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Summary

Background Sublingual immunotherapy (SLIT) is a clinically effective treatment in both
pollen and house dust mite-induced rhinitis and asthma. However, the mechanisms by which
this is accomplished are not clear.
Objective The objective of the current study was to establish a mouse model of rhinitis in order
to study the effect and mechanisms of SLIT.
Methods Mice were sensitized by intraperitoneal injections of alum-adsorbed Phleum
pratense extract. Sensitized mice were SLIT-treated and subsequently challenged
intranasally and analysed for clinical symptoms, antibody levels, eosinophilia and T cell
response.
Results Intranasal challenge of sensitized mice led to the development of rhinitis
characterized by significantly increased sneezing and influx of eosinophils into the nose.
Levels of specific IgE were fivefold increased in nasopharyngeal lavage (NAL) fluid and
more than doubled in serum. Furthermore, a T-helper type 2 (Th2) like T cell response
was observed in local draining lymph nodes. SLIT treatment of sensitized mice reduced
sneezing, eosinophilia and IgE levels in the NAL by more than 50%. Moreover, serum levels of
IgE and IgG1 as well as T cell response in the draining lymph nodes were also significantly
reduced. Treatment for a shorter time or with a lower dose only led to minor reductions of the
clinical and immunological parameters, indicating that the effect of SLIT is time and dose
dependent.
Conclusion In the present study, we have established a mouse model displaying the hallmarks
of allergic rhinitis using a clinically relevant allergen. Using this model, we have
demonstrated that SLIT treatment is able to reduce allergic symptoms in a time- and dose-
dependent manner.
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Introduction

Over the past decades, there has been a significant
increase in both the incidence and prevalence of atopic
diseases in the western countries [1, 2]. Allergic rhinitis,
which is the most common of the atopic diseases, affect-
ing 15–20% of the population, is characterized by sneez-
ing, watery nasal discharge, nasal obstruction and itching
[1, 3]. The allergic reaction is triggered by allergen-
mediated cross-linking of specific IgE on the surface of
mast cells and basophils. This leads to the release of
histamine and other mediators, causing an acute allergic

reaction. The acute reaction is followed by a late-phase
reaction that peaks 6–24 h after exposure to the allergen
and is characterized by an influx of eosinophils, neutro-
phils and CD41 T-helper type 2 (Th2) cells producing IL-4,
IL-5 and IL-13 [4].

Specific immunotherapy is recognized as an effective
treatment of allergic rhinitis. Traditionally, specific im-
munotherapy has been conducted by repeated subcuta-
neous administrations of small amounts of specific
allergen to the sensitized subject [5]. Although this form
of treatment is an effective therapeutic option, over the
last 15 years there has been an increasing interest in

Clinical and Experimental Allergy, doi: 10.1111/j.1365-2222.2006.02624.x

�c 2006 ALK-Abelló A/S
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developing more convenient alternatives to subcutaneous
injections in order to improve safety and patient compli-
ance. These include the oral, nasal, bronchial and sub-
lingual route of administration. Especially, sublingual
immunotherapy (SLIT) has been the focus of many clinical
studies and has now been demonstrated to be a safe and
clinically effective treatment in both pollen and house
dust mite-induced rhinitis and asthma [6–8]. However, the
mechanism of action of SLIT remains largely unknown.
Among the immunological parameters investigated thus
far in relation to SLIT, serum levels of IgE and IgG4 are by
far the most frequent. Most studies demonstrate that the
levels of allergen-specific IgE are either increased or
remain unaffected by SLIT treatment, whereas the levels
of allergen-specific IgG4, which are thought to reflect a
modulation of the allergic Th2-response, are increased in
patients actively treated with SLIT [9–11]. It has also been
demonstrated that SLIT leads to a decrease in eosinophils
and eosinophil cationic protein in the nasal lavage fluid
[12, 13], indicating that the local inflammation in SLIT-
treated patients is reduced. Only a few results regarding
the effect of SLIT on the T cell response exist, and these
suggest that SLIT may work by modulating the Th2-biased
allergic immune response [14–16].

