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IgG1/IgG2a ratio decreased in the EPIT and SCIT groups ver-
sus the sham group (3.7; p  !  0.001 and 2.7; p  !  0.01 and 15.1, 
respectively). At the higher metacholine concentration, en-
hanced pause values were lower in the EPIT and SCIT groups 
than in the sham group (7.29, 6.74, and 10.99, p  !  0.01, respec-
tively), and did not differ from that of the naive group (5.06). 
Resistance-compliance was reversed in the treated groups 
versus the sham group (p  !  0.001). IL-4, IL-5, IL-13, eotaxin, 
and eosinophils were reduced in the BAL of the EPIT and SCIT 
groups versus the sham group (p  !  0.001).  Conclusion:  In 
peanut-sensitized mice, based on biological and physiologi-
cal responses, EPIT is as efficient as subcutaneous treatment 
which is the reference method in immunotherapy. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Allergy has become a major burden in developed 
countries during the 20th century. Among allergic man-
ifestations, food allergy accounts for a substantial part of 
the morbidity rate. Patients with food allergy are handi-
capped by a strict avoidance diet and a potentially life-
long-lasting disease. Furthermore, they may be at a daily 
risk of fatal reactions  [1] .
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 Abstract 

  Background:  Peanut allergy is a life-threatening condition 
for which new efficient and safe treatment is expected. We 
evaluated epicutaneous immunotherapy (EPIT) as a new al-
ternative treatment for peanut allergy in sensitized mice. 
 Methods:  Sixty BALB/c mice were sensitized by gavages with 
peanut protein extract (PPE) mixed with cholera toxin. An 
epicutaneous delivery system, coated with 100  � g PPE (Vi-
askin � , DBV Technologies, Paris, France), was applied to in-
tact skin every week during 48 h (EPIT; n = 20). This group was 
compared with sensitized mice treated with subcutaneous 
immunotherapy (SCIT; n = 20), untreated sensitized mice 
(sham, n = 20), and naive mice (naive; n = 20). After the 8-week 
treatment, a histamine release test, airway hyperreactivity 
measurement by plethysmography, and a resistance-com-
pliance measurement after the challenge were performed. 
Blood and bronchoalveolar lavage were sampled for serol-
ogy, cytokines, and cytology.  Results:  Specific IgE (sIgE) in-
creased after sensitization in the EPIT (0.26  � g/ml) and SCIT 
(0.21  � g/ml) groups and decreased after treatment (0.09  � g/
ml, p  !  0.001 and 0.06  � g/ml, p  !  0.001, respectively). The 
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  Among food allergies, peanut allergy is common and 
severe  [2] . It is estimated to affect 1.8% of young infants 
in the UK  [2, 3] . A national survey in the USA indicated 
that about 1.1% of the general American population, i.e. 
more than 3 million people, are allergic to peanuts and/
or tree nuts  [2] . 

  Desensitization is currently recognized by the World 
Health Organization as the gold standard of treatment 
for allergy with long-term benefits. It may be carried out 
via the skin, i.e. subcutaneously, considered as the refer-
ence method  [4]  or, alternatively, via the oral mucosa, i.e. 
the sublingual route, already largely investigated for aero-
allergens  [5] . Further developments will probably im-
prove the tolerance and safety of these methods  [6] .

  Concerning food allergies, especially to peanuts, the 
subcutaneous route is not available due to practical and 
safety-related concerns. Some attempts have been made 
via the oral mucosa and encouraging results have already 
been reported in children  [7] , even in case of very severe 
allergy  [8] . However, this method might be hampered by 
the potentiality of local and systemic adverse effects in 
certain patients. Alternative ways must, then, be evalu-
ated.

  In that respect, a new method of immunotherapy via 
the epicutaneous route has been developed thanks to a 
new epicutaneous delivery system (EDS) (Viaskin � , DBV 
Technologies, Paris, France). This method has already 
been described with various allergens in mice  [9] . In the 
present work, dedicated to peanut epicutaneous immu-
notherapy (EPIT), our goal was to conduct a thorough 
investigation of the 2 major health risks for patients al-
lergic to peanuts, i.e. anaphylactic shock and lung reac-
tions  [10] , since the protracted bronchospasm developed 
after accidental ingestion in severe peanut allergy might 
be linked to pulmonary inflammation  [11] .

