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Abstract
Pulmonary exposure to Aspergillus fumigatus has been associated with morbidity and mortality, particularly in
immunocompromised individuals. A. fumigatus conidia produce b-glucan, proteases, and other immunostimulatory factors
upon germination. Murine models have shown that the ability of A. fumigatus to germinate at physiological temperature
may be an important factor that facilitates invasive disease. We observed a significant increase in IFN-c-producing CD8+ T
cells in bronchoalveolar lavage fluid (BALF) of immunocompetent mice that repeatedly aspirated A. fumigatus conidia in
contrast to mice challenged with A. versicolor, a species that is not typically associated with invasive, disseminated disease.
Analysis of tissue sections indicated the presence of germinating spores in the lungs of mice challenged with A. fumigatus,
but not A. versicolor. Airway IFN-c+CD8+ T-cells were decreased and lung germination was eliminated in mice that aspirated
A. fumigatus conidia that were formaldehyde-fixed or heat-inactivated. Furthermore, A. fumigatus particles exhibited greater
persistence in the lungs of recipient mice when compared to non-viable A. fumigatus or A. versicolor, and this correlated
with increased maintenance of airway memory-phenotype CD8+ T cells. Therefore, murine airway CD8+ T cell-responses to
aspiration of Aspergillus conidia may be mediated in part by the ability of conidia to germinate in the host lung tissue. These
results provide further evidence of induction of immune responses to fungi based on their ability to invade host tissue.
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Furthermore, A. fumigatus conidia exhibit an ability to persist inside
macrophages after phagocytosis or produce factors that inhibit
phagocytosis [5,6,7]. Conidia that persist in the lungs of
immunocompromised individuals may germinate and form hyphal
structures that invade surrounding tissue. Furthermore, release of
immunostimulatory molecules such as b-glucan and allergens have
been shown in germinating, but not resting, conidia [8,9]. The
ability of A. fumigatus to exhibit invasive growth in the respiratory
tract is believed to be mediated in part by the ability to germinate
at physiological temperatures and by the secretion of fungal
proteases [7]. In support of these hypotheses, recent studies of
gene-targeted mutants have demonstrated that decreased thermotolerance or protease secretion resulted in significantly decreased
virulence of A. fumigatus in murine models of invasive infection
[10,11]. Based on the results of these studies, lung persistence and
tissue invasion are characteristics of Aspergillus conidia that may be
species-dependent.
Both innate and adaptive immunity are critical in the
development of immune protection from invasive aspergillosis.
In addition to phagocytosis by resident alveolar macrophages,
inhaled A. fumigatus conidia are prevented from germination and
the establishment of early invasive infection by infiltrating
neutrophils [12,13]. However, adaptive immune responses also
provide protection from invasive infection. Adoptive transfer of
fungal-specific CD4+ Th1 lymphocytes confers protection from

Introduction
Filamentous fungi are ubiquitous microorganisms in indoor and
outdoor environments and acquire nutrients from a wide variety of
substrates such as decaying plant matter or water-damaged
building materials [1]. The small size of conidia (i.e. asexual
spores) of many fungal species allows particles to easily become
airborne and inhaled, with a potential for deposition in the
terminal airways of the lungs. Small amounts of inhaled conidia
are quickly phagocytosed and degraded by alveolar macrophages
[2,3]. However, repeated exposure to large numbers may result in
persistence of conidia and induction of airway inflammation.
Conidia from the genus Aspergillus have been associated with
allergic sensitization as well as exacerbation of allergy and asthma
in otherwise healthy individuals [2,3]. However, the pathology of
Aspergillus-associated invasive disease varies between fungal species.
Aspergillus fumigatus is the etiologic agent of allergic bronchopulmonary aspergillosis (ABPA), has been associated with hypersensitivity pneumonitis, and is a primary cause of invasive aspergillosis
in immunocompromised individuals [3]. In contrast, A. versicolor is
not typically associated with invasive pulmonary infection. The
ability of A. fumigatus to colonize the respiratory tract of susceptible
individuals has been attributed to several biological properties. In
contrast to A. versicolor, A. fumigatus can maintain growth within a
wide range of temperatures, from below 20uC up to 70uC [3,4].
PLoS ONE | www.plosone.org
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increased in both CD4+ and CD8+ T-cells in mice that aspirated
A. fumigatus (Figure 2B, left and right panels, respectively).
However, in response to A. versicolor, fewer CD4+ T cells produced
IFN-c. Low numbers of IL-4-producing CD4+ T cells were
detected, although the number of IL-4-producing cells was
increased in response to A. versicolor when compared to A. fumigatus
(Figure 2B, middle panel). Therefore, in addition to differences in
leukocyte recruitment, airway T-cell cytokine production in mice
that aspirated Aspergillus conidia may vary between different
species.