Mouse models are a valuable supplement to clinical and
in vitro studies when investigating the mechanisms of
allergic airway diseases. Moreover, such models may
provide useful information concerning the effect and
mechanisms of the current treatment of rhinitis, which is
vital for the generation of new and more effective treat-
ments of allergic rhinitis and asthma. Over the years,
many different protocols have been applied to induce
experimental allergic airway hyper-responsivenes (AHR)
in mice. The most frequently used regimens consist of
systemic sensitization, followed by challenge of the air-
ways by either intranasal (i.n.) administration or by
inhalation of aerosolized antigen. Depending on the
challenge procedure, this leads to models displaying
characteristics of either human rhinitis or asthma [17, 18].
Such mouse models have unveiled important mechanisms
of allergic airway inflammation such as the link between
IL-5 and the recruitment of eosinophils into the airways
as well as the central role of IL-13 in allergic airway
inflammation [19, 20].

In the present study, we have developed a murine model
of rhinitis, in which the mice react towards the timothy
grass allergen Phleum pratense (Phl p). This model pre-
sents many of the clinical and immunological features
associated with human allergic rhinitis, including sneez-
ing, increased AHR, an influx of eosinophils as well as
elevated levels of IL-5 and antigen-specific IgE both
locally and systemically. Using this model, we have
studied the effect of SLIT and demonstrated that SLIT
treatment is able to reduce allergic symptoms in a time-
and dose-dependent manner.

Materials and methods

Animals

Female, 6–10-week-old Balb/cJ mice were bred in-house
and maintained on a defined diet, not containing compo-
nents cross-reacting with antisera to Phl p extract. The
mice were housed in a specific pathogen-free environ-
ment under a 12-h light, 12-h dark cycle. All experiments
described in this report were conducted in accordance
with Danish legislation.

Induction of rhinitis

Mice were sensitized by three intraperitoneal (i.p.) injec-
tions of alum-adsorbed Phl p extract (ALK-Abelló, Hoer-
sholm, Denmark) at days 1, 14 and 21. Each injection
contained 5000 SQ units of Phl p extract, corresponding to
approximately 1 mg of the major allergen Phl p 5. This was
followed by daily i.n. challenge of 5 mL Phl p extract
(100–500 SQ/mL) in each nostril (corresponding to a total
dose of 1000–5000 SQ) for 1 or 2 weeks. At the end of the
challenge period, the mice were analysed for clinical
parameters. Subsequently, the mice were killed and blood,
bronchoalveolar lavage (BAL) fluid, nasopharyngeal la-
vage (NAL) fluid, spleen and cervical lymph nodes were
collected for analysis. The distribution of intranasally
applied solutions was investigated by applying 5 mL of a
0.5% Evans Blue solution into each nostril. The mice were
killed 5 min after the i.n. administration and the distribu-
tion of the dye in nasal tissue, trachea, lungs and muscle
(negative control) was evaluated by visual inspection as
well as by extraction of tissue in an acetone/0.5% Na2SO4

solution, followed by measurement of absorption at
620 nm.

Sublingual immunotherapy treatment

The effect of SLIT was assessed by daily sublingual
treatment with either Phl p-extract or buffer after sensiti-
zation and before i.n. challenge. SLIT was performed by
holding the scruff of the mice and carefully applying 5 mL
of allergen solution under the tongue. The mice were held
by the scruff for an additional 20 s to prevent the animal
from swallowing the allergen solution. The mice were
SLIT-treated with a daily dose of 25–125 kSQ, five days a
week for 6–9 weeks, as indicated in the Results section.
The distribution of sublingually applied solutions was
investigated using a 0.5% Evans Blue solution. The mice
were killed 5 min after the administration and the dis-
tribution of the dye in sublingual tissue, eosophagus,
stomach and muscle (negative control) was evaluated by
visual inspection as well as by extraction of tissue in an
acetone/0.5% Na2SO4 solution, followed by measurement
of absorption at 620 nm.
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Measurement of clinical parameters

Sneezes were counted manually in a blinded manner in
the 10-min period following i.n. challenge with Phl p
extract as described by Saito et al. [21]. AHR was mea-
sured in vivo 24 h after the last i.n. challenge using whole-
body plethysmography (EMKA Technologies, Paris, France)
by challenging the mice with increasing amounts of
aerosolized methacholine (0–25 mg/mL). The mice were
challenged with metacholine for 2 min, followed by 6 min
of data recording.