  Materials and Methods 

 Study Design 
 After a phase of sensitization validated by an increase in the 

specific IgE (sIgE), mice were divided into 3 groups of 20 animals 
each and received EPIT, subcutaneous immunotherapy (SCIT), or 
a sham treatment during 8 weeks. Twenty naive mice were also 
included.

  Ten days after the end of the treatment, the groups were split 
in half. The first-half groups were submitted to the measurement 
of histamine release in blood after a peanut oral challenge, and 
then to the evaluation of airway hyperresponsiveness (AHR) by 
plethysmography after 3 days of a peanut aerosol challenge. The 
second-half groups underwent an evaluation of AHR with the re-
sistance-compliance technique (flexiVent � , SCIREQ, Montreal, 

Que., Canada) after 3 days of aerosol challenge. In all animals, a 
bronchoalveolar lavage (BAL) was finally performed for cytolog-
ical and immunological analyses. A scheme of the study design is 
shown in  figure 1 .

  Animals 
 Three-week-old (n = 80) female BALB/c mice (Charles River, 

Lyon, France) were purchased and housed under standard animal 
husbandry conditions. All experiments were performed accord-
ing to the European Community rules on animal care, with per-
mit 92-305 from the French Veterinary Services and with a posi-
tive evaluation of the Ethical Committee of Université Paris Des-
cartes (Paris, France; P2.LM.059.08). The mice were acclimated 
for 1 week before immunization. 

  Skin preparations before EDS application were all performed 
under general anesthesia with ketamine (Imalgene 1000, Merial) 
(100 mg/kg body weight) and xylazine (Rompun � , Bayer) (10 mg/
kg body weight); BAL and respiratory tests were performed under 
anesthesia with pentobarbital (Nembutal � , Sanofi Santé Ani-
male, CEVA) (50 mg/kg body weight) administered intraperito-
neally, and venipuncture was performed under isoflurane.

  Immunization 
 Mice (n = 60) were sensitized to peanuts by means of 6 intra-

gastric gavages, once a week during 6 weeks, with 200  � l of a 
phosphate-buffered saline (PBS) solution containing 1 mg of ho-
mogenized peanut protein extract (PPE) mixed with 10  � g of 
cholera toxin (CT; Servibio, USA). Sensitization was controlled by 
the production of specific IgE in blood 10 days after the last injec-
tion.

  Naive mice received 200  � l of PBS by oral administrations us-
ing the same scheme as for sensitized mice.

  Treatment 
 Epicutaneous Immunotherapy 
 EPIT was performed using an original EDS (Viaskin�, DBV 

Technologies) consisting of a central transparent plastic mem-
brane (11 mm in diameter) of polyethylene electrically charged 
with electrostatic forces ( fig. 2 ). Dry PPE powder is maintained on 
the backing by electrostatic forces. An occlusive chamber is cre-
ated on the skin that rapidly generates moisture and releases the 
allergen from its support. The allergen is then absorbed by the 
skin where it interacts with epidermal immune cells. The use of 
this technology for diagnostic purposes (Diallertest � ) was previ-
ously published  [12] .

  EDS with 100  � g of PPE were applied for 48 h to the backs of 
the mice once a week during 8 weeks. Twenty-four hours before 
application, their skin was shaved with an electric clipper and de-
pilatory cream was applied. This technique does not modify the 
barrier properties of the skin. This was demonstrated in a previ-
ous experiment by the absence of change in transepithelial water 
loss as compared with hairless mice (6.45  8  1.22 vs. 6.63  8  1.49 
g/h/m 2 , not significant).

  Subcutaneous Immunotherapy 
 Once a week during 8 weeks, the mice of the SCIT group re-

ceived 200  � l of a homogeneous suspension of 100  � g of PPE in-
jected subcutaneously between the shoulders, as previously de-
scribed  [13] .
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  Fig. 1.  Study design for peanut immunotherapy. The first phase 
was the sensitization of mice to peanut proteins from weeks –6
to 0 (from W–6 to W0). After validation of the sensitization, im-
munotherapy was performed by epicutaneous (EPIT) or subcuta-
neous (SCIT) routes during 8 weeks (from W0 to W8). Blood sam-

ples were taken on days 45 (D45) and 105 (D105). An aerosol chal-
lenge was performed on 3 consecutive days (D120, D121, and 
D122). Resistance was analyzed on day 123 (D123) and plethys-
mography on day 124 (D124). 

