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Evolution of the Immune Response to Chronic Airway Colonization
with Aspergillus fumigatus Hyphae
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Airway colonization by the mold Aspergillus fumigatus is common in patients with underlying lung disease and is associated
with chronic airway inflammation. Studies probing the inflammatory response to colonization with A. fumigatus hyphae have
been hampered by the lack of a model of chronic colonization in immunocompetent mice. By infecting mice intratracheally with
conidia embedded in agar beads (Af beads), we have established an in vivo model to study the natural history of airway coloniza-
tion with live A. fumigatus hyphae. Histopathological examination and galactomannan assay of lung homogenates demon-
strated that hyphae exited beads and persisted in the lungs of mice up to 28 days postinfection without invasive disease. Fungal
lesions within the airways were surrounded by a robust neutrophilic inflammatory reaction and peribronchial infiltration of
lymphocytes. Whole-lung cytokine analysis from Af bead-infected mice revealed an increase in proinflammatory cytokines and
chemokines early in infection. Evidence of a Th2 type response was observed only early in the course of colonization, including
increased levels of interleukin-4 (IL-4), elevated IgE levels in serum, and a mild increase in airway responsiveness. Pulmonary T
cell subset analysis during infection mirrored these results with an initial transient increase in IL-4-producing CD4™ T cells, fol-

lowed by a rise in IL-17 and Foxp3™ cells by day 14. These results provide the first report of the evolution of the immune re-

sponse to A. fumigatus hyphal colonization.

he average person inhales hundreds of conidia (spores) of the

ubiquitous mold Aspergillus fumigatus each day (1, 2). In the
healthy host, conidia are easily cleared by the innate pulmonary
defenses such as the mucociliary elevator and pulmonary macro-
phages (2). However, in patients with chronic pulmonary disease,
elimination of inhaled conidia is impaired and germination of
conidia occurs, leading to airway colonization with filamentous
hyphae. Fungal colonization is associated with a progressive de-
cline in pulmonary function in many patients (3). Aspergillus air-
way colonization is particularly common in patients with cystic
fibrosis (CF), where up to 80% of patients have A. fumigatus iso-
lated from their sputum (4). A minority of these colonized pa-
tients (<<10%) develop allergic bronchopulmonary aspergillosis
(ABPA), characterized by an exuberant T helper 2 (Th2) response
with elevated total and A. fumigatus-specific IgE levels, eosino-
philia, and progressive reactive airway disease leading to bronchi-
ectasis (5-8). However, the majority of patients colonized with
Aspergillus do not develop such a severe hypersensitivity reaction
but still manifest a decline in lung function (3). The treatment of
these patients with antifungal drugs has been reported to result in
improvement of pulmonary function (9), suggesting a role for A.
fumigatus in the progression of chronic pulmonary disease.

The natural history of the immune response to A. fumigatus
colonization in the absence of ABPA is poorly understood. Re-
peated challenge with conidia or the administration of Aspergillus
antigens in previously sensitized mice produces a condition that
resembles ABPA with the production of the Th2 cytokines, such as
interleukin-4 (IL-4) IL-5, IL-6, IL-10, and IL-13, accompanied by
increased IgE levels, eosinophilic infiltration into the airways, and
airway hyperresponsiveness (10-14). However, prolonged hyphal
colonization is absent in these animal models and little is known
about the immune response and natural history of airway coloni-
zation with live A. fumigatus hyphae. Therefore, to better under-
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stand the immune response to chronic airway colonization with
A. fumigatus hyphae, we have established a chronic colonization
model in which A. fumigatus conidia were embedded within agar
beads and introduced intratracheally into immunocompetent
mice (15, 16). This approach resulted in prolonged airway colo-
nization with live A. fumigatus for up to 28 days. Conidia within
the beads developed into hyphae that exited the beads to trigger a
robust inflammatory response in the airways, characterized by
predominately neutrophilic airway infiltration and the produc-
tion of chemokines and proinflammatory cytokines. There was an
early Th2-type response with an induction of IL-4 and IL-4-se-
creting CD4™ cells, a modest increase in total IgE levels in serum,
and an increase in airway responsiveness following 14 days of
colonization. Interestingly, after 14 days of infection, there was a
shift from a Th2 to a Th17 and T-regulatory response, which was
associated with decreased fungal burden. These data provide the
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first description of the host response to chronic colonization with
A. fumigatus hyphae.

MATERIALS AND METHODS

Mice. Female C57BL/6] mice, 8 to 12 weeks old, were purchased from
Jackson Laboratory (Bar Harbor, ME, USA). Animals were treated in
accordance to the Canadian Council for Animal Care, and all experimen-
tal procedures were approved by the Animal Care Committees of the
McGill University Health Center and McGill University.

