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Abstract: Allergen-specific T helper (Th)2 cells orchestrate upon allergen challenge the development
of allergic eosinophilic lung inflammation. Sensitization with alum adjuvant, a type 2 adjuvant,
has been used extensively in animal models of allergic lung disease. In contrast, type 1 adjuvants
like CpG-ODN, a synthetic toll-like receptor 9 agonist, inhibit the development of Th2 immunity.
CpG-ODN induce type 1 and suppressive cytokines that influence Th2 cell differentiation. Here,
we investigated the immune modulatory effect of CpG-ODN on allergic sensitization to OVA with
alum focusing on dendritic cells (DCs) expressing the MyD88 molecule and the suppressive IL-10
cytokine. Using mice with specific cell deletion of MyD88 molecule, we showed that CpG-ODN
suppressed allergic sensitization and consequent lung allergic inflammation signaling through the
MyD88 pathway on dendritic cells, but not on B-cells. This inhibition was associated with an
increased production of IL-10 in the bronchoalveolar lavage fluid. Sensitization to OVA with CpG-
ODN of IL-10-deficient, but not wild-type mice, induced a shift towards Th1 pattern of inflammation.
Employing bone marrow-derived dendritic cells (BM-DCs) pulsed with OVA for sensitizations with
or without CpG-ODN, we showed that IL-10 is dispensable for the inhibition of allergic lung Th2
responses by CpG-ODN. Moreover, the lack of IL-10 on DCs was not sufficient for the CpG-ODN-
induced immune-deviation towards a Th1 pattern. Accordingly, we confirmed directly the role of
MyD88 pathway on DCs in the inhibition of allergic sensitization.

Keywords: allergic sensitization; eosinophils; dendritic cells; CpG-ODN; toll-like receptor; MyD88;
IL-10

1. Introduction

Prophylactic and therapeutic immune interventions have been investigated in exper-
imental models of allergic lung inflammation. The ovalbumin (OVA) allergen and the
aluminum hydroxide gel (alum) adjuvant have been extensively used to induce Th2-cell-
dominated immune responses in the lung [1]. In contrast, Toll-like receptor (TLR) agonists
have been used as adjuvants to downmodulate the Th2-dominated immune response [1,2].
Among the TLR agonists used experimentally, a TLR4 agonist composed of monophos-
phoryl lipid A (MPLA), and a TLR9 agonist, composed of oligodeoxynucleotides (ODN)
containing CpG motifs (CpG-ODN), have been extensively used in clinical trials [3–5] and
a formulation with CpG-ODN has been approved for human use [6].

Dendritic cells (DCs) are key cells that orchestrate and shape the adaptive immune
response [7,8]. Depending on the scenario, DCs elicit different immune responses by
activating effector T cells or inducing T-cell tolerance [9,10]. Therefore, DCs play a role in the
induction and also in abrogation of allergic immune responses [11]. Since DCs stimulation
with TLR agonists can induce both the production of pro-inflammatory cytokines like Th-1-
inducing IL-12 and the anti-inflammatory molecules like IL-10 [12,13], the combination of
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CpG-ODN with anti-IL-10 receptor monoclonal antibody have been successfully used to
improve DC-induced anti-tumor T-cell responses [14].

We have previously shown that the addition of CpG-ODN to alum adjuvant prevents
the development of an allergen-specific eosinophilic lung inflammation, mucus formation
and type-2 cytokine production without inducing in the lung, a deviation towards a Th1-
dominated inflammation [15]. Importantly, the inhibition of allergic lung inflammation
was not restricted to OVA [15], as it was also obtained using the extract of Blomia tropicalis,
a relevant house dust mite in Brazil [16]. CpG-ODN was shown to be the most effective
TLR agonist to prevent the development of Th2 response [15] and IL-10 production was
required to shape CpG-ODN adjuvant activity, since in IL-10-deficient mice, sensitization
to OVA with alum and CpG-ODN resulted in OVA-induced Th1-dominated immune
responses with increased IFN-γ production and neutrophilic lung inflammation [15,16].
Recently, we demonstrated that downregulation allergen-specific immunoglobulin IgE
and upregulation of IgG2c by sensitization with formulation containing CpG-ODN was
dependent of MyD88 signaling on CD11c-positive putative DCs but not on CD19-positive
B cells [17].

