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ABSTRACT Eosinophilia is associated with various persisting inflammatory diseases and
often coincides with chronic fungal infections or fungal allergy as in the case of allergic
bronchopulmonary aspergillosis (ABPA). Here, we show that intranasal administration of
live Aspergillus fumigatus conidia causes fatal lung damage in eosinophilic interleukin-5
(IL-5)-transgenic mice. To further investigate the activation of eosinophils by A. fumigatus,
we established a coculture system of mouse bone marrow-derived eosinophils (BMDE)
with different A. fumigatus morphotypes and analyzed the secretion of cytokines, chemo-
kines, and eicosanoids. A. fumigatus-stimulated BMDE upregulated expression of CD11b
and downregulated CD62L and CCR3. They further secreted several proinflammatory
mediators, including IL-4, IL-13, IL-18, macrophage inflammatory protein-1a« (MIP-1a)/CC
chemokine ligand 3 (CCL3), MIP-1B8/CCL4, and thromboxane. This effect required direct
interaction and adherence between eosinophils and A. fumigatus, as A. fumigatus culture
supernatants or A. fumigatus mutant strains with impaired adhesion elicited a rather poor
eosinophil response. Unexpectedly, canonical Toll-like receptor (TLR) or C-type-lectin re-
ceptor (CLR) signaling was largely dispensable, as the absence of MYD88, TRIF, or caspase
recruitment domain-containing protein 9 (CARD9) resulted in only minor alterations.
However, transcriptome analysis indicated a role for the PI3K-AKT-mTOR pathway in A.
fumigatus-induced eosinophil activation. Correspondingly, we could show that phosphati-
dylinositol 3-kinase (PI3K) inhibitors successfully prevent A. fumigatus-induced eosinophil
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activation. The PI3K pathway in eosinophils may therefore serve as a potential drug target
to interfere with undesired eosinophil activation in fungus-elicited eosinophilic disorders.

IMPORTANCE Allergic bronchopulmonary aspergillosis (ABPA) is caused by the fungus
Aspergillus fumigatus, afflicts about five million patients globally, and is still a noncura-
ble disease. ABPA is associated with pronounced lung eosinophilia. Activated eosino-
phils enhance the inflammatory response not only by degranulation of toxic proteins
but also by secretion of small effector molecules. Receptors and signaling pathways
involved in activation of eosinophils by A. fumigatus are currently unknown. Here, we
show that A. fumigatus-elicited activation of eosinophils requires direct cell-cell contact
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and results in modulation of cell surface markers and rapid secretion of cytokines, che-
mokines, and lipid mediators. Unexpectedly, this activation occurred independently of
canonical Toll-like receptor or C-type lectin receptor signaling. However, transcriptome
analysis indicated a role for the PI3K-AKT-mTOR pathway, and PI3K inhibitors success-
fully prevented A. fumigatus-induced eosinophil activation. The PI3K pathway may
therefore serve as a potential drug target to interfere with undesired eosinophil activa-
tion in fungus-elicited eosinophilic disorders.

KEYWORDS eosinophils, Aspergillus fumigatus, phosphatidylinositol-3-kinase, Toll-like
receptor, C-type lectin receptor

