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Summary

 

Asthma is a serious health problem and during the last decade various exper-
imental models of asthma have been developed to study the pathogenesis of
this disease. In this study we describe a new mouse model of asthma that uses
the spores of 

 

Alternaria alternata

 

 and 

 

Cladosporium herbarum,

 

 two allergenic
molds recognized as common inducers of rhinitis and asthma in humans.
Here we demonstrate that 

 

A. alternata

 

 and 

 

C. herbarum

 

 spores are immuno-
genic when injected into BALB/c mice, and induce the production of specific
IgM and IgG1 antibodies and strongly increase IgE serum levels. To induce the
allergic response, mice were sensitized by two intraperitoneal (i.p.) injections
and then intranasaly (i.n.) challenged with 

 

A. alternata and C. herbarum

 

spores. Bronchoalveolar lavages (BALs) from these mice contained numerous
macrophages, neutrophils, eosinophils and lymphocytes whereas neutrophils
were the predominant BAL inflammatory cells in nonsensitized mice. Histo-
logical studies demonstrated an influx of eosinophils in peri-vascular and
peri-bronchial areas and the presence of numerous epithelial goblet cells only
in sensitized mice. Increased expression of mRNA specific for various
chemokines (eotaxin, MIP-1aaaa

 

, MIP-2) and chemokine receptors (CCR-1,
CCR-2 and CCR-5) was observed in the lungs of nonsensitized mice chal-
lenged with the spores. Expression of CCR-3 mRNA in the lungs and Th2
cytokine (IL-4, IL-5 and IL-13) secretion in the BAL was additionally
observed in sensitized and challenged mice. Finally we demonstrate through
whole-body plethysmography that mold spore sensitization and challenge
induce the development of an airway hyperreactivity in response to nebulized
methacholine.
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IIII

 

ntroduction

 

Asthma is a major cause of chronic illness, affecting as many
as 25% of schoolchildren in regions of high prevalence [1].
In asthmatic patients, the penetration of allergens into the
lungs leads to an airway inflammation characterized by a
peri-bronchial infiltration of CD4

 

+

 

 T cells, macrophages,
eosinophils and neutrophils and their presence in broncho-
alveolar lavages (BALs). Asthmatic patients also present a
goblet cell metaplasia/hyperplasia and characteristic modifi-
cations of the airway wall including epithelial hyperplasia,
thickening of the basement membrane, subepithelial fibrosis
and increased airway smooth muscle mass [2,3]. It is

believed that these modifications finally lead to airway
hyperreactivity (AHR) to specific and non specific stimuli
although the exact mechanisms of AHR pathogenesis are still
unclear.

Indoor allergens are represented by allergens from dust
mites, cockroaches and animal dander while plant pollen are
typical outdoor allergens [4]. Fungal spores are universal
atmospheric components and are also recognized as impor-
tant causes of respiratory allergies. More than 80 genera of
fungi have been associated with symptoms of respiratory
allergy and the prevalence of this kind of allergy is estimated
at 20–30% among atopic individuals and up to 6% in the
general population [5,6].
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Despite the clinical importance and the worldwide abun-
dant release of fungal spores, few investigations have focused
on the pathophysiology of fungal asthma. So far, most exper-
imental models of asthma have been developed in rodents
and have used ovalbumin (OVA) as a surrogate of allergen.
These models have been valuable tools for the study of
inflammatory mechanisms of asthma. However the rele-
vance of allergic bronchopulmonary models that use protein
antigens like OVA that bear little relationship with aeroaller-
gen present in daily environment is debatable and it is likely
that the use of common aeroallergens that trigger human
asthma might be more valuable. Therefore, some investiga-
tors have used crude extracts or purified allergens from rag-
weed [7], mites [8], or cockroach [9] as immunizing agents.

In an effort to establish a new mouse model of lung
hypersensitivity, we decided to use the spores of two well-
recognized allergenic molds 

 

Alternaria alternata and Cla-
dosporium herbarum.