infection in mice [14], and in humans [15]. A. fumigatus-specific
CD4+ [16,17,18] and CD8+ T cells [17] have also been isolated
from healthy patients, suggesting that routine exposure to A.
fumigatus may confer protective immunity. Although CD4+ T cells
are considered the primary effector cell in protective immunity,
the role of CD8+ T cells in protection from respiratory infection
with A. fumigatus remains unknown.
In A. fumigatus-challenged mice, fungal-specific, IFN-c-producing CD4+ T cells were recruited to the airways of mice that
received a single intratracheal instillation of a large dose (206108)
of viable spores [19]. Another recent study demonstrated increased
lung tissue Th1, Th2, and Th17 responses and infiltration of CD8+
T cells with repeated intranasal challenges of smaller doses (26106)
A. fumigatus conidia [20]. However, since the ability to persist and
germinate in the host may vary between Aspergillus species, it is
possible that the airway immune responses are also fungal speciesdependent. In this study, we aimed to further examine the
induction and maintenance of airway CD8+ T-cell responses to
repeated exposures of A. fumigatus conidia. Airway T-cell responses
to A. fumigatus were composed of IFN-c-producing CD4+ and
CD8+ T cells, whereas airway responses to A. versicolor were
predominantly CD4+ T cell-mediated. Airway CD8+ T-cell
responses to A. fumigatus were partly dependent on the ability of
conidia to germinate, and this correlated with persistence of
conidia in the lungs and maintenance of airway memoryphenotype CD8+ T cells. These results suggest that airway
immune responses are programmed in response to fungal factors
such as the ability to germinate in host lung tissue.

Germination of inhaled Aspergillus fumigatus conidia in
the lungs
Next we compared the ability of Aspergillus conidia to germinate
in the lungs. In comparison to control mice (Figure 3A, D),
animals that aspirated A. versicolor (Figure 3B, E), or A. fumigatus
(Figure 3C,F) exhibited airway inflammation and bronchiocentric
infiltration of leukocytes. Fungal material was deposited in the
terminal airways with a similar pattern in both groups of mice
(Figure S1). However, with A. fumigatus, some conidia in the lungs
appeared swollen or exhibited germ tube formation, while the
morphology of A. versicolor conidia was unchanged (Figure 3G–I,
and Table 1). Conidia from both species were equally able to be
cultured from lung homogenates, indicating that viability was not
significantly affected (data not shown). These results suggest that
the ability of Aspergillus conidia to germinate in mouse lung tissue in
our model may be species-dependent.

Airway CD8+, but not CD4+, T cell recruitment and IFN-cproduction is decreased in response to non-viable A.
fumigatus conidia

Results
Murine airway responses to repeated aspiration of
Aspergillus conidia

Since only A. fumigatus demonstrated evidence of lung
germination following repeated conidia aspiration, we questioned
whether airway immune responses to this species were influenced
by metabolic activity of germinating conidia. We therefore
examined airway recruitment of T cells in response to inactivated
A. fumigatus. Paraformaldehyde-fixed or heat-inactivated A. fumigatus conidia were aspirated and flow cytometric analysis of BALF
cells indicated a decreased total number of cells with fixed, but not
heat-inactivated conidia in comparison to viable conidia
(Figure 4A, left panels). This decrease was partially attributed to
a significant decrease in neutrophils (Figure 4A, top middle panel),
while eosinophil recruitment was not significantly affected
(Figure 4A, top right panel). However, eosinophils were increased
in response to heat-inactivated conidia (Figure 4A, bottom right
panel), while neutrophils were unchanged (Figure 4A, bottom
middle panel). Interestingly, CD4+ T cell recruitment was not
decreased in response to conidia inactivated by either method,
while CD8+ T cells were decreased regardless of method
(Figure 4B, left panels, and 4C, left panels, respectively). IFN-cproducing CD4+ T cells were significantly reduced only in
response to heat-inactivated conidia (Figure 4B, right panels),
while both methods of inactivation resulted in decreased IFN-cproducing BALF CD8+ T cells (Figure 4C, right panels). Little or
no BALF T-cell production of IL-4 was detected (data not shown).
Histological examination of lung sections indicated that germ
tubes or swollen conidia were only visible in mice that aspirated
viable conidia, whereas in mice that aspirated non-viable conidia,
no signs of lung germination were detected (Figure 4D, E, and
Table 1). Together with the data comparing A. fumigatus and A.
versicolor aspiration, these data indicate that airway CD8+ T-cell
responses to A. fumigatus are correlated with germination of conidia
in host lung tissue.