llergic bronchopulmonary aspergillosis (ABPA) is caused by the fungus Aspergillus
fumigatus, afflicts about five million patients globally, and is still a noncurable disease
(1). ABPA is associated with strong lung eosinophilia. Activated eosinophils may enhance
the inflammatory response not only by degranulation and release of toxic proteins but also
by secretion of cytokines, chemokines, and lipid mediators. The receptors and signaling
pathways involved in activation of eosinophils by A. fumigatus are currently unknown.
Studies with macrophages, dendritic cells, and neutrophils identified critical roles of Toll-like
receptors (TLRs) and C-type-lectin receptors (CLRs) for recognition of fungal pathogens. Of
the TLRs, mainly TLR2, TLR4, and TLR9 have been linked to fungal recognition, but TLR7 has
also been implicated in protective antifungal immunity (2, 3). In addition, several CLR family
members have been found crucial for the defense of fungi, among them Dectin-1, -2 and -3,
Mincle, and more recently, MelLec, which recognize B-glucans, mannose-derived pathogen-
associated molecular pattern (PAMPs), and dihydroxynaphthalene-melanin of the fungal cell
wall, respectively (4-9). TLRs strongly rely on two downstream signaling adaptors, namely,
MYDB88, which they share with the interleukin-1 (IL-1) cytokine family receptors and TRIF
(Ticam1 gene) to mount activation of NF-«B, mitogen-activated protein kinase (MAPK), or
type | interferon responses (10-14). In contrast, CLRs mainly induce activation of spleen tyro-
sine kinase (SYK) and protein kinase C-delta (PKCS) followed by assembly of the caspase
recruitment domain-containing protein 9 (CARD9)-B-cell lymphoma 10 (BCL10)-Mucosa-
associated lymphoid tissue lymphoma translocation protein 1 (MALT1) (CBM) complex,
which then activates the NF-«B cascade, which is crucial for antifungal immunity (15-18).
There is some basic knowledge about TLR and CLR expression in eosinophils, but it
remains unclear whether they are required for fungal eosinophil activation (19, 20). It is
still unclear whether eosinophils actually express the B-glucan receptor Dectin-1 and
can be activated via this route (21-23). Activated eosinophils can secrete large
amounts of enzymes and cytokines among other factors and might thereby exacerbate
underlying allergic mycoses or hinder fast fungal clearance by phagocytes (24-27).
Contrastingly, eosinophils have also been reported to kill allergenic and/or pathogenic
fungi such as Alternaria alternata, Pneumocystis murina, and A. fumigatus (22, 28-30).
For both scenarios, allergic exacerbation as well as protective immunity, it would be
highly desirable to understand in detail the antifungal eosinophil response and its
mechanistic regulation. This would certainly help to identify potential drug targets for
adequate pharmacological intervention, depending on the particular disease setting.

RESULTS

Eosinophils cause fatal lung inflammation in response to intranasal A. fumiga-
tus conidia. Eosinophils can massively accumulate in the lung of ABPA patients and
may contribute to lung pathology (31, 32). To investigate whether A. fumigatus-stimu-
lated eosinophils promote tissue damage in the lung, we used a mouse model and
administered live A. fumigatus conidia intranasally to wild-type or IL-5-transgenic (tg)
mice, which contain abundant eosinophils in most tissues, including the lung (33). One
day later, the bronchoalveolar lavage (BAL) fluid and lung parenchyma were analyzed
to determine the number of eosinophils and other effector cells, the fungal burden,
cytokine concentrations, and the number of erythrocytes as an indicator of lung dam-
age (Fig. 1). Only the BAL fluid of A. fumigatus-challenged IL-5tg mice contained
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FIG 1 Eosinophil-mediated lung damage in A. fumigatus-infected mice. (A) Representative FACS plots of BAL fluid eosinophils. (B) BAL
fluid fungal burden. (C and D) BAL photograph and total number of erythrocytes, eosinophils, inflammatory monocytes, neutrophils,
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massive numbers of eosinophils and erythrocytes. Inflammatory monocytes, CD4 T
cells, and Th2 cells were also increased in the BAL fluid of wild-type mice but even
more so in IL-5tg mice. Except for eosinophils, we found no significant differences for
the other effector cells in the lung parenchyma (see Fig. STA and B in the supplemental
material). A. fumigatus-challenged wild-type mice showed elevated expression levels of
TLR2, TLR6, Dectin-1, and Dectin-2, and a similar trend was apparent in IL-5tg mice,
while expression levels of TLR1 and CARD9 did not change (Fig. S1C). The concentra-
tions of IL-4, IL-5, IL-13, and IL-18 upon A. fumigatus challenge were higher in the BAL
fluid of IL-5tg compared to wild-type mice, while no difference was observed for tumor
necrosis factor alpha (TNF-a) (Fig. 1E). IL-17 and gamma interferon (IFN-y) were below
the limit of detection (data not shown). Although fungal burden and fungal distribu-
tion were comparable in both strains of mice (Fig. 1B, F, and G), only IL-5tg mice devel-
oped fatal lung damage (Fig. TH). We therefore investigated the secretion of numerous
cytokines, chemokines, and eicosanoids from eosinophils stimulated with different A.
fumigatus morphotypes in an in vitro coculture system.