 

 In contrast to Aspergillus which is a
opportunistic pathogen causing allergic and invasive diseases
[10], spores from Alternaria and cladosporium do not colo-
nize the lungs and are rapidly cleared. Spores from these two
molds are generally considered to be important causes of
both allergic rhinitis and asthma and exposure to airborne
spores of 

 

A. alternata

 

 might trigger severe asthma and rep-
resent a risk factor for respiratory failure [11]. In this paper
we describe a new mouse model of mold spore-induced lung
allergy and show that spores from 

 

A. alternata and C. her-
barum

 

 are strong inducers of IgE synthesis, allergic airway
inflammation and airway hyperreactivity.

 

Materials and methods

 

Mold cultures, spore production and extract preparation

 

Alternaria alternata

 

 (strain18586) was obtained from the
BCCM

 

TM

 

/IHEM (Institute of Public Health, Brussels, Bel-
gium). 

 

Cladosporium herbarum

 

 (strain 19275) was obtained
from the BCCM

 

TM

 

/MUCL (Université Catholique de Lou-
vain, Louvain, Belgium). These molds were cultured at 27

 

∞

 

C
on potato dextrose agar (Difco) plates for one week before
gently harvesting the spores with a cell scraper. Spores were
diluted in PBS and counted with a haemocytometer.

Mold extracts were prepared as previously described [12]
with slight modifications. Mold cultures were grown for
3 weeks at 27

 

∞

 

C in flasks containing 250 ml of Czapek’s
medium. Mold pellicles were harvested and homogenized in
0·4% NH

 

4

 

HCO

 

3

 

 

 

+

 

 polyvinyl polypyrrolidone (Sigma) with
an ultra-thurax. The homogenates were then agitated for 3 h
at 4

 

∞

 

C. Extracts were centrifuged twice 30 min at 20 000 g,
dialysed against PBS and stored at 

 

-

 

20

 

∞

 

C in 50% glycerol.

 

Animals and immunizations

 

Female BALB/c mice were obtained from the Elevage Janvier
or from the breeding facilities of the Pasteur Institute of

Brussels and maintained under standard laboratory condi-
tions. For immunogenicity experiments, mice were immu-
nized by intraperitoneal (i.p) injections of the spores diluted
in PBS or emulsified in Aluminium hydroxyde (Alum)
(Imject Alum, Pierce) in a final volume of 300 

 

m

 

l. Mice were
also immunized with 20 

 

m

 

g of mold extract emulsified in
Alum. Animals were boosted one month after the first injec-
tion. Mice were bled before and 15 days after each immuni-
zation in the retro-orbital plexus and antibodies in the sera
were analysed by ELISA. To induce the allergic lung inflam-
mation, mice were sensitized by i.p. immunization with
2 

 

¥ 

 

10

 

6

 

 spores emulsified in Alum on day 0 and day 7. Con-
trol mice were immunized with PBS 

 

+

 

 Alum. On day 13, 14
and 15 mice were challenged i.n. with 2 

 

¥ 

 

10

 

5

 

 spores. Mice
were lightly anaesthetized with halothane (Belamont). When
the mice were unresponsive but breathing comfortably,
100 

 

m

 

l of the spore solution was directly applied on the nos-
trils. The animals were allowed to slowly inhale the liquid
and were then recovered in a supine position. In all experi-
ments, data shown are representative of at least two different
experiments. Results were analysed using the paired student

 

t

 

-test. Significant 

 

P

 

-values are indicated.

 

Bronchoalveolar lavages

 

Mice were euthanized by cervical dislocation 24 h after the
last challenge. The trachea was exposed and incised. A needle
(1·2 

 

¥

 

 40 mm) was inserted into the trachea and BAL fluid
was harvested by lavaging the lungs twice with 1 ml of PBS.
Total cell counts were determined with an haemacytometer.
Differential cell counts were obtained by counting at least
500 cells on cytospin slides stained with Diff-Quick (Dade
Behring).

