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ARTICLE INFO ABSTRACT

Accumulating evidence indicates that the exposure to Mycobacterium bovis bacillus Calmette-Guérin (BCG)
prevents the development of allergy and the airway dendritic cells (DCs) may be involved in this protective
effect. However, studies to better characterize the specific interactions between BCG and DCs and their role in
this mycobacteria-mediated Th2 cell suppression are still ongoing. This study aimed to evaluate the effect of the
neonatal BCG vaccination in the innate immune response in a mouse model of ovalbumin (OVA)-induced airway
inflammation. BCG treated neonatal BALB/c mice were sensitized and challenged with aerosolized OVA.
Twenty-four hours after the last challenge, samples were collected for analysis. The intranasal BCG treatment
inhibited the allergic Th2-response by decreasing the allergen-induced eosinophilic inflammation, EPO activity,
CCL11, IL-25, TSLP, IL-4 and IL-5 lung levels, and serum levels of IgE. Mycobacteria treatment increased lung
levels of IL-10 and TGF-B, and the TLR2 and TLR4 expressions by pulmonary CD11c*CD103"CD8a* DCs.
Additionally an enhanced expression of PD-L1 was observed besides an increased production of IFN-y by these
cells. These results indicated that neonatal BCG vaccination inhibits key features of allergic airway inflamma-
tion, probably by promoting T regulatory immune response via an enhanced expression of TLR2, TLR4 and PD-
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1. Introduction

Atopic asthma is a potentially life-threatening chronic respiratory
disease characterized by episodes of reversible airway narrowing,
bronchial hyperresponsiveness, mucus over-production and airway in-
flammation associated with an increase of T helper 2 (Th2)-type cyto-
kines and IgE synthesis [1,2]. The asthma incidence is increasing
leading to major health and economic consequences [3]. Although
conventional pharmacological therapies are highly effective for con-
trolling disease in most individuals, many patients have concerns about
side-effects and treatment may not be effective in cases of difficult-to-
control asthma [4]. In addition, such interventions provide short-term
relief from disease symptoms, not altering the underlying immune re-
sponse to an allergen. Therefore, there remains a clear need for new
strategies that have specific and long-lasting effects for the treatment of
asthma [5].

The hygiene hypothesis postulates that reduced exposure to mi-
croorganisms should increase immune reactivity, favoring the

development of allergic diseases [6]. Even though the original concept
has been modified [7], the hypothesis that microbial experience mod-
ulates our immune systems has been strengthened by solid epidemio-
logical [8,9] and experimental data [10,11]. In keeping with these
findings there have been extensive efforts to subvert the Th2 immune
response by treatment with microbial products, paving the way for
future therapies [12]. In this context, a number of studies have shown
that Mycobacterium bovis bacillus Calmette-Guérin (BCG) treatment is
capable of ameliorating an established allergen-driven inflammatory
response [13], probably resulting from an immune deviation from a
pathogenic Th2 towards protective T helper 1 (Thl) and/or T reg-
ulatory (Treg) responses [13,14]. Although several models have been
used to evaluate this mycobacteria effect, the immunological mechan-
isms by which BCG could reprogram effector T cell lineage commitment
in allergic inflammation has not been clearly defined.

It is now well established that the development of a Th2-response is
fundamentally influenced by a fine balance between the functions of
innate immune and epithelial cells [15,16]. In this way, as a critical link
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in innate and adaptive immune responses, dendritic cells (DCs) have a
key role in determining how allergic immune responses are initiated
and perpetuated. Thus, it may be possible that these cells are mediating
the immunomodulatory effects of BCG on allergy, since DCs interact
with microbes using pattern recognition receptors [17], including toll-
like receptors (TLRs), which play an important role in the pathogenesis
of asthma [18-20]. Experimental studies have demonstrated that the
recognition of mycobacterial components by TLRs on DCs, specifically
TLR2, TLR4 and TLR9, has been implicated in a mycobacteria-induced
protective effect [13,21], suggesting that the manipulation of these
receptors by mycobacteria-derived molecules may be an approach to
treat patients with asthma. Additionally, other pathways regulated by
DCs, involved in the fine tuning of the T-cell activation and tolerance,
would be influenced by mycobacteria. These pathways are provided by
interactions between co-signaling molecules in DCs and surface mole-
cules expressed on T lymphocytes [22]. Depending on the type of mo-
lecules involved, this interaction can promote the development of an
inflammatory response or may favor immune regulation. The receptor
programmed death-1 (PD-1, CD279) and its ligands PD-L1 (B7-H1) and
PD-L2 (B7-DC) deliver inhibitory signals that regulate the balance be-
tween T cell activation and tolerance [23,24]. A clear understanding of
the PD-1/PD-L pathway could open new opportunities for treatment of
asthma. Previous findings evidence that the function of PD-1 family
members in asthma is complex, with some results suggesting a pro-
tective role [25-28] and others indicating a pro-asthmatic role for ei-
ther PD-L1 [27] or PD-L2 [29]. In regards to mycobacteria it was pre-
viously reported that Mycobacterium tuberculosis infection induces
development of CD4*CD25*FoxP3* Treg cells through a process that
depends on PD-1 axis [30,31], suggesting that PD-1/PD-L pathway
might underlie the observed anti-allergic BCG effect. Thus, DCs may
play a central role in mycobacteria-mediated inhibition of allergic
asthma-like reactions. The present study aimed to evaluate the influ-
ence of BCG vaccination on TLR2, TLR4, TLR9, PD-L1 and PD-L2 ex-
pressions in pulmonary DCs, by using a neonatal BALB/c mouse model
of ovalbumin (OVA)-induced airway inflammation to achieve insights
that might improve current asthma therapies.

2. Materials and methods
2.1. Mice

BALB/c mice approximately 10 days old were obtained from
Universidade Federal de Juiz de Fora (UFJF) animal care facility and
were housed in microisolator cages with a 12 h light/dark cycle, re-
ceiving chow and water ad libitum. Animals were grouped according to
treatment as follows (n = 5-8): (i) PBS (sensitizations and airway
challenges with phosphate-buffered saline - PBS); (ii) BCG (sensitiza-
tions and airway challenges with PBS plus BCG treatment); (iii) OVA
(sensitizations and airway challenges with OVA); (iv) OVA/BCG (sen-
sitizations and airway challenges with OVA plus BCG treatment). All
animal experimentation was in accordance with internationally ac-
cepted principles for laboratory animal use and care and was approved
by the UFJF Ethics Committee on the use of laboratory animals (CEEA -
UFJF No. 027/2008).

