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birch pollen, with a downregulation of both airway hyper-
responsiveness, lung inflammation and Bet v 1-specific Th2 
responses.  Conclusions:  Due to its capacity to reorient es-
tablished Th2 responses toward Th1/regulatory T-cell pro-
files,  B. bifidum  represents a valid candidate adjuvant for spe-
cific immunotherapy of type I allergies.

  Copyright © 2011 S. Karger AG, Basel

  Introduction

  As of today, allergen-specific sublingual immunother-
apy (SLIT) has proven to be safe and effective in inducing 
allergen-specific tolerance in humans  [1–12] , as demon-
strated by large double-blind placebo-controlled phase 
III clinical studies performed in patients allergic to grass 
pollen or house dust mites  [6–12] . Regarding underlying 
immune mechanisms, the induction of Th1 and/or regu-
latory T-cell (Treg) responses is considered to be critical 
for the success of SLIT  [13–17] . SLIT requires high doses 
of allergen administered over months and even years  [11] . 
Thus, the coadministration of allergen(s) with adjuvants 
might help reducing the allergen dose and simplifying 
the immunization scheme. Specifically, adjuvants favor-
ing Th1/Treg responses while downregulating Th2 and 
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  Abstract

   Background:    Enhancing clinical efficacy remains a major 
goal in allergen-specific immunotherapy. In this study, we 
tested three strains of bifidobacteria as candidate adjuvants 
for sublingual allergy vaccines.  Methods:    Probiotic candi-
dates were evaluated in human monocyte-derived dendritic 
cell (h-DC) maturation and CD4 +  T-cell polarization in vitro 
models and further tested in murine models of sublingual 
immunotherapy in BALB/c mice sensitized to either ovalbu-
min or birch pollen.  Results:   Bifidobacterium adolescentis, B. 
bifidum  and  B. longum  induced h-DC maturation and polar-
ized naïve CD4 +  T cells toward interferon- �  and interleu-
kin-10 production.  B. bifidum  increased CD25 high , Foxp3 +  
cells within CD4 +  T lymphocytes and was the most potent 
inducer of interferon- �  in Th2-skewed peripheral blood 
mononuclear cells and h-DC T-cell cocultures. It also induced 
a significant decrease in airway hyperresponsiveness in 
BALB/c mice sensitized to ovalbumin. Sublingual administra-
tion of  B. bifidum  together with recombinant Bet v 1 en-
hanced tolerance induction in BALB/c mice sensitized to 
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possibly Th17 immune responses appear desirable for the 
development of new allergy vaccines.

  Among adjuvants with such properties, selected pro-
biotic strains have been considered, based on their capac-
ity to modulate allergic reactions in animal models  [18, 
19]  or in humans  [20–23] . Most particularly, probiotics 
such as lactobacilli have been suggested to induce strong 
Th1 and Treg responses  [18, 19] . In contrast to lactoba-
cilli, the effect of bifidobacteria as adjuvants during SLIT 
has never been reported.

  In this study, we tested the impact of three types of bi-
fidobacteria, i.e.  Bifidobacterium adolescentis  NCC 251,  
B. bifidum  NCC 453 and  B. longum  NCC 2705 using (1) 
human in vitro systems allowing to analyze human 
monocyte-derived dendritic cell (h-DC) maturation as 
well as polarization of naïve CD4 +  T cells or Th2-skewed 
peripheral blood mononuclear cells (PBMCs), and (2) 
models of SLIT in BALB/c mice sensitized to either oval-
bumin (OVA) or birch pollen. We demonstrate that  B. 
bifidum  NCC 453 can reorient established Th2 responses 
toward Th1/Treg profiles, and as such, enhances toler-
ance in SLIT murine models.

  Material and Methods

  Animals, Culture Media, Reagents and Bacterial Strains
  Six-week-old female BALB/c mice were purchased from 

Charles River (L’Arbresle, France). International standards for the 
care and use of animals were applied in facilities certified by 
French authorities (No. A92-002-01). Birch pollen aqueous ex-
tract and recombinant Bet v 1 were produced at Stallergènes (An-
tony, France). The characterization of recombinant Bet v 1 was 
reported elsewhere  [24] . Phosphate-buffered saline (PBS) was 
purchased from PAA (Pasching, Austria). Lipopolysaccharide 
(LPS) was purchased from Sigma Chemicals Aldrich (St. Louis, 
Mo., USA) and from InvivoGen (San Diego, Calif., USA) for in 
vitro and in vivo experiments, respectively. Probiotic bacteria in-
cluding  B. adolescentis  (NCC 251),  B. bifidum  (NCC 453) and  B. 
longum  (NCC 2705) were obtained from the Nestlé Culture Col-
lection (NCC). These strains were grown in MRS supplemented 
with 0.05% cysteine and collected 3 h after entering the stationary 
growth phase. Bacterial cells were washed twice with PBS and 
kept frozen in 20% glycerol at –80   °   C until use.

