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Summary

Background The airway in¯ammation observed in asthma is orchestrated by activated

Th-2 lymphocytes relevant for the induction of altered airway responsiveness. An increas-

ing body of evidence is accumulating that not only the pro-in¯ammatory cytokines

interleukin (IL)-4 and IL-5 but also the immunomodulating cytokines IL-12 and possibly

IL-10 are crucial for regulating the allergic airway in¯ammation.

Objective Since IL-10 is capable of downregulating a broad spectrum of pro-in¯amma-

tory cytokines, we wanted to address the role of endogenously produced IL-10 in vivo in

allergic asthma.

Methods Knockout (IL-10ÿ/ÿ) mice (C57BL/6-IL10tm1Cgn) and wild-type (WT) coun-

terparts were immunized (day 0) and exposed (day 14±21) to ovalbumin (OVA). Airway

in¯ammation and reactivity (AR), serum allergen-speci®c IgE responses and cytokine

pro®les in the bronchoalveolar lavage ¯uid (BALF) were studied.

Results The IL-10ÿ/ÿ mice had more eosinophilic airway in¯ammation but comparable

levels of allergen-speci®c serum IgE compared to the WT mice after allergen challenge.

The AR was comparably increased in the OVA challenged WT and IL-10ÿ/ÿ mice vs sham-

exposed WT, but not vs sham-exposed IL-10ÿ/ÿ mice since these showed a higher baseline

AR. IFN g, IL-4 and IL-13 were comparable and IL-5 was even lower in the BALF of the in

IL-10ÿ/ÿ mice compared to the similarly exposed WT mice.

Conclusion These results indicate that IL-10 plays an important and possibly direct role in

the control of airway in¯ammation and responsiveness in an in vivo mouse model of allergy.
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Introduction

The pathological basis of the reversible airway obstruction

and airway hyperresponsiveness in bronchial asthma is

in¯ammation. Even patients with mild asthma have in¯amed

airways [1] and some studies suggest that the severity

parallels the degree of in¯ammation [2,3]. Asthmatic

airway in¯ammation is characterized by in®ltration of the

mucosa by CD4� T cells of the Th-2 phenotype [4] and by

eosinophils [5]. These Th-2 cells produce IL-4 and IL-5,

which are thought to be relevant for the persistence of the

in¯ammation and for the mechanism linking the airway

in¯ammation to the altered airway responsiveness [6]. Next

to IL-4 and IL-5, other cytokines such as IL-10 are produced

by Th-2 cells [7,8]. The initial description of IL-10 as a Th-2

cytokine inhibiting Th-1 proliferation was followed by

studies indicating that IL-10 also inhibited cytokine produc-

tion of Th-1 and Th-2 cells [9]. IL-10 has been described as

an extremely pleiotropic cytokine not only inhibiting cyto-

kine synthesis but also having stimulatory effects especially

on B cells with induction of g-isotype switching and IgG

production [9]. Different studies performed in asthmatic

patients suggested a role for IL-10 in the pathogenesis of

asthma although its exact role is not yet understood [10±12].

In this study, we addressed the role of IL-10 in allergic

airway in¯ammation using IL-10-de®cient mice (IL-10ÿ/ÿ).

Our results indicate that the absence of endogenous IL-10
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strongly enhances antigen-induced eosinophil in¯ux and

airways in¯ammation and increases airway responsiveness.

Furthermore, we investigated the mechanisms by which

IL-10 induces these ®ndings by means of histological analy-

sis on the pulmonary tissues and by analysis of cytokine

pro®les in the bronchoalveolar lavage ¯uids.

Methods

Animals

Speci®c pathogen-free male C57BL/6 J wild-type (WT) mice

and homozygous IL-10-de®cient mice (IL-10ÿ/ÿ) (C57BL/

6 J-IL-10(tm1Cgn)), 6±8 weeks of age, were purchased

from The Jackson Laboratory (Bar Harbor, Maine, USA).

Mice homozygous for the IL-10 gene mutation do not pro-

duce IL-10 and completely lack IL-10 activity [13]. Mice

were housed in sterilized germ-free micro-isolator cages

and fed with sterile food and water ad libitum. Bacterial

cultures, parasitological examinations, serological tests

were negative for known murine pathogens.