 

Histological analysis

 

Tissues for histopathological examination were collected 24
h after the last i.n. instillation. Mice were euthanized by cer-
vical dislocation, the trachea was canulated and the lungs
were inflated with 10% buffered formalin. After fixation
overnight, the lungs were embedded in paraffin. Tissues were
sliced and 5 

 

m

 

m sections were stained with Hematoxylin-
Eosin-Safran (HES) for light microscopy examination of the
lung inflammation or with Periodic Acid Shiff (PAS) for the
detection of mucus-producing cells.

 

ELISA

 

Serum IgE levels in sera were determined using a sandwich
ELISA. Plates were coated with a rat antimouse IgE mAb
(LO-ME-2, IMEX, UCL, Brussels, Belgium) and saturated.
Serial twofold dilutions of serum or purified monoclonal
mouse IgE (LB-4, IMEX, UCL, Brussels, Belgium) were
applied for 2 h. Then peroxidase labelled rat antimouse IgE
(LO-ME-3) was used. Finally the plates were washed and
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developed by the addition of 100 

 

m

 

l of TMB (Immunopure
TMB substrate kit, Pierce). The reaction was stopped with
50 

 

m

 

l of 2 N H

 

2

 

SO

 

4

 

 and O.D. was read at 450 nm with an
automatic Multiskan Reader MCC/340 (Titertek). Serum
titre was converted to IgE concentration by comparison with
titre of purified LB-4 standard. Similar immunoglobulin
concentrations for serum were calculated when serum and
standard were titred at any point of the linear part of the
titration curve.

Cytokines were measured in the bronchoalveolar lavage
supernatants (BALs) obtained 24 h after the last i.n. inocu-
lation. The levels of IL-4, IL-5 and IL-13 were quantified by
ELISA using commercial kits according to the instructions
provided by the manufacturers (R & D systems, Minneapo-
lis, USA).

 

Chemokine mRNA quantification: Rnase protection 
assay (RPA)

 

The levels of mRNA encoding chemokines and chemokine
receptors in the lungs were quantified using a RPA. Lungs
were removed 24 h after the last i.n. instillation. Total Lung
RNA was obtained using the total RNA isolation kit (Pharm-
ingen, San Diego, CA, USA) according to the instructions
provided by the manufacturer. The levels of specific mRNA
transcripts were then evaluated by RPA using the Riboquant
kit and the mCK-1 and mCR-5 Riboquant multiprobe tem-
plate set (Pharmingen). 

 

32

 

P labelled riboprobes were synthe-
tized by 

 

in vitro

 

 transcription. For each experiment 8 

 

m

 

g of
whole lung RNA was incubated at 56

 

∞

 

C for 16 h with the
labelled riboprobes. Unbound riboprobes not hybridized to
the mRNAs were removed by adding RNAse followed by
phenol/chlorophorm-isoamyl alcohol extraction. Protected
riboprobes binding to the lung mRNA were then separated
by electrophoresis over a Novex precast 6% TBE-urea gel
(Invitrogen). After gel transfer to a 

 

trans

 

-blot 0·45 

 

m

 

m nitro-
cellulose sheet (Biorad), the gels were dried and exposed to
a Kodak X-OMAT AR film in cassettes at 

 

-

 

80

 

∞

 

C during 24–
48 h for development of autoradiographs.

 

Measurement of airway reactivity

 

AHR was measured within 24 h after the last spore inocula-
tion, in response to methacholine inhalation using a whole-
body plethysmography system (EMKA, Paris, France). Mice
were placed in the plethysmograph box and allowed to accli-
matize for at least 10 min before analysis. Control measure-
ments were obtained over a period of 5 min directly after a
3 min nebulization of PBS generated by an ultrasonic nebu-
lizer (LS Syst’AM, France). Afterwards, increasing concen-
trations of methacholine (12·5, 25 and 50 mg/ml) in PBS
were nebulized into the plethysmograph box for 3 min.
Immediately after each nebulization the enhanced pause
(

 

P

 

enh

 

), a dimensionless index that reflects changes in the
amplitude of the pressure waveform and expiratory time,

were recorded and averaged for 5 min. 

