
Interleukin 1� Is Critical for Resistance
against Highly Virulent Aspergillus
fumigatus Isolates

Alayna K. Caffrey-Carr,a,b Caitlin H. Kowalski,b Sarah R. Beattie,b

Nathan A. Blaseg,a Chanell R. Upshaw,c Arsa Thammahong,b Hannah E. Lust,b

Yi-Wei Tang,d,e Tobias M. Hohl,e,f Robert A. Cramer,b Joshua J. Obarb

Montana State University, Department of Microbiology and Immunology, Bozeman, Montana, USAa; Geisel
School of Medicine at Dartmouth, Department of Microbiology and Immunology, Lebanon, New Hampshire,
USAb; Department of Microbiology, Miami University, Oxford, Ohio, USAc; Department of Laboratory Medicine,
Clinical Microbiology Service, Memorial Sloan Kettering Cancer Center, New York, New York, USAd;
Department of Medicine, Infectious Disease Service, Memorial Sloan Kettering Cancer Center, New York, New
York, USAe; Immunology Program, Sloan Kettering Institute, Memorial Sloan Kettering Cancer Center, New
York, New York, USAf

ABSTRACT Heterogeneity among Aspergillus fumigatus isolates results in unique vir-
ulence potential and inflammatory responses. How these isolates drive specific im-
mune responses and how this affects fungally induced lung damage and disease
outcome are unresolved. We demonstrate that the highly virulent CEA10 strain is
able to rapidly germinate within the immunocompetent lung environment, inducing
greater lung damage, vascular leakage, and interleukin 1� (IL-1�) release than the
low-virulence Af293 strain, which germinates with a lower frequency in this environ-
ment. Importantly, the clearance of CEA10 was consequently dependent on IL-1�, in
contrast to Af293. The release of IL-1� occurred by a caspase 1/11- and P2XR7-indepen-
dent mechanism but was dependent on calpain activity. Our finding that early fun-
gal conidium germination drives greater lung damage and IL-1�-dependent inflam-
mation is supported by three independent experimental lines. First, pregermination
of Af293 prior to in vivo challenge drives greater lung damage and an IL-1�-dependent
neutrophil response. Second, the more virulent EVOL20 strain, derived from Af293, is
able to germinate in the airways, leading to enhanced lung damage and IL-1�-
dependent inflammation and fungal clearance. Third, primary environmental A. fu-
migatus isolates that rapidly germinate under airway conditions follow the same
trend toward IL-1� dependency. Our data support the hypothesis that A. fumigatus
phenotypic variation significantly contributes to disease outcomes.
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Aspergillus fumigatus is a ubiquitous mold whose conidia humans inhale on a daily
basis. An individual with a sufficient immune response clears the conidia from the

body without the conidia causing disease. In immunocompromised populations, the
anti-Aspergillus immune response is altered, leading to a significant risk of developing
invasive aspergillosis (IA). Patients at an increased risk of developing IA include those
receiving chemotherapy treatments for cancer as well as patients receiving immuno-
suppressive regimens for hematopoietic stem cell transplants or solid-organ transplants
(1). Additionally, individuals with primary immunodeficiencies, such as chronic granu-
lomatous disease, which alter antifungal effector pathways are highly susceptible to IA
(2–4). In all these contexts, prolonged leukopenia or altered leukocyte function is a
major risk factor for IA. For multiple reasons, which include difficulty in diagnosis and
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a limited repertoire of antifungal drugs for clinical use (1, 5), the mortality rate from IA
remains at between 30 and 50% (6–10). Thus, novel stand-alone or adjunctive therapeutic
options are sought after for the treatment of IA. One line of research that holds great
promise for improving IA outcomes is modulation of the host immune response (11–15).

Typically, in an immunocompetent individual, conidia are removed through mucociliary
action, and the physical barriers within the respiratory tract prevent conidia from entering
the lung environment. If this primary barrier is bypassed, airway epithelial cells and
lung-resident macrophages comprise the first line of defense against inhaled conidia, while
neutrophils and inflammatory monocytes are then sequentially recruited to the site to
prevent fungal growth (16, 17). Defining the immunological events that are necessary for
A. fumigatus conidia to be cleared from the lungs without excessive and immune-mediated
lung damage is a critical step toward understanding how the response is altered in different
immunocompromised populations. Ultimately, this understanding will be required for the
development of immunomodulatory therapies for the treatment of IA.

Interleukin 1 (IL-1) has been shown to be important for host defense against
numerous fungal infections, including histoplasmosis, candidiasis, and aspergillosis
(18–27). Additionally, single-nucleotide polymorphisms in the IL-1 gene cluster have
been shown to be associated with greater risks of patients developing IA (28, 29), while
polymorphisms in the NLRP3 gene were associated with recurrent vulvovaginal candi-
diasis in a subset of women (30). The IL-1 gene cluster codes for IL-1�, IL-1�, as well as
the IL-1 receptor antagonist (IL-1ra), all of which can bind to IL-1 receptor type I (IL-1RI)
(31). In several different disease models, IL-1� and IL-1� have been shown to have
different inflammatory activities (19, 22, 32–34).

Following A. fumigatus challenge, IL-1RI- and MyD88-dependent signals are necessary
for optimal leukocyte recruitment and antifungal effector functions to prevent the devel-
opment of fungal growth and disease (22, 35, 36). However, there is controversy in the
literature concerning the specific roles of IL-1� and IL-1� in the prevention of fungal growth
and disease (22, 26, 27). The differing conclusions drawn from those studies could be due
to a number of factors, including different host immune statuses in the murine models
used, different strains of fungi used, and/or different morphologies of the fungi used. Most
notably, in those studies, different Aspergillus fumigatus strains were used, CEA10 (22) and
Af293 (26, 27). It was recently shown that Af293 is significantly less virulent than CEA10 in
the triamcinolone model of IA (37). Moreover, both the inflammatory response elicited by
these strains and the mortality associated with each strain significantly differed in immu-
nocompetent mice (38). However, the mechanism(s) behind how different inflammatory
responses are induced by different A. fumigatus strains is unknown.

Here, we explore the role of IL-1� in maintaining host resistance to A. fumigatus using
an array of strains and isolates. We demonstrate that A. fumigatus strains and isolates that
can rapidly germinate within the lung environment induced higher levels of pulmonary
damage, which corresponded with a requirement for IL-1� for the prevention of fungal
growth and mortality. In contrast, A. fumigatus strains and isolates that undergo limited
germination within the lungs of immunocompetent mice drive lower levels of pulmonary
damage and can be controlled through an IL-1�-independent mechanism. Intriguingly,
germlings of a less pathological and less virulent isolate are sufficient to induce greater
lung damage and an IL-1�-dependent inflammatory response, which is likely due to
increased cytotoxicity to macrophages. Finally, calpain activity, rather than caspase
1/11 activity or P2XR7 signaling, was necessary for IL-1� release. Thus, our data
highlight a role for early pathogen adaptation and growth in the pulmonary environ-
ment in establishing the host inflammatory pathways that are necessary to maintain
resistance against this ubiquitous and increasingly important human pathogen.

