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Summary
Background Second generation therapeutic vaccines based upon recombinant allergens or
natural extracts, potentially formulated in vector systems or adjuvants, are being devel-
oped. To this aim, preclinical studies in relevant animal models are needed to select
proper allergens, formulations and administration schemes.
Objective To develop a chronic house dust mite (HDM) allergy model to evaluate sub-
lingual therapeutic vaccine candidates.
Methods The BABL/c mice that were used were sensitized with Dermatophagoides ptero-
nyssinus (Dpte) and Dermatophagoides farinae (Dfar) mite extracts by intraperitoneal
injections followed by aerosol exposures. Animals subsequently underwent sublingual
immunotherapy (SLIT) with either Dpte, Dfar or Dpte/Dfar extracts, twice a week for
8 weeks. SLIT efficacy was assessed by whole body plethysmography, lung histology and
broncho-alveolar lavages cell counts. Specific T cell and antibody responses to major and
minor HDM allergens were monitored in tissues and serum/saliva, respectively.
Results Mice sensitized to Dpte and Dfar allergens exhibited strong airway hyperrespon-
siveness (AHR) and lung inflammatory infiltrates including eosinophils. Sensitized animals
mounted Th2-biased cellular and humoral responses specific for group 1 and 2 major
allergens, as well as group 5, 7 and 10 minor allergens. This phenotype was sustained for
at least 2 months, allowing the evaluation of immunotherapeutic protocols with HDM
extracts-based vaccines. In this model, SLIT decreased AHR and Th2 responses and
induced HDM-specific IgAs in saliva. The Dpte/Dfar mix proved the most efficacious when
compared to Dpte or Dfar extracts alone.
Conclusions and Clinical Relevance The efficacy of a sublingual vaccine based on a Dpte/
Dfar allergen extract mix was demonstrated in a well standardized murine model of
chronic allergic airway inflammation based on clinically relevant mite allergens. The latter
will be used as a benchmark for evaluation of future vaccines, including recombinant
allergens. This HDM allergic airway inflammation animal model is a useful tool to design
and select candidate vaccines to be tested in humans.
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Introduction

Allergen-specific immunotherapy (AIT) is a safe and
effective treatment for type I respiratory allergies [1],
which can be performed not only via either the subcu-
taneous, sublingual [2–4], but also via either the
epicutaneous or intralymphatic routes [5–8]. AIT opti-
mization is still ongoing, mostly as it relates to the use

of simplified and shortened treatment schemes, as well
as the replacement of biological extracts by recombi-
nant allergens [4, 9, 10]. AIT efficacy can also be
further enhanced by the use of adjuvants and delivery
systems [11–13]. In this context, animal models are
critically needed to help selecting allergens, formula-
tions and administration schemes at the preclinical
stage. To this aim, animal models should ideally be



based on clinically relevant allergens, as opposed
to conventional ovalbumine (OVA). Furthermore, a
chronic inflammation should be established to allow
testing long-term therapeutic protocols, as foreseen in
human applications.

Hence, a growing number of clinically relevant aller-
gens-based model are being developed [14]. Currently
available preclinical models of house dust mite (HDM)
sensitization are based on either the Dermatophagoides
pteronyssinus (Dpte) or Dermatophagoides farinae (Dfar)
common mite species [15, 16]. However, most allergic
individuals in Europe, North America and Asia are
co-exposed and co-sensitized to both species [17–19].
Thus, in the present study, we set up a mouse model of
allergic airway inflammation recapitulating the main
features of HDM allergy to investigate sublingual
immunotherapy (SLIT) approaches. Herein, we demon-
strate that mice sensitized to both Dpte/Dfar develop
strong airway hyperresponsiveness (AHR), lung inflam-
mation and eosinophilia, together with Th2-biased T
and B cell responses specific for major and minor mite
allergens. In those animals, SLIT with an equal w/w
mix of aqueous extracts from both species proved the
most successful compared to single Dpte or Dfar
extracts at down-regulating both lung inflammation
and HDM-specific Th2 responses.