Immunization and exposure of mice

On the ®rst day of the experiments (day 0), all mice (n� 9±

16 per group) were actively immunized with ovalbumin

(OVA) (Sigma, St Louis, MO, USA) by i.p. injection of

10 mg OVA, adsorbed to 1 mg of aluminium hydroxide.

From day 14 to day 21, the mice were exposed daily to

phosphate-buffered saline (PBS) or OVA aerosols (1%) for

30 min in a sterilized exposure chamber (30 ´ 20 ´ 15 cm).

The aerosol was produced by an ultrasonic nebulizer (Ultra-

schallvernebler Sirius Nova, Heyer Medizintechnologie,

Bad Ems, Germany). According to the speci®cations of

the manufacturer, the output of the nebulizer was 3 mL/min

and the mean particle size of the aerosol was 3.2 mm.

Airway responsiveness

Airway responsiveness to carbachol was measured 24 h after

the ®nal allergen exposure as previously described [14]. The

mice were anaesthetized with pentobarbital (100 mg/kg i.p.)

and a tracheal cannula was inserted. The femoral artery and

the jugular vein were cannulated. The animals, placed on a

37 8C heated blanket, were ventilated with a Palmer respirator

(Bioscience, Sheerness, UK) at 145 strokes/min (stroke

volume of 0.5 mL). Neuromuscular blockade to prevent

spontaneous respiration was induced by injecting pancuro-

nium bromide (1 mg/kg) i.v. (Organon, Teknika NV, Turn-

hout, Belgium). Airway resistance (RL) was calculated from

the differential pressure between the airways and the pleural

cavity, tidal volume and ¯ow. Measurements were per-

formed with a computerized pulmonary mechanics analyser

(Mumed PMS800 system; Mumed Ltd, London, UK).

Increasing doses of carbachol were administered (micro-

infusion pump) intravenously (40, 120, 400 and 1200 mg/kg).

Between each dose, the airway resistance was allowed to

return to the baseline level. The provocative dose of carba-

chol causing a 50% increase in RL (PD50-RL) was calculated

from the linear interpolation on a semilogarithmic dose±

response curve.

Bronchoalveolar lavage

Immediately after the assessment of airway responsiveness,

1 mL of Hank's balanced salt solution (HBSS) free of

ionized calcium and magnesium but supplemented with

0.05 mM sodium EDTA was instilled four times via the

tracheal cannula and recovered by gentle manual aspiration.

The recovered bronchoalveolar lavage ¯uid (BALF) was

centrifuged (600 g for 10 min at 4 8C). The supernatant

was processed for cytokine assessment. The cell pellet

was washed twice and was resuspended in 1 mL of HBSS.

A total cell count was performed in a BuÈrker chamber and

the differential cell counts on at least 400 cells were

performed on cytocentrifuged preparations (Cytospin 2;

Cytospin, Shandon td., Runcorn, Cheshire, UK) using

standard morphological criteria after staining with

May-GruÈnwald-Giemsa.

Cytokine measurements in BALF supernatant

The supernatant of the BALF was passed through a 0.2-mm

®lter to remove mucus. A protease inhibitor cocktail, com-

posed of soybean trypsin inhibitor, a1-antitrypsin, pepstatin

A, EDTA, benzamidine hydrochloride, aprotinin and phen-

anthroline (Sigma Chemical Company, Poole, UK) was

added (1 mL/ml supernatant). The BALF supernatant was

concentrated 5±8 times by means of Centriprep 3000 con-

centrators (Amicon, Beverly, USA) according to the manu-

facturer's instructions. Centrifugation was performed at 4 8C
(2600 g) for three times 30 min, discarding the low mole-

cular weight fraction after each centrifugation. By dividing

the original supernatant volume by the ®nal volume of the

concentrate, a concentration factor was obtained. The con-

centrated supernatant was stored at ÿ 80 8C until analysis.

The cytokines IL-4, IL-5, IL-13 and IFN g were measured

with commercially available sandwich ELISAs (Biosource

Europe, Fleurus, Belgium for IL-4, and IFN g, R & D

Systems Europe, Abingdon, UK for IL-13 and Biotrak,

Amersham Pharmacia Biotech Benelux, Brecht-St. Lenaarts,

Belgium for IL-5). Sensitivity of the ELISA kits was 1, 1.5,

5 and 5 pg/mL for IFN g, IL-13, IL-4 and IL-5, respectively.