2.2. BCG vaccination and ovalbumin-induced airway inflammation

Mice were intranasally treated on day 0 with 25 pL of 2 X 10° CFU/
mL (1 x 10% CFU/mice) of Mycobacterium bovis BCG (Moreau substrain,
Ataulpho de Paiva Foundation, Rio de Janeiro, Brazil) or PBS. At 3 days
after vaccination, mice were once sensitized intraperitoneally (i.p.)
with 1.5 ug of OVA (Grade V, Sigma-Aldrich, USA) adsorbed to 250 pg
of alum (INVIVOGEN, USA). Animals were challenged for 20 min with
aerosolized OVA 1% or PBS (Inalatec Plus, Nevoni, Brazil) on days 16,
17, 23 and 24 (Fig. 1A). Twenty-four hours after the last OVA challenge
mice were anesthetized i.p. with a solution of ketamine (90 mg/kg,
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Syntec, Brazil) and xylazine (10 mg/kg, Calmiun, Agener Unido, Brazil)
and exsanguinated via the brachial plexus. Then the chest cavity was
opened to remove the lung lobes.

2.3. Histological analysis

The right upper lung lobe of each animal was fixed in 10% buffered
formalin and submitted to routine histologic processing. Tissue sections
were stained with hematoxylin and eosin (HE), and sirius red (SR)
(Sigma-Aldrich Corp., USA) and examined in blinded fashion on an
optical microscope (Zeiss, Germany) at 100X, 400x and 1000 x
magnification. The peribronchiolar area was scored on a scale from 0 to
5: 0, no inflammation; 1, a few inflammatory cells; 2, a layer of in-
flammatory cells around the structure evaluated; 3, ring of in-
flammatory cells containing 2 to 4 layers; 4, focal inflammatory cells
clustered around the structure; 5, intense inflammatory infiltrate [32].
Eosinophils were quantified per 100 um? of the SR stained lungs, at
1000 X magnification.

2.4. Eosinophil peroxidase activity

For determination of eosinophil peroxidase (EPO) activity 100 mg
of lung tissue was homogenized in 1.9 mL PBS, and centrifuged at
12,000 x g (Jouan, Thermo Electron Corporation, USA) for 10 min at
4 °C. The pellet was suspended in 1.9 mL of 0.5% HTAB in PBS. The
samples were frozen three times in liquid nitrogen and centrifuged at
10,000 x g for 10 min at 4 °C (Thermo Electron CR312, USA). Using a
96-well plate 100 pL of substrate solution (1.5 mL of o-phenyldiamine
added to 8.5 mL of tris buffer plus 7.5 pL of H,0,) was added to 50 pL
of each sample. After 30 min, the reaction was stopped with 50 pL of
H,SO4 1 M and the absorbance measured at 492 nm in a microplate
reader (SPECTRAMAX 190, Molecular Devices, USA).

2.5. Measurement of cytokines and chemokine levels in lungs

In order to evaluate the levels of cytokines and CCL11 in the lung,
100 mg of tissue was homogenized in 1 mL of PBS containing protease
inhibitors (0.1 mM phenylmethylsulphonyl fluoride, 0.1 mM ben-
zethonium chloride, 10 mM EDTA and 2 pL of aprotinin A) and 0.05%
Tween 20. Samples were then centrifuged for 15 min at 500 X g
(Thermo Electron CR312, USA) and the levels of cytokines IL-4, IL-5, IL-
10, TGF-B, IFN-y and IL-12 (OptEIA, BD Bioscience — Pharmingen,
USA), IL-25, TSLP and the chemokine CCL11 (R &D Systems, USA)
were measured by ELISA following the manufacturer’s instructions.

2.6. Measurement of anti-OVA-specific IgE, IgG1 and IgG2a antibodies

Quantification of anti-OVA-specific IgE, IgG1 and IgG2a antibodies
was determined by ELISA. Briefly, a 96-well plate was sensitized with
OVA (10 ug/mL), incubated for 18 h at 4 °C and then washed with
0.05% Tween 20-PBS (PBST) and blocked with 10% fetal bovine serum-
PBST for 2 h at room temperature. The plate was washed with PBST and
50 pL of each serum (1:20 for IgE, and 1:100 dilutions for IgGl and
IgG2a) was added per well and incubated for 18 h at 4 °C and then
washed. The biotin-conjugated rat anti-mouse IgE, I1gGl or IgG2a
(1:1000; BD Bioscience — Pharmingen, USA) was added, and after 1 h of
incubation at room temperature a substrate solution (0.1 M citric acid,
0.2 M sodium phosphate, distilled water, OPD, and 0.03% hydrogen
peroxide) was added. The reaction was stopped with H,SO, 1 M and the
optical density measured at 492 nm in a microplate reader (Spectramax
190; Molecular Devices).

2.7. Cell staining and flow cytometry

The lungs were mashed through a 70 um cell strainer and the red
blood cells were lysed with ACK buffer and the cell suspension was
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oxidase (EPO), and (F) CCL11 measurement in
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washed twice in RPMI 1640 and adjusted to 1 x 10° cells per well. USA), FITC-anti-CD11c, PERCP-anti-CD8a, PE-anti-PD-L1 (CD274),
Cells were then stained with fluorescent-conjugated antibodies for cell -PD-L2 (CD273) and -TLR4 (BD Biosciences — Pharmingen, USA),
surface markers, including Pacific Blue-anti-CD103 (BioLegend Inc, PECy7-anti-MHCII and PE-anti-TLR2 (eBioscience, USA). For
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intracellular cytokines detection cells were permeabilized and stained
with PE-anti-IL-10, -IFN-y, -IL-12 and -TLR9, (BD Biosciences —
Pharmingen, USA). Data acquisition was performed using BD
FACSCanto™ and was analyzed using CellQuest® software (both Becton
Dickinson, USA).

2.8. Statistical analysis

All statistical analyses were performed using Graph Pad prism 5.0
software (GraphPad Software, USA). Numerical data were analyzed by
the normality test of Kolmogorov-Smirnov. Subsequently, the unpaired
t test was used for parametric data and the Mann-Whitney test for
nonparametric data. The significance level accepted for the tests was
p =< 0.05. Data are expressed as mean and standard error
(mean = SEM).

