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Chitin  and �-glucan  are  conserved  throughout  evolution  in  the  fungal  cell  wall  and  are  the  most
common  polysaccharides  in  fungal  species.  Together,  these  two  polysaccharides  form  a structural
scaffold  that  is  essential  for the survival  of  the fungus.  In the  present  study,  we  demonstrated  that
Aspergillus  fumigatus  alkali-insoluble  cell  wall  fragments  (AIF),  composed  of  chitin  linked  covalently  to �-
glucan, induced  enhanced  immune  responses  when  compared  with  individual  cell wall  polysaccharides.
Intranasal  administration  of  AIF  induced  eosinophil  and  neutrophil  recruitment,  chitinase  activity,  TNF-
-Glucan
hitin
ungal cell wall polysaccharides
nflammation
nnate immunity

�  and  TSLP  production  in mice  lungs.  Selective  destruction  of  chitin  or �-glucan  from  AIF significantly
reduced  eosinophil  and  neutrophil  recruitment  as  well  as  chitinase  activity  and  cytokine  expression  by
macrophages,  indicating  the synergistic  effect  of the  cell  wall  polysaccharides  when  presented  together
as a composite  PAMP.  We  also  showed  that  these  cell  wall  polysaccharides  induced  chitin-specific  IgM
in  mouse  serum.  Our in  vivo and  in  vitro data  indicate  that  chitin  and  �-glucan  play  important  roles  in

ty  wh
ung activating  innate  immuni

ntroduction

Aspergillus fumigatus (A. fumigatus)  is a common opportunistic
ungal pathogen responsible for allergy and infection (Latge, 1999).
. fumigatus-mediated allergic and invasive disorders include
llergic bronchopulmonary aspergillosis (ABPA), allergic rhini-
is, allergic sinusitis, hypersensitivity pneumonitis, aspergilloma
nd invasive aspergillosis. Patients with cystic fibrosis are often
eported as having complications of ABPA due to A. fumigatus
olonisation in the lungs (Knutsen and Slavin, 2011; Romani,
011). The resting conidia of A. fumigatus is made up of an
uter rodlet layer which masks many of the pathogen-associated
olecular patterns (PAMPs) that can trigger innate and adaptive
mmune responses (Aimanianda et al., 2009). However, the resting
onidia can mediate an inflammatory effect through dectin-1 (Faro-
rindade et al., 2012), the germination of conidia results in exposure

Abbreviations: AMCase, acidic mammalian chitinase; AIF, alkali-insoluble
ell wall fragments; ABPA, allergic bronchopulmonary aspergillosis; A. fumiga-
us,  Aspergillus fumigatus;  BAL, bronchoalveolar lavage; FReD, fibrinogen-related
omain; GlcNAc, N-acetylglucosamine; PAMPs, pathogen-associated molecular pat-
erns; PRRs, pattern recognition receptors.
∗ Corresponding author. Tel.: +45 6550 3775; fax: +45 6550 3922.

E-mail address: uholmskov@health.sdu.dk (U. Holmskov).

171-2985/$ – see front matter ©  2013 Published by Elsevier GmbH.
ttp://dx.doi.org/10.1016/j.imbio.2013.10.003
en  presented  as  composite  cell  wall  PAMPs.
© 2013 Published by Elsevier GmbH.

of specific PAMPs including �-glucan and chitin, which are readily
recognised by pattern recognition receptors (PRRs) such as dectin-
1 and FIBCD1, and leads to activation of the immune system (Steele
et al., 2005; Thomsen et al., 2011).

The fungal cell wall is a physically rigid layer that shields fun-
gal cells from the environment. Cell wall polymers isolated from
fungi are classically divided in to two  groups depending on their
solubility in alkali. The alkali-insoluble cell wall fragments (AIF)
of A. fumigatus mainly contain a glucan-chitin complex; how-
ever, other components such as galactomannan are also integral
components (Fontaine et al., 2000). The growth and remodelling
of A. fumigatus conidia to hyphae is accompanied by the syn-
thesis of chitin and �-glucan. Simultaneously, synthesis of cell
wall-associated proteases takes place, and secretory proteases
are released into the fungal growth niche (Hearn and Sietsma,
1994). These proteases are responsible for inducing a Th2 response
with eosinophilia, indicating their key role in allergy and asthma
(Hansen et al., 1994; Yamashita et al., 2002). However, the role
of the composite major cell wall polysaccharides in the develop-
ment of the innate and adaptive immune responses is less well
described.
We used purified AIF from A. fumigatus to study polysaccharide-
mediated immune activation and compared AIF on a weight-to-
weight basis with �-glucan and chitin. Our results show that intact
AIF, representing a composite PAMP, strongly induces the innate

dx.doi.org/10.1016/j.imbio.2013.10.003
http://www.sciencedirect.com/science/journal/01712985
http://www.elsevier.com/locate/imbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imbio.2013.10.003&domain=pdf
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mmune system and that destruction of either chitin or �-glucan
esults in a reduced immune response both in vivo and in vitro.