RESULTS
The CEA10 and Af293 strains of A. fumigatus induce different levels of lung

damage and inflammation. Previous reports indicated variation in virulence among
the commonly studied “wild-type” Aspergillus fumigatus strains CEA10 and Af293 (37,
38). To examine the overall lung damage induced by each of these strains in an
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immunocompetent pulmonary inhalation model of Aspergillus fumigatus infection,
C57BL/6 mice were challenged with 4 � 107 conidia of CEA10 or Af293. We noted that
by 24 h postinoculation (hpi), lungs from mice challenged with CEA10 appeared to
have more edema and, overall, appeared more damaged than did lungs from mice
challenged with Af293 (Fig. 1A). Histological analysis of lungs 40 h after challenge with
CEA10 displayed markedly greater inflammatory cell recruitment than did lungs from
Af293-challenged animals (Fig. 1A). Moreover, blood vessels in the lungs of Af293-
challenged mice appeared to be intact (Fig. 1A). To quantitatively assess lung damage
and vascular leakage, we measured lactate dehydrogenase (LDH) and albumin levels,
respectively, in bronchoalveolar lavage fluid (BALF) (39, 40). Mice inoculated with
CEA10 had significantly higher levels of LDH and albumin in their BALF than did mice
inoculated with Af293 by 12 hpi (Fig. 1B), indicating greater lung damage and vascular
leakage, respectively. IL-1� is a cytokine that is constitutively expressed in cells and is
typically released in highly pathological situations, such as during necrotic or necrop-
totic cell death (31, 41). Given the role of IL-1� in driving inflammation during highly
pathological inflammatory responses, we wanted to know whether IL-1� protein levels
were also differentially abundant after exposure to CEA10 or Af293. IL-1� protein levels
were significantly higher in the lungs of CEA10-inoculated mice than in Af293-
inoculated lungs at 12 hpi (Fig. 1C). Furthermore, using Spearman’s rank-order corre-
lation analysis, we found a positive correlation between the amount of IL-1� protein in
the lung and the amount of LDH in the BALF following A. fumigatus exposure (Spear-
man’s rho [r] � 0.8846; P � 0.0001) (Fig. 1D). Values on the higher end of the correlation
plot were obtained from mice inoculated with CEA10 (Fig. 1D, blue dots), whereas

FIG 1 CEA10 and Af293 induce different levels of pulmonary damage. C57BL/6 mice were challenged i.t. with 4 � 107 CEA10 or Af293 conidia. (A) At 24 or 40
hpi, mice were euthanized, and lungs were removed to observe the gross pathology of infected lungs at 24 h or for histological analysis of inflammation by
H&E staining at 40 h in C57BL/6 mice infected with CEA10 (left) or Af293 (right). (B) At 12 hpi, mice were euthanized, BALF was collected, and lung tissue was
homogenized. Lung damage and leakage were quantified by measuring LDH and albumin levels, respectively, in the BALF. (C) IL-1� levels in the lung
homogenate. (D) Spearman rank-order correlation for LDH and IL-1� levels in mice infected with CEA10 (blue dots) or Af293 (red dots) (Spearman r � 0.8846;
P � 0.0001). Data are representative of results from at least 2 independent experiments with at least 5 mice per group. Bar graphs show group means � 1
standard error of the mean. Statistically significant differences in panel B were determined by using Kruskal-Wallis one-way ANOVA with Dunn’s posttest.
Statistically significant differences in panel C were determined by using a Mann-Whitney U test (*, P � 0.05; **, P � 0.01).
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values on the lower end of the plot were obtained from mice inoculated with Af293
(red dots), suggesting that the CEA10 strain is more pathological than the Af293 strain,
which corresponds to the release of the IL-1� protein.

IL-1�-dependent neutrophil recruitment and fungal clearance are fungal strain
dependent. While the importance of IL-1RI/MyD88 signaling in host resistance against

A. fumigatus infection is unequivocal (22, 35, 42), the specific roles of IL-1� and IL-1� for
the prevention of fungal growth and disease are controversial in the literature (22, 26,
27). Previously, our laboratory showed that IL-1� was critical for host resistance against
A. fumigatus infection, but Pycard (apoptosis-associated speck-like protein containing a
CARD [ASC]) was largely dispensable (22). In contrast, Karki and colleagues found that
Pycard (ASC) and Casp1/11 (caspase 1/11) were essential for host resistance against A.
fumigatus infection downstream of the NLRP3 and AIM2 sensors (26). The inflam-
masomes are critical for the maturation and secretion of both IL-1� and IL-18. Karki and
colleagues showed that IL-1�-deficient mice are more susceptible to A. fumigatus
challenge, whereas IL-18-deficient mice survive infection, similarly to controls (26). In
those studies, the major difference was the strain of A. fumigatus used, CEA10 in our
studies and Af293 in the studies by Karki and colleagues. We have now shown that the
CEA10 strain induces greater inflammation and lung damage than Af293 in immuno-
competent mice (Fig. 1) (38). Thus, to address whether the increase in IL-1� protein
levels observed following CEA10 challenge was immunologically relevant, we chal-
lenged C57BL/6, Il1a�/�, Pycard�/� (ASC-deficient), and Il1r1�/� mice with 4 � 107

conidia of either CEA10 or Af293. Twelve hours after fungal challenge, BALF was
collected to assess macrophage and neutrophil numbers in the airways. Il1r1�/� mice
had a defect in neutrophil recruitment when challenged with either CEA10 or Af293,
whereas macrophage numbers were similar (Fig. 2A and B). Thus, IL-1 signaling is
essential for driving the accumulation of neutrophils in the airways following A.
fumigatus challenge in response to multiple A. fumigatus strains, similar to what was
previously observed (22, 35). Interestingly, Il1a�/� mice had a defect in neutrophil
recruitment only when inoculated with CEA10 (Fig. 2A). In contrast, Pycard�/� (ASC-
deficient) mice were impaired in neutrophil recruitment to the airways only following
inoculation with Af293 (Fig. 2B). Taken together, these data demonstrate that the
CEA10 strain induces IL-1�-dependent neutrophil recruitment, while Af293 drives
inflammasome-dependent neutrophil recruitment early after challenge, clarifying the
findings of previously reported work (22, 26, 27).

Because neutrophils are widely acknowledged to be critical effector cells in medi-
ating the clearance of A. fumigatus from the lungs, we hypothesized that following
CEA10 challenge, the control of fungal growth and tissue invasion would be IL-1�

dependent, while Af293 would be controlled in an IL-1�-independent manner. To test
this, C57BL/6 mice and Il1a�/� mice were challenged with 4 � 107 conidia of CEA10 or
Af293. At 42 hpi, lungs were collected for histological analysis to assess fungal growth
by Grocott-Gomori’s methenamine silver (GMS) staining. Following CEA10 challenge,
there was significantly greater fungal germination and significantly greater tissue
invasion in the absence of IL-1� than in C57BL/6 mice (Fig. 2C, top). In contrast, after
Af293 challenge, both C57BL/6 and IL-1�-deficient mice were able to control fungal
growth (Fig. 2C, bottom). Although both CEA10 and Af293 are typically cleared from
C57BL/6 lungs, mice challenged with CEA10 consistently had greater fungal growth at
42 hpi: approximately 10 to 20% of the stained fungi were germinated (Fig. 2C, top),
while almost no fungal germination (�2%) was observed following Af293 challenge at
this time point (Fig. 2C, bottom). The enhanced fungal growth in the lungs of IL-1�-
deficient mice challenged with the CEA10 strain corresponded to increased mortality,
which was not seen with the Af293 strain (Fig. 2D). Taken together, these results
demonstrate that the CEA10 strain of A. fumigatus drives neutrophil recruitment and
the control of fungal germination through an IL-1�-dependent mechanism, whereas
neutrophil recruitment and the control of fungal germination of the Af293 strain occurs
in an IL-1�-independent manner.
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IL-1� is produced by radiosensitive cells after A. fumigatus challenge. To deter-
mine which cells contribute to the production of IL-1� after A. fumigatus challenge, we
made a series of bone marrow chimeric mice. C57BL/6 and Il1a/b�/� mice were lethally
irradiated and then reconstituted with either C57BL/6 or Il1a/b�/� bone marrow
intravenously to develop the following groups: C57BL/6 mice possessing C57BL/6 bone

