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Interleukin-17 Drives Pulmonary Eosinophilia following Repeated
Exposure to Aspergillus fumigatus Conidia

Benjamin J. Murdock,a Nicole R. Falkowski,a Andrew B. Shreiner,a Amir A. Sadighi Akha,a Roderick A. McDonald,a Eric S. White,a

Galen B. Toews,a and Gary B. Huffnaglea,b

Department of Internal Medicine, Division of Pulmonary and Critical Care Medicine,a and Department of Microbiology and Immunology,b University of Michigan Medical
School, Ann Arbor, Michigan, USA

Previous research in our laboratory has demonstrated that repeated intranasal exposure to Aspergillus fumigatus conidia in
C57BL/6 mice results in a chronic pulmonary inflammatory response that reaches its maximal level after four challenges. The
inflammatory response is characterized by eosinophilia, goblet cell metaplasia, and T helper TH2 cytokine production, which is
accompanied by sustained interleukin-17 (IL-17) expression that persists even after the TH2 response has begun to resolve. TH17
cells could develop in mice deficient in gamma interferon (IFN-�), IL-4, or IL-10. In the lungs of IL-17 knockout mice repeatedly
challenged with A. fumigatus conidia, inflammation was attenuated (with the most significant decrease occurring in eosino-
phils), conidial clearance was enhanced, and the early transient peak of CD4� CD25� FoxP3� cells blunted. IL-17 appeared to
play only a minor role in eosinophil differentiation in the bone marrow but a central role in eosinophil extravasation from the
blood into the lungs. These observations point to an expanded role for IL-17 in driving TH2-type inflammation to repeated inha-
lation of fungal conidia.

It has been proposed that interleukin-17A (IL-17A) (IL-17) and
the T helper TH17 response can function as a defense against

extracellular pathogens, as a protective mechanism for mucosal
surfaces, or as a bridge between the innate and adaptive immune
systems (23, 31, 57, 61). Though its precise role is unclear, the
TH17 response can be reciprocally regulated by the TH1, TH2, and
regulatory arms of adaptive immunity (10, 12, 24, 26, 43, 47).
While the targets of the TH17 response include a wide array of
microbes including fungi (14, 17, 25), TH17 responses are impli-
cated in a number of inflammatory diseases that were once
thought to be TH1 mediated, including Crohn’s disease, rheuma-
toid arthritis, and multiple sclerosis (64).

For years, IL-17 has been implicated in TH2 allergic reactions as
well. Allergic airway diseases, such as asthma, inflammatory lung
disease, and airway hypersensitivity, have all been linked to IL-17
(3, 7, 28, 33, 39, 59). Asthma is generally considered a TH2 re-
sponse (9) and is a disease whose severity is correlated with IL-17
levels in human patients (5). Previous studies using mouse models
of allergic inflammation have found that IL-17 depletion in
ovalbumin (OVA)-sensitized mice attenuates the inflammatory
response and that IL-17 is particularly important in driving neu-
trophilia (2, 18). However, multiple studies have found that IL-17
is protective against the allergic response. By altering the timing of
the anti-IL-17 treatment, Schnyder-Candrian et al. were able to
exacerbate eosinophil influx and mucous secretion, and by adding
IL-17, they were able to attenuate cellular influx into the lungs
following challenges with ovalbumin (54). Using a similar model,
Hellings et al. also found that IL-17 depletion exacerbated pulmo-
nary eosinophilia (18). These observations indicate that IL-17
plays a more complex role in TH2 responses than simply driving
inflammation.

Aspergillus fumigatus is a ubiquitous airborne fungus that is
constantly inhaled into terminal airways, and large doses of
conidia are not uncommon (16, 27). We have previously shown
that repeated pulmonary exposure to A. fumigatus conidia gener-
ates an aggressive inflammatory response consistent with a TH2

allergic reaction (34). Peak inflammation following four expo-
sures is characterized by eosinophilia, goblet cell metaplasia, and
cytokine production consistent with a TH2 response. This inflam-
mation is accompanied by a mixed adaptive response, with in-
creased TH1, TH2, TH17, and regulatory T (Treg) cells all present
during peak inflammation. In particular, we observed that IL-17
expression was sustained following repeated exposures even as
inflammation and other immune responses began to wane. Zy-
mosan, a �-glucan extract from fungal cell walls, induces dendritic
cell expression of IL-23 (15), and many microbes, including A.
fumigatus, are known to induce a TH17 response (4). Moreover,
since IL-17 has frequently been implicated in allergic airway re-
sponses, we wished to elucidate the role of IL-17 in driving the
pulmonary inflammatory response, particularly the role of IL-17
in driving eosinophilia in the lungs. We show here a central role
for IL-17 in driving pulmonary inflammation during the allergic
inflammatory response, and our data demonstrate a novel role for
IL-17 in driving eosinophilia and suggest a possible role for IL-17
in the initiation of the inflammatory response.

MATERIALS AND METHODS
Mice. Wild-type (WT) (C57BL/6J) mice obtained from Jackson Labora-
tory (Bar Harbor, ME) were housed under pathogen-free conditions in
enclosed filter-topped cages. IL-17 knockout mice were obtained from a
breeding colony at the University of Michigan. The IL-17 knockout
breeders were kindly provided by Yoichiro Iwakura (Tokyo University)
and have been described previously (35). Clean food and water were given
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to mice ad libitum. The mice were handled and maintained using mi-
croisolator techniques, with daily monitoring by a veterinarian. All stud-
ies involving mice were approved by the University Committee on Use
and Care of Animals at the University of Michigan.

Aspergillus fumigatus. Aspergillus fumigatus strain ATCC 13073 was
grown on Sabouraud dextrose agar (SDA) (Difco) for 14 days. Conidia
were harvested by washing the plates with sterile phosphate-buffered sa-
line (pH 7.4) with 0.1% Tween 80 (PBS-Tween), followed by filtration of
the suspension through two layers of sterile gauze to remove hyphae. The
conidia were washed in PBS-Tween, counted with a hemocytometer, di-
luted to 108 spores/ml in sterile PBS-Tween, and stored at 4°C.

