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INTRODUCTION

Asthma is a syndrome of recurrent respiratory symptoms great-
ly impacting on health care resources of people in all parts of 
the world with a high prevalence.1 In Brazil, the hospitalization 
admission rate due to asthma is 59.85 per 100,000 inhabitants 
(2012-2014), and such patients have a significantly increased 
risk of respiratory and all-cause mortality.2

The concept of allergic asthma equates to a group immune 
pathogenic and clinical characteristics such as T helper type 2 
(Th2) responses and eosinophilic airway inflammation mediat-

ed by allergen-specific immunoglobulin E (IgE), leading to re-
versible airway obstruction, bronchoconstriction in association 
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Purpose: The use of tolerogenic dendritic cells (TolDCs) to control exacerbated immune responses may be a prophylactic and therapeutic option for 
application in autoimmune and allergic conditions. The objective of this work was to evaluate the effects of TolDC administration in a mouse model 
of allergic airway inflammation caused by mite extract. Methods: Mouse bone marrow-derived TolDCs were induced by incubation with granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) and dexamethasone, and then characterized by flow cytometry and cytokine production by en-
zyme-linked immunosorbent assay (ELISA). For the in vivo model of Blomia tropicalis-induced allergy, mice transplanted with antigen-pulsed TolDCs 
were sensitized intraperitoneally with B. tropicalis mite extract (BtE) adsorbed to aluminium hydroxide. After challenge by nasal administration of 
BtE, bronchoalveolar lavage fluid (BALF), lungs, spleen and serum were collected for analysis. Results: Induction of TolDCs was efficiently achieved 
as shown by low expression of major histocompatibility complex (MHC) II, programmed death-ligand (PD-L) 2 and pro-inflammatory cytokine produc-
tion, and up-regulation of interleukin (IL)-10, upon LPS stimulation in vitro. Transplantation of 1 or 2 doses of BtE-pulsed TolDCs reduced the number 
of inflammatory cells in BALF and lungs as well as mucus deposition. Moreover, compared to saline-injected controls, TolDC-treated mice showed 
lower serum levels of anti-BtE immunoglobulin E (IgE) antibodies as well as reduced Gata3 and IL-4 gene expression in the lungs and decreased 
IFN-γ levels in the supernatant of splenocyte cultures Transplantation of TolDCs increased the percentage of the regulatory T cells in the spleen and 
the lungs. Conclusions: Preventive treatment with TolDCs protects against dust mite-induced allergy in a mouse model, reinforcing the use of tolero-
genic dendritic cells for the management of allergic conditions.
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with airway remodeling and hyperresponsiveness.3 Asthma is 
triggered by various factors including viral respiratory infections, 
environmental allergens, pollution and climate changes.4 Mites 
are associated with allergic rhinitis and asthma, and a frequen-
cy of the Blomia tropicalis mite of 71.8% has been described in 
beds in the city of Salvador, Northeast of Brazil.5

There are many published reports regarding allergic disease 
therapies such as allergen-specific subcutaneous immunother-
apy,6 immunotherapies using cytokines or bacterial products 
like adjuvants,7 corticosteroids,8 β2-agonists,9 inhibitors of the 
cellular immune response,10,11 and targeting of Th2 cytokines.2 
However, disease remission is not always achieved in a patient, 
especially considering all the broad asthma phenotypes.13 While 
corticosteroids are the most effective pharmacotherapies, they 
have the limitation of inhibiting the immune response to aller-
gens through nonspecific mechanisms.9,14 Recently, the induc-
tion of immune tolerance has become an important strategy for 
the prevention and treatment of several diseases such as aller-
gic diseases in which immune system dysregulation plays a cru-
cial role.15

Dendritic cells (DCs) constitute an immunophenotipically 
and functionally heterogeneous population of professional an-
tigen-presenting cells specialized in driving T-cell priming and 
differentiation,16,17 which is established during the process of 
maturation.18 Antigen-presenting DCs in a state of partial matu-
ration have the capacity to induce immunological tolerance.19 
The potential to reprogram an immune response in an antigen-
specific manner has made them an interesting target for immu-
notherapeutic strategies aimed at controlling inflammatory 
and autoimmune diseases. Tolerogenic DCs (TolDCs) have al-
ready been used prophylactically and therapeutically to pre-
vent the development of allergic respiratory diseases in labora-
tory animals using ovalbumin as allergen.20-22

In the present study, we investigated whether the injection of 
TolDCs prevents airway inflammation in a model of allergy in-
duced by B. tropicalis mite extract (BtE). 