Dermis

Epidermis

Skin

Dry powder active
proteins 

Water condensation under
Viaskin   

Solubilization and 
epicutaneous 

absorption of proteins

®  Fig. 2.  Viaskin� technology. Proteins are 
loaded into the central polyethylene mem-
brane charged with electrostatic forces. 
The delivery system creates an occlusive 
chamber on the skin that generates mois-
ture and releases the proteins from the 
membrane. The proteins are then ab-
sorbed through the skin where they inter-
act with epidermal immune cells. 



 Mondoulet   /Dioszeghy   /Vanoirbeek   /
Nemery   /Dupont   /Benhamou    

Int Arch Allergy Immunol 2011;154:299–309302

  Sham and Naive Groups 
 The sham group received an empty EDS during immunother-

apy with the same design as for EPIT. No treatment was admin-
istered to the naive group.

  Specific IgE, IgG1, and IgG2a in Blood 
 Blood was collected from the retro-orbital venous plexus 10 

days after sensitization (D45) and 10 days after treatment (D105).
  Specific antibodies were quantified using a quantitative ELISA 

developed in-house according to 2001 FDA guidelines. Briefly, 
microtiter plates were coated with 100  � l per well of 5- � g/ml
peanut solution. Serial dilutions of 50  � l of each serum were
dispensed per well and incubated for 24 h at 4   °   C. A polyclonal 
anti-mouse IgE (STAR110A), IgG1 (STAR132A), or IgG2a (STAR-
82A) antibody labeled with alkaline phosphatase (Serotec, Ox-
ford, UK) was used as a tracer. Reagent (pNPP, Sigma, France) was 
used as an enzyme substrate. Specific IgE, IgG1, and IgG2a were 
quantified by comparison with concentration-response curves 
obtained with a total IgE, IgG2a, or IgG1 assay performed under 
identical conditions using a solid phase coated with a monoclonal 
anti-mouse IgE (clone LO-ME-3) or IgG2a (clone LO-MG2a-9) 
antibody or a polyclonal anti-mouse IgG (STAR8B) antibody (Se-
rotec). The cross-reactivity of secondary antibodies with immu-
noglobulin was less than 4% for all the antibodies and less than 
0.1% for anti-IgG1 and anti-IgG2a antibodies against purified 
IgE.

  Histamine Release in Blood 
 A histamine increase in blood reflects the percentage of mast 

cell degranulation  [14] . It was assayed in plasma samples 30 min 
after the peanut oral challenge as a marker of anaphylactic reac-
tion. Ten mice from each group were challenged at 30-min inter-
vals by 2 oral administrations of 10 mg PPE diluted in 200  � l of 
PBS. Histamine was assayed using a competitive enzyme immu-
noassay kit (SPI-BIO, Montigny-le-Bretonneux, France) in blood 
collected 30 min after the second oral challenge. 

  Airway Hyperresponsiveness 
 Whole-Body Plethysmography  
 Whole-body plethysmography was performed by placing mice 

in a closed chamber allowing the recording of the pressure fluc-
tuations during the breathing cycle. ‘Enhanced pause’ (Penh) was 
calculated as previously described  [13, 15] , from the box pressure 
recorded during inspiration and expiration and the timing com-
parison of early and late expiration. Penh corresponds to the ratio 
of peak expiratory pressure to peak inspiratory pressure. Mice 
were challenged with peanuts via 30 min of aerosol (10 ml of 1% 
PPE in 0.9% NaCl) during 3 consecutive days. Pressures were 
measured 24 h after the challenge and Penh values were calcu-
lated prior to and 10 min after the administration via aerosol of 
various doses of methacholine (Sigma-Aldrich, Steinheim, Ger-
many). For each mouse, Penh values were plotted against metha-
choline concentration (0–40 mg/ml) and the area under the curve 
(AUC) was calculated  [16] . Due to technical reasons, 8 mice per 
group were analyzed by plethysmography.

