
increased peribronchial fi brosis and smooth muscle hyper-

plasia, signifi es chronic, irreversible lung obstruction. Sev-

enty percent of asthma patients also have atopy [1], and in 

many of these allergic asthmatics, the respiratory symptoms 

are triggered by the inhalation of airborne allergens. Asth-

matic patients with mold sensitivities represent a particu-

larly hard-to-treat clinical population [2 – 4]. Sensitization to 

common molds has been linked with increased need for 

medication in asthmatic children [5] and increased numbers 

of hospital stays in patients 16 – 60 years of age [6]. Although 

the connection between fungal sensitization and asthma is 

becoming better recognized, our understanding of host-

mold interactions is still emerging. 
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     Fungal exposure may elicit a number of pulmonary diseases in man, including allergic 
asthma. Fungal sensitization is linked to asthma severity, although the basis for this 
increased pathology remains ambiguous. To create conditions simulating environmental 
fungal allergen exposure in a human, nose-only inhalation delivery of  Aspergillus fumi-
gatus  conidia was employed in mice previously sensitized to  Aspergillus  antigen extract. 
BALB/c mice were immunized with subcutaneous and intraperitoneal injections of solu-
ble  A. fumigatus  extract in alum, which was followed by three intranasal inoculations of 
the same fungal antigens dissolved in saline to elicit global sensitization in a manner sim-
ilar to other published models. The animals were then challenged with a 10-min inhaled 
dose of live conidia blown directly from the surface of a mature  A. fumigatus  culture. 
After a single challenge with inhaled  A. fumigatus  conidia, allergic pulmonary infl am-
mation and airway hyperresponsiveness were signifi cantly increased above that of either 
na ï ve animals or animals that had been sensitized to  A. fumigatus  antigens but not chal-
lenged with conidia. The architecture of the lung was changed by inhalation of conidia 
when compared to controls in that there were signifi cant increases in epithelial thickness, 
goblet cell metaplasia, and peribronchial collagen deposition. Additionally,  α -smooth 
muscle actin staining of histological sections showed visual evidence of increased peri-
bronchial smooth muscle mass after fungal challenge. In summary, the delivery of live 
 A. fumigatus  conidia to the sensitized airways of BALB/c mice advances the study of 
the pulmonary response to fungi by providing a more natural route of exposure and, for 
the fi rst time, demonstrates the consistent development of fi brosis and smooth muscle 
changes accompanying exposure to inhaled fungal conidia in a mouse model.  
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  Introduction 

 Asthma is characterized by reversible airway obstruction 

due to smooth muscle constriction, peribronchial infl amma-

tion, and increased mucus in the airways. In contrast, archi-

tectural remodeling of the airway wall, which is marked by 
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 Fungal allergy models typically use intratracheal inocu-

lation of spores [7] or fungal extracts [8 – 10] to the sensitized 

airways of mice to study asthma-like immune responses. 

When germinating  Aspergillus  spores are suspended in liq-

uid, as they are in intratracheal, intranasal  ‘ pulmonary ’ , or 

nebulized inhalation methods, the spore rapidly undergoes 

structural changes including the continual loss of the hydro-

phobins [11] and differential  β -glucan display [12]. Inhala-

tion delivery directly from the fungal culture has the 

advantage of preserving the antigenic character and the 

hydrophobicity of the spore coat. We hypothesized that this 

more natural route of inhalation exposure would provide a 

practicable model of human allergic asthma. The intent of 

this study was to verify that  Aspergillus  spores could be 

inhaled into murine lungs and that the inhalation of these 

spores into allergen-sensitized lungs would reproducibly 

elicit parameters of fungus-induced lung disease.   

 Methods  

 Mice 

 Specifi c pathogen-free BALB/c mice (6 – 8 weeks of age) 

were purchased from Jackson Labs (Bar Harbor, ME) and 

bred and maintained in a specifi c pathogen-free facility for 

the duration of this study. Animals were fed and given 

water  ad libitum  throughout the study and housed on 

Alpha-dri paper bedding (Shepherd Specialty Papers, 

Watertown, TN) in micro fi lter topped cages (Ancare, 

Bellmore, NY). Prior approval for these studies was 

obtained from the Institutional Animal Care and Use Com-

mittee of North Dakota State University (Fargo, ND).   

