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In contrast, IL-1 �  treatment at later time points after sensiti-
zation or during allergen challenge worsened AHR, had no 
effect on lung inflammation and BAL fluid cell composition. 
Furthermore, cytokine levels (IL-5, IL-13) and antigen-specif-
ic IgE were increased or unaltered under these conditions. 
 Conclusion:  Similarly to leishmaniasis, IL-1 �  administration 
during sensitization of Th2-mediated allergic reactions sup-
presses the course of disease by shifting the immune re-
sponse towards Th1, whereas later treatments worsen dis-
ease outcome. Future studies will elucidate the therapeutic 
value of IL-1 �  in asthmatic patients. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 For many years, murine cutaneous leishmaniasis has 
been studied extensively as a disease model for the T help-
er (Th)1/Th2 paradigm  [1] . In leishmaniasis, factors in-
trinsic to dendritic cells (DCs) are important for regulat-
ing resulting Th immune responses  [2–4] . Protective im-
munity as observed in most mouse strains (including 
C57BL/6) depends on the development of interferon 
(IFN)- � -producing Th1/Tc1 cells. In contrast, BALB/c 
mice develop progressive disease due to Th2 immune re-
sponses.
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 Abstract 

  Background:  Using a T helper (Th)1/Th2 disease model, we 
previously showed that genetically determined Th develop-
ment depends on dendritic cell-derived interleukin (IL)-1 � . 
In  Leishmania major  infections, Th1 immunity develops if IL-
1 �  is present during T cell priming, whereas at later time 
points, IL-1 �  worsens disease outcome. In the present study, 
we determined the role of IL-1 �  in other Th2-mediated dis-
eases.  Methods:  BALB/c mice were subjected to delayed-
type hypersensitivity (DTH) or ovalbumin (OVA)/alum-in-
duced allergic asthma in the presence or absence of IL-1 � . 
 Results:  In DTH, mice treated with IL-1 �  during sensitization 
with keyhole limpet hemocyanin (KLH)/alum developed de-
creased footpad swelling associated with elevated KLH-spe-
cific interferon- �  levels. In asthma, significantly decreased 
airway hypersensitivity responses (AHRs) were detected 
upon treatment with IL-1 �  during T cell priming. In contrast 
to control mice, IL-1 � -treated mice showed reduced peri-
bronchial inflammatory infiltrates. The bronchoalveolar la-
vage (BAL) fluid contained significantly decreased eosino-
phil numbers (approximately 50%), but 4 times more neu-
trophils. The BAL fluid of IL-1 � -treated BALB/c exhibited 
reduced amounts of IL-5 and OVA-specific IgE serum levels. 
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  Interestingly, DCs derived from genetically  Leishma-
nia -resistant and -susceptible mice preferentially either 
induced Th1 and Th2 responses in CD4+ T cells, re-
spectively  [2] . Decreased IL-1 �  released from activated 
BALB/c DCs appeared to be responsible for this differ-
ence  [2] . In support, antigen-presenting cell-derived IL-
1 �  and TNF- �  together with IL-12 was required to in-
duce efficient Th1 priming in BALB/c CD4+ T cells, 
whereas C57BL/6 cells required only IL-12  [5] . Indepen-
dently, we found that  Leishmania major -infected DCs 
from BALB/c mice produced significantly less IL-1 �  (and 
 � ) than DCs from C57BL/6 mice  [3] . We demonstrated 
that treatment of susceptible BALB/c mice with IL-1 �  
during Th development induced Th1-mediated protec-
tion. In contrast, prolonged treatment with IL-1 �  (for 3 
weeks) worsened disease outcome in cutaneous leish-
maniasis  [6] .

  Our data suggested that IL-1 engages different Th sub-
populations at different times after infection. In early 
phases of  L. major  infections, IL-1 facilitated Th1 devel-
opment from Th0 cells, whereas later on high-affinity IL-
1 receptor type I (IL-1RI) signaling promoted Th2 expan-
sion and worsened disease outcome. Previously, some 
studies suggested that IL-1 favors the expansion of Th2, 
but not Th1 clones  [5, 7–9] . IL-1 activated Th2 cells and 
thus enhanced antibody production  [8, 10–13] . Other 
data indicated that IL-1 was not required for Th2 differ-
entiation  [14] . Interestingly, naive Th0 and Th2, but not 
Th1, cells expressed IL-RI ex vivo  [6] . Thus, different lev-
els of IL-1RI expression by various Th populations may 
be responsible for the different results.

  Taken together, the exact role of IL-1 in the regulation 
of Th immunity is still unclear. Interestingly, differential 
expression of IL-1 � / �  by BALB/c and C57BL/6 DCs was 
observed not only after infection with  L. major  but also 
when the cells were stimulated with other agents, e.g. li-
popolysaccharide  [2, 3] . Thus, in the present study, the 
effects of IL-1 �  on Th development were tested using two 
other models known to induce Th2-dependent immu-
nity: (a) keyhole limpet hemocyanin (KLH)/alum-medi-
ated delayed-type hypersensitivity (DTH)  [15, 16] , and 
(b) ovalbumin (OVA)/alum-induced airway hypersensi-
tivity in mice, a relevant model for human allergic asth-
ma  [17] . We will show that IL-1 �  administration during 
T cell priming induced preferential Th1 immunity in 
these models associated with decreased footpad swelling 
in DTH and improved airway resistance in allergic asth-
ma, respectively. In contrast, if IL-1 �  was administered at 
later stages after induction of airway hypersensitivity 
when OVA-specific Th2 responses were already estab-

lished, disease outcome was unaltered or even worse. 
Taken together, our data indicate that the timing of IL-1 �  
administration during allergic asthma is critical for dis-
ease outcome.

  Materials and Methods 

 Animals 
 Female wild-type BALB/cJ mice, 6–10 weeks old, were bred 

and housed under specific pathogen-free conditions in the Ani-
mal Care Facility in Mainz in accordance with institutional and 
federal guidelines. All experiments were undertaken with ap-
proval from the Animal Care and Use Committee of the Federal 
State Rheinland-Pfalz.

