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Abstract

Although chitin in fungal cell walls is associated with allergic airway inflammation, the pre-
cise mechanism underlying this association has yet to be elucidated. Here, we investigated
the involvement of fungal chitin-binding protein and chitin in allergic airway inflammation.
Recombinant Aspergillus fumigatus LdpA (rLdpA) expressed in Pichia pastoris was shown
to be an O-linked glycoprotein containing terminal a-mannose residues recognized by the
host C-type lectin receptor, Dectin-2. Chitin particles were shown to induce acute neutro-
philic airway inflammation mediated release of interleukin-1a (IL-1a) associated with cell
death. Furthermore, rLdpA—Dectin-2 interaction was shown to promote phagocytosis of
rLdpA—chitin complex and activation of mouse bone marrow-derived dendritic cells
(BMDCs). Moreover, we showed that rLdpA potently induced T helper 2 (Th2)-driven aller-
gic airway inflammation synergistically with chitin, and Dectin-2 deficiency attenuated the
rLdpA—chitin complex-induced immune response in vivo. In addition, we showed that serum
LdpA-specific immunoglobulin levels were elevated in patients with pulmonary aspergillosis.

Author summary

Asthma is the most common chronic disease among children in many countries.
Although its fundamental causes are not completely understood, the inhalation of aller-
gens, including fungal spores is a known risk factor for the development of asthma.
Recent studies have shown that sensitization to the filamentous fungus, Aspergillus
fumigatus, is associated with exacerbation of allergic asthma and other pulmonary dis-
eases. Although chitin in fungal cell walls is associated with allergic airway
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inflammation, the precise mechanism underlying this association has yet to be eluci-
dated. In this study, we showed that A. fumigatus chitin-binding glycoprotein, LysM
domain protein A (LdpA), synergistically induces Dectin-2-mediated Th2-driven air-
way inflammation with chitin. Therefore, this study provided new insights into fungal-
induced allergic airway diseases.

Introduction

Asthma is the most common chronic disease among children, and was reported to affect more
than 262 million people worldwide in 2019 [1]. Although its fundamental causes are not
completely understood, the inhalation of allergens, including fungal spores, pollen, and house
dust mites, is a known risk factor for the development of asthma. Recent studies have shown
that sensitization to the filamentous fungus, Aspergillus fumigatus, is associated with exacerba-
tion of allergic asthma and other pulmonary diseases [2-5]. A. fumigatus is also known to
cause allergic bronchopulmonary aspergillosis (ABPA) and allergic Aspergillus sinusitis (AAS)
[6-9].

Previous studies have suggested that the fungal cell wall chitin, an N-acetyl-p-glucosamine
(GleNAc) polymer, is associated with allergic airway inflammation [10,11]. Chitin has been
shown to exert size-dependent effects on innate immune responses [12]. Phagocytable-size
chitin particles were shown to induce the production of proinflammatory cytokines, such as
tumor necrosis factor (TNF)-a in vitro, whereas larger chitin particles did not induce such a
response [13-18]. In previous in vivo studies, non-phagocytable-size chitin particles were
shown to induce innate eosinophilic infiltration into the lungs of mice mediated by the release
of epithelial cell-derived cytokines, such as thymic stromal lymphopoietin (TSLP), interleukin-
25 (IL-25), and IL-33, with subsequent activation of innate lymphoid type 2 cells (ILC2s)
[13,19-21]. In addition, chitin is known to act as an immune adjuvant that enhances the adap-
tive immune response [22-27].

The C-type lectin receptor (CLR), Dectin-2, is expressed by various myeloid cell popula-
tions, including macrophages and several dendritic cell subsets, where it interacts with o-
1,2-mannose structures on fungi and glycans on house dust mite allergens [28-30] The recog-
nition of house dust mite allergens by Dectin-2 was shown to induce T helper 2 (Th2) cell
immunity [31,32], but the involvement of Dectin-2 in fungal-induced allergic immune
responses has not been elucidated.

Previously, we reported that the A. fumigatus cell wall protein, LysM domain protein A
(LdpA), which possesses multiple chitin-binding LysM domains, showed no functional
characteristics that would affect fungal morphology or pathogenicity [33]. Hyphae, resting
conidia, and swollen conidia showed IdpA mRNA expression, with higher levels of expres-
sion in hyphae [33]. In this study, we investigated the involvement of fungal chitin-binding
protein and chitin in allergic airway inflammation using recombinant A. fumigatus LdpA
expressed in Pichia pastoris (rLdpA). The results showed that rLdpA is an O-linked glyco-
protein containing the terminal a-mannose residues recognized by the host CLR, Dectin-2.
Phagocytable-size chitin particles were shown to induce acute neutrophilic airway inflam-
mation mediated by cell death-associated IL-1c release. Furthermore, we found that the
rLdpA-Dectin-2 interaction promotes phagocytosis of rLdpA-chitin complex and activa-
tion of mouse bone marrow-derived dendritic cells (BMDCs). Finally, we showed that
rLdpA synergistically induces Dectin-2-mediated Th2-driven airway inflammation with
chitin.
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Results
Generation of recombinant LdpA in Pichia pastoris

C-terminal c-Myc- and 6xhistidine (6xHis)-tagged recombinant LdpA (rLdpA) protein, in
which the A. fumigatus native signal peptide had been replaced with the alpha-factor secretion
signal from Saccharomyces cerevisiae, was heterologously expressed in the methylotrophic
yeast, Pichia pastoris (Fig 1A). After induction of rLdpA expression with methanol, the total
protein level in the culture supernatant was increased in the IdpA transformant, GS115-LdpA
(SIA Fig). After His-tag purification, a single protein band was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting analysis (S1B
and S1C Fig).

rLdpA is an O-linked glycoprotein containing a-mannose residues

Prediction of O-linked glycosylation was performed using NetOGlyc 4.0 server (http://www.
cbs.dtu.dk/services/NetOGlyc/) [34]. A. fumigatus LdpA was shown to contain putative O-gly-
cosylation sites, which were rich in serine (Ser) and threonine (Thr) residues, at the N-terminal
end of each LysM domain (Fig 1A). Ser and Thr residues accounted for 56.2%-66.6% of the
amino acid content in the Ser/Thr-rich regions. Periodic acid-Schiff (PAS) staining, which
stains glycoproteins, was performed to determine the glycosylation of rLdpA. Both rLdpA and
bovine fetuin as a glycoprotein control showed positive staining with PAS, while bovine serum
albumin (BSA) as a non-glycoprotein control showed no staining (Fig 1B). Glycosylation of
rLdpA was also examined by gel mobility shift assay after treatment with PNGase F, which
removes almost all N-linked oligosaccharides from glycoproteins. SDS-PAGE of PNGase-F-
treated rLdpA showed no shift in mobility on the gel as an indicator of change in molecular
mass (M,) (Fig 1C), while rLdpA showed a clear shift in mobility after treatment with trifluoro-
methanesulfonic acid (TFMS), which has been used extensively to chemically remove N- and
O-linked oligosaccharides from glycoproteins (Fig 1D) [35,36]. The M, of deglycosylated
rLdpA treated with TFMS corresponded to its predicted M, of 38 kDa. Next, the binding abil-
ity of rLdpA to lectins was evaluated. The results indicated that fluorescein isothiocyanate
(FITC)-labeled concanavalin A (ConA), an o-mannose-binding lectin, bound to rLdpA, while
FITC-labeled wheatgerm agglutinin (WGA) and peanut agglutinin (PNA) showed no binding
(Fig 1E). Next, we examined the mannosylation of rLdpA by treatment with a-mannosidase,
which has exoglycosidase activity and removes terminal o1-2-, al1-3-, and a1-6-linked man-
nose residues from oligosaccharides. After treatment with o-mannosidase, rLdpA showed a
clear shift in its M, (Fig 1F). Taken together these observations suggested that rLdpA is an O-
linked glycoprotein with terminal o-mannose residues.