Immunohistochemistry

Lungs were removed and fixed in 10% formalin in phos-
phate-buffered saline (PBS) overnight at 4 1C. Following
this, the tissue was embedded in paraffin; sections were cut,
stained with haematoxylin and eosin and evaluated by light
microscopy. Detection of eosinophils in BAL and NAL fluid
was performed by spinning down the cells of BAL and NAL
and re-suspending them in PBS containing 1% BSA. Cytos-
pins were prepared using 100mL cell suspensions, corre-
sponding to 1�105 cells per slide. The slides were air dried
and stained with May–Grünwald Giemsa stain. For each
slide, 200 cells were counted and differentiated and results
were expressed as numbers of eosinophils per 200 cells.

Measurement of eosinophil peroxidase in bronchoalveolar
lavage and nasopharyngeal lavage fluid

The presence of eosinophils in BAL and NAL fluid was also
measured by detection of eosinophil peroxidase (EPO) by
the method of Strath et al. [22]. In brief, the BAL and NAL
fluids were spun down and the cell pellets were dissolved
in Tris-HCl containing 0.1% Triton X-100 (Sigma,
St Louis, MO, USA). Cell debris was centrifuged down and
the supernatants were analysed in a 96-well microtitre
plate by adding ortho-phenyl diamine and hydrogen
peroxide (Sigma). After incubation for 30 min in the dark,
the plates were read at 492 nm.

Measurement of specific antibodies

Allergen-specific IgG1 and IgG2a antibodies were mea-
sured in an indirect ELISA assay. NUNC maxisorp plates
(Nunc, Roskilde, Denmark) were coated with Phl p extract
(10 mg/mL in PBS, pH 7.2). After addition of diluted sera,
the antibodies were detected with biotinylated goat anti-
mouse IgG1 or biotinylated rat anti-mouse IgG2a anti-
bodies (Southern Biotechnology, Birmingham, AL, USA
and BD Biosciences, San Diego, CA, USA, respectively).
Streptavidin-peroxidase (DAKO, Copenhagen, Denmark)
was added and the plates were developed with TMB one
(3,30, 5,50 tetramethylbenzidine) (Kem-En-Tec, Copenha-
gen, Denmark). Absorbencies were read at 450 nm.

Allergen-specific IgE and IgA antibodies were mea-
sured in a Magic Lite assay. Briefly, serum, BAL or NAL
fluid was diluted in wash buffer (0.06% gelatine and 0.1%
Triton X in PBS, pH 6.65) and incubated with magnetic
particles coupled to goat anti-mouse IgA or rat anti-
mouse IgE (Indicia Biotechnology, Oullins, France). After
washing, allergen-specific antibodies were detected by
biotinylated Phl p extract and streptavidin conjugated to
acridinium ester. Visualization was carried out in a
luminometer with automated injection of peroxide and
hydrochloric acid. The technical characteristics of the
assay are described elsewhere [23].

In some instances, the levels of Phl p-specific serum
IgG1, IgG2a, IgE and IgA were measured on the ADVIA
Centaur platform (Bayer Diagnostics, Tarrytown, NY, USA).
Briefly, goat anti-mouse Ig (Southern Biotechnology)
covalently coupled to paramagnetic particles was used to
capture the different serum Ig-isotypes. Bound solid-
phase Ig’s were allowed to react with liquid-phase purified
biotinylated major allergens that were detected as chemi-
luminescence using acridiniumester-labelled streptavidin.

T cell proliferation and cytokine production

Spleens or cervical lymph nodes were teased into a single-
cell suspension and washed three times in RPMI-1640
(Bio Whittaker, Laden, Belgium). Cells were counted and
adjusted to 1.67�106 cells/mL in RPMI-1640 containing
50 mg/mL gentamycin (Gibco, Carlsbad, CA, USA), 1%
Nutridoma (Roche, Basel, Switzerland) and 1.5 mM mono-
thioglycerol (Sigma). 3�105 cells were added to each well
of a 96-well flat-bottomed culture plate (Nunc) and the
cells were stimulated by Phl p extract (0, 5 and 40 mg/mL).
The cells were cultured for 6 days at 37 1C and 5% CO2.
Proliferation was measured by adding 0.5 mCi of 3H-
thymidine to each well for the last 18 h of the culture
period, followed by harvesting the cells on a Tomtec 96-
well plate harvester (Tomtec, Hamden, CT, USA) and count-
ing the incorporated radiolabel using a Wallac Microbeta
1450 Liquid scintillation counter (Wallac, Wellesley, USA).