 Fungal antigen, conidia, and culture 

 Soluble  Aspergillus   fumigatus  antigen was purchased from 

Greer Laboratories (Lenoir, NC) and fungal culture stock 

(strain NIH 5233) was purchased from American Type 

Culture Collection (Manassas, VA). All experimental pro-

cedures utilizing  A. fumigatus  were conducted with prior 

approval of the Institutional Biological Safety Offi ce of 

North Dakota State University. 

 A single lyophilized  A. fumigatus  culture was reconsti-

tuted per ATCC recommendations, and 60- μ l aliquots of 

the suspension were stored at 4 ° C until use. To ensure that 

each culture used for the inhalation experiments yielded a 

similar number of mature conidia, ten 25-cm 2  Sabouraud 

dextrose agar (SDA) culture fl asks were inoculated with 

individual aliquots of the stock fungal suspension, grown 

for 8 days at 37 ° C, harvested in 20 ml of PBS with 0.1% 

Tween ®  80, and the spores counted using a hemacytometer. 

A mean of 6.5  �  10 9  ( �  0.28  �  10 9 ) spores were recovered 

from each culture, demonstrating the reproducibility of the 

inocula used for the inhalation challenge.   

 Controls 

 One group of na ï ve animals, which were neither sensitized 

nor challenged, was assessed to determine baseline values 

in the BALB/c strain. A second group of animals that was 

sensitized (as described below) but not challenged with 

conidia was used to assess changes in the lung caused 

solely by sensitization in comparison to sensitized animals 

that were challenged with live conidia (day 0 time point).   

 Allergen sensitization 

 To elicit global sensitization, mice were injected subcu-

taneously (SC) and intraperitoneally (IP) with a total of 

10  μ g of soluble  A. fumigatus  antigen (Greer Laboratories) 

dissolved in 0.1 ml PBS and 0.1 ml Imject Alum (Pierce, 

Rockford, IL). Two weeks later, mice started a series of 

three, weekly 20- μ g intranasal (IN) sensitizations consist-

ing of soluble  A. fumigatus  antigen (Greer Laboratories) 

dissolved in 20  μ l of normal saline [7].   

 Inhalation fungal challenge 

 Treatment animals were challenged with airborne  A. 
fumigatus  conidia one week after the fi nal intranasal sen-

sitization. An inoculation chamber with ports for three 

mice was fi tted with an in-line 25-cm 2  culture fl ask in 

which a mature (8-day-old),  A. fumigatus  culture had been 

grown on SDA. Airfl ow through the culture fl ask was deliv-

ered at 2 psi to liberate the hydrophobic spores and allow 

their delivery through the inoculation chamber. The inocu-

lation chamber was housed in a Class II biological safety 

cabinet for inhalation experiments and spores in the exhaust 

air were collected into a series of two sporicidal traps. 

Before the fi rst group of three animals was treated, the 

inoculation chamber ’ s ports were plugged, and fungal 

spores were blown through the chamber for 10 min to coat 

the interior. A sample of the fungus that was deposited on 

the inner wall of the inoculating chamber was removed and 

visualized under oil immersion to verify that the content 

of the inoculua were resting conidia. No evidence of spore 

swelling or hyphal fragments was detected. The ports were 

then unplugged so that each anesthetized animal was 

placed supine with its nose in one of the three inoculation 

ports for 10 min to expose the animal to airborne fungal 

spores blowing through the chamber. The fungal culture 

was changed with each new set of mice. Fig. 1 shows a 

graphic representation of the experimental model.   