rLdpA is a Dectin-2 ligand that induces proinflammatory cytokines and
chemokines

As the CLR, Dectin-2, recognizes fungal a-mannan [28], we performed Dectin-2-NFAT-GFP
reporter assay to investigate the interaction between rLdpA and Dectin-2 [37]. The results
showed that rLdpA delivered dose-dependent activation signals via Dectin-2 (Fig 1G). Inter-
nalization of FITC-labeled rLdpA by BMDCs derived from Dectin-2"'~ mice was attenuated in
comparison to BMDCs derived from C57BL/6 mice (Fig 1H). In addition, rLdpA was shown
to induce proinflammatory cytokine (Tnf-a, Il-1a, II-1B, II-6, Il-12 p40) and chemokine (Kc¢/
Cxcll and Mip-2/Cxcl2) mRNA expression (Fig 11), and the TNF-o, KC/CXCL1, and MIP-2/
CXCL2 protein levels in the culture supernatant of BMDCs incubated with rLdpA for 24 h
were also increased in an rLdpA dose-dependent manner (Fig 1]). The findings outlined above
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Fig 1. rLdpA, a glycoprotein with terminal a-mannose residues, induces Dectin-2-mediated proinflammatory cytokines and chemokines. (A) Domain
organization of A. fumigatus native LdpA and recombinant LdpA (rLdpA) expressed in Pichia pastoris. (B) Glycoprotein staining of rLdpA. rLdpA protein was
stained with periodic acid-Schiff (PAS) and Coomassie brilliant blue (CBB). Bovine fetuin and bovine serum albumin (BSA) were used as glycoprotein and non-
glycoprotein controls, respectively. (C) Deglycosylation of N-linked glycan. After treatment of rLdpA with or without PNGase F, gel mobility shift assay on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with CBB staining was performed. Bovine fetuin was used as a glycoprotein control. (D)
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Deglycosylation of N-linked and O-linked glycans. After treatment of rLdpA with or without trifluoromethanesulfonic acid (TFMS), gel mobility shift assay on
SDS-PAGE with CBB staining was performed. Bovine fetuin and BSA were used as glycoprotein and non-glycoprotein controls, respectively. (E) Lectin-binding
assays. rLdpA (20 pg) was reacted with 1 mg of Dynabeads to generate rLdpA-Dynabeads complex. After incubation of rLdpA-Dynabeads complex with
fluorescein isothiocyanate (FITC)-labeled concanavalin A (ConA) (20 pg), FITC-labeled wheatgerm agglutinin (WGA) (20 pg), and FITC-labeled peanut
agglutinin (PNA) (20 pg), lectins bound to rLdpA were measured by flow cytometry. (F) Deglycosylation of o-mannose residues. After treatment of rLdpA with
or without o-mannosidase, which has exoglycosidase activity and removes terminal a1-2-, ot1-3-, and 01-6-linked mannose residues from oligosaccharides, gel
mobility shift on SDS-PAGE was determined by Western blotting analysis with anti-c-Myc antibody. (G) Dectin-2-NFAT-GFP reporter assay. NFAT-GFP
reporter cells expressing FcRy with or without Dectin-2 were incubated on plates coated with rLdpA (0.1, 1, and 10 pg/mL) for 24 h, and GFP-positive cells were
measured by flow cytometry. (H) After bone marrow-derived dendritic cells (BMDCs) derived from C57BL/6 mice or Dectin-2"'~ mice were incubated with

25 pg/mL FITC-labeled rLdpA for 1 h, the mean fluorescence intensity (MFI) of cells was measured by flow cytometry. (I) Proinflammatory cytokine and
chemokine mRNA expression. BMDCs derived from C57BL/6 mice were incubated with 25 ug/mL of rLdpA for 1.5 h, and then Tnf-a, Il-1a, II-1p, II-6, II-12 p35,
11-12 p40, Kc/Cxcll, and Mip-2/Cxcl2 mRNA expression levels were measured by quantitative real-time PCR. The mRNA expression levels were normalized
relative to Gapdh mRNA and are shown as fold change relative to the control phosphate-buffered saline (PBS) group. (J) Proinflammatory cytokine and
chemokine protein levels. BMDCs derived from C57BL/6 and Dectin-2"'~ mice were incubated with 0.2-25 pg/mL rLdpA and 5 ng/mL lipopolysaccharide (LPS)
for 24 h, TNF-0, KC/CXCL1, and MIP-2/CXCL2 protein levels in the culture supernatant were measured by enzyme-linked immunosorbent assay (ELISA). Data
are shown as the mean + standard deviation (SD). *P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired two-tailed Student’s ¢ test (H and I) or one-way ANOVA
with Dunnett’s multiple comparison test (G and J).

https://doi.org/10.1371/journal.ppat.1011878.9001

suggested that rLdpA induces proinflammatory cytokine and chemokine expression via the
CLR, Dectin-2.

Phagocytosis of chitin particles by BMDCs induces IL-1a release after cell
death

Here, we examined the phagocytosis of chitin particles approximately 0.6-5.9 pm in size (Fig
2A). Calcofluor white (CFW)-labeled chitin particles were phagocytosed by BMDCs (Fig 2B
and 2C), but did not induce TNF-o. or KC/CXCL1 production (Fig 2D). Interestingly, phago-
cytosis of chitin particles induced the production of IL-10, a typical alarmin (Fig 2D). IL-1a. is
constitutively expressed at a steady state in many cell types in healthy tissues, and its expression
can be increased in response to proinflammatory stimuli [38]. Necrotic cell death due to dam-
age, stress, or infection induces the release of IL-1o. into the surrounding milieu, which triggers
the IL-1o-driven inflammatory loop [38]. In the present study, phagocytosis of chitin particles
by BMDC:s induced IL-1a release and cell death (Fig 2E and 2D), and inhibition of phagocyto-
sis by cytochalasin D abolished both chitin particle-induced cell death (Fig 2F) and IL-1o.
release (Fig 2G). In contrast to chitin particles, BMDCs readily phagocytosed polystyrene- and
cobalt-based beads (Dynabeads; Thermo Fisher Scientific, Waltham, MA, USA) (S2A Fig),
which did not induce cell death or IL-10: release (S2B and S2C Fig). Taken together, these
observations suggested that phagocytosis of chitin particles triggers innate inflammation by
inducing IL-1o production and cell death-mediated IL-1c release.

Chitin particles induce IL-1a-mediated acute neutrophilic airway
inflammation in vivo

We next investigated the effects of chitin particles and rLdpA on airway inflammation in vivo.
Chitin particles induced acute neutrophil infiltration into the airways of mice 6 hours after
intranasal administration of a single dose, while rLdpA did not induce acute neutrophilic air-
way inflammation (Fig 2H). Lactate dehydrogenase (LDH) and IL-1a levels in the BAL fluid
were elevated in the mice administered chitin particles (Fig 2I). The induction of acute neutro-
phil infiltration by chitin particles was inhibited by intraperitoneal premedication with anti-
IL-1a neutralizing antibody (Fig 2]). These results suggested that IL-1o. is a critical cytokine in
chitin particle-induced acute neutrophilic airway inflammation.
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Fig 2. Phagocytosis of chitin particles induced IL-1a release after cell death and acute neutrophilic airway inflammation. (A) Flow cytometric
analysis of chitin particle size. The yellow peak indicates chitin particles. Gray peaks indicate 0.6-, 1-, and 5.9-um latex beads. (B, C) Phagocytosis assay
of chitin particles. Bone marrow-derived dendritic cells (BMDCs) derived from C57BL/6 mice were incubated with 50 ug/mL of calcofluor white
(CFW)-labeled chitin particles (blue). After washing with phosphate-buffered saline (PBS), cells were stained with Alexa Fluor 555 Phalloidin (yellow)
and nuclei were stained with NucRed Live 647 ReadyProbes Reagent (red), and observed by confocal laser scanning microscopy (B). The mean
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fluorescence intensity (MFI) of cells that had phagocytosed chitin particles was measured by flow cytometry (C). (D, E) BMDCs were incubated with
chitin particles (2-250 pg/mL), rLdpA (25 ug/mL), or PBS (vehicle control), and TNF-o, KC/CXCL1, and IL-1ot levels in the culture supernatant and
IL-1o in the cell lysate were measured by enzyme-linked immunosorbent assay (ELISA). Cytotoxicity was assessed by measuring the release of lactate
dehydrogenase (LDH) (E). (F, G) BMDCs were incubated with 1 uM cytochalasin D for 30 min, followed by the addition of chitin particles (250 pg/
mL). After 24-h incubation, cytotoxicity was assessed by measuring the release of LDH (F), and IL-1a. protein levels in the culture supernatant were
measured by ELISA (G). (H) C57BL/6 mice were administered chitin particles (100 pg), rLdpA (10 pg), or PBS (vehicle control) in a single intranasal
dose. Bronchoalveolar lavage (BAL) fluid samples were obtained after 3, 6, and 12 h, and the numbers of neutrophils were measured by flow
cytometry. (I) Chitin particles (100 pg) and rLdpA (10 pg) were administered to C57BL/6 mice in a single intranasal dose. The number of neutrophils,
IL-10level, and LDH level in the BAL fluid were measured after 24 h. (J) Anti-IL-1a neutralizing antibody or isotype control antibody was injected
into the peritoneal cavity of C57BL/6 mice at a dose of 80 ug/mouse 1 h before intranasal chitin particle administration. The number of neutrophils in
the BAL fluid was determined after 24 h. Data are shown as the mean + standard deviation (SD). (H, n = 3 mice/group; I, n = 6 mice/group; J, n = 7-8
mice/group). Each symbol represents an individual sample (I and J). *P < 0.05 and **P < 0.01 by one-way ANOVA with Dunnett’s multiple
comparison test (D-H) or unpaired two-tailed Student’s ¢ test (I and J).