aterials and methods

uffers and reagents

Tris-buffered saline (TBS) was composed of 140 mM NaCl,
0 mM Tris–HCl and 0.02% (w/v) NaN2 (pH 7.4). TBS/Tw was
omposed of TBS containing 0.05% (v/v) Tween 20 (polyoxyethy-
ene sorbitan monolaurate, MERCK-Schuchardt, Hohenbrunn,
ermany). Phosphate buffered saline (PBS) was composed of
37 mM NaCl, 3 mM KCl, 8 mM Na2HPO4 and 1.5 mM KH2PO4
pH 7.4). Coating buffer was composed of 60 mM Na2CO3, 35 mM
aHCO3 and 0.02% (w/v) NaN3 (pH 9.6). RPMI-1640 medium,
enicillin and streptomycin, glutamine, trypsin–EDTA, Hanks’ bal-
nced salt solution (HBSS), foetal bovine serum (FBS), SuperScript®

II Reverse Transcriptase and TRIzol were obtained from Life
echnologies Europe BV, (Invitrogen) Denmark. Chitinase (from
erratia marcescens, C7809), �-glucanase (from Trichoderma lon-
ibacterium, G4423), crab shell chitin (C3641), curdlan (C7821),
odium metaperiodate, sodium borohydride, sodium nitrite, O-
ianisidine dihydrochloride (ODD) tablets and the Chitinase Assay
it (CS1030) were obtained from Sigma–Aldrich, Schnelldorf,
ermany. Chitin beads (S6651) were obtained from New England
iolabs. Horseradish peroxidase-labelled rabbit anti-mouse IgG
as obtained from DAKO, Denmark. Dehydrated Sabouraud dex-

rose broth (SD-broth) powder was obtained from BD-Difco,
lbertslund, Denmark. Cell strainers (40-�m)  were obtained from
D biosciences, Denmark. ELISA kits for TNF-� and TSLP (e-
iosciences) were obtained from AH diagnostics, Aarhus, Denmark
nd R&D systems, Oxon, United Kingdom, respectively.

ice

Female C57BL/6 mice (Charles River, UK) were housed under
pecific-pathogen-free conditions in individual ventilated cages
nd used at 6–12 weeks of age. The animals had ad libitum access
o pelleted food and water. The mice were randomised into various
roups before commencement of the experiments. All experiments
nvolving mice were performed under a license obtained from
he Danish National Animal Experiments Inspectorate, who also
pproved the study (ref. no. 2012-15-2934-00354).

lkaline insoluble fragments (AIF)

A. fumigatus cell wall polysaccharides and secretory protease
ntigens were prepared as described previously (Arruda et al.,
992; Fontaine et al., 2000; Strong et al., 2002) with slight mod-

fications. Briefly, A. fumigatus (293) (CBS, The Netherlands) was
rown in SD broth for 7 days in stationary form. Subsequently, the
ycelium was harvested by filtration and used for preparation of

olysaccharide antigens. For preparation of polysaccharide anti-
ens, the mycelium was washed in PBS and subjected to hot alkali
reatment (1 M NaOH/65 ◦C) for 30 min  followed by 5 washes with
terile ultra-pure water and one wash with Tris–HCl (pH 7.4). This
rocess was repeated twice. AIF were then ground using a mor-
ar and pestle, washed and filtered through a 40-�M cell strainer
BD). Filtered AIFs were analysed by flow cytometry and tested
o determine endotoxin contamination using the Limulus amoe-
ocyte lysate assay (Lonza). The absence of cell wall-associated
roteases in AIF preparations was ensured by boiling AIF in TBS/Tw

ith 5 mM Ca2+. No protein bands were observed upon analysis of

he AIF by SDS-PAGE, confirming that the AIF preparations were
ree from cell wall-associated proteases. A. fumigatus mycelium
ragments (heat-killed A. fumigatus)  containing cell wall-associated
gy 219 (2014) 179– 188

proteases were prepared by vigorous vortexing of mycelia with
glass beads in PBS. Broken fragments were washed in PBS, filtered
through a 40-�m cell strainer and heat killed by incubating at 80 ◦C
for 30 min. The heat-killed fragments were washed again with PBS,
quantified and stored at 4 ◦C until use.

