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Pulmonary arterial remodeling is a pathological process seen in a number of clinical disease states, driven by inflammatory cells
and mediators in the remodeled artery microenvironment. In murine models, Th2 cell-mediated immune responses to inhaled
antigens, such as purified Aspergillus allergen, have been reported to induce remodeling of pulmonary arteries. We have previ-
ously shown that repeated intranasal exposure of healthy C57BL/6 mice to viable, resting Aspergillus fumigatus conidia leads to
the development of chronic pulmonary inflammation and the coevolution of Th1, Th2, and Th17 responses in the lungs. Our
objective was to determine whether repeated intranasal exposure to Aspergillus conidia would induce pulmonary arterial remod-
eling in this mixed Th inflammatory microenvironment. Using weekly intranasal conidial challenges, mice developed robust
pulmonary arterial remodeling after eight exposures (but not after two or four). The process was partially mediated by CD4� T
cells and by interleukin-4 (IL-4) production, did not require eosinophils, and was independent of gamma interferon (IFN-�) and
IL-17. Furthermore, remodeling could occur even in the presence of strong Th1 and Th17 responses. Rather than serving an anti-
inflammatory function, IL-10 was required for the development of the Th2 response to A. fumigatus conidia. However, in con-
trast to previous studies of pulmonary arterial remodeling driven by the A. fumigatus allergen, viable conidia also stimulated
pulmonary arterial remodeling in the absence of CD4� T cells. Remodeling was completely abrogated in IL-10�/� mice, suggest-
ing that a second, CD4� T cell-independent, IL-10-dependent pathway was also driving pulmonary arterial remodeling in re-
sponse to repeated conidial exposure.

Remodeling of pulmonary arteries is a pathological process
seen in a number of clinical disease states. Progressive arterial

remodeling combined with an aberrant milieu favoring vasocon-
striction causes pulmonary hypertension that often leads to right-
sided heart failure (6, 7, 22, 23). A study of asthma patients showed
that bronchial arteries exhibited an increase in the intimal area,
associated with smooth muscle proliferation and calcification of
the elastica, and a corresponding decrease in the luminal area (16).
In addition, pulmonary artery pathology has also been found in
those with fatal asthma (39). While the pathophysiology of pul-
monary arterial remodeling remains largely unclear, recent ad-
vances implicate a role for inflammation in the process that results
in an imbalance between cellular proliferation and apoptosis, the
presence of inflammatory cells in the remodeled artery microen-
vironment, and an association with increased levels of inflamma-
tory mediators, including various chemokines and cytokines (12,
19). In murine models, Th2 cell-mediated immune responses to
inhaled purified antigens have been reported to induce remodel-
ing of pulmonary muscular arteries (9, 36, 37), although pulmo-
nary inflammation and arterial remodeling can occur without the
development of pulmonary hypertension (9). Overall, emerging
data point to a possible mechanism whereby Th2 immune re-
sponses in the lungs may promote pulmonary arterial remodeling.
However, much remains to be understood about the role of other
types of cell-mediated inflammatory responses and cross-
regulation between types of T-helper responses in pulmonary ar-
terial remodeling.

Aspergillus fumigatus is a ubiquitous mold that releases signif-
icant numbers of airborne conidia (27), and many allergic and
asthmatic patients are sensitive to A. fumigatus allergens (11). In
addition to promoting the Th2 immune response that leads
to asthma and allergic bronchopulmonary aspergillosis (11, 15,
25), A. fumigatus conidia are known also to stimulate innate Th1
and Th17 immune responses in the lung (3, 4, 21, 33, 41, 50). We
have recently demonstrated that repeated inhalation of viable,
resting A. fumigatus conidia by C57BL/6 mice results in a dynamic
inflammatory response without fungal colonization or growth
(30). The response was characterized by the engagement of several
arms of the adaptive immune system, including Th1, Th2, and
Th17 cells, as well as robust eosinophilia and remodeling of the
lung architecture.

Pulmonary arterial remodeling can be stimulated by a highly
polarized Th2 immune response to an Aspergillus antigen extract
in immunized wild-type but not interleukin-4 (IL-4) knockout
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mice (9). Our objective was to determine whether repeated intra-
nasal exposure to viable, resting Aspergillus conidia would induce
pulmonary arterial remodeling in a mixed Th1 and Th2 inflam-
matory microenvironment. If so, then our objective was to deter-
mine whether CD4� T cells, IL-4, IL-5, and/or gamma interferon
(IFN-�) was required for both remodeling and the pulmonary
inflammatory response. In addition, we also examined the role of
the regulatory cytokine IL-10 in modulating the polarization of T
cell response, magnitude of pulmonary inflammation, and subse-
quent pulmonary arterial remodeling that develops upon re-
peated Aspergillus conidial exposure.

MATERIALS AND METHODS
Mice. IL-4�/� (B6.129P2-Il4tm1Cgn/J), IL-10�/� (B6.129P2-Il10tm1Cgn/J),
IFN-��/� (B6.129S7-Ifngtm1Ts/J), and wild-type (C57BL/6J) mice were
obtained from Jackson Laboratories (Bar Harbor, ME). IL-5�/� and IL-
17�/� mice on a C57BL/6 background were obtained from a breeding
colony maintained at the University of Michigan. Breeders for the IL-
17�/� mice were kindly provided by Yoichiro Iwakura (Tokyo Univer-
sity). Mice were housed under pathogen-free conditions in enclosed filter-
topped cages. Clean food and water were given ad libitum. The mice were
handled and maintained using microisolator techniques, with daily mon-
itoring by veterinarian staff. All studies involving mice were undertaken
with the approval of the University Committee on Use and Care of Ani-
mals at the University of Michigan Medical School.