Eosinophil activation in an A. fumigatus-eosinophil coculture system. To investi-
gate the A. fumigatus-induced activation of eosinophils in vitro, we generated a large
homogeneous population of bone marrow-derived eosinophils (BMDE) in vitro under
defined culture conditions (Fig. S2A). We used flow cytometry to analyze the modula-
tion of surface markers which are known to be regulated upon activation. After cocul-
turing viable A. fumigatus conidia with eosinophils, we observed upregulation of the
integrin oy, (CD11b), the degranulation marker lysosome-associated membrane protein
1 (LAMP-1) (CD107a), SIGLEC-F, and the F4/80-like receptor FIRE. Downregulation of L-
selectin (CD62L), immunoglobulin superfamily member 2 (CD101), and the eotaxin re-
ceptor CCR3 (CD193) was observed in parallel (Fig. 2A).

We further profiled cytokines and chemokines released from eosinophils after stim-
ulation with different morphotypes of A. fumigatus, namely, viable and fixed conidia
and germ tubes (GTs) (Fig. 2B). Conidia contain a cell wall composed of different glycan
polymers together with an outer hydrophobin rodlet layer and a melanin layer for pro-
tection against environmental hazards. The cell wall of GTs and hyphae has an altered
composition of glycan polymers and also contains galactosaminogalactan (GAG) in its
outer layer. Therefore, both morphotypes express distinct molecular patterns that
could be recognized by cells of the immune system. Viable conidia induced the release
of large amounts of IL-4, IL-18, the chemokines macrophage inflammatory protein-1«
(MIP-1@)/CC chemokine ligand 3 (CCL3) and MIP-13/CCL4, and moderate amounts of
IL-13. Viable GTs additionally triggered the release of TNF and MIP-2/CXCL2 and mod-
erate amounts of Gro-a/CXCL1. Fixed conidia or GTs showed relatively weaker cytokine
and chemokine release from eosinophils. This suggests that metabolic activity of the
fungus promotes the activation of eosinophils. We did not detect secreted IL-17A,
although it has been reported that eosinophils isolated from the lung of A. fumigatus-
challenged mice express IL-17A as revealed by intracellular staining (29, 34, 35). This
could mean that eosinophils secrete relatively small amounts of this cytokine or that
unknown in vivo factors are required for IL-17A expression from eosinophils in this con-
text. Based on our results, we selected four mediators that displayed a pronounced
release (IL-4, IL-13, CCL3, and CCL4) and verified their secretion by enzyme-linked im-
munosorbent assay (ELISA) (Fig. 2C).

FIG 1 Legend (Continued)

CD4" T cells, and Th2 cells (Th2 defined as 4get™) from the BAL fluid of WT or IL-5tg mice crossed to IL-4eGFP reporter (4get) mice 24 h
after i.n. infection with 4 x 107 conidia of WT A. fumigatus ATCC 46645. Eosinophils were defined as SIGLEC-F*/SSCM" from living single
cells after excluding SIGLEC-FM9"/CD11cM9" alveolar macrophages. (E) Cytokines in the BAL fluid. (F) fungal burden of total lung tissue; (G)
representative pictures of Grocott-stained lung tissue from WT or IL-5tg mice 24 h after i.n. infection with 4 x 107 conidia of WT A.
fumigatus ATCC 46645. The scale bar in the histology pictures equates to 50 um. (H) Survival analysis of WT and IL-5tg mice after i.n.
infection with 10® conidia of the A. fumigatus CEA10 strain. The survival curve shows mice that did not spontaneously die or lost less
than 20% of their initial body weight. Displayed data stand for (A and D) 7 to 9, (B and E) 8, (C) 4 to 5, (F and G) 6 to 8 or (H) 5 to 7
mice per group, pooled from (B) 3, (D and E) 4, or (C and F to H) 2 experiments. Bars show the mean + the standard error of the mean
(SEM); statistical significance was determined by (B and F) Student’s t test, (C to E) two-way ANOVA with the Holm-Sidak post hoc test, or

(H) log-rank test with *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
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FIG 2 A. fumigatus (Af)-induced activation of eosinophils. (A) Flow cytometry staining of a panel of activation-associated surface proteins (activation
markers) on BMDE, unstimulated or after 5.5 h of A. fumigatus conidium stimulation. Displayed are representative histograms and the average mean
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Besides cytokines and chemokines, lipid-derived mediators such as eicosanoids also
play important roles during inflammation, and eosinophils are a potent cellular source
of these factors (36). Thus, we examined the eicosanoid release pattern of A. fumigatus-
stimulated eosinophils by mass spectrometry (Fig. 2D). Since A. fumigatus can also pro-
duce eicosanoids, we included an inactivated fungus control group to allocate the
eicosanoid production to eosinophils and not the fungus (37). Compared to unstimu-
lated eosinophils, GT stimulation promoted the release of the prostaglandins (PGs) D,,
F,a and 8-iso-F,a, and thromboxane B,, as well as the leukotrienes (LTs) B, and E, from
eosinophils. In contrast, conidia triggered only significant production of leukotrienes,
though the concentrations were higher than in the GT-stimulated samples.