FIG 2 Il1a�/� mice are more susceptible to infection by CEA10 than by Af293. (A and B) C57BL/6, Il1a�/�, Pycard�/�, or Il1r1�/� mice were challenged with 4 � 107

conidia of either CEA10 or Af293. At 12 hpi, mice were euthanized, and BALF was collected for the quantification of macrophage and neutrophil recruitment to the
airways. Data are representative of results from 1 to 2 experiments with 5 to 7 mice per group. Bar graphs show group means � 1 standard error of the mean. (C)
At 42 hpi, mice were euthanized, and lungs were saved for histological analysis. Formalin-fixed lungs were paraffin embedded, sectioned, and stained with GMS for
analysis by microscopy. Representative lung sections from C57BL/6 mice (left) or Il1a�/� mice (right) infected with CEA10 (top) or Af293 (bottom) are shown with a
40� objective. A. fumigatus germination rates were determined by microscopically counting both the number of conidia and the number of germlings in GMS-stained
sections. (D) Survival analysis of CEA10 and Af293 in immunocompetent C57BL/6 or Il1a�/� mice that had been inoculated with 5 � 107 conidia given intratracheally.
**, P � 0.0016 by a log rank test. Statistical significance in panels A and B was determined by using one-way ANOVA with Bonferroni’s posttest (*, P � 0.05; **, P �
0.01; ***, P � 0.001). Statistical significance in panel C was determined by using a Mann-Whitney U test (ns, not significant; *, P � 0.05).
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marrow, Il1a/b�/� mice possessing Il1a/b�/� bone marrow, C57BL/6 mice possessing
Il1a/b�/� bone marrow, and Il1a/b�/� mice possessing C57BL/6 bone marrow. Mice
were then rested for 6 to 8 weeks prior to challenge with 4 � 107 conidia of CEA10. At
12 hpi, mice were euthanized, and lungs were collected to measure IL-1� levels. As
expected, C57BL/6 mice possessing C57BL/6 bone marrow were able to produce IL-1�,
while Il1a/b�/� mice possessing Il1a/b�/� bone marrow could not produce IL-1� in the
lungs (Fig. 3). Interestingly, mice that were devoid of IL-1� in radiosensitive cells had
significantly decreased levels of IL-1� protein in the lungs, whereas mice lacking IL-1�

in radioresistant cells had levels of IL-1� protein comparable to those of C57BL/6 mice
(Fig. 3). Similarly, levels of IL-1� protein in the airways were dependent on a radiosen-
sitive cell (data not shown). These data show that radiosensitive cells are the major
source of IL-1� after challenge with A. fumigatus.

Aspergillus fumigatus germlings are more cytotoxic to macrophages, resulting
in greater IL-1� release. We have previously shown that following A. fumigatus
inoculation, IL-1� secretion is dependent on the presence of CCR2� monocytes (22).
Thus, we next wanted to determine if Af293 and CEA10 were interacting differently
with macrophages in an in vitro system. Swollen conidia or germlings of Af293 and
CEA10 were incubated with bone marrow-derived macrophages (BMDM) from C57BL/6
mice at a 10:1 ratio for 24 h. Interestingly, swollen Af293 conidia induced low levels of
IL-1� and LDH release from BMDM cells compared to those induced by swollen CEA10
conidia (Fig. 4A). In contrast, Af293 germlings induced levels of IL-1� and LDH release
from BMDM that were similar to those induced by CEA10 germlings (Fig. 4A). The
fungal factor(s) important for driving IL-1 cytokine release is poorly understood. Previ-
ous work suggested that Dectin-1 recognition of the �1,3-glucan molecules of the A.
fumigatus cell wall is critical for inflammatory cytokine release, including both IL-1� and
IL-1� (43). To test whether Aspergillus fumigatus had to be alive or whether cell wall
alterations between the fungal growth stages were necessary to drive IL-1� secretion
from BMDM, swollen conidia or germlings of Af293 and CEA10 were UV inactivated
prior to their coculture with BMDM. Interestingly, we found that UV-inactivated swollen
conidia and germlings were unable to induce IL-1� release from BMDM (Fig. 4B). These
data demonstrate that different morphotypes of A. fumigatus strains can drive specific

FIG 3 Cells of hematopoietic origin contribute to IL-1� production after challenge with A. fumigatus in
vivo. Bone marrow chimeric mice were made by irradiating C57BL/6 and Il1a/b�/� mice and reconsti-
tuting the mice with bone marrow from either C57BL/6 or Il1a/b�/� mice to develop the following
groups: C57BL/6¡C57BL/6, Il1a/b�/�¡Il1a/b�/�, C57BL/6¡Il1a/b�/�, and Il1a/b�/�¡C57BL/6. These
mice were infected i.t. with 4 � 107 CEA10 conidia, and at 12 hpi, mice were euthanized, and lung tissue
was homogenized to quantitate IL-1� levels by using an ELISA. Data are representative of results from
at least 2 independent experiments consisting of 5 to 7 mice per group. Each graph shows data for
individual mice as symbols, with the lines representing group means � 1 standard error of the mean.
Statistical significance was determined by using Kruskal-Wallis one-way ANOVA with Dunn’s posttest (***,
P � 0.001; ****, P � 0.0001).
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IL-1� and damage responses from macrophages; moreover, metabolically active fungi
are required to drive the IL-1� response from macrophages, which suggests that
alterations in the fungal cell wall and carbohydrate exposure are not essential for the
differences observed between fungal strains and morphotypes.

Aspergillus fumigatus induces macrophage IL-1� release through a calpain-
dependent mechanism. Both IL-1� and IL-1� are produced as precursor proteins, but
their maturation process and secretion from cells occur by distinct pathways. It is well
established that the NLRP3 (26, 27, 44) and AIM2 (26) inflammasomes are critical for
IL-1� secretion, but the pathways critical for IL-1� secretion during fungal infections
have not been well elucidated. Gross and colleagues previously showed that IL-1� can
be released through both inflammasome-dependent and -independent pathways (45).
Thus, we wanted to test whether or not IL-1� release following A. fumigatus challenge
was caspase 1/11 dependent. Germlings of Af293 and CEA10 were incubated with
BMDM derived from C57BL/6 or Casp1/11�/� mice at a 10:1 ratio for 24 h. We found
that caspase 1/11 molecules were not necessary for IL-1� release but were essential for
IL-1� secretion (Fig. 5A). This finding fits with our previous observation that Pycard-
deficient mice do not have a decrease in IL-1� secretion into their airways (22).