For measurements of cytokine levels, the cells were
adjusted to 3�106 cells/mL and 900 mL cell suspensions
were added to each well of a 24-well microtitre plate
(Nunc) together with 100 mL medium or Phl p extract
(40 mg/mL). Supernatants were harvested at day 5 and
analysed for the presence of cytokines using a cytometric
bead assay kit (BD Biosciences) according to the manu-
facturer’s instructions.

Results

Establishment of rhinitis model

In order to be able to investigate the effect of SLIT on the
course of rhinitis, a murine model of rhinitis had to be
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Journal compilation �c 2006 Blackwell Publishing Ltd, Clinical and Experimental Allergy

SLIT in a murine model of rhinitis 3



established first. To this end, mice were sensitized by three
i.p. injections of alum-adsorbed Phl p extract, followed by
an i.n. challenge with buffer or different doses of Phl p
extract (see Fig. 1 for experimental outline). Initial time-
and dose-finding studies demonstrated that i.n. challenge
with 5000 SQ Phl p extract was the most effective for the
induction of rhinitis. Therefore, the mice have been
intranasally challenged in this way throughout the study.
The distribution of the intranasally administered solutions
was investigated by applying 5 mL Evans Blue dye solution
intranasally. The applied dye could only be found in the
nasal cavity and no traces of the dye were detected in the
lower airways (data not shown).

Figures 2a and b show that mice sensitized and
challenged as described above displayed clear clinical
symptoms of rhinitis, as the number of sneezes was
increased two- to threefold compared with mice chal-
lenged with buffer. In addition, AHR was increased more
than four times when challenged with the highest dose of
metacholine. It can also be seen in Fig. 2 that i.n.
challenge with buffer led to a low level of ‘background-
sneezing’, indicating that i.n. instillation of a liquid per se
leads to sneezes of a mechanical, non-allergic nature. This
background sneezing was also observed when non-sensi-
tized mice received buffer intranasally (data not shown).

Analysis of the NAL fluid showed a significant in-
creased influx of eosinophils (Fig. 2c) as well as a fourfold
increase in the levels of Phl p-specific IgE (Fig. 2d) – both
markers of an allergic inflammation. In addition to the
increased levels of eosinophils in the NAL, mice-chal-
lenged intranasally with Phl p extract also displayed
inflamed nasal tissue, characterized by an influx of mono-
nuclear cells into nasal mucosa (data not shown). In the
BAL fluid, a non-significant trend towards increased
influx of eosinophils and a significant increase in the
levels of Phl p-specific IgE was observed. Together with
the increased AHR mentioned above, this suggests invol-
vement of the lungs. However, histological data did not

show any inflammation of the lungs, indicating that the
allergic inflammation was primarily localized to the upper
airways (data not shown).

In line with the results of NAL and BAL fluids, we
observed a twofold increase in the levels of Phl p-specific
IgE in the serum of intranasally challenged mice. In
addition to IgE, the serum levels of IgG1 (which is also
regarded as a marker of a Th2 type of response) and IgG2a
were both increased twofold (data not shown).

The T cell response to the i.n. challenge was assessed by
measuring the allergen-specific ex vivo proliferation and
cytokine production of cells from the spleen and local
draining cervical lymph nodes (LN) from sensitized and
i.n.-challenged mice. As can be seen in Fig. 2e, the
proliferation of spleen cells from sensitized mice, which
were intranasally challenged with Phl p extract, did not
differ from mice challenged with buffer. However, as can
be seen in Fig. 2f, the levels of both IL-4 and IL-5 were
significantly increased in spleen cell cultures from mice
challenged with Phl p extract, indicating that a systemic
Th2-like response is present. In contrast to the systemic
T cell response, cells from the local draining lymph node
of Phl p-challenged mice displayed a five times increased
proliferation compared with buffer-challenged mice upon
in vitro challenge with Phl p extract (Fig. 2g). Moreover,
the levels of IL-4 in the LN cell cultures were more than
twofold increased and the levels of IL-5 were increased
more than threefold, whereas the levels of IFN-g and IL-10
were not affected, indicating a strong local Th2-like
response (Fig. 2h).