This indicated that conidial stimulation favored lipoxygenase (LOX) metabolite
release, while GT stimulation, rather, promoted the synthesis of cyclooxygenase (COX)
metabolites. We furthermore observed high concentrations of the oxidized linoleic
acid metabolites 9-HODE (GT stimulation only) and 13-HODE (stimulation with both
morphotypes). In addition, we performed reverse transcription-quantitative PCR (qRT-
PCR) analysis for the gene transcripts of corresponding eicosanoid synthesis enzymes
to investigate if A. fumigatus stimulation would induce their expression in eosinophils.
However, we measured a consistent downregulation of all the respective transcripts,
with the exception of Ptgs2 (gene encoding COX-2), which was indeed upregulated in
A. fumigatus-stimulated eosinophils (Fig. 2E). Thereby, it became obvious, that eicosa-
noid release from A. fumigatus-stimulated eosinophils was not necessarily reflected by
transcriptional induction of their respective synthesis enzymes.

In summary, A. fumigatus strongly activates eosinophils, which in turn respond with
release of proinflammatory cytokines, chemokines, and eicosanoids.

Canonical TLR and CLR pathways are largely dispensable for eosinophil activa-
tion by A. fumigatus. To further investigate the role of canonical TLR and CLR signaling
for A. fumigatus-induced eosinophil activation, we generated BMDE from mice deficient
for the TLR adaptors MYD88 or TRIF or from mice lacking the CLR signaling adaptor
CARD?9 and assessed their capacity to be activated by A. fumigatus. The absence of nei-
ther MYD88, TRIF, nor CARD9 caused significant impairment in the upregulation of
CD11b or the downregulation of CD62L and CCR3 after stimulation with A. fumigatus
compared to the corresponding wild-type (WT) control (Fig. 3A and B). To extend our
understanding of the relevance of CLRs for A. fumigatus-mediated eosinophil activation,
we additionally included the inhibitor R406, targeting SYK upstream of the CBM com-
plex. However, also, SYK inhibition did not impair the A. fumigatus-triggered activation
marker regulation on eosinophils (Fig. 3C and D). Thus, we could not identify a critical
role for the central TLR and CLR signaling adaptors for regulation of the activation
marker response of A. fumigatus-stimulated eosinophils. Similarly, MYD88, TRIF, and
CARD9 were also dispensable for A. fumigatus-induced secretion of IL-4, IL-13, CCL3,
and CCL4 from BMDE (Fig. 3E to G). The SYK inhibitor R406 significantly reduced the lev-
els of all four mediators, but the effect was rather modest (Fig. 3H).

We therefore conclude that canonical TLR and CLR signaling is largely dispensable
for activation of A. fumigatus-stimulated eosinophils.

FIG 2 Legend (Continued)