The measured cytokine concentrations were divided by the

concentration factor in order to obtain the original concen-

tration of the cytokine in the BALF.
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Measurement of total and allergen-speci®c serum IgE

At the end of the experiment, blood was drawn from the

heart for measurement of total and OVA speci®c serum IgE.

Total IgE was measured with a two-sided sandwich ELISA

assay, using two monoclonal rat antimouse IgE antibodies

reacting with different epitopes on the epsilon heavy chain

(H. Bazin, Experimental Immunology Unit, UCL, Brussels,

Belgium). The second antibody was biotinylated and detec-

ted colourimetrically after adding horseradish peroxidase-

streptavidine conjugate. Absorbance values, read at 450 nm

were converted to concentrations in serum by comparison

with a standard curve obtained with mouse IgE of known

concentration (H. Bazin).

For OVA-speci®c serum IgE, microtitre plates were

coated with OVA. Serum was added followed by a biotiny-

lated polyclonal rabbit antimouse IgE (S. Florquin, ULB,

Brussels, Belgium). A serum pool from OVA-sensitized

animals was used as the internal laboratory standard; 1 unit

was arbitrarily de®ned as a 1/100 dilution of this pool.

Histological analysis and scoring of pulmonary

in¯ammation

The lungs were infused via the trachea with 4% paraformalde-

hyde. After excision, the lungs were immersed in fresh

®xative overnight. Pieces from all lung lobes were used for

histological examination. Sections of 2.5 mm thickness

were cut and stained with haematoxylin and eosin or with

haematoxylin and congo red (for the photomicrographs).

Slides were coded and were graded in a blinded fashion

using a reproducible scoring system described elsewhere

[15]. A value from 0 to 3 per criterium was adjudged to each

tissue section scored. Two criteria were scored to document

the pulmonary in¯ammation: peribronchial in¯ammation

and perivascular in¯ammation. A value of 0 was adjudged

when no in¯ammation was detectable, a value of 1 for occa-

sional cuf®ng with in¯ammatory cells, a value of 2 when

most bronchi or vessels were surrounded by a thin layer (1±5

cells) of in¯ammatory cells and a value of 3 when most

bronchi or vessels were surrounded by a thick layer (> 5

cells) of in¯ammatory cells. As 10±15 randomly selected

tissue sections per mouse were scored, in¯ammation scores

could be expressed as a mean value and could be compared

between groups.

Statistical analysis

Data were analysed with the statistical packet SPSS 6.1.2

(SPSS Inc., Chicago, IL, USA). All results are expressed as

means 6 SEM. ANOVA tests were applied to compare groups

and post hoc analysis with Bonferroni's conservative

correction was performed when ANOVA test were signi®cant

at P < 0.05.

Results

Bronchoalveolar lavage ¯uid

Repeated daily exposure of actively-immunized WT C57BL/6

mice to aerosolized OVA induced a signi®cant increase in

total cell numbers in the BALF (Table 1) when compared

to the PBS-exposed WT animals. OVA exposure in these

animals induced a signi®cant eosinophilia, neutrophilia and

lymphocytosis in the BALF. Repeated exposure of actively-

immunized IL-10-de®cient mice (IL-10ÿ/ÿ) also induced

signi®cantly higher cell numbers, eosinophilia, neutrophilia

and lymphocytosis in the BALF when compared to the PBS-

exposed IL-10ÿ/ÿ counterparts. Moreover, the increase in

total cell numbers, eosinophilia and lymphocytosis observed

in the OVA-exposed IL-10ÿ/ÿ mice was signi®cantly higher

than the increase observed in the OVA-exposed WT animals.