Aspergillus fumigatus. Strain ATCC 13073 was grown on Sabouraud
dextrose agar (Difco) for 14 days. Conidia were harvested by washing
plates with sterile phosphate-buffered saline (pH 7.4) with 0.1% Tween 80
(phosphate-buffered saline [PBS]-Tween), followed by filtration of the
suspension through two layers of sterile gauze to remove hyphae. Conidia
were washed in PBS-Tween, counted on a hemocytometer, diluted to 108

spores/ml in sterile PBS-Tween, and stored at 4°C for up to 4 months.
Respiratory exposure protocol. For each exposure, 2 � 106 conidia/

mouse were administered to the nostrils of mice in a volume of 20 �l.
Repeat intranasal exposures were administered every 7 days. Prior to in-
tranasal inoculation, mice were anesthetized by intraperitoneal injection
of a ketamine-xylazine solution (2.5 mg of ketamine [Fort Dodge Animal
Health, Fort Dodge, IA]/mouse plus 0.1 g of xylazine [Lloyd Laboratories,
Shenandoah, IA]/mouse).

Lung histology. Lungs were fixed by inflation with 10% neutral buff-
ered formalin. After paraffin embedding, 5-�m sections were cut and
stained with hematoxylin and eosin (H&E), periodic acid-Schiff stain (to
detect mucus), Masson’s trichrome (to detect collagen), Verhoeff-van
Gieson stain (to detect elastin), and Gomori’s methenamine-silver (to
detect fungi).

Bronchoalveolar lavage (BAL) for cell recovery. Airway contents
were recovered by instillation and retrieval of 1 ml of sterile PBS through
a tracheotomy tube. The first lavage fluid was centrifuged, and the cell-
free fluid was immediately frozen down at �20°C. Cells collected with
three total lavages were pooled. After erythrocyte lysis using NH4Cl buffer
(0.83% NH4Cl, 0.1% KHCO3, 0.037% Na2 EDTA, pH 7.4), cells were
washed, resuspended in complete medium (RPMI 1640, 10% fetal calf
serum, 2 mmol/liter L-glutamine, 50 �mol/liter 2-mercaptoethanol, 100
U/ml penicillin, 100 �g/ml streptomycin sulfate), and enumerated under
a light microscope in the presence of trypan blue using a hemocytometer.

Flow cytometry for cell surface molecules. Cells were washed and
resuspended at a concentration of 107 cells/ml in fluorescent antibody
(FA) buffer (Difco) and 0.1% NaN3. Fc receptors were blocked by the
addition of unlabeled anti-CD16/32 antibody (Fc block; BD Pharmingen,
San Diego, CA). After Fc receptor blocking, 0.5 � 106 to 1 � 106 cells were
stained in a final volume of 100 �l in 12- by 75-mm polystyrene tubes
(Becton Dickinson, Franklin Lakes, NJ) for 30 min at 4°C. Fluorochrome-
conjugated antibodies directed against the following antigens were ob-
tained from BD Pharmingen and were used according to the manufactur-

er’s instructions: CD45 (30-F11), CD3 (145-2C11), CD4 (RM4-5), CD8
(53-6.7), CD11b (M1/70), CD11c (HL3), CD19 (1D3), Gr1 (RB6-8C5),
Siglec-F (E50-2440), IFN-� (XMG 1.2), IL-4 (11B11), IL-10 (JES5-16E3),
IL-17 (TC11-18H10), and CCR3 (83103). Cells were washed twice with
FA buffer and resuspended in 100 �l, and an equal volume of 4% formalin
was added to fix the cells. A minimum of 20,000 events were acquired on
a FACSCalibur flow cytometer (BD Pharmingen) using Cell-Quest soft-
ware (BD Pharmingen). The acquired data were analyzed with FlowJo
software (Tree Star, Ashland, OR).

Flow cytometry for intracellular molecules. Prior to intracellular cy-
tokine staining, cells were stimulated in vitro for 5 h with phorbol myris-
tate acetate (PMA) (50 ng/ml) and ionomycin (1 �g/ml) in the presence of
brefeldin A (BD Pharmingen) to promote the intracellular accumulation
of cytokines. After stimulation, cells were washed twice prior to surface
molecule staining. After surface molecule staining, intracellular molecules
were stained using the BD Cytofix/Cytoperm kit according to the manu-
facturer’s instructions (BD Pharmingen).

CD4� T cell depletion. Mice were treated with intraperitoneal injec-
tions of 300 �g of the GK1.5 anti-CD4 monoclonal antibody (MAb) on
the day prior to the first exposure to conidia and boosted with 100 �g of
MAb every 7 days. Antibody was prepared from ascites by dilution in PBS
and filtering through a 0.45-�m syringe filter. The efficiency of T cell
depletion was assessed by flow cytometric analysis using anti-CD4 Ab RM
4-5, which binds to a region of CD4 distinct from GK1.5. Depletion was
�99% for CD4� T cells in the lungs as well as in the spleen. Anti-CD4
antibody (GK1.5) prevents the development of an anti-rat Ig response,
because an anti-rat Ig response requires CD4� T cell help. Thus, PBS
diluent was used for control mice instead of isotype-matched rat Ig that
would lead to a mouse anti-rat Ig response, potentially resulting in Ab-
antigen complexes and immune deviation or inflammation.

