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Summary
Background Allergen-induced sensitization and airway disease are the results of adverse immune

reactions against environmental antigens that may be prevented or inhibited by immune modifying

strategies.

Objective To investigate the effects of the novel immune response modifier resiquimod (R-848),

from the family of imidazol-derivates, in a murine model of allergen-mediated Th2-immune

responses and concomitant airway inflammation and airway hyper-reactivity.

Methods BALB/c mice were systemically sensitized with ovalbumin (OVA) on days 1 and 14 and

challenged with OVA aerosol on days 28 and 29. R-848 was applied intranasally to sensitized

animals once prior to the first allergen airway challenge, on day 27.

Results A single application of R-848 significantly reduced numbers of eosinophils and lympho-

cytes in bronchoalveolar lavage fluid and inhibited mucus gland hyperplasia, compared with sen-

sitized and challenged controls. Associated with the decrease in airway inflammation, single intranasal

treatment with R-848 abolished the development of airway hyper-reactivity after allergen sensitization

and airway challenges. Additionally, Th2-cytokine production in lung tissues from sensitized and

R-848-treated animals was reduced, whereas IL-12 and IFN-g production was increased, compared

with non-treated sensitized mice.

Conclusion These data indicate that R-848 effectively inhibits allergen-induced airway inflam-

mation and hyper-reactivity by modulation of increased Th2-immune responses.
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mice, ovalbumin
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Introduction

A key feature of many immunological disorders is the
expression of a distinct cytokine pattern by T helper (Th)
cells. Allergic diseases, like bronchial asthma, have been
found to be associated with a humoral (Th2-type) immune
response after sensitization with environmental antigens, such
as pollen [1–3]. This observation has been supported by
numerous studies showing increased production of Th2-
cytokines, or Th2-cytokine mRNA in tissues with allergic
inflammation [4, 5]. Thus, counterbalancing this excess of
Th2-cytokine production by supporting Th1 skewing of
T lymphocytes seems to be an appropriate means to treat
or prevent the development of allergen-mediated diseases.
Different strategies have been employed using various agents
to directly enhance Th1 skewing. Application of microbial
products, such as bacterial lipopolysaccharide (LPS) [6] or

microbial DNA containing immune stimulatory CpG oligo-
nucleotide motifs [7, 8], to sensitized animals resulted in
increased production of IL-12 by dendritic cells (DC) and
IFN-g by T cells [9, 10]. However, promising data derived
from animal studies directly applying Th1 cytokines [11, 12]
proved less effective or even toxic in human studies [13, 14].
Recently, a new group of low-weight immune response

modifiers has emerged, which, similarly to the above-
mentioned bacterial products, bind to cell receptors of the
innate immune system, the Toll-like receptors (TLR), and
induce increased Th1-cytokine production [15]. From the
family of imidazoquinolines, imiquimod has been shown to
be effective in the treatment of viral infections and neoplastic
diseases by enhancing Th1-immune responses [16]. Much of
this biological activity has been attributed to the capacity of
these compounds to induce significant production of IFNs
[17] that are increased in animals and human individuals after
topical or systemical treatment with imiquimod [18, 19].
Increased levels of IFN subsequently induce the production
of other cytokines [20, 21], such as IL-1, IL-6 and IL-8. Main
cellular target of imidazoquinolines are macrophages and DC
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[22], but other cells that are involved in the allergic immune
reaction, such as B cells, may also be influenced by the
compound [23, 24].
In the current study, we used a new member of the

imidazoquinoline family, the imiquimod derivative R-848, to
investigate its effects in a murine model of allergen-induced
sensitization and airway inflammation. In comparison to
imiquimod, R-848 was substituted on the imidazol ring by an
ethoxymethyl rest. Additionally, a hydroxy group was added
to the methylpropyl of the imidazol molecule. This new
molecule exerts enhanced immune stimulatory properties as
compared to imiquimod, reflected by a 1000 time stronger
antiviral and cytokine inducing capacity [25].
Here, we show for the first time that a single application of

R-848 to the airways of sensitized animals prior to airway
allergen challenges resulted in the near-complete inhibition of
airway inflammation and development of in vivo airway
hyper-responsiveness (AHR), in association with a shift of the
local immune response towards a predominant Th1-cytokine
production.

Methods

Animals

All experiments were approved by the animal research ethical
institution (LAGetSi, Germany). Female BALB/c mice, 20–
23 g (BgVV, Berlin, Germany) arrived pathogen free and were
maintained under controlled conditions.