3. Results

3.1. BCG vaccination suppress the key features of the OVA-induced airway
inflammation

In order to address whether neonatal BCG vaccination was able to
reduce the OVA-induced airway inflammation, lung sections were in-
spected for an overall semiquantitative score of inflammation and eo-
sinophil infiltration. Ovalbumin sensitization and subsequent airway
challenge resulted in intense peribronchial and perivascular in-
flammatory infiltrates (mean score of 3.2, Fig. 1B and C) while the BCG
vaccination had no effect on the lung of non-allergic mice (Fig. 1C).
When compared with the OVA group, OVA/BCG group showed a re-
duced inflammatory cell infiltrate (mean score of 2.0, Fig. 1B and C)
and significantly decreased eosinophilic infiltration (Fig. 1B), which
was confirmed by morphometry analysis with eosinophil counts
(Fig. 1D). Also, BCG vaccination significantly reduced the EPO activity
(Fig. 1E) and CCL11 levels (Fig. 1F) in the lungs of the allergic mice,
compared with the OVA group. Additionally ELISA analysis showed
that the OVA group had significantly higher OVA-specific IgE and IgG1
serum levels compared with the PBS or BCG groups (Fig. 2A and B),
indicating allergic immunization of these animals, whereas the im-
provement of airway inflammation by BCG vaccination was correlated
with a strong suppression of the OVA-specific IgE levels in serum
(Fig. 2A). In contrast, the OVA-specific IgG1 and IgG2a levels did not
alter between the OVA and the OVA/BCG groups (Fig. 2B and C),
probably due to the analysis were done only 25 days after the BCG
vaccination, which might have been not sufficient enough to detect
differences between these groups.

3.2. BCG vaccination reduces the levels of epithelial cytokines and drives
a Th2 inflammatory response towards a T regulatory cytokine production

To assess the effect of neonatal BCG vaccination on the cytokine
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secretion in the inflammatory site, cytokine analysis was performed by
ELISA on lung homogenate samples. The levels of IL-25, TSLP, IL-4 and
IL-5 were significantly higher in the OVA group than those in the PBS
group, while there was a significant overall reduction of these cytokine
levels following the BCG vaccination (Fig. 3A-D respectively), when
compared with the OVA group. Also, the BCG-treated allergic mice
exhibited greatly increased levels of IL-10 (Fig. 3E), TGF-p (Fig. 3F) and
IL-12 (Fig. 3H). On the other hand, levels of IFN-y remained similar in
all four groups (Fig. 3G).

3.3. BCG vaccination upregulates TLR2 and TLR4 expression in CD8a*
pulmonary dendritic cells

To further characterize the mechanisms by which BCG affects
airway allergic response, the expression of TLRs in pulmonary DCs was
evaluated by flow cytometry. For this, in order to select mature DCs
able to induce T lymphocyte proliferation, cells from processed lung
were gated according to size and granularity (Fig. 4A — gate R1). Next,
gated cells were selected in accordance with their expression of CD103
and CD11c (Fig. 4A — gate R2), and MHCII and CD8a* markers (Fig. 4A
— gate R3). Then, the expression of TLR2, TLR4 and TLR9 by
CD103*CD11c™MHCII* CD8a™ pulmonary cells, designated DCs
CD8a*, was assessed. Results indicated a decreasing in the expression
of TLR2 by DCs CD8a* from the OVA group, when compared with the
PBS or BCG groups (Fig. 4B and C). Interestingly, this reduced ex-
pression of TLR2 was reverted in BCG-treated allergic mice (Fig. 4C),
which also had a significantly large frequency of DCs CD8a " expressing
TLR4, when compared with the OVA group (Fig.4B and D). In regard to
the expression of TLR9, no statistically significant differences were
found between BCG-treated and untreated allergic mice although it was
slightly higher in the OVA/BCG group than those in the OVA group
(Fig. 4B e E).

3.4. BCG vaccination induces increases in PD-L1 expression by CD8a™
pulmonary dendritic cells

Aimed to investigate whether the BCG-induced anti-inflammatory
effect was associated with phenotypic modulation of pulmonary DCs,
the frequency of DCs expressing PD-1 ligands was analyzed. Results
demonstrated that OVA sensitization and subsequent airway challenge
has exerted opposite effects on the expression of these ligands, since
DCs CD8a " from the OVA group showed a lower expression of PD-L1
(Fig.5A and B), while PD-L2 expression was up-regulated in this group
(Fig.5A and C), when compared with the PBS or BCG groups. Intrigu-
ingly, neonatal BCG vaccination of allergic mice induced a significantly
greater frequency of DC CD8a"PD-L1™ than untreated allergic mice
(Fig.5A e B) and the PD-L2 expression had a slight reduction compared
with the OVA group (Fig.5A e C) although this difference was not sta-
tistically significant.
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population (R3). After, pulmonary DCs (CD103*CD11c™MHCII* CD8a ) were analyzed for the expression of TLRs. (B) Representative flow cytometry dot plots of the percentage of
pulmonary DCs expressing TLR2, TLR4 and TLR9 for phosphate-buffered saline (PBS), M. bovis BCG (BCG), ovalbumin (OVA) and ovalbumin plus BCG (OVA/BCG) groups. Numbers in
quadrants represent percentage events in each throughout. Frequency of DCs expressing (C) TLR2, (D) TLR4 and (E) and TLR9. Data are representative of at least two independent

experiments, from five to eight mice per group, and bars represent the mean + SEM.