Immunohistochemistry. Immunohistochemistry was performed as
previously described (15). Lungs were inflated and fixed in 10% buffered
formalin overnight, embedded in paraffin, and sectioned. Following
deparaffinization and rehydration, sections were blocked and then stained
with anti-�-smooth muscle actin (�-SMA) antibody (clone 1A4; Dako,
Carpinteria, CA). Color development for �-SMA staining was achieved
with DAB (Vector Labs, Burlingame, CA). Sections were then counter-
stained with hematoxylin and mounted.

Morphological leukocyte differential analysis. Macrophages, neu-
trophils, lymphocytes, and eosinophils were visually counted by standard
morphological criteria in Wright-Giemsa-stained samples of lung cell
suspensions cytospun onto glass slides (Shandon Cytospin, Pittsburgh,
PA). For Wright-Giemsa staining, the slides were fixed for 2 min with a
one-step, methanol-based Wright-Giemsa stain (Harleco; EM Diagnos-
tics, Gibbstown, NJ) followed by steps 2 and 3 of the Diff-Quik whole-
blood stain kit (Diff-Quik, Baxter Scientific, Miami, FL). A total of 200 to
300 cells were counted from randomly chosen high-power microscope
fields for each sample.

Morphometric analysis of pulmonary arteries. Excised lungs were
inflated via the trachea with 1 ml of 10% buffered formalin. The trachea
was ligated, and the lungs were immersed in 10% buffered formalin for 24
h. The left lung from each mouse was removed, embedded in alginate, and
sectioned into 3-mm slices along the long axis. A coin flip determined
whether odd or even sections were chosen for analysis. After the chosen
slices were embedded in paraffin, 5-�m sections were cut, fixed to glass
slides, and stained with hematoxylin and eosin. Morphometry was per-
formed using an Olympus BX40 microscope fitted with a DP71 digital
camera (Olympus, Melville, NY) and an XYZ microscope stage (Prior
Scientific, Rockland, MA) controlled by a Dell computer running Viso-
pharm version 2.14 software (Visopharm, Denmark). Slides were coded
and analyzed by the reader in a blinded fashion. Using a 4� low-power
lens objective, the entire area of lung from each tissue section was outlined
and included in the sampling area. Under �40 magnification, a
computer-assisted sampling protocol chose a random starting field from
the selected area, and subsequent fields were determined by using a fixed
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step in the x and y positions. Thus, a random sampling of the entire tissue
section was examined, allowing for objective measurements. All muscular
pulmonary arteries appearing in the selected fields were assessed. For each
artery, diameter (in both the long and short axes), total area, and luminal
area were measured and recorded. A value of percent lumen was obtained
by dividing the luminal area by the total area and multiplying by 100%.
Vessels were excluded from analysis if the length/width measurements
were �2.5 to exclude tangentially sliced arteries. Vessels were excluded
from analysis if the total area was �20,000 �m2 to exclude large pulmo-
nary arteries. Data for each artery measured were pooled within each
experimental group from 2 to 4 separate sets of experiments.

Statistical analyses. All values are reported as means � standard er-
rors of the means (SEM) unless otherwise noted. Mean values were pooled
from 2 to 4 independent sets of experiments unless otherwise noted. Dif-
ferences between two groups were evaluated with a two-tailed Student t
test, and all differences between three or more groups were evaluated with
a one-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison post hoc test. P values of �0.05 were considered statistically
significant.

RESULTS
Assembly and validation of a flow cytometry-based differential
stain for airway leukocytes. Our first objective was to assemble
and validate a multicolor flow cytometry panel of cell surface
stains to analyze the leukocyte infiltrate in the airways of mice at
intervals during repeated exposure to A. fumigatus conidia. Based
upon combinations of staining strategies previously reported (13,
31, 43, 48), a panel of cell surface antibodies against CD45, CD11c,
and Gr1 was used for differential flow cytometry staining of cells
obtained by bronchoalveolar lavage (BAL). CD45� BAL cells fell
within one of four distinct populations on a Gr1/CD11c plot (Fig.
1A). These cells were sorted, subsequently stained with Wright-
Giemsa, and identified by morphology. The Gr1� CD11c� popu-
lation in the BAL fluid consisted of lymphocytes, Gr1� CD11clow

of neutrophils, Gr1mid CD11clow of eosinophils, and Gr1mid

CD11c� of alveolar macrophages (Fig. 1B). Additional cell surface
markers, as well as forward-scatter and side-scatter properties,
were used to confirm the identity of each cell population (Fig. 1C).
Alveolar macrophages express high levels of CD11c and Siglec-F
and low levels of CD11b, F4/80, CCR3, CD3, and CD19 (Fig. 1C),
as well as exhibiting high autofluorescence (data not shown).
These are all cell surface characteristics previously reported for
alveolar macrophages (13, 43, 48). Dendritic cells, while express-
ing high levels of CD11c, do not express Siglec-F and do not have
high autofluorescence (13, 31, 43, 48). Neutrophils are Gr1high and
CD11bhigh, while eosinophils express high levels of CD11b,
Siglec-F, and CCR3 (43). Finally, the lymphocyte population con-
tained cells that were either CD3� or CD19�. Thus, having vali-
dated this panel of antibodies, we used this flow cytometric ap-
proach for analysis of infiltrating leukocyte populations
throughout the remainder of this study.