Intranasal challenge. To sedate the mice, the mice were injected in-
traperitoneally with 0.4 mg/ml xylazine (Lloyd Laboratories, Shenan-
doah, IA) and 10 mg/ml ketamine (Fort Dodge, Fort Dodge, IA) in sterile
saline (Hospira Inc., Lake Forest, IL) based on weight. Following sedation,
20 �l of Aspergillus fumigatus suspension was administered intranasally
for a total of 2 � 106 conidia per mouse per challenge.

Lung histology. The lungs were fixed by inflation with 10% neutral
buffered formalin (Sigma). After paraffin embedding, 5-�m sections were
cut and stained with hematoxylin and eosin (H&E) for histological anal-
ysis, periodic acid-Schiff (PAS) to detect mucus and goblet cell metaplasia,
Masson’s trichrome stain to detect collagen deposition, or Grocott’s
methenamine silver (GMS) stain to detect conidia and hyphae
(McClinchey Histology Lab, Stockbridge, MI).

Lung digestion for whole-lung leukocyte enrichment. The lungs
from each mouse were excised, washed in PBS, minced, and digested
enzymatically for 30 min in 15 ml/lung of digestion buffer (RPMI, 5%
fetal calf serum, 1 mg/ml collagenase [Boehringer Mannheim Biochemi-
cal, Chicago, IL], and 30 �g/ml DNase [Sigma Chemical Co., St. Louis,
MO]) as previously described (37). After erythrocyte lysis using NH4Cl
buffer (0.83% NH4Cl, 0.1% KHCO3, 0.037% Na2 EDTA [pH 7.4]), the
cells were washed, resuspended in RPMI with 5% fetal calf serum and 20%
Percoll (Sigma), and centrifuged for 30 min at 2,000 � g to separate
leukocytes from cell debris and epithelial cells. The total number of lung
leukocytes were counted in the presence of trypan blue using a hemocy-
tometer.

In vivo quantification of viable conidia. Following digestion of the
lung, an aliquot was taken for analysis prior to centrifugation and eryth-
rocyte lysis. The sample was serially diluted and plated on SDA in dupli-
cate. Individual mycelial colonies were counted to determine the number
of CFU per dilution and then multiplied back to yield the total number of
viable conidia in the lungs of each mouse 24 h after inoculation.

Flow cytometry. Cells were washed and resuspended at a concentra-
tion of 106 cells/25 �l FA buffer (Difco) plus 0.1% NaN3, Fc receptors
were blocked by the addition of unlabeled anti-CD16/32 (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 50 �l in 96-well round-bottom
plates (Corning Incorporated, Corning, NY) for 30 min at 4°C. The cells
were washed twice with FA buffer, resuspended in 120 �l of 4% formalin
(Sigma), and transferred to polystyrene tubes (12 by 75 mm2) (Becton
Dickinson, Franklin Lakes, NJ). A minimum of 100,000 events were ac-
quired on a FACSCanto flow cytometer (BD PharMingen) using Cell-
Quest software (BD Pharmingen). The data acquired were analyzed with
FlowJo software (Tree Star, Stanford, CA). Fluorochrome-conjugated an-
tibodies directed against the following antigens were obtained from the
following vendors: CD45 (BioLegend, San Diego, CA), CD3, CD4, CD8,
CD11b, CD11c, CD19, CD25, CD31, CD44, CD49b, CD69, CD80, CD86,
Gr1, siglec F, Fc� receptor I (Fc�RI), gamma interferon (IFN-�), IL-4,
IL-10, IL-17, Ly6C, chemokine (C-C motif) receptor 3 (CCR3), IL-5 re-
ceptor (IL-5R) (BD Pharmingen), and Foxp3 (eBioscience, San Diego,
CA).

Differential analysis. Cells from whole-lung digestion were analyzed
as follows. First, lung leukocytes were identified by CD45 expression. The
following leukocyte subsets were then identified within this gate (56). (i)
Neutrophils were identified using a CD11c versus Gr1 plot as cells ex-

pressing little CD11c but large amounts of Gr1. (ii) Mature eosinophils
were identified as cells expressing moderate amounts of CD11c and Gr1
and further expressing large amounts of siglec F. (iii) Macrophages and
dendritic cells (DC) were identified as cells expressing high levels of
CD11c and moderate amounts of Gr1, with macrophages having high
levels of autofluorescence and DC having low autofluorescence. (iv) Lym-
phocytes were identified within the population of cells displaying low
forward scatter (FSClow) and low side scatter (SSClow) and then subdi-
vided into CD4, CD8, or B cells (CD19), based on cell surface staining.
Basophils were identified as FSClow SSClow cells which were Gr1� CD11c�

CD3� CD19� CD49b� Fc�RI� cells as described previously described
(38).

Intracellular flow staining. Prior to intracellular cytokine staining,
the cells were stimulated in vitro for 6 h with phorbol myristate acetate
(PMA) (50 ng/ml) and ionomycin (1 �g/ml) in the presence of brefeldin
A (BD Pharmingen) to promote the intracellular accumulation of cyto-
kines. After stimulation, the cells were washed twice prior to surface mol-
ecule staining. Subsequently, intracellular molecules were stained using
the BD Cytofix/Cytoperm kit according to the manufacturer’s instruc-
tions (BD Pharmingen).

Bone marrow collection. Bone marrow was flushed from femurs and
tibias using complete medium in a 10-ml syringe (BD Pharmingen)
tipped with a 25-gauge needle (BD Pharmingen). The cells were drawn
into a 10-ml syringe and expressed through a 21-gauge needle to disperse
the cells. After erythrocyte lysis using NH4Cl buffer, the cells were washed
and resuspended in complete medium prior to analysis.

RNA isolation and cDNA generation. Following lung leukocyte en-
richment or bone marrow isolation, the cells were resuspended in 2 ml of
TRIzol (Invitrogen). The cells were incubated for 5 min at room temper-
ature then combined with 600 �l of chloroform and shaken for 1 min.
Following a 3-min incubation at room temperature (RT), samples were
spun for 15 min at 13,000 rpm at 4°C, and the resultant supernatants were
transferred to DNase/RNase-free tubes (Corning). Equal volumes of iso-
propanol were added, and the samples were mixed gently prior to a 20-
min incubation at RT. The samples were spun for 15 min at 13,000 rpm at
4°C, the supernatant was decanted, 1 ml of 80% ethanol was added to each
sample, and the samples were spun again for 10 min at 13,000 rpm at 4°C.
The supernatant was again decanted, and the pellet was allowed to air dry.
Diethyl pyrocarbonate (DEPC) water (100 to 600 �l) was added to each
pellet, depending on the size of the pellet, and contains 1 �l/ml RNasin. A
primer cocktail (Promega AccessRT kit) was then added to 10 �l of RNA
samples at 0.1 �g/�l (1 �g of total RNA per reaction) and run on a
thermocycler (Applied Biosystems) per the manufacturer’s instructions.