  Lactic Acid Bacteria Testing in Human Immune Cells
  h-DCs and allogeneic CD4 +  naïve T cells were generated from 

PBMCs isolated from healthy volunteers as previously described 
 [19] . Candidate probiotic bacteria were tested on h-DC matura-
tion by assessing CD40, CD80, CD83, CD86, HLA-DR surface 
expression using specific antibodies and FACS analysis. Cytokine 
production [interleukin (IL)-1 � , IL-6, IL-8, IL-10, IL-12p70, IL-23 
and tumor necrosis factor- � )] was performed as previously de-
scribed  [19] . To assess the impact on T-cell polarization, bacteria-
pretreated h-DCs were cultured with allogeneic CD4 +  naïve T 

cells for 24 h. The CD4 +  naïve T-cell purification method as well 
as RNA isolation and quantitative real-time PCR analyses were 
performed as previously described  [19] . The expression of the fol-
lowing genes was assessed in T cells: interferon (IFN)- �  
(HS00174143_m1), IL-10 (HS00174086_m1) and IL-17A 
(HS00174383_m1). Data were interpreted for each gene in com-
parison with endogenous  � -actin (HS99999903_m1). To assess 
Foxp3 expression in CD4 +  T cells, cocultures between h-DCs and 
T cells were performed as above. After 4 days of culture, cells were 
stained with anti-CD4 ECD immunoglobulin G1, anti-CD25 PC5 
immunoglobulin G2a (Beckman Coulter, Roissy, France) and an-
ti-Foxp3 FITC using the FITC anti-human Foxp3 staining set kit 
(eBiosciences), according to the manufacturer’s instructions. 
Samples were analyzed using a FC500 flow cytometer (Beckman 
Coulter). To analyze the impact of probiotic strains on committed 
Th2 cells, a Th2 cytokine phenotype was induced in PBMCs cul-
tured in 48-well plates (Milian, Mayrin, Switzerland) at 1.5  !  10 6  
cells/ml in the presence of 50 ng/ml of IL-4 (Bioconcept, Basel, 
Switzerland) and 1  � g/ml anti-CD40 antibody (R&D Systems, 
Abington, England). After 3 days of culture, lactic acid bacteria 
were added at 10 7  colony-forming units (CFU)/ml for 2 addition-
al days. The experiments were performed with cells from 12, 9 and 
17 donors for  B. adolescentis ,  B. bifidum  and  B. longum,  respec-
tively. To adjust for donor variation, data were standardized ac-
cording to an arbitrary internal standard. Cytokine concentra-
tions were normalized to 100% using control stimuli, correspond-
ing to either LPS for IFN- � ,  B. lactis  (NCC 2818) for IL-10 or 
medium for IL-5.

  Therapeutic SLIT Models in BALB/c Mice Sensitized to OVA 
or Birch Pollen
  The OVA murine asthma model has been described elsewhere 

 [25] , both with respect to sensitization and SLIT protocols. In the 
present study, a sublingual dose of 2  !  10 8  CFU per mouse was 
used for each strain in the tolerance induction phase. The birch 
pollen allergy model is described herein. Briefly, BALB/c mice 
were sensitized with a birch pollen aqueous extract, using doses 
equivalent to 10  � g Bet v 1 with 2 mg alum by two intraperito-
neal injections at days 0 and 7. At day 14 and for 4 consecutive 
days, a 20-min aerosol challenge was performed with the birch 
pollen extract, using a dose equivalent to 1 mg Bet v 1, using an 
aerosol delivery system (Buxco Europe Ltd., Winchester, UK). For 
tolerance induction, 50  � g Bet v 1 with or without  B. bifidum  (2 
 !  10 8  CFU per mouse) was applied sublingually to groups of 7 
mice, twice a week during 2 months in 20  � l PBS. Control mice 
were treated sublingually with PBS or bacteria alone. After SLIT, 
mice were challenged by aerosol during 2 consecutive days with 
the birch pollen extract (using a dose equivalent to 1 mg Bet v 1). 
After 24 h, airway hyperresponsiveness (AHR) was evaluated by 
measuring enhanced pause (Penh) by whole body plethysmogra-
phy (Buxco Europe Ltd.), using increasing concentrations of 
methacholin (i.e. from 12.5 to 25 to 50 to 100 mg/ml). The Penh 
index was obtained as a ratio between Penh values measured after 
exposure to either inhaled methacholine (100 mg/ml) or nebu-
lized PBS  [25] .

  Cell counts were performed in bronchoalveolar lavage fluid as 
previously described  [19] . To assess T-cell responses in vivo, lung 
(0.5  !  10 6  per well) and spleen cells (1  !  10 6  per well) were re-
covered and cultured with or without birch pollen extract using a 
dose equivalent to 100  � g/ml Bet v 1 in RPMI-1640 plus glutamine 
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(PAA) and penicillin/streptomycin (Fisher Bioblock, Illkirch, 
France) supplemented with 10% fetal bovine serum (Gentaur, 
Brussels, Belgium) and 50  �  M   � -mercaptoethanol (Fisher Bio-
block). Cells were cultured in 96-well U bottomed plates (BD Bio-
sciences, Le Pont de Claix, France) at 37   °   C, in 5% CO 2 /95% air. 
After 4 days, IL-5, IL-10 and IL-13 were measured in supernatants 
by Cytometric Bead Array (CBA; BD Biosciences).

  Statistical Analysis
  Data from in vitro and in vivo experiments were analyzed us-

ing the nonparametric Wilcoxon and Mann-Whitney tests, re-
spectively. Results with a p value  ! 0.05 were considered signifi-
cant.