Using two Aspergillus species (A. fumigatus and A. versicolor), we
established a murine model of repeated pharyngeal aspiration
(Figure 1A). Aspirated BALB/c mice were then rested for 2 weeks
and sacrificed 3 days after a final challenge. BALF from each
animal was analyzed by flow cytometry to measure airway
leukocyte recruitment. The frequency of each population and
total number of cells collected were used to calculate the total
number of airway neutrophils, eosinophils, and CD4 and CD8 T
cells (Figure 1B). Airway infiltration of CD45hi leukocytes was
increased in mice that aspirated conidia of A. fumigatus or A.
versicolor (Figure 1C, left panel). Ly-6Ghi neutrophils were also
increased in both exposure groups (Figure 1C, middle panel).
Although aspiration of conidia increased airway eosinophils in
both groups, mice that aspirated A. versicolor exhibited higher
numbers in comparison to A. fumigatus aspirated mice (Figure 1C,
right panel). Recruitment of CD4+ and CD8+ T lymphocytes were
also analyzed by flow cytometry (Figure 1D, E). Although mice
that aspirated conidia from either species of Aspergillus exhibited
increased airway CD4+ T cells (Figure 1E, left panel), CD8+ T
cells were more significantly increased in mice that aspirated A.
fumigatus. This suggests that leukocyte populations recruited to the
airways in response to aspiration of Aspergillus conidia varies
between species.
To examine the effector functions of murine airway T cells in
response to Aspergillus conidia, we performed ex vivo intracellular
cytokine staining on BALF cells that had been stimulated with
PMA/Ionomycin for 4 hours at 37uC in the presence of Brefeldin
A. We examined intracellular production of IFN-c and IL-4 in
BALF CD4+ and CD8+ T cells (Figure 2A, bottom panels) in
comparison to BALF cells stained with control rat-Ig (Figure 2A,
top panels). Intracellular production of IFN-c was significantly
PLoS ONE | www.plosone.org
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Figure 1. Airway leukocyte recruitment in mice exposed to repeated aspiration of Aspergillus conidia. 1A, BALB/c mice aspirated 26106
Aspergillus conidia in suspension at the time points indicated. B, Representative flow cytometric dot plots with granulocyte gating of BALF.
Neutrophils were defined as CD45hiLy-6GhiCD11clo (G2). Eosinophils were defined as Ly-6GloSiglec-FhiCD11clo in order to distinguish these cells from
Ly-6GloSiglec-FhiCD11chi alveolar macrophages (G3). C, total # of BALF cells, neutrophils, and eosinophils. D, Representative flow cytometric gating of
lymphocytes (left panel), with CD4+ and CD8+ populations (right panel). E, BALF T-cell composition after repeated aspiration of A. fumigatus or A.
versicolor conidia. Data depicted in C, E, are a summary of two experiments with 6–11 mice per group. *p,0.01, **p,0.05.
doi:10.1371/journal.pone.0018777.g001
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Figure 2. BALF T-cell cytokine production after repeated aspiration of Aspergillus conidia. A, flow cytometric dot plots of IFN-c and IL-4
production in BALF CD4 and CD8 T cells. Representative dot plots are from parent gates similar to those depicted in Figure 1D. B, Total # of IFN-c and
IL-4-producing CD4+ T cells and IFN-c-producing CD8+ BALF T cells. Data depicted in B are a summary of two experiments with 6–11 mice per group.
*p,0.05.
doi:10.1371/journal.pone.0018777.g002

Although BALF lung CD4+ T cell recruitment appeared different
between viable and non-viable A. fumigatus or A. versicolor-treated
mice, the differences were not statistically significant (Figure 6B).
However, similar to results at d3 post-challenge, BALF CD8+ T
cells persisted only in response to viable A. fumigatus conidia.
Furthermore, BALF T cells expressed surface markers associated
with lung T cell memory responses (Figure 6C). BALF T cells were
CD11ahi/loCD62LloCD69hiCD44hi. Both CD4+ and CD8+ T cells
expressed a memory phenotype at d40 after A. fumigatus challenge,
with only CD4+ T cells present in the airways of mice that
aspirated A. versicolor or non-viable A. fumigatus. However, all
groups displayed populations of CD4+ and CD8+ memoryphenotype T cells in the draining lymph nodes (Figure 6D). These
data suggest that the germination of A. fumigatus conidia at
physiological temperature may play a role in the maintenance of
airway anti-fungal memory CD8+, but not CD4+, T-cell responses.

Lung airway memory-phenotype CD8+ T-cells are
correlated with germination of viable conidia
It is possible that the disparate airway T cell responses we
observed were also influenced by differences in the ability of fungal
conidia/antigen to persist in the lung tissue after aspiration.
Therefore, we performed lung histological examination of tissue
from mice that were sacrificed in the absence of a final challenge,
two weeks after repeated conidia exposures (Figure 5A). Examination of H&E sections displayed lymphocytic granulomas in lungs
of mice that had repeatedly aspirated both viable or non-viable A.
fumigatus or A. versicolor conidia (Figure 5B–E and data not shown).
These granulomas frequently contained what appeared to be
intact conidia or in some instances fungal debris (Figure 5F–I).
However, mice aspirated with viable A. fumigatus appeared to
display a marked increase in inflammation, granuloma formation,
and fungal particles in lung tissue in comparison to non-viable A.
fumigatus or A. versicolor conidia treated mice (Figure 5C,F and data
not shown). Therefore, persistence of fungal material is correlated
with the ability to germinate in host lung tissue.
In order to examine the persistence of memory airway T cells,
we harvested BALF and mediastinal lymph node (MLN) cells from
mice at 40 days after the final conidia challenge (Figure 6A). Cell
suspensions were then stained for surface markers associated with
a lung memory phenotype [21] and analyzed by flow cytometry.
PLoS ONE | www.plosone.org

Discussion
In this study, we examined the airway recruitment of
granulocytes and T-cells in response to repeated aspiration of
Aspergillus conidia and report varied responses to two different
species. Airway T-cell responses to the pathogenic fungus, A.
fumigatus, were characterized by the recruitment of CD4+ and
CD8+ T cells, whereas airway T-cell recruitment to A. versicolor was
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Figure 3. Lung histopathology and germination of conidia in mice exposed to Aspergillus conidia. A–F, H&E staining of mouse lung
tissue. G–I, GMS staining of lung tissue. A,D,G, saline controls. B,E,H, A. versicolor, C,F,I, A. fumigatus. A–C 46magnification, D–F, 406magnification. G–
I, 1006 magnification. Data depicted are representative samples of 5 mice per group with one lung section analyzed per animal.
doi:10.1371/journal.pone.0018777.g003

primarily CD4+. Furthermore, airway CD4+ and CD8+ T-cells
produced IFN-c in response to A. fumigatus, while fewer airway
CD4+ T-cells from A. versicolor-challenged mice secreted IFN-c
with IL-4-producing cells. Eosinophil recruitment was also
significantly increased in the airways of mice that aspirated A.
versicolor. In our murine model, these results suggest that airway
immune responses to repeated aspiration of A. fumigatus are skewed
primarily towards Th1, whereas responses to A. versicolor include
components of Th2 responses. Previous studies have shown that
Th1 responses are critical for protection from invasive pulmonary
aspergillosis, while Th2 responses increase susceptibility to A.
fumigatus infection [14,22,23]. Lung eosinophilia has been reported
in numerous studies of responses to inhalation and allergic
sensitization to A. fumigatus extracts and intact conidia