MATERIALS AND METHODS

Animals and ethical considerations
Five- to 8-week-old female A strain mice were bred and main-

tained in the animal house of the Gonçalo Moniz Institute, Os-
waldo Cruz Foundation, Salvador, Brazil. The current work was 
carried out in accordance with the Brazilian Federal Law on An-
imal Experimentation (Law 11794). The protocol was approved 
by the Ethics Committee for the Use of Animals in Research 
(IGM-FIOCRUZ, CEUA, license number 014/2012).

Allergen 
BtE (Greer Laboratories, Lenoir, NC, USA) was used in this 

study. 

Generation of bone marrow-derived DCs
The method of production of bone marrow-derived DCs was 

adapted from a previously described protocol.18 Bone marrow 
cells from A strain mice were collected by flushing the femurs 
with RPMI medium (Sigma-Aldrich, St. Louis, MO, USA). The 
cells were then cultured in 75-cm2 flasks at a concentration of 
106 nucleated cells/mL in RPMI medium supplemented with 
100 mM pyruvate, 200 mM glutamine, 10 mM HEPES, 10% fetal 
bovine serum (FBS; Cripion, São Paulo, Brazil), 50-80 µg/mL 
gentamicin, 0.2% NaHCO3 and 30% culture supernatant of X-63 
cell line (murine myeloma cells which produces granulocyte-
macrophage colony-stimulating factor [GM-CSF]) at 37°C in a 
5% CO2 atmosphere. After 72 hours, the medium containing 
nonadherent cells was harvested and submitted to centrifuga-
tion, and the cell pellet was resuspended with fresh medium 
and replated. Dexamethasone (10-6 M; Decadron, Prodome 
Laboratory, Campinas, SP, Brazil) was added for additional 3 
days of incubation. Cultures were then pulsed with BtE (100 µg 
of protein/mL medium) overnight on day 6 of cultivation. On 
day 7, TolDCs were activated with 1 µg/mL Escherichia coli lipo-
polysaccharide (LPS; Sigma-Aldrich) for 24 or 48 hours (Fig. 1A).

Characterization of DCs
The phenotypic characterization of DCs was carried out by 

3-color flow cytometry. Monoclonal antibody (mAb)-fluoro-
chrome or biotin conjugates — fluorescein isothiocyanate (FITC) 
anti-CD11c mAb, phycoerythrin-cyanine anti-CD11b mAb, bi-
otin anti-I-Ad mAb, biotin anti-programmed death-ligand (PD-
L) 1, biotin anti- PD-L2, phycoerythrin (PE) anti-CD40 mAb, PE 
anti-CD80 mAb, PE anti-CD86 mAb — were purchased from 
eBioscience Inc. (San Jose, CA, USA). The cells were incubated 
with the conjugates or with the corresponding isotypes on ice 
for 20 minutes and washed twice with 0.15 M phosphate-buff-
ered saline (PBS) at pH 7.2. The cells incubated with biotin-mAb 
conjugates were subsequently incubated with PE-avidin for 20 
minutes. The cell suspensions were then washed once with 
PBS. For each sample, data from 100,000 cells is acquired. Fluo-
rescence was measured using a FACS Calibur cytometer (Bec-
ton Dickinson, Heidelberg, Germany) and analyzed with Flow 
Jo version 10 (Treestar Inc., Ashland, OR, USA).

DCs were typically 50% to 69% CD11c+CD11b+ as published 
elsewhere.23 DCs were also tested for cytokine production after 
LPS stimulation. Cell-free supernatants from DCs and TolDCs 
were harvested 24 and 48 hours after LPS stimulation as described 
above, and stored at -20°C until used for cytokine measurement. 
Interleukin (IL)-1β, IL-6, IL-10, IL-12 and tumor necrosis factor 
(TNF)-α concentrations were quantified by commercial enzyme-
linked immunosorbent assay (ELISA) Ready-SET-Go! kits in ac-
cordance with the manufacturer’s instructions (eBioscience Inc.). 

Experimental allergy model
Four groups of A strain mice (n=7-8) were used: 1) naïve con-
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Fig. 1. Immunophenotype of DCs differentiated from bone marrow cells in the presence of dexamethasone. (A) Protocol for the generation of tolerogenic DCs from A 
strain mouse bone marrow. Control cells were cultured in differentiation medium and stimulated with LPS in the absence of dexamethasone. (B-H) Cells were stained 
with antibodies against surface markers as indicated. Debris and dead cells were excluded on the basis of forward-scatter and side-scatter. (B) Representative dot 
plots depicting the percentages of CD11c+CD11b+ cells. (C-H) Histograms of CD40 (C), CD80 (D), CD86 (E), PD-L1 (F), PD-L2 (G), and MHC II (H) cells gated on CD11c+CD11b+ 
double positive cells. DCs are represented by filled gray histograms and TolDCs by black lines; isotype controls are shown by dotted gray lines. Results are represen-
tative of 3 independent experiments. DC, dendritic cell; LPS, lipopolysaccharide; PD-L, programmed death-ligand; MHC, major histocompatibility complex; TolDC, 
tolerogenic dendritic cell.
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trols; 2) sensitized with BtE; 3) transplanted with one dose of 
TolDCs and sensitized with BtE; and 4) transplanted with 2 dos-
es of TolDCs, sensitized with BtE. To induce tolerance to BtE, 
mice were injected intraperitoneally with 106 TolDCs, in 100 µL 
of saline 10 and/or 5 days before the first sensitizing exposure 
to BtE. Mice were sensitized with intraperitoneal injections of 
BtE containing 100 µg of protein adsorbed to 1.6 mg of alumi-
num hydroxide gel (Sigma-Aldrich), and a booster was injected 
14 days later. Challenge was induced intranasally with 4 appli-
cations of a solution containing 10 µg of BtE in 25 µL of saline 
starting 7 days after booster at 1-day intervals. The naïve con-
trol group received only saline injections. Mice were euthanized 
24 hours after the last challenge. 