Inflammation and arterial remodeling of the lung in re-
sponse to repeated conidial exposure. We determined leukocyte
numbers and composition in the BAL fluid 24 h after two, four,
and eight conidial challenges. At baseline (zero exposures), the
BAL fluid consisted predominantly of alveolar macrophages. Two
exposures resulted in only a small increase in the number of in-
flammatory cells in the airways, which was accounted for by an
increase in neutrophils (Fig. 2). After four exposures, the total
number of airway leukocytes increased significantly and was dom-
inated by eosinophils and lymphocytes. After eight exposures, the
number of BAL leukocytes was still significantly elevated, but the

composition of the infiltrate had changed, with roughly equal pro-
portions of all four leukocyte populations, indicating a shift in the
ratio of eosinophils to macrophages, with increasing numbers of
conidial exposures promoting an influx of macrophages into the
airways (Fig. 2). These data on the kinetics of airway leukocyte
influx are consistent with our previously published kinetic studies
on the influx of leukocytes into the lung parenchyma following
repeated A. fumigatus conidial exposure (30) and document an
evolving inflammatory response during repeated exposure to
conidia.

In evaluating the mice repeatedly exposed to conidia, we noted
the development of progressive remodeling of small- to medium-
sized pulmonary arteries with concomitant luminal narrowing,
especially at or below the level of the terminal bronchioles, where
the inflammatory response was focused (Fig. 3A). After two expo-
sures, inflammatory cells accumulated in the arterial lumen and in
the periarterial space, but the arterial anatomy appeared normal
(Fig. 3A to D). The inflammation was more severe after four ex-
posures, where the lumen was often packed with inflammatory
cells and fibrous, extracellular material appeared, but the arterial
walls still appeared relatively normal (Fig. 3A to D). However,
after eight exposures, the arterial walls themselves were exten-
sively remodeled. While small numbers of resting, swollen, and
germinating conidia could be identified in the lungs after eight
exposures, they were not associated with the remodeled arteries,
and hyphal masses were not evident in any of the sections (data
not shown). After 8 exposures, the fully remodeled arteries exhib-
ited extensive fibrosis of the wall (Fig. 3B), neointimal formation
(Fig. 3C), and hyperplasia of the medial smooth muscle cell layer
that is normally 1 cell layer thick (Fig. 3D). The pulmonary arterial
remodeling was quite extensive, but it did not involve pulmonary
veins or large pulmonary arteries (Fig. 3E). These experiments
demonstrated that repeated intranasal exposure of mice to A. fu-
migatus conidia will result in the development of progressive pul-
monary arterial remodeling that affects small- to medium-sized
arteries with concomitant luminal narrowing.

Our next objective was to evaluate the conidium-exposed mice
for physiological alterations affecting the pulmonary arterial sys-
tem. As a surrogate for pulmonary hypertension in our mice, we
directly measured the right ventricular systolic pressure (RVSP) in
anesthetized, ventilated mice. As a group, mice exposed eight
times to Aspergillus conidia did not develop a significant increase
in the RVSP (data not shown). However, a few of the mice did
develop pressures that were higher than any of the unchallenged
mice (data not shown). Pulmonary hypertension causes strain on
the right ventricle that can lead to right ventricular hypertrophy
and can be associated with chronic hypoxia, which induces a com-
pensatory increase in the serum hemoglobin concentration. How-
ever, there were no significant differences in the right ventricular
mass or in the serum hemoglobin concentration between the var-
ious groups after eight conidial exposures (data not shown). Thus,
similar to a previous study by Daley et al. (9) in a sensitized mouse
model of A. fumigatus allergen-driven Th2 pulmonary inflamma-
tion, we observed that pulmonary inflammation and arterial re-
modeling in mice could occur prior to or without the develop-
ment of pulmonary hypertension.

Role of CD4 T cells in allergic inflammation and remodeling.
Our next objective was to determine whether CD4 T cells were
required for the arterial remodeling process, similar to that re-
ported in the allergen sensitization model described above (9). In
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intact mice, there was an influx of CD4� T cells into the airways
after 4 exposures, which coincided with the influx of eosinophils
(Fig. 1B and 4A). We could also adoptively transfer the allergic
phenotype into naïve mice using CD4� T cells isolated from four

A. fumigatus conidium-exposed mice, which then responded with
a vigorous allergic response to conidial challenge, while naïve and
nonimmune transfer recipients did not respond (data not shown).
To deplete the mice of CD4� T cells, we injected them with anti-