Alternatively, Dagvadorj and colleagues showed that lipopolysaccharide (LPS) drives
alveolar macrophage cell death and IL-1� release through a P2X7R-dependent mechanism
(46). Thus, we wanted to test whether or not P2X7R was necessary for IL-1� release
following A. fumigatus challenge. Germlings of Af293 and CEA10 were incubated with
BMDM derived from C57BL/6 or P2rx7�/� mice at a 10:1 ratio for 24 h. We found that
P2rx7�/� BMDM secreted at least equivalent levels of both IL-1� and IL-1� (Fig. 5B).
Moreover, in vivo challenge of P2rx7�/� mice with the CEA10 strain of A. fumigatus did not
result in decreased IL-1 cytokine release into the BALF at either 12 h postinoculation
(6.6 � 1.1 pg/ml IL-1� in C57BL/6 mice versus 9.6 � 0.9 pg/ml IL-1� in P2rx7�/�

mice and 341.9 � 23.8 pg/ml IL-1� in C57BL/6 mice versus 510.7 � 39.9 pg/ml IL-1�

in P2rx7�/� mice) or 40 h postinoculation (59.6 � 20.8 pg/ml IL-1� in C57BL/6 mice versus
87.7 � 8.1 pg/ml IL-1� in P2rx7�/� mice and 410.8 � 123.8 pg/ml IL-1� in C57BL/6 mice
versus 632.2 � 86.2 pg/ml IL-1� in P2rx7�/� mice). Thus, it does not appear that P2X7R is
necessary for the IL-1 cytokine response after A. fumigatus challenge.

Although both the full-length precursor form of IL-1� (p33) and the cleaved mature
form of IL-1� (p17) can bind to IL-1RI to initiate downstream signaling, p17 has nearly a
50-fold-higher binding affinity for IL-1RI (47). Cleavage of p33 to the mature p17 form

FIG 4 IL-1� production from macrophages is dependent on live A. fumigatus fungi. (A) BMDM were incubated with swollen conidia or germlings of Af293 or
CEA10 for 24 h, and the supernatant was collected to quantify IL-1� and LDH levels. (B) BMDM were incubated with swollen conidia or germlings of Af293 or
CEA10 that were either untreated or UV inactivated. In both cases, BMDM were cocultured with A. fumigatus for 24 h, at which point the supernatants were
collected to quantify IL-1� secretion. Data are representative of results from 2 independent experiments consisting of 6 biological replicates per group. Bar
graphs show group means � 1 standard error of the mean. Statistical significance in panel A was determined by using two-way ANOVA with a Tukey posttest
(*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). Statistical significance in panel B was determined by using two-way ANOVA with a Tukey posttest
for comparisons of live A. fumigatus fungi (***, P � 0.001) or for comparisons between live and UV-inactivated A. fumigatus fungi (#, P � 0.05; ###, P � 0.001).
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occurs through calpain, a calcium-dependent protease (48, 49). To determine if calpain
cleavage contributes to IL-1� secretion from macrophages following A. fumigatus exposure,
BMDM were incubated with germlings of CEA10 or Af293 in the presence or absence of the
calpain inhibitor calpeptin (30 �M) or MDL28170 (40 �M). In the presence of calpain
inhibition, IL-1� secretion from macrophages was significantly decreased in response to
swollen conidia and germlings of both Af293 and CEA10 (Fig. 5C). Unexpectedly, IL-1�

secretion from macrophages was also decreased following calpain inhibition (Fig. 5C).
Taken together, these results suggest that calpain activity contributes to IL-1 secretion from
macrophages following interaction with A. fumigatus.

Early germination of the CEA10 strain of A. fumigatus within the lung environ-
ment corresponds to its greater virulence and lung damage potential. In A.
fumigatus infection models, resting conidia are instilled into the airways, where they
can begin to swell and subsequently begin polarized cell growth, forming germlings

FIG 5 IL-1 cytokine production from macrophages is dependent on calpain activity and independent of caspase 1/11 activity and P2X7R signaling. (A) BMDM
from either C57BL/6 or Casp1/11-deficient mice were incubated with germlings of Af293 or CEA10 for 24 h, at which point the supernatants were collected to
quantify levels of IL-1� and IL-1� secretion. (B) BMDM from either C57BL/6 or P2x7r-deficient mice were incubated with germlings of Af293 or CEA10 for 24
h, at which point the supernatants were collected to quantify levels of IL-1� and IL-1� secretion. (C) BMDM from C57BL/6 mice were preincubated with the
vehicle (DMSO), 30 �M calpeptin, or 40 �M MDL28170, followed by overlaying the BMDM cells with germlings of Af293 or CEA10 for 24 h, at which point the
supernatants were collected to quantify levels of IL-1� and IL-1� secretion. Data are representative of results from 2 independent experiments consisting of
4 to 6 biological replicates per group. Bar graphs show group means � 1 standard error of the mean. Statistical significance was determined by using two-way
ANOVA with a Tukey posttest for comparisons between treatment groups and each A. fumigatus strain (***, P � 0.001; ****, P � 0.0001).
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and eventually hyphae if not controlled. Aspergillus hyphae are highly invasive and
express an array of secondary metabolites and hydrolytic enzymes that could be highly
damaging to the host (50). Based on our observation that A. fumigatus germlings were
highly cytotoxic and inflammatory when cocultured with BMDM, we wanted to exam-
ine whether the initial growth of CEA10 and Af293 was different within mouse lungs.
In BALF cytospins, we noted significant fungal material that was recovered from the
airways (Fig. 6) and included both conidia (white arrows) and germlings (black arrows).
As early as 6 h after challenge, CEA10 showed an increased ability to germinate within
the airway compared to Af293 (Fig. 6). CEA10 is able to germinate more extensively
under these conditions than Af293, which corresponds to its abilities to induce high
levels of lung damage and drive an IL-1�-dependent inflammatory response.

Heterogeneous germination of A. fumigatus isolates in vitro in lung homoge-
nate medium. Based on our in vivo observation that CEA10 germlings were more
prevalent in the airways at early times after instillation, we next sought to test whether
the CEA10 strain was better able to utilize the nutrients found in the respiratory tract.
It is well established that only certain carbon and nitrogen sources are able to trigger
Aspergillus species growth (51, 52). Since it is unclear which nutrients are available to
conidia upon instillation into the airways, we conducted our in vitro germination assay
with mouse lung homogenate medium. In line with our in vivo data, CEA10 was able
to germinate more extensively in lung homogenate medium than Af293 (Fig. 7A). This
is not caused by an inherent growth defect in the Af293 strain because it germinates
as extensively as the CEA10 strain in nutrient-rich medium (Fig. 7B). Thus, our data
support a role for inherent differences in nutrient sensing and/or utilization by A.
fumigatus strains in the airways of immunocompetent mice for their germination,
which corresponds to their pathological and inflammatory potential.