 

P

 

enh

 

 measurements
have been validated by Hamelmann 

 

et al

 

. [13] in regard to
identification of AHR since the heightened increase in 

 

P

 

enh

 

with methacholine challenge in OVA-sensitized/challenged
mice was accompanied by a parallel enhancement of in lung
airway resistance (R

 

L

 

) responses to the methacholine with a
high correlation between 

 

P

 

enh

 

 and R

 

L

 

.

 

Results

 

Injection of 

 

A. alternata

 

 or 

 

C. herbarum

 

 spores into 
BALB/c mice induces a specific IgG1 response and a 
polyclonal IgE production

 

To determine the amount of mold spores required to induce
an antibody response, BALB/c mice were injected twice with
2 

 

¥ 

 

10

 

4

 

, 2 

 

¥ 

 

10

 

5

 

, 2 

 

¥ 

 

10

 

6

 

 or 2 

 

¥ 

 

10

 

7

 

 

 

A. alternata

 

 or 

 

C. her-
barum

 

 spores without any adjuvant or in the presence of
Alum. As a positive control, mice were also injected with
20 

 

m

 

g of mold extract precipitated in Alum. A weak specific
antibody production was observed in the groups injected
with 2 

 

¥ 

 

10

 

4

 

 or 2 

 

¥ 

 

10

 

5

 

 spores only in the secondary response.
In the other two groups, antibody levels were low in the pri-
mary response while a strong production occurred after the
boost injection. Analysis of the isotypes revealed that, inde-
pendently of the adjuvant, the secondary response was dom-
inated by the production of IgG1 antibodies specific for 

 

A.
alternata

 

 or 

 

C. herbarum

 

 antigens (Fig. 1). IgG2a, IgG2b or
IgG3 were not detected at all (data not shown).

Total IgE production was also monitored in mice injected
with 2 

 

¥ 

 

10

 

6

 

 spores (Fig. 2). Serum level of IgE before the
immunization was below 1 

 

m

 

g/ml. As observed with the spe-
cific antibodies, only a slight increase in the IgE serum levels
was observed after the first injection while a strong IgE pro-
duction occurred after the boost injection. Serum IgE levels
up to 15 

 

m

 

g/ml were obtained in the groups that received the

 

A. alternata

 

 or the 

 

C. herbarum

 

 spores in the presence or
even in the absence of Alum. Mice immunized with the
extract showed a moderate increase in their IgE serum levels.

 

Pulmonary inflammation after sensitization and i.n. 
instillation of 

 

A. alternata

 

 or 

 

C. herbarum

 

 spores

 

Alternaria and cladosporium sensitization is strongly corre-
lated with the development of allergic disease, especially
asthma. The aim of this study was to establish a novel murine
model of allergic airway inflammation using whole mold
spores instead of immunizing the mice with recombinant or
purified allergens. To characterize pulmonary inflammation
in this mouse model, BALB/c mice were first sensitized twice
i.p. with 2 

 

¥ 

 

10

 

6

 

 

 

A. alternata

 

 spores in the presence or
absence of Alum. Control mice were injected with PBS.
Afterwards mice were challenged i.n. with 2 

 

¥ 

 

10

 

5

 

 

 

A. alter-
nata

 

 spores once or three times or with PBS only. Twenty-
four hours later, BALs were obtained and analysed for the
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presence of macrophages, neutrophils, eosinophils and lym-
phocytes. Figure 3 shows that the total number of cells
obtained in BALs increased with the number of challenges,
the maximum being reached in the group of mice sensitized
with the spores in the presence of Alum. Analysis of the dif-
ferent cell subpopulations showed that i.n. inoculation of the
spores in nonsensitized mice leads to the accumulation of a
high number of neutrophils in the BALs. In contrast, upon
challenge with the spores, BALs obtained from mice sensi-
tized with the spores (in the presence or in the absence of
adjuvant) were more heterogeneous, presenting an increased
number of macrophages, neutrophils, eosinophils and lym-
phocytes (Fig. 3). This increase in the number of eosinophils
in the airways has been considered as a hallmark of allergic
asthma [3].