https://doi.org/10.1371/journal.ppat.1011878.9002

rLdpA-Dectin-2 interaction promotes phagocytosis of rLdpA-chitin
complex

LdpA contains three chitin-binding LysM domains and is localized within the cell wall and
extracellular matrix [33], suggesting that LdpA is a chitin-associated protein. In sedimentation
assay using various insoluble polysaccharides, rLdpA was shown to bind to chitin particles and
chitin beads, and approximately 50% of the rLdpA bound to chitosan, an 80% deacetylated
product of chitin (Fig 3A). These observations suggested that LdpA is a chitin-binding protein.
We quantified the chitin-binding capacity of rLdpA, and the results showed that approxi-
mately 10-20 pg of rLdpA bound to 1 mg of chitin (S3 Fig). Next, we investigated the effects of
rLdpA-—chitin complex on BMDC:s. First, fluorescence-labeled rLdpA—chitin complex was
generated by reacting FITC-labeled rLdpA and CFW-labeled chitin particles (Fig 3B). The
results of phagocytosis assay showed that BMDCs readily phagocytosed rLdpA-chitin complex
compared with chitin, indicating that rLdpA enhanced the phagocytosis of rLdpA—chitin com-
plex (Fig 3C and 3D). To further examine the promotion of phagocytosis by rLdpA, different
concentrations of rLdpA (0.0012-20 pug) were reacted with a specific amount of CFW-labeled
chitin. The phagocytosis of rLdpA-chitin complex by BMDCs was shown to be increased in
an rLdpA concentration-dependent manner (Fig 3E). We next examined whether the LdpA-
Dectin-2 interaction contributed to the phagocytosis of rLdpA—chitin complex. Briefly,
BMDCs were incubated with various carbohydrate ligands of CLRs prior to the addition of
rLdpA-chitin complex. The phagocytosis of rLdpA—chitin complex by BMDCs was inhibited
by the Dectin-2 ligand, mannan from Saccharomyces cerevisiae (Fig 3F). Furthermore, the
phagocytosis of rLdpA-chitin complex was attenuated in BMDCs from Dectin-2"'~ mice (Fig
3G). These results indicated that the rLdpA-Dectin-2 interaction promotes phagocytosis of
rLdpA-chitin complex.

rLdpA-chitin complex activates BMDCs in a Dectin-2-dependent manner

We next examined whether rLdpA—-chitin complex activated BMDCs. Incubation with
rLdpA-—chitin complex resulted in upregulation of the cell-surface expression of major histo-
compatibility complex (MHC) class II, CD80, CD86, and CD40 (Fig 4A). In addition, rLdpA-
chitin complex markedly enhanced the mRNA expression levels of the proinflammatory cyto-
kines, Tnf-a, Il-1a, II-1B, 1I-6, and II-12 p40, and the chemokines, Kc¢/Cxcll and Mip-2/Cxcl2
(Fig 4B), as well as increasing the TNF-a, IL-10, and KC/CXCL1 protein levels (Fig 4C). Fur-
thermore, rLdpA-chitin complex increased chitin particle-induced cell death (Fig 4D). The
rLdpA—chitin complex-mediated induction of proinflammatory cytokines and chemokines
was dependent on caspase recruitment domain-containing protein 9 (Card9) and Dectin-2,
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labeled rLdpA (20 ug) was reacted with 1 mg of calcofluor white (CFW)-labeled chitin. The resulting rLdpA—-chitin complex was observed by confocal laser
scanning microscopy. (C) Phagocytosis assay of rLdpA-chitin complex. Mouse bone marrow-derived dendritic cells (BMDCs) derived from C57BL/6 mice
were incubated with FITC-labeled rLdpA (1 ug/mL), CFW-labeled chitin (50 pg/mL), and FITC- and CFW-labeled rLdpA-chitin complex (rLdpA, 1 ug/
mL; chitin, 50 ug/mL) for 4 h. After washing with PBS, cells were stained with Alexa Fluor 555 Phalloidin (yellow), nuclei were stained with NucRed Live
647 ReadyProbes Reagent (red), and observed by confocal laser scanning microscopy. (D) BMDCs derived from C57BL/6 mice were incubated with CFW-
labeled rLdpA—chitin complex (rLdpA, 1 ug/mL; chitin, 50 pg/mL) and CFW-labeled chitin (50 pg/mL) for 1-24 h. After washing with PBS, the mean
fluorescence intensity (MFI) of rLdpA-chitin complex-phagocytosed cells was measured by flow cytometry. (E) Effects of LdpA on the phagocytosis of
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glucosamine (GIcNAc), and PBS for 30 min, followed by addition of CFW-labeled rLdpA-chitin complex (rLdpA, 1 pg/mL, chitin, 50 ug/mL). After 4 h of
incubation, the MFI of rLdpA-chitin complex-phagocytosed cells was measured by flow cytometry. (G) BMDCs derived from C57BL/6 mice and Dectin-
27"~ mice were incubated with CFW-labeled rLdpA-chitin complex (rLdpA, 1 pg/mL; chitin, 50 pg/mL) for 1-24 h. After washing with PBS, the MFI of
rLdpA-chitin complex-phagocytosed cells was measured by flow cytometry. Data are shown as the mean + standard deviation (SD). *P < 0.05, **P < 0.01,
and ***P < 0.001 by unpaired two-tailed Student’s ¢ test (D and G) or one-way ANOVA with Dunnett’s multiple comparison test (E and F).

https://doi.org/10.1371/journal.ppat.1011878.9003
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Fig 4. rLdpA activates BMDCs synergistically with chitin. (A) Bone marrow-derived dendritic cells (BMDCs) from C57BL/6 mice were incubated with
recombinant LdpA (rLdpA) (1 pg/mL), chitin (50 pg/mL), rLdpA-chitin complex (rLdpA, 1 pg/mL; chitin, 50 ug/mL), lipopolysaccharide (LPS) (100 ng/
mL), and phosphate-buffered saline (PBS) for 24 h. MHC class II, CD80, CD86, and CD40 cell-surface expression were measured by flow cytometry. (B)
Proinflammatory cytokine and chemokine mRNA expression. After BMDCs derived from C57BL/6 mice were incubated with rLdpA (25 pg/mL), chitin
(250 ug/mL), rLdpA—chitin complex (rLdpA, 1 pg/mL; chitin, 50 pg/mL), and PBS for 1.5 h, mnRNA expression levels of Tnf-a, Il-1a, Il-1B3, 1I-12 p35, Il-12
P40, I1-6, Kc/Cxcll, and Mip-2/Cxcl2 were measured by quantitative real-time PCR. mRNA expression levels were normalized relative to Gapdh mRNA
levels and are shown as fold change relative to the control PBS group. (C, D) BMDCs derived from C57BL/6 mice were incubated with rLdpA (1 pug/mL),
chitin (50 pg/mL), rLdpA-chitin complex (rLdpA, 1 pg/mL; chitin, 50 ug/mL), and PBS for 24 h, TNF-a, IL-10, and KC/CXCLI protein levels in the
culture supernatant were measured by enzyme-linked immunosorbent assay (ELISA) (C). Cytotoxicity was assessed by measuring the release of lactate
dehydrogenase (LDH) (D). (E, F, G) BMDCs derived from C57BL/6, Card9™"", Myd88’/’ (E), Mincle™'~, MCL™'~ (F), Dectin-2”'~ and Dectin-1"'"~ (G) mice
were incubated with rLdpA-chitin complex (rLdpA, 1 pg/mL; chitin, 50 ug/mL) and PBS for 24 h, and TNF-o, IL-1a, and KC/CXCL1 protein levels in the
culture supernatant were measured by ELISA. Data are shown as the mean + standard deviation (SD). *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way
ANOVA with post hoc Tukey-Kramer test (B, C, D).