Here, using a mouse OVA model of allergic lung inflammation, we investigated the
role of MyD88 or IL-10 expression on DCs in the immunomodulatory effect of CpG-ODN.
For this, we used two types of approaches of in vivo sensitizations: one with alum adjuvant
sensitization with or without CpG-ODN in mice with total MyD88-deficiency mice, or
mice with specific deletion of MyD88 molecule on CD11c-positive DCs or CD-19-positive B
cells, and the other in mice sensitized with bone marrow-derived dendritic cells (BM-DCs)
lacking MyD88 molecule or IL-10 primed with OVA or OVA and CpG-ODN.

We found that the expression of MyD88 on DCs is essential for the anti-Th2 effect of
CpG-ODN, while IL-10 expression on DCs is not necessary for this effect and its absence in
DCs does not induce immune deviation towards Th1 immunity.

2. Materials and Methods
2.1. Mice

Six-to-eight-week-old female C57BL/6 mice (WT), IL-10-deficient (IL-10−/−), MyD88-
deficient (MyD88−/−), Myd88 fl/fl and mice expressing the recombinase Cre under the
control of the Itgax (CD11c) or CD19 promoter were originally purchased from Jackson
Laboratories (Bar Harbor, ME) [12] and kept at the Institute of Biomedical Sciences of
the University of Sao Paulo (ICB IV-USP) at a specific pathogen-free reproduction facility.
CD19MyD88−/− (B-MyD88−/−) or CD11cMyD88−/− (DC-MyD88−/−) mice with specific
deletion of MyD88 on B cells or DCs were generated by breeding Myd88fl/fl mice with
CD11c-Cre (DC-MyD88−/−) or CD19-Cre (B-MyD88−/−). All mice (3–5 mice per cage)
were maintained in temperature-controlled rooms with a ventilation system (Alesco, Monte
Mor, São Paulo, Brazil), 12 h light/dark cycle, food and water ad libitum, and suitable
environment enrichment. All mice were treated according to animal welfare guidelines of
the ICB (Ethics Protocol 009/2015) under National Legislation-11.794 Law.

2.2. Allergen

Ovalbumin (OVA) used in this study was depleted of the Lipopolysaccharides (LPS)
activity, tested by Limulus amoebocyte lysate QCL-1000 kit (BioWhittaker, Walkersville,
MD, USA), using 6–8 cycles of Triton X-114 extractions. The endotoxin level of the final
OVA product (2 mg/mL) was below the detection limit of Limulus assay lysate (under 0.1
Endotoxin Units).

2.3. Alum Gel Preparation

The aluminum gel formulation (Al(OH)3) was prepared by precipitation of ammonium
aluminum sulfate dodecahydrate (AlH4(SO4)2-12 H2O, Alfa Aesar, MA, USA) with an
excess of 1N NaOH (Synth, SP, Brazil) (Alum). The Alum was mixed in water (Milli Q,
ON, Canada) and washed five times for 15 min by centrifugation at 3000 rpm. The final
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precipitate was suspended again in water and the solution concentration was determined
by calculating 1 mL of dry formulation.

2.4. Experimental Protocol

Mice were sensitized by the subcutaneous (s.c.) route with 4 µg of ovalbumin (OVA)
(Sigma-Aldrich, St. Louis, MO, USA) or with OVA plus 10 µg CpG-ODN 2395 (CpG-ODN),
a Class C TLR9 agonist (Invivogen San Diego, CA, USA) with Alum 1.6 mg on days 0 and 7.
In experiments involving BM-DCs, the cells were treated with OVA or OVA plus CpG-ODN,
and mice were sensitized s.c. with the cells on days 0 and 7. All mice received an intranasal
(i.n.) challenged with 10 µg of OVA in 40 µL of PBS on days 14 and 21. Control mice
consisted of naïve non-manipulated animals. All treatment procedures were performed
under anesthesia with Xylazine 100 mg/kg plus Ketamine 10 mg/kg (Rhobifarma, São
Paulo, Brazil) in the intraperitoneal (i.p.) route diluted in PBS. Animals were euthanized
with the use of inhaled isoflurane (Cristália, São Paulo, Brazil) 24 h after the last challenge
and all samples were collected and kept at −20 degrees Celsius until analysis.