Enzymatic destruction of chitin or ˇ-glucan from alkali-insoluble
fragments

Chitin and �-glucan from AIF were destroyed via enzymatic
degradation as described previously (Bozza et al., 2009; Fontaine
et al., 2000) with minor modifications. We used chitinase (from
Serratia marcescens) to destroy chitin in AIF, whereas to obtain
chitin, AIFs were treated with recombinant �-glucanase (NZY Tech,
Portugal). This process was  repeated 2–3 times, and the resulting
fragments were washed with water and PBS, filtered through a 40-
�m cell strainer and stored in sterile endotoxin-free PBS at 4 ◦C until
they were used for intranasal administration. The presence and
absence of chitin and �-glucan were analysed by pull-down exper-
iments as indicated in the following section. The bound proteins
were analysed by SDS-PAGE and silver staining. The size distribu-
tion of particles was analysed using flow cytometry.

Pull-down assay

To detect the presence of chitin and �-glucan in various
polysaccharide preparations, we  performed pull-down assays. AIF,
�-glucan (AIF treated with chitinase) or chitin (AIF treated with �-
glucanase) were washed 3 times in TBS/Tw/Ca2+ before use. Wheat
germ agglutinin (WGA) was used as a chitin binding protein, and
a �-glucan monoclonal antibody was used for �-glucan detec-
tion. WGA  or antibody (at 5 �g/ml) was  added to 1000 �g of each
polysaccharide in a total volume of 1000 �l. WGA  mixed with chitin
beads or curdlan (�-glucan) were used as positive and negative
polysaccharide controls, respectively. Polysaccharides and protein
mixtures were incubated for 16 h at 4 ◦C, and pull-down was  per-
formed by centrifuging the tubes at 8000 rpm for 5 min  at 4 ◦C.
The insoluble pellets were washed 3 times in TBS/Tw/Ca2+, and the
bound protein was eluted by boiling the pellet in TBS/Tw/Ca2+ con-
taining SDS-PAGE buffer. Eluted proteins were separated on 4–12%
polyacrylamide gradient gels in a discontinuous buffer system
and visualised by silver staining or blotted onto a polyvinylidene
difluoride membrane (GE Healthcare). The membrane was  incu-
bated with horseradish peroxidase-coupled rabbit anti-mouse IgG
diluted 1:10,000 in TBS/Tw. The membrane was  washed and devel-
oped using the standard enhanced chemiluminescence method
according to the manufacturer’s recommendations (Amersham
Biosciences).

Intranasal challenges with polysaccharides

Mice were anesthetised with isofluorane before polysaccharide
challenge. The mice received 3 intranasal doses of polysaccharides
(100 �g/50 �l) for 3 consecutive days. The animals were sacrificed
24 h after the last intranasal challenge, and bronchoalveolar lavage
(BAL) fluid as well as whole lung tissues were obtained and used for
further analysis. In other experiments, mice received a single dose
(100 �g/50 �l) of polysaccharides and were sacrificed after 6 h.

Bronchoalveolar lavage (BAL) fluid and whole lung homogenate
preparation
The animals were sacrificed by CO2 asphyxiation. Subsequently,
a median sternotomy was  performed, and the trachea was exposed
by blunt dissection. A 22-gauge catheter was inserted into the tra-
chea, and BAL was  performed by instilling 1 ml  of PBS into the
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rachea and gently aspirating back. This procedure was repeated
wice, and the samples were pooled. The samples from each animal
ere centrifuged, and the supernatants were stored at–80 ◦C until
se. The BAL cell pellet was resuspended in 1 ml  of PBS and used
or total cell count determination. Total cells were counted using
eckman Coulter Z2 particle count and size analyser. Whole lung

ysates were prepared using lysis buffer as previously described
Hartl et al., 2008) and used for chitinase, EPO and MPO measure-

ents.

osinophil peroxidase (EPO) assay

The EPO level in BAL and lung homogenates, which mainly
epresents eosinophil infiltration, was measured as described pre-
iously (Oliveira et al., 2002). Briefly, o-phenylenediamine (OPD;
0 mg)  was dissolved in 5.5 ml  of distilled H2O. Then, 1.5 ml  of OPD
olution was added to 8.5 ml  of Tris buffer (pH 8.0) followed by the
ddition of 7.5 �l of H2O2 to produce EPO substrate solution. Using

 96-well plate, 100 �l of substrate solution was  added to 100 �l of
n undiluted BAL sample or 100 �l of lung homogenate (1 mg/ml).
fter 30 min  of incubation at 37 ◦C, the reaction was  quenched with
0 �l of 4 M H2SO4, and the absorbance was read at 492 nm.  The
esults are expressed as the change in absorbance at 492 nm.

yeloperoxidase (MPO) assay

The MPO  level in BAL and lung homogenates, which mainly
epresents neutrophil infiltration, was measured as described pre-
iously (Balloy et al., 2005) with slight modifications. Briefly, 100 �l
f BAL or 100 �l of lung homogenate (1 mg/ml) was added to 100 �l
f substrate solution (O-dianisidine dihydrochloride, 1.25 mg/ml
n HBSS) supplemented with 0.005% H2O2. The reaction was incu-
ated at room temperature and stopped by the addition of 50 �l of
a-azide (1% w/v). MPO  activity was determined as the change in
bsorbance at 460 nm.