https://doi.org/10.1371/journal.ppat.1011878.9004

and independent of myeloid differentiation marker 88 (Myd88), macrophage-inducible C-
type lectin (Mincle), macrophage C-type lectin (MCL), and Dectin-1 (Fig 4E, 4F and 4G).
Taken together, these observations indicated that the rLdpA-Dectin-2 interaction is crucial
for the rLdpA—chitin complex-mediated activation of BMDCs.
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Fig 5. rLdpA-chitin complex induces Dectin-2-dependent neutrophilic airway inflammation. (A) A single dose of
recombinant LdpA-chitin complex (rLdpA, 10 pg; chitin, 100 ug) was administered intranasally to C57BL/6 and Dectin-2"'~
mice. All animals were sacrificed at 24 h after administration and BAL fluids were collected. (B) The numbers of total cells,
neutrophils, eosinophils, and alveolar macrophages (AMs) in the BAL fluid were measured by flow cytometry. (C) The levels of
TNF-0, IL-10, and KC/CXCL1 in the BAL fluid were measured by ELISA. Data are shown as the mean =+ standard deviation
(SD). (n = 4 mice/group). Each symbol represents an individual sample. P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired
two-tailed Student’s £ test.

https://doi.org/10.1371/journal.ppat.1011878.9005

rLdpA-chitin complex induces Dectin-2-dependent neutrophilic airway
inflammation

To investigate the effects of rLdpA-chitin complex on Dectin-2-induced airway inflammation
in vivo, a single dose of rLdpA—chitin complex was administered intranasally to C57BL/6 and
Dectin-2""~ mice. All animals were sacrificed at 24 h after administration and BAL fluids were
collected (Fig 5A). Compared to C57BL/6 mice, Dectin-2"'~ mice had significantly reduced
levels of total cells, neutrophils, and eosinophils infiltration in the airways (Fig 5B). In contrast,
in Dectin-2""" mice, the decrease in alveolar macrophages was suppressed compared to
C57BL/6 mice (Fig 5B). A single dose of nasal administration of rLdpA-chitin complex also
induced the levels of TNF-a, IL-1a, and KC/CXCLL1 in the BAL fluid in a Dectin-2-dependent
manner (Fig 5C). These observations suggested that rLdpA-chitin complex induces Dectin-
2-dependent neutrophilic airway inflammation.

rLdpA and chitin synergistically induce Th2 airway inflammation

To investigate the synergistic effects of rLdpA and chitin particles on the airway immune
response in vivo, BALB/c mice were intranasally administered rLdpA—chitin complex, rLdpA,
chitin particles, CpG-ODN, or rLdpA+CpG-ODN three times (Fig 6A). In the group

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011878 January 3, 2024 10/26


https://doi.org/10.1371/journal.ppat.1011878.g005
https://doi.org/10.1371/journal.ppat.1011878

PLOS PATHOGENS

Chitin-binding glycoprotein- and chitin-induced allergic airway inflammation

A B
@ g-l:’PA 3 1.0 1.0
itin — R —_
BALBIc | L dpA-chitin complex ) ° 2 08 2 08 ®
CpG-ODN =2 2 06 = 06
rLdpA + CpG-ODN ] a 27 % ’
PBS S |e S 04 S 0.4
i : : Els | £ ° £
Ln I.n. LN |2 20 02 3 0.2
\ v L 2 & ﬁ =
} } } | o ey 0.0 0.0
% S y y k3 R R
sacrifice X XK N RKR & (,Q(,(,QO
& ¥ & ¥ &
NG k\/b ‘\,bq
c 8 8 D 160. 50 2000
= N 40 1600
—E6 . %é 6 % 2 120 4 - . =) "
32 £3 . K B 10
g24 wey = 80 & &
<< =< 2 32 5 800
o o [
E£2 E2q. 40 10 400
0LE 0 0 0 0
Q&V&:‘g@t@%@‘@\‘ ldpA+ - + = + - 4 - rldpA+ - + - 4 - + - rldpAt -+ - 4 - 4 -
Q S oo I N &
NG S S & S S & S
¥ g & & §F & & § & &
K & K S F S ® ¢
Sl N &
¥ » ¥
E rLdpA-chitin F
TR 12 A25
3 3
£10 g £ 20
<S4 25 o
N3 23 15
§8 gs
== =10
x4 4
E Eg
2
0 0.
Q@‘b &?'&‘\;&\k‘ QQ QQ
PR O
T RR
¥ ¥
R
\g
G
3.0 40 0.25
8 25 ‘3 3 0.20
2, ° <30 b = o
B e s 8 Y 0.15
215 320 < 010
<< B
€10 e 3
= 210 £ 0.05
€ 05 B2 s
© © o
0.0 0.0 0.00.
Qng < $¢ @&\ 00% 0()\\ QQ;o < ‘.\\.«\\o é“‘ S 0()\\ Qq;o < ‘.\\@\ $o OQQOQ\\
Q\'QVOQ;Q,' ‘V()V:QGG &QVG &~
FRR TR R KR R
¥R S ¥ ¥
S & N

Fig 6. Nasal immunization with rLdpA-chitin complex induced a Th2 immune response. (A) rLdpA (10 pg), chitin (100 pg), rLdpA-chitin complex
(rLdpA, 10 pg; chitin, 100 pg), CpG-ODN (20 ug), rLdpA+CpG-ODN (rLdpA, 10 ug; CpG-ODN, 20 ug), or vehicle (PBS) was administered
intranasally to BALB/c mice three times. All animals were sacrificed at 72 h after the last nasal administration, and samples were obtained. (B) The
numbers of total cells, neutrophils (CD11c™ Siglec F~ CD11b" Ly-6G"), and eosinophils (CD11c” Siglec F*) in bronchoalveolar lavage (BAL) fluid were
measured by flow cytometry. (C) mRNA expression levels of Kc/Cxcll and Ccll 1/Eotaxin-1 in the lung were measured by quantitative real-time PCR
(qRT-PCR). The mRNA levels of these genes were normalized relative to Gapdh mRNA. The fold differences in expression are shown relative to the
vehicle control group. (D) IL-4, IL-5, and IFN-y secretion by mediastinal lymph node (MLN) cells after ex vivo re-stimulation with or without 10 ug/
mL rLdpA. (E) Histological examination of lung tissues stained with Periodic acid-Schiff (PAS). Scale bar, 100 pm. (F) mRNA expression levels of
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Muc5b and AMCase in the lung were measured by qRT-PCR. The mRNA levels of these genes were normalized relative to Gapdh mRNA. The fold
differences in expression are shown relative to the vehicle control group. (G) Levels of serum LdpA-specific IgG1, IgG2a, and IgE measured by indirect
ELISA. Data are shown as the mean + standard deviation (SD) (n = 6-7 mice/group). Each symbol represents an individual sample.

https://doi.org/10.1371/journal.ppat.1011878.9006

administered rLdpA-chitin complex, the level of eosinophil and neutrophils infiltration into
the airway increased markedly (Fig 6B). Nasal administration of rLdpA-chitin complex also
induced the expression of the eosinophil chemotactic protein, CCL11/Eotaxin-1, and neutro-
phil chemotactic protein, KC/CXCLL1 (Fig 6C). We further examined the Th1/Th2 adaptive
immune responses associated with rLdpA-chitin complex. The levels of the Th2-related cyto-
kines, IL-4 and IL-5, were elevated in the culture supernatant of mediastinal lymph node cells
from mice administered rLdpA-chitin complex after ex vivo re-stimulation with rLdpA, while
no increase was observed in level of the Th1-related cytokine, INF-y (Fig 6D). In contrast,
INF-y level was elevated in the mice administered rLdpA+CpG-ODN (Fig 6D). Histological
examination of lung tissues showed that rLdpA—-chitin complex induced hyperplasia of the
mucin-secreting airway goblet cells, which play a role in the airway remodeling process in
asthma (Fig 6E). mRNA expression levels of Muc5b and AMCase in the lung were elevated in
the group administered rLdpA-chitin complex (Fig 6F). Serum LdpA-specific IgG1 and IgE
levels were elevated in the group administered rLdpA-chitin complex (Fig 6G). In addition,
rLdpA-chitin complex-induced Th2-driven airway inflammation was also observed in
C57BL/6 mice, which are known to show differences in immune responsiveness to allergens in
comparison to BALB/c mice (S4 Fig). These observations suggested that rLdpA and chitin
induce Th2 airway inflammation in a synergistic manner.