Bronchoalveolar lavage fluid (BALF) collection and cell counting
The tracheas of the euthanized mice were cannulated, and 

the BALF was collected with 0.5 mL of PBS containing 1% of bo-
vine serum albumin (PBS-BSA; Sigma-Aldrich). An aliquot of 
the BALF cells was washed by centrifugation (400 g for 5 min-
utes at 4°C), and the cell pellet was resuspended in PBS-BSA. 
Total cell counts were carried out in a Neubauer chamber. Dif-
ferential cell counts were performed in a blinded manner by 
counting 200 cells in hematoxylin and eosin-stained cytospin 
preparations, using a light microscope (BX41 microscope; Olym-
pus, Tokyo, Japan). 

Splenocyte cultures
Splenocyte suspensions from mice of the different experimen-

tal groups were prepared in RPMI medium supplemented with 
10% FBS and 50 µg/mL gentamicin, and plated (106 cells/well) 
on 96-well plates, in triplicate, with or without stimulation with 
concanavalin A (Con A, 2 µg/mL; Sigma-Aldrich) or B. tropica-
lis antigen (100 µg/mL). After 48 hours of culture, cell-free su-
pernatants were collected and kept at -80°C until used for cyto-
kine quantification.

Cytokine assays
The BALF and the splenocytes culture supernatants were 

stored at -70°C until used. Cytokines were measured with BD 
CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Bioscience, San 
Jose, CA, USA). The kit was used for the simultaneous detection 
of mouse IL-2, IL-4, IL-6, interferon (IFN)-γ, TNF, IL-17A, and 
IL-10 in a single sample. The operations were performed ac-
cording to the manufacturer’s instructions. Beads coated with 7 
specific capture antibodies were mixed. Subsequently, 50 µL of 
the mixed captured beads, 50 µL of the unknown sample or 
standard dilutions, and 50 µL of phycoerythrin (PE) detection 
reagent were added consecutively to each assay tube and incu-
bated for 2 hours at room temperature in the dark. The samples 
were washed with 1 mL of wash buffer (200 g) for 5 minutes and 
centrifuged. The bead pellet was resuspended in 300 µL of buf-
fer after discarding the supernatant. Samples were measured 

on the BD FACS Array Flow Cytometer and analyzed by FCAP 
ArrayTM Software (BD Bioscience). Individual cytokine concen-
trations were indicated by their fluorescent intensities. The the-
oretical limits of detection were 0.1 pg/mL for IL-2, 0.03 pg/mL 
for IL-4, 1.4 pg/mL for IL-6, 0.5 pg/mL for IFN-γ, 0.9 pg/mL for 
TNF, 0.8 pg/mL for IL-17A and 16.8 pg/mL for IL-10.

Histopathology and morphometric analysis
The right lobe of the lungs from each animal was removed for 

histological preparations. The lung was inflated via the tracheal 
cannula with 4% buffered formalin, fixed in the same solution, 
and embedded in paraffin. Lung sections were stained with he-
matoxylin and eosin for the quantification of inflammatory cells 
by optical microscopy. For each lung, 10 fields (400×) were an-
alyzed per section, and data was used to calculate the mean 
number of cells per mm2. Mucus production was evaluated in 
alcian blue-stained sections. All images were digitized using a 
color digital video camera (CoolSnap cf) adapted to a BX41 mi-
croscope (Olympus), calibrated with a reference measurement 
slide, and analyzed using ImagePro program (version 6.1; Me-
dia Cybernetics, San Diego, CA, USA).