Strain and growth conditions. A. fumigatus strain Af293 was grown
on yeast extract-peptone-dextrose (YPD; Difco) agar plates at 37°C, cul-
tured freshly from —80°C stocks before experiments. Conidia were har-
vested after 6 days of growth with phosphate-buffered saline (PBS) con-
taining 0.1% Tween 80 (vol/vol) (Fisher Scientific), washed, and
resuspended at a concentration of 1 X 10° conidia/ml in PBS with 0.1%
Tween 80.

Inoculum preparation. Agar beads (Af beads) were freshly prepared
under sterile conditions 36 to 48 h before experiments and kept at 4°C
using a modification of the method described for Pseudomonas aeruginosa
(15). Five milliliters of 10% YPD—-3% agar kept at 52°C was mixed with 5
ml of concentrated conidial suspension (1 X 10° conidia/ml). This mix-
ture was quickly added to prewarmed (52°C) heavy mineral oil (Fisher
Scientific) kept in a 150-ml flask and subjected to rapid stirring with a
magnetic stirring bar at room temperature for 6 min, followed by 10 min
of stirring with cooling of the flask with crushed ice. The oil-agar mixture
was centrifuged in Oakridge tubes at 9,000 X g for 20 min at 4°C to pellet
the beads. After removal of the oil, beads were washed four times with
sterile PBS (HyClone) in polystyrene centrifuge tubes via centrifugation at
400 X gfor 10 min at room temperature. The beads were passed through
a metal mesh, selecting for beads less than 280 wm in diameter. The
number of conidia within the agar beads was determined by homoge-
nizing beads to liberate the conidia, followed by serial dilution onto
YPD plates and counting of CFU. The final inoculum was prepared by
diluting the Af bead suspension to 5 X 107 conidia/ml. Sterile agar
beads without conidia were prepared with YPD agar and PBS with
0.1% Tween 80 as described above. Isolated conidia for infection were
prepared by resuspending conidia at a concentration of 5 X 107 conid-
ia/ml in PBS with 0.1% Tween 80.

Scanning electron microscopy of Af beads. Agar beads containing
conidia were incubated for 12 h in phenol red-free RPMI 1640 medium at
37°C and 5% CO, on glass coverslips. Samples were fixed in 2.5% glutar-
aldehyde in 0.1 M sodium cacodylate buffer at 4°C overnight, sequentially
dehydrated in ethanol, and critical-point dried. Samples were then sputter
coated with Au-Pd and imaged with a field emission scanning electron
microscope (S-4700 FE-SEM; Hitachi).

Intratracheal infection model. Mice were anesthetized with a mixture
of 100 mg/kg of body weight of ketamine (Bionice, Belleville, ON) and 10
mg/kg of body weight of xylazine (Bayer Inc., Toronto, ON) by intraper-
itoneal injection. Once anesthetized, mice were put in a vertical position
under a surgical microscope (Leica). An intratracheal injection of 50 .l of
bead suspension containing 2.5 X 10° conidia, sterile beads alone, or
conidia alone was performed using a curved 26-G gavage needle (Cadence
Science, Staunton, VA).

BAL. Lungs were lavaged three times with 500 wl of cold sterile PBS
(HyClone). Bronchoalveolar lavage (BAL) fluid was spun at 200 X g for 10
min, and the supernatant was removed. The pellet was resuspended with
ACK buffer (Gibco) to lyse erythrocytes. The remaining cells were resus-
pended in 110 pl of sterile PBS (HyClone), counted for total cell counts,
and analyzed as detailed below.

Lung homogenates. Following lavage, extracted lungs were homoge-
nized in 5 ml of sterile PBS (HyClone) and protease inhibitor cocktail
(Roche) with a Polytron homogenizer at 26,000 rpm for 45 s. Homoge-
nates were aliquoted and stored at —80°C until being used for cytokine
measurements. One milliliter of homogenate was concentrated 10-fold
using an Amicon Ultra 0.5 centrifugal filter with a 3,000 nominal molec-
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ular weight limit (Millipore, Bedford, MA) immediately before running
the Luminex assay.

Lung digest. Harvested lungs were washed with PBS, minced, and
enzymatically digested in 10 ml of digestion buffer (RPMI supplemented
with 5% fetal bovine serum [FBS] and 150 U/ml of collagenase [Sigma])
for 60 min at 37°C. The suspension was then passed through a 70-pm cell
strainer to produce a single-cell suspension, and an aliquot was removed
for fungal burden measurement. After erythrocyte lysis using ACK buffer,
cells were resuspended in PBS and counted using a hemocytometer.