Dectin-2 deficiency attenuates the rLdpA-chitin complex-induced immune
response

The infiltration of eosinophils into the airway (Fig 7B), KC/CXCL1 and CCL11/Eotaxin-1 lev-
els in BAL fluid (Fig 7C), IL-4 and IL-5 levels in the spleen cell culture supernatant after ex
vivo re-stimulation with rLdpA (Fig 7D), and serum LdpA-specific IgG1, IgG2a, and IgE levels
(Fig 7E) were attenuated in Dectin-2~'~ mice administered rLdpA—chitin complex in compari-
son to C57BL/6 mice. These observations indicated that Dectin-2 is crucial for the LdpA-chi-
tin complex-induced immune response.

Serum LdpA-specific immunoglobulin levels are elevated in pulmonary
aspergillosis patients

We next investigated the serum LdpA-specific immunoglobulin (Ig) levels in patients with
three types of pulmonary aspergillosis, i.e., invasive pulmonary aspergillosis (IPA), chronic
pulmonary aspergillosis (CPA), and allergic bronchopulmonary aspergillosis (ABPA), by indi-
rect enzyme-linked immunosorbent assay (ELISA). The demographic characteristics of the
participants and healthy volunteers are shown in S1 Table. The serum levels of LdpA-specific
IgG and IgE were elevated in patients with CPA and ABPA, respectively, compared with
healthy controls and patients with IPA (Fig 8). These observations suggested that LdpA is rec-
ognized as an antigen in patients with chronic and allergic lung A. fumigatus infection.

Discussion

The outer cell walls of yeasts, such as Candida and Saccharomyces species, contain heavily
mannosylated glycoproteins, known as mannoproteins [39,40]. Mannoproteins comprise up
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Fig 7. Deficiency of Dectin-2 attenuates the rLdpA—chitin complex-induced immune response. (A) Recombinant LdpA-chitin complex (rLdpA,

10 pg; chitin, 100 pg) were administered intranasally to Dectin-2"

.

and C57BL/6 mice three times. All animals were sacrificed 72 h after the last nasal

administration, and samples were obtained. (B) The numbers of total cells, neutrophils, and eosinophils in BAL fluid were measured by flow cytometry.
(C) KC/CXCL1 and CCL11/Eotaxin-1 protein levels in the BAL fluid were measured by ELISA. (D) IFN-v, IL-4, and IL-5 secretion by spleen cells after
ex vivo re-stimulation with or without 10 ug/mL rLdpA. (E) Levels of serum LdpA-specific IgG1, IgG2a, and IgE measured by indirect ELISA. Data are
shown as the mean + standard deviation (SD) (n = 5-10 mice/group). Each symbol represents an individual sample. *P < 0.05, **P < 0.01, and

***P < 0.001 by unpaired two-tailed Student’s ¢ test.

https://doi.org/10.1371/journal.ppat.1011878.9007

to 40% of the cell wall dry weight of the human pathogenic yeast, Candida albicans [40]. In
contrast to yeast, mannose chains are components of cell wall galactomannan in the filamen-
tous fungus A. fumigatus, which are bound covalently to the inner cell wall of the -(1,3)-glu-
can—chitin core [39,41]. In addition, the A. fumigatus cell wall contains mannose chains as
glycans of O-linked glycoproteins and N-linked glycoproteins [42]. The structures of O-gly-
cans on glycoprotein are quite diverse between different organisms and even within fungal
species [43]. Trimble et al. reported that O-glycans in the recombinant human bile salt-stimu-
lated lipase expressed in P. pastoris possessed a linear chain of up to six mannose residues,
including Man1-0O, Manal-2Man1-0, and Manol-2Manol-2Man1-O [44]. In their study, the
most abundant O-glycan was Mana1-2Man1-O followed by Mana1-2Manal-2Man1-O [44].
Consistent with previous reports, recombinant A. fumigatus LdpA expressed in yeast P. pas-
toris was an O-linked glycoprotein with terminal o-mannose residues. In contrast to P. pas-
toris, the O-glycans in the glycoproteins of A. fumigatus have complex structures, but the O-
glycans of A. fumigatus include Man1-O and Mana.1-2Man1-O [45]. These reports suggest
that the A. fumigatus native LdpA could show immune responses similar to rLdpA expressed

in P. pastoris.

Ishikawa et al. reported that O-linked mannoprotein W1 isolated from the pathogenic fun-
gus, Malassezia, was a Dectin-2 ligand, and the a-1,2-mannosyl residues of W1 were necessary
and sufficient for recognition by Dectin-2 [37]. Recently, Reedy et al. reported that Dectin-2 is
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Fig 8. Serum LdpA-specific inmunoglobulin levels are elevated in patients with pulmonary aspergillosis. Serum LdpA-
specific IgG and IgE levels in invasive pulmonary aspergillosis (IPA), chronic pulmonary aspergillosis (CPA), and allergic
bronchopulmonary aspergillosis (ABPA) patients and healthy individuals were measured by indirect enzyme-linked
immunosorbent assay (ELISA). Data are shown as the mean + standard deviation (SD) (IPA patients, n = 11; CPA patients,

n = 10; ABPM patients, n = 5; healthy individuals, # = 10). Each symbol represents an individual sample. **P < 0.01 by one-way
ANOVA with Dunnett’s multiple comparison test.

https://doi.org/10.1371/journal.ppat.1011878.9008

a receptor for A. fumigatus galactomannan [46]. In the present study, we showed that rLdpA
expressed in P. pastoris was a ligand for Dectin-2, and we speculated that the native LdpA may
be a strong candidate for the Dectin-2 ligand of A. fumigatus.

Lectins involved in innate immunity as pattern recognition receptors (PRRs) have been
proposed to bind foreign pathogens not only by binding specificity but also by density-depen-
dent recognition of surface glycans [47,48]. The addition of rLdpA to the medium did not
transmit the signal to Dectin-2-NFAT-GFP reporter cells, but rLdpA-Dectin-2 signals were
transmitted when rLdpA was immobilized on the plate. The induction of inflammatory cyto-
kines by Dectin-2 signaling in BMDCs required stimulation with high concentrations of
rLdpA. In contrast, low concentrations of rLdpA bound to chitin particles strongly induced
phagocytosis and the expression of both cytokines and chemokines, suggesting that the high
density of rLdpA bound on the surface of chitin particles transmitted the signal to Dectin-2.

Dectin-2 was reported to promote house dust mite-induced Th2-type cell differentiation
and allergic airway inflammation in mice [30,31,49], but there have been no previous studies
regarding the involvement of Dectin-2 in fungal-induced allergic airway inflammation. Here,
we showed that rLdpA—chitin complex induced Th2-type adaptive immune responses, which
was attenuated by Dectin-2 deficiency in vivo. Moreover, the levels of serum LdpA-specific IgE
were elevated in patients with ABPA. These observations strongly suggested that native LdpA
is involved in A. fumigatus-induced allergic immune responses.

Chitin has been shown to exert size-dependent effects on innate immune responses [12].
The production of TNF-o in macrophages in vitro is induced by phagocytable-size chitin parti-
cles but not by large non-phagocytable-size chitin particles [13-18]. In contrast to these find-
ings, our in vitro results showed that small chitin particles (0.6-5.9 um) did not induce TNF-o.
production in BMDCs. Low-purity chitin was suggested to potentially lead to misinterpreta-
tion of experimental results because commercially available chitin contains trace amounts of
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glucose and protein and several other unidentified contaminants [50]. However, many studies
to date did not describe the methods used for purification or the chitin particle size, thus mak-
ing it difficult to interpret the immune response induced by chitin.