Total and OVA-speci®c serum IgE

Total and OVA-speci®c serum IgE of the different animal

groups are represented in Table 2. Exposure of actively-

immunized WT mice to OVA induced a signi®cant increase

in total and allergen-speci®c serum IgE when compared to

the PBS-exposed counterparts. Accordingly, OVA exposure

in the immunized IL-10ÿ/ÿ mice resulted also in an increase
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Table 1. Total cell numbers and cellular

composition of BALF in actively sensi-

tized wild-type and IL-10-de®cient mice

exposed to ovalbumin (OVA, n� 16 and

n� 13, respectively) aerosol or PBS

(n� 9 for both WT and IL10ÿ/ÿ mice).

ANOVA *P < 0.05 vs PBS exposed WT

animals. ²P< 0.05 vs PBS exposed

IL-10ÿ/ÿ mice. ³P < 0.05 vs OVA

challenged WT animals

WT WT IL-10ÿ/ÿ IL-10ÿ/ÿ

OVA/PBS OVA/OVA OVA/PBS OVA/OVA

Total BALF cell 1.9 6 0.2 5.2 6 0.5*² 1.6 6 0.2 9.1 6 0.8*²³

(1 ´ 105/mL)

Macrophage (%) 99.0 6 0.2 69.6 6 2.6*² 99.0 6 0.2 31.7 6 3.6*²³

Lymphocyt (%) 0.3 6 0.1 4.6 6 0.7*² 0.3 6 0.1 8.7 6 1.1*²³

Eosinophil (%) 0.0 6 0.0 22.4 6 7.1*² 0.1 6 0.1 56.3 6 12.9*²³

Neutrophil (%) 0.6 6 0.1 3.3 6 0.7*² 0.5 6 0.1 2.7 6 0.5*²



in total and OVA-speci®c serum IgE. Total IgE levels in the

OVA-exposed IL-10ÿ/ÿ mice were signi®cantly higher

compared to the OVA-exposed WT mice whereas no signi-

®cant difference was observed for allergen speci®c IgE

between these two groups.

Airway responsiveness

Figure 1 shows the dose-response curves of airway respon-

siveness to carbachol. Sensitized WT or IL-10ÿ/ÿ mice

exposed to OVA aerosol showed a signi®cant hyperrespon-

siveness compared to the PBS-exposed WT animals. Airway

responsiveness in PBS-exposed IL-10ÿ/ÿ mice was also

signi®cantly higher than in the PBS-exposed WT animals.

Although OVA exposure induced a leftward shift of the

dose-response curve in the IL-10ÿ/ÿ mice, the difference did

not reach statistical signi®cance after Bonferroni's conser-

vative correction. Thus, the dose-response curves from the

IL-10ÿ/ÿ mice, challenged with OVA or PBS and from the

WT mice challenged with OVA did not differ (P > 0.05),

whereas these three groups were hyperresponsive relative to

the PBS-challenged WT mice (P < 0.001, P< 0.001 and

P� 0.002, respectively). These ®ndings are also re¯ected

by the PD50-RL (Fig. 2). Whereas no signi®cant differences

in PD50-RL were demonstrated between the IL-10ÿ/ÿ mice,

challenged or not with OVA and WT mice challenged with

OVA, the PD50-RL of these animals were signi®cantly lower

than the PD50-RL of the PBS-exposed WT animals (ANOVA,

P < 0.007).

Histopathology of the lungs

Figure 3 and Fig. 4 represent the histopathological scoring

and photomicrographs of the pulmonary tissue in the differ-

ent groups of mice. Histological evaluation of the airways

from the WT (Fig. 4, panel A) and IL-10ÿ/ÿ (Fig. 4, panel

C) mice exposed to PBS aerosol showed normal lung

histology in both groups. Sensitization and subsequent
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WT WT IL-10ÿ/ÿ IL-10ÿ/ÿ

OVA/PBS OVA/OVA OVA/PBS OVA/OVA

Total IgE (mg/mL) 3.3 6 0.7 38.3 6 4.8*² 2.7 6 0.7 76.0 6 9.4*²³

OVA-speci®c IgE (U/mL) 1.1 6 0.4 40.7 6 8.1*² 0.8 6 0.3 53.2 6 4.7*²

Table 2. Total and OVA-speci®c serum

IgE in actively sensitized wild-type and

IL-10-de®cient (IL-10ÿ/ÿ) mice exposed

to ovalbumin (OVA, n� 16 and n� 13,

respectively) aerosol or PBS (n� 9 for

both WT and IL10ÿ/ÿ mice). ANOVA

*P< 0.05 vs PBS exposed WT animals.