Sensitization and treatment

Animals were systemically sensitized by intraperitoneal injec-
tion of 20mg ovalbumin (OVA) (Sigma Aldrich, Steinheim,
Germany, OVA grade VI) emulsified in 2mg ALOH3 on days
1 and 14. Negative controls were sham sensitized with
phosphate buffered saline (PBS) following the same protocol.
All animals were challenged via the airways with aerosolized
OVA (1% in PBS) or PBS (negative controls: PBS–PBS) for
20min, on days 28 and 29, as previously described [26]. Sensi-
tized animals that were sham challenged with PBS did not show
any sign of airway inflammation or mucus gland hyper-
plasia and had similar lung function compared to sham-sensi-
tized, sham-challenged mice (data not shown). Additionally,
some mice from the treatment groups received a single
intranasal application of resiquimod, R-848 (4-amino-2-
ethoxymethyl-a,a-dimethyl-1H-imidazo-(4, 5-c) quinoline-1-
ethanol, kindly provided by 3M Medica, Neuss, Germany),
at doses of 25, 250 or 500mg (OVA–R-848), 24 h before the
first allergen airway challenge (day 27). Positive controls were
sensitized animals receiving PBS intranasally (i.n.) sham
treatment prior to OVA airway challenges (OVA–PBS). All
animals were killed and lavaged 24h after the last airway
challenge as previously described [26]. For quantitative mRNA
studies, sensitized mice were challenged once i.n. with 50mg
OVA in 50mL of PBS (day 28) and analysed 6h later.

Cell culture

Spleen mononuclear cells (MNC) from OVA-sensitized mice
were plated in 96-well round-bottom plates at 1 � 106 cells/

well and pre-incubated with R-848 for 4 h, before addition of
OVA (grade V, 25 and 100mg/mL), or PBS. Lung MNC were
extracted by lung digestion as previously described [27].
Briefly, lungs were perfused via the right ventricle using PBS.
Lungs were then removed and cut into 300mm pieces. Four
millilitres of RPMI containing 175U/mL collagenase (type
Ia, Sigma Aldrich), 10% fetal calf serum (FCS), 100U/mL
penicillin and 100mg/mL streptomycin were added to the
minced lungs and incubated for 60min in an orbital shaker at
37 1C. The digested lungs were filtered through 15mm filters.
Obtained cells were resuspended, counted and plated to 96
well plates and stimulated for 24 h with phorbol-12-myristat-
13-actetat and ionomycin (PI). After allergen stimulation,
cell-free supernatant was harvested at 48 h (for IFN-g and
IL-12), or at 96 h (for IL-4 and IL-5). Following mitogen
stimulation, supernatant was harvested after 24 h.

Determination of cytokines from bronchoalveolar lavage
fluid (BALF) and culture supernatants

Cytokine levels were determined by ELISA (Pharmingen,
Hamburg, Germany), as previously described [6]. Detection
levels were 10 pg/mL for IL-4, 7 pg/mL for IL-5, 15 pg/mL for
IFN-g and 8pg/mL for IL-12.

Histochemistry

Lung tissue was fixed in 4% formalin, dehydrated, mounted
in paraffin, sectioned, and stained with periodic acid-Schiff
(PAS) reaction using a standard protocol.

Determination of in vivo airway reactivity

Allergic rhinitis (AR) was determined in non-anaesthesized,
conscious mice by barometric whole-body plethysmography
(Buxco, Wilmington, NC, USA), as previously described [26].
Mice were challenged with aerosolized PBS and increasing
doses of methacholine (MCh, 6–50mg/mL) for 3min each.
Data are expressed as fold increase of baseline values after PBS,
using the dimensionless parameter ‘enhanced pause’ (Penh).

