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ABSTRACT Chitin is a polysaccharide that provides structure and rigidity to the cell
walls of fungi and insects. Mammals possess multiple chitinases, which function to
degrade chitin, thereby supporting a role for chitinases in immune defense. How-
ever, chitin degradation has been implicated in the pathogenesis of asthma. Here,
we determined the impact of acidic mammalian chitinase (AMCase) (Chia) deficiency
on host defense during acute exposure to the fungal pathogen Aspergillus fumigatus
as well as its contribution to A. fumigatus-associated allergic asthma. We demon-
strate that chitin in the fungal cell wall was detected at low levels in A. fumigatus
conidia, which emerged at the highest level during hyphal transition. In response to
acute A. fumigatus challenge, Chia=/~ mice unexpectedly demonstrated lower A. fu-
migatus lung burdens at 2 days postchallenge. The lower fungal burden correlated
with decreased lung interleukin-33 (IL-33) levels yet increased IL-1B8 and prostaglan-
din E, (PGE,) production, a phenotype that we reported previously to promote the
induction of IL-17A and IL-22. During chronic A. fumigatus exposure, AMCase defi-
ciency resulted in lower dynamic and airway lung resistance than in wild-type mice.
Improved lung physiology correlated with attenuated levels of the proallergic chemo-
kines CCL17 and CCL22. Surprisingly, examination of inflammatory responses during
chronic exposure revealed attenuated IL-17A and IL-22 responses, but not type 2 re-
sponses, in the absence of AMCase. Collectively, these data suggest that AMCase
functions as a negative regulator of immune responses during acute fungal expo-
sure and is a contributor to fungal asthma severity, putatively via the induction of
proinflammatory responses.
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he spectrum of diseases caused by the opportunistic mold Aspergillus fumigatus

ranges from mild allergic disorders, such as fungal asthma, to severe invasive
diseases, such as invasive aspergillosis (IA) (1). Invasive fungal infection caused by A.
fumigatus remains one of the most lethal human infectious diseases. The development
of IA may be a result of multiple predisposing factors, yet immunosuppression leading
to neutropenia remains the predominant risk factor (2, 3). The wider use of more-
aggressive treatment modalities for conditions such as hematopoietic stem cell trans-
plantation (HSCT) and solid-organ transplantation (SOT), new chemotherapeutic agents,
and new immunomodulatory agents has increased the population of immunocompro-
mised patients at risk for invasive fungal infection. Although there are multiple genetic
immunodeficiencies associated with the development of IA, there is a growing concern
for the development of nosocomial IA in the intensive care unit (ICU). Studies have
indicated that up to 7% of ICU patients are diagnosed with IA at autopsy, 70% of whom
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usually do not have a hematological malignancy (4) (5). Identified risk factors for ICU
patients include chronic obstructive pulmonary disease, malnutrition, diabetes mellitus,
and liver cirrhosis (reviewed in references 6 and 7).

Asthma is an increasing health concern, affecting more than 25 million individuals
in the United States and more than 300 million individuals worldwide. In 2006, a new
subset of asthma, termed “severe asthma with fungal sensitization” (SAFS), was de-
scribed for individuals whose asthma was poorly controlled and who were sensitized to
Alternaria, Aspergillus, Cladosporium, and/or Penicillium (8). Previous reports indicate
that the estimated prevalence of SAFS ranges from 17 to 46% (9-12). Common
characteristics of individuals having severe asthma with fungal sensitization include
onset of disease at a younger age, higher IgE levels, higher steroid usage, and
more-frequent exacerbations and hospitalizations (13) (9). Human studies suggest that
the pro-type 2 cytokine interleukin-33 (IL-33) may be central to the pathogenesis of
SAFS (11, 12). A recent study examined genetic susceptibility in patients with SAFS in
comparison to atopic, nonfungal asthmatics and healthy individuals and found numer-
ous, significant associations with single nucleotide polymorphisms (SNPs) in Toll-like
receptor 3 (TLR3), TLR9, Dectin-1, IL-10, MBL2, CCL2, CCL17, plasminogen, and the
adenosine A2a receptor (14), many of which have now been studied in host defense
against acute A. fumigatus exposure or immunopathogenesis during chronic A. fumiga-
tus exposure (reviewed in reference 15).

Virulence and immune recognition of A. fumigatus have been linked to its cell wall
components (16). Chitin, the second most abundant polysaccharide in nature, is a
critical component of the fungal cell wall (17, 18). Chitin is processed by enzymes
termed chitinases, and many species, including fungi, encode their own chitinases to
aid in breaking down chitin-containing substrates and changing cell wall morphologies
(19). Although mammalian species do not express chitin, they express chitinases, which
are thought to aid in the degradation of chitin from insects and fungi. Humans have
multiple chitinases, although only two “true” human chitinases, i.e., those with chitino-
lytic activity, exist and include acidic mammalian chitinase (AMCase) and chitotriosidase
(20). AMCase has been studied in various models of allergic asthma (21, 22), although
relatively little is known regarding its host defense capabilities. In the present study, we
examined the role of AMCase during experimental invasive infection and allergic fungal
asthma associated with A. fumigatus. Here, we show that AMCase negatively contrib-
utes to host defense during lung fungal infection and to immunopathogenesis during
fungal asthma.