[24,25,26]. Eosinophilia in response to inhalation of A. fumigatus
extracts is mediated by Th2 cytokines, as airway recruitment is
decreased in the presence of antibodies to IL-5 [27]. Recruitment
of granulocytes and T-cells to the airways of mice in response to
repeated aspiration of A. versicolor has not been extensively
characterized. It is likely that enhanced lung eosinophilia in
response to A. versicolor is mediated by increased IL-5. However, we
were unable to detect IL-5 in significant amounts in lung
homogenates from mice in response to aspiration of conidia (data
not shown). In addition to Th1 and Th2 cytokines, Th17 cells have
recently been shown to be involved in the pathology of A. fumigatus,
playing a largely negative role that promotes inflammation and
may ultimately impair anti-fungal resistance [28]. Furthermore, In
addition to Th1 and Th2 cells, Th17 cells have been shown to be
increased in lung tissues in response to repeated intranasal
challenge of A. fumigatus conidia [20]. Since we have observed
important differences in T-cell cytokine production in response to
viable and non-viable Aspergillus conidia, we believe the role of
germination in induction and maintenance of IL-17-producing
airway CD4+ and CD8+ T-cell responses is an important area of
future investigation.
Although CD4+ T-cells have been shown to confer protection
from A. fumigatus infection [14,15], the role of CD8+ T-cells has
not been examined. IFN-c-production by CD8+ T cells in
response to A. fumigatus antigens was shown in two studies of
blood lymphocytes isolated from healthy human donors [17,29].
Furthermore, A. fumigatus extracts were shown to enhance

Table 1. Summary of Conidia Germination in Lung Tissue.

Exposure Group

# Sections
Analyzed

Mean±SEM (/100
conidia)

A. fumigatus viable

15

3.93360.7462

A. fumigatus fixed

5

0

A. fumigatus heat inactivated

5

0

A. versicolor viable

5

0

doi:10.1371/journal.pone.0018777.t001
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Figure 4. Airway recruitment of IFN-c-producing CD8+ T-cells is decreased in response to p-formaldehyde-fixed or heat-inactivated
A. fumigatus conidia. A, total # of BALF cells, neutrophils, and eosinophils. B, BALF CD4+ and CD4+IFN-c+ T-cell composition. C, BALF CD8+ and
CD8+IFN-c+ T-cell composition. D, GMS stained (406) mouse lungs depicting germ tube formation in mice that aspirated viable (left panel), and lack
of germ tube formation in mice that aspirated fixed or heat-inactivated conidia (center, right panels). Data depicted in A–C are a summary of two
experiments with groups of 5 (saline control) or 10 (viable or non-viable conidia). Histology panels depicted are representative of 5 mice per group
with one lung section analyzed per animal. *p,0.01, **p,0.001, ***p,0.05.
doi:10.1371/journal.pone.0018777.g004

ovalbumin-specific CD8+ T cell responses in T-cell receptor
transgenic OT-I mice [30]. Increased airway CD8+ T cells have
been observed in clinical cases and experimental models of
hypersensitivity pneumonitis (HP), and A. fumigatus is welldocumented as an etiologic agent of HP [31,32]. Furthermore,
lymphocytic granulomas are also prominent in the lung
pathology of HP, and were also observed in tissue sections in
our study, particularly in response to viable A. fumigatus. CD8+ T
cells confer protection from numerous lung pathogens, including
the dimorphic fungus Cryptococcus neoformans [33,34,35]. Similar to
our findings, CD8+ T cells have been recently demonstrated to
infiltrate murine lung tissue in response to repeated exposures of
A. fumigatus conidia [20]. Our study advances this observation by
PLoS ONE | www.plosone.org

more specifically examining recruitment, cytokine production,
and the role of germination in induction and maintenance of
airway CD8+ T-cell responses. However, the role of CD8+ T
cells in clearance of conidia and protection from A. fumigatus
infection requires further study, and the specific fungal antigens
these cells recognize remain unknown. Airway recruitment of
effector CD4+ and CD8+ T cells and subsequent development
and maintenance of airway T-cell memory have been demonstrated in mouse models of pulmonary virus infection [36,37].
Our results suggest that memory T cells persist in the airways of
mice long after exposure to Aspergillus conidia, with decreased
airway CD8+ T cell memory cells in response to A. versicolor or
non-viable A. fumigatus.
6
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Figure 5. Increased persistence of A. fumigatus in lung tissue two weeks after exposure. A, mice aspirated viable or non-viable A. fumigatus
or A. versicolor conidia at the time points indicated, and were sacrificed two weeks after the final aspiration. B–D, H&E staining (206) of a
representative lung tissue sample from each group. E–G, GMS staining (206) from sections adjacent to H&E stained tissue indicate persistent fungal
material. Panels are representative of 5 mice per group with one lung section analyzed per animal.
doi:10.1371/journal.pone.0018777.g005