Quantitative mRNA analysis

Total RNA was extracted from whole lung tissue and
reversely transcribed (Superscript II RT, Perkin Elmer,
Weiterstadt, Germany). For quantification of specific RNA,
Taqman technique was used. Sequences have been taken from
a publication by Overbergh [28]. PCR primers and fluoro-
genic probes for target genes were purchased from Tib
Molbiol (Berlin, Germany). PCR reactions were performed in
the ABI-prism 7700 sequence detector, which contains a
Gene-Amp PCR system 9600 (Perkin Elmer). Following
conditions were used for PCR amplifications: 10min at 94 1C,
followed by a total of 40 two-temperature cycles of 15 s at
94 1C and 1min at 60 1C. As negative controls, RNA samples
and H2O were processed in order to evaluate putative
genomic DNA contamination. For each sample, ‘threshold
cycle’ (CT) was determined. As endogenous reference for
target gene mRNA, the constitutive expressed protein
hypoxanthine guanine phosphoribosyl transferase was deter-
mined. Each group consisted of eight animals, two separate
studies were done.
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Statistical analysis

Results are presented as mean values � SEM. Means were
compared by using Student’s t-test, SPSS, Version 7.5.2G
(SPSS Inc., Chicago, IL, USA). P-values o0.05 were re-
garded as significant differences.

Results

Differential cell count in BALF

The presence and amount of immune cells in the BALF of
OVA-sensitized and challenged animals were determined.
Following sensitization and airway allergen challenges
(OVA–PBS), numbers of total leukocytes, as well as numbers
of lymphocytes and eosinophils were significantly increased
compared to sham-sensitized animals (PBS–PBS) (Fig. 1).
Single local treatment with R-848 (OVA–R-848) significantly
reduced numbers of all cell types in the BALF in a dose-
dependent manner (Fig. 1). Treatment with the highest dose
of R-848 nearly completely abolished leukocytic and eosino-
philic airway infiltration.

Assessment of local mucus production

The level of airway metaplasia and mucus production was
assessed by PAS staining of centrally located lung tissues and

the percentage of PAS positive of total epithelial cells was
determined. Following sensitization and airway allergen chal-
lenges, the percentage of mucus producing goblet cells were
increased, as compared to sham-sensitized mice (Fig. 2). In
contrast, R-848-treated sensitized and challenged animals dis-
played a significant reduction in numbers of goblet cells in the
airway epithelium to about 30% as compared with sensitized
and challenged PBS-treated mice (Fig. 2).
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Fig. 1. Cell differentiation in bronchoalveolar lavage fluid (BALF). Neutrophils, lymphocytes, eosinophils and total leukocytes in BALF of sham- or ovalbumin
(OVA)-sensitized mice were differentiated according to morphologic criteria 24 h after the last OVA aerosol challenge. Results are expressed as
mean � SEM. A total of 10 mice from three independent experiments were examined.
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Fig. 2. Lung mucus production. Lungs were harvested, cut and stained
with periodic acid Schiff (PAS) 24 h after the last aerosol challenge, PAS
positive cells were counted in the large airways and expressed as
percentage of total epithelial cells. Results are expressed as mean � SEM
of two independent experiments (n5 8).
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Determination of in vivo airway reactivity

In vivo airway reactivity to aerosolized MCh in spontaneously
breathing, conscious mice was assessed by barometric whole-
body plethysmography [26]. This method reliably detects
increases of in vivo AR after allergen sensitization and airway
challenge in BALB/c mice, and results obtained with this
technique correlate with results of invasive measurements of
intrapleural pressure and airway resistance [26]. Following
OVA sensitization and airway allergen challenges, airway
reactivity after provocation with increasing doses of MCh
was significantly increased, compared to negative controls. In
contrast, airway reactivity of sensitized challenged mice
treated once i.n. with 250mg of R-848 prior to allergen
challenges was significantly decreased, compared with posi-
tive controls (Fig. 3).

Effects of R-848 on Th1-/Th2-cytokine production

To assess the means by which R-848 may induce these anti-
inflammatory effects, we studied the effect of R-848 on Th1-/

Th2-cytokine production in vivo and in vitro. First, cytokine
production by lung MNC of positive controls and R-848-
treated sensitized and challenged animals were determined ex
vivo. Lung cells from sensitized and challenged mice produced
significant amounts of Th2-cytokines (IL-4 and IL-5) and
only little IFN-g after PI stimulation (Fig. 4), as compared to
negative controls. The single application of R-848 to
sensitized mice prior to allergen airway challenges resulted
in a significant reduction in Th2-cytokine production and a
relative increase in IFN-g production, compared to positive
controls (Fig. 4). Corresponding to these data, increased IL-5
protein levels were found in the BALF of sensitized and
challenged animals, compared with negative controls. In
animals that were treated with high doses of R-848, IL-5
protein levels were significantly reduced in BALF compared
to positive controls (data not shown).
Next, the effects of R-848 treatment on cytokine produc-