  Results

  Lactic Acid Bacteria Induce Human Dendritic Cell 
Maturation
  We first investigated the capacity of  B. adolescentis 

 NCC 251,  B. bifidum  NCC 453 and  B. longum  NCC 2705 
to induce maturation as well as cytokine production in 
h-DCs. Monocyte-derived DCs cultured in medium 
alone or in the presence of LPS were used as negative and 
positive controls, respectively. As shown in  figure 1 , when 
compared to medium alone, the three bifidobacteria 
strains tested significantly increased surface expression 
of costimulatory molecules (CD40, CD80 and CD86) to 
a level comparable to LPS (p  !  0.05). Also, they induced 

high amounts of cytokines (IL-6, IL-8, IL-10 and TNF- � ; 
p  !  0.05). Interestingly, only  B. adolescentis  and  B. bifi-
dum  strongly stimulated both IL-12p70 and IL-23 secre-
tion by h-DCs ( fig. 1 ).

  Lactic Acid Bacteria Induce a Th1/Treg Polarization 
of Naïve CD4 +  T Cells and IFN- �  Production in
Th2-Skewed PBMCs
  We next analyzed the polarization of allogeneic naïve 

CD4 +  T cells incubated with h-DCs treated with either 
LPS,  B. adolescentis, B. bifidum  or  B. longum  for 24 h. 
Non-activated h-DCs were used as a control. The expres-
sion of genes encoding cytokines was subsequently mon-
itored by quantitative RT-PCR after 1 day of coculture. As 
expected, LPS induced a significant IFN- �  gene expres-
sion in naïve CD4 +  T cells in comparison to medium 
alone (p  !  0.05;  fig. 2 a). All bifidobacteria stimulated sta-
tistically significant IFN- �  gene expression to a level 
comparable to LPS (p  !  0.05;  fig.  2 a). Interestingly, all 
three bifidobacteria induced a 3- to 4-fold increase in IL-
10 mRNA when compared to LPS. This IL-10 gene induc-
tion was only statistically significant with  B. bifidum 
(p  !  0.05), whereas IL-17A was induced at similar levels 
by the three strains ( fig. 2 a). Noteworthy, no significant 
expression of IL-4 was detected with the three bifidobac-
teria strains (data not shown). Those observations were 
confirmed at the protein level in culture supernatants 
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  Fig. 1.  Impact of probiotic candidates on h-DC phenotype and cytokine production. h-DCs were incubated for 
24 h with either medium alone, LPS or live bifidobacteria strains (h-DC:bacteria ratio 1:   10). Data were compared 
to medium using the Wilcoxon test ( *  p  !  0.05).  a  The expression of various surface molecules was assessed by 
flow cytometry. Results are expressed as mean fluorescence intensity  8  SEM (n = 7).  b  Cytokine levels in su-
pernatants were determined by CBA or ELISA. Results are expressed as mean  8  SEM (n = 7). 
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(data not shown). The T-bet transcription factor expres-
sion was also measured and revealed to be the most po-
tently induced with  B. bifidum  (data not shown).

  In parallel experiments, the expression of the Treg 
marker Foxp3 was assessed in CD4 +  T cells, after 4 days 
of coculture. As shown in  figure 2 b, no significant en-
hancement of percentages of CD25 high  Foxp3 +  cells was 
found over LPS stimulation within CD4 +  T lymphocytes 
cocultured with h-DCs treated with  B. adolescentis  or  B. 
longum.  In contrast, CD4 +  T cells cocultured with  B. bif-
idum  treated h-DCs contain significantly more CD25 high  
Foxp3 +  T cells (p  !  0.05).

  Subsequently, lactic acid bacteria were tested in Th2-
skewed human PBMCs ( fig. 2 c) driven to secrete IL-5 and 
IL-10, but not IFN- � , prior to incubation with bacteria. 

Although Th2 cytokine (i.e. IL-5/IL-10) production was 
still detected in those cultures,  B. adolescentis, B. bifidum 
 and  B. longum  were able to reorient Th2-polarized cells 
toward a higher production of IFN- �  (p  !  0.01). In agree-
ment with the hDC T-cell coculture model,  B. bifidum  
was the most potent IFN- �  inducer in Th2-skewed CD4 +  
T cells.

  Sublingual Administration of  B. bifidum  Decreases 
AHR in Mice Sensitized to OVA
  The three strains were first tested   in a murine model 

of OVA-induced asthma  [18] . OVA-sensitized mice were 
sublingually treated with either PBS, OVA or bifidobac-
teria strains alone. As shown in  figure 3 a, healthy mice 
used as a control (i.e. non-sensitized) exhibited low Penh 
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  Fig. 2.  Impact of probiotic candidates on CD4 +  T cells. Naïve 
CD4 +  T cells were cocultured for 1 or 4 days with allogeneic h-DCs 
from healthy donors pretreated with either medium alone, LPS or 
live probiotic candidates (h-DC:T-cell ratio 1:   10). Data are ex-
pressed as the mean  8  SEM and were compared to medium using 
the Wilcoxon test ( *   p  !  0.05;  **   p  !  0.01;  ***   p  !  0.001).
 a  Gene expression was analyzed by quantitative PCR. Relative 
amounts of mRNA are shown compared with medium alone, ar-

bitrarily set to 1 (n = 7).  b  Foxp3 expression was analyzed by in-
tracellular staining. The percentage of CD4 +  CD25 +  Foxp3 +  T 
cells is shown compared with medium alone (n = 6). NS = Not 
significant.  c  Cytokine induction percentages obtained in Th2-
skewed PBMCs are the mean values of 12, 9 and 17 donors for  B. 
adolescentis, B. bifidum  and  B. longum,  respectively. Results are 
normalized to 100% with LPS as a stimulus for IFN- � ,  B. lactis  for 
IL-10, medium for IL-5. 