Materials and methods

Animals, culture medium and reagents

The BABL/c mice used were 6–8-week-old female ones
purchased from Charles River (L’Arbresle, France). Inter-
national levels of ethical standards were applied for
animal handling. Experimental protocols were approved
by Stallergenes internal ethical committee for animal
experimentation. Culture medium consisted of RPMI
1640 supplemented with 10% foetal calf serum, 1%
L-glutamine, 200 U/mL penicillin and 200 lg/mL strep-
tomycin (all from Invitrogen, Carlsbad, CA, USA).
Phosphate-buffered saline (PBS) and alum were pur-
chased from Lonza (Basel, Switzerland) and Pierce
(Rockford, IL, USA), respectively. Dpte and Dfar mite
extracts were obtained from Stallergenes SA (Antony,
France). Recombinant Der p 1 (rDer p 1) was produced
in tobacco plants as previously described [20], natural
Der p 2 (nDer p 2) was purified from Dpte extracts at
Stallergenes SA, natural Der f 1 (nDer f 1) and Der f 2
(nDer f 2) were purchased from Indoor Biotechnologies
Inc (Charlottesville, VA, USA). Recombinant allergens,
including Der p 5 (rDer p 5) produced in Pichia pasto-
ris, and Der p 7 (rDer p 7) as well as Der p 10 (rDer p
10), both produced in Escherichia coli, were obtained
from the Université Libre de Bruxelles, Gosselies,
Belgium.

Induction of allergic airway inflammation and
sublingual immunotherapy

Mice were sensitized by i.p. injections on days 0 and 14
of Dpte and Dfar extracts (using doses equivalent to
10 lg allergen group 1 per mouse) in presence of 2 mg
alum, then exposed to aerosolized Dpte/Dfar extracts
(using similar doses as above) 20 min/day, from days
21 to 24. On day 25, AHR was evaluated by whole body
plethysmography (Buxco Europe Ltd, Winchester, UK)
and expressed as enhanced pause (Penh) as previously
described [21]. Penh indexes were obtained as a ratio
between Penh values measured after either exposure to
increasing doses of methacholine (i.e. 12.5, 25, 50,
100 mg/mL, Sigma, St Louis, MO, USA) or nebulized
PBS. Bronchial resistance and dynamic compliance
were measured using a Flexivent® system (Emka Tech-
nologies, Falls Church, VA, USA) after exposure to
increasing doses of methacholine (i.e. 12.5, 25, 50,
100 mg/mL), as described elsewhere [22]. Mice were
randomized into control (PBS) and treatment groups
(receiving either Dpte, Dfar, or Dpte/Dfar 50–50% w/w
mix, respectively), prior to undergoing SLIT twice a
week for 8 weeks using doses equivalent to 50 lg
group 2 allergen for all groups (with 25 lg equivalent
from group 2 Dpte extracts + 25 lg equivalent from
group 2 Dfar extracts in the Dpte/Dfar 50–50% w/w
mix group). For SLIT administration, mice were held on
their back for 1 min to prevent immediate swallowing
of the antigen. After treatment completion, mice were
challenged by aerosol re-exposure to Dpte/Dfar extracts
for two consecutive days. AHR was measured 24 h after
the last aerosol and mice killed the following day for
further analysis. In a second experiment, Dpte/Dfar
50–50% w/w mix extracts were administrated at doses
containing either 1, 10 or 50 lg total equivalent group
2 allergen originating from both species.

Lung inflammation

For tissue histology, lungs were recovered, fixed in
phosphate-buffered formalin-zinc and embedded in par-
affin wax. Tissue sections were stained with haemat-
oxylin, eosin and safran for the determination of
cellular infiltrates. For analysis of inflammatory cells in
broncho-alveolar lavages (BAL), mice were anesthetized
by intraperitoneal (i.p.) injection of pentobarbital
(50 mg/kg body weight; Vetoquinol, Lure, France), and
BAL performed with 1200 lL PBS. BAL fluid was cen-
trifuged at 800 g for 5 min at 4°C. Cell pellets were
resuspended in PBS, spun onto glass slides by cyto-
centrifugation, fixed and stained with May–Grünwald
Giemsa (Réactifs RAL, Martillac, France) for differential
cell counting. Supernatants were stored at �80°C for
cytokine analysis.
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Antibody and T cell responses