Real-time polymerase chain reaction (PCR) 
RNA was extracted from the lung tissue with TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA), and its concentration was mea-
sured by photometry. A High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA, USA) was used to 
synthesize cDNA from 1 µg of RNA according to the manufac-
turer’s recommendations. Transcript expression analysis was 
performed by Real-Time PCR using TaqMan Gene Expression 
Assay for Ptprc (Mm01293577), Il4 (Mm00445259_m1), and 
Gata3 (Mm00484683m1). All reactions were run on an ABI 
7500 Real Time PCR System (Applied Biosystems) under stan-
dard thermal cycling conditions. A non-template control (NTC) 
and non-reverse transcription controls (No-RT) were also in-
cluded. The samples were normalized with Gapdh (endoge-
nous control- Mn99999915g1). The 2-ΔΔCt method was used to 
compare relative changes in gene expression. 

Determination of serum levels of total and BtE-specific IgE 
Serum levels of total IgE and BtE-specific IgE were measured 

by ELISA. For the analysis of total IgE, 96-well flat-bottom plates 
were coated overnight with anti-mouse IgE monoclonal anti-
body (mAb) (BD PharMingen, San Jose, CA, USA) at 4°C. The 
plate was washed with PBS-T (PBS containing 0.05% Tween-20) 
3 times, and nonspecific antigen-antibody reactions were blocked 
with 300 µL of PBS containing 3% BSA per well for 1 hour at room 
temperature. Serum samples diluted 1:4 in PBS containing 0.05% 
Tween and 5% segmented filamentous bacteria (SFB) were 
added to the 96-well plates along with purified mouse IgE iso-
type (BD PharMingen) used as a standard, and the plates were 
incubated for 3 hours at 4°C. For the analysis of BtE-specific IgE, 
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96-well microtitre plates were coated with BtE 100 µg/mL in 
coating buffer (0.05 M carbonate-bicarbonate) overnight at 4°C. 
The plates were washed 3 times with PBS-T and blocked with 
5% FBS in PBS for 1 hour at 37°C. Serum samples diluted 1:4 in 
PBS containing 0.05% Tween and 5% SFB were added to BtE-
coated plates and incubated overnight at 37°C. After washing, 
100 µL of biotin-conjugated rat anti-mouse IgE mAb at 2 µg/mL 
(eBioscience Inc.) was added to each well and incubated for 1 
hour at 37°C. After washing 3 times, the plates were then incu-
bated with 100 µL of horseradish peroxidase (HRP)-conjugated 
secondary antibody (eBioscience Inc.) for 30 minutes at 37°C. 
The reactions were developed using 3,3´,5,5´-tetramethylben-
zidine (TMB) (Moss Inc., Belfast, ME, USA) and were terminat-
ed by adding 1 N H2SO4. The optical density was measured us-
ing a microplate reader (Envision 2104 multilabel reader; Per-
kin Elmer, Wellesley, MA, USA) at 450 nm.

Immunofluorescence analysis

First, 10-µm lung sections were obtained in cryostat (Leica, 
Wetzlar, Germany) and were left at room temperature to dry for 
1 hour. Next, the sections were fixed with 4% PFA for 15 minutes 
and washed 3 times with 0.01% PBS/triton X100. Sections were 
then incubated with protein block serum free (5 minutes, Dako, 
Santa Clara, CA, USA) to block nonspecific binding and were 
stained with the primary anti-Foxp3 antibody produced in rab-
bit (1:800;Abcam) and anti-CD3 produced in goat (1:400; Santa 
Cruz Biotechnology, Dallas, TX, USA) overnigth at 4°C. After 
that, the slides were washed with PBS 0.05% Tween 20 and 1× 
PBS and were incubated anti-goat IgG conjugated to Alexa Flu-
or 488 and anti-rabbit IgG conjugated to Alexa Fluor 568 (1:600; 
Molecular Probes, Carlsbad, CA, USA) for 1 hour. After incuba-
tion, the slides were washed with 0.05% Tween 20 PBS and 1×  
PBS, and were mounted with glass coverslips using the mount-
ing medium Vectashield (Vector Laboratories, Inc., Burligame, 
CA, USA) containing 4´,6-Diamidino-2-phenylindole (DAPI) to 
label the nuclei. The images were obtained under a Fluoview 
1000 confocal microscope (FV 1000; Olympus).

Flow cytometry analysis of regulatory T cells (Tregs)
To evaluate the recruitment of Tregs induced by TolDCs treat-

ment, the lung cells and splenocytes from animals were disrupt-
ed into individual cells. The cells (106) were stained with anti-
CD4-APC and anti-CD25-FITC, or the corresponding isotypes, 
in accordance with the manufacturer’s recommendations (eBio-
science). After surface staining, the cells were permeabilized 
using a Cytofix/Cytoperm kit (eBioscience), and the cells were 
then stained with anti-Foxp3-PE (eBioscience). Fluorescence 
was measured using a FACS Fortessa cytometer (Becton Dick-
inson) equipped with BD FACSDiva 6.1 software (Becton Dick-
inson).