Our observations until now have been based on two commonly used reference
strains of A. fumigatus. To extend these observations, we screened a number of strains
and isolates of A. fumigatus that we previously studied (37) for their ability to germinate
in lung homogenate medium. Interestingly, the EVOL20 strain of A. fumigatus, which is
a more virulent strain recently generated by in vitro serial passaging of Af293 under
low-oxygen conditions (37), was able to germinate more extensively than its parent
strain Af293 in lung homogenate medium (Fig. 7C). Additionally, we found environ-
mental isolates of A. fumigatus that had either Af293-like germination potential
(W72310) or CEA10-like germination potential (02-10) (Fig. 7C). Thus, A. fumigatus

FIG 6 CEA10 germinates more efficiently than does Af293 in C57BL/6 airways. C57BL/6 mice were
challenged i.t. with 4 � 107 conidia of Af293 (top) or CEA10 (bottom). At 6 hpi, mice were euthanized,
and BALF was collected. BALF was spun onto slides and stained with a Differential Quik staining kit. White
arrows indicate conidia in the BALF, while black arrows indicate germlings. Fungal germination was
quantified by counting conidia and germlings on the slides and is represented as a percentage of the
fungal matter that was germinated. Each symbol represents data for an individual mouse, and the lines
represent the group means. Data were pooled from 3 independent experiments consisting of 5 to 8 mice
per group. Statistical significance was determined by using a Mann-Whitney U test (****, P � 0.0001).
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isolates display significant heterogeneity in their abilities to germinate under airway-
mimicking conditions in vitro, which may be an important determinant of fungal
virulence in immunocompetent mice.

The ability of A. fumigatus strains and isolates to germinate in lung homoge-
nate medium predicts in vivo airway germination and IL-1�-dependent fungal
clearance. To extend our work with the CEA10 and Af293 strains, we next wanted
to determine if the ability of A. fumigatus isolates to germinate in vitro in lung
homogenate medium could predict which isolates are more pathological and
virulent and induce IL-1�-dependent inflammation in an in vivo murine infection
model. To do this, C57BL/6 mice were inoculated with 4 � 107 conidia of either
Af293, CEA10, W72310, 02-10, or EVOL20. At 12 hpi, BALF was collected to analyze
fungal germination and levels of LDH and albumin in the airways. Strains and
isolates that were unable to germinate in lung homogenate medium (Af293 and
W72310) were similarly unable to germinate within the airways (Fig. 8A), whereas
strains and isolates that germinated extensively in lung homogenate medium
(CEA10, 02-10, and EVOL20) were also able to germinate within the lung airways
(Fig. 8B and C). Moreover, significantly higher levels of LDH and albumin were
present in the BALF of mice challenged with CEA10, 02-10, and EVOL20 (Fig. 8E and
F) than in the BALF of mice challenged with Af293 and W72310 (Fig. 8D). To test
whether the ability to germinate within the host is associated with an IL-1�-
dependent immune response, C57BL/6 mice and Il1a�/� mice were challenged with
4 � 107 conidia of either Af293, CEA10, W72310, 02-10, or EVOL20. At 42 hpi, lungs
were collected for histological analysis to determine fungal germination. GMS
staining of lung sections demonstrated that mice lacking IL-1� lost the ability to
control fungal growth and tissue invasion only when inoculated with the strains
and isolates that were able to rapidly germinate within the airways (CEA10, 02-10,
and EVOL20) (Fig. 8G; see also Fig. S1 in the supplemental material). Enhanced
fungal germination in IL-1�-deficient mice challenged with 02-10 corresponded
with 100% mortality (8/8 mice) within 2 days, while only �22% (2/9) of C57BL/6
mice succumbed to 02-10 infection in this time period (data not shown). In contrast,
mice deficient in IL-1� that were inoculated with Af293 and W72310 showed normal
control of fungal growth and germination (Fig. 8G and Fig. S1). Taken together, our
data reveal a specific role of IL-1� for the control of fungal germination in hosts

FIG 7 Heterogeneity in germination potentials of A. fumigatus isolates in lung homogenate medium. (A) Lung tissue from C57BL/6 mice was homogenized in
PBS and used as the medium for in vitro germination assays. The lung homogenate (LH) was diluted 1:4 with PBS and then inoculated with 2 � 107 conidia
of either CEA10 or Af293. Beginning at 4 h postinoculation, germination was quantified every 2 h by microscopically counting the numbers of conidia and
germlings. Data are represented as the percentage of fungal matter that was germinated. (B) To show that Af293 does not have an inherent germination defect,
2 ml of nutrient-rich medium containing 0.05% yeast extract (YE) was inoculated with 2 � 107 conidia of Af293 or CEA10, and a germination assay was
performed. In panels A and B, data are representative of results from at least 3 independent experiments consisting of 3 biological replicates per group. Each
symbol represents the group mean � 1 standard error of the mean. (C) Environmental isolates 02-10 and W72310, the microevolved Af293 strain EVOL20, and
our wild-type reference strains CEA10 and Af293 were used for germination assays with lung homogenate medium as described above for panel A. Data in
panel C were pooled from 3 independent experiments consisting of 3 biological replicates per group, except for EVOL20, for which the data were pooled from
2 independent experiments consisting of 3 biological replicates per group. Each symbol represents the group mean � 1 standard error of the mean.
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inoculated with strains and isolates of A. fumigatus that rapidly sense and grow in
the nutrient environment of the lung.

Af293 germlings are sufficient to induce greater lung damage and initiate an
IL-1�-dependent neutrophil response. Our data strongly suggest that the presence
of increased numbers of A. fumigatus germlings in the airways causes extensive
lung damage and an IL-1�-dependent inflammatory response. Because our analysis
until now has been correlative between the presence of fungal germlings and lung
damage, we next sought to address whether Af293 germlings are sufficient to
induce greater lung damage and IL-1�-dependent inflammation. To do this, Af293
conidia were pregerminated in liquid culture prior to instillation into mice. At the

FIG 8 A. fumigatus isolates that are able to germinate within the airways induce greater lung damage and IL-1�-dependent control of fungal germination. (A
to F) C57BL/6 mice were infected with 4 � 107 conidia of W72310 (A and D), 02-10 (B and E), or EVOL20 (C and F) along with our wild-type reference strains
CEA10 and Af293. At 12 hpi, mice were euthanized, and BALF was collected to quantify germination in the airways (A to C) and to measure LDH and albumin
levels to quantify lung damage and leakage, respectively (D to F). Data in panels A to F are representative of results from 2 independent experiments with 5
to 9 mice per group. Data are presented as box-and-whisker plots with Tukey whiskers and outliers displayed as dots. Statistical significance in panels A, B, D,
and E was determined by Kruskal-Wallis one-way ANOVA with Dunn’s posttest (*, P � 0.05; **, P � 0.01; ***, P � 0.001). Statistical significance in panels C and
F was determined by a Mann-Whitney U test (**, P � 0.01). (G) For histological analysis and quantification of germination at 42 hpi (36 hpi for 02-10, since
IL-1�-deficient mice succumb to 02-10 infection by 40 hpi), C57BL/6 and Il1a�/� mice were infected with 4 � 107 conidia of Af293, CEA10, W72310, 02-10, or
EVOL20 (from left to right). Formalin-fixed lungs were paraffin embedded, sectioned, and stained with GMS for analysis by microscopy. A. fumigatus germination
rates were determined by microscopically counting both the number of conidia and the number of germlings in GMS-stained sections. Data for Af293, CEA10,
W72310, and 02-10 are representative of results from at least 2 independent experiments consisting of 4 to 10 mice per group and are presented as
box-and-whisker plots with Tukey whiskers and outliers displayed as dots. Data for EVOL20 and the parental Af293 strain were pooled from 2 independent
experiments consisting of 5 to 9 mice per group and are presented as bar graphs showing group means � 1 standard error of the mean. Statistical significance
in panel G for Af293, CEA10, W72310, and 02-10 was determined by a Mann-Whitney U test (ns, not significant; **, P � 0.01; ***, P � 0.001). Statistical significance
for EVOL20 and the parental Af293 strain was determined by two-way ANOVA with Tukey’s posttest (***, P � 0.001).
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time of challenge, approximately 20 to 30% of all fungal matter in the culture
initiated germ tube formation. This level of growth is very similar to the level of
airway germination observed with hypervirulent strains and isolates of A. fumigatus
(Fig. 8). C57BL/6 and Il1a�/� mice were challenged with 2.7 � 107 resting conidia
or germlings of Af293. At 12 hpi, leukocyte recruitment to the airways and lung
damage were quantified. Il1a�/� mice challenged with resting Af293 conidia had
normal macrophage and neutrophil recruitment to the airways (Fig. 9A). In contrast,
Il1a�/� mice challenged with Af293 germlings had a significant defect in neutrophil
recruitment to the airways compared to C57BL/6 mice, while macrophage numbers
were similar (Fig. 9A). Moreover, Af293 germlings induced significantly greater lung
damage, as evidenced by elevated levels of both LDH and albumin in the BALF, than
did Af293 conidia (Fig. 9B). Together, these data demonstrate that Af293 germlings
are sufficient to drive enhanced pulmonary damage, which results in an IL-1�-
dependent inflammatory neutrophil response.