 Assessment of A. fumigatus conidia in murine airways

after inhalation 

 To evaluate the spatial delivery of the spores to the airways, 

na ï ve BALB/c mice were anesthetized and treated with a 
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and ventilation with a Harvard pump ventilator (Harvard 

Apparatus, Reno, NV). Baseline airway response was 

assessed before methacholine injection and a peak airway 

resistance was measured post injection using Buxco 

plethysmography (Buxco, Troy, NY). After airway assess-

ment, 500  μ l of blood was removed from each mouse and 

centrifuged at 12,000  g  for 10 min to yield serum. Lungs 

were dissected in a defl ated state from each mouse and 

either snap frozen in liquid N 2  for protein analysis or 

infl ated  ex vivo  with 1.0 ml of 10% neutral buffered for-

malin and fi xed for 18 h until processed for histology.   

 Morphometric analysis of leukocytes in bronchoalveolar 

lavage (BAL) samples 

 After AHR measurement, 1.0 ml of sterile normal saline 

was used to lavage the bronchoalveolar space. BAL cells 

were pelleted and resuspended in 200  μ l of PBS. Morpho-

metric analysis of macrophages/monocytes, neutrophils, 

eosinophils, and lymphocytes was performed on BAL 

samples that had been cytospun (Shandon Scientifi c, 

Runcorn, UK) onto glass microscope slides and stained 

with Quik-Dip differential stain (Mercedes Medical; 

Sarasota, FL). The mean number of each cell type per high 

powered fi eld (hpf, 1000 � ) was determined in allergen-

challenged lungs after counting a total of at least 300 cells 

per slide in random fi elds.   

 Cytokine analysis from whole lung homogenate

and serum IgE levels 

 Levels of murine IL-4 and IFN- γ  were determined in 

100- μ l samples from whole lung homogenates using com-

mercially available ELISAs (BD Biosciences Pharmingen, 

5-min dose of conidia. Whole left lungs were immediately 

removed, infl ated with 10% neutral buffered formalin, and 

processed for histological assessment. Gomori methana-

mine silver (GMS) staining was used to visualize spores in 

the lung. 

 To calculate the number of viable spores that were 

delivered to the lungs, na ï ve BALB/c mice were anesthe-

tized and treated with a 10-min dose of conidia. Whole 

lungs were immediately removed, minced in PBS, and 

serial dilutions of lung homogenates were made and 

plated on SDA which resulted in the fi nding of 6.6  �  10 5  

( �  0.43  �  10 5 ) CFU after incubation at 37 ° C for 24 h. 

Although the mouse in the fi rst port received more conidia, 

the range of difference among the three ports was less than 

15,000 spores. In addition, when port of delivery was 

linked to the pathology resulting from conidia inhalation, 

no differences were detected among the ports (data not 

shown).   

 Measurement of airway hyperresponsiveness

and tissue collection 

 Airway hyperresponsiveness (AHR) to intravenous metha-

choline (480  μ g/kg) was assessed at days 0, 3, 7, 14, 21, 

and 35 after conidia challenge as previously described [7]. 

This dose of methacholine had been earlier shown to dou-

ble the baseline airway resistance in na ï ve animals. For 

these studies, experimental airway responses signifi cantly 

higher than the 2 �  baseline of na ï ve animals were consid-

ered hyperresponsive and responses signifi cantly different 

( P   �  0.05) from those of the day-0 time point are indicated 

with an asterisk in the results section. Sodium pentobarbi-

tal (0.1 mg/10 g of mouse body weight; Butler, Columbus, 

OH) was used to anesthetize each mouse before intubation 

Fig. 1 The Aspergillus fumigatus inhalation model: sensitization with soluble antigens followed by allergen challenge with airborne conidia. (A) Naive 

BALB/c mice (N) received neither sensitization nor allergen challenge. Mice were sensitized with immunizations of soluble Aspergillus Ag in alum and 

three intranasal inoculations with soluble Ag. The ‘Day 0’ control group was sensitized, but not challenged. For allergen challenge, each of fi ve treatment 

groups was exposed to resting, airborne Aspergillus fumigatus conidia for 10 min, and parameters of allergic airways disease were assessed at days 3, 

7, 14, 21, and 35 after conidia. (B) Samples from the inoculation chamber were assessed under oil immersion microscopy to determine that the conidia 

were in the resting phase. Scale bar � 20 μm.
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San Diego, CA). Cytokine levels were normalized to total 

lung protein using a Bradford assay (Bio-Rad, Hercules, 

CA). IgE levels were analyzed by ELISA on serum sam-

ples using complementary capture and detection antibody 

pairs for the immunoglobulin (BD Biosciences Pharmin-

gen) according to the manufacturer ’ s protocol.   