In the present study, we showed that the phagocytosis of chitin particles by BMDCs induced
IL-1o production and cell death-mediated IL-1a release. Moreover, we found that intranasal
administration of chitin particles induced IL-1o-mediated acute neutrophilic airway inflam-
mation in vivo, and this chitin particle-induced acute neutrophilic airway inflammation was
attenuated by pretreatment with anti-IL-1a neutralizing antibody. IL-1a has been shown to be
involved in activation of the innate immune system and induction of inflammation [38,51].
Some studies showed that IL-1c is rapidly released from pre-existing stocks in alveolar macro-
phages and promotes subsequent lung inflammation through the stimulation of IL-1 produc-
tion in response to fine particle exposure in the mouse airway [52,53]. IL-1o. and IL-1 show
the same functions by sharing a common receptor, IL-1 type 1 receptor (IL-1R1) [54]. Take-
shige et al. reported that inhaled chitin induces airway inflammation, airway hyperresponsive-
ness, and IL-1B production [55]. In addition to activating innate immunity, IL-1 (IL-1ct and
IL-1B) is known to have an adjuvant effect involved in activating the adaptive immune system
[27,52,56]. Arae et al. reported that chitin- and IL-33-stimulated dendritic cell-derived IL-1§
promoted OV A-specific Th2 cell activation, thus aggravating OV A-induced airway inflamma-
tion [27]. Kuroda et al. reported that the intratracheal instillation of IL-1o. plus OVA induced
strong OV A-specific IgE responses [52]. Bueter et al. reported that chitin fails to activate
inflammasomes and induce mature IL-1f secretion in LPS-primed bone marrow-derived mac-
rophages (BMMs) [57]. Consistent with their data, rLdpA and rLdpA-chitin complex induced
IL-1B mRNA expression in BMDCs but failed to induce secretion of mature IL-1f (S5 Fig),
suggesting that chitin failed to activate inflammasomes. Based on these previous reports and
our data, we speculated that phagocytosis of chitin particles by antigen-presenting cells may
induce cell death-mediated release of IL-10, which subsequently plays an essential role in aller-
gic airway inflammation induced by rLdpA-chitin complex. However, this study had the limi-
tation that in vivo experiments did not demonstrate whether IL-1a is involved in the induction
of Th2 immune responses by the rLdpA-chitin complex. This issue should be addressed in the
future.

De Silva et al. reported that the adjuvant properties of chitin are mediated by a pathway(s)
involving and regulated by TLR2, MYD88, and IL-17A [22,58]. Fuchs et al. reported that chitin
oligomer binds directly to TLR2 and triggers inflammation in an oligomer size-dependent
manner [59]. Their study suggested that contamination of chitin particles with chitin oligo-
mers or the presence of host chitinases, such as Chitotriosidase and Acidic mammalian chiti-
nase (AMCase) may affect the experimental results.

In conclusion, the results of the present study showed that A. fumigatus rLdpA expressed in
P. pastoris is an O-linked glycoprotein containing the terminal o-mannose residues recognized
by the host CLR, Dectin-2. Chitin particles induced acute neutrophilic airway inflammation
mediated by cell death-associated IL-1a release. rLdpA potently induced Th2-driven allergic
airway inflammation synergistically with chitin. Therefore, this study provided new insights
into fungal-induced allergic airway diseases.

Materials and methods
Ethics statement

Serum samples obtained from each patient and healthy volunteers were collected with written,
informed consent, and all experimental procedures were approved by the Research Ethics
Committee of the Graduate School of Medicine, Chiba University (approval number: 3237).
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All animal experiments were approved by the Committee on Animal Experiments of Chiba
University (approval numbers: 2-326, 2-327, 3-272) and carried out in accordance with the
Chiba University Animal Experimentation Regulations.

Animals

Specific pathogen-free (SPF) male C57BL/6 and BALB/c mice aged 5-7 weeks old were pur-
chased from Charles River Laboratories Japan. Dectin-2- and Dectin-1-deficient mice in the
C57BL/6 background were described previously [28,60]. Mincle- and MCL-deficient mice in
the C57BL/6 background were described previously [61,62]. Myd88-deficient mice in the
C57BL/6 background [63] were purchased from Oriental Bioservice (Kyoto, Japan). Card9-de-
ficient mice in the C57BL/6 background were described previously [64]. All mice were housed
under SPF conditions with food and water available ad libitum.

Fungi

S2 Table shows the P. pastoris strains used in this study. P. pastoris were maintained on potato
dextrose agar (PDA) (BD Biosciences, Franklin Lakes, NJ, USA) at 25°C.

LdpA-specific Igs

The 96-well plates (Nunc MaxiSorp; Thermo Fisher Scientific, Waltham, MA, USA) were
coated with rLdpA (0.2 pg/mL in 0.05 M sodium carbonate buffer, pH 9.6) and incubated
overnight at 4°C. The rLdpA protein in each well was then blocked with phosphate-buffered
saline (PBS) (0.2 g/L potassium chloride, 0.2 g/L potassium dihydrogen phosphate, 8 g/L
sodium chloride, 1.15 g/L disodium hydrogen phosphate, pH 7.4) containing 2% BSA. Dilu-
tions of human serum samples (1:200 and 1:10) were prepared for IgG and IgE, respectively.
Dilutions of mouse serum samples (1:65,536, 1:512, and 1: 10) were prepared for IgG1, IgG2a,
and IgE, respectively. The LdpA-specific absorbance values were determined with biotinylated
anti-human IgG monoclonal antibody (mAb) (G18-145; BD Biosciences), biotinylated anti-
human IgE mAb (f0822; Biomatrix Research, Chiba, Japan), biotinylated anti-mouse IgG1
mADb (A85-1; BD Pharmingen, San Diego, CA, USA), biotinylated anti-mouse IgG2a mAb
(R19-15; BD Pharmingen), and biotinylated anti-mouse IgE mAb (R35-72; BD Pharmingen).
Biotinylated mAbs were detected with Pierce High Sensitivity Streptavidin-Horseradish perox-
idase (HRP) (Thermo Fisher Scientific, Waltham, MA, USA) and tetramethylbenzidine sub-
strate (Bio-Rad, Hercules, CA, USA). The reaction was quenched using 1 N sulfuric acid, and
absorbance was measured at 490 nm (A490) using an automated plate reader (Sunrise Rainbow
Thermo RC; Tekan, Minnedorf, Switzerland).

Recombinant LdpA

The A. fumigatus IdpA CDS lacking the signal sequence was amplified by PCR from pCR2.1-
ldpA [33]. The PCR product was cloned into the pPICZoC vector (Thermo Fisher Scientific)
at the N-terminus of the c-Myc-tag and 6xHis-tag using an In-Fusion HD Cloning Kit (Clon-
tech Laboratories). The resulting plasmid, pPICZo.C-ldpA, was used to transform P. pastoris
GS115 (Thermo Fisher Scientific) by electroporation. The secretion of rLdpA into the culture
supernatant was induced by addition of methanol. After removing P. pastoris cells, rLdpA in
the culture supernatant was purified using Ni Sepharose 6 Fast Flow (GE Healthcare, Wauwa-
tosa, WI, USA). After buffer exchange to PBS, rLdpA was concentrated using Amicon Ultra-
15 Centrifugal Filter Units with Ultracel-10 membrane (Merck Millipore, Billerica, MA, USA).
The final protein concentration was determined using a Pierce BCA Protein Assay Kit
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(Thermo Fisher Scientific) with BSA as the standard. Purified rLdpA was confirmed by

SDS-PAGE and Western blotting analysis using anti-c-Myc mAb (9E10; Sigma-Aldrich,
St. Louis, MO, USA) and HRP-conjugated anti-mouse IgG secondary antibody (A4416;
Sigma-Aldrich). The plasmids used in this study are summarized in S3 Table.

Affinity of rLdpA for insoluble polysaccharides

The affinity of rLdpA for insoluble polysaccharides was determined by incubating 10 pg of
rLdpA with 1 mg each of chitin (C7170; Sigma-Aldrich), chitin beads (New England Biolabs,
Ipswich, MA, USA), chitosan (> 80.0% deacetylation) (FUJIFILM Wako Pure Chemical), and
cellulose (FUJIFILM Wako Pure Chemical) in PBS (total volume = 100 pL) at 37°C for 30 min,
with gentle agitation. The insoluble fraction was pelleted by centrifugation, and the superna-
tant was collected. The insoluble fraction was washed three times with PBS and resuspended
in distilled water. rLdpA in the pellet and supernatant was evaluated by SDS-PAGE, and the
gel was stained with Coomassie Brilliant Blue (FUJIFILM Wako Pure Chemical, Osaka,
Japan). BSA (FUJIFILM Wako Pure Chemical) was used as a control to determine nonspecific
binding.