Fungal burden and IgE measurements. The fungal burden was deter-
mined by measuring the pulmonary galactomannan content. Three hun-
dred microliters of lung digest was assayed using the Platelia Aspergillus
enzyme immunoassay kit (Bio-Rad, Hercules, CA) according to the man-
ufacturer’s instructions. The levels of IgE from serum were measured by
an OptEIA enzyme-linked immunosorbent assay (ELISA) kit (BD Biosci-
ences, San Diego, CA) according to the manufacturer’s instructions.

Cytokine analysis. The simultaneous measurement of 20 cytokines/
chemokines, including IL-1a, -1B, -2, -4, -5, -6, -10, -12, -13, and -17,
fibroblast growth factor (FGF) basic, granulocyte-macrophage colony-
stimulating factor (GM-CSF), gamma interferon (IFN-y), [FN-y-induc-
ible protein 10 (IP-10), cytokine-induced neutrophil chemoattractant
(KC), macrophage chemoattractant protein 1 (MCP-1), monokine in-
duced by IFN-y (MIG), macrophage protein-1 alpha (MIP-1a), tumor
necrosis factor alpha (TNF-a), and vascular endothelial growth factor
(VEGF), from concentrated whole-lung homogenates was performed
with the Cytokine 20-Plex Panel kit (Invitrogen) using the Luminex 100
system (Linco Research, Inc.) as per the manufacturer’s instructions.

Lung histopathology. Harvested lungs were inflated with 10% buft-
ered formalin (Fisher Scientific) and fixed overnight, immersed in forma-
lin. Separated halves of the lungs were embedded in paraffin and cut into
5-pm sections collected at different depths of the lung. The sections were
then stained with periodic acid-Schiff (PAS) stain and hematoxylin and
eosin (H&E).

Pulmonary leukocyte analysis. Cells from lung digests and BAL fluids
were resuspended at a concentration of 10 cells in 1 ml of PBS containing
1 pl of fixable viability dye (eBioscience) and incubated 30 min at 4°C. The
cells were washed with staining buffer (PBS + 2% FBS), and Fc receptors
were blocked by the addition of unlabeled anti-CD16/32 (FcBlock; BD
Pharmingen) for 15 min at 4°C. Cells were stained with antibodies against
cell surface components for 30 min at 4°C. The following fluorescently
conjugated antibodies purchased at BD were used: CD3-fluorescein iso-
thiocyanate (clone 17A2), CD11c-allophycocyanin (clone HL3), CD11b-
phycoerythrin-CF594 (clone M1/70), CD45-allophycocyanin-Cy7 (clone
30-F11), CD19-phycoerythrin-Cy7 (clone 1D3), SiglecF-brilliant violet
421 (clone ESO-2440), and Ly-6G-phycoerythrin (clone 1A8). Cells were
washed with staining buffer and fixed with 2% paraformaldehyde (PFA;
Electron Microscopy Sciences, Hatfield, PA) for 30 min on ice. Cells were
then washed and resuspended in PBS and kept at 4°C until data acquisi-
tion. Data acquisition was performed on an LSR Fortessa (BD) using fluores-
cence-activated cell sorter (FACS) Diva software (BD). The data were further
analyzed using Flow]Jo software v10.0.7r2 (FlowJo, LLC). Immune cell subsets
were defined as follows: neutrophils, CD45" Ly6G™ CD11c¢~ CD11b™; alve-
olar macrophages, CD45" CD11c" siglecF™ CD11b"#/°"; lymphocytes,
CD45% CD11c™ Ly6G~ CD3" or CD45" CD11c™ Ly6G~ CD19". Total
cells of each population were calculated via the total cell counts of each sam-
ple, as determined using a hemocytometer following lung digestion.

Pulmonary T cell subset analysis. Prior to intracellular staining, cells
from lung digest were stimulated in vitro with phorbol myristate acetate
(PMA; 50 ng/ml) and ionomycin (1 pg/ml). After 2 h of stimulation,
brefeldin A (GolgiPlug; BD) was added for another 3 h to promote the
intracellular accumulation of cytokines. The cells were then washed with
PBS, resuspended in 1 ml of PBS containing 1 wl of fixable viability dye
(eBioscience), and incubated 30 min at 4°C. The cells were then washed
and fixed using the BD Cytofix/Cytoperm kit according to the manufac-
turer’s instructions (BD). The following fluorescently conjugated anti-
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FIG 1 A. fumigatus conidia germinate and emerge from within agar beads.
Beads were grown in RPMI medium for 12 h and then imaged using scanning
electron microscopy.