3.5. BCG vaccination induces IFN-y-producing CD8a™ pulmonary dendritic
cells

In order to determine the involvement of CD8a™ DCs in the in-
hibition of asthma-like reactions by BCG, the intracellular IL-10, IFN-y
and IL-12 production was assessed. Data indicated that the OVA-chal-
lenge increased the percentage of DC CD8a™ producing IL-10, IFN-y
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and IL-12, when compared with the PBS or BCG groups (Fig.5A,D-F).
Interestingly, the neonatal BCG administration to OVA-challenged mice
resulted in decreased production of IL-10 in comparison with the OVA
group (Fig.5A and D). This effect was accompanied by a significantly
larger frequency of DC CD8a* expressing IFN-y (Fig.5A and E),
whereas BCG did not influence the IL-12 production between treated
and untreated allergic mice (Fig.5A and F).
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and IFN-y in pulmonary dendritic cells (DCs). Pulmonary DCs gated as described in Fig. 3 (R3:

CD103"CD11c¢™IMHCII *CD8a ™) were analyzed for the expression of PD-L receptors and intracellular cytokines. (A) Representative flow cytometry plots showing percentage of
pulmonary DCs expressing PD-L1, PD-L2, IL-10, IFN-y and IL-12 for phosphate-buffered saline (PBS), M. bovis BCG (BCG), ovalbumin (OVA) and ovalbumin plus BCG (OVA/BCG) groups.
Numbers in quadrants represent percentage events in each throughout. Frequency of DCs expressing (B) PD-L1, (C) PD-L2, (D) IL-10, (E) IFN-y and (F) IL-12. Data are representative of at
least two independent experiments, from five to eight mice per group, and bars represent the mean * SEM.

4. Discussion

In the recent decades, the potential use of BCG for the management
of asthma has been the topic of significant interest, since there is ex-
tensive evidence in mouse models that therapy with mycobacteria in-
hibits allergen-induced asthma-like responses [14]. In the current
study, the effect of giving BCG to neonatal mouse before the exposure to
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the allergen was evaluated. The results obtained extended previous
reports showing that the intranasal BCG administration suppresses the
OVA-induced airway inflammation [14], reducing the mainly patho-
genic allergic features, such as airway eosinophilic inflammation and
IgE production by B cells. Additionally, BCG-treated allergic mice
showed Treg-like cytokine production instead of Th2-like responses.
This BCG protective effect was associated with an increased expression
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of TLR2, TLR4 and PD-L1 by pulmonary CD103*CD11c™MHCII*
CD8a* DCs, providing some insight into the molecular basis by which
DCs from BCG-treated allergic mice may modulate allergen-specific Th2
responses. Interestingly, the BCG administration induces IFN-y pro-
duction in pulmonary DCs obtained from allergic mice.

Recently, it has become clear that the interaction of the microbial
environment with the innate and adaptive immune response during
childhood is crucial for a balanced immune system [8], emphasizing the
central role of the airway mucosal DCs and adjacent epithelial cells in
the initiation and persistence of atopic asthma, as in the development of
lung tolerance. In this context, considerably evidence has been accu-
mulated demonstrating that DCs can also exert regulatory functions,
highlighting these cells as one of the most accessible arrays of targets
for development of new treatment for allergy. In regards to the myco-
bacteria, it has been demonstrated that, besides macrophages, DCs are
the major target cells of BCG [33] and these cells help to modulate
ensuing adaptive immune responses against mycobacteria [34]. In
keeping with this thought, in the present work multiple mechanisms
would be involved in the BCG-associated reduced Th2 responses, in-
cluding some resulting from interactions between mycobacteria and
specific receptors in DCs. Because of this, the expression of TLR2, TLR4
and TLR9 by CD103*CD11¢™MHCII* CD8a* DCs was investigated,
since it has been demonstrated that some components of mycobacteria
are recognized by these receptors on DCs [35-37]. Analysis demon-
strated that both TLR2 and TLR4 expression were upregulated in BCG-
treated allergic mice, suggesting that signaling pathways induced by
these interactions may be involved in the mycobacteria modulatory
mechanism. The role of these receptors in the regulation of the adaptive
immune response has been evidenced from studies showing the in-
duction or activation of Treg cells through DC-TLR signaling [38]. In
this way, it was reported that TLR4-deficient mice have a defective
induction of IL-10-secreting Treg cells [39] and TLR2 signaling pro-
motes the induction of these cells [40]. Specifically, TLR2 [21,41] and
TLR4 [21,42,43] agonists were able to suppress an asthmatic allergic
response, either by inducing Treg or Th1 immune responses. Also in the
current work the signaling of these TLRs on DCs by BCG may have
induced a regulatory response which modulates the allergic airway
inflammation, since the high expressions of TLR2 and TLR4 were as-
sociated with a significant increase of regulatory cytokines in lung
tissue [38,39]. These observations are supported by preview studies
indicating that DCs have the ability to initiate a tolerogenic response
during allergic sensitization through inducing Treg cells [25,44]. Ad-
ditionally, the activation of TLR4 was linked to an increase in Tregs
suppressive capability [45]. It is important to mention that TLR4 can
also be activated by LPS, a common contaminant of OVA, which has the
potential to contribute to the development of asthma in several dif-
ferent ways [46]. Although every effort was made to maintain sterile
procedures to minimize the endotoxin contamination in all OVA pre-
parations, it is well known that the completely remove of LPS remains a
major technical hurdle in mouse models of asthma, given the extremely
low levels of endotoxin that can elicit significant biological effects [47].
Then, a study using TLR2- and TLR4-deficient mice is crucial to confirm
the involvement of these receptors in the BCG anti-allergic effect ob-
served in this asthma model.

Besides the TLRs signaling, the present study demonstrated that the
improvement of airway inflammation was correlated with a suppression
of IL-25 and TSLP, suggesting that this would be another mechanism
underlying the BCG-protective effect, since it has been shown that these
epithelial cytokines are crucial in allergen-induced airway responses
[48]. Particularly, TSLP can either directly activate CD11c™ DCs to
prime naive CD4 " T cells to differentiate into inflammatory Th2 cells or
might directly promote the production of Th2 cytokines by T cells [49],
which could be enhanced by IL-25 [50]. Interestingly, preview work
showed that BCG redirects TSLP-activated DCs away from inducing
inflammatory Th2 to Treg response [51]. Taken together, these data
suggest that in the present study the airway epithelial cells would be

Cytokine 99 (2017) 163-172

one important cellular target of BCG and the OVA-induced epithelial
cells activation was probably modulated by the mycobacteria treat-
ment, presumably through impairing the function of TSLP at the level of
DCs. Nonetheless, further studies are needed to clarify and confirm this
supposed mechanism.