Glycoprotein staining

rLdpA protein was transferred onto polyvinylidene difluoride (PVDF) membranes (Merck
Millipore) after SDS-PAGE. The membranes were then stained with periodic acid-Schiff
(PAS) using a Glycoprotein Western Detection Kit (Takara Bio, Kyoto, Japan), according to
the manufacturer’s instructions.

Chemical deglycosylation

Chemical deglycosylation of rLdpA was performed using trifluoromethanesulfonic acid
(TEMS) (Sigma-Aldrich), as described previously [35,36]. After treatment with TEMS, the
shift in protein M, was assessed by SDS-PAGE. Bovine fetuin (Sigma-Aldrich) and BSA
(Sigma-Aldrich) were used as glycoprotein and non-glycoprotein controls, respectively.

Demannosylation

The rLdpA was incubated with a1-2, -3, and -6 mannosidase (New England Biolabs) at 37°C
for 1 h and the shift in protein M, was examined by SDS-PAGE, followed by Western blotting
with anti-c-Myc mAb (9E10; Sigma-Aldrich) and HRP-conjugated anti-mouse IgG secondary
antibody (A4416; Sigma-Aldrich).

Lectin binding assay

Aliquots of 20 pg of rLdpA were reacted with 1 mg of Dynabeads (Dynabeads His-Tag Isola-
tion & Pulldown kit; Thermo Fisher Scientific) to generate rLdpA-Dynabeads complex. After
incubation of rLdpA-Dynabeads complex with fluorescein isothiocyanate (FITC)-labeled con-
canavalin A (ConA) (20 pg) (Sigma-Aldrich), FITC-labeled wheatgerm agglutinin (WGA)

(20 pg) (Sigma-Aldrich), and FITC-labeled peanut agglutinin (PNA) (20 pg) (Sigma-Aldrich),
lectins bound to rLdpA were measured by flow cytometry.

Dectin-2-NFAT-GFP reporter assay

The 96-well plates (Nunc MaxiSorp; Thermo Fisher Scientific) were coated with rLdpA (0.1, 1,
and 10 pug/mL in 0.05 M sodium carbonate buffer, pH 9.6) and incubated overnight at 4°C.
After washing with PBS three times, NFAT-GFP reporter cells expressing FcRy with or
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without Dectin-2 [65] were cultured for 24 h. The percentage of GFP-positive cells was mea-
sured by flow cytometry (BD FACSVerse; BD Biosciences). Data were analyzed using Flow]Jo
version 10 (BD Biosciences).

Gene expression analysis by qRT-PCR

Total RNA was isolated using RNAiso plus (Takara Bio) and Direct-zol RNA MiniPrep (Zymo
Research, Orange, CA, USA), and treated with DNase using a Turbo DNA-free Kit (Thermo
Fisher Scientific) to remove DNA contamination. Subsequently, cDNA was synthesized using
a PrimeScript RT Master Mix (Takara Bio), according to the manufacturer’s instructions.
Quantitative real-time PCR (qQRT-PCR) was performed on an Applied Biosystems StepOne-
Plus Real-Time PCR System (Thermo Fisher Scientific) using TB Green Fast qPCR Mix
(Takara Bio) and gene-specific primers (54 Table). Gene expression levels were normalized
relative to Gapdh mRNA levels and are shown as fold change relative to the vehicle control

group.

Chitin purification

Chitin was purified as described by Roy et al. [66]. Briefly, chitin (C7170; Sigma-Aldrich) was
dissolved in 12.5 M HCl and incubated at 40°C for 30 min. The solution was transferred to a
cooled beaker and then slowly neutralized with ice-cold sodium hydroxide (NaOH). The insol-
uble fraction was collected by centrifugation at 1000 x g for 30 s, and washed three times with
water and once with ethanol. The purified chitin particles were filtered through a 10-pm nylon
filter. The filtrate was centrifuged, and the sediment was dried in a desiccator. Chitin particle
size was evaluated by flow cytometry. Chitin particles were sonicated before use in the
experiments.

Preparation of rLdpA-chitin complex

The rLdpA-chitin complex was generated by mixing 20 ug of rLdpA with 1 mg of chitin for in
vitro experiments and 100 ug of rLdpA with 1 mg of chitin for in vivo experiments. Each mix-
ture was incubated at room temperature for 30 min.

Fluorescent labeling of rLdpA and chitin

rLdpA was labeled with FITC isomer-I (Dojindo, Kumamoto, Japan, Kumamoto, Japan),
according to the manufacturer’s instructions. Chitin was labeled with 25 pig/mL of calcofluor
white (CFW) (Fluorescent Brightener 28; Sigma-Aldrich) at room temperature for 30 min,
washed three times with PBS, and then resuspended in PBS. To generate rLdpA-FITC-chitin-
CFW complex, 1 mg of CFW-labeled chitin was incubated with 20 ug of FITC-labeled rLdpA
at room temperature for 30 min.

Fluorescence microscopy

Fluorescently labeled samples were examined using a confocal laser scanning microscope
(STELLARIS 5; Leica Microsystems, Wetzlar, Germany) and an inverted fluorescence micro-
scope (BZ-9000; Keyence).

Mouse BMDCs

Mouse bone marrow-derived dendritic cells (BMDCs) were obtained as described by Lutz
et al. [67]. Briefly, mouse bone marrow was obtained from the tibiae and femora of mice. Bone
marrow cells were cultured in RPMI 1640 (R8758; Sigma- Aldrich) supplemented with 100 U/
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mL GM-CSF (Peprotech, Rocky Hill, NJ, USA), 10% (v/v) heat-inactivated fetal bovine serum
(FBS) (Thermo Fisher Scientific), 0.1% (v/v) 2-mercaptoethanol (Thermo Fisher Scientific),
1mM sodium pyruvate (Thermo Fisher Scientific), 1x MEM non-essential amino acids
(Thermo Fisher Scientific), 100 U/mL penicillin, and 100 ug/mL streptomycin (FUJIFILM
Wako Pure Chemical). Cultures were fed on days by 2, 4, and 6 replacing approximately 75%
of the medium. At 6 + 1 days, loosely adherent and non-adherent cells were harvested as
BMDCs.

Phagocytosis assay

Phagocytosis assay was performed by dispensing mouse BMDCs into 24-well plates at a con-
centration of 2.5 x 10° cells/well and incubating with FITC- and CFW-labeled rLdpA-chitin
complex (rLdpA, 1 pg/mL; chitin, 50 ug/mL), FITC-labeled rLdpA (1 pg/mL), or CFW-labeled
chitin (50 pg/mL) at 37°C under an atmosphere of 5% CO, for the indicated time. The mean
fluorescence intensity (MFI) of cells was measured by flow cytometry (BD FACSVerse; BD
Biosciences). Data were analyzed using FlowJo version 10 (BD Biosciences).

Phagocytosis inhibition assay

Phagocytosis inhibition assay was performed by dispensing mouse BMDCs into 24-well plates
at a concentration of 2.5 x 10° cells/well and incubating with 1 mg/mL mannan from Saccharo-
myces cerevisiae (Sigma-Aldrich), 1 mg/mL p(+)-mannose (FUJIFILM Wako Pure Chemical),
1 mg/mL laminarin (Nacalai Tesque, Kyoto, Japan), 1 mg/mL dextran from Leuconostoc spp.
(M, 450000-650000; Sigma-Aldrich), 1 mg/mL p(+)-galactose (FUJIFILM Wako Pure Chemi-
cal), 1 mg/mL N-acetyl-p(+)-glucosamine (FUJIFILM Wako Pure Chemical), or PBS at 37°C
under an atmosphere of 5% CO, for 30 min, followed by addition of CFW-labeled rLdpA-chi-
tin complex (rLdpA, 1 pg/mL, chitin, 50 ug/mL). After 4-h incubation, the MFI of rLdpA-chi-
tin complex-phagocytosed cells was measured by flow cytometry (BD FACSVerse; BD
Biosciences). Data were analyzed using Flow]Jo version 10 (BD Biosciences).