Quantification of mRNA levels using multiplex quantitative PCR
(qPCR) arrays. RNA was isolated from each tissue using the TRIzol
method (Ambion). Following the ethanol precipitation step in the TRIzol
isolation protocol, RNA was cleaned up using the RNeasy minikit (Qia-
gen). A Nanodrop instrument (Thermo Scientific) was used to determine
the concentration of each RNA isolate. cDNA was generated from each
RNA sample using the RT2 First Strand kit (Qiagen). Expression levels of
genes under study were determined using Mouse RT2Profiler PCR Ar-
rays, custom-made to contain replicate sets of 48 primer pairs (Qiagen).
Each well of the replicate sets was loaded with 2.5 ng of cDNA reaction
product. Each card was run on a LightCycler 480 real-time PCR system
(Roche). The relative RNA expression levels were inferred from the
threshold cycle (CT) values. �-Actin levels were used as the control.

qPCR. cDNA was mixed with SYBR (Applied Biosystems) and
GATA-1 primers (Integrated DNA Technologies) per the manufacturer’s
instructions. The GATA-1 primers were FWD (FWD stands for forward)
(5=-CCTGCCATTGGCCCCTTGT-3=) and REV (REV stands for reverse)
(5=-CCTGTCCTGTCCCTCCGCCA-3=). The samples were run on a 7300
real-time system (Applied Biosystems) and analyzed using 7300 system
SDS software (Applied Biosystems). Quantitation was by the 2���CT

method.
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Blood collection and serum separation. Blood samples were collected
by retro-orbital vein bleed at the time of harvest. Serum samples were
collected after centrifugation for 2 min at 6,000 rpm in Microtainer tubes
(BD Pharmingen). The remaining blood was collected in K2E tubes (BD
PharMingen), the volume of blood was measured, and the tubes were
centrifuged for 10 min at 10,000 rpm. After erythrocyte lysis using NH4Cl
buffer, the cells were washed, resuspended in complete medium, and
counted with a hemocytometer prior to analysis.

Statistical analyses. At least four separate experiments (Fig. 2, 4, and
8) or two separate experiments (Fig. 5, 7, and 11) with three mice per
group per experiment were performed. The quantitative data shown in
each graph are from the cumulative analysis across multiple experiments
(i.e., the graphs do not show data from a single representative data set). All
values are reported as mean � standard error of the mean. Differences
between wild-type and IL-17�/� mice at each time point were evaluated
using a Student’s t test with Bonferroni’s correction for multiple compar-
isons; a P value of �0.05 was considered statistically significant.

RESULTS
Roles of IFN-�, IL-4, and IL-10 in the development of TH17 cells.
We have previously reported that repeated exposure to A. fumiga-
tus conidia results in inflammation that is accompanied by a
mixed adaptive response. Briefly, C57BL/6 mice are challenged
weekly with 2 � 106 live A. fumigatus conidia, and lung leukocytes
are harvested 24 h after the second, fourth, and eight challenges
with peak inflammation occurring after four challenges (Fig. 1A).
Increased TH1, TH2, TH17, and Treg cells are present during peak
inflammation (34). We have also found that IL-10 knockout mice
have a defective TH2 response to challenge with A. fumigatus
conidia (56). Since IFN-� can also regulate the development of
TH17 cells (11), we examined whether IL-10, IFN-�, or IL-4 play a
role in regulating the development of TH17 cells in the lungs of
mice exposed to A. fumigatus conidia, using cytokine-specific
knockout mice. TH17 cells developed in the lungs after eight ex-

posures to conidia, even in the absence of IFN-�, IL-4, or IL-10
(Fig. 1B). Thus, development of TH17 cells in the lungs after ex-
posure to A. fumigatus conidia occurs via a pathway independent
of IL-10, IFN-�, and IL-4.

Role of IL-17 in clearance of conidia from the lungs. To ana-
lyze the clearance of conidia in the presence and absence of IL-17,
the lungs from A. fumigatus-challenged mice were enzymatically
dispersed, and aliquots were serially diluted on SDA plates to de-
termine the number of viable conidia remaining in the lungs 24 h
after the final challenge. Mice capable of producing IL-17 have
relatively consistent numbers of viable conidia in the lung, with no
significant difference in the conidial load 24 h after challenge fol-
lowing two, four, or eight challenges. Thus, repeated A. fumigatus
conidial challenges do not improve clearance, even after eight
consecutive weeks of exposure and the engagement of the adaptive
immune system. In contrast, there is a significant reduction in the
conidial load following four challenges in the absence of IL-17
(Fig. 2). Following eight challenges, there is a reduction in fungal
load though the difference does not reach significance. Therefore,
production of IL-17 appears to impair conidial clearance follow-
ing repeated A. fumigatus challenges.

Pulmonary inflammation following repeated pulmonary ex-
posure to Aspergillus fumigatus conidia. We wished to elucidate
the role of IL-17 in driving the expansion of specific leukocyte
populations following consecutive intranasal challenges with A.
fumigatus conidia. We began by examining cellular infiltrate and
goblet cell metaplasia in mice challenged intranasally with 2 � 106

viable resting A. fumigatus conidia at weekly intervals in the pres-
ence or absence of IL-17. Histological sections taken from mice
not challenged with A. fumigatus conidia or in mice challenged
two, four, and eight times with A. fumigatus conidia were stained
with H&E and periodic acid-Schiff (PAS). In the presence of IL-

FIG 1 Aspergillus fumigatus exposure and IL-17 production in the absence of IFN-�, IL-4, or IL-10. (A) C57BL/6 mice were challenged intranasally with 2 � 106