Our model suggests that the induction of airway CD8+ T cell
responses to A. fumigatus conidia is mediated in part by the ability
to germinate at physiological temperatures. We demonstrated
decreased airway recruitment of IFN-c-producing CD8+ T cells
in response to non-viable conidia. Furthermore, germ tubes from
viable A. fumigatus conidia were detected within host lung tissue
primarily in macrophages, while no signs of lung germination of
A. versicolor or non-viable A. fumigatus conidia were detected. A
previous study by Rivera et al. demonstrated that A. fumigatusspecific airway CD4+ T-cell production of IFN- c in response to
a single intratracheal challenge of 206108 heat-inactivated
conidia was decreased when compared with viable conidia
[19]. In our study, mice subjected to repeated aspiration of
26106 heat-inactivated, but not paraformaldehyde fixed, conidia
displayed a significant decrease in recruitment of IFN-cproducing CD4+ T cells. Our study also used chemically fixed
conidia similar to Aimanianda et al. [38], while Rivera et al.
exclusively used heat inactivation [19]. Furthermore, our results
demonstrate a decrease in airway neutrophil recruitment in
response to fixed conidia, and an increase in eosinophils in
response to heat-inactivated conidia, suggesting that both
methods of inactivation also differ in their stimulation of
inflammatory responses. It is possible that heat inactivation
and chemical fixation may alter conidial surface antigens
differently, and these could affect airway immune responses
independently of germination. However, since viable A. versicolor
conidia also induced less robust CD8+ T cell responses when
compared with viable A. fumigatus, we believe that decreased
responses to non-viable conidia are a result of decreased
PLoS ONE | www.plosone.org

exposure to secreted fungal antigens [8] and inflammatory bglucans [9] that are induced in germinating conidia.
Although our results suggest that airway CD8+ T cell responses
in our model may be species-dependent, it is also possible that
different fungal isolates may induce distinct responses. In our
study, we used A. fumigatus Af293, a clinical isolate, and A. versicolor
ATCC#44408, an environmental isolate. It will be necessary in
future studies to examine other clinical and environmental isolates
to determine if these differences are indeed species-dependent, or
if the variation observed is based on the ability of each isolate to
invade or colonize host tissue.
These data suggest a correlation between the ability of conidia
to germinate in vivo and the induction of airway immune responses
to Aspergillus aspiration. Although A. fumigatus is not considered an
intracellular pathogen, the ability of conidia to germinate within
lung macrophages may be sufficient for induction of CD8+ T-cell
responses that are characteristic of responses to intracellular
infection. The results of this study add to the growing body of
evidence suggesting that the adaptive immune system possesses the
ability to discriminate between microbes and other environmental
antigens by determining their invasive potential, and subsequently
programming appropriate responses to maximize protection from
infection while minimizing damage to host tissue.

Materials and Methods
Growth and handling of fungi
Fungal isolates (A. fumigatus, strain Af293, A. versicolor, strain
44408) were purchased from the Fungal Genetics Stock Center
7
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Figure 6. Increased maintenance of airway memory-phenotype CD8+ T cells in response to viable A. fumigatus. A, mice aspirated viable
or non-viable A. fumigatus or A. versicolor conidia at the time points indicated, and were sacrificed 40 days after the final challenge. B, total # of BALF
CD4+ and CD8+ T cells. Data are a summary of two experiments, 5–10 mice per group. C,D T-cell surface expression of memory markers. Memory
surface maker labeled histograms depict both CD4+ (open) and CD8+ (shaded) T-cell expression where both populations were present. Control (ratIg) stained cells are indicated by dotted lines. Panels depicted are representative samples from each group. C, BALF cells. D, MLN cells. *p,0.005,
**p,0.001.
doi:10.1371/journal.pone.0018777.g006

(FGSC) and the American Type Culture Collection (ATCC),
respectively. Fungi were grown on malt extract agar (MEA) plates
at 25uC. Fungal spores were isolated from cultures kept in the dark
at room temperature (RT) for 14 days, by applying 1 g of glass
beads (0.5 mm, Braun-Melsungen, Melsungen, Germany) and
gently shaken. The bead/conidia mixture was collected into a tube
and suspended in 1 mL sterile phosphate buffered saline (PBS).
The beads were vortexed and the supernatant containing the
conidia was removed and counted with a hemacytometer. Conidia
were subsequently resuspended to a concentration of 46107
conidia/ml. For inactivation, A. fumigatus conidia were fixed
according to the method of Aimanianda et al. [38]. Briefly, 1 mL
of a 4% paraformaldehyde solution was added to the bead/
conidia mixture, vortexed, and incubated overnight at 4uC. Fixed
conidia were centrifuged, then washed in 0.1 M ammonium
chloride, followed by another wash and resuspension in 1 mL
sterile PBS. As an alternative method of inactivation, conidia were
autoclaved for 30 minutes [19]. Conidial inactivation by either
method resulted in .99.9% reduction in viability by serial
dilution. Vortexing glass beads with conidia in solution did not
significantly alter viability.

stain was performed on lung sections by the tissue pathology
laboratory of the Pathology and Physiology Research Branch
(CDC-NIOSH, Morgantown, WV). To obtain the frequency of
germinated conidia in lung tissues, 100 conidia from one section
per sample were randomly counted for signs of germination.
Germinating conidia were defined by conidial swelling (2–36
normal size) or by the formation of germ tubes. BALF was
collected by exposing and nicking the trachea followed by insertion
of a catheter tied off with suture to prevent leakage. A syringe
containing 1 mL of PBS was attached to the tracheal catheter,
with the liquid injected into the lungs and subsequently removed.
This process was repeated until 3 mL of BALF was collected. All
animal procedures were approved by the National Institute of
Occupational Safety and Health Animal Care and Use Committee
(protocol# 08-ST-M-015).