2.5. Generation of Bone Marrow-Derived Dendritic Cells

BM-DCs were differentiated from femurs of C57BL/6, IL-10−/−, or DC-MyD88−/−

mice. After euthanasia, the femurs were removed under sterile conditions, both ends of
the femurs were cut and the femur was flushed with 5 mL of RPMI-1640 medium (Sigma-
Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis,
MO, USA) using a 5 mL syringe. Cells were plated into 6-well plates at a concentration of
1 × 106 cell per well and cultured at 37 ◦C in 5% CO2 from day 0 to 4 with 20 ng/mL of
GM-CSF (BioLegend, San Diego, CA, USA), and on day 4, cells were further supplemented
with GM-CSF [18]. On day 6, the cells were stimulated with OVA (100 µg/well) or OVA
(100 ug/well) and CpG-ODN (1 ug/well). On day 7, BM-DCs were collected, washed
3 times with sterile PBS, counted with a hemocytometer and 1 × 106 cells were used for
the s.c. sensitization.

2.6. Bronchoalveolar Lavage (BAL) Fluid Collection

The BAL fluid was collected by injecting and aspirating 1 mL of cold PBS via the
trachea. Total cell counts in BAL fluids were determined by using a hemocytometer (Sigma–
Aldrich, Saint Louis, MO, USA). Differential cell counts in BAL fluids were determined
using cytospin (Thermo Fisher Scientific, Walthan, MA, USA) and cells were stained with a
stain based on Romanowsky formulation (Instant-Prov, Newprov, SP, Brazil).

2.7. ELISA for Cytokines

IL-5, IFN-γ, and IL-10 levels in BAL were measured by sandwich kit ELISA according
to the manufacturer’s recommendation (BD Biosciences, San Jose, CA, USA). Values were
calculated based on a standards curve of recombinant cytokines ran in parallel. Values are
expressed as picograms per milliliter (pg/mL).

2.8. Lung Histopathology Analysis

Lungs were perfused with 10 mL of cold PBS through the heart and fixed in 10%
PBS-formalin for 24 h. Following, lung tissues were relocated to a 70% ethanol solution
until embedding in paraffin. Five-micrometer sections were stained with hematoxylin and
eosin (HE) for quantification of lung inflammation. Microphotographs of the sections of
stained lung were analyzed using a Nikon E1000 microscope, equipped with a camera
Nikon camera, and images were analyzed using the NIS-Elements software (Nikon In-
struments Inc., Tokyo, Japan). Lung inflammation score was calculated by measurement
of the peribronchial cellular infiltrates area divided by the girth of the adjacent bronchial
basal membrane.
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2.9. Statistical Analyses

Statistical analyses were performed using GraphPad Prism software (V.8; GraphPad
Software, San Diego, CA, USA). One-way ANOVA followed by Tukey post-test, as ap-
propriate. Differences were considered statistically significant when p-value ≤ 0.05. Data
represent the mean ± SEM.

3. Results
3.1. Inhibition of Th2 Allergic Immunity by CpG-ODN Is MyD88-Dependent and Associated with
Increased Production of IL-10 in Lung

We have previously demonstrated that sensitization to allergens, with a TLR4 or TLR9
agonist, prevents the development of Th2 lung inflammation without shifting the lung
inflammation towards a Th1/Th17 pattern [1–3]. Classically, CpG-ODN signals through the
MyD88 pathway [4], but at high CpG-ODN doses, the TRIF pathway could be involved [5].
We showed that the anti-allergic effects of CpG-ODN were dependent on the MyD88
adaptor molecule [3,6]. Since CpG-ODN induces the production of IL-10, a cytokine that is
known to suppress Th2 as well as Th1/17 immunity [7], we investigated whether IL-10
production could be associated with the attenuated lung allergic responses. For this, we
performed experiments with WT and MyD88-deficient (MyD88−/−) mice to confirm the
inhibitory role of MyD88 signaling on allergic sensitization (Figure 1A) and determined
the levels of prototypic cytokines (IL-5, IFN-γ and IL-10) representing respectively, type 2,
1 and suppressor phenotypes. Confirming previous results, we found that the addition
of CpG-ODN prevented airway allergic inflammation in WT mice but not in MyD88−/−

mice (Figure 1), as revealed by the reduction of the total number of cells and eosinophils in
the BAL fluid in comparison to the group sensitized to OVA without CpG-ODN (Figure
1B,C), while the number of neutrophils was low in all groups and was not affected by
CpG-ODN (Figure 1D). Also, WT mice sensitized with OVA+CpG/Alum showed lower
IL-5 levels in BAL than the OVA/Alum group (Figure 1E), but the IFN-γ levels in BAL
were similar between these groups (Figure 1F). Importantly, we found an increased IL-10
production in the CpG group compared with the control group and allergic group in WT,
but not in MyD88−/− mice (Figure 1G). Histopathological analysis and inflammatory score
confirmed the attenuation of lung inflammation in WT mice, but not in MyD88−/− mice
(Figure 1H).