Taken together, these results show that we have estab-
lished a murine model of rhinitis displaying the classic
signs of the disease, such as increased sneezing, increased
influx of eosinophils and inflammation in the nasal
mucosa as well as increased levels of IgE.

Effect of sublingual immunotherapy treatment on the
course of experimental rhinitis

Having established the mouse model of rhinitis, we
applied this model to study the effect of SLIT on the course
of rhinitis. To make sure that the sublingually adminis-
tered solutions were not swallowed immediately, the mice
were held in the scruff for 20 s. Using Evans Blue as a
tracer dye, we demonstrated that dye was present in the
stomach to an equal extent in mice that were allowed to
swallow the allergen solution immediately and in mice
that were held in the scruff for 20 s. In addition, we have
previously demonstrated that there was a greatly dimin-
ished effect of the SLIT treatment in mice that were
allowed to swallow the allergen solution immediately,
indicating that contact with the sublingual mucosa is
necessary for the effect of SLIT (data not shown).

As outlined in Fig. 1b, the effects of SLIT were investi-
gated by treatment with either Phl p extract (active

IP sensitize  IN challenge Clinical symptoms, sacrifice 

Day 1 Day 14 Day 21 2 weeks

 IP sensitize SLIT treatment IN challenge Clinical symptoms, sacrifice

Day1 Day 14 Day 21 6–9 weeks 2 weeks 

(a)

(b)

Fig. 1. Outline of the experimental design. (a) Rhinitis was induced by
three intranasal (i.n.) injections of 5000 SQ Phl p extract adsorbed to
alum at days 1, 14 and 21, followed by 2 weeks of daily i.n. challenges
with 5000 SQ Phl p extract per mouse. Clinical symptoms were recorded
immediately after the last i.n. challenge and 24 h later the mice were
killed for collection of serum, nasopharyngeal lavage, bronchoalveolar
lavage and tissues (b) Treatment of rhinitis by sublingual immunother-
apy (SLIT) was performed by sublingual administration of Phl p extract
(5 mL containing 25–125 kSQ) for 6–9 weeks. The mice were SLIT treated
after sensitization and before i.n. challenge.
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Journal compilation �c 2006 Blackwell Publishing Ltd, Clinical and Experimental Allergy

4 J. Brimnes et al



treatment) or with buffer (placebo treatment). Both ac-
tively treated and placebo-treated mice were subsequently
intranasally challenged with Phl p extract. As can be seen
in Fig. 3, SLIT treatment of sensitized mice with 125 kSQ

Phl p extract for 9 weeks led to a significant reduction of
the clinical signs of rhinitis. Panel A shows that post-
challenge sneezes were reduced by more than 50% and
panel B shows that also AHR upon metacholine challenge
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Fig. 2. Establishment of rhinitis. The response of sensitized mice to intranasal (i.n.) challenge with 5000 SQ Phl p extract (filled squares, open columns)
or buffer (filled triangles, filled columns). (a) Number of sneezes recorded in a 10-min period immediately following i.n. challenge. (b) Airway hyper-
responsiveness (AHR) upon metacholine challenge measured by whole-body plethysmography and expressed as enhanced pause (Penh) values. Each dot
represents the mean value of the group (n = 5) and error bars indicate SEM. (c) Number of eosinophils per 200 cells in nasopharyngeal lavage (NAL) after
i.n. challenge. (d) Levels of Phl p-specific IgE in NAL after i.n. challenge measured using the Magic Lite assay. (e) Ex vivo proliferation of spleen cells
re-stimulated with Phl p extract. (f) Ex vivo cytokine production of spleen cells re-stimulated with Phl p extract. (g) Ex vivo proliferation of cLN cells
re-stimulated with Phl p extract. (h) Ex vivo cytokine production of cLN cells re-stimulated with Phl p extract. Each dot in (a), (c) and (d) represents an
individual mouse and lines indicate group medians. Each column in (e)–(h) represents the mean value of the group (n = 6), and error bars indicate
standard error of mean.
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was significantly decreased in Phl p SLIT-treated mice.
Moreover, as can be seen in Figs. 3c and d, the levels of
eosinophils and IgE in the NAL fluid were significantly
reduced in mice that were SLIT treated with Phl p extract.
Taken together, this demonstrates that SLIT treatment
leads to a clear reduction of the local allergic inflammation.