Flow cytometric analysis of bronchoalveolar lavage fluid
All reagents were obtained by BD biosciences (BD biosciences
San Jose, CA) unless otherwise specified. BALF cell composition
was determined by flow cytometric analysis of recovered lavage
cells in suspension. BALF was centrifuged for 5 min at 1500 rpm,
the supernatant removed, and the cell pellet resuspended and
washed in 1 mL of FACS buffer (PBS, 5% fetal bovine serum,
0.05% sodium azide). The washed pellet was resuspended and
stained in FACS buffer, 10% rat serum, Fc-receptor blocking
antibody (clone 24G2) and the following antibodies: rat antimouse Ly-6G FITC, rat anti-mouse Siglec-F PE, pan-leukocyte rat
anti-mouse CD45 PerCP, and rat anti-mouse CD11c APC. After
staining for 30 minutes in the dark on ice, cells were washed and
fixed with BD Cytofix, and resuspended in FACS buffer.
Populations of cells were evaluated by flow cytometric analysis
on a BD FACSCalibur, or in the case of memory T cells, on a BD
LSRII (BD Biosciences, San Jose, CA). Neutrophils were defined
as CD45hiLy-6GhiCD11clo, eosinophils were defined as Ly6GloSiglec-FhiCD11clo and alveolar macrophages were Ly-6GloSiglec-FhiCD11chi, as previously reported [40]. In a separate tube,
BALF T cells were quantified using rat anti-mouse CD4 FITC and
CD4 PerCp antibodies. Total numbers of each cell population
were obtained by multiplying the frequency of the specific
population by the total number of BALF cells recovered for each
animal. For examination of airway memory cells, BALF cells were
harvested from mice 40 days after the final aspiration and stained
for airway memory T cell markers [21]; these included rat antimouse CD4 APC-Cy7, CD8 FITC, CD11a PE, CD62L PerCp
Cy5.5, CD69 PE-Cy7, and CD44 APC.

Mouse aspiration, sacrifice, histological staining, and
collection of BALF
Female BALB/c mice, aged 5–7 weeks, were obtained from
Jackson Laboratory (Jackson Laboratory, Bar Harbor, ME) and
allowed to rest approximately one week before initial exposures.
The NIOSH animal facility is an environmentally controlled
barrier facility fully accredited by the Association for the
Assessment and Accreditations of Laboratory Animal Care
International. Fungal suspensions were delivered by involuntary
aspiration as previously described [39]. Briefly, mice were
anesthetized with isoflurane and suspended on a slant board.
The tongue of the animal was held in full extension as a 50 mL
suspension of 26106 spores in PBS was placed at the base of the
tongue. The tongue was restrained briefly for approximately two
breaths while the mice inhaled the conidial suspension, after which
anesthetized mice were returned to the cage and allowed to
recover. To examine lung deposition of aspirated conidia, mice
were sacrificed one hour after aspiration, and lungs were inflated
with air, and tissue was fixed for histological analysis. To assess
responses to repeated exposures, mice aspirated conidia twice a
week for two weeks (Figure 1A, Figure 5A, and Figure 6a). Some
mice were challenged after a two week rest and others were
harvested with no final challenge. After the final challenge (d3 or
d40; Figure 1A, Figure 5A, and Figure 6a) mice were sacrificed
with an intraperitoneal injection of sodium pentobarbital and the
lungs were perfused with 10 mL PBS prior to collection of
bronchoalveolar lavage fluid (BALF). For histological preparation,
lungs were perfused with 5 mL of PBS followed by further
perfusion and inflation of the lungs with 10% buffered formalin
phosphate (5 mL and 1 mL, respectively) (Fisher Scientific, Fair
Lawn, NJ). Tissue processing, embedding, and hematoxylin and
eosin (H&E) staining was performed by the West Virginia
University Tissue Bank (Morgantown, WV). To detect fungal
germination in the lungs, Grocott’s Methanamine Silver (GMS)
PLoS ONE | www.plosone.org