It has been previously reported that the molecular basis for the
capacity of tolerogenic DCs to modulate T cell responses may be related
to their cytokine production and the expression of surface molecules
[52,53]. Present results showed that the neonatal BCG vaccination in-
duced the production of IFN-y in allergic mice DCs, suggesting that
these cells coordinated an immune deviation from Th2 pathogenic to-
ward a Thl protective response. Along with inducing the regulatory
response, this Thl inducer effect would be another mechanism under-
lying the allergic inflammation-inhibition found in this work. This no-
tion is further strengthened by the high levels of IL-12 found in the lung
from the BCG vaccinated mice. Surprisingly, analysis indicated that
besides the unaltered frequency of IL-12-producing DCs, the levels of
IFN-y in lung homogenate are also similar between the BCG-treated and
untreated allergic mice. Further, the IL-10 expression was down-
regulated in DCs obtained from BCG-treated allergic mice. A possible
explanation for these apparently discrepant findings could lie in the
time of cytokine production and the short-term protocol. Probably, high
levels of IL-10 and IL-12 production by DCs occurred at the beginning of
the protocol, soon after the BCG administration, as previously reported
with an in vitro experimental study [34]. Also, increased levels of IFN-y
would be detected in the lungs of the BCG-treated allergic mice in an
extended protocol, since it has been shown that the peak response of
this Th1 cytokine occurs in the lung at the fourth week after intranasal
vaccination [54].

An important finding of the current study is that
CD103*CD11c™MHCII* CD8a* DCs from allergic mice had their PD-
L1 expression increased after BCG administration, reaching levels si-
milar to mice from the PBS group. This data supports the proposition
that the mechanism underlying the BCG-Th2 allergic response-inhibi-
tion involves the induction of a regulatory immune response, since
previous reports demonstrated that the capacity of DCs to induce Tregs
and limit asthma development has been linked to their elevated ex-
pression of PD-L1 [25,30,31,55,56]. Also this molecule seems to be
directly responsible for the generation of Treg cells when expressed by
DCs CD8a™ and when TGF-B was present [57]. Interestingly, it was
demonstrated that the PD-L1 expression induced in DCs upon stimula-
tion with BCG is necessary for mycobacteria-induced Treg expansion
[30,31,56] and the TLR2 signaling could play a dominant role in this
pathway [56]. On the other hand, in this study the PD-L2 expression
increased on the pulmonary DCs after OVA challenge, as demonstrated
by previous researches [26]. Otherwise, the expression of this mod-
ulatory molecule appears to have a slight tendency towards decreasing
after BCG administration. These results suggest that PD-L2 also may
play a role in suppressing airway inflammation, since experimental
evidence indicates that PD-L2 could act through a receptor other than
PD-1, enhancing the T cell proliferation and cytokine production
[26,58-60] and exacerbating the Th2 inflammatory response [29].
However, studies are just beginning to elucidate the function of PD-1
ligands in allergy and asthma and some works indicate that PD-L2 ex-
pression in the lung protects against the initiation and progression of
airway inflammation [27,61]. Some data indicated that the cytokine
environment may have an important role to play in differentially reg-
ulating PD-L1 and PD-L2 expression and modulating inflammatory re-
sponses in the lung microenvironment [26,29]. Therefore, further study
will be required to clarify the function of the PD-1/PD-L interactions in
the Th2 response development upon BCG therapy.

In the current asthma model, although BCG was administrated
through the nasal mucosa, making it improbable that mycobacteria
reached the airways, BCG therapy actually ameliorates the airway al-
lergic response. Probably, the mycobacteria protective effect started
early, during allergen sensitization, when the systemic response could
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be modulated, suppressing the OVA-specific IgE production. It could be
supposed that after OVA sensitization, allergen-loaded DCs migrated to
the draining lymph nodes of allergic mice, where some naive allergen-
specific T cells are activated with Tregs rather than the Th2 pattern due
to the microenvironment induced by BCG-activated DCs. Thus, since
DCs remain infected with BCG for a much longer time [33], this sup-
pressive effect is extended during allergen challenge, modulating the
airway inflammatory response. At the same time the opposite way may
also occur with BCG-induced effector T cells, since it has been de-
monstrated that BCG vaccination-induced Thl cells migrated from
distant lymph nodes into the inflamed lungs upon inhaled OVA chal-
lenge, thereby inhibiting the allergen airway inflammation [62].

In conclusion, this study has demonstrated that neonatal BCG vac-
cination markedly inhibited the development of the Th2-dependent
downstream effector phase of allergy. The higher expression of TLR2,
TLR4, PD-L1 and IFN-y by pulmonary DCs associated with the de-
creased levels of IL-25 and TSLP strengthens the proposition that the
innate immune cells are involved in the mechanism underlying the
BCG-induced Th2 inhibitory effect. Clearly, additional studies are re-
quired to elucidate the functional role of the pulmonary DCs in response
to BCG-treatment. Nevertheless, data obtained provide new insights
into the mechanism by which BCG exert their protective effect and
should help in designing new therapeutic approaches that exploit the
DCs for prevention and treatment of allergic diseases, including asthma.

Funding

This study was supported by grants of Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico - CNPq (306768/2015-1,
401332/2014-4), Fundagao de Amparo a Pesquisa do Estado de Minas
Gerais - FAPEMIG (APQ 00535/12, 00269/14, CDS-RED-00013-14) and
Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES).

Disclosures
The authors have no financial conflicts of interest.
References

[1] L.P. Boulet, J.M. FitzGerald, H.K. Reddel, The revised 2014 GINA strategy report:
opportunities for change, Curr. Opin. Pulm. Med. 21 (2015) 1-7.

T.A. Wynn, Type 2 cytokines: mechanisms and therapeutic strategies, Nat. Rev.
Immunol. 15 (2015) 271-282.

T. Ferkol, D. Schraufnagel, The global burden of respiratory disease, Ann. Am.
Thorac. Soc. 11 (2014) 404-406.

H.K. Reddel, S.S. Hurd, J.M. FitzGerald, World Asthma Day. GINA 2014: a global
asthma strategy for a global problem. Int. J. Tuberc. Lung Dis.: Official J. Int. Union
against Tuberc. Lung Dis. 18 (2014), 505-506.

R. Valenta, K. Niespodziana, M. Focke-Tejkl, K. Marth, H. Huber, A. Neubauer,

et al., Recombinant allergens: what does the future hold? J. Allergy Clin. Immunol.
127 (2011) 860-864.

D.P. Strachan, Hay fever, hygiene, and household size, Bmj 299 (1989) 1259-1260.
D.T. Umetsu, Early exposure to germs and the hygiene hypothesis, Cell Res. 22
(2012) 1210-1211.