Statistical analysis
The normality of the data was determined by the Shapiro-Wilk 

normality test. In order to analyze differences among groups, 
the one-way analysis of variance test followed by the Newman 
Keuls test was used for parametric data and the Kruskal-Wallis 
test followed by Dunn’s post-test was used for nonparametric 
data. To compare the means of the 2 groups, Mann-Whitney’s 
U test for nonparametric data and Student’s t test for paramet-
ric data were used. All results were considered statistically sig-
nificant when P<0.05.

RESULTS

Dexamethasone induces a semimature and anti-inflammatory 
profile to myeloid DCs

TolDCs were generated in vitro by adding dexamethasone on 
the third and sixth days of bone-marrow cell culture in the pres-
ence of GM-CSF, followed by activation with LPS.24 DCs were 
characterized as CD11c+CD11b+ cells, and after this protocol 
they constituted approximately 60% of the viable cells in culture 
(Fig. 1B). Double-positive cells were gated for posterior analysis 
of costimulatory molecules. The exposure of immature DCs to 
dexamethasone resulted in a semimature phenotype. Although 
only a small percentage of DCs expressed CD40 (4.5%), this 
percentage was 2.25-fold lower in TolDCs (2.0%, Fig. 1C). The 
down-regulation of CD80 (66% of the cells in TolDCs cultures 
and 96% in DCs cultures; Fig. 1D) was mainly due to a reduc-
tion in the CD80 high subpopulation from 42% to 13%. The ex-
pression of the costimulatory molecule CD86 was reduced to 
15% of the cells in TolDCs cultures compared to 46% in DCs 
cultures (Fig. 1E). A higher percentage of cells expressing PD-L1 
was observed in the TolDCs culture than in the DCs (52% vs 
36%) (Fig. 1F). On the other hand, PD-L2 was strikingly down-
regulated (from 42.0% to 5.6%) in the TolDCs (Fig. 1G). A reduc-
tion in major histocompatibility complex (MHC) II expression 
was observed (43.51% of the cells in TolDCs cultures and 90.51% 
in DCs cultures, Fig. 1H) mainly accounted for by the MHC II-
high subpopulation (21.6% in the TolDCs and 51.3% in DCs). 

We evaluated the cytokines produced by the dendritic cells 
upon LPS stimulation and found a lack of TolDC-mediated se-
cretion of TNF-α, IL-12p70, and IL-1β, while the control DCs 
produced these 3 proinflammatory cytokines (Fig. 2A-C). Both 
DC preparations produced similar amounts of monocyte che-
moattractant protein-1 (MCP-1) (Fig. 2D). Although IL-10 pro-
duction was detected in both DC populations, the concentra-
tion of IL-10 was significantly higher in TolDCs than in control 
DCs 48 hours after LPS stimulation (Fig. 2E).

Collectively, these results confirm that DCs with an immuno-
suppressive phenotype were generated from bone marrow cells 
in the presence of dexamethasone during their differentiation 
process.
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BtE-pulsed TolDCs reduce important markers for allergy
DCs generated in the presence of dexamethasone were used 

to induce immune tolerance to BtE hypersensitivity. One mil-
lion TolDCs pulsed with BtE were injected intraperitoneally pri-
or to the induction of airway inflammation (Fig. 3A). Mice sen-
sitized and challenged with BtE had increased numbers of in-
flammatory cells in BALF compared to control mice sensitized 
and challenged with saline (Fig. 3B and C). The effects of TolDC 
treatment in lung inflammation were evaluated by comparing 
BALF cytology of TolDC-treated mice to that of mice treated 
with vehicle. The numbers of total cells and eosinophils in the 
BALF were significantly reduced after tolerization treatment 
(Fig. 3B and C), but we observed a small increase in the num-
ber of neutrophils and a reduction in the number of macropha-
ges in the group that was injected with TolDC 1x (Fig. 3D). No 
significant difference was observed in the number of lympho-
cytes among the groups (Fig. 3D).

The levels of total and serum B. tropicalis-specific IgE antibo-
dies in B. tropicalis-immunized mice treated with vehicle were 

higher compared to the control mice (Fig. 4A and B). A signifi-
cant reduction in B. tropicalis-specific IgE antibodies was ob-
served in mice treated with TolDCs in both cell doses tested 
compared to the saline-treated controls (Fig. 4A and B). Real-
time PCR analysis showed an increased expression of Gata3 
mRNA in the mouse lung tissue from the BtE-immunized group 
compared to the control group. Tolerance induction by DC trans-
plantation resulted in a reduction in gene expression of Gata3 
mRNA in the lung tissue compared to the BtE-immunized group, 
reaching the levels similar to those of the control group (Fig. 4C). 
The gene expression of IL-4, a Th2 cytokine, was increased in 
the lung tissue in the BtE-immunized group compared to the 
control mice. Pretreatment with TolDCs 1x caused a statistically 
significant reduction in IL-4 gene expression compared to BtE-
immunized mice (Fig. 4D). The assessment of IL-4, IL-5, IL-6, 
IL-10, IL-13, IL-17A, TNF-α, and IFN-γ in BALF showed low lev-
els in the experimental groups, with no statistically significant 
differences (data not shown). Additionally, we evaluated cyto-
kine production by spleen cells stimulated with Con A or BtE. 