  B. bifidum  NCC 453 Promotes Tolerance 
Induction in Murine Models of SLIT 

Int Arch Allergy Immunol 2012;158:35–42 39

values, whereas OVA-sensitized mice treated sublingual-
ly with PBS alone displayed a high statistically significant 
AHR (p  !  0.001; with median  8  SEM Penh values of 4.2 
 8  0.5 and 23.0  8  4.6, respectively; n = 8). In addition, 
OVA treatment significantly reduced AHR to Penh val-
ues of 8.6  8  1.4 (n = 8), close to the ones obtained in 
healthy mice (p  !  0.05).  B. adolescentis  and  B. longum  had 
only a moderate impact on AHR (Penh values of 18.8  8  
2.1 and 14.6  8  3.3, respectively; n = 8), whereas  B.   bifi-
dum  induced an important reduction in AHR (Penh val-
ues of 10.1  8  2.4; n = 8). The association of the OVA an-
tigen with probiotics did not have a superior efficacy in 
those experiments (data not shown).

  Altogether, these data established  B. bifidum  as the 
best candidate Th1/Treg adjuvant among the three strains 

tested since (1) it increases Foxp3 expression in naïve 
CD4 +  T cells, (2) it is the most potent inducer of IFN- �  in 
h-DC T-cell cocultures and in Th2-skewed PBMCs, and 
(3) it elicits tolerance independently of the antigen follow-
ing sublingual administration.

  Sublingual Administration of  B. bifidum  Induces 
Tolerance in Mice Sensitized to Birch Pollen
  Based on the previous findings,  B. bifidum  was select-

ed for further experiments in a murine model of respira-
tory birch pollen allergy, as summarized in  figure 3 b. Af-
ter sensitization to birch pollen, mice were treated sublin-
gually twice a week for 2 months with either PBS or  B.  
 bifidum  with or without recombinant Bet v 1 (50  � g per 
dose). As expected, healthy mice in those experiments 
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  Fig. 3.  Sublingual administration of  B. bifidum  decreases estab-
lished AHR and Th2 responses in mice allergy models. Data were 
compared to OVA or Bet v 1-sensitized mice sublingually treated 
with PBS using the Mann-Whitney test ( *  p  !  0.05;  **  p  !  0.01; 
 ***  p  !  0.001).  a  AHR was determined by measuring the Penh in-
dex in OVA-sensitized mice sublingually treated with either PBS, 
OVA or live bacteria alone. Values are expressed as individual 
mice (grey circles) with median (black triangles; n = 8).  b  Experi-
mental design of the birch pollen allergy model.  c  AHR was de-

termined by measuring the Penh index in birch-sensitized mice 
sublingually treated with either PBS, Bet v 1, live bacteria alone or 
Bet v 1 plus live bacteria. Values are expressed as individual mice 
(grey circles) with median (black triangles; n = 7).  d  Inflamma-
tory cell infiltration into the lung was determined by counting 100 
cells in BAL fluid. Values are expressed as mean percentages  8  
SEM (n = 7).  e  Th2 cytokines in the lung and spleen were mea-
sured by CBA. Values are expressed as mean  8  SEM (n = 7).  
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exhibited low Penh values, whereas birch pollen-sensi-
tized animals treated sublingually with PBS alone dis-
played a significantly higher AHR (p  !  0.001; with me-
dian  8  SEM Penh values of 4.5  8  0.2 and 18.8  8  1.1, 
respectively; n = 7) ( fig. 3 c). Sublingual treatment with 
soluble Bet v 1 or with  B. bifidum  alone had a moderate 
impact on AHR ( fig.  3 c). In contrast, sublingual treat-
ment with Bet v 1 administered together with  B. bifidum  
resulted in a statistically significant (p  !  0.05) reduction 
in AHR (Penh value of 8.0  8  0.9) when compared with 
those treated with Bet v 1 alone (p  !    0.05) or PBS (p  !   
 0.001;  fig. 3 c).

  We subsequently investigated immunological changes 
associated with symptomatic improvement in this thera-
peutic SLIT model. The statistically significant decrease 
in AHR observed after treatment with  B.   bifidum  plus Bet 
v 1 correlated with a reduction in eosinophils and an in-
crease in macrophages in bronchoalveolar lavage, when 
compared to PBS (p  !  0.01;  fig. 3 d). Surprisingly, a similar 
impact on eosinophil counts was observed with  B. bifi-
dum  or Bet v 1 alone when compared to the mix, despite 
their lower effect on AHR. Furthermore, the observed 
reduction in AHR and inflammation following treat-
ment with  B. bifidum  plus Bet v 1 was associated with a 
statistically significant decrease in IL-5, IL-10 and IL-13 
production by birch-specific Th2 cells in the lung and IL-
10-secreting cells in the spleen (p  !  0.05;  fig. 3 e). A clear-
cut decrease was also induced by the strain alone for IL-13 
production in the lung and IL-10 secretion in the spleen, 
and by Bet v 1 alone for IL-5 and IL-13 secretion in the 
lung (p  !  0.05). Nonetheless, no IFN- �  production was 
detected in the spleen or in the lung (data not shown). Fi-
nally, we assessed bronchial inflammation by lung his-
tology and observed that the decrease in AHR follow - 
ing treatment with  B. bifidum  + Bet v 1 was associated 
with a reduction in specific cellular infiltration (data not 
shown).