The reduced levels of IgE observed locally in NAL were
also reflected systemically in serum. The levels of both IgE
and IgG1, which are both regarded as markers of a Th2-
like response, were reduced by 50% in Phl p SLIT-treated
mice. In contrast, IgG2a, which is associated with a Th1-
like response, was not affected by the treatment (data not
shown).

Finally, in order to investigate the effect of SLIT
treatment on the allergen-specific T cell response, the
reactivity of spleen and cervical LN cells upon ex vivo
re-stimulation with Phl p extract was examined. As can be
seen in Fig. 3e, there was a trend towards a down-
regulation of the Phl p-specific proliferation of spleen
cells, although this was not statistically significant. In
contrast, the proliferative response towards Phl p extract
of cervical LN cells was significantly reduced in mice that
were actively SLIT-treated compared with buffer-treated
ones (Fig. 3g). The difference between cells from the
spleen and LNs was also reflected in the cytokine profile
as the levels of IL-4, IL-5 and IL-10 were down-regulated
in cultures of cervical LN cells, whereas this was not the
case in the spleen (Figs. 3f and h).

The effect of sublingual immunotherapy treatment is time
and dose dependent

In order to investigate the dependency of the duration of
the SLIT treatment, sensitized mice were SLIT treated with
the same dose as above (125 kSQ) for 6 weeks instead of
9 weeks. In contrast to 9 weeks of treatment, 6 weeks of
treatment did not lead to a reduction of the clinical signs
of experimental rhinitis. Although a trend towards a
reduction of sneezes and AHR could be observed, this
was not significant and the levels of eosinophils in the
NAL fluid were not significantly affected by the SLIT
treatment (Fig. 4a). However, contrary to the lack of effect
on the clinical parameters, the levels of IgE in both NAL
fluid and serum were significantly reduced in actively
SLIT-treated mice (Figs. 4b and c), indicating that
although 6 weeks of treatment did not have a statistically
significant effect on the clinical parameters, it did have
some effect on the immune system. SLIT treatment with
125 kSQ Phl p extract for 6 weeks did not affect the
allergen-specific ex vivo T cell response. This was true for
both the systemic T cell response in the spleen and the
local T cell response in the cervical LN, although a trend
towards a down-regulated response could be observed in
the latter (data not shown). Finally, the dose dependency
of SLIT treatment was investigated by lowering the dose

five times, i.e. SLIT treating the mice for 6 weeks with
25 kSQ. This did not have any impact on the course of
experimental rhinitis in our mouse model as neither the
clinical nor the immunological parameters were modified
compared with buffer-treated mice.

Taken together, the above data indicate that the effect of
SLIT treatment is both dose and time dependent.

Discussion

In the present study, we have established a murine model
of rhinitis, which, in terms of immunological and clinical
parameters, is reminiscent of the symptoms associated
with allergic rhinitis in humans. In line with previously
published work [17, 21, 24], the protocol applied in the
present study consisted of a sensitization phase in which
the mice received i.p. injections of the allergen adsorbed
to alum, followed by i.n. administration of the allergen.
Our results show that this leads to clear clinical and
immunological signs of allergic airway disease. In con-
trast to the majority of mouse models of allergic airway
disease in which ovalbumin serves as the target allergen,
Timothy grass (P. pratense) was chosen as the target
allergen in the present model. We believe that this makes
the current model more clinically relevant as the Phl p
grass-pollen extract more closely resembles a naturally
occurring, complex allergen source than e.g. ovalbumin,
especially when studying the aetiology and treatment of
inhalation allergies. The importance of using naturally
occurring grass-pollen allergen extract for model devel-
opment is underscored by the fact that 8–35% of young
adults are sensitized towards grass-pollen allergens [25].