Intracellular cytokine staining
All reagents were obtained by BD biosciences unless otherwise
specified. T-cell cytokine production was determined by fluorescent intracellular cytokine staining (ICS) as previously described
[41]. Briefly, the BALF suspension was centrifuged for 5 min at
1500 rpm and washed in 1 mL of complete medium. The
supernatant was discarded and a solution of Leukocyte Activation
Cocktail with GolgiPlug in 0.2 mL complete medium was added
to each sample for stimulation of cytokine production and
simultaneous inhibition of cytokine secretion. Cells were incubated
9
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at 37uC for 4 hrs. After incubation, the cells were washed in FACS
buffer and stained for flow cytometry using rat-anti-mouse CD4
PerCP and rat-anti-mouse CD8 FITC on ice. After a 30 min
incubation, cells were washed in FACS buffer and centrifuged,
and cell pellets were resuspended in BD Cytofix/Cytoperm for
15 minutes to allow for fixation and permeabilization required for
subsequent intracellular cytokine staining. Cells were washed with
1 mL BD Permwash, and resuspended in Permwash. Each sample
was equally divided into two tubes and stained with rat-anti-mouse
IFN-c APC and rat-anti-mouse IL-4 PE, or with control isotype
antibodies (eBioscience, San Diego, CA). Cell populations were
analyzed on a BD FACSCalibur, with lymphocytes gated on the
basis of low forward and side scatter, then subsequently gated on
CD4+ or CD8+ populations to determine intracellular expression
of cytokines.

Supporting Information
Figure S1 Lung deposition of fungal conidia. Mice were
sacrificed one hour after a single aspiration with 26106 conidia
from A. versicolor or A. fumigatus, and lung tissues were inflated with
air and fixed with formalin. Paraffin-embedded sections were
GMS stained to determine the pattern of lung deposition. A, saline
control. B, A. versicolor. C, A. fumigatus. Panels are representative of
3 mice per group with one lung section analyzed per animal.
(TIF)
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3. Latgé JP (1999) Aspergillus fumigatus and aspergillosis. Clinical microbiology
reviews 12: 310–350.
4. Bhabhra R, Askew DS (2005) Thermotolerance and virulence of Aspergillus
fumigatus: role of the fungal nucleolus. Med Mycol 43 Suppl 1: S87–93.
5. Cusumano V, Costa GB, Seminara S (1990) Effect of aflatoxins on rat peritoneal
macrophages. Applied and Environmental Microbiology 56: 3482–3484.
6. Mullbacher A, Waring P, Eichner RD (1985) Identification of an agent in
cultures of Aspergillus fumigatus displaying anti-phagocytic and immunomodulating activity in vitro. Journal of General Microbiology 131: 1251–1258.
7. Tomee JF, Kauffman HF (2000) Putative virulence factors of Aspergillus fumigatus.
Clin Exp Allergy 30: 476–484.
8. Green BJ, Mitakakis TZ, Tovey ER (2003) Allergen detection from 11 fungal
species before and after germination. Journal of Allergy and Clinical
Immunology 111: 285–289.
9. Hohl TM, Van Epps HL, Rivera A, Morgan LA, Chen PL, et al. (2005)
Aspergillus fumigatus triggers inflammatory responses by stage-specific beta-glucan
display. PLoS Pathogens 1: e30.
10. Bhabhra R, Miley MD, Mylonakis E, Boettner D, Fortwendel J, et al. (2004)
Disruption of the Aspergillus fumigatus gene encoding nucleolar protein CgrA impairs
thermotolerant growth and reduces virulence. Infect Immun 72: 4731–4740.
11. Richie DL, Hartl L, Aimanianda V, Winters MS, Fuller KK, et al. (2009) A role
for the unfolded protein response (UPR) in virulence and antifungal
susceptibility in Aspergillus fumigatus. PLoS Pathog 5: e1000258.
12. Bonnett CR, Cornish EJ, Harmsen AG, Burritt JB (2006) Early neutrophil
recruitment and aggregation in the murine lung inhibit germination of Aspergillus
fumigatus Conidia. Infect Immun 74: 6528–6539.
13. Mircescu MM, Lipuma L, van Rooijen N, Pamer EG, Hohl TM (2009) Essential
role for neutrophils but not alveolar macrophages at early time points following
Aspergillus fumigatus infection. J Infect Dis 200: 647–656.
14. Cenci E, Mencacci A, Bacci A, Bistoni F, Kurup VP, et al. (2000) T cell
vaccination in mice with invasive pulmonary aspergillosis. J Immunol 165:
381–388.
15. Perruccio K, Tosti A, Burchielli E, Topini F, Ruggeri L, et al. (2005)
Transferring functional immune responses to pathogens after haploidentical
hematopoietic transplantation. Blood 106: 4397–4406.
16. Beck O, Topp MS, Koehl U, Roilides E, Simitsopoulou M, et al. (2006)
Generation of highly purified and functionally active human TH1 cells against
Aspergillus fumigatus. Blood 107: 2562–2569.
17. Chaudhary N, Staab JF, Marr KA (2010) Healthy human T-Cell Responses to
Aspergillus fumigatus antigens. PLoS One 5: e9036.
18. Hebart H, Bollinger C, Fisch P, Sarfati J, Meisner C, et al. (2002) Analysis of Tcell responses to Aspergillus fumigatus antigens in healthy individuals and patients
with hematologic malignancies. Blood 100: 4521–4528.