fluorescence intensities (MFI) + SD of three biologically different BMDE cultures measured in one experimental run. Cells were pregated on SIGLEC-F*
before retrieving MFI values. Significance was determined by Student’s t test; *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) Result of a cytokine/chemokine
multiplex assay screen. Cells were stimulated for 8 h with viable or inactivated A. fumigatus conidia or germ tubes (GT), and the coculture supernatant
was analyzed with a bead-based multiplex cytokine assay. Displayed are mean values of technical duplicates of one BMDE culture as a heatmap. (C)
Selected confirmatory ELISAs for validation of multiplex assay findings. Displayed are the mean + SD from three biologically different BMDE cultures of one
experiment. Significance was determined by one-way ANOVA and Holm-Sidak post hoc test or Kruskal-Wallis and Dunn'’s post hoc test if normality or equal
variance was not given. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (D) Heatmap of LC-MS/MS quantified eicosanoid levels in supernatants of BMDE after 8 h of A.
fumigatus exposure. The mean of five biologically distinct BMIDE cultures per group derived from two experiments is shown. One way-ANOVA with the Holm-
Sidak post hoc test was performed to determine significant differences from the unstimulated (unst.) control group. If not normally distributed, the Kruskal-
Wallis test with the Holm-Sidak post hoc or Dunn'’s post hoc test, if equal variance was not given, were applied. *, significant differences between conidium-
stimulated and unst. BMDE; #, between fixed germ tube (GT)-stimulated and unst. BMIDE. (E) qRT-PCR expression analysis of indicated eicosanoid synthesis
genes from BMDE. Displayed are the means + SEM of unst. and 5.5-h conidium-exposed BMDE of five biologically distinct BMDE cultures of two experiments.
Expression levels were normalized to housekeeper Hprt. Significance was determined by Student's t test; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 3 Canonical TLR and CLR signaling is dispensable for A. Fumigatus (Af)-triggered eosinophil activation. (A and B) C57BL/6 WT, MYD88-knockout (KO),
TRIF-KO, and CARD9-KO BMDE were stimulated with A. fumigatus conidia for 5.5 h, and protein expression of selected activation markers was quantified by
flow cytometry. (A) Representative histograms for indicated activation markers and genotypes of unstimulated and A. fumigatus conidium-stimulated
eosinophils are shown. (B) Averaged mean fluorescence intensities (MFIs) of the indicated activation marker normalized to the unstimulated WT control of
the corresponding experiment are shown. (C and D) WT BALB/c BMDE were pretreated with SYK inhibitor R406 (1 wM) or dimethyl sulfoxide (DMSO)
solvent control 30 min before stimulation with A. fumigatus conidia and stained for the same markers as in panels A and B. (C) Representative histograms
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Cell adhesion of A. fumigatus is required for activation of eosinophils. We next
investigated whether a soluble, secreted factor from A. fumigatus would be sufficient
to trigger the strong activation of eosinophils. Therefore, we compared the activation
response of eosinophils exposed to either live conidia or A. fumigatus culture superna-
tant. None of the activation markers CD11b, CD62L, and CCR3 were significantly regu-
lated by the culture supernatant (Fig. 4A and B). In line with this, the A. fumigatus culture
supernatant did not induce cytokine and chemokine secretion from eosinophils (Fig. 4C).
As this suggests that physical contact between fungus and eosinophil is indeed neces-
sary for eosinophil activation, we next investigated the activation potential of fungal ad-
herence mutants.

The Aagd3 and Auge3 strains both lack functional galactosaminogalactan (GAG), a
fungal exopolysaccharide which serves as adhesion and virulence factor. Indeed, both
mutants show impaired adherence to cell culture material and to eosinophils which
could be restored by gene reconstitution (Fig. 4D and E). Interestingly, we observed
significant reductions in the release of IL-4 and CCL3 when eosinophils were stimulated
with the A. fumigatus strains lacking agd3 and uge3 compared to the nonmutant A.
fumigatus strain (Fig. 4F). Reconstitution of these genes restored the eosinophil activa-
tion potential of these strains (Fig. 4F). However, neither purified GAG from A. fumiga-
tus cultures (38) or beta-glucan-elicited eosinophil activation (Fig. S3) as deduced from
unaltered expression levels of IL-4, IL-13, CCL3, and CCL4. This suggests that eosino-
phils require direct physical contact to the fungus for being activated, and GAG, beta-
glucan, or undefined soluble A. fumigatus-derived factors are not sufficient.

Transcriptional profiling reveals engagement of NF-xB and PI3K-mTOR path-
ways in A. fumigatus-stimulated eosinophils. As we did not observe major activation
defects by removing central elements of CLR and TLR signaling, and also, no secreted
A. fumigatus ligand could be demonstrated to strongly activate eosinophils, we con-
ducted an unbiased transcriptional profiling of A. fumigatus-stimulated BMDE with the
goal to identify signaling pathways that could be involved in A. fumigatus-induced eo-
sinophil activation. The 50 strongest induced genes in A. fumigatus-stimulated BMDE
included factors that we had already identified by other methods, namely, Ccl4, Ccl3,
Cxcl1, Cxcl2, and Ptgs2, rendering the RNAseq results a credible data set (Fig. 5B). In
addition, mRNA expression of //13 and /4 was also strongly induced (Fig. 5A). We fur-
ther noticed strong upregulation of the CLR Clec4e (Mincle)—a receptor known to be
involved in recognition of other fungi, such as Candida and Malassezia—within the A.
fumigatus-stimulated eosinophils (9, 39). However, Mincle-deficient eosinophils were
not impaired in their activation marker regulation or cytokine secretion after A. fumiga-
tus stimulation (Fig. S4). We furthermore performed gene set enrichment analysis
(GSEA) and among the top 15 hallmark sets found several stress-related sets enriched
that were associated with inflammatory response, unfolded protein response, UV/reac-
tive oxygen species (ROS)-related stress responses, and also apoptosis (Fig. 5Q).
Another interesting aspect was the enrichment of metabolic gene sets, including hy-
poxia, glycolysis, and cholesterol homeostasis. Enriched cytokine signaling sets com-
prised IL-2/STAT5, IL-6/STAT3 and, above all, TNF/NF-«B signaling. GSEA further
revealed a hallmark gene set related to intracellular mammalian target of rapamycin
(mTOR) complex 1 (mTORCT) signaling, as well as another set driven by phosphatidyl-
inositol 3-kinase (PI3K)-AKT-mTOR. The transcription factor database revealed strong
enrichment of NF-kB-controlled transcripts, as well as downstream genes of AP-1