A. fumigatus conidia once a week for up to eight challenges. Cellular infiltrates and responses were analyzed 24 h after the second, fourth, and eight challenges.
(B) Leukocytes were collected from the airways of mice using BAL during peak inflammation (four challenges). Intracellular CD4 T cell IL-17 cytokine
production was examined using flow cytometry in IFN-��/�, IL-4�/�, and IL-10�/� mice on a C57BL/6 background. Flow gates indicate the percentage of CD4
T cells producing IL-17 and are a representative flow plot (2 experiments, 3 mice per group).
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17, mice challenged four times with conidia displayed the charac-
teristic cellular infiltrate previously shown during peak inflamma-
tion including accumulation of eosinophils and neutrophils
around the airways (34). Conversely, a lack of IL-17 attenuates
cellular infiltration into the lungs following four challenges (Fig.
3A). Cellular infiltrate could still be observed around the airways,
but the intensity of cellular infiltrate was greatly reduced in mice
lacking IL-17. Differences in cellular infiltrate following two and
eight challenges were not observed, however. PAS was then used
to observe goblet cell metaplasia within the airways. Goblet cell
metaplasia, a hallmark of TH2 responses, is seen in mice chal-
lenged repeatedly with A. fumigatus conidia. Interestingly, PAS
staining revealed that goblet cell metaplasia could still be detected
in the airways of mice lacking IL-17 (Fig. 3B) despite reduced
cellular infiltrate. IL-17 therefore appears to play a role in driving
inflammation following repeated conidial challenges but is dis-
pensable with regard to goblet cell metaplasia.

We next analyzed baseline cellular populations within the leu-
kocyte infiltrate and after two, four, and eight conidial challenges.
We have previously observed that mice repeatedly challenged with
A. fumigatus conidia demonstrate a significant increase in the

FIG 2 Fungal clearance of conidia following intranasal challenges. Twenty-
four hours after the final challenge, lungs were digested, an aliquot of the lung
digestion product was serially diluted and plated on SDA medium, and myce-
lial colonies were counted. The average viable conidia per lung detected 24 h
after zero, two, four, and eight challenges in WT mice (black bars) and IL-
17�/� mice (white bars) are shown. Values are means plus standard errors of
the means (SEM) (error bars) (3 mice per group per time point) from 4 sepa-
rate experiments. The limit of detection (L.O.D.) is indicated by the broken
line. Values that are statistically significantly different (P � 0.05) are indicated
by a short horizontal black bar and asterisk above the black and white bars.

FIG 3 Cellular infiltrate around the airways and goblet cell metaplasia following repeated intranasal exposure to Aspergillus fumigatus conidia in the presence and
absence of IL-17 production. Lungs from WT and IL-17�/� mice challenged zero, two, four, or eight times were fixed in formalin and embedded in paraffin
blocks. Histological slices were then stained with H&E (A) or PAS (B) and examined at a magnification of �400.
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number of total leukocytes in the lung between two and four chal-
lenges (34), and in mice capable of producing IL-17, we once again
observed heightened inflammation following four challenges.
Consistent with histological examination, there was a significant
reduction in the total leukocyte number in the absence of IL-17
following four challenges (Fig. 4), but there was no difference in
the total leukocyte number in the basal condition and following
two or eight challenges. Thus, IL-17 is necessary for the induction
of peak inflammation following four challenges but unnecessary
for general inflammation in response to A. fumigatus conidia.

We next identified and quantified individual populations of
leukocytes using flow cytometry. With IL-17 present, most cell
populations are elevated following four conidial challenges and
then decrease by the eighth challenge. In mice lacking IL-17 pro-
duction, however, mice challenged four times had reduced num-
bers of neutrophils, eosinophils, macrophages, dendritic cells,
CD4� T cells, and B cells (Fig. 4). Lack of IL-17 produced no
differences after two challenges, and the only population that
showed a significant difference after eight challenges was the mac-
rophage populations which remained high over the course of ex-
posure in wild-type mice but not in the absence of IL-17. We also
examined the number of basophils present, as basophils have re-
cently been shown to play a central role in driving the TH2 re-
sponse (58). Basophil levels were nearly identical in the presence
and absence of IL-17 following two, four, and eight challenges.
Therefore, the data indicate that IL-17 plays a central role in driv-
ing the inflammatory response toward A. fumigatus conidia, and it
does not significantly alter the recruitment of basophils despite the

attenuation of eosinophilia and reduced accumulation of other
leukocytes following four conidial challenges.

Cytokine expression, CD25� Foxp3� expression, and CD4�

T cell activation in mice following repeated A. fumigatus chal-
lenge in the presence and absence of IL-17. Our next objective
was to determine whether a lack of IL-17 production altered the
immune response via a change in CD4� T cell function. Hence,
CD4� T cells isolated from the lung were examined by intracellu-
lar flow cytometry for the baseline expression of IFN-�, IL-4, IL-
10, and IL-17 and expression after two, four, and eight conidial
challenges. In mice with sufficient IL-17 (WT mice), repeated in-
tranasal conidial challenges resulted in elevated CD4� T cell ex-
pression of IL-10 following two challenges, IL-4 following four
challenges, and IL-17 over the course of exposure (Fig. 5A). A lack
of IL-17 production yielded very little difference in CD4� T cell
cytokine expression following four and eight challenges, and the
percentage of CD4� T cells expressing IFN-� or IL-4 showed no
significant differences at any time point. An unexpected observa-
tion, however, was the reduced number of IL-10-expressing
CD4� T cells following two challenges in the absence of IL-17.
These data suggest that while IL-17 production may alter the early
immune response to inhaled conidia, it does not significantly af-
fect the development of TH1 and TH2 cells.

Consistent with the increased number of IL-10-expressing
CD4� T cells, there was a significant increase in the total percent-
age of CD4� T cells displaying a regulatory phenotype (CD25�

Foxp3�). This increase was noticeably absent when IL-17 was not
present (Fig. 5B). We next examined the CD44 and CD69 surface

FIG 4 Pulmonary cellular infiltrate in response to repeated conidial challenge. WT mice (white bars) and IL-17�/� mice (black bars) were challenged intranasally
zero, two, four, and eight times with A. fumigatus conidia. Following enzymatic dispersion of the lungs, individual cell populations were identified using flow
cytometry as detailed in Materials and Methods. Values shown are the means plus SEM (3 mice per group per time point) from 4 to 8 separate experiments. Values
that are statistically significantly different (P � 0.05) are indicated by a short horizontal black bar and asterisk.
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expression of CD4 T cells to determine whether IL-17 plays a role
in T cell activation. CD4� T cells that were CD44high and CD69�

were counted as activated. In the presence of IL-17, there is an
increase in CD4� activation following conidial challenge that is
maintained over the course of exposure. A similar pattern is seen
in the absence of IL-17, and there is no significant difference in
CD4� T cell activation following two, four, and eight challenges
whether or not IL-17 is present (Fig. 5C). Thus, while IL-17 pro-
duction plays a role in initiating the IL-10� CD4� and CD25�

Foxp3� CD4� T cell responses following two challenges, it has no
role in skewing these responses or T cell activation at later time
points.