M.M. Stein, C.L. Hrusch, J. Gozdz, C. Igartua, V. Pivniouk, S.E. Murray, et al., Innate
immunity and asthma risk in amish and hutterite farm children, New Eng. J. Med.
375 (2016) 411-421.

M.J. Ege, M. Mayer, A.C. Normand, J. Genuneit, W.O. Cookson, C. Braun-
Fahrlander, et al., Exposure to environmental microorganisms and childhood
asthma, New Eng. J. Med. 364 (2011) 701-709.

I.C. Arnold, N. Dehzad, S. Reuter, H. Martin, B. Becher, C. Taube, et al.,
Helicobacter pylori infection prevents allergic asthma in mouse models through the
induction of regulatory T cells, J. Clin. Invest. 121 (2011) 3088-3093.

M.L. Conrad, R. Ferstl, R. Teich, S. Brand, N. Blumer, A.O. Yildirim, et al., Maternal
TLR signaling is required for prenatal asthma protection by the nonpathogenic
microbe Acinetobacter lwoffii F78, J. Exp. Med. 206 (2009) 2869-2877.

J. Stanford, C. Stanford, D. Dlugovitzky, G. Fiorenza, D. Martinel-Lamas,

D. Selenscig, et al., Potential for immunotherapy with heat-killed Mycobacterium
vaccae in respiratory medicine, Immunotherapy 1 (2009) 933-947.

L. Bilenki, X. Gao, S. Wang, J. Yang, Y. Fan, X. Han, et al., Dendritic cells from
mycobacteria-infected mice inhibits established allergic airway inflammatory re-
sponses to ragweed via [L-10- and IL-12-secreting mechanisms, J. Immunol. 184

[2]
[3]
[4]

[5]

[6]

71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Cytokine 99 (2017) 163-172

(2010) 7288-7296.

A.C. Gouveia, A.S. Brugiolo, C.C. Alves, F.M. Silva, F.P. Mesquita, J. Gameiro, et al.,
Th2 responses in OVA-sensitized BALB/c mice are down-modulated by
Mycobacterium bovis BCG treatment, J. Clini. Immunol. 33 (2013) 235-245.

P. Licona-Limon, L.K. Kim, N.W. Palm, R.A. Flavell, TH2, allergy and group 2 innate
lymphoid cells, Nat. Immunol. 14 (2013) 536-542.

S.T. Holgate, Innate and adaptive immune responses in asthma, Nat. Med. 18
(2012) 673-683.

C. Watts, R. Zaru, A.R. Prescott, R.P. Wallin, M.A. West, Proximal effects of Toll-like
receptor activation in dendritic cells, Curr. Opin. Immunol. 19 (2007) 73-78.
D.A. Piggott, S.C. Eisenbarth, L. Xu, S.L. Constant, J.W. Huleatt, C.A. Herrick, et al.,
MyD88-dependent induction of allergic Th2 responses to intranasal antigen, J. Clin.
Invest. 115 (2005) 459-467.

A. Kato, S. Favoreto Jr., P.C. Avila, R.P. Schleimer, TLR3- and Th2 cytokine-de-
pendent production of thymic stromal lymphopoietin in human airway epithelial
cells, J Immunol. 179 (2007) 1080-1087.

H. Hammad, M. Chieppa, F. Perros, M.A. Willart, R.N. Germain, B.N. Lambrecht,
House dust mite allergen induces asthma via toll-like receptor 4 triggering of airway
structural cells, Nat. Med. 15 (2009) 410-416.

M.C. Nawijn, A.C. Motta, R. Gras, S. Shirinbak, H. Maazi, A.J. van Oosterhout, TLR-
2 activation induces regulatory T cells and long-term suppression of asthma man-
ifestations in mice, PloS one 8 (2013) e55307.

L. Chen, Co-inhibitory molecules of the B7-CD28 family in the control of T-cell
immunity, Nat. Rev. Immunol. 4 (2004) 336-347.

M.E. Keir, M.J. Butte, G.J. Freeman, A.H. Sharpe, PD-1 and its ligands in tolerance
and immunity, Annu. Rev. Immunol. 26 (2008) 677-704.

D.M. Pardoll, The blockade of immune checkpoints in cancer immunotherapy, Nat.
Rev. Cancer 12 (2012) 252-264.

M. Kool, M. van Nimwegen, M.A. Willart, F. Muskens, L. Boon, J.J. Smit, et al., An
anti-inflammatory role for plasmacytoid dendritic cells in allergic airway in-
flammation, J. Immunol. 183 (2009) 1074-1082.

K. Matsumoto, H. Inoue, T. Nakano, M. Tsuda, Y. Yoshiura, S. Fukuyama, et al., B7-
DC regulates asthmatic response by an IFN-gamma-dependent mechanism, J.
Immunol. 172 (2004) 2530-2541.

O. Akbari, P. Stock, A.K. Singh, V. Lombardi, W.L. Lee, G.J. Freeman, et al., PD-L1
and PD-L2 modulate airway inflammation and iNKT-cell-dependent airway hy-
perreactivity in opposing directions, Mucosal Immunol. 3 (2010) 81-91.

J. Kerzerho, H. Maazi, A.O. Speak, N. Szely, V. Lombardi, B. Khoo, et al.,
Programmed cell death ligand 2 regulates TH9 differentiation and induction of
chronic airway hyperreactivity, J. Allergy Clin. Immunol. 131 (2013) 1048-57, 57
el-2.

I.P. Lewkowich, S. Lajoie, S.L. Stoffers, Y. Suzuki, P.K. Richgels, K. Dienger, et al.,
PD-L2 modulates asthma severity by directly decreasing dendritic cell IL-12 pro-
duction, Mucosal Immunol. 6 (2013) 728-739.

S. Periasamy, R. Dhiman, P.F. Barnes, P. Paidipally, A. Tvinnereim, A. Bandaru,
et al., Programmed death 1 and cytokine inducible SH2-containing protein de-
pendent expansion of regulatory T cells upon stimulation With Mycobacterium
tuberculosis, J. Infect. Dis. 203 (2011) 1256-1263.

J. Trinath, M.S. Maddur, S.V. Kaveri, K.N. Balaji, J. Bayry, Mycobacterium tu-
berculosis promotes regulatory T-cell expansion via induction of programmed
death-1 ligand 1 (PD-L1, CD274) on dendritic cells, J. Infect. Dis. 205 (2012)
694-696.