Blood was collected by cardiac puncture under terminal
anaesthesia and sera stored at �20°C. Salivation was
induced by intraperitoneal injection of 50 lg/mouse
pilocarpine (Sigma) 15 min before saliva collection.
HDM-specific antibody responses were evaluated using
ELISA. Briefly, sera and saliva samples were incubated
for 24 h at 37°C in 96-well plates coated overnight with
either purified rDer p 1, nDer p 2, rDer p 5, rDer p 7, rDer
p 10, nDer f 1, nDer f 2 allergens (10 lg/mL), or Dpte
and Dfar extracts (at doses equivalent to 10 lg/mL Der p
2). Plates were washed and revealed with biotinylated
secondary antibody anti-mouse IgG1, IgG2a, IgA (BD
Biosciences, San Jose, CA, USA), or anti-IgE-HRP anti-
bodies. After washing, specific antibody binding was
detected with streptavidin-peroxydase/2,20-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) substrate
tandem (Roche Diagnostics, Meylan, France) or ABTS
alone after reading the plates at 405 nm on a multiskan
Ascent spectrophotometer (Thermo Labsystems, Wal-
tham, MA, USA). Antibody titres were defined as the
reverse of the last dilution for which the optical value
was twofold higher than the mean of control mice.

To assess T cell responses, lungs and spleen were
removed. To recover cells from lung tissues, one lobe
was incubated for 1 h in RPMI supplemented with
digest reagent (collagenase 75 U/mL; Roche, Basel,
Switzerland). Isolated cells were filtered through a 70 lm
sieve and washed twice before re-suspension in culture
medium. Cells were plated at 106 cells per 96-well plate
well and stimulated with 10 lg/mL of either recombi-
nant, natural purified mite allergens, Dpte/Dfar extracts
equivalent to 10 lg/mL Der p 2, or medium alone, in a
final volume of 200 lL. After 72 h at 37°C in 5% CO2/
95% air, IFN-c, IL-5, IL-10 and IL-13 were measured
in culture supernatants using a CBA Flex kit (BD Bio-
sciences) according to the manufacturer’s instructions.

Statistical analysis

Results are presented as mean ± SEM values. Data were
analysed using non-parametric Mann–Whitney tests
when comparing sensitized mice with controls, and
Kruscal–Wallis non-parametric tests for intergroup
comparisons. P values <0.05 was considered as signifi-
cant. Values of *P < 0.05 and **P < 0.01.

Results

House dust mite allergens induce a strong airway
inflammation and Th2 responses in BALB/c mice

To induce allergic airway inflammation to common
mites, mice were exposed to equal quantities of Dpte

and Dfar extracts via a combination of administration
routes. Briefly, mice received a mixture of crude aller-
gen extracts i.p. at days 0 and 14, prior to being
exposed to aerosolized allergens for four consecutive
days, from day 21 to 24. AHR was assessed by whole
body plethysmography 24 h after the last aerosol
exposure. Sensitized mice showed strong AHR to meth-
acholine when compared to control group (Fig. 1a), in
association with acute inflammation in the lung
(Fig. 1b, lower panel). Using invasive methods, both an
increase in bronchial resistance (Fig. 1c) and a signifi-
cant decrease in dynamic compliance (Fig. 1d) were
confirmed in sensitized animals. BAL analyses revealed
both eosinophilic and neutrophilic infiltrates (Fig. 1e),
and a local cytokine secretion profile unambiguously
biased towards Th2 when compared to control group
(Fig. 1f). Th2 cytokine production was also observed
upon re-stimulation of splenocytes and lung cells
from HDM-sensitized mice with each of rDer p 1, nDer
p 2, nDer f 1 or nDer f 2 major mite allergens, with
responses against Dpte-derived allergens being notice-
ably the strongest (Fig. 2a). Sensitized mice also
mounted Th2 responses against each of group 5, 7 and
10 minor allergens (Fig. 2b). Such responses were not
detectable in control mice (data not shown). Serum
antibody responses correlated with the Th2-biased cel-
lular response observed in the lung, as higher levels of
HDM-specific IgG1 vs. IgG2a were consistently mea-
sured in sensitized animals (Fig. 2c). Detection of seric
HDM-specific IgE confirmed the establishment of a type
I respiratory allergy in such animals, with sensitization
to both major and minor allergens (Figs 2d and e see
Methods for IgE levels in the control group).