  Discussion

  SLIT has raised a lot of interest as a treatment for type 
I respiratory allergies in humans  [1–12] . Nonetheless, 
SLIT efficacy could be further enhanced with the use of 
adjuvants potentiating regulatory immune responses. A 
better understanding of immune mechanisms underly-
ing SLIT efficacy revealed that oral tissues contain tolero-
genic antigen-presenting cells encompassing both Lang-
erhans cells as well as myeloid and plasmacytoid DCs 
supporting the differentiation of Th1/Treg cells with a 

suppressive capacity  [25–31] . In this context, probiotics 
represent valid candidates in order to promote allergen-
specific tolerance during SLIT, since they have the capac-
ity to interact with mucosal antigen-presenting cells via 
pathogen recognition receptors (i.e. Toll-like receptors or 
mannose receptors) or C-type lectins (such as DC-SIGN3) 
 [32–34] , thus modulating allergic immune responses  [35–
37] . The latter hypothesis is reinforced by the observation 
that specific probiotic strains have been successfully used 
with allergies in therapeutic  [18–20, 25, 26]  or prophylac-
tic approaches  [21–23] , both in animal models and hu-
mans.

  Herein, we more specifically focused on bifidobacteria 
in the context of previous murine and human studies 
demonstrating their tolerogenic properties in allergic 
disorders following oral administration  [38–43] . We test-
ed three strains (i.e.  B. adolescentis  NCC 251,  B. bifidum  
NCC 453 and  B. longum  NCC 2705) with respect to their 
capacity to modulate established Th2 responses. We ob-
served that these strains tested induce h-DC maturation 
and polarize responses toward a Th1/Treg pattern (i.e. 
with IFN- �  and IL-10 secretion). Moreover,  B. bifidum 
 promotes the development of CD4 +  CD25 high  Foxp3 +  T 
cells and is a strong inducer of IFN- �  in Th2-skewed 
PBMCs and in h-DC T-cell cocultures. This observation 
is in accordance with other studies demonstrating in hu-
man and mouse models that bifidobacteria activate regu-
latory T cells  [44–47] . The enhancement of both IFN- �  
production together with Foxp3 +  expression in T cells co-
cultured with  B. bifidum -treated h-DCs is in agreement 
with the observation that IFN- �  may contribute to Foxp3 
induction and conversion of CD4 +  CD25 –  naïve T cells 
into CD4 +  Treg cells with an enhanced suppressive activ-
ity  [48] .

  Noticeably, all bifidobacteria tested herein induce 
similar Th17 responses with only a minor difference ob-
served between the three strains regarding IL-23 produc-
tion by DCs.  B. bifidum  also decreased AHR in an OVA 
allergy model independently of the antigen. Lastly, when 
used as an adjuvant,  B. bifidum  dramatically enhanced 
SLIT efficacy in BALB/c mice sensitized to birch pollen, 
with a decrease in both AHR and associated Th2 re-
sponses (i.e. IL-5, IL-10 and IL-13). Although IL-10 has 
been described as a potent immunosuppressive cytokine 
 [49] , it can be produced by both Th1, Th2 and Th17 cells. 
As such, it is rather indicative of a negative feedback loop 
precluding uncontrolled inflammation. Thus, in our ex-
perimental allergy model, the observed decrease in IL-10 
may be linked to the downregulation of OVA-specific 
Th2 responses.
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  We believe that differences observed between the var-
ious  Bifidobacterium  strains in terms of their tolerogenic 
properties are likely related to their capacity to induce 
Th1/Treg cells. Biological mechanisms underlying such 
differences in their immunomodulatory properties re-
main to be fully clarified but may involve the diversity of 
cell-wall glycomers observed in probiotics  [50] . Our re-
sults are in agreement with previous experiments using 
lactobacilli, demonstrating that  Lactobacillus plantarum 
 and  L. helveticus  strains selected for their capacity to in-
duce high levels of IFN- �  and IL-10 were the best adju-

vants for in vivo sublingual desensitization of asthmatic 
mice  [18, 19] . We conclude that sublingual vaccines may 
benefit from the use of adjuvants capable to reorient es-
tablished Th2 responses toward a Th1/Treg profile.

  Acknowledgment

  The authors would like to thank Mrs. Martine Pinheiro for her 
excellent secretarial assistance.
 

 References 

  1 Wilson DR, Torres LI, Durham SR: Sublin-
gual immunotherapy for allergic rhinitis. 
Cochrane Database Syst Rev 2003:CD002893.

   2 Passalacqua G, Guerra L, Pasquali M, Lom-
bardi C, Canonica GW: Efficacy and safety 
of sublingual immunotherapy. Ann Allergy 
Asthma Immunol 2004;   93:   3–12, 103.

   3 Pajno GB, Peroni DG, Vita D, Pietrobelli A, 
Parmiani S, Boner AL: Safety of sublingual 
immunotherapy in children with asthma. 
Paediatr Drugs 2003;   5:   777–781.

   4 Penagos M, Compalati E, Tarantini F, Baena-
Cagnani R, Huerta J, Passalacqua G, Canon-
ica GW: Efficacy of sublingual immunother-
apy in the treatment of allergic rhinitis in 
pediatric patients 3 to 18 years of age: a meta-
analysis of randomized, placebo-controlled, 
double-blind trials. Ann Allergy Asthma 
Immunol 2006;   97:   141–148.

   5 Mascarell L, Van Overtvelt L, Moingeon P: 
Novel ways for immune intervention in im-
munotherapy: mucosal allergy vaccines. Im-
munol Allergy Clin North Am 2006;   26:   283–
306.

