human monocytes and DCs in

peripheral blood (B) are shown. Murine AMs and DCs sorted from lungs of wild-type mice as well as human DCs and monocytes display increased

expression of PD-L1 on stimulation with R848 (C). Additionally, murine AMs and DCs produce IL-27 on exposure to R848 (D). The dose-dependent

influence of in vitro stimulation with recombinant murine IL-27 (rmIL-27) on IFN-g production by murine DCs and AMs (E) and expression of PD-L1 (F)

are shown. Reduced Th2 cytokine and IFN-g production by BLN cells of allergic mice restimulated in presence of rmIL-27 (G). Enhanced expression of

PD-L1 on human DCs and monocytes after in vitro stimulation with recombinant human IL-27 (rhIL-27) (H) is shown. Flow cytometry histograms are

representative of one of two murine experiments or of DCs and monocytes from five human donors. Graphs display a summary of two to three independent

experiments with means 6 SEM. *p , 0.05, **p , 0.01, ***p , 0.001. rhIL-27, recombinant human IL-27; rmIL-27, recombinant murine IL-27.
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Discussion
In the present study, we aimed at elucidating the mechanisms
involved in alleviation of murine allergic asthma by the TLR7/8

agonist R848 (resiquimod). We first confirmed previous findings

that R848 significantly inhibits all hallmarks of allergic asthma,

including AHR, eosinophilic airway inflammation, mucus hyper-

secretion, and Th2 as well as Th17 cytokine production whereas it

simultaneously induces the Th1 cytokine IFN-g (18, 23, 26, 52).

Additionally, we show in our model of experimental asthma that

R848 strongly induced IL-27, a cytokine of the IL-12 family, and

that blocking IL-27 by a monoclonal anti–IL-27 Ab completely

reversed the protective effect of R848. These data demonstrate, to

our knowledge for the first time, the central role of IL-27 signaling

for the therapeutic effect of R848 in experimental asthma.
Previously, it has been shown that R848 exerts its immunostimulatory

function viamouse TLR7 aswell as human TLR7 and TLR8 (19–21)

by activating APCs via the MyD88 pathway, leading to induction of

large amounts of type 1 IFNs (22). In accordance with other mouse

asthma models (18, 23–25, 52), we also observed a strong induction

of IFN-g and inhibition of the Th2 cytokines IL-5 and IL-13 as well

as inhibition of the Th17 cytokine IL-17 after intranasal appli-

cation of R848.
So far, the R848-mediated effect has been mostly attributed either

to NKT cells or to NK or CD8+ T cell–derived IFN-g. However,

because the protective effect was not abolished in IFN-g–deficient

mice or by depletion of CD8+ T cells (23, 26), IFN-g cannot solely

account for the protective effect of R848. In our study, we show, to

our knowledge for the first time, a strong induction of IL-27 by R848

treatment in experimental asthma. This heterodimeric IL-12–

related cytokine was secreted in cell culture supernatants from

lung-draining lymph node cells that we had isolated from R848-

treated asthmatic mice. Moreover, IL-27 was strongly secreted

after application of R848 to AMs or pulmonary DCs in vitro,

demonstrating also a direct effect of R848 on pulmonary APCs.
The central role of IL-27 for the R848-mediated effect in ourmodel

became prominent when we inhibited IL-27 by applying a mono-

clonal anti–IL-27 Ab. This inhibition of IL-27 significantly reversed

the R848-mediated protective effects on the clinical features of

asthma such as AHR and eosinophilic airway inflammation. Initially,

IL-27 was described as an important trigger of Th1 responses, and

more recent studies implicated this factor in the negative regulation

of Th17 cells (53, 54). In agreement, we observed that inhibition of

IL-27 completely re-established secretion of Th2 and Th17 cyto-

kines that was inhibited by R848 treatment. Application of anti–IL-

27 mAb alone, without inhibition of IFN-g or depletion of NK cells,

was sufficient to reverse the R848-mediated protective effects in

asthma, supporting its central role in regulation of the R848 effect.
Using IL-27Ra–deficient mice, it was shown previously in Th2-