Role of IL-17 in pulmonary arterial remodeling. We have re-
cently demonstrated that long-term repeated exposure to A. fu-
migatus conidia results in the development of progressive remod-
eling of small-to-medium-sized pulmonary arteries with
concomitant luminal narrowing (56). The process was partially
mediated by CD4� T cells and by IL-4 production, did not require
eosinophils, and was independent of IFN-�. We evaluated the
development of pulmonary arterial remodeling in IL-17 knockout
mice after eight conidial exposures. Similar to wild-type mice,
IL-17 knockout mice developed pulmonary arterial remodeling
with luminal narrowing after repeated exposure, indicating that
the Th17 response and the eosinophil component mediated by the
IL-17 response are not required in this process (Fig. 6).

Bone marrow production of eosinophils in response to IL-
17. There are several other possible explanations for the difference

in pulmonary eosinophil levels seen during the inflammation re-
sponse in the absence of IL-17. Hellings et al. demonstrated that
IL-17 depletion can increase eosinophil production in bone mar-
row (18). Since IL-17 has an effect on bone marrow eosinophil
production, we wished to determine whether the absence of IL-17
was altering eosinophil differentiation during repeated exposure
to A. fumigatus conidia. Thus, we isolated bone marrow cells from
mice that were either left untreated or were challenged four times,
and then we analyzed the cell surface expression of Ly6C and
CD31—two markers that can be used to observe the expansion
precursor cell populations in bone marrow (36, 65). Cells in the
resulting flow plot fall within six distinct gates (Fig. 5A), with
granulocytes, including eosinophils, found within gate V. We
found that cellular distribution of precursor cells is slightly differ-
ent in untreated mice with and without IL-17, but during peak
inflammation (four challenges), the cellular populations are in-
distinguishable regardless of IL-17 production (Fig. 7A). Quanti-
tatively, we found that in the presence and absence of IL-17, there
was no significant difference in the percentage of cells within gate
V during peak inflammation (Fig. 7B). To further determine eo-
sinophil differentiation in bone marrow, we analyzed the mRNA
expression of GATA-1, a transcription factor previously linked
with eosinophil differentiation (32, 69). Interestingly, mRNA ex-
pression of GATA-1 was unchanged in WT mice during the in-
flammatory response, indicating that repeated exposure to
conidia is not driving excess production of eosinophils in relation
to other cell types. However, mice with no IL-17 production
showed a significant decrease in GATA-1 mRNA production rel-
ative to wild-type mice following four challenges (Fig. 7C). Cou-
pled with the flow cytometry data on cellular differentiation,
GATA-1 mRNA expression indicates that IL-17 is likely playing a
minor role in eosinophil production in bone marrow.

Role of IL-17 in eosinophil maturation following repeated
intranasal A. fumigatus challenges. We next wished to determine
whether IL-17 drives eosinophil maturation at the site of inflam-
mation. Since eosinophils in the lungs were detected by their siglec
F expression, a maturation marker on eosinophils, we wished to
see whether differences in eosinophil maturation were responsible
for the differences in total eosinophil numbers seen in the lung in
the presence and absence of IL-17. To test this, we first used flow
cytometry to isolate eosinophils from the total leukocyte popula-
tion. CD45� cells were first separated from the pool of total lung
cells, and then eosinophils were further isolated from the leuko-
cyte population by gating for FSClow cells with a SSCmid-high profile

FIG 5 CD4 T cell response to repeated conidial challenge in the presence and
absence of IL-17. Using flow cytometry, CD4 T cells were examined for cyto-
kine production (A), regulatory phenotype (CD25� Foxp3�) (B), or activa-
tion (CD44high CD69�) (C). The percentage of CD4 cells expressing the cyto-
kine or phenotype of interest in WT mice (black bars) and IL-17�/� mice
(white bars) is shown. Values are means plus SEM (3 mice per group per time
point) from 2 or 3 experiments. Values that are statistically significantly dif-
ferent (P � 0.05) are indicated by a short horizontal black bar and asterisk.

FIG 6 Pulmonary arterial remodeling in response to repeated challenge by A.
fumigatus conidia. Lungs from WT and IL-17�/� mice challenged eight times
were fixed in formalin and embedded in paraffin blocks. Histological slices
were then stained with H&E and examined at �1,000 magnification.
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(Fig. 8A). The resulting population was examined for expression
of CCR3, a receptor necessary for eosinophil trafficking to the
lungs during allergic responses (20, 45), and the IL-5 receptor
(IL-5R) (53). The eosinophil population was then analyzed by
looking at expression of IL-5R. We found that eosinophils in the
lung could be subdivided into three distinct subgroups based on
their IL-5R expression; these groups were named IL-5Rhigh, IL-
5Rmid, and IL-5Rlow groups (Fig. 8A). Consistent with previous
studies, expression of siglec F (sigF) in each group showed that
cells with high IL-5R expression had almost no sigF expression
(Fig. 9), while those that were IL-5Rlow almost universally ex-
pressed sigF, indicating that IL-5Rlow eosinophils represent the
activated population (29). Using this staining protocol, we could
therefore differentiate between eosinophils in various stages of
maturation.

We then compared cellular distribution within these three
gates during the inflammatory response in the presence and ab-
sence of IL-17 production. For a positive control, we performed
identical staining on cells isolated from wild-type C57BL/6 mice
infected with Cryptococcus neoformans, which results in a strong
TH2 response and extreme eosinophilia (19). Untreated mice ex-
pressed similar amounts of surface IL-5R regardless of IL-17 pro-
duction, and similarly, there were no differences seen following
four A. fumigatus challenges whether IL-17 was present or absent
(Fig. 8B). Significant differences could be seen between untreated
mice and those that had been challenged four times with A. fu-
migatus conidia. In agreement with previous data suggesting that

low IL-5R expression is associated with maturation (29), mice that
were untreated had the highest percentage of IL-5Rhigh cells, while
those infected with C. neoformans had nearly 90% of their eosin-
ophils in the IL-5Rlow gate.