Sublingual immunotherapy with house dust mite
decreases airway hyperresponsiveness and inflammation

To assess the efficacy of sublingual vaccination with
HDM extracts, HDM-sensitized mice were randomized
to receive SLIT with Dpte, Dfar, a Dpte/Dfar 50–50% w/
w mix, or PBS. As shown in Fig. 3, upon re-challenge
with allergens, mice treated with the Dpte/Dfar mix
vaccine showed a significant decrease in AHR when
compared with the PBS-treated group. A non-statisti-
cally significant decrease of AHR was observed follow-
ing treatment with either Dpte or Dfar alone (Fig. 3a).

To confirm the efficacy of the Dpte/Dfar vaccine,
SLIT was also conducted with various doses of the w/w
mix (ranging from 1 to50 lg total equivalent group 2
allergen), demonstrating a dose-dependent down-
regulation of AHR in Dpte/Dfar-treated groups (Fig. 3b).
AHR reduction for control and 50 lg groups was
accompanied by a decrease in eosinophils in BAL and
in lung inflammatory infiltrates (Figs 4a and b). In such
chronic therapeutic settings, neutrophilia was no longer
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observed in BAL even in PBS-treated groups (data not
shown).

Airway hyperresponsiveness and lung inflammation
decreases are associated with changes in CD4+ T cell
polarization

The T cell responses were investigated in animal groups
having received SLIT with 10 or 50 lg equivalent
group 2 allergen per dose of the Dpte/Dfar mix, as
described in Fig. 3b. SLIT with the Dpte/Dfar mix led to

a dose-dependent reduction of IL-5 production in the
lung in response to stimulation with all HDM major
allergens, when compared to animals receiving PBS
(Fig. 4c, left panel). In line with previous studies
[23–25], a significant increase in IL-10 secretion by
nDer p 2- and nDer f 1-specific T cells was observed in
animals receiving the Dpte/Dfar 50 lg dose mix, sug-
gesting a potential induction of regulatory T cells
(Fig. 4c, right panel).

As we previously observed in an OVA-induced
chronic asthma model [24], SLIT had no major impact

(a)

(c) (d)

(e) (f)

(b) (i)

(ii)

Fig. 1. House dust mite (HDM)-sensitized mice exhibit strong airway hyperresponsiveness (AHR), lung inflammation and a Th2 cytokine profile

(a) AHR to methacholine was measured by whole body pletysmography at day 25 and expressed as a Penh index. Results are expressed as mean

values ± SEM, with n = 4–8 mice per group. A value of *P < 0.05 in comparison to control mice. (b) Lungs from control (1) and HDM-sensitized

mice (2) were collected for histology studies on haematoxylin, eosin and safran-stained, wax-embedded tissue sections. Data shown are represen-

tative of four mice evaluated in each group. (c) Bronchial resistance and (d) dynamic compliance were measured using a flexivent system 24 h

after the last aerosol. Results are expressed as mean values ± SEM, with n = 6 mice per group. (e) Differential cell counts were performed after

May–Grünwald Giemsa staining of broncho-alveolar lavages (BAL) cytospins. Results are expressed as mean values ± SEM, with n = 4–8 mice per

group. (f) Cytokine profiles were determined in BALs from HDM-sensitized mice by CBA. Results are expressed as mean values ± SEM, with

n = 4–8 mice per group. Data are representative of three independent experiments.
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on allergen-IgG1, IgG2a and IgE levels in serum
(Figs 5a and b). In contrast, SLIT induced strong IgA
responses against both mite species in saliva (Fig. 5c).

Discussion

An increasing number of allergic airway inflammation
models based on clinically relevant allergens are being
developed for preclinical testing of allergy vaccines
[14]. However, most animal models of respiratory
allergy document the efficacy of prophylactic vaccines,
whereas very few allow the investigation of therapeutic
protocols. Yet, the mechanisms underlying prophylactic
and therapeutic immunotherapy may differ greatly,

since numerous features of acute vs. chronic airway
inflammation are dissimilar [26, 27]. For example, inhi-
bition of specific IgE induction is a general feature of
prophylactic SLIT, whereas more limited effects on
established seric IgE responses are observed in therapeu-
tic settings. Similar discrepancies regarding IgG1 and
IgG2a levels have also been reported [28, 29]. In addi-
tion, the challenge of a therapeutic vaccine mainly lies
in its ability to redirect the immune response from an
established Th2 to a Th1/Treg pattern [30–32]. In pro-
phylactic settings on the contrary, Th1/Treg responses
are induced de novo from a pool of naı̈ve T cells, which
might therefore lead to an overestimation of vaccine
efficacy [33].