Eosinophil recruitment in the lungs of alternaria-sensi-
tized and challenged mice was further studied by histological
analysis. Mice were either not sensitized or sensitized with
the spores emulsified in Alum and then challenged i.n. three
times with the spores. Control mice were not sensitized and
challenged i.n. with PBS. Lungs were processed for histology
24 h after the last challenge. In control mice, the pulmonary
histology was normal demonstrating no inflammation at
all (Fig. 4a,b). Mice challenged with the spores showed an
important lung inflammation located in the peri-vascular,
peri-bronchial areas and also in the lung parenchyma for
some mice (Fig. 4d,e,g,h). In nonsensitized mice, we
observed a strong accumulation of neutrophils along with
some lymphocytes (Fig. 4e). However large number of eosi-
nophils in inflammatory foci were only observed in mice
previously sensitized with the spores (Fig. 4h). To assess the
degree of goblet cell hyperplasia, lung sections were stained

with PAS. Mice sensitized and challenged with the spores
showed numerous PAS-positive cells in the large airways and
an important thickening of the epithelium (Fig. 4i). Nonsen-
zitized mice challenged with the spores and control mice
demonstrated no thickening of the airway wall and minimal
goblet cells in the airway epithelium (Fig. 4c,f)

The inflammatory cell response from mice treated with
the 

 

C. herbarum

 

 or 

 

A. alternata

 

 spores was very similar
although the numbers of inflammatory cells in the BALs
were constantly lower in response to the former mold. Intra-
nasal inoculation of 

 

C. herbarum

 

 spores in nonsensitized
mice induced only the accumulation of neutrophils into the
BALs. However, BALs from mice sensitized and challenged
with these spores showed a similar accumulation of mac-
rophages, neutrophils and eosinophils and a lower amount
lymphocytes (Fig. 5). Histological examination of lung sec-
tions from 

 

C. herbarum spores-challenged mice demon-
strated an accumulation of eosinophils around the vessels
and the bronchioles, a thickening of the airway epithelia and
the presence of goblet cells in sensitized mice (Fig. 4j–o).
Nonsensitized mice showed minimal inflammation foci
which were devoid of eosinophils (Fig. 4k), no epithelial
thickening and no PAS positive cells (Fig. 4l).

Analysis of the chemokine response in the lungs

Chemokines are a group of cytokines that promote the
leucocyte recruitment to inflammatory sites, stimulate leu-
cocyte exocytosis and activation of inflammatory immuno-
competent cells through specific receptors on target cells.
One of the most important chemokines for the recruitment
of eosinophils is eotaxin that binds to its specific receptor

Fig. 1. IgM and IgG1 antibody responses induced by mold-spore immunization. BALB/c mice were immunized i.p. twice with a one-month interval 

between immunization with 2 ¥ 106 A. alternata or C. herbarum spores either in PBS or emulsified in Alum, or 20 mg of mold extract in Alum. Mice 

were bled before the immunization or 15 days after each injection. Data represent the mean ± SEM of the A450 values of four to five individual mice 

per group.
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CCR-3. We compared the expression of chemokines and
chemokine receptors using a ‘Ribonuclease protection assay’
in the lungs of nonsensitized and sensitized mice challenged
with A. alternata and C. herbarum spores (Fig. 6). In control
unchallenged mice a low expression of RANTES and no
expression at all of chemokine receptors was found. Upon
i.n. inoculation, a similar up-regulation of the expression of
eotaxin, MIP-1a, MIP-2 and MCP-1 was found indepen-
dently of the sensitization status. No lymphotoxin, MIP-1b,
IP-10 or TCA-3 were detected. However, a differential
expression of chemokine receptors was observed in nonsen-
sitized and sensitized mice. I.n. A. alternata or Cladosporium
spore challenge up-regulated the mRNA level coding for
CCR-1, CCR-2 and CCR-5 while CCR-3 mRNA was addi-
tionally up-regulated in the sensitized and challenged group.

mRNA coding for CCR-1b or CCR4 were below detection
level.