Quantitatively, mice challenged four times with A. fumigatus
conidia had a significantly higher percentage of eosinophils within
the IL-5Rlow gate than untreated mice did, but the absence of IL-17
had no effect on eosinophil maturation at any time point (Fig.
8C). Within each of the three IL-5R gates, there was no difference
in surface expression of sigF whether the mice were untreated,
challenged four times, or infected with C. neoformans: eosinophils
that expressed high, moderate, or low levels of IL-5R had nearly
identical expression patterns of sigF regardless of the number of A.
fumigatus exposures or exposure to C. neoformans (Fig. 9). Simi-
larly, IL-17 had no effect on the expression pattern of sigF within
the IL-5R gates. Taken together, these data indicate that IL-17
does not play a direct role in driving eosinophil maturation fol-
lowing intranasal A. fumigatus challenge and that siglec F expres-
sion is dependent on the maturation of eosinophils regardless of
antigen challenge or IL-17 expression.

Cellular composition of blood leukocytes during peak in-
flammation. One final possibility for the role of IL-17 in pulmo-
nary eosinophilia is leukocyte trafficking from the blood to the
lungs. CD11b is more highly expressed on macrophage and den-
dritic cells that have recently arrived in the lungs (41), and we
observed that the percentage of macrophages expressing CD11b
following four conidial challenges was higher in the presence of

FIG 7 Role of IL-17 in eosinophil bone marrow differentiation during peak inflammation. (A) Bone marrow samples from WT and IL-17�/� mice were
examined using flow cytometry. CD45� cells were segregated into six distinct groups (groups I to VI) based on their expression of Ly6C and CD31. Group V is
composed of granulocytes. (B) Percentage of cells within each gate in mice not challenged with A. fumigatus conidia (untreated mice) and mice challenged four
times with A. fumigatus conidia. Values for WT mice (black bars) and IL-17�/� mice (white bars) are shown. (C) mRNA was isolated from bone marrow cells
from mice challenged zero or four times with A. fumigatus conidia. Following conversion to cDNA, qPCR was used to measure relative expression of GATA-1.
Values are means plus SEM (3 mice per group per time point) from 2 to 4 experiments. Values that are statistically significantly different (P � 0.05) are indicated
by a short horizontal black bar and asterisk.
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IL-17 production (Fig. 10). Moreover, siglec F, which is highly
expressed on alveolar but not exudate macrophages (60), is more
highly expressed in the absence of IL-17. This suggests that IL-17
plays a role in recruiting new cells to the lung during peak inflam-
mation.

Therefore, to see whether altered trafficking to the lung was
responsible for the relatively decreased levels of eosinophils ob-
served following four conidial challenges in the absence of IL-17,
we analyzed the total number of leukocytes and cellular composi-
tion of whole blood of mice challenged four times. Leukocytes
were analyzed using CD45 staining, and CD11b� cells were bro-
ken down into two groups: eosinophils (SSChigh) and all other
myeloid cells (FSClow SSClow) (neutrophils and monocytes) (Fig.
11A). In uninfected mice, there was no significant difference seen
between the concentration of total leukocytes in blood in the pres-
ence or absence of IL-17. Likewise, the concentrations of eosino-
phils and monocytes/neutrophils were not significantly different.
However, there was a striking and significant difference between
the leukocyte concentrations in WT mice that had been chal-
lenged four times and those that lacked IL-17 production (Fig.
11B). Moreover, there were significantly higher concentrations of
eosinophils and monocytes/neutrophils in blood in the absence of

IL-17. The data therefore show that in the absence of IL-17, there
are fewer new cells arriving in the lung during peak inflammation,
and at the same time, there is an accumulation of myeloid cells,
including eosinophils, in the blood of IL-17�/� mice following
four conidial challenges.

Cytokine expression in the lungs of mice during peak inflam-
mation. We measured the expression of IL-17E (IL-25) and IL-
17F in untreated mice and mice challenged four times with A.
fumigatus. Consistent with our other observations, there was a
significant increase in the expression of IL-17E, a TH2 cytokine
(63), during peak inflammation in WT mice (Fig. 12). However,
there was no significant difference in IL-17E expression in IL-
17�/� mice not challenged with A. fumigatus or mice challenged
four times with A. fumigatus. A major difference in IL-17E pro-
duction was seen during peak inflammation in WT and IL-17�/�

mice, but this difference did not reach statistical significance (P �
0.063). Surprisingly, the greatest difference in IL-17F expression
was seen between the baseline (untreated) values for WT and IL-
17�/� mice. While IL-17F expression was significantly higher in
IL-17�/� mice than in WT mice during peak inflammation, there
was a significant decrease in IL-17F expression in IL-17�/� mice
following conidial exposure. We did not see significant differences

FIG 8 Pulmonary eosinophil maturation during inflammation in the presence and absence of IL-17. (A) Mature and immature eosinophils were examined by
focusing on FSClow SSChigh cells (FSC stands for forward scatter and SSC stands for side scatter) within the CD45� leukocyte population isolated from the lung.
IL-5 receptor and CCR3 expression was subsequently examined. Eosinophils fell within three distinct gates: IL-5Rhigh, IL-5Rmid, and IL-5Rlow. (B) IL-5R
expression patterns are shown for WT and IL-17�/� mice that were untreated or challenged four times with A. fumigatus conidia. As a positive control,
eosinophils from WT mice infected for 2 weeks with Cryptococcus neoformans were also studied. (C) The percentage of eosinophils falling within each gate is
shown for WT mice and IL-17�/� mice that were untreated, challenged four times, or infected with C. neoformans (WT only). Values are means plus SEM (3 mice
per group per time point) from 2 to 8 experiments. Values that are statistically significantly different (P � 0.05) are indicated by a short horizontal black bar and
asterisk.

Role of IL-17 in Repeated Aspergillus Exposure

April 2012 Volume 80 Number 4 iai.asm.org 1431

 on M
arch 23, 2012 by C

ILE
A

 C
O

N
S

O
R

T
IU

M
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


in the levels of expression of IL-4, IL-5, IL-13, CCL2, CCL3, CCL4,
CCL5, or granulocyte-macrophage colony-stimulating factor
(GM-CSF) in the whole lungs of WT and IL-17�/� mice after four
challenges (data not shown).