RESULTS

Chitin is detected in increasing amounts as A. fumigatus conidia transition to
hyphae. The cell wall of A. fumigatus is comprised primarily of polysaccharides, which
play a vital role in providing structural rigidity (23). In addition to providing structural
support, the cell wall plays important roles in fungal growth and modulation of the host
immune response. A previous study employing a cell wall preparation from Aspergillus
niger hyphae demonstrated chitin staining that was sensitive to degradation by micro-
bially derived (parasitic and bacterial) chitinases (18). To better understand the natural
exposure of chitin in A. fumigatus, we cultured the organism over a period of 8 h, a time
course which we employed previously to identify the unmasking of beta-glucans in
resting conidia, swollen conidia, germinating conidia, and hyphae (24). Initial studies
employing Oregon Green 488-conjugated wheat germ agglutinin (WGA), which spe-
cifically binds N-acetylglucosaminyl residues in chitin, revealed low levels of chitin in A.
fumigatus conidia after 2 h (Fig. 1A, second panel) and 4 h (Fig. 1A, third panel) of
culture. Chitin staining significantly intensified in germinating conidia and hyphae at
8 h (Fig. 1A, fourth panel). We also employed calcofluor white (CFW), a widely employed
reagent that reacts with cellulose and chitin, which replicated the findings with Oregon
green 488-conjugated wheat germ agglutinin. However, CFW was much more sensitive
at detecting lower levels of chitin with positive staining at 0 h (Fig. 1B, first panel),
which increased throughout the time course (Fig. 1B, second to fourth panels). Thus,
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FIG 1 Chitin is detected in increasing amounts as A. fumigatus conidia transition to hyphae. A. fumigatus conidia
were resuspended in RPMI medium supplemented with 1% penicillin-streptomycin-glutamine and 10% heat-
inactivated FBS and cultured for 0, 2, 4, and 8 h on glass slides at 37°C in a 5% CO, incubator. For the 0-h time point,
conidia were incubated for 1 h at room temperature to allow adherence. Adhered conidia were washed with PBS
for 5 min and stained with Oregon green 488-conjugated wheat germ agglutinin at 37°C (A) or with calcofluor
white at room temperature (B). Stained conidia were washed twice with PBS before mounting. 2D fluorescent
images of stained conidia were imaged by using a Nikon A1 high-speed confocal laser scanning microscope with
constant parameters across samples. Corresponding bright-field images are included to aid in the visualization of
the culture. Representative images are shown.

chitin emerges as A. fumigatus progresses through the transition from resting conidia
to swollen conidia to hyphae.

Acidic mammalian chitinase negatively affects A. fumigatus lung clearance.
Chitin is the second must abundant carbohydrate polymer in nature after cellulose (25).
As such, bacteria, parasites, fungi, insects, and mammals have developed chitinolytic
enzymes, termed chitinases, that may function in diverse cellular processes (25).
Mammalian chitinases, which include AMCase and chitotriosidase, were initially de-
scribed as having antifungal properties against clinically relevant pathogens such as
Cryptococcus neoformans and Candida albicans (reviewed in reference 26). Based on
those observations, we hypothesized that AMCase-deficient (Chia=/~) mice would
demonstrate increased susceptibility to lung infection with A. fumigatus. Much to our
surprise, although there was no difference in early fungal clearance at 24 h postchal-
lenge, Chia=’~ mice had a >66% reduction in lung fungal burden compared to
wild-type (WT) mice at 48 h, thus demonstrating enhanced fungal clearance (Fig. 2A).
Grocott-Gomori's methenamine silver (GMS) staining of lung tissues also convincingly
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FIG 2 Acidic mammalian chitinase negatively affects A. fumigatus lung clearance. (A) C57BL/6 wild-type (WT) and acidic mammalian chitinase-deficient (Chia=/~)
mice were challenged intratracheally with A. fumigatus conidia, and at 24 and 48 h postexposure, lung fungal burdens were assessed by real-time PCR analysis
of A. fumigatus 18S rRNA levels. Shown are cumulative data from three independent studies (n = 4 to 6 mice per group, per study). Data are expressed as mean
A. fumigatus 18S rRNA levels and standard errors of the means. (B) Representative GMS-stained lung sections from wild-type (left) and Chia=/— (right) mice
challenged intratracheally with A. fumigatus conidia for 48 h. Original magnification, X200. Bar, 100 um. (C) WT and Chia—/~ mice were challenged with A.
fumigatus, and 48 h after exposure, the right lungs were collected, enzymatically digested, Fc blocked, stained with a live/dead staining kit, and thereafter
stained with fluorochrome-conjugated antibodies against the following cell surface markers: neutrophils and eosinophils (Eos) (gated on CD11b* cells followed
by Ly6G™* cells as neutrophils and Siglec-F* cells as eosinophils) and inflammatory monocytes (Inflam Mono) (gated on CD11b* Ly6C™ cells followed by gating
on CCR2* cells). Cumulative flow cytometric data are from two independent studies (n = 2 to 4 mice per group, per study). Data are expressed as absolute
numbers of live cells in lung digests. PMN, polymorphonuclear leukocytes. (D) WT and Chia—/— mice were challenged intratracheally with A. fumigatus conidia,
the right lungs were collected 24 h and 48 h after exposure and enzymatically digested, and unfractionated lung cells were cultured in triplicate for 24 h. The
right lungs from naive WT and Chia—/~ mice were also collected and processed to examine baseline mediator levels. CXCL1/KC, CCL11/eotaxin, and CCL2/MCP-1
levels in clarified coculture supernatants were quantified by Bio-Plex. Shown are cumulative data from three independent studies (n = 1 to 2 mice per group,
per study). For all graphs, * represents a P value of <0.05 (unpaired two-tailed Student’s t test).