  Resistance-Compliance 
 Bronchial resistance and dynamic compliance were measured 

using the flexiVent system (SCIREQ) after exposure to increasing 
doses of methacholine. Mice were anesthetized with intraperito-

neal injections of pentobarbital (70 mg/kg). The trachea was ex-
posed and a 19-gauge metal needle was inserted into it. The needle 
was then connected to a computer-controlled small animal ven-
tilator for quasi-sinusoidal ventilation of the mice with a tidal 
volume of 10 ml/kg at a frequency of 150 per minute and a posi-
tive end-expiratory pressure of 2 cm H 2 O to achieve a mean lung 
volume close to that observed during spontaneous breathing. Af-
ter measurement of baseline resistance and compliance, the mice 
were challenged with increasing concentrations (0, 0.625, 1.25, 
2.5, 5, and 10 mg/ml) of methacholine aerosol generated with an 
in-line nebulizer and administered directly through the ventila-
tor for 5 s. Resistance and compliance were measured using a 
‘snapshot’ protocol every 20 s for 2 min. The mean of these 6 val-
ues was determined for each methacholine concentration, unless 
the coefficient of the determination of a measurement was small-
er than 0.95. For each mouse, resistance values were plotted 
against the methacholine concentration (from 0 to 10 mg/ml) and 
the AUC was calculated  [17] .

  Cytokine Levels and Cell Composition in Blood and BAL Fluid 
 Blood samples were collected for cytokine analyses in anesthe-

tized mice the day after AHR measurement. 
  Eotaxin, interleukin (IL)-4, IL-5, IL-10, IL-13, IL-17, interferon 

(IFN)- �  and tumor necrosis factor (TNF)- �  were assayed with a 
Bio-Plex cytokine assay according to the manufacturer’s recom-
mendations (Bio-Rad, Marnes-La-Coquette, France). Tumor 
growth factor (TGF)- �  was analyzed using an ELISA kit (R&D 
Systems, Minneapolis, Minn., USA).

  In our assay, quantification thresholds were defined by the 
manufacter as 5.9 pg/ml (IL-4), 2.9 pg/ml (IL-5), 1.1 pg/ml (IL-10), 
1.1 pg/ml (IL-13), 2.1 pg/ml (IL-17), 1.8 pg/ml (IFN- � ), 3.0 pg/ml 
(TNF- � ), 5.8 pg/ml (eotaxin), and 12 pg/ml (TGF- � ).

  Cytokines and cells were measured in BAL fluids 24 and 48 h 
after the last aerosol challenge for all the mice. After AHR mea-
surement, the mice were anaesthetized, the trachea was cannu-
lated, and the BAL fluids were collected in sterile saline (1.4 ml) 
and kept in ice until of cellular influx was determined. Total cell 
counts were performed on Malassez cells. 

  Differential cell counts were performed after cytocentrifuga-
tion and staining with Diff-Quick (Baxter Dade AG, Düdingen, 
Switzerland). 

  Statistical Analysis 
 GraphPad Prism Software 5.0 (San Diego, Calif., USA) was 

used for statistical analysis (n = 10–20 mice per group). Results
are expressed as means  8  standard deviations (SD). Antibody 
responses as well as cell and cytokine data were analyzed using 
analysis of variance (ANOVA) and Tukey’s test for intergroup 
comparisons. The raw data of the Penh values were analyzed
using the nonparametric Mann-Whitney U test. Penh and resis-
tance data were also analyzed using the complete methacholine 
dose-response curve. For each mouse, Penh or resistance was 
plotted against methacholine concentration (from 0 to 40 or from 
0 to 10 mg/ml) and the AUC was calculated. Then, the data were 
analyzed using ANOVA and Dunnett’s test when comparing 
treated mice with the controls, and using ANOVA and Tukey’s 
test when comparing all the groups with each other.
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  Results 

 Serological Response to Sensitization and 
Immunotherapy 
 Specific sensitization against the peanut protein was 

confirmed on day 45 by increased sIgE in the sera of 
EPIT, SCIT, and sham mice as compared with naive 
mice ( fig. 3 ). Sensitization was not significantly different 
between groups (EPIT, SCIT, and sham). Ten days after 
the end of the treatment (D105), the EPIT and SCIT 
groups had decreased sIgE (p  !  0.001) and increased
sIgG2a (p  !  0.001 and p  !  0.01 vs. the sham group, re-
spectively). The treatment did not modify sIgG1, but 
dramatically decreased the sIgG1/sIgG2a ratio (p  !  
0.001 and p  !  0.01 vs. the sham group, respectively) (data 
not shown). 