  Induction of DTH  
 On day 0, female mice were sensitized subcutaneously into 

footpads with 100  � g/50  � l of KLH (Calbiochem) adsorbed on 
aluminum potassium sulfate (alum, Sigma-Aldrich), KLH alone 
or PBS alone. IL-1 �  (100 ng/10  � l PBS, Strathmann, Biotec AG) 
was injected into the same footpad on days 0, 1 and 2 of sensitiza-
tion. On day 6, mice were challenged with 100  � g/50  � l KLH into 
the contralateral footpad. Footpad swelling was measured before 
and 24, 48 and 72 h after challenge. Six days later, popliteal lymph 
nodes were harvested and lymph node cells isolated by mechani-
cal disruption. 1  !  10 6  lymph node cells were cultured in medium 
(500 ml RPMI-1640, 1% penicillin/streptomycin, 5% fetal calf se-
rum, 1% essential amino acids, 1% glutamine, 1% 1  M  HEPES) for 
4 days. Cells were stimulated with 10  � g/ml of KLH for antigen-
specific cytokine release. Cytokine levels in supernatants were de-
termined by ELISA.

  Induction of Allergen-Induced Airway Disease  
 Mice were injected intraperitoneally with 20  � g of OVA 

(chicken egg albumin, 5 !  crystalline, Calbiochem) in 200  � l 
alum on day 0 and boosted intraperitoneally at day 14. Challenge 
was  performed  by  inhalation  during  days  27–29   with   aerosols   

of OVA (1% solution in PBS), negative controls were nebulized 
with PBS alone. Murine recombinant IL-1 �  (500 ng/200  � l PBS/
mouse) was administered intraperitoneally to different groups of 
OVA-sensitized BALB/c mice at the indicated time points. 

  Measurement of Airway Hyperresponsiveness  
 To assess airway hyperresponsiveness (AHR), we used an 

 invasive whole-body plethysmograph as described previously 
 [18] . Anesthetized mice were allowed to breathe spontaneously 
through intratracheal catheters (Mouse Ventilator, Ugo Basile). 
Calibrations and lung resistance measurements were performed 
by the Asthma Core Facility, Mainz, Germany, using a resistance/
compliance isovolumetric analyzer according to the manufactur-
er’s instructions (Buxco Electronics, Inc., BioSystem XA for Win-
dows)  [19] . On day 30, the mice were challenged with methacho-
line at rising concentrations (0–30 mg/ml). In order to determine 
AHR, the provocative concentration value was calculated for ev-
ery individual mouse by linear intrapolation of the dose-response 
curve as the methacholine dose causing 100% increase above 
baseline in lung resistance (PC100).
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  Bronchoalveolar Lavage Differential Cell Count and Cytokine 
Determination 
 After assessment of the AHR, bronchoalveolar lavage (BAL) 

was performed  [20] . Mice were euthanized by an intraperitoneal 
injection of 5% ketamine-HCl (Ratiopharm) and 2% xylacin 
(Rompun � , Bayer) at a ratio of 1:   1. The airways were flushed 5 
times with 600  � l of PBS (total volume 3 ml/mouse). The lavage 
fluid was centrifuged for 10 min at 200  g  and cell numbers were 
determined using trypan blue exclusion and a Neubauer cham-
ber. A total of 8  !  10 4  cells were cytospun and air-dried. Differ-
ential cell counts were performed on DiffQuick (Dade Behring)-
stained cytospins of BAL cells using light microscopy ( ! 1,000, oil 
immersion). The BAL fluid was centrifuged again at 200  g , 10 min 
at 4   °   C, and the supernatant was stored at –20   °   C pending cytokine 
analysis. IL-4, IL-5, IL-10, IL-13 and IFN- �  in BAL fluid were 
quantified using commercially available ELISA kits for IL-4, IL-
10 (BD Biosciences) and IL-5, IL-13 and IFN- �  (R&D Systems). 

  Lung Histology 
 Lungs were collected 24 h after the last challenge and fixed in 

10% formalin, dehydrated, mounted in paraffin, sectioned, and 
stained with PAS. PAS-positive epithelial cells were enumerated 
in 5–6 representative fields of each lung specimen using light mi-
croscopy ( ! 400) and means calculated. Statistical analysis was 
performed with the mean value of each mouse.

  OVA-Specific ELISA 
 After AHR determination, sera were collected and stored at 

–20   °   C pending determination of OVA-specific IgG2a and IgE by 
antigen capture ELISA. The antibody titer was defined by serum 
dilution of the samples. The IgE titer was calculated using linear 
regression analysis as the serum yielding an absorbance reading 
of OD = 0.2. Contents of IgG2a and IgE in serum samples were 
standardized using high-titer reference sera and expressed as 
units per milliliter.

  Statistics 
 Statistical analysis was performed using the unpaired Stu-

dent’s t test. Differences in responsiveness to methacholine were 
assessed by repeated-measures ANOVA (dose response) and by 
one-way ANOVA (PC100). p values for significance were set at 
0.05. Values for all measurements are expressed as means  8  
SEM.

  Results 

 Effects of IL-1 �  Administration on DTH 
 DTH reactions are primarily mediated by CD4+ T 

cells in which alum as adjuvant was shown to induce Th2-
predominant antigen-specific immunity  [15, 16] . To test 
the effect of IL-1 �  administration during T cell priming 
on resulting immune responses, BALB/c mice were im-
munized using KLH with or without alum. In parallel, 
some mice were locally treated with 100 ng of IL-1 �  after 
several hours and again on days 1 and 2 after sensitiza-
tion. After 6 days, mice were challenged into the other 

footpad by injection of KLH and footpad swelling re-
sponses were determined every 24 h ( fig. 1 a). As expect-
ed, DTH responses were stronger if mice were immu-
nized in the presence of adjuvant as compared to KLH 
alone (right panel compared to middle panel). Unsensi-
tized mice did not develop noticeable footpad swelling 
(left panel). Interestingly, in IL-1 � -treated mice, DTH in 
response to KLH and alum was significantly inhibited, 
i.e., 0.5  8  0.1 versus 0.2  8  0.2 mm –1  after 48 h in PBS as 
compared to IL-1 � -treated mice (p  ̂   0.05).