DISCUSSION

The current study was designed to determine the role of IL-17
in a developing TH2 inflammatory response following repeated
pulmonary exposure to Aspergillus fumigatus conidia. We have
previously demonstrated that repeated conidial challenges
generate a robust TH2 response accompanied by increasing
IL-17 expression, suggesting a role for IL-17 in the develop-
ment of a TH2 response. We therefore wished to determine

whether manipulations of IL-17 production would alter fungal
clearance, cellular infiltrate, mucous secretion, or CD4 T cell
cytokine production at the site of inflammation. To do this, we
initially examined cellular levels in the lungs using histology
and flow cytometry following repeated intranasal exposure to
A. fumigatus conidia in the presence and absence of IL-17. We
found that a lack of IL-17 correlated with reduced overall cel-
lular levels in the lungs and enhanced clearance of conidia fol-
lowing four challenges with A. fumigatus conidia: during the
TH2 inflammatory response, the numbers of CD4 T cells, B
cells, neutrophils, macrophages, and dendritic cells were re-
duced during peak inflammation (four challenges) in the ab-

FIG 9 Siglec F expression within IL-5Rhigh, IL-5Rmid, and IL-5Rlow eosinophil gates during exposure and the role of IL-17. Histograms showing eosinophil siglec
F expression within each of the three IL-5R gates were generated for mice that were untreated, challenged four times, or infected with C. neoformans (WT only).
Values for WT mice (solid black lines) and IL-17�/� mice (dashed lines) are shown.

FIG 10 Surface expression of pulmonary dendritic cells and macrophages during peak inflammation in the presence and absence of IL-17. Histograms were
generated showing surface expression of CD11b, CD80, CD86, and siglec F. Values for untreated mice (gray background peaks), WT mice challenged four times
with conidia (solid black lines), and IL-17�/� mice challenged four times with conidia (dashed lines) are shown. Histograms were generating by pooling data
from three separate mice from each group.
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sence of IL-17. These observations are consistent with those of
the study by Zelante et al., in which the absence of IL-17 pro-
duction paradoxically resulted in enhanced A. fumigatus clear-
ance despite reduced cellular inflammation (71). Subsequent

studies demonstrated that this was due to enhanced indola-
mine 2,3-dioxygenase expression (51, 52, 70, 71). Similarly, we
have been able to demonstrate that IL-17 participates in the
acute allergic inflammatory response (following four chal-
lenges) but is not required for chronic inflammation (eight
challenges) or conidial clearance.

Additionally, lack of IL-17 resulted in attenuation of eosino-
philia in the lungs during peak inflammation. These data demon-
strate a central role for IL-17 in driving eosinophilia in TH2-me-
diated airway inflammation. Eosinophil levels are reduced in
IL-17 receptor (IL-17R) knockout mice (54), but this is likely due
to the loss of IL-17RA receptor chain, which is also used in IL-25
signaling (49). IL-25 plays a central role in amplifying the TH2
response (2, 42, 62, 63), and knockout of the IL-25 adaptor pro-
tein CIKS attenuates allergic airway inflammation (8). Thus, ab-
rogation of eosinophilia in these models is most likely due to re-
duced TH2 cytokine signaling. Other groups have demonstrated a
more direct role for IL-17 in exacerbating eosinophilia. Eosino-
phil levels were decreased in traditional OVA models of allergic
inflammation using IL-17 depleting antibody (44), IL-23 deplet-
ing antibody (67), or increased using adoptive transfer of TH17
CD4 T cells (67). Similarly, eosinophilia induced by OVA in bron-
choalveolar lavage (BAL) fluid and low levels of A. fumigatus an-
tigen were attenuated in IL-17 knockout mice (68). Our observa-
tions are consistent with these previous studies in identifying a
role for IL-17 in allergic pulmonary eosinophilia.

There are several possible reasons for the diminished numbers
of eosinophils observed in the lungs of IL-17-deficient mice. For
instance, IL-17 could play a role in eosinophil development in the
bone marrow, could drive eosinophil trafficking to the lungs,
could enhance eosinophil maturation in the lungs, or could alter
TH2 cytokine production at the site of infection. Therefore, to
determine the reason for the attenuated eosinophilia found in the
absence of IL-17, we examined eosinophils in bone marrow,
blood, and lungs. We examined eosinophil maturation in the
lungs using IL-5R expression as assessed by flow cytometry. Eo-
sinophils in uninfected mice express relatively high levels of IL-5R;
during peak inflammation (four challenges) and Cryptococcus in-
fection, eosinophils mature and express lower levels of IL-5R. This
observation is consistent with those of Liu et al. who found that as
bronchoalveolar eosinophils mature, they shed their IL-5R and
become unresponsive to further IL-5 stimulation (29). However,

FIG 11 Eosinophil levels in blood during peak inflammation. Blood from WT and
IL-17�/� mice was collected from untreated animals and those challenged four times
with conidia. (A) Using flow cytometry, trafficking myeloid cells were segregated from
the general CD45� leukocyte population based on CD11b expression. CD11b� leu-
kocytes were then further separated into eosinophils and small myeloid cells based on
their forward- and side-scatter profiles. (B) The concentrations of total leukocytes,
CD11b� noneosinophil myeloid cells, and eosinophils in blood in untreated mice and
mice challenged four times are shown. Values are means plus SEM (3 mice per group
per time point) from 2 to 4 experiments. Values that are statistically significantly dif-
ferent (P � 0.05) are indicated by a horizontal black bar and asterisk.

FIG 12 IL-17E (IL-25) and IL-17F expression in the absence of IL-17. WT and IL-17�/� mice were not challenged (zero) or were challenged intranasally four
times with A. fumigatus conidia. Lung leukocytes were collected following enzymatic digestion and resuspended in TRIzol. Following conversion to cDNA, qPCR
arrays were used to measure relative expression of IL-17E and IL-17F. Values are means plus SEM (3 mice per group per time point) from 2 experiments. Values
that are statistically significantly different (P � 0.05) are indicated by a horizontal black bar and asterisk.
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the reduced IL-5R expression seen in WT mice during inflamma-
tion is also observed in the absence of IL-17, and there is no sig-
nificant difference between the two mouse strains in terms of mat-
uration in the presence or absence of A. fumigatus challenge.
Surface expression of siglec F was similarly unaffected. We there-
fore conclude that IL-17 does not play a role in driving eosinophil
maturation in the lungs during inflammation.