These results confirm and reinforce the notion that MyD88 signaling by CpG-ODN
is essential for the anti-allergic effects of CpG-ODN and that the increased production of
IL-10, but not IFN-γ, is associated with this inhibition.

3.2. MyD88-Expressing Dendritic Cells, but Not B Cells, Are Necessary for the Inhibition of
Allergic Sensitization by CpG-ODN Signaling

Having confirmed the role of the MyD88 adaptor molecule, we next sought to deter-
mine whether MyD88 expressed on CD19-positive B cells or on CD11c-positive putative
dendritic cells are the target cells of CpG-ODN signaling. These two cell types were
selected since it is known that they produce IL-10 upon CpG-ODN stimulation [8–12]
and are also involved in immunomodulation and allergic sensitization [13,14]. Therefore,
we used mice generated by the Cre-LoxP system with specific deletion of MyD88 on B
cells (B-MyD88−/−) or DCs (DC-MyD88−/−). We found that the addition of CpG-ODN
during allergic sensitization effectively inhibited lung allergic responses in WT and B-
MyD88−/−, but not on DC-MyD88−/− as revealed by the decrease in the number of total
cells and eosinophils in BAL (Figure 2A,B). As shown above, sensitization with CpG-ODN
did not induce an increased influx of neutrophils in any group (Figure 2C). Accordingly,
OVA+CpG/Alum sensitization reduced IL-5 levels in BAL in WT and B-MyD88−/− when
compared with their respective OVA/Alum groups (Figure 2D). IFN-γ production was
similar in all groups (Figure 2E). Importantly, sensitization in the presence of CpG-ODN
increased IL-10 levels in WT and B-MyD88−/− mice, but not DC-MyD88−/− (Figure 2F). Fi-
nally, histopathological analysis and scores confirmed that lung inflammation was reduced
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in WT and B-MyD88−/−, but not in DC-MyD88−/− mice sensitized with OVA+CpG/Alum
(Figure 2G).
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Figure 1. Inhibition of allergic inflammation by CpG-ODN is MyD88-dependent and associated with increased production
of IL-10 in the lung. C57BL/6 wild-type (WT) or MyD88-deficient (MyD88−/−) were subcutaneously sensitized with alum
adjuvant and ovalbumin (OVA/Alum) or OVA plus CpG (OVA+CpG/Alum) on days 0 and 7 and challenged intranasally
with OVA on days 14 and 21. Experiments were performed on day 22. Control mice consisted of non-manipulated
animals. (A) Schematic experimental protocol. Numbers of (B) Total Cells, (C) Eosinophils, and (D) Neutrophils in BAL.
(E) IL-5, (F) IFN-γ and (G) IL-10 levels in BAL. (H) Histopathology of lung sections for hematoxylin and eosin and Lung
inflammation score. Values represent the mean ± SEM and are representative of two experiments. One-way ANOVA with
Tukey post-test was used, *** p < 0.001.
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Figure 2. MyD88-expressing dendritic cells are necessary for the inhibition of allergic sensitization
by CpG-ODN. C57BL/6 wild-type (WT) or with specific deletion of MyD88 on B cells (B-MyD88−/−)
or with specific deletion of MyD88 on DCs (DC-MyD88−/−) mice were subcutaneously sensitized
with alum adjuvant and ovalbumin (OVA/Alum) or OVA plus CpG (OVA+CpG/Alum) on days 0
and 7 and challenged intranasally with OVA on days 14 and 21. Experiments were performed on day
22. Control mice consisted of non-manipulated animals. Numbers of (A) Total Cells, (B) Eosinophils
and (C) Neutrophils in BAL. (D) IL-5, (E) IFN-γ and (F) IL-10 levels in BAL. (G) Lung inflammation
score in histopathology of lung sections stained with hematoxylin and eosin. Values represent the
mean ± SEM and are representative of two experiments. One-way ANOVA with Tukey post-test
was used. * p < 0.05, ** p < 0.01, *** p < 0.001.