Analysis of the Th2 cytokine response in the lungs

Th2 cytokines secreted by T cells play a key regulatory role in
the induction of allergic airway inflammation. IL-4 and
IL-13 are required for IgE production and goblet cell hyper-
plasia and IL-5 is essential for the development of tissue eosi-
nophilia. The presence of IL-4, IL-5 and IL-13 was analysed
by ELISA in the BALs from control PBS sensitized/chal-
lenged mice and nonsensitized or sensitized mice challenged
with the spores one day after the last i.n. inoculation. As
shown in Table 1, a low secretion of IL-13 and IL-4 was
observed in control PBS-treated mice while IL-5 was not
detected at all. In nonsensitized mice, i.n. inoculation of the
spores did not significantly induce any secretion of these
cytokines. However IL-13, IL-4 and IL-5 were abundantly
found in the BALs from mice sensitized and challenged with
A. alternata and C. herbarum spores one day after the last
challenge.

Fig. 2. Polyclonal IgE secretion induced by mold-spore immunization. 

BALB/c mice were immunized i.p. twice with a one-month interval 

between immunization with 2 ¥ 106 A. alternata or C. herbarum spores 

in PBS (�) or emulsified in Alum ( ) or 20 mg of mold extract in Alum 

(�). Mice were bled before the immunization or 15 days after each 

injection. Data represent the mean ± SD of four to five individual mice 

per group. Significant differences (*P < 0·1. **P < 0·05. ***P < 0·01) 

between values of primary or secondary response versus preimmune 

response.

Spores

Alternaria

Spores + Alum

Extract + Alum

30 000

25 000

20 000

15 000

10 000

5 000

0

To
ta

l I
gE

 (
ng

/m
l)

** *

***
***

*

Pre-Immune Primary Secondary

Cladosporium

Immunization

30 000

25 000

20 000

15 000

10 000

5 000

0

To
ta

l I
gE

 (
ng

/m
l)

***

***

**

**

Pre-Immune Primary Secondary

Fig. 3. Inflammatory cell recruitment in the lungs of A. alternata sen-

sitized and/or challenged mice. BALB/c mice were not sensitized (PBS) 

or were primed with 2 ¥ 106 A. alternata spores in PBS or emulsified in 

Alum. Mice were thereafter challenged i.n. with PBS or 2 ¥ 105 spores 

once or three times. (a) BALs were collected 24 h later and the total cell 

number in each BAL was determined. (b) Differential cell count of the 

inflammatory subpopulation in the BALs 24 h after the last challenge.
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Fig. 4. Histopathological changes in the lungs of A. alternata and C. herbarum sensitized and/or challenged mice. BALB/c mice were challenged i.n. 

with PBS (a–c), or A. alternata spores (d–f) or C. herbarum spores (j–l) or were sensitized i.p. and challenged i.n. with A. alternata spores (g–i) or C. 

herbarum spores (m–o). The first two columns show lung sections stained with Hematoxylin-Eosin-Safran and the last column shows lung sections 

stained with Periodic Acid Shiff.
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Development of airway hyperreactivity after A. alternata 
or C. herbarum spore sensitization and i.n. instillation

Whole body plethysmography was used to analyse the airway
reactivity of mice sensitized or not and then challenged with
A. alternata or C. herbarum spores. As shown in Fig. 7, mice
challenged i.n. with A. alternata spores demonstrated, inde-
pendently of their sensitization status, an increased basal Penh

value (PBS nebulization) as compared to the PBS sensitized
and challenged mice. In contrast, challenge with C. her-
barum spores did not increase the basal Penh values. I.n. inoc-
ulation of the mold spores in nonsensitized mice did not

significantly alter the overall response to the nebulization of
increasing doses of methacholine as compared to the PBS
sensitized/challenged mice. However mice sensitized and
challenged with both A. alternata and C. herbarum showed
increased Penh values upon nebulization of methacholine
clearly demonstrating that sensitization and challenge with
these mold spores induced the development of an AHR.