  To determine the cytokine responses in KLH-immu-
nized mice, lymph node cells were harvested 6 days after 
KLH challenge and restimulated in the presence ( fig. 1 b) 
or absence of KLH (data not shown). Antigen-specific re-
lease of Th2-associated cytokines was studied. The levels 
of IL-4 were unaltered by IL-1 �  treatment, whereas re-
lease of IL-5 was diminished in mice after IL-1 �  admin-
istration. In addition, IL-10 synthesis was not affected by 
IL-1 � . Interestingly, IL-1 �  treatment during T cell prim-
ing induced significantly increased levels of IFN- �  from 
KLH/alum-sensitized lymph node cells (e.g. PBS vs. IL-
1 � : 633  8  242 vs. 1,560  8  287 pg/ml/96 h, p  ̂   0.05). 
Thus, upon IL-1 treatment, the ratio between Th1/Th2 
cells was shifted towards Th1.

  IL-1 �  Administration during T Cell Priming Prevents 
Induction of AHR 
 Next, we intended to study the effect of IL-1 �  on the 

induction and maintenance of Th2-dependent murine 
AHR. After sensitization and a boost with OVA in the 
presence of alum (days 0 and 14), some mice were chal-
lenged by inhalation of OVA aerosols on 3 subsequent 
days (days 27–29;  fig. 2 a). Due to the fact that the timing 
of IL-1 �  administration was critical for the induction of 
immunity in cutaneous leishmaniasis, 4 different treat-
ment regimens were tested in the murine model of aller-
gic asthma  [3, 6] . IL-1 �  (500 ng/ml) was delivered intra-
peritoneally (a) early (days 0–2), (b) during priming and 
boosting (days 0, 1 and 14), (c) during established Th2 
immune responses (days 21–23) and (d) during the chal-
lenge performed with OVA inhalation (days 27–29; 
 fig. 2 a).

  On day 30, airway resistance after methacholine chal-
lenge in each treatment group was assessed by invasive 
body plethysmography ( fig. 2 b)  [18, 19] . Baseline resis-
tance values did not differ between the different groups. 
As compared to PBS sensitization, OVA sensitization 
dramatically increased the airway resistance after metha-
choline treatment by about 300% of baseline as expected. 
If the mice had been treated with IL-1 �  only during sen-
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sitization (days 0–2) or on days 0, 1 and 14, the resulting 
airway resistance was significantly improved as com-
pared to PBS-treated control mice (231  8  16 vs. 286  8  
13% for the group treated with IL-1 �  on days 0, 1 and 14 
as compared to the control treatment, p  ̂   0.05;  fig. 2 b, 
left panel). In contrast, if IL-1 �  was delivered at later time 
points (days 21–23 and days 27–29), an even higher air-
way resistance was observed ( fig. 2 b, right panel).

  In addition, we calculated PC100 values for each of the 
treatment groups. Statistically significant differences 
were found for the groups treated with IL-1 �  on days 0–3 
and 0, 1 and 14 (17.8  8  2.5 and 16.3  8  2.3 mg/ml, respec-
tively) as compared to PBS-treated OVA-sensitized mice 
(11.5  8  1.7 mg/ml, p  ̂   0.05). In contrast, the PC100 val-
ues for IL-1 �  treatment on days 21–23 and 27–29 were 
significantly lower than in our positive control (IL-1 �  
days 21–23: 4.9  8  1.0 mg/ml, days 27–29: 5  8  1.4 mg/ml, 
p  ̂   0.05). Untreated controls showed a PC100 value of 
23.9  8  1.4 mg/ml.

  After assessments of airway resistance, the mice were 
sacrificed, the lungs harvested and histologically investi-

gated for the number of bronchi infiltrated with eosino-
phils ( fig. 3 a). As expected, lung infiltration with eosino-
phils generally correlated with increased mucus produc-
tion and goblet cell hyperplasia as depicted in the 
representative pictures. In parallel to the percentage of 
infiltrated bronchi, the number of PAS-positive epithe-
lial cells was significantly smaller in mice receiving IL-1 �  
at days 0–2 and days 0, 1 and 14 ( fig. 3 b), whereas later 
treatment with IL-1 �  did not show any effect. Thus, the 
degree of airway resistance correlated with lung inflam-
mation under these conditions. 

  In summary, similarly to the model of murine cutane-
ous leishmaniasis, the timing of IL-1 �  administration 
was critical in allergic asthma: early IL-1 administration 
improved disease outcome, whereas late delivery did 
not.

  Decreased Eosinophilia, IL-5 and IgE Levels in the 
BAL and Serum of IL-1 � -Treated Mice 
 Next, BAL fluid was obtained after OVA aerosol chal-

lenge of IL-1 � -treated and control mice on day 30  [20] . 
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  Fig. 1.  Decreased footpad swelling during 
DTH responses in BALB/c mice treated 
with IL-1 �  during sensitization.  a  3–5 
BALB/c mice per group were sensitized on 
day 0 with KLH/alum or antigen (KLH + 
PBS) or PBS alone as controls into their 
footpads. IL-1 �  (100 ng/mouse) was in-
jected on days 0–2. One week later, mice 
were challenged with KLH into their con-
tralateral footpads and footpad swelling 
was assessed (mean  8  SEM, 3 indepen-
dent experiments, n  6  12;  *  p  ̂   0.05, 
 *  *  *  p  ̂   0.002).  b  Six days after challenge 
with KLH, popliteal lymph nodes were 
collected for antigen-specific cytokine as-
sessment. Supernatants were assayed for 
the presence of IL-4, IL-5, IL-10 and IFN- �  
by ELISA (means  8  SEM, 3 independent 
experiments, n  6  10;  *  p  ̂   0.05). 
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Both the cellular composition ( fig. 4 ) and the cytokine 
level in the BAL ( fig. 5 ) were determined. In addition, we 
determined the levels of OVA-specific antibodies in the 
serum of sensitized and challenged mice on day 30 
( fig. 6 ).