bodies (purchased from BD) against cell surface components were used:
CD4-fluorescein (clone H129.19), CD8-allophycocyanin-Cy7 (clone 53-
6.7), and CD45-phycoerythrin-CF594 (clone 30-F11). The following flu-
orochrome-conjugated antibodies (BD) against cytokines were used: IL-
17a-phycoerythrin (clone TC11-18H10), IL-4-allophycocyanin (clone
11B11), and IFN-y-Alexa Fluor 700 (clone XMG1.2). For measurement
of Foxp3-positive T cells, lung digest cells were stained using the Foxp3/
transcription factor staining kit (eBioscience) according to the manufac-
turer’s instructions. Lymphocytes were defined as CD45" CD4" CD$§ ",
prior to intracellular cytokine analysis.

Measurement of airway responsiveness. Mice were anesthetized with
a mixture of 50 mg/kg of body weight of sodium pentobarbital and 10
mg/kg of body weight of xylazine (Bayer, Inc., Toronto, ON) by intraper-
itoneal injection. Mice were then tracheotomized using an 18-G cannula
and connected to a small animal ventilator (FlexiVent; Scireq, Montréal,
Canada). Muscle paralysis was induced with pancuronium bromide (0.2
mg/kg) by intraperitoneal injection. Changes in airway function in re-
sponse to increasing doses of methacholine (6.25 to 50 mg/ml adminis-
tered in doubling doses) were recorded. Respiratory system resistance and
elastance were determined before challenge and after each dose of meth-
acholine.

Statistical analyses. One-way analysis of variance (ANOVA) followed
by Tukey’s multiple-comparison test was used to evaluate differences be-
tween groups. Two-way ANOVA followed by Bonferroni posttests was
used to evaluate differences between the groups during the time course. P
values of <0.05 were considered significant.

RESULTS
A. fumigatus germinates and produces hyphae that emerge
from within agar beads. Hyphae are the predominant morphology
of A. fumigatus observed within the airways of colonized patients.
We therefore investigated whether A. fumigatus conidia embed-
ded within agar beads (Af beads) could germinate and form hy-
phae when grown in vitro. After 12 h of incubation, numerous hy-
phae emerged from within agar beads, confirming the ability of A.
fumigatus to germinate within, and exit from, agar beads (Fig. 1).
Infection with beads containing A. fumigatus induces colo-
nization with hyphae for up to 28 days. Next, the ability of Af
beads to induce colonization of the airways of healthy C57BL/6
mice was determined. Mice were infected with 2.5 X 10° conidia
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of A. fumigatus in suspension, 2.5 X 10° conidia of A. fumigatus
embedded in agar beads, or sterile agar beads by intratracheal
injection and sacrificed after 1, 7, 14, 21, and 28 days following
infection. Microscopic examination of PAS- and H&E-stained
lung tissue was performed at each time point. The histopathologic
appearance of lungs from mice infected with A. fumigatus conidia
in suspension was indistinguishable from that of uninfected ani-
mals at all time points (Fig. 2A and B; see also Fig. S1A to C in the
supplemental material). Airways of control mice infected with
sterile beads were found to contain empty beads without any evi-
dent inflammatory response at all time points (Fig. 2C and D; see
also Fig. S1D to F in the supplemental material). In contrast, lungs
of mice infected with Af beads revealed the presence of beads
within airways containing PAS-positive hyphae at all time points
(Fig. 2E to I). In some lesions, hyphae could be visualized exiting
the agar beads and interacting with leukocytes within the airways;
however, tissue invasion was not seen. Hyphal egress from beads
during infection was also confirmed by microscopic analysis of
beads retrieved from infected mice using bronchoalveolar lavage
(Fig. 3A). Consistent with the findings of noninvasive hyphal
growth within the airways, Af bead-infected mice did not manifest
signs of invasive disease such as weight loss, ruffling of fur, or
decreased survival.

To confirm these observations and to quantify the kinetics of
hyphal growth in vivo, pulmonary fungal burden was measured by
determining the concentration of galactomannan (GM) in whole-
lung digest. GM is a carbohydrate component of the cell wall pro-
duced by hyphae and not conidia and has been used as a surrogate
measure of hyphal fungal burden (17-19). Consistent with our
microscopic findings of persistence of hyphae within the airways,
high levels of GM were detected in pulmonary tissues throughout
the 28-day period in mice infected with Af beads but not in those
infected with sterile beads (Fig. 3B) or with conidia alone. The
level of GM declined over this period, and fungal lesions were less
abundant within tissue sections of infected mice at later time
points, suggesting that fungi were gradually cleared from the air-
ways.