showed much higher numbers of A. fumigatus organisms in WT than in Chia=/—
mice (Fig. 2B). Intriguingly, the augmented fungal clearance in Chia=/— mice at 48 h
postchallenge was not a consequence of differential lung cellularity, as we observed no
significant changes in neutrophils and eosinophils (gated on CD11b™ cells followed by
Ly6G™ cells as neutrophils and Siglec-F* cells as eosinophils) or inflammatory mono-
cytes (gated on CD11b™ Ly6C™* cells followed by CCR2™* cells) (all of which have been
implicated in innate lung clearance of A. fumigatus [2, 27, 28]) (Fig. 2C). This observation
is supported by the lack of differences in the levels of various chemokines produced by
lung digest cells that support the recruitment of neutrophils, eosinophils, and inflam-
matory monocytes (Fig. 2D). Thus, despite the putative antifungal activity of AMCase,
clearance of A. fumigatus from the lung is enhanced in the absence of AMCase.
Acidic mammalian chitinase regulates lung inflammatory responses after acute
A. fumigatus exposure. Roles for A. fumigatus chitin recognition and responsiveness in
lung defense are poorly understood. Previous studies implicated A. fumigatus chitin
recognition in eosinophil-mediated immunopathology during neutropenia-associated
invasive infection (29). Other studies showed that A. fumigatus chitin recognition in
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FIG 3 Acidic mammalian chitinase regulates lung inflammatory responses after acute A. fumigatus exposure. WT
and Chia—/— mice were challenged intratracheally with A. fumigatus conidia, the right lungs were collected 24 h
and 48 h after exposure and enzymatically digested, and unfractionated lung cells were cultured in triplicate for
24 h. The right lungs were also collected from naive WT and Chia—/~ mice and processed to examine baseline
mediator levels. (A to E) IL-1a (A), IL-18 (B), and IL-17A (C) levels in clarified coculture supernatants were quantified
by Bio-Plex, and IL-22 (D) and PGE, (E) levels were quantified by an ELISA. (F) The left lungs were collected,
homogenized in PBS supplemented with protease inhibitors, and clarified by centrifugation. The IL-33 level in
clarified lung homogenates was quantified by an ELISA. Shown are cumulative data from three independent

* kk

studies (n = 1 to 3 mice per group, per study). For all graphs, *, **, and *** represent P values of <0.05, 0.01, and
0.001, respectively (unpaired two-tailed Student’s t test).

human peripheral blood mononuclear cell (PBMC) cultures may induce the anti-
inflammatory cytokine IL-1RA (30) or that A. fumigatus chitin is essentially inert (31). We
recently reported that mice deficient in the receptor for the IL-1 family cytokine IL-33
demonstrated similarly enhanced A. fumigatus lung clearance in the absence of
changes in lung cellularity (32). Mechanistically, we demonstrated this phenotype was
a result of increased IL-1¢, IL-1B, IL-6, IL-17A, and IL-22 production (32). In accordance
with this, despite the lower fungal burden at 48 h, Chia=/— mice also demonstrated
elevated IL-1« (Fig. 3A), IL-18 (Fig. 3B), IL-17A (Fig. 3C), and IL-22 (Fig. 3D) production
at 24 h (with the exception of IL-1B) and at 48 h post-A. fumigatus challenge. In our
report with IL-33 receptor-deficient mice, enhanced prostaglandin E, (PGE,) production
drove the observed elevations in IL-17A and IL-22 levels at 48 h postchallenge (32).
We similarly observed elevated production of PGE, by lung cells from Chia=—/~
mice compared to WT mice at 48 h postchallenge (Fig. 3E), suggesting that AMCase
negatively regulates PGE,. Furthermore, we show that elevated PGE, levels at 48 h
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FIG 4 Acidic mammalian chitinase regulates chemokines associated with classical and alternative macrophage
activation after acute A. fumigatus exposure. WT and Chia—/— mice were challenged intratracheally with A.
fumigatus conidia, the right lungs were collected 48 h after exposure and enzymatically digested, and unfraction-
ated lung cells were cultured in triplicate for 24 h. (A to C) IFN-vy (A), CXCL9 and CXCL10 (B), and IL-4 (C) levels in
clarified coculture supernatants were quantified by Bio-Plex. (D) CCL17 and CCL22 levels in clarified lung
homogenates were quantified by an ELISA. Shown are cumulative data from three to four independent studies (n =
4 to 5 mice per group, per study). For all graphs, *, **, and *** represent P values of < 0.05, 0.01, and 0.001,
respectively (unpaired two-tailed Student’s t test).

postchallenge correlated with significantly lower levels of total IL-33 (measured in lung
homogenates) in Chia=/— mice (Fig. 3F). Thus, AMCase functions as a negative regulator
of inflammatory cytokine production during acute A. fumigatus exposure.