 Histological and morphometric analysis 

 Formalin-fi xed whole left lungs were paraffi n-embedded 

and sectioned. The resulting 5- μ m serial sections were 

affi xed to glass microscope slides and stained with periodic 

acid-Schiff ’ s (PAS) stain, hematoxylin and eosin (H&E) 

stain, or Gomori ’ s trichrome stain. Other sections were 

used for immunohistochemical analysis of smooth muscle 

(primary Ab anti-mouse  α -smooth muscle actin, 1:500, 

Abcam, Cambridge, MA; R&D Cell and Tissue Staining 

Kit, Minneapolis, MN for all other IHC reagents). 

 PAS-stained tissue sections were used to visualize 

mucus-producing goblet cells which were counted along 

ten randomly selected 100- μ m segments of basement mem-

brane for each mouse lung. The ratio of goblet cells to total 

cells per 1.0 mm of basement membrane was used to deter-

mine the percentage of goblet cells at each time point. 

 H&E-stained histological sections were used to assess 

the thickness of the epithelial/goblet cell lining of the air-

ways in control and treated mice after allergen challenge. 

For each sample, at least 50 discrete points were measured 

at 50- μ m intervals along the second (L2) or third (L3) lat-

eral bronchial branch for each section. Using Olympus ’ s 

MicroSuite Biological Suite photometric analysis package, 

a perpendicular line was drawn from each point on the 

basement membrane through the full thickness of the epi-

thelium. Care was taken to avoid branches or areas where 

oblique angles would confound the measurement and only 

areas where contiguous cells were attached to the basement 

membrane were measured. The mean epithelial thickness 

was reported for each group. 

 Gomori ’ s trichrome-stained histological sections were 

used to assess subepithelial collagen deposition in control 

and sensitized and challenged mice. For each sample, the 

full thickness of peribronchial collagen (blue staining) was 

measured at 100 discrete points at 50- μ m intervals along 

the sides of the L2 or L3 bronchial branch with care to avoid 

areas of branching that would inappropriately increase the 

measurement. Results were expressed as the mean of the 

means of the each tissue section ’ s measurements.   

 Statistical analysis 

 The presented data are from a single experiment, and rep-

resent comparable fi ndings from at least four independent 

repeats of the model. InStat software (GraphPad Software, 

Inc., La Jolla, CA) was used to calculate statistics; differ-

ences between groups were tested with a one-way analysis 

of variance (ANOVA) and Dunnett ’ s multiple comparisons 

post test.  P   �  0.05 ( * ) as compared to day-0 controls was 

considered signifi cant and  P   �  0.01 ( *  * ) very signifi cant, 

dashed lines on graphs represent the mean value from na ï ve 

mice. The number of mice was  n   �  3 – 5/group. All results 

are expressed as the mean  �  SEM.      

 Results  

 Resting Aspergillus spores are inhaled into the distal

airways of murine lungs 

 Examination of a sample of airborne fungal material that 

was retrieved from the inside of the inoculation chamber 

showed that the inoculum delivered to the airways of the 

anesthetized mice consisted of conidia in the resting phase 

(Fig. 1B). The distribution of conidia to the airways of the 

murine lung was assessed in tissue sections from na ï ve 

lungs immediately after a 5-min dose of inhaled spores. 

The small size (1 – 2  μ m) and compact oval shape of the 

spores facilitated their inhalation to the distal airways of 

the lungs (Fig. 2). 