tion were assessed directly in the airways on a molecular level.
Therefore whole lung mRNA expression was determined 6h
after single allergen airway challenge using quantitative RNA
analysis (Fig. 5). This time point was chosen to evaluate early
regulatory changes in the lung tissues. In sham-sensitized
mice (PBS–PBS), only little amounts of IL-4 mRNA were
detected, and they significantly increased following allergen
sensitization and airway challenge (OVA–PBS) (Fig. 5a). In
contrast, sensitized animals treated once i.n. with R-848 prior
to allergen airway challenge showed significantly less expres-
sion of IL-4 mRNA compared to positive controls (Fig. 5a).
While no significant production of IL-12 mRNA in negative
or in positive control animals was detectable, R-848-treated
sensitized and challenged animals produced significantly
higher amounts of IL-12 mRNA in lung tissues (Fig. 5b).
Finally, the effects of R-848 on in vitro cytokine production

by cells from sensitized mice were assessed. After allergen-
specific stimulation of spleen MNC, in vitro IL-4 production
was increased nearly ninefold from 47 to 400 pg/mL, and IL-5
production was increased from 110 to 8000 pg/mL, compared
to non-stimulated cells, whereas IL-12 and IFN-g production
were hardly detectable in supernatants of both non-stimu-
lated or antigen stimulated cells. The addition of 1mg/mL of
R-848 (a concentration that had proven effective in pre-
studies) to cell cultures 4 h prior to allergen stimulation
resulted in 75% reduction in IL-4- and nearly 95% reduction
in IL-5 production, compared to allergen stimulated cell
cultures. The amount of IL-12 after addition of R-848 was
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Fig. 4. Cytokine production in lung digests. Lung mononuclear cell (MNC) were stimulated with phorbol-12-myristat-13-actetat and ionomycin (PI). Cytokine
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significantly increased fivefold as compared with allergen
stimulation, and detectable amounts of IFN-g were present in
the supernatant (data not shown).
Taken together, we detected a switch of in vivo and in vitro

cytokine expression from a prevalent Th2 towards a pre-
dominant Th1-cytokine profile in response to R-848 treat-
ment, suggesting this as a possible mechanism for the effects
of R-848 on airway inflammation and reactivity.

Discussion

In the present paper, we show in a murine model of allergen-
induced airway disease that a single, local administration of
the imidazolquinoline derivative R-848 24h before allergen
airway challenge attenuated the development of airway
inflammation and concomitant in vivo airway hyper-reactivity
in a significant and dose-dependent manner. Although a
number of studies already have indicated that members of the
imidazolquinoline family have the capacity to improve
pathological findings in disease models that require sustained
cellular immune responses [29, 30], we describe here for the
first time the effects of an imiquimod derivative in an in vivo
model of allergen-induced airway inflammation.
We observed profound changes in the lungs of R-848-

treated sensitized animals. Whereas allergen airway challenge
of sensitized, but not of sham-sensitized, mice resulted in a
robust inflammatory response with predominant eosinophilic
infiltration and mucus gland hyperplasia, histological changes
that depend on and occur as early as 24–48h after local
allergen challenge [31], application of R-848 to sensitized
animals prior to local allergen exposure nearly completely
abolished these phenomena. Associated with these changes
were alterations in the pulmonary cytokine patterns, leading
to an increase in Th1 cytokines, the likely basis for the
immune modifying effects of R-848 on the inflammatory
response. We detected a significant reduction of in vivo IL-5
production in the BALF and reduced capacity to produce
IL-4 and IL-5 and enhanced production of IFN-g by lung
MNC of R-848-treated sensitized and challenged animals.
Furthermore, we utilized RNA quantification to evaluate
in vivo cytokine expression in lung tissues and demonstrated
that R-848 pre-treatment was associated with significantly

reduced IL-4 and increased IL-12 mRNA expression 6 h after
induction of airway inflammation by local allergen challenge.
This significant reduction of IL-4 production may have