FIG 1 Assembly and validation of a flow cytometric panel for leukocyte differential analysis. (A) After four A. fumigatus conidial exposures, airway leukocytes were
recovered by BAL and analyzed by flow cytometry with isotype control antibody, anti-CD11c antibody, or anti-Gr1 antibody as labeled on the density plots. (B) After four
A. fumigatus conidial exposures, BAL cells were analyzed and sorted by fluorescence-activated cell sorting (FACS). The sorted cells were then stained with modified
Wright-Giemsa stain and examined under a light microscope. The forward-scatter (FSC) and side-scatter (SSC) properties and Gr1 and CD11c expression profiles are
shown for the total cell population in the first and second density plots of the top row. Four distinct cell populations were identified on the basis of CD11c and Gr1
expression and gated as shown. The arrows point to the FSC and SSC properties of the gated populations and then to the representative photomicrographs of the cells
sorted by this gating strategy. All photomicrographs are shown at the same scale (the black bar represents 20 �m in length). The purity of each sorted population was
greater than 90% as determined by microscopic evaluation of the cells using standard morphological criteria (included photomicrographs and data not shown), and the
populations are labeled as macrophages, neutrophils, lymphocytes, or eosinophils based on these analyses. (C) After several A. fumigatus exposures, BAL cells were gated
according to the strategy described above for Fig. 1A and 1B, and the resulting populations were further characterized by the expression of certain cell surface molecules
of interest. As depicted with the density plots, lymphocytes and eosinophils were enriched with primary gates based on FSC and SSC properties and subsequently gated
from the enriched population of cells based on Gr1 and CD11c expression profiles, whereas macrophages and neutrophils were gated from the total population of cells
based on Gr1 and CD11c expression profiles. The corresponding histograms show the cell surface staining with isotype control antibodies (shaded) or antibodies against
F4/80, CD11b, Siglec-F, or CCR3 or an antibody pool against CD3 and CD19 (white).
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CD4 MAb (GK1.5) prior to and throughout the period of eight
exposures to A. fumigatus conidia. This resulted in depletion of
�99% of CD4� T cells in the BAL fluid cell populations, medias-
tinal lymph nodes, and spleen (data not shown). In the absence of
CD4� T cells, the innate host defense to A. fumigatus remained
intact, as evidenced by the lack of fungal growth on Gomori
methenamine silver (GMS)-stained lung sections after 4 weekly
exposures, but the recruitment of eosinophils was ablated (Fig.
4B). Thus, the innate immune response remained intact for the
clearance of conidia from the lung, whereas the allergic response
to A. fumigatus following four conidial challenges was dependent
on the presence of CD4� T cells.

We next compared the extent of arterial remodeling in CD4� T
cell-deficient, CD4� T cell-sufficient, and unchallenged mice us-
ing morphometric analysis of randomly selected small- to
medium-sized muscular pulmonary arteries. We measured the
outer circumference and the inner, luminal circumference of ran-
domly selected, cross-sectioned arteries in order to calculate the
percent luminal area. Consistent with the severe histopathological
changes, mice with an intact CD4� T cell population showed a
significant decrease in the luminal areas of their small- and
medium-sized pulmonary arteries after eight conidial exposures
compared to those of unexposed mice (Fig. 4C). In the absence of
CD4� T cells, there was significantly less arterial remodeling fol-
lowing repeated conidial exposure. However, there also remained
a significant level of pulmonary arterial remodeling, even in the
absence of CD4� T cells (Fig. 4C). Thus, while CD4� T cells play
a major role in pulmonary arterial remodeling during repeated
conidial exposure, there is also a CD4� T cell-independent mech-
anism operating in parallel, which is different than that observed
following sensitization with the A. fumigatus allergen alone (9).

Cytokine signaling in arterial remodeling and Th2-mediated
allergic inflammation. We next investigated the potential contri-
bution of IFN-�, IL-4, IL-5, and IL-10 to arterial remodeling. In
our previous study, we noted similar numbers of IFN-�-secreting
CD4� Th1 cells and IL-4-secreting CD4� Th2 cells at the height of
the allergic inflammatory response and that CD4� Treg cells were

recruited to the airways as well (30). IL-5 is a CD4� Th2 cell
effector cytokine that regulates eosinophil development and re-
cruitment, but unlike IL-4, it is not required for the differentiation
of CD4� Th2 cells. In order to assess the role of eosinophils in
arterial remodeling, we therefore examined IL-5-deficient mice as
well.

We evaluated the development of pulmonary arterial remod-
eling in IFN-��/�, IL-4�/�, IL-5�/�, and IL-10�/� mice after
eight conidial exposures. As in wild-type C57BL/6 mice and in
CD4� T cell-depleted mice, all cytokine-deficient mice were pro-
tected from fungal colonization or growth after inhalation of via-
ble conidia (data not shown). Eosinophilia was absent in A.
fumigatus-challenged IL-5-deficient mice (data not shown). Sim-
ilar to wild-type mice, IFN-��/� and IL-5�/� mice developed pul-
monary arterial remodeling with luminal narrowing after pro-
longed exposure, indicating that the Th1 response and the
eosinophil component of the Th2 response are not required in this
process (Fig. 5A and B). IL-17�/� mice also developed pulmonary
arterial remodeling following eight conidial exposures (B. J. Mur-
dock, N. R. Falkowski, A. A. Sadighi Akha, R. A. McDonald, E. S.
White, G. B. Toews, and G. B. Huffnagle, submitted for publica-
tion). There was significantly less arterial remodeling in IL-4�/�

mice than in other mice (Fig. 5A and B), but similar to CD4� T
cell-depleted mice (Fig. 4C and 5B), they were not completely
protected. In contrast, IL-10�/� mice were completely protected
from pulmonary arterial remodeling (Fig. 5A and B), suggesting a
role for IL-10 in both the CD4� T cell-dependent and
-independent remodeling response. These data indicate that pul-
monary arterial remodeling is independent of a Th1 or Th17 re-
sponse and can be driven by IL-4 production, but does not require
eosinophils, during a Th2 response to A. fumigatus conidia.