Whereas it has been demonstrated in several different
mouse models that inhalation of aerosolized allergen
leads to inflammation in both the upper and lower airways
[17], it has been a matter of debate whether i.n. adminis-
tration of allergen leads to inflammation in the upper
airways only or whether this also causes inflammation in
the lower airways. It has been demonstrated that when the
mice were heavily anaesthetized, up to 30% of the aller-
gen solution can be found in the lower airways where it
causes inflammation [26]. Other studies, however, have
shown that although the intranasally administered aller-
gen does not leave the upper airways, the mice do develop
inflammation in the lower airways [24, 27]. In the present
study, in order to avoid the direct contact of allergen with
the lower airways during i.n. challenge, only a small
volume (5 mL compared with 20–30 mL in most other
studies) of the allergen extract was instilled into each
nostril of slightly anaesthetized mice. Although experi-
ments using Evans Blue showed no distribution of the dye
to the lungs, we observed some response in the lower
airways characterized by increased levels of eosinophils
and specific IgE in the BAL fluid. However, as we did not
observe any histological signs of inflammation, the
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Fig. 3. Sublingual immunotherapy (SLIT) treatment. The effect of 125 kSQ Phl p SLIT treatment for 9 weeks. Sensitized mice were SLIT treated with
125 kSQ Phl p extract (open circles, grey columns) or placebo treated with buffer (open triangles, hatched columns) for 9 weeks before intranasal (i.n.)
challenge. (a) Number of sneezes recorded in a 10-min period immediately following i.n. challenge. (b) Airway hyper-responsiveness (AHR) upon
metacholine challenge measured by whole-body plethysmography and expressed as enhanced pause (Penh) values. Each dot represents the mean value
of the group (n = 8), and error bars indicate SEM. (c) Level of eosinophils in nasopharyngeal lavage (NAL) after i.n. challenge measured by eosinophil
peroxidase ELISA. (d) Levels of Phl p-specific IgE in NAL after i.n. challenge, measured using the Magic Lite assay. (e) Ex vivo proliferation of spleen cells
re-stimulated with Phl p extract. (f ) Ex vivo cytokine production of spleen cells re-stimulated with Phl p extract. (g): Ex vivo proliferation of cLN cells
re-stimulated with Phl p extract. (h) Ex vivo cytokine production of cLN cells re-stimulated with Phl p extract. Each dot in (a), (c) and (d) represents an
individual mouse and lines indicate group medians. Each column in (e)–(h) represents the mean value of the group (n = 6) and error bars indicate
standard error of mean.

�c 2006 ALK-Abelló A/S
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involvement of the lower airways was considered limited.
Taken together, these data suggest that inflammation of
the upper airways may not be present without a low grade
inflammation in the lower airways. This is in line with the
notion that allergic rhinitis and asthma may be a part of a
systemic disease complex with a common aetiology, albeit
with different clinical manifestations, which is also
known as the united airways hypothesis [24, 28].

Parallel to the increased antibody response, i.n. chal-
lenge led to an increase of the allergen-specific T cell
response beyond the level induced by the systemic sensi-
tization. This was most pronounced in the draining LNs,
where both the increased proliferation and the increased
levels of IL-4 and IL-5 indicate an activation of Th2-like
cells in the local tissue following challenge. In spleen cell
cultures, the i.n. challenge only led to an increased
production of IL-4 and IL-5, indicating that the systemic
effect of the i.n. challenge was less pronounced than the
effect observed in the draining LNs. The increased Th2-
like T cell response observed in the present study is in line
with the limited data existing on the role of T cells in the
pathogenesis of allergic rhinitis showing an increase in
the numbers and recruitment of CD41 Th2 cells [21, 29].
Furthermore, the importance of CD41 Th2 cells in the
pathogenesis of allergic airway disease has been high-
lighted in several asthma models [30].

In the present study, we have demonstrated that SLIT
treatment is able to reduce allergic symptoms in the
above-described mouse model of rhinitis. To our knowl-
edge, this is the first time that the effect of SLIT has been
studied in an animal model of rhinitis, making compar-
ison with similar studies difficult. However, our results are
in line with what has been observed in humans, as SLIT
treatment has been demonstrated to reduce efficiently
both symptom score and medication requirements in
rhinitis patients [6]. Furthermore, the fact that SLIT treat-
ment in the present rhinitis model is able to reduce the
allergic symptoms both in the upper (sneezes) and in the
lower (AHR) airways is in accordance with evidence for a
preventive effect of subcutaneous immunotherapy on the
development of asthma [31] and it is conceivable that a
similar effect can be obtained by SLIT.