²P< 0.05 vs PBS-exposed IL-10ÿ/ÿ

mice. ³P< 0.05 vs OVA-challenged WT

animals

Fig. 1. Dose-response curves of the changes in airway resistance

to increasing doses of carbachol. Wild-type mice (WT) exposed to

ovalbumin (OVA, n� 16) and IL-10-de®cient (IL-10ÿ/ÿ) mice

exposed to OVA (n� 13) or PBS (n� 9) aerosol are signi®cantly

hyperresponsive compared to WT mice exposed to PBS aerosol

(n� 9). ANOVA, *P< 0.05.

Fig. 2. PD50RL is signi®cantly higher in wild-type (WT) animals

exposed to PBS (n� 9) when compared to WT animals exposed to

ovalbumin (OVA, n� 16) or when compared to the IL-10-de®cient

mice (IL-10ÿ/ÿ) exposed to OVA (n� 13) or PBS (n� 9). ANOVA,

*P < 0.05. N.S. not signi®cant.



exposure to OVA resulted in a signi®cant peribronchial

and perivascular eosinophilic in¯ammation both in the WT

(Fig. 4, panel B) and IL-10ÿ/ÿ (Fig. 4, panel D) animals

when compared to the PBS-exposed counterparts. More-

over, the in¯ammation observed in the OVA-exposed

IL-10ÿ/ÿ mice was signi®cantly more pronounced than the

in¯ammation observed in the OVA-exposed WT mice

(ANOVA, P< 0.0001). The in®ltrations observed in the peri-

bronchial areas consisted mainly of lymphocytes, macro-

phages and eosinophils. The alveolar septa were free of

in¯ammation.

Analysis of cytokines in BALF

Concentrations of IFN g in the BALF of OVA-exposed

animals were signi®cantly (ANOVA, P < 0.0001) lower (3.3 6
0.2 and 3.8 6 0.3 pg/mL for WT and IL-10ÿ/ÿ mice, respec-

tively) when compared to the PBS-exposed animals

(6.7 6 0.5 and 6.0 6 0.7 pg/mL for WT and IL-10ÿ/ÿ

mice, respectively). The IL-5 concentrations in the BALF

were signi®cantly (ANOVA, P< 0.0001) higher in the OVA-

exposed animals (781 6 130 and 261 6 41 fg/mL for WT

and IL-10ÿ/ÿ mice, respectively) when compared to the

PBS-exposed animals (44 6 14 and 123 6 30 fg/mL for WT

and IL-10ÿ/ÿ mice, respectively). Moreover, IL-5 concen-

trations were signi®cantly higher in BALF from the OVA-

exposed WT animals compared to the OVA exposed

IL-10ÿ/ÿ mice. IL-4 concentrations in the BALF were

lower (ANOVA, P� 0.001) in the OVA-exposed WT animals

(21 6 2 pg/mL) when compared to the PBS-exposed WT

(46 6 5 pg/mL), the PBS-exposed IL-10ÿ/ÿ (49 6 7 pg/mL)

and the OVA-exposed IL-10ÿ/ÿ (37 6 7 pg/mL) mice.

IL-13 was detectable in 56% (9/16) of the OVA-exposed

WT animals and 50% (3/6) of the OVA-exposed IL-10ÿ/ÿ

animals (3.2 6 0.6 and 1.3 6 0.1 pg/mL, respectively),

while we could not detect IL-13 in the BALF of the PBS-

exposed WT or IL-10ÿ/ÿ animals.

Discussion

IL-10 de®ciency leads to an enhanced eosinophilic airway

in¯ammation during allergen exposure in sensitized mice and

is associated with an increase in baseline airway responsive-

ness. Sensitized and allergen-exposed IL-10-de®cient mice

have also higher total serum IgE than the WT controls.