We conclude that CpG-induced MyD88 signaling in DCs, but not in B cells, mediates
the inhibition of lung inflammation, and that this inhibition is associated with increased
production of IL-10 in BAL.

3.3. CpG-ODN in IL-10-Deficient Mice Induces Immune-Deviation towards a Th1-Dominated
Airway Inflammation

Since increased levels of IL-10 in BAL were associated with decreased Th2-mediated
responses in the airways, we next examined the effect of CpG-ODN in mice lacking IL-10.
We found that IL-10-deficient mice sensitized with OVA/Alum developed an allergic lung
inflammation similar to WT mice with an increased number of total cells and eosinophil
in BAL when compared to control mice (Figure 3A,B), while sensitization with OVA +
CpG/Alum resulted in a reduction in eosinophil inflammation in both WT and IL-10-
deficient mice (Figure 3A,B). Accordingly, sensitization with CpG-ODN resulted in lower
levels of IL-5 in BAL in both strains when compared with the allergic group (Figure 3D).
Notably, CpG sensitization of IL-10-deficient, but not WT mice, resulted in intense neu-
trophilic airway inflammation (Figure 3C) with high levels of IFN-γ in BAL (Figure 3E).
As expected, IL-10 levels were only present in WT mice, and treatment with CpG-ODN
was associated with increased IL-10 production in BAL (Figure 3F). Histopathological
analysis confirmed that CpG-ODN inhibited significant lung inflammation in WT, but not
IL-10-deficient mice (Figure 3G).
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Figure 3. Sensitization of IL-10-deficient mice with CpG-ODN prevents allergic sensitization and
induces immune-deviation towards a Th1-dominated airway inflammation. C57BL/6 wild-type (WT)
or IL-10-deficient (IL-10−/−) were subcutaneously sensitized with alum adjuvant and ovalbumin
(OVA/Alum) or OVA plus CpG (OVA+CpG/Alum) on days 0 and 7 and challenged intranasally
with OVA on days 14 and 21. Experiments were performed on day 22. Control mice consisted of
non-manipulated animals. Numbers of (A) Total Cells, (B) Eosinophils and (C) Neutrophils in BAL.
Level of (D) IL-5, (E) IFN-γ, and (F) IL-10 in BAL. (G) Lung inflammation score. Values represent the
mean ± SEM and are representative of two experiments. One-way ANOVA with Tukey post-test
was used. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. = statistically non-significant.

These results indicate that, in the presence of IL-10, CpG-ODN inhibits Th2 immunity
but does not induce Th1 immunity, while in the absence of IL-10, CpG still inhibits Th2
immunity and induces a shift towards a Th1 immunity.

3.4. Sensitization with Bone Marrow-Derived Dendritic Cells Lacking IL-10 and Primed with OVA
and CpG-ODN Prevent Allergic Lung Inflammation but Does Not Induce Th1 Immunity

Immunizations with dendritic cells (DCs) have been extensively used in immunother-
apy for different purposes [13,15,16]. We decided to ascertain in our model the role of
IL-10 exclusively on DCs. For this, we generated bone marrow-derived DCs from IL-10-
deficient or WT mice and pulsed them with OVA or OVA+CpG. These BM-DCs were then
used to sensitize WT recipients. With this type of experiment, we envisaged to determine
the role of the IL-10 molecule exclusively on DCs in the anti-allergic effect of CpG as
well as in the induction of Th1 immunity. We found that sensitization of WT recipients
with WT or IL-10-deficient BM-DCs pulsed with OVA (Figure 4A), resulted upon allergen
challenge in allergic lung inflammation characterized by an increased influx of total cells
and eosinophils, but not neutrophils in the BAL (Figure 4B–D), indicating that sensitiza-
tions with BM-DCs reproduce the results obtained with allergic sensitization induced by
OVA/Alum, although being less intense. Also, the addition of CpG to BM-DCs derived
from WT or IL-10−/− mice inhibited the development of airway allergic responses and
IL-5 production upon OVA challenge (Figure 4B–E), which was associated with increased
IL-10 production in BAL (Figure 4G). Sensitization with BM-DCs from IL-10−/− donors
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did not result in neutrophilic inflammation and did not increase the production of IFN-γ in
BAL (Figure 4D,F).
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Figure 4. IL-10 expression on BM-DCs is not required for the anti-allergic effect of CpG-ODN. IL-10-deficient BM-DCs pulsed
with OVA plus CpG-ODN inhibit allergic lung inflammation. BM-DCs generated from WT or IL-10-deficient mice were
pulsed with OVA or OVA+CpG and used for the s.c. sensitization of WT mice on days 0 and 7 and challenged intranasally
with OVA on days 14 and 21. Experiments were performed on day 22. Control mice consisted of non-manipulated animals.
(A) Schematic experimental protocols. Numbers of (B) Total Cells, (C) Eosinophils and (D) Neutrophils in BAL. Level of
(E) IL-5, (F) IFN-γ, and (G) IL-10 in BAL. Values represent the mean ± SEM and are representative of two experiments.
One-way ANOVA with Tukey post-test was used. * p < 0.05, ** p < 0.01, *** p < 0.001.