Fig. 2. Anti-inflammatory cytokine production profile of DCs differentiated from 
bone marrow cells in the presence of dexamethasone. Control cells were left 
to differentiate in the absence of dexamethasone. The supernatants from cul-
tures were harvested 24 hours after activation with lipopolysaccharide for 
TNF-α (A), IL-12p70 (B), IL-1β (C) and MCP-1 (D), and the measurement of IL-10 
(E) was performed 48 hours after stimuli with LPS. Cytokines were quantified 
by sandwich ELISA. The data represented is the median with a range of 4 
(TNF-α, IL-12p70 and IL-1β), 7 (MCP-1) and 3 (IL-10), independent of experi-
ments. DC, dendritic cell; TNF, tumor necrosis factor; IL, interleukin; MCP-1, 
monocyte chemoattractant protein-1; LPS, lipopolysaccharide; ELISA, enzyme-
linked immunosorbent assay. *P<0.05 (Mann-Whitney’s U test). 
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Upon in vitro stimulation, spleen cells from mice transplanted 
with TolDCs had a significant reduction in IFN-γ production com-
pared to the BtE-immunized group (Fig. 4E). The levels of IL-2, 
IL-4, and IL-10 were low and did not present statistically signifi-
cant differences among the experimental groups (data not shown).

Lung sections from B. tropicalis-challenged mice stained with 
H&E showed an intense cell infiltrate of polymorphonuclear 
cells when compared to naïve mice (Fig. 5A and B). Mice treated 
with 2 doses of TolDCs had a reduced number of inflammatory 

cells, whereas the group treated with only 1 dose did not differ 
from the saline-treated controls (Fig. 5C-E). Gene expression 
analysis of the leukocyte common antigen (Ptprc/CD45) in the 
lungs showed a strong up-regulation in the saline-treated BtE-
challenged group compared to the naïve controls, whereas pre-
treatment with TolDCs significantly reduced the expression of 
this receptor (Fig. 5F). Finally, alcian blue staining used for the 
analysis of mucus production demonstrated an intense mucus 
deposition in lung sections of BtE-immunized mice when com-

Fig. 3. Evaluation of Th2 parameters by dexamethasone-induced tolerogenic DCs. Experimental protocol of TolDC therapy in a mouse model of allergy to B. tropicalis 
(A). Mice were pre-treated with 1 or 2 doses of TolDCs prior to sensitization with BtE. Mice were euthanized 24 hours after the last challenge with BtE. The cellulari-
ty in BALF from naïve or Blomia-challenged mice, treated with 1 (TolDCs 1x) or 2 (TolDCs 2x) doses of TolDCs was evaluated. Total cell number (B), number of eosino-
phils in 200 cells (C) and differential (D) in BALF. Values are expressed as mean±SEM of 5-8 mice per group, in 1 of the 5 experiments performed. Th2, T helper type 
2; DC, dendritic cell; TolDC, tolerogenic dendritic cell; BtE, B. tropicalis extract; BALF, bronchoalveolar lavage fluid; SEM, standard error of the mean. *P<0.05; 
†P<0.01; ‡P<0.001; and §P<0.05 compared to the naïve and TolDC 2x groups (B and C, Dunn’s multiple comparison test; D, Newman-Keuls multiple comparison test).
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pared to naïve mice (Fig. 6A, B and E). In contrast, both proto-
cols of tolerization with TolDCs reduced the production of mu-
cus as shown with morphometrical analysis (Fig. 6C-E). 

Percentage of FoxP3+ Tregs are increased after induction of 
tolerogenic response with BtE-pulsed TolDCs in allergic mice