   6 Dahl R, Kapp A, Colombo G, de Monchy JG, 
Rak S, Emminger W, Rivas MF, Ribel M, 
Durham SR: Efficacy and safety of sublin-
gual immunotherapy with grass allergen 
tablets for seasonal allergic rhinoconjuncti-
vitis. J Allergy Clin Immunol 2006;   118:   434–
440.

   7 Didier A, Malling HJ, Worm M, Horak F, 
Jager S, Montagut A, Andre C, de Beaumont 
O, Melac M: Optimal dose, efficacy, and 
safety of once-daily sublingual immuno-
therapy with a 5-grass pollen tablet for sea-
sonal allergic rhinitis. J Allergy Clin Immu-
nol 2007;   120:   1338–1345.

   8 Wahn U, Tabar A, Kuna P, Halken S, Mon-
tagut A, de Beaumont O, Le Gall M: Efficacy 
and safety of 5-grass-pollen sublingual im-
munotherapy tablets in pediatric allergic 
rhinoconjunctivitis. J Allergy Clin Immunol 
2009;   123:   160–166.

   9 Horak F, Zieglmayer P, Zieglmayer R, Lemell 
P, Devillier P, Montagut A, Mélac M, Galvain 
S, Jean-Alphonse S, Van Overtvelt L, Moin-
geon P, Le Gall M: Early onset of action of a 
5-grass-pollen 300-IR sublingual immuno-
therapy tablet evaluated in an allergen chal-
lenge chamber. J Allergy Clin Immunol 
2009;   124:   471–477.

  10 Durham SR, Emminger W, Kapp A, Colom-
bo G, de Monchy JG, Rak S, Scadding GK, 
Andersen JS, Riis B, Dahl R: Long-term clin-
ical efficacy in grass pollen-induced rhino-
conjunctivitis after treatment with SQ-stan-
dardized grass allergy immunotherapy tab-
let. J Allergy Clin Immunol 2010;   125:  
 131–138.

  11 Canonica G, Bousquet J, Casale T, Lockey R, 
Baena-Cagnani C, Pawankar R, Potter P, 
Bousquet P, Cox L, Durham S, Nelson H, 
Passalacqua G, Ryan D, Brozek J, Compalati 
E, Dahl R, Delgado L, van Wijk R, Gower R, 
Ledford D, Filho N, Valovirta E, Yusuf O, 
Zuberbier T, Akhanda W, Almarales R, An-
sotegui I, Bonifazi F, Ceuppens J, Chivato T, 
Dimova D, Dumitrascu D, Fontana L, Kate-
laris C, Kaulsay R, Kuna P, Larenas-
Linnemann D, Manoussakis M, Nekam K, 
Nunes C, O’Hehir R, Olaguibel J, Onder N, 
Park J, Priftanji A, Puy R, Sarmiento L, Scad-
ding G, Schmid-Grendelmeier P, Seberova E, 
Sepiashvili R, Solé D, Togias A, Tomino C, 
Toskala E, Van Beever H, Vieths S: Sub-lin-
gual immunotherapy: World Allergy Orga-
nization Position Paper 2009. Allergy 2009;  
 64:   1–59.

  12 Compalati E, Passalacqua G, Bonini M, Ca-
nonica GW: The efficacy of sublingual im-
munotherapy for house dust mites respira-
tory allergy: results of a GA2LEN meta-anal-
ysis. Allergy 2009;   64:   1570–1579.

  13 Bohle B, Kinaciyan T, Gerstmayr M, Rada-
kovics A, Jahn-Schmid B, Ebner C: Sublin-
gual immunotherapy induces IL-10-produc-
ing T regulatory cells, allergen-specific T-
cell tolerance, and immune deviation. J 
Allergy Clin Immunol 2007;   120:   707–713.

  14 Cosmi L, Santarlasci V, Angeli R, Liotta F, 
Maggi L, Frosali F, Rossi O, Falagiani P, Riva 
G, Romagnani S, Annunziato F, Maggi E: 
Sublingual immunotherapy with Derma-
tophagoides monomeric allergoid down-
regulates allergen-specific immunoglobulin 
E and increases both interferon-gamma- and 
interleukin-10-production. Clin Exp Allergy 
2006;   36:   261–272.

  15 Ciprandi G, Fenoglio D, Cirillo I, Vizzaccaro 
A, Ferrera A, Tosca MA, Puppo F: Induction 
of interleukin 10 by sublingual immunother-
apy for house dust mites: a preliminary re-
port. Ann Allergy Asthma Immunol 2005;  
 95:   38–44.

  16 Savolainen J, Jacobsen L, Valovirta E: Sublin-
gual immunotherapy in children modulates 
allergen-induced in vitro expression of cyto-
kine mRNA in PBMC. Allergy 2006;   61:  
 1184–1190.

  17 Scadding GW, Shamji MH, Jacobson MR, 
Lee DI, Wilson D, Lima MT, Pitkin L, Pilette 
C, Nouri-Aria K, Durham SR: Sublingual 
grass pollen immunotherapy is associated 
with increases in sublingual Foxp3-express-
ing cells and elevated allergen-specific im-
munoglobulin G4, immunoglobulin A and 
serum inhibitory activity for immunoglobu-
lin E-facilitated allergen binding to B cells. 
Clin Exp Allergy 2010;   40:   598–606.

  18 Van Overtvelt L, Lombardi V, Razafindratsi-
ta A, Saint-Lu N, Horiot S, Moussu H, Mas-
carell L, Moingeon P: IL-10-inducing adju-
vants enhance sublingual immunotherapy 
efficacy in a murine asthma model. Int Arch 
Allergy Immunol 2008;   145:   152–162.