DISCUSSION

In this study, we reveal an essential function of IL-1� in the control of fungal growth
and tissue invasion following challenge with isolates of A. fumigatus previously ob-

FIG 9 Af293 germlings are sufficient to enhance lung damage and drive IL-1�-dependent neutrophil recruitment
in vivo. C57BL/6 and Il1a�/� mice were infected with 2.7 � 107 resting conidia or germlings of the Af293 strain of
A. fumigatus. At 12 hpi, mice were euthanized, and BALF was collected to analyze macrophage and neutrophil
recruitment to the airways (A) and LDH and albumin levels (B). Bar graphs in panel A show group means � 1
standard error of the mean. Each symbol in panel B represents data for an individual mouse, and the black lines
represent group means � 1 standard error of the mean. Data in panels A and B are representative of results from
2 independent experiments with 5 to 8 mice per group. Statistical significance in panel A was determined by using
two-way ANOVA with Tukey’s posttest (**, P � 0.01). Statistical significance in panel B was determined by using a
Mann-Whitney U test (*, P � 0.05; **, P � 0.01).
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served to be hypervirulent (relative to A293) in a clinically relevant disease model. We
observe that rapid fungal germination in the airways corresponds to the induction of
high levels of pulmonary damage, resulting in the IL-1�-dependent control of fungal
growth of hypervirulent isolates that is necessary to prevent host mortality, while IL-1�

was dispensable for the clearance of the less virulent isolates. Importantly, we dem-
onstrated that A. fumigatus germlings are sufficient to induce excessive lung damage,
which then necessitates IL-1� to recruit neutrophils and prevent fungal growth and
mortality. Taken together, our data show that initial fungal germination following
fungal deposition in the airways is a critical determinant of virulence and the subse-
quent immune response induced. This further validates the importance of using
multiple isolates in studies of pathogenesis and immunity, in order to fully understand
the virulence potential of specific pathogens (33, 37, 38, 53–59).

In order to cause disease, A. fumigatus must be able to sense, germinate, and grow
within the lung microenvironment. Such growth, if left unchecked, leads to tissue
invasion, destruction, and dissemination. Our data demonstrate that A. fumigatus
isolates that can rapidly germinate within the airways cause greater tissue damage
leading to inflammatory cell death, during which IL-1� is released. Following inocula-
tion with these rapidly germinating A. fumigatus isolates, IL-1� is essential for fungal
clearance. In contrast, A. fumigatus isolates that do not germinate extensively within the
airways are not able to penetrate the epithelial barrier and are likely rapidly cleared by
lung-resident macrophages through an IL-1�-independent mechanism. This concept is
supported by previous work done in an oral candidiasis model (60–62). In oral candi-
diasis, the epithelial barrier is breached by Candida spp. in order to cause disease. In
vitro, incubation of human epithelial cells with Candida spp. that were able to undergo
hyphal growth induced higher levels of IL-1� expression, which were dampened in C.
albicans mutants that were defective in hyphal growth (60–62). Moreover, IL-1� plays
a critical role in regulating host resistance in murine models of oral candidiasis (63, 64).
During oral candidiasis, IL-1� is secreted by keratinocytes (64). In contrast, we show that
radiosensitive cells, including macrophages, are the major cellular source of IL-1�

following A. fumigatus challenge (Fig. 3). This likely has to do with the epithelial
structural differences between the tongue and lungs. Specifically, the tongue epithe-
lium is highly stratified. Schonherr and colleagues found that the depth of hyphal
growth corresponds to IL-1� release in the candidiasis model (64). In contrast, the
respiratory epithelium can be as thin as a single cell to facilitate gas exchange. Thus,
Aspergillus hyphae immediately enter the basement membrane, where innate phago-
cytes are located, driving IL-1� release from these phagocytes.

It is well established that following A. fumigatus challenge, IL-1� secretion is
dependent on the NLRP3 and AIM2 inflammasomes (26, 27, 44), but how IL-1� is
released from cells following fungal exposure is not completely understood. Previous
work suggested the existence of two distinct pathways for IL-1� secretion that are
either inflammasome dependent or independent (45). Viable Candida albicans and ATP
led to inflammasome-dependent IL-1� release from cells (45). Interestingly, in the
present study, the absence of P2X7R, which binds to extracellular ATP, did not result in
diminished levels of IL-1� secreted from macrophages. Inflammasome-independent
secretion of IL-1� was induced by particulate activators of the NLRP3 inflammasome,
such as monosodium urate crystals and alum, as well as activators of calcium influx (45).
Following interactions with A. fumigatus, macrophages secreted IL-1� in a caspase
1/11-independent manner. Further studies are necessary to determine the factors that
induce inflammasome-independent IL-1� secretion, but it is possible that calcium influx
is a contributing factor. Accordingly, following exposure to A. fumigatus, the inhibition
of calpain, a calcium-dependent protease that cleaves full-length IL-1� into mature
IL-1� (48, 49), resulted in lower levels of IL-1� secretion from macrophages. This study
begins to elucidate the manner in which IL-1� secretion from macrophages occurs, but
more work is needed to determine the fungal factors associated with calpain activation
that were necessary for IL-1 release.

The observation that hypervirulent fungal strains and isolates drive excessive cell
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death, lung damage, and IL-1�-dependent inflammation appears to be conserved
across numerous types of mucosal pathogens (33, 65–70). Highly virulent Pseudomonas
aeruginosa isolates express a cytotoxin, ExoU, that has been found to induce necrosis
and epithelial damage (65). Interestingly, ExoU-expressing isolates of Pseudomonas
induced an immune response that was dependent on IL-1�, whereas isolates lacking
ExoU induced an immune response that was dependent on IL-1� (33). For Staphylococcus-
induced pneumonia, it was shown that a highly virulent Staphylococcus aureus isolate
possessed toxins that caused necroptosis of host cells, which was shown to be a key
factor in lung pathology and damage (66). During infection with highly virulent
Mycobacterium tuberculosis isolates, rapid growth of the bacteria within macrophages
resulted in cell damage and lung necrosis that were mediated by innate immune
sensing of a damage signal from dying cells, extracellular ATP (71). Moreover, a specific
genomic locus in M. tuberculosis, RD1, contributes to bacterial virulence, necrosis, and
the secretion of mature IL-1� through the induction of calcium influx (54, 72). In an
infection model of porcine reproductive and respiratory syndrome virus (PRRSV),
animals that were infected with a highly pathogenic PRRSV isolate showed enhanced
IL-1� expression in the lung, which correlated with high scores for lung pathology,
compared to the low-virulence isolates (70). Together, data from those studies support
our findings that the hypervirulent isolates of a given pathogen may induce an immune
response that is highly dependent on IL-1� due to an increase in inflammatory cell
death. Our results present an opportunity to identify fungal factors that promote host
damage and highly pathological IL-1� responses, and approaches to identify these
factors are ongoing in our laboratories.