PLoS ONE | www.plosone.org

19. Rivera A, Van Epps HL, Hohl TM, Rizzuto G, Pamer EG (2005) Distinct
CD4+T-cell responses to live and heat-inactivated Aspergillus fumigatus conidia.
Infection and immunity 73: 7170–7179.
20. Murdock BJ, Shreiner AB, McDonald RA, Osterholzer JJ, White ES, et al.
(2011) Coevolution of TH1, TH2, and TH17 Responses during Repeated
Pulmonary Exposure to Aspergillus fumigatus Conidia. Infect Immun 79:
125–135.
21. Woodland DL, Scott I (2005) T cell memory in the lung airways. Proc Am
Thorac Soc 2: 126–131.
22. Cenci E, Mencacci A, Del Sero G, Bacci A, Montagnoli C, et al. (1999)
Interleukin-4 causes susceptibility to invasive pulmonary aspergillosis through
suppression of protective type I responses. J Infect Dis 180: 1957–1968.
23. Cenci E, Mencacci A, Fe d’Ostiani C, Del Sero G, Mosci P, et al. (1998)
Cytokine- and T helper-dependent lung mucosal immunity in mice with invasive
pulmonary aspergillosis. J Infect Dis 178: 1750–1760.
24. Hogaboam CM, Blease K, Mehrad B, Steinhauser ML, Standiford TJ, et al.
(2000) Chronic airway hyperreactivity, goblet cell hyperplasia, and peribronchial
fibrosis during allergic airway disease induced by Aspergillus fumigatus. American
Journal of Pathology 156: 723–732.
25. Kurup VP, Mauze S, Choi H, Seymour BW, Coffman RL (1992) A murine
model of allergic bronchopulmonary aspergillosis with elevated eosinophils and
IgE. Journal of Immunology 148: 3783–3788.
26. Mehlhop PD, van de Rijn M, Goldberg AB, Brewer JP, Kurup VP, et al. (1997)
Allergen-induced bronchial hyperreactivity and eosinophilic inflammation occur
in the absence of IgE in a mouse model of asthma. Proceedings of the National
Academy of Sciences of the United States of America 94: 1344–1349.
27. Kurup VP, Murali PS, Guo J, Choi H, Banerjee B, et al. (1997) Anti-interleukin
(IL)-4 and -IL-5 antibodies downregulate IgE and eosinophilia in mice exposed
to Aspergillus antigens. Allergy 52: 1215–1221.
28. Zelante T, Bozza S, De Luca A, D’Angelo C, Bonifazi P, et al. (2009) Th17 cells
in the setting of Aspergillus infection and pathology. Med Mycol 47 Suppl 1:
S162–169.
29. Ramadan G, Davies B, Kurup VP, Keever-Taylor CA (2005) Generation of
cytotoxic T cell responses directed to human leucocyte antigen Class I restricted
epitopes from the Aspergillus f16 allergen. Clin Exp Immunol 140: 81–91.
30. Tao J, Segal BH, Eppolito C, Li Q, Dennis CG, et al. (2006) Aspergillus fumigatus
extract differentially regulates antigen-specific CD4+ and CD8+ T cell responses
to promote host immunity. J Leukoc Biol 80: 529–537.
31. Greenberger PA (2004) Mold-induced hypersensitivity pneumonitis. Allergy and
Asthma Proceedings 25: 219–223.
32. Kradin RL, Mark EJ (2008) The pathology of pulmonary disorders due to
Aspergillus spp. Arch Pathol Lab Med 132: 606–614.
33. Huffnagle GB, Yates JL, Lipscomb MF (1991) Immunity to a pulmonary
Cryptococcus neoformans infection requires both CD4+ and CD8+ T cells. J Exp
Med 173: 793–800.
34. Lindell DM, Moore TA, McDonald RA, Toews GB, Huffnagle GB (2005)
Generation of antifungal effector CD8+ T cells in the absence of CD4+ T cells
during Cryptococcus neoformans infection. J Immunol 174: 7920–7928.

10

April 2011 | Volume 6 | Issue 4 | e18777

Role of Germination in Airway T-Cell Responses

35. Ma LL, Spurrell JC, Wang JF, Neely GG, Epelman S, et al. (2002) CD8 T cellmediated killing of Cryptococcus neoformans requires granulysin and is dependent on
CD4 T cells and IL-15. J Immunol 169: 5787–5795.
36. Hogan RJ, Usherwood EJ, Zhong W, Roberts AA, Dutton RW, et al. (2001)
Activated antigen-specific CD8+ T cells persist in the lungs following recovery
from respiratory virus infections. J Immunol 166: 1813–1822.
37. Hogan RJ, Zhong W, Usherwood EJ, Cookenham T, Roberts AD, et al. (2001)
Protection from respiratory virus infections can be mediated by antigen-specific
CD4(+) T cells that persist in the lungs. J Exp Med 193: 981–986.
38. Aimanianda V, Bayry J, Bozza S, Kniemeyer O, Perruccio K, et al. (2009)
Surface hydrophobin prevents immune recognition of airborne fungal spores.
Nature 460: 1117–1121.

PLoS ONE | www.plosone.org

39. Rao GV, Tinkle S, Weissman DN, Antonini JM, Kashon ML, et al. (2003)
Efficacy of a technique for exposing the mouse lung to particles aspirated from
the pharynx. J Toxicol Environ Health A 66: 1441–1452.
40. Stevens WW, Kim TS, Pujanauski LM, Hao X, Braciale TJ (2007) Detection
and quantitation of eosinophils in the murine respiratory tract by flow
cytometry. J Immunol Methods 327: 63–74.
41. Foster B, Prussin C, Liu F, Whitmire JK, Whitton JL (2007) Detection of
intracellular cytokines by flow cytometry. Curr Protoc Immunol Chapter 6: Unit
6 24.

11

April 2011 | Volume 6 | Issue 4 | e18777