  19 Van Overtvelt L, Moussu H, Horiot S, Sam-
son S, Lombardi V, Mascarell L, van de Moer 
A, Bourdet-Sicard R, Moingeon P: Lactic 
acid bacteria as adjuvants for sublingual al-
lergy vaccines. Vaccine 2010;   28:   2986–2992.



 Moussu et al. Int Arch Allergy Immunol 2012;158:35–4242

  20 Viljanen M, Savilahti E, Haahtela T, Jun-
tunen-Backman K, Korpela R, Poussa T, Tu-
ure T, Kuitunen M: Probiotics in the treat-
ment of atopic eczema/dermatitis syndrome 
in infants: a double-blind placebo-controlled 
trial. Allergy 2005;   60:   494–500.

  21 Kalliomaki M, Salminen S, Poussa T, Isolau-
ri E: Probiotics during the first 7 years of life: 
a cumulative risk reduction of eczema in a 
randomized, placebo-controlled trial. J Al-
lergy Clin Immunol 2007;   119:   1019–1021.

  22 Abrahamsson TR, Jakobsson T, Böttcher 
MF, Fredrikson M, Jenmalm MC, Björkstén 
B, Oldaeus G: Probiotics in prevention of 
IgE-associated eczema: a double-blind ran-
domized, placebo-controlled trial. J Allergy 
Clin Immunol 2007;   119:   1174–1180.

  23 Wickens K, Black PN, Stanley TV, Mitchell 
E, Fitzharris P, Tannock GW, Purdie G, 
Crane J: A differential effect of 2 probiotics 
in the preventions of eczema and atopy: a 
double-blind, randomized, placebo-con-
trolled trial. J Allergy Clin Immunol 2008;  
 122:   788–794.

  24 Himly M, Nony E, Chabre H, Van Overtvelt 
L, Neubauer A, van Ree R, Buchheit KH, 
Vieths S, Moingeon P, Ferreira F: Standard-
ization of allergen products. 1. Detailed 
characterization of GMP-produced recom-
binant Bet v 1.0101 as biological reference 
preparation. Allergy 2009;   64:   1038–1045.

  25 Mascarell L, Van Overtvelt L, Lombardi V, 
Razafindratsita A, Moussu H, Horiot S, Cha-
bre H, Limal D, Moutel S, Bauer J, Chiavaro-
li C, Moingeon P: A synthetic triacylated 
pseudo-dipeptide molecule promotes Th1/
Treg immune responses and enhances toler-
ance induction via the sublingual route. Vac-
cine 2007;   26:   108–118.

  26 Lombardi V, Van Overtvelt L, Horiot S, 
Moussu H, Chabre H, Louise A, Balazuc AM, 
Mascarell L, Moingeon P: Toll-like receptor 
2 agonist Pam3CSK4 enhances the induction 
of antigen-specific tolerance via the sublin-
gual route. Clin Exp Allergy 2008;   38:   1819–
1829.

  27 Allam JP, Novak N, Fuchs C, Asen S, Berge 
S, Appel T, Geiger E, Kochan JP, Bieber T: 
Characterization of dendritic cells from hu-
man oral mucosa: a new Langerhans’ cell 
type with high constitutive FcepsilonRI ex-
pression. J Allergy Clin Immunol 2003;   112:  
 141–148.

  28 Allam JP, Peng WM, Appel T, Wenghoefer 
M, Niederhagen B, Bieber T, Berge S, Novak 
N: Toll-like receptor 4 ligation enforces 
tolerogenic properties of oral mucosal Lang-
erhans cells. J Allergy Clin Immunol 2008;  
 121:   368–374.

  29 Allam JP, Stojanovski G, Friedrichs N, Peng 
W, Bieber T, Wenzel J, Novak N: Distribution 
of Langerhans cells and mast cells within the 
human oral mucosa: new application sites of 
allergens in sublingual immunotherapy? Al-
lergy 2008;   63:   720–727.

  30 Mascarell L, Lombardi V, Louise A, Saint-Lu 
N, Chabre H, Moussu H, Betbeder D, Bala-
zuc AM, Van Overtvelt L, Moingeon P: Oral 
dendritic cells mediate antigen-specific tol-
erance by stimulating Th1 and regulatory 
CD4+ T cells. J Allergy Clin Immunol 2008;  
 122:   603–609.

  31 Mascarell L, Lombardi V, Zimmer A, Louise 
A, Tourdot S, Van Overtvelt L, Moingeon P: 
Mapping of the lingual immune system re-
veals the presence of both regulatory and ef-
fector CD4+ T cells. Clin Exp Allergy 2009;  
 39:   1910–1919.

  32 Foligne B, Zoumpopoulou G, Dewulf J, Ben 
Younes A, Chareyre F, Sirard J-C, Pot B, Gr-
angette C: A key role of dendritic cells in pro-
biotic functionality. PLoS ONE 2007;   2:e313.

  33 Hoarau C, Lagaraine C, Martin L, Velge-
Roussel F, Lebranchu Y: Supernatant of  Bifi-
dobacterium breve  induces dendritic cell 
maturation, activation, and survival through 
a Toll-like receptor 2 pathway. J Allergy Clin 
Immunol 2006;   117:   696–702.