hitinase assay

Chitinase activity in BAL fluid and lung homogenates was  mea-
ured using a commercial kit according to the instructions provided
y the manufacturer. Briefly, 10 �l of the test sample (BAL or lung
omogenate) was mixed with 90 �l of substrate working solu-
ion (4-methylumbelliferyl �-d-N,N-diacetylchitobioside hydrate)
n a 96-well black fluorescence plate (Nunc) and incubated for
0 min  at 37 ◦C in the dark. The reaction was stopped by adding
00 �l of sodium carbonate buffer, and fluorescence was mea-
ured using a fluorescence plate reader (Perkin Elmer). Chitinase
ctivity was calculated using a standard curve obtained using a 4-
ethylumbelliferone standard solution and expressed as units/ml.

ung histology

Lungs were excised and immediately fixed in 4% formaldehyde
rior to embedding in paraffin wax for sectioning. Mice lung sec-
ions (5 �m thickness) were stained with haematoxylin and eosin
H&E) or PAS and analysed for peribronchial inflammation. Semi
uantitation of images (n = 4 mice per group) was performed using
IJI software and inflammation score were determined.

ytokine quantification
The levels of TNF-� and TSLP in BAL or whole lung homogenates
ere measured using commercial ELISA kits (R&D systems) accord-

ng to the instructions provided by the manufacturer. The minimum
etection limit for TNF-� and TSLP was 16 pg/ml.
gy 219 (2014) 179– 188 181

In vitro macrophage stimulation

Murine macrophage-like RAW 264.7 cells (American Type
Culture Collection, Manassas, VA) were grown in RPMI 1640 (Invi-
trogen) containing 10% heat-inactivated FBS, 2 mM  l-glutamine
and penicillin-streptomycin (referred to as complete medium)
at 37 ◦C in a 100% humidified incubator with 5% CO2. To main-
tain logarithmic growth, the cells were passaged every 2–3 days
until they were used. RAW264.7 cells were seeded at a density
of 1 × 106 cells/ml in complete medium and used for stimulation
experiments. The cells were transferred to a serum-free medium
overnight prior to stimulation with 100 �g/ml of AIF, chitinase-
treated AIF, glucanase-treated AIF and vehicle control (PBS) for
various time points. The supernatants were harvested, centrifuged
and stored at −80 ◦C until use in cytokine assays.

Identification of an IgM antibody against chitin/chitosan

The identification of a specific IgM antibody targeted against
polysaccharide antigen was  determined as previously described
with minor modifications (Rapaka et al., 2010). Low molecular
weight chitin/chitosan (Sigma–Aldrich) derived from crab shells
was dissolved in 2% acetic acid/PBS (v/v) and further diluted in PBS
to a final concentration of 25 �g/ml. Chitin/chitosan was  coated
onto PolySorp 96-well plates at a concentration of 25 �g/ml at
4 ◦C. The plates were blocked with 10% FBS and 5% milk powder
in PBS (blocking buffer), and blocking buffer was used as a dilution
buffer for the serum and secondary antibodies. The samples were
applied at 1:40 dilutions. The horseradish peroxidase-conjugated
secondary antibody against mouse IgM was obtained from South-
ern Biotech. The plates were developed with TMB  substrate, and
the reaction was quenched with 2 N H2SO4. The background for all
ELISAs was set at an OD of <0.05 at 450 nm.  The OD values at 450 nm
were reported with the background subtracted.

Statistics

The data are expressed as the mean ± SEM unless other-
wise stated. The data were assessed for significance using a
non-parametric Mann–Whitney t-test or ANOVA using Prism 5
(GraphPad). A P-value < 0.05 was considered as statistically sig-
nificant, and the significance levels are represented as follows:
*P < 0.05, **P  < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.

Results

Characterisation of Aspergillus fumigatus polysaccharides

We purified A. fumigatus cell wall polysaccharides based on their
solubility in alkali. Furthermore, we prepared AIF without chitin
and without �-glucan using enzymatic treatment. When the size
distribution was  analysed, we  found that 70.6% of AIFs, 72.1% of glu-
cans (AIF treated with chitinase) and 68.2% of chitins (AIF treated
with glucanase) were less than 10 �m in size (Fig. 1A–C). The pres-
ence or absence of chitin in different preparations of AIF after
enzymatic treatments was  confirmed by binding to WGA. WGA  suc-
cessfully bound to AIF, glucanase-treated AIF and chitin beads but
not to curdlan or chitinase-treated AIF as determined by pull-down
experiments (Fig. 1D). Thus, chitinase treatment of AIF abolished
its binding to WGA. To detect the presence of �-glucan in AIF, we
used a monoclonal antibody raised against �-glucan in a pull-down
approach. In a western blot using the pellet obtained from the pull-