The results confirm directly that IL-10 molecule in DCs is dispensable for the anti-
allergic effect of CpG and that the increased production of IL-10 in BAL does not derive
from BM-DCs primed with CpG-ODN. Moreover, the lack of IL-10 molecule in BM-DCs
was not sufficient to deviate the immune response towards a Th1 pattern indicating that
CpG-ODN-induced Th1 polarization requires a more generalized IL-10 deficiency.

3.5. MyD88 Expression on BM-DCs Mediates the CpG-ODN Anti-Allergic Effect

To further explore the role of MyD88 adaptor molecule on BM-DCs in our model of
allergic lung inflammation, we generated BM-DCs from DC-MyD88−/− and WT mice
that were pulsed with OVA with or without CpG-ODN and transferred these BM-DCs,
respectively, to WT or CD11c-positive MyD88−/− recipient’s mice. As shown in Figure 5,
mice sensitized with BM-DC pulsed with OVA developed an allergic lung inflammation
as indicated by the increased number of total cells and eosinophils, but not neutrophils in
BAL (Figure 5A–C). The allergic lung inflammation was suppressed in mice sensitized with
BM-DCs pulsed with OVA and CpG from WT, but not from DC-MyD88−/− (Figure 5 A,B).
The number of neutrophils did not increase in CpG group and the IFN-γ levels were similar
in all groups (Figure 5C,E), while IL-10 production increased in BAL of mice sensitized
with BM-DCs from WT, but from DC-MyD88−/− (Figure 5F). Histopathological scores
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confirmed that inhibition of lung inflammation required the MyD88 molecule on BM-DCs
(Figure 5G).
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Figure 5. MyD88 expression on BM-DCs mediates the CpG-ODN anti-allergic effect. BM-DCs
generated from WT or DC-MYD88−/− mice were pulsed with OVA or OVA+CpG and used for
the s.c. sensitization of DC-MYD88−/− or WT mice, respectively, on days 0 and 7, and challenged
intranasally with OVA on days 14 and 21. Experiments were performed on day 22. Numbers of
(A) Total Cells, (B) Eosinophils and (C) Neutrophils in BAL. Level of (D) IL-5, (E) IFN-γ, and (F) IL-10
in BAL. (G) Lung inflammation score. Values represent the mean ± SEM and are representative of
two experiments. One-way ANOVA with Tukey post-test was used. * p < 0.05, *** p < 0.001.

All in all, these results demonstrate directly that MyD88-signalling on DCs is crucial for
the inhibition of allergic eosinophilic airway inflammation and for the increased production
of IL-10 production.

4. Discussion

The role of TLRs agonists and MyD88 signaling in allergic responses is quite contro-
versial [1], exemplified by reports showing that MyD88 signaling could either promote or
inhibit allergic responses [16,19–22]. We have previously shown that the MyD88 pathway
is dispensable for the development of allergic lung inflammation in mice sensitized to
OVA with Alum adjuvant since MyD88-deficent do develop it similarly to WT mice [15].
In contrast, we confirmed in the present work that the MyD88 pathway was crucial for
the inhibitory effect of CpG-ODN on allergic responses in mice sensitized to OVA in the
presence of CpG-ODN [15,23] and showed that CpG-ODN-induced inhibition of allergic
inflammation was not associated with increased IFN-γ production, but was associated
with increased IL-10 production in the airways. These results could indicate that IL-10 is
involved in the suppression of Th1 immunity as originally described [24], as well as in the
suppression of Th2 immunity as reported previously [25].