Acidic mammalian chitinase regulates chemokines associated with classical
and alternative macrophage activation after acute A. fumigatus exposure. A recent
study demonstrated that chemical inhibition of AMCase in human monocyte-derived
macrophages enhanced the killing of the yeast Candida albicans, which was associated
with reduced arginase-1 activity (33). Therefore, an additional hypothesis may be that
AMCase deficiency results in enhanced classical macrophage activation that is condu-
cive to enhanced A. fumigatus elimination. To this end, Chia—/~ mice demonstrated
increased production of gamma interferon (IFN-y) 48 h after A. fumigatus challenge
(Fig. 4A). Increased IFN-y production further correlated with elevated levels of the
chemokines CXCL9 and CXCL10 (Fig. 4B), suggesting that classical macrophage activa-
tion (M1) was increased in the absence of AMCase. However, a previous study dem-
onstrated that alternative macrophage activation (M2) may also function in the clear-
ance of acute A. fumigatus exposure (34). To this end, IL-4 levels in lung digest cell
cultures, while produced at very small amounts, were significantly higher in Chia=/—
mice (Fig. 4Q). IL-13 production by lung digest cells was not detectable (data not
shown). Increased IL-4 production further correlated with elevated levels of the chemo-
kines CCL17 and CCL22 (Fig. 4D), suggesting that alternative macrophage activation
may also be increased in the absence of AMCase. There were no differences in IFN-v,
IL-4, or IL-13 levels at baseline (data not shown). Thus, AMCase may also function as a
negative regulator of macrophage activation during acute A. fumigatus exposure.

Acidic mammalian chitinase promotes immunopathogenic responses during
fungal asthma. We previously reported that mice deficient in the beta-glucan receptor
Dectin-1 demonstrated improved lung function during fungal asthma, which correlated
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FIG 5 Acidic mammalian chitinase promotes immunopathogenic responses during fungal asthma. WT and Chia—/~ mice were subjected to experimental fungal
asthma. Twenty-four hours after the last organism challenge, the right lungs were collected and enzymatically digested, and unfractionated lung cells were
cultured for 24 h in the presence of A. fumigatus conidia, or the left lungs were collected, homogenized, and clarified by centrifugation. (A to F) IL-22 levels
in lung digest cell culture supernatants were quantified by an ELISA (A); IL-17A levels in lung digest cell culture supernatants were quantified by Bio-Plex (B);
CCL17 (C) and CCL22 (D) levels in lung homogenates were quantified by an ELISA; IL-4, IL-5, and IL-13 levels in lung digest cell culture supernatants were
quantified by Bio-Plex (E); and IL-33 levels in lung homogenates were quantified by an ELISA (F). Shown are cumulative data from two to four independent
studies (n = 2 to 5 mice per group, per study). (G and H) WT and Chia—/~ mice were subjected to experimental fungal asthma. Twenty-four hours after the
last organism challenge, the right lungs were collected, enzymatically digested, Fc blocked, stained with a live/dead staining kit, and thereafter stained with
fluorochrome-conjugated antibodies against the following cell surface markers: neutrophils and eosinophils (gated on CD11b* cells followed by Ly6G* cells
as neutrophils and Siglec-F+ cells as eosinophils). Cumulative flow cytometric data from four independent studies (n = 3 to 5 mice per group, per study). Data
are expressed as absolute numbers of live cells in lung digests. (I) WT and Chia—/— mice were subjected to experimental fungal asthma. Twenty-four hours after
the last organism challenge, the lung fungal burden was assessed by real-time PCR analysis of A. fumigatus 18S rRNA levels. Shown are cumulative data from
two independent studies (n = 4 to 5 mice per group, per study). Data are expressed as mean A. fumigatus 18S rRNA levels and standard errors of the means.
For all graphs, ** represents a P value of <0.01 (unpaired two-tailed Student’s t test).