down experiment, the binding of �-glucan monoclonal antibody
to AIF and chitinase-treated AIF was  clear; however, this antibody
did not bind to glucanase-treated AIF (Fig. 1E). The AIF prepara-
tions were adjusted to a concentration of 2 mg/ml, and each of the
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Fig. 1. Characterisation of Aspergillus fumigatus alkali-insoluble fragments (AIF).
FACS analysis showing the size distribution of polysaccharides filtered through a
40-�m  cell strainer. 1 �m,  9.87 �m and 48.9 �m beads were used as particle con-
trols. Size distribution of (A) AIF, (B) AIF treated with chitinase, (C) AIF treated with
glucanase. (D) Silver-stained SDS-PAGE of a WGA  pull-down assay showing the pres-
ence of chitin in various polysaccharide preparations. WGA  (5 �g/ml) was added to
1000 �g of AIF, AIF treated with glucanase or chitinase, curdlan or Chitin Beads in a
total volume of 1000 �l, and a pull-down assay was performed as described in Mate-
rials and Methods. (E) SDS-PAGE and western blotting of a �-glucan pull-down assay
using a monoclonal mouse anti-�-glucan antibody and developed with a rabbit anti-
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Fig. 2. Schematic presentation of the protocols for intranasal challenge with
polysaccharide antigens. (A) In a 72-h experiment, C57BL/6 mice received 3 doses
(100 �g/50 �l) of AIF, chitinase-treated AIF, glucanase-treated AIF or vehicle con-
trols. At 24 h after the last intranasal dose, the mice were sacrificed, and BAL was
performed. (B) In a 6-h experiment, C57BL/6 mice received one dose (100 �g/50 �l)
of  AIF, chitinase-treated AIF, glucanase-treated AIF or vehicle controls. The mice
were sacrificed, and BAL was performed after 6 h. (C) In the 72-h experiment,
ouse antibody, showing presence of �-glucan in curdlan, AIF and chitinase-treated
IF  but not in glucanase-treated AIF. The antibodies (5 �g/ml) were added to 1000 �g
f  polysaccharide in a total volume of 1000 �l.

olysaccharides (100 �g/50 �l) were used for intranasal challenge
s described in Fig. 2A and B.

spergillus fumigatus polysaccharides recruit eosinophils and
eutrophils

We  performed intranasal administration of AIF, chitinase-
reated AIF, glucanase-treated AIF and vehicle control (PBS) in

57BL/6 mice. Intranasal challenge of AIF and AIF treated with
hitinase or glucanase resulted in significant lung inflammation as
ssessed by BAL fluid cell counts and lung histology (Figs. 2C and 3).
he inflammation score for PBS, AIF, chitinase-treated AIF and
total cell counts were obtained from BAL fluid. The results are presented as the
mean ± SEM of a minimum of 6–8 mice per group. *P < 0.05, **P  < 0.01, ***P  < 0.001,
Mann–Whitney t-test.

glucanase-treated AIF were 0.868, 1.527, 1.002 and 1.426 respec-
tively. Mice group which received AIF and glucanase treated AIF
had a significant inflammation score (PBS vs. AIF, P = 0.013), (PBS
vs. AIF + glucanase, P = 0.009) compared to PBS treated group. Chiti-
nase treated AIF inflammation score was not significant when
compared to PBS treated group. Further more chitinase treat-
ment of AIF reduced the inflammation score compared to AIF
group however this reduction was  not significant (P = 0.0651).
Treatment with AIF alone induced a >2-fold increase in BAL fluid
cell numbers compared with PBS treatment. Chitinase-treated AIF
reduced the total cell number in BAL compared with untreated
AIF, whereas glucanase treatment did not influence the total cell
number compared to untreated AIF. Similarly, the EPO level and
MPO  level, which reflect the number of eosinophils and neutrophils,
respectively, were increased in mice receiving AIF. The EPO levels
were reduced in BAL and lung homogenates after treatment with
chitinase- and glucanase-treated AIF when compared with intact
AIF; however, the reduction was not significant (Fig. 4A and B).
The MPO  levels were also reduced in BAL and lung homogenates

after treatment with chitinase- and glucanase-treated AIF com-
pared with intact AIF, and this reduction reached significance in
lung homogenates (Fig. 5A and B). Taken together, these results
indicate that, on a weight-to-weight basis, intact AIF is a stronger
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spergillus fumigatus polysaccharides induce chitinase expression
n mice lungs