  Airway epithelial cells undergo metaplasia to goblet cells after 

inhalation of  Aspergillus  conidia  

To assess the response of the allergen-sensitized lung to 

the inhalation of airborne spores, histological sections 

were differentially stained to assess goblet cell metaplasia 

(Fig. 3A) and epithelial thickening (Fig. 3B). Nearly 70% 

of the cells lining the large, conducting airways were 

mucus-producing goblet cells at day 7 after allergen chal-

lenge. This corresponded to the peak thickness of the epi-

thelium for this study (Fig. 3B). Goblet cell numbers 

decreased steadily after day 7 and were replaced by new 

ciliated, epithelial cells. By day 35 after allergen challenge, 

goblet cells were no longer apparent in PAS stained mate-

rial (Fig. 3A). However, the epithelium remained signifi -

cantly thicker in sensitized and challenged mice as 

compared to unchallenged controls (Fig. 3B).      

 Inhalation fungal challenge results in airway 

hyperresponsiveness after systemic and local sensitization 

with A. fumigatus antigens 

 Airway responses from na ï ve animals after methacholine 

injection were used to determine the threshold for airways 

hyperresponsiveness (Fig. 3C, dashed line). When com-

pared to na ï ve airway responses, AHR was signifi cantly 

elevated at days 3, 7, 14, and 21 after conidia exposure 

(Fig. 3C). However, when compared to the day-0 control 

animals, AHR was signifi cantly elevated at day 7 only 
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(Fig. 3C). By day 35 after conidia challenge, AHR had 

returned to that observed in na ï ve BALB/c animals after 

methacholine provocation and remained comparable to 

na ï ve levels through at least day 49, the last time point that 

animals were tested with a single allergen challenge (data 

not shown).   

 Leukocytes are recruited to the allergic airways after 

inhalation conidia challenge 

 Temporal and spatial recruitment of leukocytes was 

assessed in tissue sections and BAL counts of sensitized, 

unchallenged animals (Fig. 4A & B), as well as allergic 

lungs (Fig. 4C – J) at various time points after allergen 

challenge. Perivascular and peribronchial tissue infl am-

mation was absent in sensitized lungs before allergen 

challenge (Fig. 4A & B), which was comparable to naive 

lungs (data not shown). In contrast, recruited infl amma-

tory cells were noted at day 3 in allergen-challenged ani-

mals (Fig. 4C & D) when leukocytes extravasated from 

Fig. 2 Aspergillus fumigatus conidia are found in the distal airways of 

BALB/c mice after inhalation. GMS staining of lung sections from naive 

BALB/c mice immediately after treatment with a 5-min dose of airborne 

Aspergillus fumigatus spores. Spores (black) were noted in the small air-

ways of the distal lung (arrows point to the visceral pleura).

Fig. 3 Airway epithelial changes and hyperresponsiveness in allergen-

sensitized BALB/c mice after inhalation allergen challenge with live 

Aspergillus fumigatus conidia. Goblet cell numbers were reported as the 

percent of total epithelial cells along segments of airway epithelium lining 

the large lateral branches of the bronchi (A). Mean epithelial thickness was 

measured at 50-μm intervals along the basement membrane of the large 

lateral branches of the bronchi through the full thickness of the epithelium 

(B). Fifty measurements were collected per sample and the group’s mean 

is reported. Baseline airway resistance in all groups was similar prior to 

methacholine provocation (1.52 � 0.061 cm H2O/ml/s). Peak increases in 

airway resistance were recorded after i.v. methacholine injection (480 μg/

kg). Naive values are represented with a dashed line: naïve goblet cell 

percentage (A), naive epithelial thickness (B), and airway response after 

methacholine injection (C). Bars represent the mean � SEM, n � 3–5 

mice/group, * � P � 0.05 as compared to day-0 controls.

the vasculature and moved to the peribronchial space of 

the conducting airways. Infl ammation localized around 

the large airways at day 7 (Fig. 4E & F) and when sections 

were observed under high magnifi cation appeared to 
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consist of a mixed leukocytic population. By day 14, a 

distinct lymphocytic infi ltrate occupied the peribronchial 

space (Fig. 4G & H). Persistent peribronchial infl amma-

tion was evident until at least day 35 (Fig. 4I & J) after 

allergen challenge. 