Fungal germination is initiated immediately after the instillation of fungal conidia
into the airways based on the nutrients present. Why certain isolates can germinate
better than others remains elusive, but it could be because of genetic differences
between isolates or due to the environmental origins of the Aspergillus conidia. In this
regard, data from our in vitro germination assay using lung homogenate medium
consistently corresponded with the results of our in vivo germination studies. These
data suggest that the free nutrients in the lungs are sufficient to drive the in vivo
growth differences. However, it is unclear which specific nutrients in the lungs/airways
drive the growth of A. fumigatus isolates. Alternatively, a factor found within the lungs
may directly inhibit the germination of the less-virulent isolates. More studies are
necessary to determine the specific contributions of and mechanisms behind nutrient
acquisition/utilization and other factors in the airways that lead to fungal isolate-
specific growth and lung damage profiles.

Differences between how conidia and germlings interact with the respiratory epi-
thelium and lung-resident macrophages are likely critical for establishing the early
inflammatory response. Our data demonstrate that the germlings of A. fumigatus are
much more pathological to macrophages and drive greater IL-1� secretion than do
swollen conidia in general. However, it also appears that swollen conidia of the
hypervirulent CEA10 strain are more damaging to macrophages. This suggests that
even in the presence of macrophages, hypervirulent A. fumigatus isolates may continue
to grow through either increased nutrient sensing in the phagosome or increased
resistance to the antifungal effector functions of macrophages. Similarly, C. albicans
drives pyroptosis-dependent and -independent cell death pathways in macrophages,
which contributes to the IL-1� response from macrophages (63, 73–76), but its role in
IL-1� secretion has not been explored. For C. albicans, it is well established that within
the macrophage phagosome, the fungi encounter significant nutrient stress, which
must be dealt with in order for the fungi to continue to grow and escape the
macrophage (77, 78). Interestingly, Shah et al. showed that A. fumigatus conidia of the
CEA10 strain have the ability to germinate within the late phagosomes of macrophages
(79). This germination initiates necroptotic cell death of macrophages, resulting in the
lateral transfer of hyphae to other macrophages in order to prevent hyphal escape and
maintain control of fungal germination, which is associated with the transcriptional
upregulation of Il1a (79). The metabolic response that enables this growth in A.
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fumigatus is unknown, but in C. albicans, amino acid catabolism is essential for the
continued growth necessary for phagosome escape and the induction of pyroptosis
(80, 81). Our data support that A. fumigatus must be metabolically active and alive to
induce robust macrophage cell death and IL-1� release. Current studies are aimed at
identifying the fungal effector molecule(s) responsible for inducing macrophage cell
death and IL-1� release.

Given the drastic differences in the levels of virulence and the immune responses
induced by numerous A. fumigatus isolates, it will be important to identify central
inflammatory hubs that are necessary for host resistance against an array of isolates in
order to maximize any potential immunotherapeutic interventions to treat IA. Further
studies are needed to examine the factors that contribute to fungal germination in the
host, which could lead to novel therapeutic targets for the treatment of IA. Under-
standing the response to several clinically relevant isolates will expand our understand-
ing of host-pathogen interactions during aspergillosis and give insights into the fungal
factors that contribute to adaptation to the lung environment and allow disease to
manifest in different patient populations.

MATERIALS AND METHODS
Mice. C57BL/6J (stock 000664; Jackson Laboratory), Il1r1�/� (stock 03245; Jackson Laboratory),

Casp1/11�/� (stock 016621; Jackson Laboratory), P2rx7�/� (stock 005576; Jackson Laboratory), Il1a�/�

(82), Pycard�/� (ASC-deficient) (83), and Il1a/b�/� (84) mice were bred in-house. All mice were 8 to 10
weeks of age at the time of challenge. All animal experiments were approved by either the Montana
State University Institutional Animal Care and Use Committee or the Dartmouth College Institutional
Animal Care and Use Committee.

Preparation of Aspergillus fumigatus conidia. Aspergillus fumigatus strains and isolates CEA10,
Af293, 02-10, W72310, and EVOL20 were used for this study, and the origins of these strains and isolates
were reported previously (37). Each strain or isolate was grown on glucose minimal medium (GMM) agar
plates for 3 days at 37°C. Conidia were harvested by adding 0.01% Tween 80 to plates and gently
scraping conidia from the plates by using a cell scraper. Conidia were then filtered through sterile
Miracloth, washed and resuspended in phosphate-buffered saline (PBS), and counted on a hemacytom-
eter.

To make Af293 germlings for our sufficiency experiment, resting conidia of Af293 were incubated
at 30°C in a shaking-platform incubator for 8 to 9 h in liquid glucose minimal medium containing
1% yeast extract. At 8 h, the conidia were checked microscopically for swelling/germ tube formation and
subsequently returned to the shaker for incubation until germ tubes emerged. Once germ tubes formed,
the sample was vortexed and transferred to a 10-ml tube containing 1.0-mm disruption beads (Research
Products International Corp.). The sample and beads were vortexed on the highest setting for 2 min and
subsequently transferred to a Dounce homogenizer to further break up any clumps of germlings. Conidia
in the sample were then recounted on a hemacytometer, since during the shaking process, the fungi
began to stick to the walls of the flask, decreasing the concentration. The concentration of resting conidia
was then adjusted to the germling concentration, and the conidia were vortexed with beads and
homogenized in a Dounce homogenizer for consistency. C57BL/6 mice or Il1a�/� mice were infected
with �2.7 � 107 resting Af293 conidia or germlings, and at 12 hpi, BALF was collected for analysis of
damage, vascular leakage, and inflammatory cell recruitment.

Aspergillus fumigatus pulmonary challenge model. Mice were challenged with A. fumigatus
conidia by the intratracheal (i.t.) route. Mice were anesthetized by the inhalation of isoflurane; subse-
quently, mice were challenged i.t. with �4 � 107 A. fumigatus conidia in a volume of 100 �l PBS. For the
Af293 germling experiment, mice were challenged with �2.7 � 107 resting conidia or germlings in a
volume of 100 �l of liquid GMM containing 1% yeast extract. At the indicated times after A. fumigatus
challenge, mice were euthanized by using a lethal overdose of pentobarbital. BALF was collected by
washing the lungs with 2 ml of PBS containing 0.05 M EDTA. BALF was clarified by centrifugation and
stored at �20°C until analysis. After centrifugation, the cellular component of the BALF was
resuspended in 200 �l of PBS, and total numbers of BALF cells were determined by counting with
a hemacytometer. BALF cells were subsequently spun onto glass slides by using a Cytospin4
cytocentrifuge (Thermo Scientific) and stained with Diff-Quik stain set (Siemens) for differential
counting. For histological analysis, lungs were filled with and stored in 10% buffered formalin
phosphate for at least 24 h. Lungs were then embedded in paraffin and sectioned into 5-�m
sections. Sections were stained with hematoxylin and eosin (H&E) and GMS by using standard
histological techniques to assess lung inflammatory infiltrates and fungal germination, respectively.
Representative pictures of lung sections were taken with an Olympus BX50WI microscope with a
QImaging Retiga 2000R camera. For cytokine analysis, lungs were homogenized in 2 ml of PBS. After
clarification, lung homogenates were stored at �20°C until analysis.