  General Reactivity: Histamine Release after Oral 
Challenge 
 The levels of histamine released in plasma sampled 30 

min after the oral challenge were high in sham mice (142 
 8  34 n M ) and very low in naive mice (1.5  8  0.2 n M ). They 
were significantly reduced in the EPIT and SCIT groups 
(p  !  0.05 vs. the sham group) ( fig. 4 ).

  Airway Hyperresponsiveness 
 Plethysmography  
 Dose-response curves for methacholine were signifi-

cantly different between the treated (EPIT, SCIT) and 
sham groups at methacholine dosages from 10 to 40 mg/
ml. At the higher methacholine concentration (i.e. 40 mg/
ml), the sham mice responded to the peanut challenge 
with a marked AHR ( fig.  5 a). Compared to the sham 
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  Fig. 3.  Quantity of sIgE ( a ), sIgG2a ( b ), and sIgG1 ( c ). D45 = Values 
obtained at the end of the sensitization phase (before immuno-
therapy); D105 = values obtained at the end of the immunothera-
py. The groups were EPIT (epicutaneously treated mice), SCIT 
(subcutaneously treated mice), sham (sham-treated mice), and 
naive (naive mice). Data are presented as means  8  SEM for each 
group of 20 mice.  *  p  !  0.05,  *  *  p  !  0.01, and  *  *  *  p  !  0.001.  
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  Fig. 5.  AHR measured by whole-body plethysmography 24 h after 
the last aerosol challenge to peanuts. Dose-response curves ob-
tained for each group ( a ) and individual AUC calculated from 
these data ( b ). Penh values were recorded after increasing doses 
of methacholine (from 0 to 40 mg/ml). EPIT group: n = 8, SCIT 
group: n = 8, sham group: n = 8, naive group: n = 8.      *  *  p  !  0.01 

and  *  *  *   p  !  0.001. AHR measured by dynamic resistance 24 h
after the aerosol challenge to peanuts. Dose-response curves ob-
tained for each group ( c ) and individual AUC calculated from 
these data ( d ). EPIT group: n = 10, SCIT group: n = 9, sham group: 
n = 9, naive group: n = 10.  *  *  *  p  !  0.001. 
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group, the EPIT and SCIT groups showed significantly 
decreased Penh values (p  !  0.01 and p  !  0.001, respec-
tively), which did not differ significantly from those of 
the naive group. The AUC values for Penh were also sig-
nificantly lower with EPIT and SCIT than with sham
(p  !  0.001), and did not differ from those of naive mice 
( fig. 5 b). 

  Resistance-Compliance  
 For SCIT and sham 9 dots were shown and for EPIT 

and naive 10 dots. In the resistance-compliance analy-
sis, we encountered difficulties intubating 1 SCIT mouse 
and 1 sham mouse, resulting in an experimental failure. 
Their baseline values actually happened to largely differ 
from those of mice in the same group. We thus decided 
not to include them in the resistance-compliance re-
sults.

  At the higher methacholine concentration (i.e. 10 mg/
ml), bronchial resistance was dramatically increased in 
the sham group as compared to the control (p  !  0.001), 
EPIT (p  !  0.001), and SCIT (p  !  0.001) groups ( fig. 5 c). 
The AUC for resistance was significantly lower in the 
EPIT and SCIT groups than in the sham group, and did 
not differ from that in the naive group ( fig. 5 d). 

  Cytokine Levels and Cell Composition in Blood and 
BAL Fluid 
 The results for IL-4, IL-5, IL-13, IL-17, and eotaxin are 

presented in  figure 6 a (BAL fluid) and b (serum) taken
24 h after the last aerosol challenge. Similar trends were 
obtained at 24 and 48 h. The higher levels were seen at
24 h for cytokines, with the maximal significance be-
tween groups at 24 h.