A. fumigatus embedded in agar beads induces airway inflam-
mation. As early as 24 h after infection, microscopic examination
of airways from infected mice revealed the presence of inflamma-
tion surrounding the A. fumigatus-containing beads within the
airways (Fig. 2E). Af beads within airways were surrounded by a
ring of leukocytes consisting predominately of neutrophils. By day
7 postinfection, the intraluminal leukocyte infiltration was also
accompanied by peribronchial inflammation, composed mostly
of mononuclear cells (Fig. 2F). No increase in the number of eo-
sinophils was evident at any time points when H&E-stained sec-
tions of the lungs were examined (data not shown). This pattern of
inflammation persisted in the lungs of mice up to 28 days postin-
fection (Fig. 2I), the latest time point studied. To quantify the
cellular inflammatory response to Af beads, pulmonary leukocyte
infiltration was measured in bronchoalveolar lavage fluid and
lung tissue samples using flow cytometry. A significant influx of
neutrophils and to a lesser extent macrophages and lymphocytes
was observed in both BAL fluid and lungs of mice infected with Af
beads (Fig. 4B). This pulmonary leukocyte recruitment was great-
est at 7 days following infection and decreased over time. At all
time points, higher numbers of neutrophils and macrophages
were recovered from BAL fluid and lung tissue from mice infected
with Afbeads than from the sterile-bead group, the group infected
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FIG 2 Colonization of airways with A. fumigatus beads. Histopathology of PAS-stained lung tissue of uninfected C57BL/6 mice (A) or mice infected with conidia
in suspension 24 h postinfection (B), sterile beads 24 h postinfection (C), sterile beads 28 days postinfection (D), A. fumigatus beads 24 h postinfection (E), A.
fumigatusbeads 7 days postinfection (F), A. fumigatus beads 14 days postinfection (G), A. fumigatus beads 21 days postinfection (H), or A. fumigatus beads 28 days
postinfection (I); images were taken with a 40X objective lens. White arrows indicate sterile beads. Black arrows indicate PAS-positive hyphae of A. fumigatus
within agar beads. Bars, 50 wm. Histopathology of PAS-stained lung tissue of C57BL/6 mice infected with conidia in suspension or sterile beads on days 7, 14, and

21 days postinfection can be found in Fig. S1 in the supplemental material.

with conidia only, or uninfected controls, although this was sta-
tistically significant only at day 7 postinfection (Fig. 4B). Interest-
ingly, two peaks of lymphocyte recruitment were observed in lung
digests from mice infected with Af beads, one early peak at 7 days
postinfection and a second, later peak at 28 days postinfection
(Fig. 4B).

A. fumigatus colonization induces the production of proin-
flammatory cytokines and chemokines. To probe the nature of
the inflammatory responses caused by A. fumigatus colonization,
the levels of 20 inflammatory cytokines/chemokines were mea-
sured from concentrated whole-lung homogenates. After 7 days of
colonization, significantly higher levels of the proinflammatory
cytokine TNF-a and the epithelium-derived chemokine MIG/
CXCL9 were observed in mice infected with Af beads than in
uninfected mice, mice infected with sterile beads, or mice infected
with conidia alone (Fig. 5). A trend toward increased levels of
IL-13, but not IL-1a, was also observed in Af bead-infected mice,
though this was not statistically significant. By day 14 of infection,
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these significant differences in proinflammatory cytokine expres-
sion were less prominent. Low levels of T helper-associated cyto-
kines were also detected at all time points under each of the exper-
imental conditions (Fig. 6). No significant induction of [FN-v or
IL-10 was observed in mice infected with Afbeads or conidia alone
compared with uninfected mice or mice infected with sterile
beads. Mice infected with Af beads developed a significant in-
crease in pulmonary IL-4 levels at 7 and 14 days after infection
compared with uninfected mice or mice infected with sterile
beads alone. Interestingly, sterile beads induced a lower-level
(but significant) increase of IL-4 production at 14 days after
infection than uninfected mice, though this was not seen at any
other time point. Finally, mice infected with Af beads and
conidia alone had higher IL-17 levels than mice infected with
sterile beads alone (all time points for Af beads and days 7 and
14 for conidia alone), though these differences were not statistically
significant. Collectively, these data suggest that Af beads induce an
early Th2 response after infection; however, the low levels of T helper
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FIG 3 A. fumigatus conidia within beads develop into hyphae and exit beads in
vivo. (A) Differential interference contrast image of AF bead recovered in BAL
fluid from a C57BL/6 mouse 3 days postinfection. White arrows indicate hy-
phae exiting from the agar bead. Scale bar, 20 wm. (B) Time course of pulmo-
nary fungal burden measured from whole-lung digest using the Bio-Rad Plate-
lia GM assay. Bars represent the means * standard errors of the means from at
least two independent experiments (total n = 5 to 8 per group per time point).
*, P < 0.05; ***, P < 0.001, compared to uninfected mice.

cytokines measured in these samples limit the interpretation of these
findings.