with reductions in the levels of multiple proallergic and proinflammatory mediators
(35). We furthermore demonstrated that Dectin-1 drove IL-22 production, and genetic
deficiency or neutralization of IL-22 resulted in less-severe fungal asthma. Results in Fig.
5 show that the levels of IL-22 (Fig. 5A) as well as IL-17A (Fig. 5B) were reduced in
Chia=—’~ mice during fungal asthma. Although this is an unexpected observation based
on the increased levels of these mediators in Chia=/~ mice during acute fungal
exposure (Fig. 3A), these results nevertheless correlated with less-severe asthma in
these mice and reproduced our previously reported results (36). Likewise, Chia=—/— mice
demonstrated lower levels of the proallergic chemokines CCL17 (Fig. 5C) and CCL22
(Fig. 5D), two clinically relevant biomarkers of fungal asthma severity in humans (37, 38)
and in our fungal asthma model (35). However, we did not observe any differences in
the production of the type 2 cytokines IL-4, IL-5, and IL-13 (Fig. 5E) or in the production
of the pro-type 2 cytokine IL-33 (Fig. 5F). AMCase deficiency also did not impact the
level of neutrophils (Fig. 5G) or eosinophils (Fig. 5F) in the lung. Similar to our previous
study with WT versus Dectin-1-deficient mice with fungal asthma (35), there was no
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FIG 6 Acidic mammalian chitinase contributes to worse lung function during fungal asthma. (A and B) WT and Chia—/~
mice were subjected to experimental fungal asthma. Twenty-four hours after the last organism challenge, dynamic lung
resistance (A) and airway resistance (B) were analyzed via mechanical ventilation using the flexiVent system. Shown are
cumulative data from two independent studies (n = 5 mice per group, per study). Data are expressed as means =+ standard
errors of the means. (C) Representative periodic acid-Schiff-stained lung sections from WT (top images) and Chia—/~
(bottom images) mice. Original magnification, X200. Bar, 100 wm. For all graphs, ** and *** represent P values of <0.01
and 0.001, respectively (2-way analysis of variance).

difference in fungal burdens between WT and Chia=/~ mice (Fig. 5I). Thus, the absence
of AMCase correlates with the attenuated production of IL-17A and IL-22 during fungal
asthma.

Acidic mammalian chitinase contributes to worse lung function during fungal
asthma. Chitinases are hypothesized to play a significant role in asthma, owing to the
observation that predominant aeroallergens, such as house dust mites (HDMs), cock-
roaches, and fungi, have chitin in their exoskeletons or cell walls (39). However, the
contribution of AMCase to asthma pathogenesis is controversial, with reports arguing
for and against its role (21, 22). We previously investigated immunopathogenic mech-
anisms using a repetitive-challenge model of fungal asthma with live A. fumigatus
conidia that reproduces some critical features of allergic disease observed in individuals
who are persistently exposed to fungi (35). Employing this chronic A. fumigatus
exposure, we observed significantly lower dynamic lung resistance (Fig. 6A) and airway
resistance (Fig. 6B) in Chia=—/~ mice upon challenge with increasing methacholine
concentrations than in WT mice. Histological assessment of lung tissue sections re-
vealed that Chia—/— mice had evidence of attenuated goblet cell hyperplasia and
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mucus production (Fig. 6C). Thus, the absence of AMCase results in improved lung
function during chronic exposure to live A. fumigatus conidia.

DISCUSSION

In this report, we demonstrate that acidic mammalian chitinase negatively regulates
host defense during acute exposure to A. fumigatus (invasive fungal infection model)
and promotes disease severity during chronic exposure to A. fumigatus (fungal asthma
model). A putative negative role for AMCase during invasive aspergillosis was an
unexpected finding based on its hypothesized antifungal role. A previous study em-
ployed a disc diffusion method with both recombinant and purified AMCase and
demonstrated growth inhibition of A. fumigatus (40). Another study employing condi-
tioned medium containing a second true mammalian chitinase, chitotriosidase, dem-
onstrated reduced A. fumigatus hyphal growth (41). Antifungal activity is not unique to
mammalian chitinases, as chitinases from bacterial species have also been shown to
degrade A. fumigatus alkali-insoluble cell wall fragments that contain chitin linked
covalently to beta-glucan (42). However, with the exception of two reports investigat-
ing Toxoplasma gondii infection (43) and gastrointestinal nematode infection (44), the
role of AMCase in in vivo host defense has not been investigated.