  Upon sensitization with OVA and alum, the number 
of cells/BAL increased about 3-fold to 2.9  8  0.5  !  10 6 /
mouse as compared to negative controls (1.1  8  0.4  !  
10 6 ). No significant difference was found in the number 
of cells obtained from the various IL-1 �  treatment groups 
as compared to control treatment (data not shown). After 
determination of the total cell number obtained from 
each mouse, the cells were cytospun and stained using 
DiffQuick. Interestingly, the percentage of eosinophils in 
the BAL fluid significantly decreased in mice treated 

with IL-1 �  on days 0–2 or on days 0, 1 and 14 as compared 
to OVA-sensitized positive controls [31.6  8  1.4% (9.4  8  
2.7  !  10 5  cells/BAL) and 23.6  8  1.5% (8.7  8  1.4  !  10 5 ) 
vs. 39.5  8  2.1% (13.1  8  2.8  !  10 5 ), p  !  0.005 and p  !  
0.002, respectively]. Interestingly, the number of neutro-
phils in the BAL inversely correlated with the eosinophil 
count, i.e., in both treatment groups receiving early IL-1 �  
the number of neutrophils increased from 2.1  8  0.4% 
(0.6  8  0.1  !  10 5  cells/BAL) to 8.1  8  1% (3.1  8  0.8  !  
10 5 ) and 9.4  8  1.5% (3.3  8  1  !  10 5 ), respectively. In con-
trast, if IL-1 �  was administered when Th immunity was 
already established (days 21–23 and days 27–29) no dra-
matic alterations of the cellular infiltrate were observed, 
which was consistent with the findings in AHR. Differ-
ences in the numbers of lymphocytes and macrophages 
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  Fig. 2.  Early administration of IL-1 �  in-
hibits AHR in experimental allergen-in-
duced airway disease.  a ,  b  Groups of  6 3 
BALB/c mice were sensitized with 100  � g 
of OVA/alum or PBS and boosted on day 
14. Some mice were treated intraperitone-
ally with IL-1 �  (500 ng/mouse) at different 
time points during and after sensitization. 
On days 27–29, mice were repeatedly chal-
lenged with OVA aerosols.  b  24 h later, 
AHR responses to methacholine were 
measured by invasive plethysmography 
(means  8  SEM; data are pooled from 5 in-
dependent experiments for each experi-
mental group, n  6  20 mice;  *  p  ̂   0.05). 
Statistical comparisons between treatment 
groups were performed using the repeat-
ed-measures ANOVA. 
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in the BAL fluid were not detected upon IL-1 �  treat-
ment.

  As expected, in OVA-sensitized mice, the amounts of 
Th2-derived IL-4 (data not shown), IL-5, IL-13 and IL-
17A were increased after aerosol challenge ( fig. 5 ). Early 
treatment with IL-1 �  during T cell priming resulted in a 
significantly reduced production of IL-5, a cytokine that 
is responsible of eosinophil recruitment into inflamed 
lungs  [17] , as detected in the BAL fluid (82  8  19 and 81 
 8  16 as compared to 205  8  33 pg/ml in control mice, 
p  ̂   0.002 and p  ̂   0.005). In parallel, IL-13 and IL-17A 
synthesis was also diminished in these groups, although 
the data did not reach statistical significance. In contrast, 
late IL-1 �  administration (days 21–23) increased the 
amount of IL-13 found in the BAL without affecting the 
already maximal IL-5 release observed in positive con-
trols. Other cytokines were not significantly altered (IL-
10 and IL-4) or detectable (IFN- � ) upon IL-1 �  treatment 
(data not shown).

  Finally, the levels of Th2-associated OVA-specific IgE 
and IgG1 antibodies as well as Th1-associated IgG2a were 
determined in the serum of asthmatic mice. OVA sensi-
tization of BALB/c mice induced dramatically elevated 
levels of IgE, IgG1 and IgG2a. In parallel to the decreased 
airway resistance in mice treated with IL-1 �  early on, we 
detected significantly lower levels of OVA-specific IgE 
and IgG1 in these treatment groups ( fig. 6 ). In contrast, 
the levels of IgG2a associated with Th1 immunity were 
increased upon early IL-1 �  treatment. Other treatment 
regimens at later time points using IL-1 �  did not alter the 
antibody response.

  In summary, upon early treatment with IL-1 � , OVA-
induced AHR, peribronchial infiltrates, BAL eosinophil 
counts, IL-5 and IgE levels were decreased. In contrast, 
disease parameters showed the opposite or no change if 
IL-1 was administered at the time of allergen chal-
lenge.
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  Fig. 3.  Decreased inflammatory lung infiltration and mucus pro-
duction in mice treated with IL-1 �  during sensitization. Lungs 
were collected on day 30, embedded in paraffin and sections were 
stained with HE ( a ) or PAS ( b ).  a  Representative HE-stained his-
tological images are shown (upper panel:          ! 400, lower panel: 
 ! 1,000).  b  In representative microscopic fields, the number of 
PAS-positive cells among 25 cells was determined. Pooled data 
from 5 independent experiments/experimental group are shown 
as means  8  SEM, n  6  25 mice per treatment group;  *  *  *  p  ̂   
0.002). 
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  Discussion 