A. fumigatus colonization results in dynamic changes in T
cell populations over time. To further characterize adaptive im-
mune responses to A. fumigatus hyphal colonization, the evolu-
tion of T cell populations within the lungs of infected mice was
studied by intracellular cytokine and marker staining. Mice were
infected with conidia, sterile beads, or beads containing A. fumiga-
tus, and their lungs were harvested and digested at 7, 14, 21, and 28
days for characterization of pulmonary lymphocyte populations
(Fig. 7). Consistent with our whole-lung cytokine analysis, no
significant induction of IFN-y-producing T cells was detected at
any time point after infection, and indeed the numbers of these
cells were reduced at later time points in all the mice treated with
conidia, sterile beads, and Af beads than in uninfected controls.
Mice infected with sterile beads displayed no other significant dif-
ferences in T cell populations for the duration of the experiment.
In mice infected with Af beads, a significant increase in the
number of IL-4-producing CD4™ cells was noted at day 7 after
infection, which declined by day 14 of infection. At this point, a
significant increase in IL-17" cells was observed. The number of
IL-17-producing lymphocytes peaked at day 14 but remained el-
evated for the duration of the experiment. Foxp3™ T cells were
also observed over the course of the experiment and increased
over time in an inverse relationship to the decline in fungal burden
over time. Mice infected with conidia alone displayed a modest
increase in IL-17" T cell numbers at days 7 and 14, and in Foxp3™
cells at day 14, although this increase was less prominent than in
mice infected with Af beads.
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Mice infected with Af beads have elevated serum IgE. As in-
halation of A. fumigatus conidia or extracts have been reported to
result in increased total IgE levels in sensitized mice (20, 21), we
investigated whether the presence of Af beads triggered similar
results. Afbead-infected mice developed higher IgE levels than did
sterile-bead-infected, conidium-infected, and uninfected con-
trols; these levels peaked at 21 days postinfection and were signif-
icantly different from those of mice infected with sterile beads at
21 and 28 days postinfection (Fig. 8A).

A. fumigatus colonization causes time-dependent changes in
airway responsiveness. We next assessed whether the increased
inflammatory responses to Af beads affect airway responsiveness
by challenging mice with methacholine. A significantly higher re-
sponse to methacholine was observed upon measuring the respi-
ratory resistance and elastance in mice infected with Afbeads than
in sterile-bead-infected and uninfected controls at day 7 postin-
fection (Fig. 8B). However, airway hyperreactivity was substan-
tially decreased at day 14 postinfection, suggesting that with de-
creased fungal burden and subsequent inflammatory responses,
mice were able to recover. Interestingly, the airways of mice in-
fected with Af beads were found to be less responsive to metha-
choline challenge by 28 days of infection than either sterile-bead-
infected and uninfected mice, suggesting that the airways of A.
fumigatus-colonized mice may become hyporesponsive during re-
covery from infection.

DISCUSSION

Studies examining the pathogenesis of Aspergillus pulmonary col-
onization in chronic lung disease have been limited by the lack of
an available model in which hyphae grow within the airways of
immunocompetent mice. The bead model of A. fumigatus airway
colonization described in this paper mimics this type of coloniza-
tion. Hyphae were observed within the murine airways in the ab-
sence of tissue invasion for up to 28 days and elicited a chronic
inflammatory response. Further, the growth of hyphae within the
beads closely resembled the appearance of hyphae within mucus
plugs seen in patients with cystic fibrosis or other chronic lung
disease (22). These results are consistent with an earlier report in
which invasive aspergillosis was induced through infection of
BALB/c mice with A. fumigatus-containing beads for 2 weeks fol-
lowed by the administration of immunosuppression (16). How-
ever, the inflammatory response to colonization was not charac-
terized in any detail in this study.