We initiated our studies by first examining whether A. fumigatus lung clearance was
impacted by AMCase deficiency and found that clearance was surprisingly enhanced at
2 days postexposure. Although opposite our hypothesis, the ~3-fold decrease in the
fungal burden between wild-type and AMCase-deficient mice at 2 days postchallenge
is of a magnitude comparable to that in our previous studies employing mice on the
C57BL/6 background. Susceptible Dectin-1-deficient mice demonstrate ~3- to 5-fold-
higher burdens and significant associated mortality (45), whereas resistant IL-33 recep-
tor (IL-33R)-deficient mice have ~4- to 5-fold-lower burdens (32). Examination of
changes in the immune responses between WT and Chia—/~ mice at 2 days postex-
posure demonstrated the enhanced production of a specific set of inflammatory
mediators. First, IL-1a and IL-13 were produced at higher levels by lung digest cells
from Chia=/~ mice. Renewed interest in the IL-1 family of cytokines has uncovered
novel roles for IL-1a and IL-18 in A. fumigatus lung defense. IL-1 receptor deficiency
results in profound susceptibility to A. fumigatus as a result of IL-1a-mediated early (day
1) neutrophil recruitment and IL-1B8-mediated macrophage antifungal responses (46).
More recently, IL-1a was found to be required for the elimination of highly virulent,
highly germinating A. fumigatus strains (47). Likewise, we recently reported that an-
other function of IL-1 receptor signaling during A. fumigatus exposure is the induction
of IL-17A and IL-22 (32), both of which we have shown to be essential for A. fumigatus
elimination from the lungs (48) (49). To this end, Chia—/~ mice also demonstrated
increased production of IL-17A and IL-22 by lung digest cells, which correlated with the
observed increases in IL-1a and IL-18 production. However, the enhanced production
of IL-1¢, IL-13, IL-17A, and IL-22 did not affect the level of inflammatory cells known to
be important for A. fumigatus lung clearance. The enhanced fungal clearance in the
presence of a heightened inflammatory cytokine profile, but no differences in inflam-
matory cell recruitment, is reminiscent of a phenotype that we recently reported for
I1rl1=/= (IL-33 receptor-deficient) mice after acute A. fumigatus exposure (32). In an
effort to link these two observations, we demonstrate that lower total IL-33 levels, as
measured in lung homogenates, were also observed in AMCase-deficient mice. Previ-
ous work has shown that during house dust mite-associated asthma, uncleaved chitin
increases IL-33 levels in lung lavage fluid (50), which is opposite our findings here. It
is possible that measurement of IL-33 levels in lung homogenates versus lung lavage
fluid yields different observations. However, lower total IL-33 levels in AMCase-deficient
mice (measured in total lung homogenates) occurred in the presence of enhanced PGE,
production (measured in supernatants from cultured lung digest cells), suggesting a
connection between these mediators based on data from our recent report (32). The
link between AMCase deficiency, lower total IL-33 levels, and enhanced PGE, produc-
tion is the subject of ongoing investigation. Another finding was that the levels of
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chemokines associated with macrophage activation status, CXCL9 and CXCL10 for
classical activation and CCL17 and CCL22 for alternative activation (51), were also
elevated in the absence of AMCase. As these increases correlated with elevated levels
of the type 1 cytokine IFN-y and the type 2 cytokine IL-4, there is a possibility that
AMCase negatively regulates the innate cellular sources of these mediators. Alterna-
tively, since alveolar macrophages are a source of AMCase (21), there is also a possibility
that AMCase controls macrophage activation at some level. These observations are the
basis of future studies. Overall, our data suggest that AMCase expressed during acute
A. fumigatus exposure functions to limit the magnitude of the inflammatory response.

We next examined the role of AMCase in chronic exposure to A. fumigatus, which
mimics severe asthma with fungal sensitization. Here, we found that AMCase deficiency
resulted in overall less-severe fungal asthma. A role for AMCase in asthma pathogenesis
has been debatable. The initial study describing a role for AMCase in asthma employed
an ovalbumin sensitization model and demonstrated that AMCase was expressed by
epithelial cells and macrophages in an IL-13-dependent manner and played a role in
airway hyperreactivity (AHR) (21). Human asthma studies have identified SNPs in
Chia/AMCase that were associated with disease severity (52), although other studies did
not find an association (53). There has also been some debate as to whether AMCase
is fully functional in the lung (44), as AMCase was thought to be most active at low pH
(54). However, a recent detailed biochemical assessment of AMCase chitinolytic activity
demonstrated that AMCase may work under a variety of somatic tissue pH conditions,
with activity up to a pH of 8.0 (55). By use of a more relevant chitin-associated allergic
asthma model that employed HDM and cockroach extracts, AMCase-deficient mice
demonstrated elevated lymphocyte and neutrophil, but not eosinophil, numbers yet
lower IL-13 levels. However, this phenotype had no impact on lung function (22). A
study employing lower HDM allergen concentrations also demonstrated that there was
no impact of AMCase deficiency on lung cellularity or type 2 responses (44). A separate
study developed a different mouse strain, specifically AMCase knock-in/knockout re-
porter mice, which demonstrated AMCase expression in alveolar type 2 cells but not
macrophages (56). When challenged with extracts from HDMs or A. niger, these mice
demonstrated increased lung cellularity, including increased numbers of type 2
innate lymphoid cells (ILC2s) as well as IL-17A* y8 T cells. A third study developed an
additional mouse strain that expressed a mutant extracellular domain of AMCase,
which demonstrated enhanced type 2 responses in an HDM asthma model (50).
Collectively, these results suggest that AMCase regulates multiple inflammatory phe-
notypes (type 2 and type 17) during allergic asthma. However, at least in the case of the
latter two reports (50, 56), lung physiologic responses were not measured; therefore, it
is difficult to appreciate how these immunologic changes impacted lung function. One
of the more striking observations in our work was the profound effect of AMCase
deficiency on lung function. Our data showed that a lack of AMCase had a major impact
on both total lung resistance (R) as well as airway resistance (Rn), i.e, Newtonian
resistance, which is more commonly known as AHR. This is an important observation,
as a previous study employing chronic exposure to an A. niger hyphal cell wall
preparation demonstrated decreased eosinophil recruitment to the lungs in mice
overexpressing AMCase, yet this did not result in any differences in lung physiologic
measurements (18). Differences between data from our study and that study include
fungal species (A. fumigatus versus A. niger), model of exposure (live organisms versus
a cell wall preparation), and mouse strain (genetic deficiency versus transgenic over-
expression). Overall, our results support the hypothesis that the expression of AMCase
and/or the degradation of A. fumigatus chitin in vivo during fungal asthma leads to
immune responses that increase the sensitivity of the airways to bronchoconstrictors.