We  tested the ability of AIF to induce chitinase expression in
ice lungs. Mice that received intranasal AIF showed significantly

igher chitinase levels both in BAL and lung homogenates when

ompared with the PBS group (Fig. 6A and B). Depletion of chitin
rom AIF via treatment with chitinase significantly reduced the
hitinase level compared with intact AIF; however, the same result
as not observed when AIF was treated with glucanase.
ning of mice lung sections from the 72-h experiment. Representative airways (n = 4
nase-treated AIF are shown. Arrows and stars indicate regions with inflammation

We next studied the influence of cell wall-associated proteases
on eosinophil recruitment and chitinase activity in BAL using heat-
killed A. fumigatus mycelium fragments and comparing the results
with those obtained using AIF. There was  no difference observed
in the EPO level (Fig. 7A) or the chitinase level (Fig. 7B) in mice,
indicating that these responses may  be protease-independent.

AIF induces TNF-  ̨ and TSLP production in mouse lungs

We next studied the ability of AIF as well as chitinase- and

glucanase-treated AIF to induce TNF-� and TSLP production at early
(6 h) and late (72 h) time points in mouse lungs. We  observed a
significant increase in both TNF-� and TSLP production as early
as 6 h after intranasal administration of AIF (Fig. 8A and B). AIF
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Fig. 4. Eosinophil recruitment by AIF requires the presence of both chitin and �-
glucan. In the 72-h experiment, C57BL/6 mice received 3 doses (100 �g/50 �l) of
AIF, chitinase-treated AIF, glucanase-treated AIF or vehicle control. At 24 h after the
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Fig. 5. Neutrophil recruitment by AIF requires the presence of both chitin and glu-
can.  In the 72-h experiment, C57BL/6 mice received 3 doses (100 �g/50 �l) of AIF,
chitinase-treated AIF, glucanase-treated AIF or vehicle control. At 24 h after the last
ast  intranasal dose, the mice were sacrificed and (A) BAL and (B) lung homogenate
ere analysed for EPO. The results are presented as the mean ± SEM of a minimum

f  4–6 mice per group. *P < 0.05, **P  < 0.01, ***P < 0.001, Mann–Whitney t-test.

reated with chitinase or glucanase failed to induce significant
NF-� production compared with intact AIF at both time points.
owever, chitinase-treated AIF significantly induced TNF-� and
SLP production from 6 h to 72 h (chitinase-treated AIF at 6 h vs.
2 h; #P = 0.0087; Fig. 8A and B).

egradation of chitin or ˇ-glucan in AIF attenuates TNF-˛
roduction in macrophages

To support our in vivo findings, we studied the ability of AIF as
ell as chitinase- and glucanase-treated AIF towards TNF-� expres-

ion in mouse macrophage cell line. Stimulation of RAW264.7 cells
ith AIF resulted in the production of large amounts of TNF-�
ithin 2 h, which further increased up to 12 h (Fig. 9). We  observed
 clear reduction in TNF-� production when the cells were stimu-
ated with chitinase- or glucanase-treated AIF. During the first 6 h
f stimulation, TNF-� production was significantly higher in AIF-
timulated RAW264.7 cells compared with cells stimulated with
intranasal dose, the mice were sacrificed and (A) BAL and (B) lung homogenates
were analysed for MPO. The results are presented as the mean ± SEM of a minimum
of  4–6 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001, Mann–Whitney t-test.

chitinase- or glucanase-treated AIF. However, the difference disap-
peared over time and was  abolished after 12 h.

Challenge with AIF enhanced the production of a chitin-specific
IgM

We  evaluated chitin-specific IgM production in mice that
received AIF intranasally for 3 consecutive days. We  found that the
AIF-treated mice had significantly higher chitin/chitosan-specific
IgM compared with the PBS-treated group (Fig. 10). These results
suggest a possible role for cell wall polysaccharides in the induction
of lymphocyte activation.
Discussion

The cell wall shields fungal cells from hostile environments,
and evolution has conserved chitin and �-glucan as cross-linked
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Fig. 6. Chitinase induction by AIF in mouse lungs. In the 72-h experiment, C57BL/6
mice received 3 doses (100 �g/50 �l) of AIF, chitinase-treated AIF, glucanase-treated
AIF or vehicle control. At 24 h after the last intranasal dose, total chitinase activity
was  measured in (A) BAL and (B) lung homogenate using a fluorogenic substrate (4-
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Fig. 7. Eosinophil peroxidase and chitinase expression in mice lungs induced by
heat-killed A. fumigatus mycelium fragments. C57BL/6 mice received 3 intranasal
doses of heat-killed A. fumigatus mycelium fragments (100 �g/50 �l) or AIF as
described in Fig. 2A. At 24 h after the last intranasal dose, the mice were killed, and
BAL was performed as described in Materials and Methods. EPO and total chitinase
ethylumbelliferyl �-d-N,N-diacetylchitobioside hydrate). The data are expressed
n  units/ml. The results are presented as the mean ± SEM of a minimum of 6–8 mice
er group. *P < 0.05, **P  < 0.01, ***P < 0.001, Mann–Whitney t-test.