Fig. 4 Infl ammation in and around the conducting airways of sensitized 

BALB/c mice before and after airborne conidia challenge. Lungs from 

sensitized BALB/c mice (A) or sensitized lungs removed at day 3 (C), 7 

(E), 14 (G), or 35 (I) after a 10-min inhalation dose of mature Aspergillus 
fumigatus conidia were stained with hematoxylin and eosin to reveal peri-

bronchial infl ammation, bar � 200 μm. Macrophage (M), neutrophil (N), 

eosinophil (E), or lymphocyte (L) cells washed from the airways of sen-

sitized mice (B) or at days 3–35 after conidia (D,F,H,J) were cytospun 

onto microscope slides and differentiated by morphometric and staining 

characteristics. Histology and BAL cell counts for naive mice were sim-

ilar to day-0 controls (not shown). Data are expressed as the mean num-

ber of cells per hpf � SEM, n � 3–5 mice/group. *P � 0.05; **P � 0.01 

as compared to day-0 controls.

 Morphometric identifi cation of monocyte/macrophage 

lineage cells (M), neutrophils (N), eosinophils (E), and 

lymphocytes (L) was used to assess leukocyte egress to 

the airway lumen. Macrophages were the only cell type 

routinely counted in either na ï ve (data not shown) or 

day-0 control lungs (Fig. 4B). Neutrophils dominated the 

early infl ammation at day 3 after allergen challenge (Fig. 

4D). Both eosinophils and lymphocytes were prominent 

infl ammatory components by day 7 after allergen chal-

lenge (Fig. 4F). BAL cells consisted mostly of lympho-

cytes by day 14 after challenge (Fig. 4H). Few cells were 

noted in the day-21 BAL samples and consisted of low 

numbers of macrophages, eosinophils, and  ∼ 5 lympho-

cytes per high power fi eld (data not shown). By day 35 

after allergen challenge, a return to the normal number 

of macrophages was observed in the BAL compartment, 

a low number of eosinophils remained persistent in the 

airways, and lymphocytes were noted at this late time 

point (Fig. 4J).   

 Allergic sensitization and inhalation challenge are 

accompanied by elevations in mediators associated with 

infl ammatory and allergic responses 

 As compared to either na ï ve (dashed line) or day-0 con-

trols, inhalation of conidia signifi cantly elevated serum IgE 

levels at all time points at day 3 (Fig. 5A). IL-4 production 

was induced during sensitization of the lung, as shown by 

the increase in its production at day 0 before inhalation 

challenge (Fig. 5B). Additionally, its production was sig-

nifi cantly enhanced above the day-0 control at day 3 after 

inhalation challenge (Fig. 5B). The canonical Th1-type 

cytokine, IFN- γ , was also elevated at day 3 after challenge 

(Fig. 5C).    

 Inhalation fungal challenge increases signs of airway

wall remodeling around the airways of BALB/c

mice sensitized to A. fumigatus antigens 

 Smooth muscle was assessed using  α -SMA IHC for na ï ve 

controls, in mice that had been sensitized to  A. fumigatus  

antigens but not challenged, and in animals that had been 

both sensitized to and challenged with fungal spores. 

In na ï ve animals (Fig. 6A) or in those that had been sen-

sitized with  Aspergillus  antigens but not challenged with 

conidia (Fig. 6B), peribronchial  α -SMA staining was 

scant beneath the basement membrane. In animals that 

had been sensitized to fungal antigens and challenged 

with airborne conidia, the peribronchial smooth muscle 

appeared distinctly more prominent and muscle cells 

appeared to be organized into small bundles (Fig. 6C).    

 Marked collagen deposition was observed in every 

sensitized lung that had been treated with airborne 
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conidia and was signifi cantly increased over that of naive 

lungs. Visually, lungs of naive mice (Fig. 6D) exhibited 

a uniform, thin layer of collagen in subepithelial peri-

bronchial areas, and this phenotype was characteristic of 

the sensitized animals as well (Fig. 6E). After inhalation 

challenge, collagen matrix was markedly and signifi cantly 

increased in the peribronchial space (Fig. 6F). Dense 

fi bers were evident in the subepithelial space above and 

below the peribronchial smooth muscle layer, and 

appeared to delineate smooth muscle bundles. Collagen 

was also noted around peribronchial infl ammatory cells 

in this area.    