Different cell types, such as B cells, macrophages and DCs, produce IL-10 upon CpG-
ODN stimulation [26–28]. Since B cells or DCs participate actively in allergy [29,30] and
could contribute to downmodulation of Th2 immunity by the induction of B or T regulatory
cells-producing IL-10 [31,32], we first determined whether MyD88 expression on these cells
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is required for the CpG-ODN-induced IL-10 production and consequent anti-allergic effect.
Using mice with specific deletion of Myd88 gene, we identified that DCs, but not B cells,
are the key target cells for the CpG-ODN-mediated anti-allergic activity and enhanced
production of IL-10. In a recent work and in line with our results, we showed that the
inhibition of IgE production by CpG-ODN was also dependent on MyD88-expressing DCs
and not on B cells [17].

Having established that MyD88-expressing DCs are essential for the inhibition of
allergic lung responses and increased IL-10 production, we next performed experiments in
IL-10−/− mice. Regarding eosinophil numbers and IL-5 production in BAL, IL-10−/− mice
behaved similarly to WT, indicating that IL-10 is dispensable for the inhibition of allergic
inflammation by CpG-ODN. However, differently to what we found in WT mice, IL-10-
deficient mice developed an intense influx of neutrophils in the airways and high levels of
IFN-γ in BAL, characterizing a shift towards Th1 immunity as previously reported [15].

It is known that type 1 cytokines, especially interferons, are able to dampen allergic
responses [33–36]. Hence, we reasoned that the low number of eosinophils and low IL-5
production might be related to the inhibitory effect of the predominant Th1 immunity
developed in IL-10-deficient mice. Since in vitro-generated BM-DCs have been employed
to modulate allergic airway Th2 responses [37–40] as well as Th1 activities [41–43], we
generated BM-DCs from IL-10−/− or WT mice to address more directly the role of IL-10 on
DCs. We found that sensitizations with BM-DCs from WT or IL-10−/− mice primed with
OVA could induce allergic lung inflammation after OVA challenge and that the addition of
CpG-ODN prevented the development of allergic responses. These results indicated that
IL-10-derived from DCs is dispensable for the inhibition of allergic sensitization. We also
found that sensitization with BM-DC primed with OVA and CpG-ODN from IL-10−/−

or WT mice resulted in increased production of IL-10 in BAL, denoting that the source of
IL-10 is not derived from the transferred BM-DCs. Notably, sensitization with BM-DCs
primed with OVA and CpG-ODN generated from IL-10−/− mice were not able to induce
a Th1 shift, indicating that IL-10 deficiency solely on DCs is not sufficient to drive Th1
development. Probably a lack of IL-10 in other cell types contributes to development of
Th1 immunity. This is important information for the purpose of employing DCs in tumor
immunotherapy [14,44].

A possible caveat of our work is the fact that TLR9 expression in mice is found in both
cDCs and plasmocytoid DCs [45], while in human, TLR9 expression is absent in cDCs [46].
However, we speculate that CpG-ODN could act in humans by stimulating monocyte-
derived DCs (mo-DCs) that do express TLR9 and that, upon stimuli, produce IFN type
I [47]. Alternatively, CpG-ODN could act in humans through pDCs that are known to
cross-prime naive CD8 T cells by transferring antigen to cDCs through exosomes [48].

Finally, to directly ascertain the anti-allergic effect of CpG-ODN of MyD88 pathway
in DCs, we performed sensitization with MyD88-deficient BM-DCs. Our results clearly
showed that MyD88 signaling by CpG-ODN in DCs is necessary and sufficient for the
prevention of allergic lung inflammation and enhanced production of IL-10. As discussed
above, it is plausible that mo-DCs or pDCs pulsed with allergen and CpG-ODN could be
used as a therapeutic tool for treatment of allergic disorders in humans.

In summary, prevention of allergic sensitization requires MyD88-expressing, but not
IL-10-producing DCs.

5. Conclusions

Collectively, our work highlights the role of CpG-ODN in preventing allergic sensitiza-
tion through DCs-expressing MyD88, but not IL-10. Our work also launches the possibility
of employing DC-based vaccines or therapies against allergic disorders.
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