The suppressive activity of endogenous IL-10 in allergen-

induced airway in¯ammation is in agreement with earlier

®ndings from in vitro experiments [16,17], from experiments

in which exogenous rmIL-10 was administered in murine

asthma models [18,19] and from clinical data showing that

alveolar macrophages from asthmatic patients produce sig-

ni®cantly lower amounts of IL-10 compared to non asth-

matic healthy volunteers [11] while a genotype, associated

with low IL-10 production, was found in patients with

severe asthma [10]. The anti-in¯ammatory role of IL-10

was not mediated through IFN g, IL-4 or IL-5 as measured

in the BALF. Since the OVA-exposed WT mice had even

more IL-5 in the BALF compared to the OVA-exposed

IL-10ÿ/ÿ mice, it is unlikely that under the present experi-

mental conditions the BALF concentrations of IL-5 are

important in determining the severity of airway in¯amma-

tion and BALF eosinophilia. Moreover, it was demonstrated

that rather the circulating but not the local lung IL-5 is

required for the development of antigen-induced airway

eosinophilia [20] suggesting that BALF IL-5 concentrations
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Fig. 3. Peribronchial and perivascular in¯ammation scores in

actively sensitized wild-type (WT) and IL-10-de®cient (IL-10ÿ/ÿ)

mice exposed to ovalbumin (OVA) aerosol or PBS. ANOVA,

*P< 0.05 for different subgroups.



are less relevant. Our ®ndings of lower IL-5 in the BALF of

the IL10ÿ/ÿ mice differ from in vitro observations [21,22].

In a murine model of bronchopulmonary aspergillosis [21],

it was shown that lung cells from IL10ÿ/ÿ mice produced

more IL-5 as well as IL-4 and IFN g than WT animals after

stimulation with anti-CD3 antibodies. In addition, it was

shown that exogenous rmIL-10 blocked IL-5 generation by

sensitized peritoneal cells [22]. However, ®ndings from in

vitro studies or studies in which a single Ag challenge is

given do not necessarily re¯ect the effect of endogenously

produced interleukins as it occurs in our model with a 7-day

repeated allergen exposure scheme. Since IFN g was equally

suppressed in the OVA-exposed IL-10ÿ/ÿ and WT mice

compared to the PBS-exposed IL-10ÿ/ÿ or WT mice, the

involvement of this cytokine is unlikely to be important in

the anti-in¯ammatory effects of IL-10. We must therefore

conclude that the increased allergen-induced in¯ammation

that we observed in the IL10ÿ/ÿ mice is not mediated through

an enhanced production of pro-in¯ammatory cytokines or a

decreased production of IFN g as measured in the BALF.
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Fig. 4. Photomicrographs depicting the

pulmonary tissue of the four groups of mice

(magni®cation ´ 200). Wild-type mice

exposed to PBS (panel A) or to OVA

(panel B) and IL-10ÿ/ÿ mice exposed to

PBS (panel C) or to OVA (panel D).



The ®ndings with BALF cytokines should however, be

interpreted with caution since it is largely unknown whether

differences in BALF cytokines re¯ect what is happening in

the pulmonary tissue. There are a number of factors that

could interfere with the BALF cytokine concentration

measurements and that therefore could make BALF cytokine

analysis less relevant. Some of these factors were controlled

(e.g. the presence of more proteases in the groups with more

in¯ammation was handled by adding protease inhibitors to

the lavage ¯uid) and others could not be controlled (e.g.

presence of molecules that could interfere with the ELISA

such as haptoglobin, or differences in surface or soluble

cytokine receptors between the groups). A differential effect

depending on the type of cytokine measured is also possible.

That could explain why the values of IFN g and IL-13 were

as expected whereas the values of IL-4 and IL-5 were not.

Especially IL-5 turned out to be a very dif®cult cytokine for

detection, and even despite the concentration procedure, the

measured values were very low. Although a direct effect of

IL-10 is an attractive hypothesis based on the measured

BALF cytokines, we cannot fully exclude the possibility of

an effect through cytokines present in the pulmonary tissue.