That the effect of SLIT is indeed obtained through
exposure of the grass pollen extract to the oral/sublingual
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Fig. 4. Sublingual immunotherapy (SLIT) treatment. The effect of
125 kSQ Phl p SLIT treatment for 6 weeks. Sensitized mice were SLIT
treated with 125 kSQ Phl p extract (open circles) or placebo treated with
buffer (open triangles) for 6 weeks before intranasal (i.n.) challenge. (a)
Number of sneezes recorded in a 10-min period immediately following
i.n. challenge. (b) Levels of Phl p-specific IgE in nasopharyngeal lavage
(NAL) after i.n. challenge, measured using the Magic Lite assay. (c) Levels
of Phl p-specific IgE in serum after i.n. challenge, measured using the
Magic Lite assay. Each dot represents an individual mouse, and lines
indicate group medians.
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mucosa rather than by contact with the intestinal mucosa
(traditional oral tolerance) is strongly supported by the
fact that the effect of SLIT was greatly diminished in mice
that were allowed to swallow the allergen solution im-
mediately.

Regarding our understanding of the underlying immu-
nological mechanisms of SLIT treatment, it is now well
established that SLIT treatment leads to a systemic in-
crease of allergen-specific IgG4, whereas systemic, aller-
gen-specific IgE is either increased or not affected [9–11,
32]. Furthermore, in humans, SLIT treatment reduces the
influx of eosinophils into the eyes and nose upon allergen
challenge. Most of these results could be reproduced in the
present murine model of rhinitis, but in contrast to the
human studies, we observed that SLIT treatment of aller-
gen-sensitized mice reduced the level of allergen-specific
IgE both locally and systemically. This is consistent with
the results from other animal models showing that i.n.
[33], sublingual [34] and oral [35] administration is able to
down-regulate specific IgE.

In the present study, we show that SLIT treatment
down-regulates the allergen-specific Th2-like response of
T cells from the local draining cervical LNs. Although, a
tendency towards a down-regulation of the systemic T cell
response in the spleen was observed, this was not sig-
nificant, indicating that the effect on the T cell response
may predominantly be local. In line with this, a previously
published study showed that cervical LNs possess an
intrinsic capacity to mediate immunological tolerance
[36]. This tolerance was associated with the generation of
regulatory T cells in the draining LNs [37]. In the present
work, both IFN-g and IL-10 were down-regulated in
addition to IL-4 and IL-5, suggesting that neither a
regulatory nor a Th1 response is induced by the SLIT
treatment. The down-regulation of Th2-, Th1- and
T-regulatory cytokines suggests that deletion of allergen
specificity may be the mechanism by which the effect of
SLIT is mediated in this model of rhinitis. However,
identification of the mechanisms underlying the effect of
SLIT needs extensive further research.

Our results show that the effect of SLIT is both time and
dose dependent. Treatment with 125 kSQ for 9 weeks was
able to ameliorate both clinical symptoms, eosinophilia,
allergen-specific IgE as well as the local T cell response.
A shorter treatment period still had an effect on the levels of
IgE, whereas there was no effect on the clinical symptoms.
The fact that the levels of specific IgE were reduced
without effect on the clinical symptoms questions a direct
connection between these two parameters. Interestingly,
the lack of correlation between clinical symptoms and
levels of IgE is also observed in humans, as SLIT treatment
of allergic patients leads to an increase in the levels of
specific IgE, while the clinical symptoms are reduced [32].
Further lowering the SLIT dose led to a complete neutra-
lization of the effect of the treatment. Such time and dose

dependency has also been observed in humans. In a large,
tablet-based SLIT study, it was shown that 8 weeks or
more of pre-seasonal treatment were significantly more
effective than 6 weeks, with respect to reduction of
symptom score and medication requirements [32]. More-
over, this study demonstrated that the highest dose was
the most effective one.

In conclusion, in the present study, we have demon-
strated that it is possible to establish a murine model of
rhinitis in which the mice recognize the clinically relevant
allergen Phl p, and that displays the hallmarks of human
allergic rhinitis. Using this model, we have demonstrated
that SLIT treatment leads to the reduction of both the
clinical and immunological signs of rhinitis in a time- and
dose-dependent manner.
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