In bone marrow, initial analysis of differentiation using flow
cytometry showed that bone marrow cells in the presence and
absence of IL-17 had identical expression patterns of CD31 and
Ly6C following four A. fumigatus challenges. However, the bone
marrow granulocyte population of both WT and IL-17�/� mice
expanded in response to exposure to A. fumigatus conidia, indi-
cating that the lack of IL-17 was not significantly inhibiting the
differentiation of granulocytes during repeated fungal exposure.
However, when using qPCR to detect eosinophil differentiation
via GATA-1 expression (32, 69), we observed that relative
GATA-1 mRNA expression was reduced during peak inflamma-
tion in the absence of IL-17. This indicates that IL-17 plays a mi-
nor but significant role in the differentiation of eosinophils in
bone marrow.

Along with the minor role in bone marrow differentiation, we
found that IL-17 plays an important role in eosinophil trafficking
from the blood to the lungs during inflammation. Blood samples
from WT mice and from mice incapable of producing IL-17 were
analyzed for the presence of leukocytes during peak inflamma-
tion. In the absence of IL-17, there was a significant increase in the
number of total leukocytes, eosinophils, and noneosinophil my-
eloid cells in blood following four conidial challenges. These data
are consistent with previous studies that have indirectly impli-
cated IL-17 in eosinophil trafficking (46, 72), and at least one
report has shown that IL-17 is capable of inducing eotaxin-1 ex-
pression in human airway smooth muscle cells in vitro (48). How-
ever, numerous studies have shown that using IL-17 depletion or
IL-17�/� mice with traditional OVA models does not result in
attenuation of eosinophilia (39).

How then can we explain the lack of eosinophilia seen here
compared with previous studies? Differences in sensitization pro-
tocols have been shown to drastically alter eosinophilia in other
investigations (20, 30). Most of these studies of allergic airway
responses have primarily utilized OVA sensitization and subse-
quent OVA challenge to yield a robust TH2 response accompanied
by neutrophilia and eosinophilia. Conversely, our method of fun-
gal challenge uses viable A. fumigatus conidia to simulate condi-
tions that are more analogous to those that could be experienced
on a daily basis. This yields a highly reproducible TH2 response
that is nevertheless mild in comparison with traditional OVA-
based models and also utilizes other branches of the adaptive im-
mune response, including TH17 and Treg responses and, to a lesser
extent, the TH1 response. It is likely then that under physiological
allergic conditions, there is a more complex balance between var-
ious aspects of the immune system than seen in traditional OVA-
based models, one in which the TH17 response plays a more prom-
inent role.

In our studies, a lack of IL-17 production resulted in decreased
macrophage levels following four and eight challenges, but previ-
ous studies by other researchers examining IL-17 using OVA
models have not reported similar decreases in macrophage or
monocyte levels in IL-17-depleted mice (18, 54) despite the direct
role for IL-17 in monocyte recruitment (55). Airway macrophages

have been shown to be responsible for recruiting eosinophils to
the sites of inflammation through their production of eotaxin-2
(13, 40), and it is possible that IL-17 is not driving eosinophilia
through direct production of eosinophil-specific chemokines but
rather through the accumulation of macrophages that are in turn
responsible for the recruitment of eosinophils.

Finally, though IL-17 production did not alter cytokine expres-
sion during later time points, we found that the presence of IL-17
resulted in early CD4 T cell IL-10 production and an accumula-
tion of CD25� Foxp3� CD4 T cells following two challenges with
A. fumigatus conidia. This suggests that despite the otherwise
gradual accumulation of TH17 CD4 T cells following repeated
conidial challenges in WT mice, IL-17 may play an early role in
shaping the immune response to Aspergillus fumigatus exposure.
More than driving cellular accumulation, IL-17 may modulate the
cytokine response during the initial adaptive immune reaction to
A. fumigatus inhalation. While early TH1 and TH2 numbers are
unchanged, there is a significant reduction in the percentage of
CD4 T cells expressing IL-10 following two challenges in IL-17�/�

mice. Similarly, there is a significant reduction in the percentage of
CD4� CD25� FoxP3� T cells and a lower rate of CD4 T cell
activation. We have previously shown that IL-10�/� mice develop
far less inflammation following four challenges than WT mice and
do not develop pulmonary eosinophilia or TH2 cells (56). It is
therefore possible that IL-17 plays not only a direct role in pro-
moting pulmonary eosinophilia and cellular accumulation during
the allergic response but has a central, albeit subtle, role in shaping
the initial immune response itself.

Similar to IL-17, expression of other members of the IL-17
cytokine family were altered during the inflammatory response.
IL-17E (IL-25) was upregulated during peak inflammation in WT
mice, an observation that is consistent with the role of IL-17E in
TH2 responses (50). Given the relatively similar induction pat-
terns of TH2 cells in WT and IL-17�/� mice, IL-17E expression
may ultimately be responsible for the differences in inflammation
seen in the presence and absence of IL-17. Whereas there was a
small but significant difference in IL-17F expression during peak
inflammation in WT mice compared to IL-17�/� mice, untreated
IL-17�/� mice expressed IL-17F mRNA at a rate nearly 25-fold
higher than that of their WT counterparts. This high baseline level
of IL-17F in the absence of IL-17 expression is consistent with
previous reports (66). The role of IL-17F in driving pulmonary
inflammation is not yet clear. Most studies have found strong
evidence that IL-17F exacerbates TH2 inflammation. IL-17F is up-
regulated in individuals with asthma (21), it correlates with dis-
ease severity (1, 21), the addition of nonfunctional IL-17F in
model systems protects against TH2 inflammation (22), and
IL-17F induces the production of cytokines and chemokines by
eosinophils (6). However, at least one study has demonstrated
using IL-17F knockout mice that IL-17F protects against eosin-
ophilia and plays a role in modulating other branches of the
adaptive immune response (68). Therefore, like IL-17, IL-17F
likely plays a more complex role than simply driving inflam-
mation. This is supported by our observations where IL-17F
expression was higher in the absence of IL-17 but reduced over-
all during inflammation. It is likely that similar to IL-17, the
timing of IL-17F expression plays a central role in its pro-TH2
or anti-TH2 inflammatory activities.
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