influenced the subsequent modulation of the inflammatory
response by several ways. IL-4 has been shown to enhance the
expression of vascular cell adhesion molecule-1 (VCAM-1)
[32], an endothelial receptor required for targeted migration
and tissue homing of leukocytes, especially eosinophils [33].
Accordingly, we noted in R-848-treated animals a profound
reduction of lymphocyte and eosinophil numbers in the
airways. In addition, IL-4 sustains differentiation of T cells
towards a predominant Th2-type, thus promoting an ongoing
Th2-response with further production of IL-4, IL-5 and IL-13
[34]. This link is supported by our data showing that IL-5
production in the BALF of R-848-treated animals was
significantly smaller than in untreated sensitized and chal-
lenged animals. IL-5, on the other hand, enhances the
maturation, terminal differentiation and activation of eosi-
nophils and prevents apoptosis of eosinophils in tissues [35–
38]. Finally, mucus gland hyperplasia depends on a Th2-
biased airway inflammation [39]. A direct enhancing effect of
IL-4 on IL-13-mediated goblet cell hyperplasia and increased
mucus formation in the airways of sensitized, challenged mice
has recently been reported [40]. Therefore, it appears very
likely that the reduced mucus formation in R-848-treated
animals observed in our study may be a direct effect of
reduced Th2-cytokine expression.
Besides decreased Th2-cytokine formation, we observed

increased in vivo expression of IL-12 mRNA in R-848-treated
animals. IL-12, a major Th1 cytokine, has already been
shown to directly reduce development of AHR and airway
inflammation, when administered either systemically [11] or
locally to the airways [41] of sensitized mice prior to allergen
airway challenges. The data of increased IL-12 mRNA
production together with the phenotypic findings of reduced
eosinophilic airway inflammation and inhibition of in vivo
AHR greatly support the assumption that R-848 modifies the
allergic immune responses by counterbalancing increased
Th2-cytokine production with increased Th1 responses. In
contrast to direct application of IL-12, treatment with
imiquimod derivatives is likely to be less toxic.
There is an ongoing controversy on discussion regarding

the value of treatment strategies aiming at direct inhibition of
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enhanced Th2-cytokine production in Th2 biased diseases.
Some authors have demonstrated that the reduction of
increased Th2-cytokine production by treatment with Th1
cytokines was associated with a marked symptomatic relief
[11, 12]. On the other hand, it has been shown that allergen-
specific Th1 cells, after transfer into airways of naı̈ve mice
prior to allergen airway challenges, did not reduce develop-
ment of Th2-mediated AHR and inflammation, but in
contrast caused severe airway inflammation themselves [42,
43]. In accordance to the former observations, we found in
the current study nearly complete attenuation of airway
inflammation following treatment with R-848, rather sup-
porting a preventive or therapeutic effect of immune response
modifiers with Th1-augmenting properties. Moreover, com-
plete inhibition of allergen-induced development of in vivo
AHR by single local treatment with R-848 strongly supports
this concept.
Our findings suggest that the imidazolquinoline derivative

interacts with the allergen-induced immune cascade at a stage,
when the direction towards a predominant cellular or
humoral immune response still is open and may be influenced.
This implies that R-848 affects the innate immune system,
which processes immunological threats at a very early stage.
Indeed, in vitro data showed that imiquimod-triggered induc-
tion of Th1 cytokines is provided by activation of macro-
phages [22], the main source of IL-12 in early inflammation.
In addition, recent findings by Hemmi et al. [44] have revealed
that activation of monocytes by imidazoquinolines requires
interaction with TCR-7 and intracellular signalling via
MyD88. This puts R-848 in a decisive row with other immune
modifiers like CpG and LPS, both bacterial compounds
enhancing Th1-like immune responses [6, 45] through in-
teraction with TLR on macrophages.
This notion may help to clarify the above-mentioned

apparent controversy regarding the role of Th1 cells/Th1
cytokines in counterbalancing or rather augmenting allergen-
mediated airway inflammation. Activation of allergen-specific
and previously differentiated Th1 cells by subsequent allergen
contact via the airways (e.g. allergen challenge following
specific Th1 cell transfer) may induce further production of
pro-inflammatory (Th1) mediators, thus further enhancing
airway infiltration and development of altered airway func-
tion. In contrast, induction of a ‘danger signal’ prior to first
allergen contact via the airways (e.g. local application of
R-848 prior to allergen airway challenges) may enhance the
responses of the unspecific, innate immune system, thus
inhibiting the development of (Th2-mediated) allergen-
induced airway inflammation and AHR. Nevertheless, it
cannot be ruled out that R-848 exerts a direct effect on T cells.
In conclusion, our data indicate that in vivo treatment with

R-848 effectively inhibits allergen-induced airway inflamma-
tion and development of in vivo AHR, presumably due to
counterbalancing increased Th2-cytokine production in re-
sponse to allergen sensitization and airway challenges.
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