This observation prompted us to assess what role IL-4 and
IL-10 play in driving the allergic response during repeated conid-
ial exposure. Compared to C57BL/6 mice, there was not a signif-
icant change in total cell numbers or CD4� T cells in IFN-��/�,
IL-4�/�, and IL-10�/� mice, though there was a trend toward
fewer total leukocytes in the absence of IL-4 and IL-10. Differences

FIG 2 Characterization of the inflammatory response to repeated A. fumigatus conidial exposure. (A) Airway leukocytes were recovered from each mouse by
BAL and counted using a hemocytometer. Bar graphs depict the means � SEM of data compiled from the means from two or more independent sets of
experiments (n � 3 or 4 mice per group per experiment). �, P � 0.001 for 4 and 8 versus 0 and 2 exposures. (B) Flow cytometric leukocyte differential analyses
were performed on BAL cells for each group based on FSC, SSC, Gr1, and CD11c, as detailed in the legend to Fig. 1, following zero, two, four, and eight conidial
challenges.
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in total cell numbers were likely due to a significant reduction in
the number of airway eosinophils recovered after four exposures
in IL-4�/� and IL-10�/� mice (Fig. 6A). Eosinophil recruitment
was also deficient in IL-5�/� mice (data not shown). The frequen-

cies of IFN-�-producing CD4� T cells in IL-4�/� and IL-10�/�

mice were not different from that found in wild-type mice. Simi-
larly, the frequency of IL-4-producing CD4� T cells in IFN-��/�

mice was not significantly different from that in wild-type mice

FIG 3 Histopathology of pulmonary inflammation and arterial remodeling after eight weekly intranasal exposures to A. fumigatus conidia. (A) Photomicro-
graphs of pulmonary arteries adjacent to terminal bronchioles are depicted in H&E-stained sections (black bars � 50 �m). (B) Collagen deposition in remodeled
arteries is demonstrated in trichrome-stained sections where collagen stains light blue (black bars � 50 �m). (C) Neointimal formation is depicted in
Verhoeff-van Giesen-stained sections, where elastin stains darkly (black bars � 20 �m). Arrowheads point to the elastica interna, separated from the arterial
lumen by the thickened intima. (D) Muscularization of the arterial walls is demonstrated in sections stained for �-smooth muscle actin by immunohistochem-
istry (black bars � 20 �m). Negative-control-stained sections are shown in the offset photos. (E) The extent of arterial remodeling is depicted in sections stained
for �-smooth muscle actin by immunohistochemistry, where arteries are identified by arrowheads and veins are identified by asterisks. A negative-control-
stained section is shown in the offset photo.
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(Fig. 6B and C). In contrast, when IL-4 production by CD4� T
cells in wild-type and IL-10�/� mice was compared, we found a
significant reduction in the frequency of IL-4-producing CD4� T
cells in the airways of IL-10�/� mice (Fig. 6B and C). Taken to-
gether, these data show that repeated conidial exposure stimulates
IL-10-mediated responses that are required for both (i) the devel-
opment of the Th2 response to A. fumigatus and (ii) the CD4� T

cell-independent pulmonary arterial remodeling that can occur
even in the absence of the Th2 response.

DISCUSSION

In this study, we have been able to demonstrate that long-term
repeated exposure to A. fumigatus conidia results in pulmonary
arterial remodeling. The process can be driven by CD4� T cells
and IL-4 production but does not require eosinophils, is indepen-
dent of a Th1 or Th17 response, and can occur even in the pres-
ence of strong Th1 and Th17 responses (30). Rather than serving
an anti-inflammatory function, IL-10 is required for the develop-
ment of the Th2 response to A. fumigatus conidia, similar to our
previously reported study demonstrating a role for IL-10 in the
development of a Th2 response to another fungus, Cryptococcus
neoformans (20). However, in contrast to the A. fumigatus aller-
gen, viable conidia also stimulate pulmonary arterial remodeling
in the absence of CD4� T cells, albeit to a lower degree. Remod-
eling is completely abrogated in IL-10�/� mice, suggesting that a
CD4� T cell-independent, IL-10-dependent pathway exists for
pulmonary arterial remodeling.

In humans, persistent superficial colonization of the bronchial
mucosa by A. fumigatus can result in allergic bronchopulmonary
aspergillosis (ABPA). It is characterized by an early allergic re-
sponse and late-phase pulmonary injury that includes broncho-
pulmonary remodeling, inflammation with CD4 T cell activation,
increased Th2 cytokine levels, and eosinophilia (17). Emerging
evidence suggests that pulmonary inflammation associated with
Th2-mediated inflammation could represent a novel pathway for
the pathogenesis of pulmonary arterial remodeling. While the pa-
thology seen in asthma is often described as limited to the airways,
pulmonary artery pathology is also found in those with fatal
asthma (39). A recent study of asthma patients showed that bron-
chial arteries exhibited an increase in intimal area, associated with
smooth muscle proliferation and calcification of the elastica, and a
corresponding decrease in luminal area (16). In murine models,
Th2 cell-mediated immune responses to inhaled purified antigens
have been reported to induce remodeling of pulmonary muscular
arteries (36, 37), including a prolonged Th2 cell-mediated im-
mune response to the soluble A. fumigatus antigen (9).