M. Lee, S. Kim, O.K. Kwon, S.R. Oh, H.K. Lee, K. Ahn, Anti-inflammatory and anti-
asthmatic effects of resveratrol, a polyphenolic stilbene, in a mouse model of al-
lergic asthma, Int. Inmunopharmacol. 9 (2009) 418-424.

X. Jiao, R. Lo-Man, P. Guermonprez, L. Fiette, E. Deriaud, S. Burgaud, et al.,
Dendritic cells are host cells for mycobacteria in vivo that trigger innate and ac-
quired immunity, J. Immunol. 168 (2002) 1294-1301.

E. Giacomini, E. Iona, L. Ferroni, M. Miettinen, L. Fattorini, G. Orefici, et al.,
Infection of human macrophages and dendritic cells with Mycobacterium tu-
berculosis induces a differential cytokine gene expression that modulates T cell
response, J. Immunol. 166 (2001) 7033-7041.

N. Reiling, C. Holscher, A. Fehrenbach, S. Kroger, C.J. Kirschning, S. Goyert, et al.,
Cutting edge: toll-like receptor (TLR)2- and TLR4-mediated pathogen recognition in
resistance to airborne infection with Mycobacterium tuberculosis, J. Immunol. 169
(2002) 3480-3484.

S. Thoma-Uszynski, S. Stenger, O. Takeuchi, M.T. Ochoa, M. Engele, P.A. Sieling,
et al., Induction of direct antimicrobial activity through mammalian toll-like re-
ceptors, Science 291 (2001) 1544-1547.

A. Bafica, C.A. Scanga, C.G. Feng, C. Leifer, A. Cheever, A. Sher, TLR9 regulates Th1
responses and cooperates with TLR2 in mediating optimal resistance to
Mycobacterium tuberculosis, J. Exp. Med. 202 (2005) 1715-1724.

A.G. Jarnicki, H. Conroy, C. Brereton, G. Donnelly, D. Toomey, K. Walsh, et al.,
Attenuating regulatory T cell induction by TLR agonists through inhibition of p38
MAPK signaling in dendritic cells enhances their efficacy as vaccine adjuvants and
cancer immunotherapeutics, J. Immunol. 180 (2008) 3797-3806.

S.C. Higgins, E.C. Lavelle, C. McCann, B. Keogh, E. McNeela, P. Byrne, et al., Toll-
like receptor 4-mediated innate IL-10 activates antigen-specific regulatory T cells
and confers resistance to Bordetella pertussis by inhibiting inflammatory pathology,
J. Immunol. 171 (2003) 3119-3127.

I. Manoharan, Y. Hong, A. Suryawanshi, M.L. Angus-Hill, Z. Sun, A.L. Mellor, et al.,
TLR2-dependent activation of beta-catenin pathway in dendritic cells induces reg-
ulatory responses and attenuates autoimmune inflammation, J. Immunol. 193
(2014) 4203-4213.

M. Patel, D. Xu, P. Kewin, B. Choo-Kang, C. McSharry, N.C. Thomson, et al., TLR2
agonist ameliorates established allergic airway inflammation by promoting Th1l


http://refhub.elsevier.com/S1043-4666(17)30262-4/h0005
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0005
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0010
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0010
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0015
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0015
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0025
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0025
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0025
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0030
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0035
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0035
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0040
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0040
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0040
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0045
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0045
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0045
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0050
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0050
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0050
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0055
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0055
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0055
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0060
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0060
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0060
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0065
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0065
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0065
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0065
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0070
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0070
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0070
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0075
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0075
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0080
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0080
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0085
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0085
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0090
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0090
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0090
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0095
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0095
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0095
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0100
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0100
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0100
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0105
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0105
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0105
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0110
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0110
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0115
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0115
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0120
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0120
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0125
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0125
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0125
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0130
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0130
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0130
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0135
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0135
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0135
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0140
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0140
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0140
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0140
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0145
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0145
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0145
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0150
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0150
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0150
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0150
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0155
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0155
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0155
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0155
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0160
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0160
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0160
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0165
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0165
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0165
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0170
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0170
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0170
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0170
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0175
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0175
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0175
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0175
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0180
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0180
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0180
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0185
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0185
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0185
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0190
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0190
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0190
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0190
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0195
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0195
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0195
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0195
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0200
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0200
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0200
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0200
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0205
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0205

A.C.C. Gouveia et al.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

response and not via regulatory T cells, J. Immunol. 174 (2005) 7558-7563.

D. Rodriguez, A.C. Keller, E.L. Faquim-Mauro, M.S. de Macedo, F.Q. Cunha,

J. Lefort, et al., Bacterial lipopolysaccharide signaling through Toll-like receptor 4
suppresses asthma-like responses via nitric oxide synthase 2 activity, J. Immunol.
171 (2003) 1001-1008.

H. Kuipers, D. Hijdra, V.C. De Vries, H. Hammad, J.B. Prins, A.J. Coyle, et al.,
Lipopolysaccharide-induced suppression of airway Th2 responses does not require
IL-12 production by dendritic cells, J. Immunol. 171 (2003) 3645-3654.

T.B. Oriss, M. Ostroukhova, C. Seguin-Devaux, B. Dixon-McCarthy, D.B. Stolz,
S.C. Watkins, et al., Dynamics of dendritic cell phenotype and interactions with
CD4" T cells in airway inflammation and tolerance, J. Immunol. 174 (2005)
854-863.

J. Dai, B. Liu, S.M. Ngoi, S. Sun, A.T. Vella, Z. Li, TLR4 hyperresponsiveness via cell
surface expression of heat shock protein gp96 potentiates suppressive function of
regulatory T cells, J. Immunol. 178 (2007) 3219-3225.

J. Mac Sharry, K.H. Shalaby, C. Marchica, S. Farahnak, T. Chieh-Li, S. Lapthorne,
et al., Concomitant exposure to ovalbumin and endotoxin augments airway in-
flammation but not airway hyperresponsiveness in a murine model of asthma, PloS
one 9 (2014) e98648.