Airway hyperresponsiveness was observed in the OVA-

exposed WT and IL-10ÿ/ÿ animals when compared to the

PBS-exposed WT counterparts. Moreover, in our study, the

PBS-exposed IL-10ÿ/ÿ mice showed a higher baseline

airway responsiveness compared with the PBS-exposed

WT animals. It is theoretically possible that the airways of

these IL-10ÿ/ÿ mice are more sensitive to environmental

stimuli because of the enhanced in¯ammatory reaction to a

variety of exogenous stimuli (for example food or bedding

antigens in the intestines). Especially IL-10ÿ/ÿ ´ BALB/c

mice are extremely prone to develop spontaneously in¯am-

mation in their intestines with colorectal prolapse [23]

whereas the IL-10ÿ/ÿ ´ C57Bl/6 mutants do not develop

in¯ammatory bowel diseases when kept under speci®c

pathogen-free conditions [24]. Although we took the latter

mice for our experiments when they were 6±8 weeks and

under strictly pathogen-free conditions and although their

intestines and airways were free of in¯ammation at the time

of pulmonary function, it remains possible that the inevit-

able environmental exposure might have contributed to the

higher baseline airway responsiveness of the PBS-exposed

IL-10ÿ/ÿ animals compared with the WT animals. How

exactly the absence of endogenously-produced IL-10 aug-

ments the airway responsiveness warrants further research.

There was no morphological evidence of airway in¯amma-

tion in the IL-10ÿ/ÿ mice exposed to PBS and there were

no arguments suggesting an effect through the BALF

cytokines IL-4, IL-5, IL-13 and IFN g. A direct inhibitory

effect of endogenous IL-10 on the airway smooth muscle

cells or indirect effects through the stimulation or inhibition

of unknown mediators of the airway tone are distinct

possibilities. Since no signi®cant difference in airway

responsiveness was observed between the OVA-exposed

WT and IL-10ÿ/ÿ mice despite the presence of more

eosinophils in the latter group, and since PBS-exposed

IL-10ÿ/ÿ mice had increased airway reactivity in the

absence of airway eosinophilia, one could question the

role of the eosinophils in the induction of airway hyper-

responsiveness. There is indeed increasing evidence that

airway hyperresponsiveness in sensitized subjects can be

induced by allergic sensitization without involvement of

eosinophils [25±31]. Another possibility is that the OVA-

exposed IL-10ÿ/ÿ mice were unable to mount higher airway

reactivity because of mechanical restrictions. However,

since the average increase in airway resistance was only

145% when 1200 mg carbachol/kg body weight was

injected, we believe that the maximum was not reached.

Earlier experiments demonstrated that mice are able to

increase their airway resistance to over 200%.

Next to the presence of more eosinophils, the IL-10ÿ/ÿ

mice exposed to OVA had higher total serum IgE levels

whereas OVA-speci®c serum IgE was comparable to the

levels found in the WT mice. The in¯uence of IL-10 on IgE

synthesis has been evaluated by other investigators. It was

demonstrated in vitro that IL-10, when present from the

beginning of the culture, decreases IL-4-induced IgE pro-

duction [32]. On the other hand, IL-10 together with IL-4 is

capable of enhancing allergen-speci®c IgE synthesis in

unprimed B cells exposed to allergen, but does not further

stimulate the spontaneous secretion of allergen-speci®c IgE

from antigen-primed B cells [33]. Taken together, these

®ndings are in agreement with our results where comparable

levels of speci®c IgE in the allergen-challenged WT and

IL-10ÿ/ÿ groups were found. Surprisingly, we observed

signi®cantly lower IL-4 levels in the BALF of the OVA-

exposed WT animals compared to their PBS-exposed litter-

mates. IL-4 is the key cytokine in the initiation of IgE

synthesis both in mouse and man [34,35], but little is known

about the regulation of the IL-4 production during the

secondary allergen challenge. Findings that IL-4 concentra-

tions in BALF are lower in saline-exposed animals and that

BALF IL-4 does not correlate with the serum IgE levels

were reported by others [31]. This implicates that IL-4

might be less important in the late phase of the IgE pro-

duction. It was demonstrated that in atopy persistent stimu-

lation of CD4�CD45RO� memory/effector T cells is able to

provide contact-dependent activation signals to B cells, and

that these cells induce IgE production largely via IL-13

rather than via IL-4 [36]. This is in agreement with our

®ndings since IL-13 was detectable only in the animals

which were exposed to OVA and which produced serum

IgE.

In conclusion, these ®ndings suggest that IL-10 plays

an important role in the control of the airway in¯ammation
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and altered responsiveness in an in vivo mouse model of

allergy.
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