Fig. 2. Lung inflammation in house dust mite (HDM)-sensitized mice is associated with mite specific Th2-biased T cell and antibody responses

(a) Lung cells and splenocytes from HDM-sensitized were restimulated in vitro with 10 lg/mL purified rDer p 1, rDer p 2, nDer f 1, or nDer f 2

allergens for 72 h. IFN-c, IL-5, IL-10 and IL-13 cytokine levels were measured by CBA in culture supernatants. Results are expressed as mean

values ± SEM, with n = 6–8 mice per group. (d) Lung cells were recovered from tissues as described in Methods and cultured in vitro with 10 lg
of either Der p 5, Der p 7, or Der p 10 for 72 h. IL-5 levels were measured by CBA in culture supernatants. Results are expressed as mean val-

ues ± SEM, with n = 3–4 mice per group. (b, c, e) Blood was collected by cardiac puncture under terminal anaesthesia and seric antibody

responses were assessed by ELISA using HDM extracts or purified allergens-coated plates. Results are expressed as mean values ± SEM, with

n = 6–8 mice per group. Data are representative of three independent experiments. Background signals detected in non-sensitized animals from

the control group were included into the calculation of antibody titres, as described in Methods.
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Fig. 3. Sublingual immunotherapy (SLIT) with house dust mite extracts decreases airway hyperresponsiveness (AHR) in a dose-dependent manner

(a) After 8 weeks of SLIT with either phosphate-buffered saline (PBS), Dermatophagoides pteronyssinus (Dpte) (dose equivalent to 50 lg group 2

allergen), Dermatophagoides farinae (Dfar) (dose equivalent to 50 lg group 2 allergen) or Dpte/Dfar (dose equivalent to 25 lg group 2 allergen

from Dpte + 25 lg group 2 allergen from Dfar), mice were re-exposed to allergen extracts for two consecutive days. AHR to methacholine was

measured by whole body plethysmography 24 h after the last challenge and expressed as a Penh index. Results are shown for the 100 mg/mL

methacholine dose and expressed as mean values ± SEM, with n = 6–16 mice per group. *P < 0.05 in comparison to PBS-treated group. ns, Non-

statistically different from control mice. (b) Same as in (a), with SLIT performed with PBS or Dpte/Dfar 50–50% w/w mix vaccines containing

either 1, 10 or 50 lg total equivalent group 2 Dpte and Dfar allergen per dose. Data are representative of two independent experiments.

(a)

(c)

(b) (i)

(ii)

Fig. 4. Sublingual immunotherapy with Dermatophagoides pteronyssinus/Dermatophagoides farinae reduces lung inflammation and Th2 T cell

responses, while increasing IL-10 production (a) Differential cells counts were performed after May–Grünwald Giemsa staining of broncho-alveolar

lavages cytospins. Results are expressed as mean values ± SEM, with n = 4–9 mice per group. *P < 0.05 in comparison to phosphate-buffered sal-

ine (PBS)-treated group. (b) Lungs were collected from PBS (1) and 50 lg dose (2) -treated groups for histology studies of haematoxylin, eosin

and safran-stained, wax-embedded tissue sections. Data shown are representative of four mice evaluated in each group. (c) Lung cells were recov-

ered as described in Methods and restimulated in vitro with 10 lg purified group 1 and group 2 allergens for 72 h. IL-5 and IL-10 cytokine levels

were measured by CBA in culture supernatants. Results are expressed as mean values ± SEM, with n = 6–8 mice per group. *P < 0.05 in compari-