In our studies, we observed extensive remodeling of small- and
medium-sized arteries within the lungs, including thickened arte-
rial walls and narrowed arterial lumens, and obliteration of the
luminal space in the most severely involved segments. There was
smooth muscle cell hyperplasia, fibrosis, and neointimal forma-
tion. These features of fully remodeled arteries were preceded by
the accumulation of cells in the arterial lumen, suggesting that
cells recruited via the circulation likely participated. This process
was similar to arterial remodeling in human disease, which in-
volves all layers of the arterial wall: intima, media, and adventitia
(6, 23). Surprisingly, but entirely consistent with a previous study
by Daley et al. in a mouse model of allergen-driven pulmonary
inflammation (9), we observed that pulmonary inflammation and
arterial remodeling in mice could occur without the development
of pulmonary hypertension. The studies by Swain et al. provide
some potential insight into the dichotomy between these pro-
cesses (44). The persistent pulmonary inflammation that develops
when CD4 T cells in Pneumocystis-infected mice are temporarily
depleted, and then allowed to return, drives the development of an
IL-4 signaling-independent pulmonary hypertension that corre-
lates with the return of CD4 T cells and perivascular fibrosis. Vas-

FIG 4 Quantification of pulmonary CD4� T cell influx and the inflammatory
response and arterial remodeling following CD4� T cell depletion. (A) The
number of CD4� T cells recovered by BAL was determined as described in
materials and methods. The graph depicts the means � SEM of data compiled
from the means from two independent sets of experiments (n � 3 or 4 mice per
group per experiment). (B) A. fumigatus conidia in the lungs after four chal-
lenges are shown in representative photomicrographs of Gomori methena-
mine silver-stained sections for control and anti-CD4 antibody-treated mice.
Black bars represent 20 �m in length. Flow cytometric differential analyses
were also performed on BAL cells pooled from 3 or 4 mice per group. Labels on
the Gr1 versus CD11c plot indicate the population densities for macrophages
(M), neutrophils (N), lymphocytes (L), and eosinophils (E). (C) The cross-
sectional lumen area was measured in randomly selected small- to medium-
sized muscular pulmonary arteries in unchallenged mice, mice challenged
eight times with A. fumigatus conidia, and mice challenged eight times with
conidia while undergoing continuous CD4� T cell depletion during this pe-
riod. Five to 10 randomly selected vessels were analyzed per mouse. Each
measured artery is shown on the scatter plot, and the mean for each group is
indicated by the horizontal line (n � 6 to 8 mice/group).
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cular adventitial remodeling reduces distensibility and compli-
ance of the vessels, which can in turn contribute to increased vessel
pressures (47). In our studies, 8 weeks of weekly exposure to viable
Aspergillus conidia did produce pulmonary arterial remodeling
but not a significant fibrotic response.

Our current and previous studies (30) have demonstrated
that pulmonary arterial remodeling is preceded by a significant
influx of macrophages into the Th1 and Th2 cytokine-rich en-
vironment of the lungs. This environment is likely to result in
the differentiation of both M1 and M2 macrophages, similar to
what we recently reported for the mixed Th1/Th2 environment
during pulmonary Cryptococcus neoformans infections (1).
IL-4 and IL-10 are potent drivers of M2 differentiation and
M2-derived factors (such as matrix metalloproteinase-9 and
factor XIIIA), as well as M1-derived molecules (such as induc-
ible nitric oxide synthase [iNOS] and tumor necrosis factor
alpha [TNF-�]), and are constituents of actively remodeling
arterial environments (2, 14, 28, 45). Macrophages are well-
documented central mediators of arterial remodeling in exper-
imental atherosclerosis in apolipoprotein E knockout mice,
and in these mice, there is an early influx of M2 followed by a
late influx of M1 macrophages into atherosclerotic plaques
(24). Thus, it is likely that macrophages, as well as T cells, play
a key role in pulmonary arterial remodeling during repeated A.
fumigatus conidial exposure.

Mice lacking IL-4-producing CD4� Th2 cells, but not IFN-
�-producing CD4� Th1 cells, were protected from arterial re-
modeling despite the presence of an otherwise vigorous inflam-
matory response to inhaled conidia. Daley et al. also
demonstrated that arterial remodeling associated with experi-
mental asthma was significantly abrogated in IL-4-deficient
mice (9). We also observed that in IL-10-deficient mice, the
development of IL-4-producing CD4� Th2 cells and arterial
remodeling was inhibited. These data are interesting in light of
the notion that IL-10 is a pleiotropic cytokine that has immu-

nomodulatory and anti-inflammatory properties (29). IL-10 is
known to be produced by macrophages, dendritic cells (DC),
neutrophils, B cells, and various sets of CD4� and CD8� T cells
(29, 34). While we do not have any data with Aspergillus fu-
migatus, we have preliminary data with Cryptococcus neofor-
mans, in which early IL-10 production is important for T cell
polarization (20), that suggest that DC are a major source of
that cytokine. IL-10 regulates T cell responses, but many of the
effects of IL-10 on T cells are indirect, being mediated via a
direct effect of IL-10 on antigen-presenting cells. In an exper-
imental model of asthma, IL-10 gene transfer to the airway
suppressed the development of allergic airway sensitization
(40). In previous reports on the immune response to A. fumiga-
tus, IL-10�/� mice developed an exaggerated Th1 response to
viable conidia (10), and the allergic responses to antigen ex-
tracts were similar in IL-10�/� and wild-type mice (18). Simi-
lar to the present study, other reports described the attenuation
of Th2 responses in IL-10-deficient mice. Those studies inves-
tigated a pulmonary infection with the fungus C. neoformans
(20), an ovalbumin sensitization and challenge model of aller-
gic airway disease (49), and a murine model of allergic derma-
titis (26). Thus, the role of IL-10 in the manifestation of Th2
responses requires further investigation, and IL-10 should not
simply be thought of as an inhibitor of allergic airway inflam-
mation.