  34 Smits HH, Engering A, van der Kleij D, de 
Jong EC, Schipper K, van Capel TM, Zaat 
BA, Yazdanbakhsh M, Wierenga EA, van 
Kooyk Y, Kapsenberg ML: Selective probi-
otic bacteria induce IL-10 producing regula-
tory T cells in vitro by modulating dendritic 
cell function through dendritic cell ‘specific 
intercellular adhesion molecule’ 3-grabbing 
nonintegrin. J Allergy Clin Immunol 2005;  
 115:   1260–1267.

  35 Schabussova I, Wiedermann U: Lactic acid 
bacteria as novel adjuvant systems for pre-
vention and treatment of atopic diseases. 
Curr Opin Allergy Clin Immunol 2008;   8:  
 557–564.

  36 Rigaux P, Daniel C, Hisbergues M, Muraille 
E, Hols P, Pot B, Pestel J, Jacquet A: Immu-
nomodulatory properties of  Lactobacillus 
plantarum  and its use as a recombinant vac-
cine against mite allergy. Allergy 2009;   64:  
 406–414.

  37 Repa A, Grangette C, Daniel C, Hochreiter 
R, Hoffmann-Sommergruber K, Thalhamer 
J, Kraft D, Breiteneder H, Mercenier A, Wie-
dermann U: Mucosal co-application of lactic 
acid bacteria and allergen induces counter-
regulatory immune responses in a murine 
model of birch pollen allergy. Vaccine 2003;  
 22:   87–95.

  38 Takahashi N, Kitazawa H, Iwabuchi N, Xiao 
JZ, Miyaji K, Iwatsuki K, Saito T: Immunos-
timulatory oligodeoxynucleotide from  Bifi-
dobacterium longum  suppresses Th2 im-
mune responses in a murine model. Clin Exp 
Immunol 2006;   145:   130–138.

  39 Feleszko W, Jawaorska J, Rha RD, Steinhau-
sen S, Avagyan A, Jaudszus A, Ahrens B, 
Groneverg DA, Wahn U, Hamelmann E: 
Probiotic-induced suppression of allergic 
sensitization and airway inflammation is as-
sociated with an increase of T regulatory-de-
pendent mechanisms in a murine model of 
asthma. Clin Exp Allergy 2007;   37:   498–505.

  40 Niers LE, Hoekstra MO, Timmerman HM, 
van Uden NO, de Graaf PM, Smits HH, Kim-
pen JL, Rijkers GT: Selection of probiotic 
bacteria for prevention of allergic diseases: 
immunomodulation of neonatal dendritic 
cells. Clin Exp Immunol 2007;   149:   344–352.

  41 Kim JY, Choi YO, Ji GE: Effect of oral probi-
otics ( Bifidobacterium lactis  AD011 and  Lac-
tobacillus acidophilus  AD031) administra-
tion on ovalbumin-induced food allergy 
mouse model. J Microbiol Biotechnol 2008;  
 18:   1393–1400.

  42 Xiao JZ, Kondo S, Yanagisawa N, Takahashi 
N, Odamaki T, Iwabuchi N, Iwatsuki K, To-
gashi H, Enomoto K, Enomoto T: Probiotics 
in the treatment of Japanese cedar pollinosis: 
a double-blind placebo-controlled trial. Clin 
Exp Allergy 2006;   36:   1425–1435.

  43 Trebichavsky I, Rada V, Splichalova A, Spli-
chal I: Cross-talk of human gut with bifido-
bacteria. Nutr Rev 2009;   67:   77–82.

  44 Roselli M, Finamore A, Nuccitelli S, Carne-
vali P, Brigidi P, Vitali B, Nobili F, Rami R, 
Garaguso I, Mengheri E: Prevention of TN-
BS-induced colitis by different Lactobacillus 
and Bifidobacterium strains is associated 
with an expansion of gammadeltaT and reg-
ulatory T cells of intestinal intraepithelial 
lymphocytes. Inflamm Bowel Dis 2009;   15:  
 1526–1536.

  45 Lyons A, O’Mahony D, O’Brien F, MacShar-
ry J, Sheil B, Ceddia M, Russell WM, For-
sythe P, Bienenstock J, Kiely B, Shanahan F, 
O’Mahony L: Bacterial strain-specific in-
duction of Foxp3+ T regulatory cells is pro-
tective in murine allergy models. Clin Exp 
Allergy 2010;   40:   811–819.

  46 de Roock S, van Elk M, van Dijk ME, Tim-
merman HM, Rijkers GT, Prakken BJ, Hoek-
stra MO, de Kleer IM: Lactic acid bacteria 
differ in their ability to induce functional 
regulatory T cells in humans. Clin Exp Al-
lergy 2010;   40:   103–110.

  47 Medina M, Izquierdo E, Ennahar S, Sanz Y: 
Differential immunomodulatory properties 
of  Bifidobacterium longum  strains: relevance 
to probiotic selection and clinical applica-
tions. Clin Exp Immunol 2007;   150:   531–538.

  48 Wang Z, Hong J, Sun W, Xu G, Li N, Chen X, 
Liu A, Xu L, Sun B, Zhang JZ: Role of IFN-
gamma in induction of Foxp 3 and conver-
sion of CD4+ CD25- T cells to CD4+ Tregs. 
J Clin Invest 2006;   116:   2434–2441.

  49 Saraiva M, O’Garra A: The regulation of IL-
10 production by immune cells. Nat Rev Im-
munol 2010;   10:   170–181.

  50 Weidenmaier C, Peschel A: Teichoic acids 
and related cell-wall glycomers in Gram-
positive physiology and host interactions. 
Nat Rev Microbiol 2008;   6:   276–287.

 