 Twin studies showed a heritability of asthma of about 
 � 60%  [21] , and several studies suggested that the IL-1 
gene complex is involved in the regulation of IgE-medi-

ated atopic reactions  [22–26] . Interestingly and support-
ive for a role for IL-1 in allergic asthma, IL-1 �  serum and 
BAL levels as well as submucosal IL-1 immunostaining 
were increased in asthmatic patients  [27–29] . In this 
study, we demonstrated that the effect of IL-1 in experi-
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  Fig. 4.  IL-1 �  treatment decreases eosino-
phil immigration into inflamed lungs. IL-
1 �  (100 ng/mouse) was injected at early 
time points during sensitization on days 
0–2 or 0, 1 and 14 or at later time points 
(days 21–23 or 27–29).   After challenge, the 
BAL fluid was extracted. Total BAL cell 
numbers were determined. The composi-
tion of the BAL infiltrate was determined 
on cytospins (mean          8  SEM of 13 indepen-
dent experiments, n        6  29 mice in every 
treatment group;  *  *  p  ̂   0.005,  *  *  *  p  ̂   
0.002 as compared to positive controls).  
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  Fig. 5.  Increased Th2 cytokine levels in 
AHR reactions after IL-1 �  treatment dur-
ing sensitization. BALB/c mice were sensi-
tized as described above. rIL-1 �  was ad-
ministered during sensitization or at later 
time points as indicated. After challenge, 
the BAL fluid was extracted. The BAL flu-
id cytokine levels were determined by ELI-
SA (means                8  SEM, 5 independent experi-
ments/experimental group, n        6  32 mice; 
   *  *  p  ̂   0.005,  *  *  *  p  ̂   0.002 as compared 
to positive controls sensitized with OVA 
alone).  
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  Fig. 6.  IL-1 �  administration during OVA 
sensitization decreases IgE and IgG1 pro-
duction. The BAL fluid of BALB/c mice 
sensitized and challenged with OVA was 
extracted. Intraperitoneal treatment with 
IL-1 �  was performed on the days indicat-
ed. The levels of OVA-specific serum im-
munoglobulins were determined by  ELISA 
(3 independent experiments/experimental 
group,                          *  p      ̂   0.05, n  6  15 mice/group).               
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mental allergic responses is critically dependent on the 
time of treatment: if sufficient amounts of IL-1 �  were 
present during allergen sensitization, preferential Th1 
immunity was observed with alleviated disease whereas 
at later time points, IL-1 administration was without sig-
nificant effect on the Th2-mediated allergic response.

  Prior studies by several laboratories including ours 
have demonstrated that IL-1 � / � -mediated effects on dif-
ferent Th subpopulations depend on the IL-1RI expres-
sion levels by Th cells  [2, 3, 5, 30, 31] . Early after infection 
with  L. major , IL-1-mediated protection was dependent 
on naïve T cells expressing IL-1RI, whereas high levels of 
IL-1RI on established Th2 cells at later time points after 
infection promoted Th2 expansion, correlating with dis-
ease progression  [3, 6] . Thus, using experimental leish-
maniasis as a disease model for the regulation of Th1/Th2 
immunity, we identified an important role for IL-1 in the 
decision between disease resistance and susceptibility. In 
the present study, using a murine model of allergic asth-
ma, we applied these findings in another highly relevant 
Th2 disease model. Interestingly, similar time-depen-
dent effects of IL-1 �  on Th1/Th2 priming were observed 
in this model of a common human disease.

  Our findings are only partially supported by described 
IL-1 effects in murine asthma. Previous reports showed 
that IL-1 signaling promotes asthma development. To 
study this, mice deficient in the IL-1RI–/–, IL-1 receptor 
antagonist (IL-1RA)–/–, IL-1 � / � –/– and depletion experi-
ments were used. Two different lines of IL-1RI–/– mice 
have been generated independently: One IL-1RI–/– 
BALB/c strain  [32]  exhibited no phenotype in severe OVA/
alum-induced asthma. In contrast, in a model of a more 
mild asthma induced without adjuvant, these mice 
showed weaker AHR with significantly lower IgE levels, 
less lung infiltration with eosinophils and goblet cell hy-
perplasia  [33] . The other IL-1RI–/– mouse line on a mixed 
C57BL/6  !  129 background  [34]  showed reduced eosin-
ophil recruitment into lungs due to decreased expression 
of VCAM-1 during antigen-induced AHR  [35]  and im-
proved disease outcome  [29] . In other studies, adminis-
tration of anti-IL-1 � /anti-IL-1 �  during sensitization and 
challenge abrogated the development of asthma  [29] . In 
addition, IL-1 � / � –/– mice showed significantly reduced 
asthma development, whereas responses seen in IL-
1RA–/– mice were severely exacerbated  [36] . Taken togeth-
er, these studies suggest that total absence of IL-1 signaling 
leads to abrogation of AHR in allergic asthma. In contrast 
to the findings in genetically modified mice and antibody 
depletion, we now report that IL-1 exerts effects on allergic 
asthma that are strictly dependent on the time of treat-

ment. Using genetically modified mice, these dual effects 
cannot be easily revealed. In addition, the effect of IL-1 
during sensitization only has not been studied previously.

  In some reports, the effect of IL-1/IL-1RI only during 
allergen challenge was studied. Here, IL-1 primarily pro-
moted eosinophil recruitment and thereby worsened dis-
ease outcome. IL-1 �  caused severe pulmonary infiltra-
tion with neutrophils/macrophages and emphysema de-
velopment in transgenic mice with timed induction of 
IL-1 �  expression in lung epithelial cells  [37] . In addition, 
delivery of an adenovirus expressing IL-1RA after sensi-
tization and before airway antigen challenge alleviated 
AHR, pulmonary infiltration with eosinophils and neu-
trophils and decreased IL-5 levels  [38] , IL-1RA abrogated 
both the IL-5- and IgE-induced changes in airway smooth 
muscle responsiveness in asthma  [39] , whereas, in con-
trast, IL-1 �  and TNF- �  increased airway smooth muscle 
response to various contractile agonists, e.g. methacho-
line  [40] . Finally, IL-1 �  and TNF- �  induce NF- � B-de-
pendent CCL28 induction, a mucosal chemokine that at-
tracts eosinophils and T cells via CCR3 and CCR10  [41] . 
Thus, the latter findings are in line with our observation 
that IL-1 �  administered to mice just before or during al-
lergen challenge (days 21–23 and days 27–29) worsened 
disease outcome most likely due to increased eosinophil 
recruitment and smooth muscle responsiveness, and 
blockade of IL-1 (e.g. by IL-1RA administration) reduces 
disease severity.