  The BAL fluid and serum of the sham mice showed 
high levels of eotaxin, IL-4, IL-5, IL-13, and IL-17. EPIT 
and SCIT induced a significant decrease in eotaxin, IL-4, 
IL-5, IL-13, and IL-17 in both the BAL fluid and the se-
rum.

  IFN- � , IL-10, and TNF- �  levels in BAL fluid were very 
low for the 4 groups. EPIT and SCIT did not modify the 
serum levels of IFN- �  and IL-10 (data not shown) but sig-
nificantly decreased the TNF- �  levels in serum (380.2  8  
84.16 pg/ml, p  !  0.01 and 219.9  8  21.9 pg/ml, p  !  0.05, 
respectively), as compared to sham (881.9  8  153.6 pg/
ml). TGF- �  was measurable in BAL and in  serum but 
without any significant difference between the treated 
(EPIT and SCIT) and sham groups. The values were: 
270.0  8  10.5, 292.7  8  19.2, and 260  8  17.3 pg/ml  in 
BAL, respectively, and 147.2  8  13.1, 198.8  8  27.2, and 
133.8  8  17.5 pg/ml in serum, respectively. The TGF- �  
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  Fig. 6.  Inflammatory cytokine levels in the BAL fluid ( a ) and serum ( b ) of mice challenged to peanuts via aero-
sol. The groups were EPIT , SCIT, sham, and naive. Data are presented as means    8  SEM for each group of 10 
mice.  *  p    !  0.05,  *  *  p    !  0.01, and      *  *  *  p  !  0.001.         
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values measured in the BAL fluid and serum of the treat-
ed groups were not different from those of naive mice 
(129.2  8  10.2 and 136.0  8  13.1 pg/ml, respectively).

  Forty-eight hours after the last challenge, sensitized 
mice showed eosinophilia with a concomitant increase in 
neutrophils, lymphocytes, and macrophages ( fig.  7 ;  ta-
ble 1 ). In agreement with the decreased eotaxin levels in 
the BAL fluid, EPIT and SCIT decreased the number of 
eosinophils significantly. EPIT and SCIT also decreased 
the recruitment of neutrophils and lymphocytes but did 
not decrease BAL macrophages. Similar trends were ob-
tained at 24 h but the higher levels and the maximal sig-
nificant results between groups were seen at 48 h.
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  Fig. 7.  Number of inflammatory cells in BAL fluid 48 h after the last aerosol challenge to peanuts: macrophages 
( a ), neutrophils ( b ), eosinophils ( c ), and lymphocytes ( d ). The groups were EPIT, SCIT, sham, and naive. Data 
are presented as means  8  SEM for each group of 10 mice.  *  p    !  0.05,  *  *  p    !  0.01, and      *  *  *  p  !  0.001.         

Table 1.  Total cell count and percentage of the BAL cell composi-
tion after the aerosol challenge

Groups Total cell
count, /ml

Macro-
phages, %

Neutro-
phils, %

Eosino-
phils, %

Lympho-
cytes, %

Naive 188,515 52 34 1 14
Sham 870,086 23 40 13 25
EPIT 466,000 29 41 7 23
SCIT 400,222 32 37 5 26

Results are expressed as means.
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  Discussion 

 SCIT, the reference method in desensitization  [4] , 
could not be applied for food allergies due to the high risk 
of anaphylactic reactions. An alternative route, such as 
EPIT, should be considered. The development of EPIT 
needs reliable safety and efficacy data, especially in food 
allergy. For obvious ethical reasons, animal models are 
first needed to evaluate its potential efficacy. Here, we 
used a model of mice orally sensitized to peanuts and ex-
plored a new immunotherapy method consisting of the 
use of an original EDS for repeated and prolonged appli-
cations of the allergen to nonstripped skin. We observed 
a shift in serum antibody isotypes and a reduction in 
AHR and lung eosinophilia.

  The protocol of sensitization, already validated by 
Adel-Patient et al.  [18] , was based on the weekly oral ad-
ministration of PPE combined with cholera toxin to 
3-week-old BALB/c mice during 6 weeks. As observed in 
the current study, this protocol allows optimal sIgE in-
duction  [19] . In opposition to previous experiments where 
skin had been previously stripped  [20–22] , EDS was here 
applied to intact skin. The preparation of the skin was 
such as to avoid any alteration of its barrier properties.