omposite carbohydrates that confer both rigidity and flexibility
o the fungal cell wall during the different life states of the fun-
us (Latge, 1999). These structures are not present in mammalian
osts, and immune receptors have evolved to recognise chitin and
-glucan (Knutsen and Slavin, 2011; Romani, 2011). Fungi also
ecrete proteases that activate the immune system through spe-
ific receptors (Knutsen and Slavin, 2011; Romani, 2011). In the
resent study, we have studied the effect of A. fumigatus AIF on a
eight-to-weight basis and compared AIF-mediated immune acti-

ation with that induced by chitinase- and glucanase-treated AIF
ragments representing isolated �-glucan and chitin, respectively.
The AIF fragments were free of endotoxin, and enzymatic treat-
ent with glucanase and chitinase destroyed �-glucan and chitin,

espectively, as determined by pull-down assays using anti-�-
lucan antibody and WGA. However, the enzyme treatment did
activity in BAL were measured as described earlier. The results are presented as the
mean ± SEM of a minimum of 6–8 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001,
Mann Whitney t-test.

not result in an overall change in size distribution of the parti-
cles as judged by flow cytometry, which is an important point
because different particle sizes can influence immune activation,
as observed for both chitin particles (Da Silva et al., 2009) and
�-glucan (Goodridge et al., 2011).

Intranasal instillation of AIF resulted in an increase
in BAL cell number from 16.93 × 104 ± 5.45 cells/ml to
60.73 × 104 ± 11.36 cells/ml. Destruction of chitin by chiti-
nase resulted in a significant decrease in cell number to
35.39 × 104 ± 7.45 cells/ml. Destruction of �-glucan by glu-
canase did not alter the cell number compared with intact AIF.
Mice treated with intact AIF, glucanase-treated AIF and chitinase-
treated AIF exhibited massive inflammatory cell infiltration in the
tissues as well as the induction of PAS-positive alveolar epithelial
cells based on examinations of histological sections.

Neutrophils play an important role in killing fungal hyphae
(Bruns et al., 2010), and they produce chitinase (van Eijk
et al., 2005), which has antifungal properties (Chen et al.,

2009). Eosinophils also kill fungal hyphae by releasing their
cellular components, including major basic protein (MBP) and
eosinophil-derived neurotoxins (Yoon et al., 2008). We measured
myeloperoxidase (MPO) and eosinophil peroxidase (EPO) in BAL
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Fig. 8. AIF induces TNF-� and TSLP production in vivo. In the 6-h and 72-h experi-
ments, C57BL/6 mice received PBS, AIF, chitinase-treated AIF and glucanase-treated
AIF as outlined in Fig. 2A and B. Whole lung homogenates were prepared and
analysed for (A) TNF-� and (B) TSLP production by ELISA. When mice received
chitinase-treated AIF, both TNF-� and TSLP production increased significantly (#)
from 6 h to 72 h. The results are presented as the mean ± SEM of 5–6 mice per/group.
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Fig. 9. AIF induces TNF-� production by macrophages. The mouse macrophage cell
line  RAW264.7 (1 × 106 ml–1) was grown in complete medium. After washing in PBS,
the cells were stimulated with 100 �g/ml of AIF, chitinase-treated AIF, glucanase-
treated AIF or vehicle control in serum-free media. The TNF-� concentrations were

tion for this discrepancy. We  are currently investigating whether
intact �-glucan triggers differential immune activation in the lungs
compared to chitin-treated AIF on a weight-to-weight basis.

Fig. 10. Intranasal challenge with AIF increased the level of a specific IgM against
chitin/chitosan. In the 72-h experiment, C57BL/6 mice received 3 intranasal doses of
AIF  or PBS as described in Fig. 2A. At 24 h after the last intranasal dose, the mice were
sacrificed, and serum was prepared. Serum was diluted 1:40 in blocking buffer, and
specific IgM antibodies against chitosan/chitin were measured by ELISA. The data are
P < 0.05, **P  < 0.01, ***P < 0.001, #P < 0.05 for chitinase-treated AIF at 6 h vs. chitinase-
reated AIF at 72 h, Mann–Whitney t-test.

nd lung tissue homogenates after intranasal administration of
ntact or degraded AIF. AIF induced both EPO and MPO in BAL fluid
nd lung tissue compared to PBS. Although enzymatic pretreat-
ent of AIF reduced EPO levels, it did not significantly influence

PO levels in either BAL or lung tissue. Earlier reports stated
hat eosinophils release eosinophil-derived neurotoxin and MBP
fter �-glucan exposure, whereas chitin does not elicit the same
ffect, indicating that eosinophils respond differently towards
hese PAMPs (Yoon et al., 2008). The MPO  levels were reduced sig-
ificantly (to the PBS background level) by enzymatic treatment of
IF, suggesting that the neutrophil granulocytes are dependent on
omposite carbohydrates for the release of MPO.