son to PBS-treated group. Data are representative of three independent experiments.
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Herein, we developed a chronic HDM allergy model
with the aim to evaluate sublingual therapeutic vaccine
candidates. BALB/c mice exposed to Dpte and Dfar
extracts developed lung inflammation, high AHR asso-
ciated with Th2 biased mite-specific T cell responses in
target organs and peripheral blood, as well as strong
seric IgE responses against both major and minor mite
allergens. Although airway remodelling was not investi-
gated in the present study, the chronic inflammation
phenotype induced was sustained for at least 8 weeks,
allowing the evaluation of therapeutic desensitization
protocols based on aqueous mite extracts. Hence, this
model allowed us to explore the efficacy of one-species
vs. mixed SLIT vaccines. We found that a Dpte/Dfar
50–50% w/w mix currently used to treat mite allergic

patients [34, 35] had a strong efficacy in our mouse
model. Clinical efficacy was accompanied by induction
of allergen-specific IgA at the site of administration.

Of note, the Dpte/Dfar mix proved more efficacious
than single extracts at hampering allergy symptoms
and dampening down HDM-specific Th2 responses
in Dpte-/Dfar-sensitized animals. Most investigations
regarding HDM-specific immunotherapy were carried
out in animals sensitized to either one of the most pre-
valent mite species, i.e. Dpte or Dfar [15, 16, 36–38].
However, epidemiology studies confirmed that a large
majority of HDM allergic subjects throughout the world
exhibit antibody responses against both Dpte and Dfar
allergens, suggesting that co-exposure to the two
species leads to co-sensitization [17, 18]. Our preclinical

Fig. 5. Dermatophagoides pteronyssinus (Dpte) and Dermatophagoides farinae (Dfar)-specific antibody levels in serum and saliva after sublingual

immunotherapy (a, b) Blood was collected by cardiac puncture under terminal anaesthesia from mice having received phosphate-buffered saline

(PBS) or Dpte/Dfar mixes, as well as from control group. Seric anti-Dpte and anti-Dfar IgG1, Ig2a and IgE responses were assessed in sera by

ELISA using plates coated with extracts as described in Methods. (c) Saliva was collected after induction with pilocarpine as described in Methods.

Anti-Dpte IgA responses were assessed by ELISA using plates coated with extracts as described in Methods. (a, b, c) Titres were defined as the

reverse of the last dilution for which the optical value was twofold higher to the one of control group. Results are expressed as mean val-

ues ± SEM, with n = 7–8 mice per group. A value of *P < 0.05 in comparison to PBS-treated group. Data are representative of three independent

experiments.
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model recapitulates those features since HDM-sensitized
mice develop antibody and T cell responses not only
against group 1 and group 2 major allergens originat-
ing from the two mite species, but also against minor
allergens [19]. The fact that the Dpte/Dfar mix proved
more efficacious than single extracts in such settings
suggests that despite a significant homology and cross-
reactivity, allergens from both Dpte and Dfar species
are required to reach maximum SLIT efficacy. Our
results are consistent with the observation in a recent
phase IIb/III clinical trial conducted in HDM-allergic
patients that SLIT with Dpte/Dfar sublingual tablets
induces a significant decrease in rhinitis symptoms after
1 year of treatment, with persisting benefit during a
second treatment-free year [39].

Importantly, our study also confirmed that successful
SLIT in animals sensitized to natural allergens is associ-
ated with local immunological changes. Indeed, in
agreement with our previous study [24], SLIT did not
translate into dramatic variations of mite specific IgE,
IgG1 or IgG2a titres in serum, likely due to the presence
of long-lived plasma cells [40]. With respect to specific
T cell responses, SLIT down-regulated Th2 responses
against mite allergens and induced, at least when using
high dose regimens, IL-10 producing T cells (possibly
Tr1 regulatory cells) as previously reported [23, 41, 42].
In agreement with previous preclinical SLIT studies

conducted in OVA, HDM or timothy grass allergic mice
[24, 28, 43], SLIT in the present model induced HDM-
specific mucosal IgA. IgA is thought to play a role in
tolerance induction [44, 45] and has been shown to
increase in serum during the course of SLIT in grass
pollen atopic patients [42].

Altogether, our model of HDM-sensitized mice
mirrors the sensitization profiles found in HDM allergic
patients. Thus, using the Dpte/Dfar mix vaccine as a
benchmark, we are currently evaluating in this model
second generation vaccines based on mite recombinant
allergens, combined to various delivery systems.
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