 Discussion 

 The size, shape, and surface hydrophobicity of  A. fumig-
atus ’   spores provide an effi cient vehicle for their inhala-

tion into the lungs of humans, but murine alveolar spaces 

may be as small as 10  μ m in diameter, i.e., 20 times 

smaller than those of humans [13]. To mimic human 

inhalation exposure, we fi rst showed that inhaled spores 

of the  A. fumigatus  fungus are dispersed to the small 

airways of the murine lung. We were unable to fi nd 

reports of  Aspergillus  models using the inhalation of live 

spores in asthma research, but a number of invasive 

aspergillosis (IA) models have been published. Native 

spore delivery methods are largely variations on the early 

work of Sidransky and Friedman (pumping lyophilized 

spores into a closed chamber) or Piggott and Emmons 

(blowing air over a fungal culture grown in the bottom 

of an Erlenmeyer fl ask) [14,15]. Piggott and Emmons ’  

live culture method was improved by Burrell ’ s use of a 

box in which fungal culture plates could be exchanged 

[16]. Our introduction of an in-line fungal culture fl ask 

eliminates the exposure of the operator to the fungus, 

increases the animal ’ s nose-only exposure to the mold, 

allows a controlled and reproducible fl ow of air over the 

culture, and facilitates a more natural pulmonary move-

ment for the murine subject. 

 Structural and resident immune cells of the lung interact 

with inhaled resting conidia.  A. fumigatus  spores change 

quickly and dramatically upon germination [11], and the 

immune response targeting the conidia changes along with 

the metamorphosis of the fungal cell ’ s coat properties 

[12,17]. In the present study, resting conidia were distrib-

uted throughout the large and small airways of the lung, 

contacting a large surface area. Interestingly, even with the 

use of fewer viable spores than in any other published 

model of asthma, i.e., allergic bronchopulmonary aspergil-

losis (ABPA), or IA (Table 1), the resulting pathology was 

clearly and consistently present.   

 While serious morbidity is not noted in every case of 

long-term clinical asthma, fi brosis is noted with enough 

regularity that the National Heart Lung and Blood Insti-

tute (NHLBI) has included it in the diagnostic scope of 

the disease [18]. The orchestration of the allergic response, 

including aspects of airway wall remodeling, has been 

attributed primarily to the cytokine production of T cells 

[19 – 24] and eosinophils [25,26], both of which were 

plentiful after fungal inhalation challenge. Hogaboam ’ s 

model of ABPA, using an intratracheal conidia challenge, 

Fig. 5 Total IgE from serum and IL-4 and IFN-γ from whole lung homo-

genates after allergen challenge with airborne Aspergillus fumigatus 

conidia in BALB/c mice. Total serum IgE (A), lung IL-4 (B), and lung 

IFN-γ (C) levels were measured using commercially available ELISAs. 

Specimens were collected at 3, 7, 14, 21, and 35 days after allergen chal-

lenge with conidia and compared to sensitized, but unchallenged, (day 0) 

levels. Mean values for naive animals are represented by the dashed line 

for comparison. All results are expressed as the mean � SEM, n � 3–5/

group. *P � 0.05; **P � 0.01 as compared to day-0 controls.
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is the only model involving fungi to show evidence of 

collagen deposition around the airways after inoculation 

with intact spores [7]. It was an interest in the initiation 

and maintenance of fi brotic remodeling that led us to 

attempt to improve upon this method by eliminating the 

surgical component, as well as, reducing the potential for 

Fig. 6 Smooth muscle and fi brotic changes signifying airway wall remodeling after airborne conidia allergen challenge. α-SMA staining (red) was 

used to identify peribronchial smooth muscle changes in histological sections from naive BALB/c mice (A), mice sensitized to Aspergillus antigens (B), 

or sensitized mice that had been challenged with a 10-min dose of inhaled conidia 35 days before (C). Gomori’s trichrome stain was used to show the 

accumulation of peribronchial collagen (blue) on histological sections from naive mice (D), mice sensitized to Aspergillus antigens (E), or sensitized 

mice that had been challenged with a 10-min dose of inhaled conidia 35 days before (F). Mean thickness of collagen is indicated for each group � 

SEM. **P � 0.01. Bar in A, B, C � 50 μm, and in D, E, F � 100 μm.