  The cells involved in the induction of allergic respons-
es are DCs, mast cells, T and B cells  [42] . Developing al-
lergen-specific Th2 cells secrete cytokines such as IL-4, 
IL-5, IL-13, and induce allergen-specific IgE and IgG1, all 
of which are responsible for resulting increased airway 
resistance upon re-challenge with antigen. DCs play im-
portant roles not only in bridging innate and adaptive 
immunity by presenting antigen to naïve T cells but also 
by directing resulting immune responses via release of 
certain cytokines/chemokines. In murine asthma, DCs 
appear to play a role both as one of the major APCs dur-
ing sensitiziation, but they also accumulate in the lung 
afterwards and promote airway inflammation after re-
exposure to allergen  [43–46] . The question as to which 
cells may contribute to IL-1 release in allergic asthma is 
still unanswered. Most likely, DCs (similar to murine 
leishmaniasis  [2, 3] ) and macrophages are both candi-
dates. Future studies using targeted expression of IL-1 by 
these cells will aid to solve this question.

  Erb et al.  [47]  previously demonstrated that intranasal 
mycobacterial infection suppressed the development of 
OVA-induced asthma. Intranasal  Mycobacterium bovis -
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bacillus Calmette-Guérin infection before allergen chal-
lenge resulted in decreased eosinophilia and AHR, de-
creased IL-5 levels and elevated IFN- �  release. Prior stud-
ies showed that infection with  Mycobacteria  leads to 
strong release of IL-1 from DCs and macrophages and the 
absence of IL-1R signaling is associated with a dramatic 
defect in early control of mycobacterial infection  [48] . 
Thus, the suppressive effect of mycobacterial infection on 
allergic asthma may also be caused by release of IL-1. 

  The role of the Th1/Th2 paradigm in DTH is less clear. 
Both Th1 and Th2 immunity were observed after immu-
nization with different adjuvants  [15, 16] . Sensitization 
with KLH (plus alum) induced strong Th2-mediated hu-
moral responses  [49, 50] . Using this Th2-type model dis-
ease, we observed that IL-1 administration during sensi-
tization abrogated disease and preferentially induced 
IFN- �  as compared to Th2-associated IL-5. In parallel, 
studies using IL-1RI–/– mice or adoptive transfer experi-
ments with IL-1 � / � –/– and IL-1RA–/– cells showed that 
IL-1 �  was necessary for efficient Th1 priming in DTH 

 [51, 52] . In addition, CD4+ T cell-derived IL-1 � / �  was 
also required for the induction of TNF- �  from DCs, 
which in turn activated allergen-specific T cells. Thus, 
similar to our findings, a Th1-immunomodulatory role 
of IL-1 in DTH responses was revealed.

  In summary, the present study demonstrates an im-
portant role of IL-1 in the regulation of Th development 
in Th2-mediated allergic disease. Future studies will be 
directed at characterizing the alterations in allergic asth-
ma mediated by IL-1 in more detail. These studies will 
improve our understanding of the exact mechanisms by 
which IL-1 regulates Th differentiation in this important 
model of a human disease.

  Acknowledgement 

 This work was supported by grants from the Deutsche For-
schungsgemeinschaft  (SFB548,  E.v.S.,  S.B.   and   C.T.),   the   Ber-
liner Stiftung für Dermatologie (E.v.S.) and the MAIFOR pro-
gram (E.v.S.). 

 References 

  1 Sacks D, Noben-Trauth N: The immunology 
of susceptibility and resistance to  Leishma-
nia   major  in mice. Nat Rev Immunol 2002;   2:  
 845–858. 

  2 Filippi C, Hugues S, Cazareth J, Julia V, 
 Glaichenhaus N, Ugolini S: CD4+ T cell po-
larization in mice is modulated by strain-
specific major histocompatibility complex-
in dependent differences within dendritic 
cells. J Exp Med 2003;   198:   201–209. 

  3 von Stebut E, Ehrchen JM, Belkaid Y, Lopez 
Kostka S, Molle K, Knop J, Sunderkotter C, 
Udey MC: Interleukin-1 �  promotes Th1 dif-
ferentiation and inhibits disease progression 
in  Leishmania major -susceptible BALB/c 
mice. J Exp Med 2003;   198:   191–199. 

  4 Nigg AP, Zahn S, Ruckerl D, Holscher C, Yo-
shimoto T, Ehrchen JM, Wölbing F, Udey 
MC, von Stebut E: Dendritic cell-derived IL-
12p40 homodimer contributes to suscepti-
bility in cutaneous leishmaniasis in BALB/c 
mice. J Immunol 2007;   178:   7251–7258. 

  5 Shibuya K, Robinson D, Zonin F, Hartley SB, 
Macatonia SE, Somoza C, Hunter CA, Mur-
phy KM, O’Garra A: IL-1 �  and TNF- �  are 
required for IL-12-induced development of 
Th1 cells producing high levels of IFN- �  in 
BALB/c but not C57BL/6 mice. J Immunol 
1998;   160:   1708–1716. 

  6 Lopez Kostka S, Knop J, Konur A, Udey MC, 
von Stebut E: Distinct roles for IL-1 receptor 
type I signaling in early versus established 
 Leishmania major  infections. J Invest Der-
matol 2006;   126:   1582–1589. 

  7 Greenbaum LA, Horowitz JB, Woods A, 
Pasqualini T, Reich EP, Bottomly K: Auto-
crine growth of CD4+ T cells. Differential 
effects of IL-1 on helper and inflammatory T 
cells. J Immunol 1988;   140:   1555–1560. 

  8 Huber M, Beuscher HU, Rohwer P, Kurrle R, 
Rollinghoff M, Lohoff M: Costimulation via 
TCR and IL-1 receptor reveals a novel IL-1 � -
mediated autocrine pathway of Th2 cell pro-
liferation. J Immunol 1998;   160:   4242–4247. 

  9 Lichtman AH, Chin J, Schmidt JA, Abbas 
AK: Role of interleukin 1 in the activation of 
T lymphocytes. Proc Natl Acad Sci USA 
1988;   85:   9699–7903. 