To evaluate whether the presence of TolDCs were able to pro-

mote the differentiation of Tregs as an induction mechanism 
for immunological tolerance, flow cytometric analysis of sple-
nocytes and lung mononuclear cells from individual mice was 
performed 24 hours after the last BtE challenge. An increase in 
the number of Foxp3+ T cells was found in the groups treated 
with TolDCs in both cell doses in the lungs (Fig. 7A and B) and 
after 2 doses in the spleen (Fig. 7C), compared to the control 
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Fig. 5. Airway inflammation of TolDC-treated mice. The right lobe sections of the lungs were stained with H&E for the quantification of inflammatory cells by optical 
microscopy. For each of the lung 10 fields (400×) were analyzed per section, and the data used to calculate the mean number of cells per mm2. Scale bar, 50 µm. (A-
D) Representative hematoxylin and eosin-stained sections of the lungs of A strain mice. (A) Normal tissue of an untreated animal. (B) Inflammatory infiltrate with a 
predominance of polymorphonuclear around bronchi and arterioles in an animal from the positive control group (Blomia). (C and D) Reduced lung perivascular infiltra-
tion by polymorphonuclear cells, in a Blomia-sensitized animal pre-treated with TolDCs 1x and TolDCs 2x, respectively. (E) Infiltration of inflammatory cells per mm2. 
(F) Relative expression to Gapdh of Ptprc. The data is representative of 3 independent experiments. TolDC, tolerogenic dendritic cell. *P<0.05; †P<0.01; ‡P<0.001 
(Newman-Keuls multiple comparison test).
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Fig. 6. Mucus analysis of lungs from allergic and to-
lerized mice. Lung sections of (A) control and (B) aller-
gic mice treated with vehicle, (C) tolerized with TolDCs 
1x or (D) tolerized with TolDCs 2x. Narrow arrows in-
dicate areas of alcian blue+ cells (original magnifica-
tion ×400). Scale bar, 50 µm. (E) Quantification of 
mucus production on alcian blue-stained lung sections. 
The area of alcian blue staining was estimated by mor-
phometric analysis. Data is expressed as means±
SEM of 5-8 mice per group, in 1 of the 2 experiments 
performed. TolDC, tolerogenic dendritic cell; SEM, 
standard error of the mean. *P<0.001 compared to 
vehicle-treated mice.E
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groups. Immunostaining for CD3 and Foxp3 confirmed the 
presence of Tregs in the lung sections of TolDC-treated mice 
(Fig. 7D).

DISCUSSION

Airway inflammation is strongly associated with worsening 
asthma symptoms and is mediated by factors that involve the 
interaction between the pulmonary epithelium and DCs. The 
use of bone marrow-derived TolDCs to prevent allergy devel-
opment, which has been increased over the last decades,5,25 was 
studied for B. tropicalis for the first time in this paper. Important-
ly, we demonstrated the functional activity of TolDCs pulsed 

with BtE inducing a protective response in an allergic airway in-
flammation murine model. 

In the present work, murine CD11c+CD11b+ DCs with a tolero-
genic profile were successfully generated in vitro in the presence 
of GM-CSF and dexamethasone as previously described.26,27 It 
has been shown that resident lung CD11b+ DCs are crucial for 
the initiation of Th2 responses.28,29 Thus, the modulation of 
CD11b+ DCs to inhibit T-cell priming to a Th2 profile may be an 
advantageous tool for allergy intervention. DCs generated in 
the presence of corticosteroids and activated by LPS are char-
acterized by increased expression of inhibitory molecules and 
production of suppressor cytokines associated with reduction 
in pro-inflammatory cytokines.30 However, there are many ap-
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Fig. 7. TolDC treatment recruits Tregs to the lung and the spleen. The lung and spleen cell preparations obtained from mice of each experimental group were stained 
with anti-CD4-APC and anti-CD25-FITC, and after permeabilization the cells were stained with anti-Foxp3-PE. (A) Gating on CD4+ T cells, and representative dot plots 
of lung Tregs (CD4+CD25highFoxp3+) and isotype controls. (B) Quantification of lung Tregs (CD4+CD25highFoxp3+) relative to total CD4+ T cells. (C) CD4+CD25highFoxp3+ 
splenocytes. (D) Confocal microscopy images showing CD3 (green), Foxp3 (red), and nuclei stained with DAPI (blue) in the lung tissue of TolDC-treated mice. Values 
are expressed as means±SEM of 5-7 mice per group. TolDC, tolerogenic dendritic cell; Treg, regulatory T cell; FITC, fluorescein isothiocyanate; DAPI, 4′,6-Diamidi-
no-2-phenylindole; SEM, standard error of the mean. *P<0.05; †P<0.01; ‡P<0.001 (Bonferroni's multiple comparison test).
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proaches to generating DCs with immunosuppressive activi-
ty.18,23,30,33 These cells may present distinct phenotypic and func-
tional characteristics according to the stimulus received. 