   Table 1  Models of pulmonary  Aspergillus fumigatus  exposure.  

Model Challenge antigen/route/host AHR IL-4 IgE Eos GCH SMH Fib

Acute fungal sinusitis [34] 1  �  10 6  conidia in NS

IN

Neutropenic host

n.d. n.d. n.d. n.d. n.d. n.d. n.d.

ABPA [7] 5  �  10 6  conidia in 0.1% tween 80

IT

Normal host

 � 

 

�  �  � 

 

� -  � 

ABPA [27,35 – 37] 100 – 380  μ g fungal extract Ag

IN, IP, or IV

Normal host

n.d.  �  �  � - -

 

� /- * 

Allergic fungal asthma [38] 6 – 9 protease units in PBS

IN

Normal host

 �  �  �  �  � n.d. n.d.

IA [39] 2  �  10 7  conidia in NS

IN

Genetically manipulated host

n.d.  �  � n.d. n.d. n.d. n.d.

IA [40] 5 – 10  �  10 5  conidia in 0.025% 

 tween 20

IV

Normal host

n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Airborne delivery 7  �  10 4  native conidia, airborne

Inhalation

Normal host

 �  �  �  �  �  �  � 

   AHR, airway hyperresponsiveness; Eos, eosinophilia; GCH, goblet cell hyperplasia; SMH, smooth muscle hyperplasia; Fib, fi brosis; IN, intranasal; IT, 

intratracheal; IP, intraperitoneal; IV, intravenous; ABPA, Allergic Bronchopulmonary Aspergillosis; IA, Invasive Aspergillosis;  �,  present; �, not pres-

ent,  � /� * , shown only at the highest doses tested; n.d., not described   
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alterations of the immune and wound healing responses. 

Other models have demonstrated fi brotic remodeling only 

after a signifi cant antigenic load [27], and none have con-

sistently demonstrated smooth muscle changes (Table 1). 

Not only does the current model provide a means for 

native, live spores to be delivered in a nose-only fashion, 

it also enables multiple fungal exposures to be employed 

without invasive surgery, which is necessary in intratra-

cheal inoculations. The inhalation delivery method reli-

ably results in peribronchial fi brosis and increased smooth 

muscle mass around the large airways of the asthmatic 

lung, signaling the structural changes associated with 

chronic airway wall remodeling [18,28 – 30]. 

 Studies of primate experimental models [31] and 

human asthma [32] show increased smooth muscle mass 

as a consequence of disease. Smooth muscle around 

the airways may reduce the caliber of the lumen and add 

to its contractility. It may also function to recruit eosino-

phils and enhance their survival [33]. In this study,  α -SMA 

staining revealed a layer of myocytes below the basement 

membrane of the large airways in naive samples. After 

allergen challenge, this cell layer was more easily seen in 

H&E-stained sections, and  α -SMA staining showed an 

apparent increase in cell mass around the airways. Peri-

bronchial collagen deposition was noted above, below, and 

between these cells, suggesting a potential source of extra-

cellular collagen production. 

 Genetically altered animals provide useful tools in the 

understanding of complex biological process. Many of 

these animals are generated from a C57BL/6 background. 

The current model shows a robust infl ammatory and 

remodeling phenotype in C57BL/6 mice (Samarasinghe, 

Hoselton, and Schuh; manuscript submitted) and is antic-

ipated to be useful in these applications. 

 The processes which comprise the syndrome of clinical 

allergic asthma are complex. Models that more closely 

mimic the types and mechanisms of human allergen expo-

sure are helpful in examining the interplay among the mul-

tiple cell and tissue types that are involved in pulmonary 

allergic responses. We have developed a model of fungal 

allergic airways disease in a mouse system that will permit 

the study of the mechanisms that initiate and perpetuate 

changes in the airway associated with allergic fungal asthma. 

In particular, this  in vivo  system will allow the examination 

of temporal and spatial interaction of cells and their media-

tors in the changing physiology of the allergic lung.   
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