The next question was what type of immune response facilitated the phenotype
observed in AMCase-deficient mice during fungal asthma. The data described above
suggest that the absence of AMCase results in more type 2 (22), less type 2 (50), or no
changes in type 2 (44) responses during allergic asthma. In our live fungal challenge
model, we did not observe any differences in the levels of IL-4, IL-5, or IL-13 production
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by unfractionated lung digest cells. We also did not observe any differences in IL-33
levels in lung homogenates between WT and AMCase-deficient mice. AMCase defi-
ciency was also associated with increased numbers of IL-17A-producing 8 T cells
during A. niger extract exposure (56). In contrast, we observed significantly lower levels
of IL-17A and IL-22 production by lung digest cells from AMCase-deficient mice.
Although this observation is opposite our findings with acute A. fumigatus exposure, it
nevertheless agrees with data from our previous work demonstrating that IL-22 pro-
motes immunopathology during chronic A. fumigatus exposure (35). We also observed
significant reductions in CCL17 and CCL22 levels in AMCase-deficient mice. CCL17 and
CCL22 have been identified as biomarkers of disease severity in human allergic bron-
chopulmonary aspergillosis, and we demonstrated previously that the levels of these
chemokines are reduced in mice with less-severe fungal asthma (35). Our results are
also supported by data from a previous report showing that lung epithelial cells
transfected with AMCase induced the production of CCL17 (57). In addition, mice
deficient in CCR4, the receptor for CCL17 and CCL22, have reduced airway hyperre-
sponsiveness during A. fumigatus-associated asthma (58). The CCL17/CCL22/CCR4 axis
is commonly viewed as being important for type 2-associated responses, specifically
recruiting Th2 CD4 T cells (reviewed in reference 59). However, CCR4 may also be
coexpressed with CCR6 on Th17 (60) and Th22 (61) CD4 T cells. Therefore, a possible
mechanism is that lower CCL17 and CCL22 levels result in the decreased recruitment of
cells that produce IL-17A and IL-22 during fungal asthma.

In conclusion, A. fumigatus conidia express a low level of chitin that emerges
through the germination process. The absence of acidic mammalian chitinase results in
an augmented IL-17A/IL-22 response during acute A. fumigatus infection, which aids in
more-efficient elimination from the lung. In contrast, the absence of acidic mammalian
chitinase during chronic fungal asthma results in a dramatic improvement in lung
function, which paradoxically is associated with a reduction in IL-17A/IL-22 responses.
These results provide intriguing insights into the in vivo effects of chitin degradation
during acute versus chronic fungal exposure.

MATERIALS AND METHODS

Mice. Male and female age-matched C57BL/6NTac mice were purchased from Taconic Farms
Incorporated (Hudson, NY). Chia—/~ (AMCase-deficient) mice were obtained from Lori Fitz, Pfizer World-
wide (Cambridge, MA) (22). Mice were maintained in microisolator cages in a specific-pathogen-free,
Association for Assessment and Accreditation of Laboratory Animal Care-certified facility and handled
according to Public Health Service Office of Laboratory Animal Welfare policies after review by the
University of Alabama at Birmingham (UAB) Institutional Animal Care and Use Committee.