The development of an animal model in which live hyphae are
present within the airway provides the opportunity to study the
inflammatory response to chronic airway colonization. While the
effects of exposure to live conidia have been previously examined
in numerous animal models (23, 24), mature hyphae exhibit im-
portant differences in the expression and exposure of pathogen-
associated molecular patterns, such as B-glucan and galactosami-
nogalactan (25, 26, 27), as well as the expression of putative
virulence factors such as proteases and the toxins Asp f1 and glio-
toxin (28). The effects of these fungal factors on the immune re-
sponse during airway colonization have remained unstudied, in
part due to the lack of an available animal model system that is
amenable to the study of live mutant organisms.

The importance of studying infection with live organisms is
emphasized by the profile of the inflammatory response seen in
mice colonized with Af beads, which differed from those chal-
lenged with conidia in suspension and from repeated challenge
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FIG 4 (A) Gating strategy for leukocyte differential analysis by flow cytometry. Mouse lungs were digested by collagenase, and cells were stained with
fluorescently labeled antibodies. Doublet cells and dead cells, determined using a fixable viability dye, were excluded. Histograms show the cell surface staining
for a fully stained sample (solid line), as well as the “fluorescence minus one” control (dotted line) for the corresponding channel. (B) A. fumigatus beads induce
pulmonary leukocyte recruitment. Total numbers of the indicated leukocyte populations were determined by flow cytometry analysis of BAL fluid (airways) and
lung (tissue) samples. Bars represent the means * standard errors of the means from 4 to 8 mice per group per time point. *, P < 0.05; **, P < 0.01; ***, P < 0.001,
compared to uninfected mice.
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shown in Fig. S2 in the supplemental material.

with conidia or other models that used sensitized mice (23, 29). and no significant IL-5 production was detected. IgE levels and
First, colonization with A. fumigatus hyphae resulted in only a  airway hyperreactivity were modestly increased in colonized mice;
modest Th2-type response early in infection. Low levels of IL-4  however, all of these responses were much lower than have been
and IL-4-producing T cells were observed early after infection, reported in other models of ABPA and declined after 2 to 3 weeks
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from whole-lung homogenates at 7, 14, 21, and 28 days postinfection using the Luminex Multiplex assay. Bars represent the means = standard errors of the means
from at least two independent experiments (total, n = 3 to 20 per group). *, P < 0.05; ***, P < 0.001, compared to uninfected mice.
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of colonization, paralleling the decreases in IL-4 and IL-4-produc-
ing T cell numbers. Second, despite the detection of neutrophils
and proinflammatory cytokines in the lungs of mice infected with
Af beads, IFN-y levels remained undetectable during coloniza-
tion, and no induction of IFN-y-producing T cells within the
lungs of infected mice was observed, suggesting that the proin-
flammatory cytokines observed early after infection are a result of
Thl-independent innate inflammatory mechanisms. Collectively,
these results provide a model in which a mixed proinflammatory
and Th2 response to A. fumigatus colonization occurs early in
infection, which is replaced by Th17 and T-regulatory responses
over time in association with a reduction in fungal burden. This
model is supported by similar trends in the induction of IL-4 and
IL-17 that were reported in a study examining the effects of re-
peated exposure to A. fumigatus conidia on C57BL/6 mice (23). In
this study, CD4 " cells from these mice were stimulated ex vivo and
examined for intracellular cytokines. Importantly, hyphae were
not observed in tissue sections at any point in these experiments.
As with our whole-lung cytokine findings in mice colonized with
hyphae, the investigators observed an initial increase in IL-4-pos-
itive cells that declined over time, while numbers of IL-17-positive
cells remained increased. However, in contrast to our findings,
they also observed a significant number of IFN-y-positive and
IFN-v- and IL-17-double-positive cells, whereas IFN-y and IFN-
v-producing T cells were absent from our studies with hyphal
colonization, despite the use of a Th1-prone strain of mice. These
observations support the hypothesis that hyphae and conidia in-
duce different types of inflammatory response.

In addition to the early Th2 response, elevated numbers of
IL-17-positive T cells were seen during infection in our model.
Although Th17 responses are classically associated with protective
mucosal immunity against pathogens such as Candida albicans
(30), the role of the IL-17 and Th17 response in A. fumigatus
infection remains a subject of debate. While an initial study re-
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ported that neutralization of IL-17 or IL-23 was associated with
enhanced resistance of immunocompetent mice to infection with
a high dose of A. fumigatus conidia (31), a study from another
group has shown that IL-17 neutralization results in a dramatic
increase in fungal burden in a similar mouse model (32). Further,
studies of Aspergillus keratitis have reported a protective role of
IL-17 (33). In our model of chronic colonization, the develop-
ment of a Th17 response was associated with a decline in the A.
fumigatus fungal burden. Although we did not test the role of the
Th17 response in mediating protection to infection in our studies,
our findings are more consistent with the hypothesis that Th17
responses are associated with protective immunity against Asper-
gillus during airway colonization.