Both chitin and �-glucan are known to induce chitinase expres-

ion (Lalaker et al., 2009; Reese et al., 2007; van Eijk et al., 2007,
010) in epithelial and phagocytic cells, and chitinase activity plays
n important role in the antifungal immune defence (Chen et al.,
measured by ELISA at different time points. The data from 3 individual experi-
ments (each performed in triplicate) are presented. *P < 0.05, **P  < 0.01, ***P < 0.001,
Mann–Whitney t-test.

2009). We  found that AIF treatment induced chitinase production
in mouse lungs. Pretreatment of AIF with chitinase and glucanase
reduced the chitinase activity; however, this reduction was only
significant after pretreatment with chitinase, indicating the relative
importance of the presence of a substrate PAMP vs. a non-substrate
PAMP for the induction of chitinase activity.

The proinflammatory cytokine tumour necrosis factor-� (TNF-
�) is produced in response to A. fumigatus challenge in vivo (Hohl
et al., 2005; Mehrad et al., 1999), and chitin has been shown
to induce TSLP production in keratinocytes (Koller et al., 2011).
We observed that TNF-� was strongly induced by AIF in lung
homogenates both 6 h after one instillation and 24 h after 3 con-
secutive instillations. Additionally, isolated �-glucan and chitin are
known to induce Th1 and Th2 cytokines, respectively (Da Silva
et al., 2010; Kawashima et al., 2012) It was therefore surprising
to observe that chitinase and glucanase treatment of AIF abolished
the induction of TNF-� cytokine. Particle size may be one explana-
shown as OD450 values with the secondary antibody background signal subtracted.
In  all experiments, the secondary antibody alone yielded an OD450 value of < 0.050.
The results are presented as the mean ± SD of 6 mice per group from 2 independent
experiments. *P < 0.05, **P  < 0.01, ***P < 0.001, Mann–Whitney t-test.
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In vitro stimulation of macrophages (RAW264.7) with AIF trig-
ered strong induction of TNF-�. At early time points, glucanase and
specially chitinase treatment of AIF dampened TNF-� induction;
owever, over time, the difference between the 3 treatments was
iminished, and after 12 h, no difference was observed between the
reatments.

The kinetics of the in vitro stimulation of RAW264.7 cells there-
ore appear to be different, and inhibitory components may  exist
hat dampen the in vivo response against AIF. Other cells, includ-
ng alveolar epithelial cells, may  also be involved in the response
gainst the administered components.

TSLP is known to regulate barrier immunity in the lung and to
romote Th2-associated inflammation (Zhou et al., 2005; Ziegler
nd Artis, 2010). We  observed an increase in TSLP production

 h after AIF instillation. As observed for the induction of TNF-�,
oth chitinase- and glucanase-treated AIF failed to induce signif-

cant TSLP production at this time point. At the late time point,
hitinase-treated AIF was as efficient as intact AIF for inducing
SLP production, indicating that �-glucan alone can induce TSLP
roduction as reported previously (Kreindler et al., 2010).

The combined presentation of �-glucan and chitin in AIF may
herefore be involved in the TSLP-mediated recruitment of den-
ritic cells, which are known to transport conidia and hyphae of
. fumigatus to draining lymph nodes (Bozza et al., 2002), thus

nstructing and stimulating the T-helper cell response.
It has recently been demonstrated that natural IgMs are involved

n the earliest aspects of fungal carbohydrate antigen recognition
n the host and influence the trafficking of antigen-loaded CD11c+

ells to regional lymph nodes (Rapaka et al., 2010). We  observed
 distinct increase in IgM antibodies reacting to chitin/chitosan
s early as 72 h after the first AIF instillation. We  speculate that
ntranasally administered AIF enhanced native IgM production
hrough TSLP-dependent recruitment of CD11c+ cells.

Our data demonstrate that AIF, representing a composite carbo-
ydrate structure, is an efficient stimulator of the innate immune
ystem. Degrading �-glucan or chitin within AIF by enzymatic
reatment resulted in differential attenuation of the observed
esponses both in vivo and in vitro. Future studies will reveal
hether well-known receptors for �-glucan and chitin (such as
ectin-1 and FIBCD1, respectively) can recognise composite PAMPs
ore efficiently than non-composite PAMPs or if composite PAMPs

nduce synergy between individual receptors.
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