  EPIT induced a major decrease in sIgE together with 
an increase in sIgG2a; sIgG1 remained unchanged. SCIT 
achieved similar results. In a comparable study with
ovalbumin-sensitized mice, SCIT administered twice a 
week for 8 weeks increased the serum levels of ovalbu-
min-specific IgE, IgG1, and IgG2a until the 5th week of 
treatment  [23] . Then, sIgE levels decreased sharply, while 
sIgG2a and sIgG1 continued to increase for 2 additional 
weeks before starting to decrease. Thus, the antibody pat-
tern of the present study is very close to the immunolog-
ical changes observed after 8 weeks of SCIT in this OVA 
experiment, further confirming that the epicutaneous 
route induces the same level of immunological changes 
as the subcutaneous one.

  Poulsen et al.  [24]  demonstrated very early on that in-
testinal anaphylaxis after an oral challenge is associated 
with the release of histamine and other mediators leading 
to acute systemic symptoms. We thus performed a hista-
mine provocation test, as already described by Li et al. 
 [25–27] . The absence of a significant increase in hista-
mine in the treated group after the oral challenge with 
PPE confirms the ability of EPIT to prevent mastocyte 
degranulation.

  To date, the in vivo measurement of respiratory func-
tion in mice is based on both noninvasive and invasive 
approaches. Whole-body plethysmography is noninva-

sive and has been used in various mouse models of al-
lergy  [13, 28] . It allows the recording of the pressure fluc-
tuations that occur during the breathing cycle of mice 
and measures a single parameter, i.e. Penh. However, 
Penh may be strongly influenced by events unrelated to 
lung mechanics such as hyperoxia, the timing of ventila-
tion and humidification, and the warming of inspired gas 
 [29] . The compliance-resistance measurement technique 
is invasive but offers the key advantage of combining 
orotracheal intubation via direct laryngoscopy and the 
local administration of allergenic extracts directly into 
the lung. Bronchoconstriction is assessed by the ‘gold 
standard’ parameters, i.e. airway resistance and dynamic 
compliance, in response to aerosolized methacholine or 
allergens in anesthetized mice  [30] . This method could 
also be performed using increasing doses of methacho-
line. It has been validated in several groups of BALB/c 
mice and is considered reproducible without causing an 
alteration in the BAL fluid  [31] . 

  Actually, a combination of invasive and noninvasive 
techniques is most often required to fully understand the 
physiological significance of a respiratory phenotype  [31] . 
This option was retained in the present study. Treatment 
dramatically improved the respiratory condition of the 
sensitized animals and the results appeared to be highly 
concordant with all techniques.

  In line with these results, EPIT and SCIT decreased 
the IgG1/IgG2a ratio, serum eotaxins, and Th2-related 
cytokines (IL-4, IL-5, and IL-13). Overall, these changes 
reflect the switch of the immune response from a Th2 
profile to a balanced Th2/Th1 profile. The switch to a Th1 
profile accompanying an increased tolerance to peanuts 
has also been established in humans. Indeed, when com-
paring the cytokine-producing phenotypes of peanut-
specific lymphocytes from children who had outgrown 
peanut allergy and from children who had always toler-
ated peanuts, Turcanu et al.  [32]  showed that peanut an-
tigens induced a Th2-biased response in children with 
peanut allergy while nonallergic ones exhibited a Th1-
skewed response. Moreover, the resolution of the peanut 
allergy was accompanied by a shift to the Th1 cytokine 
profile  [32] .

  Another finding is the dramatic decrease in cell re-
cruitment, in particular eosinophils, and the decrease in 
eotaxin, IL-5, and IL-13 in the lungs of treated mice. Eo-
taxin induces a rapid recruitment of eosinophils in aller-
gen-stimulated tissues  [33] . Actually, treatment seems to 
influence all the steps of eosinophilic recruitment, from 
the IL-5-induced release of eosinophils from the bone 
marrow  [34]  to the IL-13-favored eosinophil infiltration 
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