Preparation, exposure, and analysis of A. fumigatus. A. fumigatus isolate ATCC 13073 (ATCC,
Manassas, VA) was maintained on potato dextrose agar for 5 to 7 days at 37°C. Conidia were harvested
by washing the culture flask with 50 ml of sterile phosphate-buffered saline (PBS) supplemented with
0.1% Tween 20. The conidia were then passed through a sterile 40-um nylon membrane to remove
hyphal fragments and enumerated on a hemacytometer. For acute exposure, mice were anesthetized
lightly with isoflurane and administered 7 X 107 A. fumigatus conidia in a volume of 50 ul intratracheally
(i.t.), as described previously (45). For chronic exposure, a repeated A. fumigatus exposure model was
employed, as described previously (35). Briefly, mice were anesthetized lightly with isoflurane and
administered 1 X 107 live A. fumigatus conidia in a volume of 50 ul of PBS i.t. Starting at day 7, mice were
challenged i.t. with 1 X 10¢ live A. fumigatus conidia in 50 ul of PBS daily for 5 days, rested for 2 days,
and challenged daily for another 3 days. Twenty-four hours after the final challenge, immune and
physiologic measures were assessed, as described below. For lung fungal burden analysis, the left lungs
were collected at 48 h postexposure and homogenized in 1 ml of PBS. Total RNA was extracted from 0.1
ml of the unclarified lung homogenate by using the MasterPure yeast RNA purification kit (Epicentre
Biotechnologies, Madison, WI), which includes a DNase treatment step to eliminate genomic DNA, as
described previously (45). Total RNA was also extracted from serial 1:10 dilutions of live A. fumigatus
conidia (10" to 10° and DNase treated to form a standard curve. The lung A. fumigatus burden was
analyzed by real-time PCR measurement of the A. fumigatus 18S rRNA level (GenBank accession number
AB008401) and quantified by using a standard curve of A. fumigatus conidia, as described above. For
chitin staining, A. fumigatus conidia were resuspended at 5 X 107 conidia/ml in RPMI medium (Sigma,
St. Louis, MO) supplemented with 1% penicillin-streptomycin-glutamine (Mediatech, Herndon, VA) and
10% heat-inactivated fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA) and cultured for 0 to 8 h on glass
slides (Lab-Tekll, catalog number 1544453; Thermo Fisher) at 37°C in a CO, incubator. For the 0-h time
point, conidia were incubated for 1 h at room temperature to allow adherence. Adhered conidia were
washed with PBS for 5 min and stained with 5 ug/ml of Oregon green 488-conjugated wheat germ
agglutinin (catalog number W7024; Invitrogen, Carlsbad, CA) for 12 min at 37°C or with calcofluor white
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(catalog number 18909; Sigma, St. Louis, MO) for 10 min at room temperature. Stained conidia were
washed twice with PBS before mounting. Two-dimensional (2D) fluorescent images of stained conidia
were imaged by using a Nikon A1 high-speed confocal laser scanning microscope, with constant
parameters across samples.
Lung cell isolation and culture and inflammatory cytokine and PGE, analyses. Mice were
anesthetized with ketamine-xylazine intraperitoneally and sacrificed by exsanguination at 48 h postin-
fection. Both lungs were collected and minced in Iscove’s modified Dulbecco’s medium (IMDM) (Sigma,
St. Louis, MO) supplemented with 1% penicillin-streptomycin-glutamine (Mediatech, Herndon, VA), 10%
heat-inactivated FBS (Invitrogen, Carlsbad, CA), and 0.4 mg/ml polymyxin B (Thermo Fisher), followed by
incubation for 60 min with tissue culture-grade type IV collagenase (1 mg/ml; Sigma, St. Louis, MO) in a
37°C orbital shaker at 100 rpm. The cell suspension was filtered through sterile 70-um and 40-um nylon
filters, and red blood cells were lysed with ACK buffer (Lonza, Walkersville, MD) to create lung cell digest
preparations. For lung cell cultures, cells were enumerated on a hemacytometer and plated at 1 X 106
cells in a volume of 0.2 ml. Supernatants were collected after 24 h, clarified by centrifugation, and stored
at —80°C. Supernatants were analyzed for protein levels of 32 cytokines and chemokines by using a
Milliplex multiplex suspension cytokine array (Millipore), according to the manufacturer’s instructions.
The data were analyzed by using Bio-Plex Manager software (Bio-Rad Laboratories). IL-22, IL-33, CCL17,
and CCL22 levels were quantified by an enzyme-linked immunosorbent assay (ELISA) (R&D Systems).
PGE, levels were quantified by using the prostaglandin E, parameter assay kit (catalog number KGE004B;
R&D Systems).
Lung cell flow cytometry. Lung cells were isolated previously, as described above. Cells were
washed, and Fc receptors were blocked with mouse BD Fc block (BD Biosciences, San Diego, CA) at 4°C
for 20 min. Thereafter, cells were stained with a single-color live/dead fixable dead cell stain (Invitrogen),
followed by labeling with specific immune cell surface markers. The following staining parameters were
employed: eosinophils as CD11b™" Siglec-F* Ly6G~ cells, neutrophils as CD11b* Ly6G* cells, inflamma-
tory monocytes as CD11b* Ly6Ch CCR2+* cells, and T cells as CD3*+ CD4+ cells (all antibodies were
purchased from eBioscience and BD Biosciences). Unstained or single-color-stained cells served as
compensation controls. Samples were acquired by using a four-laser, 20-parameter analytic BD LSR I
cytometer (BD Biosciences), and data were analyzed by using FlowJo software (TreeStar, Ashland, OR).
Pulmonary function assessment. Individually anesthetized A. fumigatus-exposed mice were can-
nulated intratracheally and attached to a computer-controlled volume ventilator (flexiVent; SciReq,
Montreal, QC, Canada). Regular breathing was set at 150 bpm, with the volume and pressure controlled
by the flexiVent system based on individual animal weights. Positive end-expiratory pressure (PEEP) was
set to 2 cm H,O and measured during each breath stroke. Respiratory input impedance (Zrs) was
measured by using the forced oscillation technique, controlled by the flexiVent system. The single-
compartment model was used to describe dynamic lung resistance. All measurements were collected at
baseline and after a linear dose response with methacholine challenge (10 to 40 mg/ml).

Statistics. Data were analyzed by using GraphPad Prism version 5.0 statistical software. Comparisons
between groups when data were normally distributed were made with the Student t test. Significance
was accepted at a P value of <0.05.
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