Measurement of cytokines and chemokines

Cytokine and chemokine levels were determined using mouse TNF-a, IFN-v, IL-1a, IL-1f, IL-
4, IL-5, KC/CXCL1, Mip-2/CXCL2, and CCL11/Eotaxinl ELISA kits (R&D Systems, Minne-
apolis, MN, USA).

Expression of costimulatory molecules

Mouse BMDCs were dispensed into 12-well plates at a concentration of 5 x 10 cells/well and
incubated with rLdpA (1 pg/mL), chitin (50 pg/mL), rLdpA-chitin complex (rLdpA, 1 pug/mL;
chitin, 50 pg/mL), or lipopolysaccharide (LPS, 10 ng/mL) (eBioscience, San Diego, CA, USA)
for 16 h. Cells were suspended in FACS buffer (2% heat-inactivated FBS and 1 mM EDTA in
PBS, pH 7.4). Fc receptors were blocked with anti-mouse CD16/32 mAb (93; eBioscience).
Cells were stained with a mixture of fluorochrome-conjugated monoclonal antibodies (mAbs)
to CD11c (N418; eBioscience), MHC class IT (M5/114.15.2; Miltenyi Biotec), CD40 (FGK45.5;
Miltenyi Biotec), CD80 (16-10A1; Miltenyi Biotec), and CD86 (PO3.3; Miltenyi Biotec) in
FACS buffer. CD11c" cells were gated, and MHC class I, CD40, CD80, and CD86 cell-surface
expression were measured by flow cytometry (BD FACSVerse; BD Biosciences). Data were
analyzed using FlowJo version 10 (BD Biosciences).
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Cytotoxicity assay

Cytotoxicity was analyzed by measuring lactate dehydrogenase (LDH) activity released from
the damaged cells using a Cytotoxicity LDH Assay Kit-WST (Dojindo Laboratories).

Animal model

Mice were anesthetized with isoflurane and intranasally administered 20 pL of PBS containing
10 ug of rLdpA (rLdpA group), 100 pg of chitin (chitin group), a mixture of 10 pug rLdpA and
100 pg chitin (rLdpA-chitin complex group), 20 ug of CpG-ODN (K3; GeneDesign, Osaka,
Japan) (CpG-ODN group), a mixture of 10 pug of rLdpA and 20 pg of CpG-ODN (rLdpA+-
CpG-ODN group), or PBS as a control (vehicle control group). Anti-IL-1ao mAb (ALF-161;
eBioscience) or Armenian hamster IgG isotype control (eBio299Arm; eBioscience) was
injected into the peritoneal cavity of mice at a dose of 80 pug/mouse 1 h before intranasal chitin
administration [53]. Mice were euthanized by cardiac puncture under anesthesia with keta-
mine and xylazine at the time points indicated in the Figures.

Total and differential leukocyte counts in BAL fluid

Airway contents were recovered by installation and retrieval of 0.7 mL of sterile PBS. The BAL
fluid was centrifuged, and the cell pellet was resuspended in PBS. Cells were counted using a
hemocytometer under a light microscope. To determine the differential leukocyte count, cells
were resuspended in FACS buffer, and Fc receptors were blocked with anti-mouse CD16/32
mADb (93; eBioscience). Cells were stained with a mixture of fluorochrome-conjugated mAbs
to CD11c (N418; eBioscience), CD11b (M1/70; eBioscience), Siglec F (E50-2440; BD Biosci-
ences), and Ly-6G (1A8-Ly; eBioscience) in FACS buffer. After lysis of erythrocytes in RBC
lysis buffer (eBioscience), cells were resuspended in FACS buffer. Samples were analyzed by
flow cytometry (BD FACSVerse; BD Biosciences). Neutrophils were identified as CD11c”
Siglec F~ CD11b" Ly-6G" cells, eosinophils were identified as CD11c¢™ Siglec F* cells and alveo-
lar macrophages were identified as CD11c* Siglec F* cells. Data were analyzed using Flow]o
version 10 (BD Biosciences).

LdpA-specific re-stimulation of spleen and mediastinal lymph node cells

After airway exposure as described above, mouse spleen or mediastinal lymph node (MLN)
cells were isolated and cultured in RPMI 1640 medium supplemented with 10% heat-inacti-
vated FBS, 100 U/mL penicillin, and 100 ug/mL streptomycin, with or without rLdpA (10 pg/
mL) at 37°C under an atmosphere of 5% CO, for 72 h. Cell culture supernatants were collected
for cytokine determination by ELISA.

Lung histopathology

Mouse lungs were fixed in buffered 10% formalin. The fixed lungs were routinely embedded
in paraffin and cut into sections 4-5 pm thick, which were stained with PAS.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad InStat 3 software (GraphPad Software,
San Diego, CA, USA). In all analyses, P < 0.05 was taken to indicate statistical significance.
Details of statistical tests and sample sizes are indicated in the figure legends. P-values are indi-
cated in the figures.
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Supporting information

S1 Table. Demographic Characteristics of the Participants and Healthy controls.
(PDF)

S2 Table. List of Pichia pastoris Strains Used in This Study.
(PDF)

S3 Table. Plasmids Used in This Study.
(PDF)

$4 Table. Primers Used for Quantitative RT-PCR in This Study.
(PDF)

S1 Fig. Expression of Aspergillus fumigatus LdpA in Pichia pastoris. (A) Total protein levels
in the culture supernatant. P. pastoris GS115 and IdpA transformant GS115-LdpA were cultured
in buffered methanol medium (BMM), and protein expression was induced by the addition of
methanol. Total protein levels in the culture supernatant were measured by BCA protein assay.
(B, C) Purified recombinant LdpA (rLdpA) was confirmed by SDS-PAGE (B) and Western
blotting analysis using anti-c-Myc antibody and HRP-conjugated secondary antibody (C).
(TIF)

S2 Fig. Phagocytosis of Dynabeads fails to induce cell death and IL-1a release. BMDCs
from C57BL/6 mice were incubated with Dynabeads, chitin, or PBS for 24 h. (A) After washing
with PBS, cells were stained with Alexa Fluor 555 Phalloidin (yellow), nuclei were stained with
NucRed Live 647 ReadyProbes Reagent (red), and observed by confocal laser scanning micros-
copy. (B) Cytotoxicity was assessed by measuring the release of LDH. (C) IL-1a: protein levels
in the culture supernatant were measured by ELISA.

(TIF)

S3 Fig. Chitin-binding capacity of rLdpA. After incubation of serially diluted rLdpA (2.5-
40 pg) with chitin (1 mg) in 100 pL of PBS, rLdpA in the supernatant (sup.) and sediment
(sed.) was evaluated by SDS-PAGE.

(TIF)

$4 Fig. Nasal immunization with rLdpA-chitin complex induced a Th2 immune response
in C57BL/6 mice. (A) Recombinant LdpA (rLdpA) (10 pg), chitin (100 pg), and rLdpA-chitin
complex (rLdpA, 10 pg; chitin, 100 pg) were administered intranasally to C57BL/6 mice three
times. All animals were sacrificed at 8 h (B) or 72 h (B, C, D, E, and F) after the last nasal
administration, and samples were obtained. (B) The numbers of total cells, neutrophils, and
eosinophils in bronchoalveolar lavage (BAL) fluid were measured by flow cytometry. (C) KC/
CXCL1 and CCL11/Eotaxin-1 protein levels in the lung tissue lysate were measured by
enzyme-linked immunosorbent assay (ELISA). (D) IL-4, IL-5, and IFN-vy secretion by spleen
cells after ex vivo re-stimulation with or without 10 pg/mL rLdpA. (E) Histological examina-
tion of lung tissues stained with periodic acid-Schiff (PAS). Scale bar, 100 pum. (F) Levels of
serum LdpA-specific IgG1, IgG2a, and IgE measured by indirect ELISA. Data are shown as the
mean + standard deviation (SD) (n = 6 mice/group). Each symbol represents an individual
sample. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA with post hoc Tukey-
Kramer test.

(TIF)

S5 Fig. IL-1pP secretion in BMDC:s is not induced by the rLdpA-chitin complex. BMDCs
were incubated with rLdpA (0.2-25 pg/mL), chitin particles (2-250 pg/mL), rLdpA-chitin
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complex (rLdpA, 0.008-1 pug/mL; chitin, 50 ug/mL), or PBS (vehicle control), and IL-1p levels
in the culture supernatant were measured by enzyme-linked immunosorbent assay (ELISA).
(TIF)
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