Fig. 5. Inflammatory cell recruitment in the lungs of C. herbarum sen-

sitized and/or challenged mice. BALB/c mice were not sensitized (PBS) 

or were primed with 2 ¥ 106 C. herbarum spores in PBS or emulsified 

in Alum. Mice were thereafter challenged i.n. with PBS or 2 ¥ 105 spores 

three times. (a) BALs were collected 24 h later and the total cell number 

in each BAL was determined. (b) Differential cell count of the inflam-

matory subpopulation in the BALs 24 h after the last challenge.
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Table 1. Th2 cytokine detection in the BALs.†

Treatment IL-4 (pg/ml) IL-5 (pg/ml) Il-13 (pg/ml)

PBS/PBS 2 ± 0.5 ND 16 ± 5.7

PBS/Alt Sp 2 ± 0.9 ND 28 ± 4.1

Alt Sp/Alt Sp 35 ± 9.1* 40 ± 14* 150 ± 65.7

PBS/Clado Sp 2 ± 0.8 ND 40 ± 15.2

Clado Sp/Clado Sp 16 ± 5 23 ± 5.6 197 ± 74.8

*Statistically significant at P < 0.1. †As described in Material and

methods BALB/c mice were not sensitized or sensitized with spores and

then challenged i.n. with spores. 24h later, BALs were performed  and

Th2 cytokine content in BALs was analyzed by ELISA. Values shown as

mean ± SD of 4 to 5 mice. ND, not detected.

Fig. 6. RNase protection assay analysis of transcripts for chemokines 

and chemokines receptors. BALB/c mice were challenged i.n. with PBS, 

A. alternata or C. herbarum spores or were sensitized and then i.n. 

challenged with mold spores. 24 h after the last challenge lung RNAs 

were prepared and the levels of mRNA encoding chemokines and 

chemokines receptors were evaluated by RPA as described in Materials 

and Methods. One representative mouse (of five) per group is presented. 

The level of expression of the housekeeping gene L32 is used as an 

internal control.
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Discussion

So far, most experimental model of allergic asthma have
been developed in rodents and have used proteins like OVA
or purified or recombinant allergens. In this study we devel-
oped a new mouse model of allergic lung inflammation
using the spores of A. alternata and C. herbarum. Mold
spores have several advantages over the generally used pro-
teins or allergens. Molds can easily be cultured and their
spores can be obtained very rapidly in high purity. More
importantly, mold spores are complex particules composed
of numerous proteins and allergens to which allergic people
are commonly exposed. Our results demonstrate that A.
alternata and C. herbarum spores have the ability to induce a
type-2 antibody reponse characterized by a strong produc-
tion of polyclonal IgE immunoglobulins and specific IgG1
antibodies. Since the production of IgE by B cells is a T cell-
dependent phenomenon requiring the production of Th2
cytokines, mold spores not only induce an activation B cells
but also of Th2 cells, even in the absence of an adjuvant. The
factors responsible for the synthesis of antibodies (and Th2
cytokines) were also present in the soluble protein extract
from these molds. Helminth infection [14] or injection of
anti-IgD antibodies [15,16] also induces a striking serum
elevation of specific IgG1 and nonspecific IgE antibodies reg-
ulated by IL-4 and IL-13 secretion [17]. Moreover some
purified helminth proteins have intrinsic B-cell activation or
adjuvant properties [18,19] and it is likely that some similar
strong Th2 promoting factors are also present on the spores
and in the extracts of Alternaria alternata and C. herbarum.