 10 Kurt-Jones EA, Hamberg S, Ohara J, Paul 
WE, Abbas AK: Heterogeneity of helper/in-
ducer T lymphocytes. I. Lymphokine pro-
duction and lymphokine responsiveness. J 
Exp Med 1987;   166:   1774–1787. 

 11 al Ramadi BK, Welte T, Fernandez-Cabezu-
do MJ, Galadari S, Dittel B, Fu XY, Bothwell 
AL: The Src-protein tyrosine kinase Lck is 
required for IL-1-mediated costimulatory 
signaling in Th2 cells. J Immunol 2001;   167:  
 6827–6833. 

 12 Lin KW, Chen SC, Chang FH, Kung JT, Hsu 
BR, Lin RH: The roles of interleukin-1 and 
interleukin-1 receptor antagonist in antigen-
specific immune responses. J Biomed Sci  
 2002;   9:   26–33. 

 13 Nakae S, Naruse-Nakajima C, Sudo K, Horai 
R, Asano M, Iwakura Y: IL-1 � , but not IL-1 � , 
is required for contact-allergen-specific T 
cell activation during the sensitization phase 
in contact hypersensitivity. Int Immunol 
2001;   13:   1471–1478. 

 14 Seder RA, Paul WE: Acquisition of lympho-
kine-producing phenotype by CD4+ T cells. 
Annu Rev Immunol 1994;   12:   635–673. 

 15 Kobayashi K, Kaneda K, Kasama T: Immu-
nopathogenesis of delayed-type hypersensi-
tivity. Microsc Res Tech 2001;   53:   241–245. 

 16 Black CA: Delayed type hypersensitivity: 
current theories with an historic perspec-
tive. Dermatol Online J 1999;   5:   7. 

 17 Taube C, Dakhama A, Gelfand EW: Insights 
into the pathogenesis of asthma utilizing 
murine models. Int Arch Allergy Immunol 
2004;   135:   173–186. 

 18 Hausding M, Karwot R, Scholtes P, Lehr HA, 
Wegmann M, Renz H, Galle PR, Birkenbach 
M, Neurath MF, Blumberg RS, Finotto S: 
Lung CD11c+ cells from mice deficient in 
Epstein-Barr virus-induced gene 3 (EBI-3) 
prevent airway hyper-responsiveness in ex-
perimental asthma. Eur J Immunol 2007;   37:  
 1663–1677. 

 19 Finotto S, Neurath MF, Glickman JN, Qin S, 
Lehr HA, Green FH, Ackermann K, Haley K, 
Galle PR, Szabo SJ, Drazen JM, De Sanctis 
GT, Glimcher LH: Development of sponta-
neous airway changes consistent with hu-
man asthma in mice lacking T-Bet. Science 
2002;   295:   336–338. 



 Caucig   /Teschner   /Dinges   /Maxeiner   /
Reuter   /Finotto   /Taube   /von Stebut    

Int Arch Allergy Immunol 2010;152:303–312312

 20 Maxeiner JH, Karwot R, Hausding M, Sauer 
KA, Scholtes P, Finotto S: A method to enable 
the investigation of murine bronchial im-
mune cells, their cytokines and mediators. 
Nat Protoc 2007;   2:   105–112. 

 21 Beasley R, Crane J, Lai CK, Pearce N: Preva-
lence and etiology of asthma. J Allergy Clin 
Immunol 2000;   105:S466–S472. 

 22 Karjalainen J, Hulkkonen J, Pessi T, Huhtala 
H, Nieminen MM, Aromaa A, Klaukka T, 
Hurme M: The IL1A genotype associates 
with atopy in nonasthmatic adults. J Allergy 
Clin Immunol 2002;   110:   429–434. 

 23 Adjers K, Pessi T, Karjalainen J, Huhtala H, 
Hurme M: Epistatic effect of IL1A and IL-
4RA genes on the risk of atopy. J Allergy Clin 
Immunol 2004;   113:   445–447. 

 24 Pessi T, Karjalainen J, Hulkkonen J, Niemi-
nen MM, Hurme M: A common IL-1 com-
plex haplotype is associated with an in-
creased risk of atopy. J Med Genet 2003;   40:
e66. 

 25 Ramadas RA, Li X, Shubitowski DM, 
Samineni S, Wills-Karp M, Ewart SL: IL-1 
receptor antagonist as a positional candidate 
gene in a murine model of allergic asthma. 
Immunogenetics 2006;   58:   851–855. 

 26 Hang LW, Hisa TC, Chen WC, Chen HY, 
Tsai JJ, Tsai FJ: Interleukin-10 gene -627 al-
lele variants, not interleukin-I beta gene and 
receptor antagonist gene polymorphisms, 
are associated with atopic bronchial asthma. 
J Clin Lab Anal 2003;   17:   168–173. 

 27 Broide DH, Paine MM, Firestein GS: Eosino-
phils express interleukin 5 and granulocyte 
macrophage-colony-stimulating factor 
mRNA at sites of allergic inflammation in 
asthmatics. J Clin Invest 1992;   90:   1414–
1424. 

 28 Thomas SS, Chhabra SK: A Study on the se-
rum levels of interleukin-1 �  in bronchial 
asthma. J Indian Med Assoc 2003;   101:   282–
286. 

 29 Johnson VJ, Yucesoy B, Luster MI: Preven-
tion of IL-1 signaling attenuates airway hy-
perresponsiveness and inflammation in a 
murine model of toluene diisocyanate-
 induced asthma. J Allergy Clin Immunol 
2005;   116:   851–858. 

 30 Iwakura Y: Roles of IL-1 in the development 
of rheumatoid arthritis: Consideration from 
mouse models. Cytokine Growth Factor Rev 
2002;   13:   341–355. 

 31 Ji J, Sun J, Soong L: Impaired expression of 
inflammatory cytokines and chemokines at 
early stages of infection with  Leishmania 
amazonensis . Infect Immun 2003;   71:   4278–
4288. 