The DCs produced had low expressions of MHC II and the co-
stimulatory molecules CD80, CD86, and CD40, a well as showed 
a lack of production of the proinflammatory cytokines TNF-α, 
IL-12p70, and IL-1β. These features, associated with increased 
expression of PD-L1 and IL-10 production are characteristic of 
an immunosuppressive profile.31,32 Recent studies demonstrat-
ed that the lack of IL-12p70 production is a key feature of tolero-
genic DCs, which is important for their regulatory action. The 
replacement of this cytokine can prevent anergy of T cells and 
its absence, together the increased IL-10 production, which is 
considered a quality control criterion for therapeutic DC prep-
arations.33 Although we observed no difference in IL-10 produc-
tion within 24 hours after LPS activation, the difference between 
mature cells and TolDCs was clear after 48 hours, indicating the 
tolerogenic potential of these cells. Lee et al.34 compared the ef-
fect of different stimuli (rapamycin, vitamin D3, IL-10, dexame-
thasone and minocycline) on DC generation with regulatory 
properties and observed that the level of IL-10 produced varies 
according to the stimulus. Further work shows that the culture 
time of these cells also influences the level of IL-10 produced.18,26,35 
Interestingly, a substantial reduction in PD-L2 expression was 
observed in the TolDCs produced here. The role of PD-L1 in al-
lergy has been controversial, although some studies have shown 
that PD-L2 blockade is related to increased bronchial hyperre-
activity (airway hyperresponsiveness, AHR), eosinophilia and 
pulmonary inflammation,36,37 while others have demonstrated 
an increased expression in PD-L2 in the lung of sensitized mice38,39 
and a reduction in the production of IL-12p70 and AHR when 
PD-L2 expression is modulated.39 Our results suggest that in an 
allergy context, low PD-L2 expression in TolDCs is sufficient to 
indicate those cells as therapeutic agents. 

Pretreatment with TolDCs reduced the recruitment of total 
cells and eosinophils to the BALF, lung inflammation and mu-
cus production. These effects are probably associated with a 
decreased Th2 response, since TolDCs modulated the gene ex-
pression of Gata3 and IL-4 that are key factors promoting Th2 
responses.14 

Although the participation of cytokines in allergic response is 
well established in the literature, low levels of cytokines were 
detected in the BALF of mice, with no differences among the 
groups, through the 2 techniques ELISA and CBA. This data 
was not expected once we used to find increased levels of Th2 
cytokines in BALF in the ovalbumin-induced BALB/c mouse 
model.40,41 Thus, we attribute the low production of cytokines in 
BALF to differences in the experimental model used in this study. 
Additionally, serum IgE production, which is IL-4-dependent, 
was reduced in TolDC-treated mice upon challenge with BtE. 
Antigen-specific IgE antibodies bind to Fcε receptors in eosino-
phils, leading to the release of mediators that induce airway re-

modeling, mucus production and attraction of inflammatory 
cells to the lung.4,42-45 Although some therapeutic protocols for 
experimental asthma have presented better results after boost-
er doses22,46 in the protocol used in this study, no difference in 
allergic modulation between the uses of only 1 and 2 inocula-
tions of TolDCs was observed. This result may be explained by 
the fact that our cells were maintained longer in the presence of 
dexamethasone as the treatment for 1 hour is related to an in 
vivo instability of these cells,47 while treatment for 48 hours pro-
duced better results in terms of inhibiting IFN-γ production by 
effector lymphocytes than a 6-hour treatment.48 This effect in 
down-regulating IFN-γ was also observed after injection of 
TolDCs generated here, favoring the hypothesis that action of 
these cells is mainly systemic, affecting immune responses in 
peripheral lymphoid organs, since they were transplanted be-
fore allergy induction. In fact, Floderer et al.26 demonstrated 
that the subcutaneous immunization of wild-type mice with 
DCs affects the cytokine microenvironment in the spleen, caus-
ing T-cell phenotype reprogramming. 

The capacity to produce IL-10, together with the low costimu-
latory phenotype, observed in this work was consistent with the 
view that TolDCs could induce Tregs, characterized by CD4+-
CD25+Foxp3+ cells49 as shown by other studies.47 In fact, we ob-
served that Foxp3+ cells were recruited to the spleen and the 
lungs of TolDC-treated mice, suggesting that the mechanism 
for immunological tolerance induced by TolDCs pulsed with 
BtE could include the participation of Tregs. The prevention of 
allergic feature development by CD4+CD25+Foxp3+ cells was 
previously demonstrated in an ovalbumin-induced model50 
and in an ex vivo experiment with cells obtained from atopic 
donors,19 both using DCs induced by IL-10.

In conclusion, tolerogenic DCs are promising immunothera-
peutic tools for immunologically mediated pathologies. How-
ever, there is no consensus in the literature regarding the most 
appropriate methodology that can be used for a particular dis-
ease. The work described here shows that bone marrow-de-
rived DCs generated in the presence of dexamethasone and 
stimulated in vitro with BtE can inhibit the development of a 
Th2 allergic response as a prophylactic therapy. This methodol-
ogy deserves to be further investigated with the aim of specifi-
cally inhibiting an ongoing allergic response over a prolonged 
period of time.
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