We also showed in this study that mice sensitized and then
i.n. challenged with mold spores develop an allergic lung
inflammation. One can speculate that some constituents of
the spores can be released in the airways and subsequently
picked up by APCs as for instance alveolar macrophages
leading to the local activation of immune cells (in the airways
or in the draining lymph nodes). Indeed, large A. alternata
spores are clearly visible on lung sections from challenged
mice and these spores are also constantly present in the
BALs. Alternatively alveolar macrophages might engulf the
spores, process them and then trigger immune cells. This is
consistent with the absence of C. herbarum spores (which are
smaller) on the lung sections or in the BALs.

The lung inflammation induced in mold spore sensitized
and challenged mice was characterized by the appearance in
the BALs of high numbers of macrophages, neutrophils and
eosinophils and a smaller population of lymphocytes. The
presence of eosinophils in the airways has been recognized as
a defining feature of human asthma and of mouse models of
allergic respiratory inflammation. Indeed inflammatory cells
recovered in the BALs from OVA sensitized/challenged mice
are mainly eosinophils besides lymphocytes and macroph-
ages [20,21].

In addition to eosinophils, increased numbers of neutro-
phils have also been found in the airways and in the BALs of

Fig. 7. Mold spore sensitized and challenged mice develop an airway 

hyperreactivity to inhaled methacholine. (a) BALB/c mice (5 per group) 

were not sensitized and then challenged i.n. with PBS (�) or A. alternata 

spores (�). Mice were also sensitized i.p. and then challenged i.n. with 

the spores (�). (b) BALB/c mice (5 per group) were not sensitized and 

then challenged i.n. with PBS or C. herbarum spores. Mice were also 

sensitized i.p. and then challenged i.n. with the spores. Experiments 

were performed 24 h after the last challenge. Results are expressed as 

means ± SD. *Significant difference (P < 0·1) between values of mold 

spore challenged groups versus PBS challenged group.
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not involved in the development of lung inflammation and
AHR [31]. The sensitization step also induces a systemic
activation of Th2 cells. In these sensitized mice, i.n. chal-
lenges with the spores induced the recruitment of already
activated Th2 cells into the lungs, their local re-activation
and finally the secretion of IL-4, IL-5 and IL-13 as confirmed
by the presence of these cytokines into the BALs of sensitized
and challenged mice. These cytokines have been previously
shown in various models to be responsible for several char-
acteristics of asthma. We also found a correlation between
the presence of these cytokines in the BALs, the goblet cell
hyperplasia and a thickening of the lung epithelium in mice
sensitized and challenged with the spores. Conversely non-
sensitized and challenged mice demonstrated no goblet cell
hyperplasia and no epithelium thickening and their BALs
were devoid of Th2 cytokines.

Finally we found a correlation between the lung eosino-
philia, the production of Th2 cytokines in the lungs and the
development of AHR. This AHR developed similarly in mice
sensitized and challenged with both A. alternata and C. her-
barum spores although the basal Penh values from mice chal-
lenged with the A. alternata spores were constantly higher
than those of mice challenged with PBS or with C. herbarum
spores. This phenomenon could be due to the higher num-
ber of neutrophils recruited into the lungs of A. alternata
challenged mice as compared to C. herbarum spores chal-
lenged mice, but also to their more diffuse distribution in the
lung parenchyma.

In summary, we have shown that mold spores are strong
inducers of Th2 type responses and chemokine secretion in
the lungs of BALB/c mice. Mice sensitized and challenged
i.n. with mold spores develop an allergic lung inflammation
characterized by the presence of high numbers of eosino-
phils but also neutrophils, the local secretion of Th2 cytok-
ines, a goblet cell hyperplasia and an AHR. This model,
using relevant particulate allergens, could be an interesting
tool to study the mechanisms leading to the development of
allergic lung diseases and maybe design new ways for their
control.
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