 32 Labow M, Shuster D, Zetterstrom M, Nunes 
P, Terry R, Cullinan EB, Bartfai T, Solorzano 
C, Moldawer LL, Chizzonite R, McIntyre 
KW: Absence of IL-1 signaling and reduced 
inflammatory response in IL-1 type I recep-
tor-deficient mice. J Immunol 1997;   159:  
 2452–2461. 

 33 Schmitz N, Kurrer M, Kopf M: The IL-1 re-
ceptor 1 is critical for Th2 cell type airway 
immune responses in a mild but not in a 
more severe asthma model. Eur J Immunol 
2003;   33:   991–1000. 

 34 Glaccum MB, Stocking KL, Charrier K, 
Smith JL, Willis CR, Maliszewski C, Living-
ston DJ, Peschon JJ, Morrissey PJ: Phenotyp-
ic and functional characterization of mice 
that lack the type I receptor for IL-1. J Im-
munol 1997;   159:   3364–3371. 

 35 Broide DH, Campbell K, Gifford T, Srira-
marao P: Inhibition of eosinophilic inflam-
mation in allergen-challenged, IL-1 receptor 
type 1-deficient mice is associated with re-
duced eosinophil rolling and adhesion on 
vascular endothelium. Blood 2000;   95:   263–
269. 

 36 Nakae S, Komiyama Y, Yokoyama H, Nambu 
A, Umeda M, Iwase M, Homma I, Sudo K, 
Horai R, Asano M, Iwakura Y: IL-1 is re-
quired for allergen-specific Th2 cell activa-
tion and the development of airway hyper-
sensitivity response. Int Immunol 2003;   15:  
 483–490. 

 37 Lappalainen U, Whitsett JA, Wert SE, Tiche-
laar JW, Bry K: Interleukin-1beta causes pul-
monary inflammation, emphysema, and air-
way remodeling in the adult murine lung. 
Am J Respir Cell Mol Biol 2005;   32:   311–318. 

 38 Wang CC, Fu CL, Yang YH, Lo YC, Wang 
LC, Chuang YH, Chang DM, Chiang BL: Ad-
enovirus expressing interleukin-1 receptor 
antagonist alleviates allergic airway inflam-
mation in a murine model of asthma. Gene 
Ther 2006;   13:   1414–1421. 

 39 Whelan R, Kim C, Chen M, Leiter J, 
Grunstein MM, Hakonarson H: Role and 
regulation of interleukin-1 molecules in pro-
asthmatic sensitised airway smooth muscle. 
Eur Respir J 2004;   24:   559–567. 

 40 Molimard M, Naline E, Boichot E, Devillier 
P, Lagente V, Begaud B, Advenier C: In vitro-
induced human airway hyperresponsiveness 
to bradykinin. Eur Respir J 1998;   12:   1301–
1306. 

 41 O’Gorman MT, Jatoi NA, Lane SJ, Mahon 
BP: IL-1 �  and TNF- �  induce increased ex-
pression of CCL28 by airway epithelial cells 
via an NF- � B-dependent pathway. Cell Im-
munol 2005;   238:   87–96. 

 42 Wills-Karp M: Immunologic basis of anti-
gen-induced airway hyperresponsiveness. 
Annu Rev Immunol 1999;   17:   255–281. 

 43 Schroder NW, Maurer M: The role of innate 
immunity in asthma: leads and lessons from 
mouse models. Allergy 2007;   62:   579–590. 

 44 Moller GM, Overbeek SE, Helden-Meeuw-
sen CG, Van Haarst JM, Prens EP, Mulder 
PG, Postma DS, Hoogsteden HC: Increased 
numbers of dendritic cells in the bronchial 
mucosa of atopic asthmatic patients: Down-
regulation by inhaled corticosteroids. Clin 
Exp Allergy 1996;   26:   517–524. 

 45 Lambrecht BN, Salomon B, Klatzmann D, 
Pauwels RA: Dendritic cells are required for 
the development of chronic eosinophilic air-
way inflammation in response to inhaled an-
tigen in sensitized mice. J Immunol 1998;  
 160:   4090–4097. 

 46 van Rijt LS, Jung S, Kleinjan A, Vos N, Wil-
lart M, Duez C, Hoogsteden HC, Lambrecht 
BN: In vivo depletion of lung CD11c+ den-
dritic cells during allergen challenge abro-
gates the characteristic features of asthma. J 
Exp Med 2005;   201:   981–991. 

 47 Erb KJ, Holloway JW, Sobeck A, Moll H, Le 
Gros G: Infection of mice with  Mycobacte-
rium bovis -bacillus Calmette-Guérin (BCG) 
suppresses allergen-induced airway eosino-
philia. J Exp Med 1998;   187:   561–569. 

 48 Fremond CM, Togbe D, Doz E, Rose S, Vas-
seur V, Maillet I, Jacobs M, Ryffel B, Ques-
niaux VF: IL-1 receptor-mediated signal is 
an essential component of MyD88-depen-
dent innate response to  Mycobacterium tu-
berculosis  infection. J Immunol 2007;   179:  
 1178–1189. 

 49 Le Gros G, Schultze N, Walti S, Einsle K, Fin-
kelman F, Kosco-Vilbois MH, Heusser C: 
The development of IgE+ memory B cells fol-
lowing primary IgE immune responses. Eur 
J Immunol 1996;   26:   3042–3047. 

 50 Matsushima H, Hayashi S, Shimada S: Skin 
scratching switches immune responses from 
Th2 to Th1 type in epicutaneously immu-
nized mice. J Dermatol Sci 2003;   32:   223–
230. 

 51 Satoskar AR, Okano M, Connaughton S, 
Raisanen-Sokolwski A, David JR, Labow M: 
Enhanced Th2-like responses in IL-1 type 1 
receptor-deficient mice. Eur J Immunol 
1998;   28:   2066–2074. 

 52 Nambu A, Nakae S, Iwakura Y: IL-1 � , but not 
IL-1 � , is required for antigen-specific T cell 
activation and the induction of local inflam-
mation in the delayed-type hypersensitivity 
responses. Int Immunol 2006;   18:   701–712.   