We observed that infection with Af beads and, to a lesser ex-
tent, sterile agar beads was associated with increased airway reac-
tivity at day 7, which was lost by day 14. This finding coincided
well with the rise of IL-4-producing T cells at 7 days of infection.
Interestingly, mice infected with Af beads exhibited a decrease in
airway responsiveness below baseline at day 28 after infection.
This observation parallels the sustained rise in Foxp3™ T cells seen
at this time point and may indicate a role for T-regulatory re-
sponses in the active downregulation of airway inflammation and
hyperreactivity during the resolution of colonization. This hy-
pothesis is consistent with other reports suggesting a role for T-
regulatory responses in the suppression of asthmatic responses to
inhaled allergens (34, 35).

The immune responses observed in this chronic airway colo-
nization model share several similarities with those reported in
patients colonized with A. fumigatus without ABPA. As in this
mouse model, a higher number of inflammatory cells, especially
neutrophils, are recovered from the BAL fluids of these patients
than from those without lower airway disease or those infected
with P. aeruginosa alone (36). In addition, other hallmark charac-
teristics of ABPA such as IL-5-mediated eosinophil infiltration
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FIG 8 Mice colonized with A. fumigatus hyphae exhibit signs of an early, limited allergic response. (A) Time course of the levels of IgE from serum measured by
ELISA. Bars represent the means =+ standard errors of the means from at least three independent experiments (total, n = 5 to 34 per group). (B) Respiratory
system resistance and elastance were measured in mice infected with Afbeads or sterile beads at 7, 14, and 28 days postinfection using a FlexiVent ventilator. Data
points represent the means * standard errors of the means from 5 to 8 mice per group per time point. *, P < 0.05; **, P < 0.005; ***, P < 0.001, compared to
mice infected with sterile beads at the same time point in panel A, or as indicated in panel B.

into the airway lumen were absent (3). While an early increase in
IL-4levels and a slight increase in total IgE were observed, these
were transient and less marked later in infection. It has been
suggested that total IgE levels are not specific in differentiating
ABPA from colonization, as not all ABPA patients have ele-
vated total IgE levels and increased IgE levels can be observed in
some cystic fibrosis (CF) patients with A. fumigatus colonization
in the absence of ABPA (37-39). The increase in Th17 cells and
IL-17 production observed in this model has also been described
in CF patients (40, 41); however, the association between IL-17
and A. fumigatus colonization needs to be further investigated,
since these studies did not stratify patients based on A. fumigatus
colonization status. Finally, the increase in T-regulatory cells ob-
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served during late colonization mirrors a report in which higher
percentages of CD4* Foxp3™ cells were recovered from the blood
of CF patients with A. fumigatus colonization without ABPA than
from those with ABPA (42).

Although the bead model of chronic airway colonization with
A. fumigatus can provide insights into the interactions of A. fu-
migatus hyphae with the host, there are several important differ-
ences between human disease and this mouse model. Healthy
mice were used in these experiments, whereas airway colonization
with A. fumigatus in humans is normally observed in the context
of abnormal airways. In addition, encapsulating the hyphae in
agar beads limits hyphal interaction with host cells to emerging
hyphae and soluble factors only. This factor may have contributed
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to the relatively low levels of pulmonary cytokines detected by
multiplex enzyme immunoassay (EIA) in lung homogenates.
Conversely, however, it is possible that fungi encapsulated within
beads may interact with airway cells in a fashion similar to that of
hyphae contained within mucus plugs that are seen in chronic
airway colonization with A. fumigatus (22, 43). Further, while
overt inflammation was not detected in response to infection with
agar beads alone, a mild increase in airway hyperreactivity early
after inoculation with these beads was observed, suggesting that
the agar matrix itself can have subtle immunomodulatory effects.
Finally, human airway colonization with A. fumigatus can last for
months to years. Although fungal colonization was observed in
this model for 28 days, the decline of the fungal burden over this
time and the evolution of the inflammatory response are more
consistent with a slowly resolving infection.

Our experiments provide the first detailed characterization of
the natural history of the immune response to colonization with
A. fumigatus hyphae in immunocompetent, nonsensitized mice.
These experiments demonstrate that colonization with hyphae
induces a chronic inflammatory response associated with early
proinflammatory and Th2-type inflammation, which is replaced
by Th17 and T-regulatory response later during colonization. This
model system may provide the opportunity to study the contribu-
tion of candidate host and fungal factors in the pathogenesis of
airway colonization with A. fumigatus.
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