associated murine models of asthma or parasitic infections that

IL-27Ra deficiency results in exacerbated lung pathology and airway

hyperresponsiveness (55–57). These findings are in accordance with

our observation that IL-27 has an immunoprotective role in Th2-

mediated disease allergic asthma. Very recent studies provided evi-

dence that IL-27 as well as type I and type II IFNs are able to suppress

group 2 innate lymphoid cell responses in vitro and in vivo (38, 40) and

suggested that this mechanism is next to IFN-g induction in impor-

tance for the immunoregulation via IL-27 of type 2 immune responses.
Another mechanism that has been shown to be part of the

regulatory properties of IL-27 is enhancement of negative co-

stimulatory molecules on the surface of APCs (43, 58). In our

study, we show that IL-27 is produced by pulmonary APCs upon

R848 stimulation, directly activates IFN-g secretion by these

APCs, and upregulates the ligand of the costimulatory molecule

programmed cell death protein 1 (PD-1), that is, PD-L1, on their
surface in a dose-dependent manner. PD-L1 is strongly associated
with tolerogenic APCs (42, 43), delivering inhibitory signals that
regulate the balance between T cell activation, tolerance, and im-
munopathology of the immune response (59). We observed up-
regulation of PD-L1 upon R848 stimulation in murine APCs as well
as human monocytes and DCs after in vitro stimulation of human
PBMCs. Our findings point toward a mechanism of R848 in ex-
perimental asthma involving the secretion of IL-27 and upregula-
tion of tolerogenic markers on pulmonary APCs after intranasal
R848 application. IL-27 then in turn influences both APCs and
T cells to produce IFN-g and thereby suppress Th2 polarization. The
observation that R848 stimulation leads to upregulation of the tol-
erogenic marker PD-L1 in both murine and human cells supports the
notion that these immunological processes may not only be relevant
in the murine system but, in the long run, could also contribute to the
further development of novel treatment strategies in asthma.
In summary, we have shown in this study that application of

R848 induces IL-27 by pulmonary APCs (DCs and AMs), which in
our model appears to be central for mediating the Th1 priming
properties of this TLR agonist. The heterodimeric IL-27 cytokine
usually binds its receptor complex composed of IL-27Ra/WSX-1
and gp130 to activate STAT1 and induce Th1 cell differentiation
(32–36). The IL-27Ra/WSX-1 receptor is abundantly expressed
on CD4+ T cells, and its binding by IL-27 leads to polarization of
naive Th cells toward Th1 and thus inhibition of Th2 cytokine
production in activated T cells (60). Moreover, our data show that
IL-27 also leads to enhanced IFN-g production and upregulation
of PD-L1 in APCs (Fig. 4C, 4E). PD-L1 is a ligand for the neg-
ative costimulatory molecule PD-1, and this signaling pathway has
been shown to compromise functions of Ag-specific T cells (61).
Through upregulation of PD-L1, IFN-g leads to induction of tol-
erogenic properties in DCs (43, 58), which acquire the capability
to effectively suppress T cell responses in a PD-L1/PD-1–dependent
manner (42, 62, 63). Furthermore, the ability of IL-27 as an inducer
of tolerogenic DCs was recently confirmed in a clinical study in
chronic obstructive pulmonary disease that provided evidence that
IL-27–exposed DCs induced regulatory T cells in obstructive pul-
monary disease patients (64). Taken together and in concordance
with the current literature, our data suggest that IL-27 is the central
cytokine mediating the antiallergic effect of R848 in our model.
However, in our model, R848 had only a moderate effect on the IgE
level, whereas inhibition of IgG1, which is also associated with a
Th2-driven immune response in mice, was much more pronounced.
In conclusion, our data demonstrate IL-27 as the key player in

R848-induced asthma amelioration and support a central role of IL-27
in regulation of Th2-mediated diseases such as allergic asthma.
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