J. Bortolatto, E. Borducchi, D. Rodriguez, A.C. Keller, E. Faquim-Mauro,

K.R. Bortoluci, et al., Toll-like receptor 4 agonists adsorbed to aluminium hydroxide
adjuvant attenuate ovalbumin-specific allergic airway disease: role of MyD88
adaptor molecule and interleukin-12/interferon-gamma axis, Clin. Exp. Allergy: J.
Br. Soc. Allergy Clin. Immunol. 38 (2008) 1668-1679.

G.M. Gauvreau, P.M. O'Byrne, L.P. Boulet, Y. Wang, D. Cockcroft, J. Bigler, et al.,
Effects of an anti-TSLP antibody on allergen-induced asthmatic responses, New Eng.
J. Med. 370 (2014) 2102-2110.

M. Omori, S. Ziegler, Induction of IL-4 expression in CD4(*) T cells by thymic
stromal lymphopoietin, J. Immunol. 178 (2007) 1396-1404.

Y.H. Wang, P. Angkasekwinai, N. Lu, K.S. Voo, K. Arima, S. Hanabuchi, et al., IL-25
augments type 2 immune responses by enhancing the expansion and functions of
TSLP-DC-activated Th2 memory cells, J. Exp. Med. 204 (2007) 1837-1847.

T. Yokoi, R. Amakawa, T. Tanijiri, H. Sugimoto, Y. Torii, H. Amuro, et al.,
Mycobacterium bovis Bacillus Calmette-Guerin suppresses inflammatory Th2 re-
sponses by inducing functional alteration of TSLP-activated dendritic cells, Int.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Cytokine 99 (2017) 163-172

Immunol. 20 (2008) 1321-1329.

M. Moser, K.M. Murphy, Dendritic cell regulation of TH1-TH2 development, Nat.
Immunol. 1 (2000) 199-205.

A. Langenkamp, M. Messi, A. Lanzavecchia, F. Sallusto, Kinetics of dendritic cell
activation: impact on priming of TH1, TH2 and nonpolarized T cells, Nat. Immunol.
1 (2000) 311-316.

P.K. Giri, I. Verma, G.K. Khuller, Protective efficacy of intranasal vaccination with
Mycobacterium bovis BCG against airway Mycobacterium tuberculosis challenge in
mice, J. Infect. 53 (2006) 350-356.

L.M. Francisco, V.H. Salinas, K.E. Brown, V.K. Vanguri, G.J. Freeman, V.K. Kuchroo,
et al., PD-L1 regulates the development, maintenance, and function of induced
regulatory T cells, J. Exp. Med. 206 (2009) 3015-3029.

S. Holla, E. Stephen-Victor, P. Prakhar, M. Sharma, C. Saha, V. Udupa, et al.,
Mycobacteria-responsive sonic hedgehog signaling mediates programmed death-
ligand 1- and prostaglandin E2-induced regulatory T cell expansion, Sci. Rep. 6
(2016) 24193.

L. Wang, K. Pino-Lagos, V.C. de Vries, I. Guleria, M.H. Sayegh, R.J. Noelle,
Programmed death 1 ligand signaling regulates the generation of adaptive
Foxp3*CD4 ™" regulatory T cells, Proce. National Acad. Sci. United States Am 105
(2008) 9331-9336.

X. Liu, J.X. Gao, J. Wen, L. Yin, O. Li, T. Zuo, et al., B7DC/PDL2 promotes tumor
immunity by a PD-1-independent mechanism, J. Exp. Med. 197 (2003) 1721-1730.
T. Shin, G. Kennedy, K. Gorski, H. Tsuchiya, H. Koseki, M. Azuma, et al.,
Cooperative B7-1/2 (CD80/CD86) and B7-DC costimulation of CD4* T cells in-
dependent of the PD-1 receptor, J. Exp. Med. 198 (2003) 31-38.

S.Y. Tseng, M. Otsuji, K. Gorski, X. Huang, J.E. Slansky, S.I. Pai, et al., B7-DC, a new
dendritic cell molecule with potent costimulatory properties for T cells, J. Exp. Med.
193 (2001) 839-846.

K. Matsumoto, S. Fukuyama, M. Eguchi-Tsuda, T. Nakano, T. Matsumoto,

M. Matsumura, et al., B7-DC induced by IL-13 works as a feedback regulator in the
effector phase of allergic asthma, Biochem. Biophys. Res. Commun. 365 (2008)
170-175.

G. Zhang, P. Wang, Z. Qiu, X. Qin, X. Lin, N. Li, et al., Distant lymph nodes serve as
pools of Thl cells induced by neonatal BCG vaccination for the prevention of
asthma in mice, Allergy 68 (2013) 330-338.


http://refhub.elsevier.com/S1043-4666(17)30262-4/h0205
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0210
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0210
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0210
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0210
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0215
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0215
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0215
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0220
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0220
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0220
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0220
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0225
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0225
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0225
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0230
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0230
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0230
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0230
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0235
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0235
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0235
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0235
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0235
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0240
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0240
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0240
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0245
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0245
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0250
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0250
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0250
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0255
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0255
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0255
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0255
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0260
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0260
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0265
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0265
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0265
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0270
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0270
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0270
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0275
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0275
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0275
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0280
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0280
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0280
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0280
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0285
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0285
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0285
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0285
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0290
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0290
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0295
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0295
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0295
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0300
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0300
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0300
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0305
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0305
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0305
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0305
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0310
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0310
http://refhub.elsevier.com/S1043-4666(17)30262-4/h0310

	Enhanced expression of PD-L1 and IFN-γ on dendritic cells is associated with BCG-induced Th2 inhibition
	Introduction
	Materials and methods
	Mice
	BCG vaccination and ovalbumin-induced airway inflammation
	Histological analysis
	Eosinophil peroxidase activity
	Measurement of cytokines and chemokine levels in lungs
	Measurement of anti-OVA-specific IgE, IgG1 and IgG2a antibodies
	Cell staining and flow cytometry
	Statistical analysis

	Results
	BCG vaccination suppress the key features of the OVA-induced airway inflammation
	BCG vaccination reduces the levels of epithelial cytokines and drives aTh2 inflammatory response towards a T regulatory cytokine production
	BCG vaccination upregulates TLR2 and TLR4 expression in CD8α+ pulmonary dendritic cells
	BCG vaccination induces increases in PD-L1 expression by CD8α+ pulmonary dendritic cells
	BCG vaccination induces IFN-γ-producing CD8α+ pulmonary dendritic cells

	Discussion
	Funding
	Disclosures
	References