Determination of in vivo germination of A. fumigatus. As described above, mice were chal-
lenged with A. fumigatus conidia by the i.t. route, and at 12 hpi, BALF was collected. BALF cells were
spun onto glass slides by using a Cytospin4 cytocentrifuge (Thermo Scientific) and stained with
Diff-Quik stain set (Siemens) for differential counting. Fungal conidia/germlings could be visualized
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in these cytospins. The percent germination of each A. fumigatus strain or isolate was quantified by
manual counting of 100 to 400 fungal conidia and germlings at a �100 magnification by using a
standard upright microscope.

In vitro germination assays. The germination potential of each A. fumigatus strain or isolate was
tested with either GMM plus yeast extract or lung homogenate medium. GMM is a minimal medium that
contains 1% glucose in a base of salts and trace elements (85). To make it a nutrient-rich medium, we
added 0.5 g/liter of yeast extract (Amerco). Finally, to mimic the nutrient availability in the lungs at the
time of challenge, we utilized lung homogenates. To make lung homogenate medium, lungs from 6- to
12-week-old C57BL/6J mice were homogenized through a 70-�m filter in 2 ml of PBS. The lung
homogenate was then clarified and stored at �20°C until use. For experiments, the lung homogenate
was diluted 1:4 in PBS prior to use. Experimental cultures were inoculated with 107 conidia/ml in 2 ml of
medium in glass 20-ml disposable scintillation vials (VWR). Cultures were shaken at 300 rpm at 37°C in
an Excella E24 shaking incubator (New Brunswick Scientific). Starting at 4 h, the germination of A.
fumigatus conidia was determined every 2 h. To quantify A. fumigatus germination, a 200-�l sample was
collected and added to a microtube containing 1.0-mm glass beads (Research Products International
Corp.). The microtube was then vortexed to disrupt any clumps of A. fumigatus. The solution was then
placed onto a glass slide, and a coverslip was placed onto the slide, at which point fungal germination
was quantified manually by using the 40� objective lens of an upright VWR microscope. A minimum of
100 conidia and germlings was counted for each sample.

Preparation of bone marrow-derived macrophages. Bone marrow cells were eluted from tibias
and femurs of 8- to 12-week-old mice of the appropriate genotype (C57BL/6, Casp1/11�/�, or P2rx7�/�)
and cultured for macrophages in RPMI containing 20% fetal calf serum (FCS), 5 mM HEPES buffer, 1.1 mM
L-glutamine, 0.5 U/ml penicillin, and 50 mg/ml streptomycin supplemented with 30% (vol/vol) L929 cell
supernatant (source of macrophage colony-stimulating factor [M-CSF]). Bone marrow cells for macro-
phages were plated in a volume of 10 ml in 100-mm by 15-mm sterile polystyrene petri dishes (catalog
number FB0875712; Fisher Scientific). Bone marrow cells from each mouse were split evenly into 5 plates.
The medium was supplemented on day 3 with an additional 10 ml of macrophage medium. Adherent
BMDM were harvested on day 6 by using ice-cold PBS.

In vitro activation of bone marrow-derived macrophages with Aspergillus fumigatus. BMDM
cells were washed with clear RPMI containing 10% FCS, 5 mM HEPES buffer, 1.1 mM L-glutamine, 0.5 U/ml
penicillin, and 50 mg/ml streptomycin (TC medium). Immediately prior to the addition of BMDM to A.
fumigatus cultures, BMDM were stimulated with 1 �g/ml of LPS (InvivoGen). For the calpain inhibitor
studies, BMDM were treated with either dimethyl sulfoxide (DMSO) (vehicle), 30 �M calpeptin (Enzo Life
Sciences), or 40 �M MDL28170 (Cayman Chemical) immediately prior to the addition of A. fumigatus.
Swollen conidia were generated by culturing resting conidia in TC medium for 16 h at room temperature
followed by 2 h at 37°C in a flat-bottom 96-well plate. Germlings were generated by culturing resting
conidia in TC medium overnight at 30°C and then shifting the culture to 37°C for 2 h in a flat-bottom
96-well plate. For the UV inactivation studies, swollen conidia and germlings were UV irradiated three
times at 6,000 mJ/cm2 for 1 min each by using a CL-1000 ultraviolet cross-linker (UVP). When ready, the
plates were centrifuged at 1,500 rpm to pellet the Aspergillus fungi. After centrifugation, the medium was
removed, and BMDM cells were added on top of the swollen conidia or germlings of A. fumigatus in 0.2
ml TC medium at a density of 5 � 105 cells/ml in a 96-well plate. BMDM cells were stimulated for 24 h
at 37°C, after which the supernatants were collected and stored at �20°C until use.

ELISA for detection of IL-1� and LDH secretion by bone marrow-derived macrophages. Com-
mercially available enzyme-linked immunosorbent assay (ELISA) kits for IL-1� (BioLegend) and IL-1� (R&D
Systems) and an LDH CytoTox 96 cytotoxicity assay (Promega) were used according to the manufactur-
ers’ instructions. Plates were read by using a SpectraMax Paradigm plate reader (Molecular Devices).

Quantification of lung damage and leakage. To assess lung damage (39), bronchoalveolar lavage
fluid was analyzed by measuring lactate dehydrogenase levels using a CytoTox 96 cytotoxicity assay
(Promega) according to the manufacturer’s instructions. To assess vascular/pulmonary leakage (40),
bronchoalveolar lavage fluid was analyzed by using an Albumin BCG Reagent set (Eagle Diagnostics). A
standard curve was made by diluting the calibrator in PBS-EDTA. Next, 100 �l of the sample or standard
was transferred to a 96-well flat-bottom plate, mixed with 100 �l of BCG reagent, allowed to sit at room
temperature (RT) for 5 min, and then read on a plate reader at 630 nm.

Statistical analysis. For correlation analyses, Spearman’s correlation coefficient was calculated to
assess correlation. For survival studies, a Mantel-Cox log-rank test was used to determine whether there
was a significant difference in survival between C57BL/6 and Il1a�/� mice for each A. fumigatus
isolate/strain. Statistical significance between experimental groups was determined by using a Mann-
Whitney U test (comparison of two experimental groups that are not normally distributed), one-way
analysis of variance (ANOVA) using a Bonferroni posttest (comparison of more than two experimental
groups), Kruskal-Wallis one-way ANOVA with Dunn’s posttest (comparison of more than two experimen-
tal groups), or two-way ANOVA with a Tukey posttest (comparison of experimental groups across two
independent variables/factors). All graphs were generated and all statistical analysis were conducted by
using GraphPad Prism 5 software.
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