Our studies also demonstrate that the loss of the Th2 re-
sponse in IL-10�/� mice was not due to trafficking of reactive T
cells to the intestinal tract. Rivera et al. has recently reported
that intestinal inflammation in IL-10�/� mice results in the
altered trafficking of Aspergillus-specific Th1 cells from the
lungs to the gastrointestinal (GI) tract (32). The presence and
kinetics of intestinal inflammation in IL-10�/� mice are mouse
colony dependent, due to differences in the microbiota of mice
housed in different facilities (38, 42). We performed histolog-
ical analysis of the IL-10�/� mice used in these studies and

FIG 5 Pulmonary arterial remodeling in cytokine knockout mice after eight intranasal exposures to A. fumigatus conidia. (A) Photomicrographs of pulmonary
arteries adjacent to terminal bronchioles as depicted in H&E-stained sections after 8 exposures (black bars � 50 �m). (B) The cross-sectional lumen area was
measured in randomly selected small- to medium-sized muscular pulmonary arteries. Five to 10 randomly selected vessels were analyzed per mouse. Each
measured artery is shown on the scatter plot, and the mean for each group is indicated by the horizontal line (n � 6 to 8 mice/group) (significant P values are
included). For reference, the gray bar illustrates the 25th quartile, mean (dashed line), and 75th quartile for untreated wild-type C57BL/6 mice (Fig. 3B). (C) For
comparison with A. fumigatus-treated mice in panel A, a photomicrograph depicting an H&E-stained section of a pulmonary artery adjacent to a terminal
bronchiole in an untreated C57BL/6 mouse is shown (black bar � 50 �m).
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could not detect any early histological signs of colitis during
their 3 months of housing in the University of Michigan animal
facility (histology not shown). However, we also provided di-
rect evidence that altered Th cell trafficking was not occurring
during repeated exposure to A. fumigatus conidia, because the
numbers of Th1 and Th2 cells in the lungs of A. fumigatus
conidium-challenged IL-10�/� mice were identical to (or even
greater than) those found in the lungs of similarly exposed
wild-type mice, including Th1 cells (Fig. 6).

Our current studies with IL-10�/� mice, combined with our
previous studies and reports from other labs, clearly demon-
strate that there is a difference in the immunoregulatory func-
tion of IL-10 during the response to a single allergen versus to
a complex, metabolically active particle, such as A. fumigatus
conidia (5, 10, 18, 20, 26, 35, 40, 46, 49). Numerous studies
have demonstrated that IL-10 can downregulate Th2 responses
to purified antigens, such as ovalbumin or Aspergillus extract.
The mechanism underlying this involves antigen-presenting
cell-mediated upregulation of regulatory T cell responses. In

contrast, our lab has now demonstrated that for pulmonary
host responses to live C. neoformans yeast (20) and A. fumigatus
conidia, IL-10 is centrally involved in the development of the
Th2 response. This concept may be more broadly applicable to
live fungi as an immunologic challenge, because systemic can-
didiasis and aspergillosis are also both exacerbated in IL-10
knockout mice, as is gastrointestinal infection by Candida al-
bicans (5, 8, 10, 35, 46). The mechanism underlying this re-
mains to be fully elucidated but may involve regulation of nitric
oxide-mediated killing by macrophages, dendritic cell develop-
ment, and innate inflammatory mediator production. Thus, in
chronic fungal infections or scenarios of repeated exposure to
live fungal organisms, IL-10 production contributes to lack of
fungal clearance and/or immunopathology, such as pulmonary
arterial remodeling, as shown in our study.
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FIG 6 Pulmonary inflammation in cytokine knockout mice after eight intranasal exposures to A. fumigatus conidia. (A) After 4 weekly exposures, leukocytes
were recovered from the airway, and total leukocytes, CD4� T cells, and eosinophils were enumerated in IFN-��/�, IL-4�/�, and IL-10�/� mice. The bar graphs
are normalized to compare all the experiments in one graph and depict the mean � SEM of the ratios generated by comparing the cell numbers for a particular
knockout mouse to the wild-type controls included with each experiment (n � 3 experiments/knockout, 3 to 5 mice/experiment). �, P � 0.05. (B) The bar graphs
depict the means � SEM of the ratios generated by normalizing to the wild-type controls included with each experiment for the percentage of CD4� T cells that
produced cytokine (n � 3 experiments/knockout, 3 to 5 mice/experiment). �, P � 0.05. (C) The production of cytokines by CD4� T cells isolated from the BAL
fluid after four conidial challenges was assessed in wild-type and IL-10�/� mice by intracellular flow cytometry. The density plots show the percentage of
cytokine-producing cells within the gated CD4� T cell population.
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