FIG 3 Legend (Continued)

for indicated activation markers of SYK-inhibited and A. fumigatus conidium-stimulated BMDE, as well as corresponding unstimulated and DMSO controls
are shown. (D) Averaged mean fluorescence intensities (MFIs) of the indicated activation marker normalized to the unstimulated DMSO control of the
corresponding experiment are shown. (E to H) ELISA for the indicated cytokines in supernatants comparing unstimulated and A. fumigatus conidium-
stimulated WT and KO BMDE for (E) MYD88, (F) TRIF, (G) CARD9, or BMDE pretreated with (H) SYK inhibitor R406 (1 uM) or DMSO solvent control. Inhibitor-
treated BMDE were analyzed after 5.5 h of stimulation to prevent potential secondary inhibitor-related side effects. Bar graphs show the mean + SEM from
pooled data of 2 to 4 biologically distinct eosinophil cultures per group, each implemented as the mean of technical triplicates (A to D) or the mean + SD
of technical triplicates of one representative from (E) 3 to 4, (F) 2, (G) 2 to 5, or (H) 3 biologically distinct BMDE cultures per group. Statistical significance
was determined by two-way ANOVA with Holm-Sidak post hoc testing. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

July/August 2022 Volume 13 Issue 4 10.1128/mbio.01239-22 8


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01239-22

Eosinophil Activation by Aspergillus fumigatus

A B CD62L CCR3
% “ 1.4 o
] ok
= < 12
° Conidia 2 (1,‘2
° N : :
€
R /\ Blunst. 5 0.6
s ‘ \ c 0.4
£ o 0.2
z o 10 10 0 10° 10 o 10° 10° 10° RS NI
CD11b-APCCy7  CD62L-eFluord50  CCR3-PECy7 R S L
Oo V> C)O
C IL-4 IL-13 CCL3 CCL4
o 1.64 o o 100
= 201 — = 14] o 0.84 34 T g0
= 1.2 S,
g 1.5 1.0 0.6 2] § 60
s 1.0 8-2' 0.4 S 40
5 04/ 02 14 2
0.5 4 4 .24
o 0.2] nd. g <
0 0- = O o . 0
> P & & & $ & & boee
RN F o F o $ F o v% b@ ot
¢ o ©
E Bright field IL-4_eGFP CF-White Merge
_ S '
57 )
AR93 | . 4 A ]
2 ¥ g 3§
> - . .
- - -- |
T ‘j"’< 7 \"J\
e e
SAV S
agd3 rec. A\ i ]
v :‘ Y p—
I B ] A o) .
o & ‘
) 3 - 5 6 | = jor \ (&}
@ / 8 @ (O O
o ol & )
Auge3 | (- - 3
£ S ’ ) /AL N2 3
uge3rec. | | [
F IL-4 (7h) IL-4 (12h) CCL3 (7h) CCL3 (12h)
1.8 d 5 1.2 1.8
— 16 10 1.6
E 14 b 4 . 1.4
S 12 NN . 0.8 e | 122
£ 1.0 ok 0.6 oxk 1.0 il
s 08 2 X 0.8
g 08 0.4 0e
; 1 E
© 02 02 02
0 0 Ll o
6 @
Q q“ & g Q O q q Q
v""g % v’*’ v“ b v° vg %

FIG 4 A. fumigatus-triggered activation requires adherence between eosinophils and the fungus. (A to C) C57BL/6 WT BMDE were
stimulated with A. fumigatus culture supernatants (SNs) or conidia and subjected to flow cytometry and ELISA for activation measurements.
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factors and hypoxia inducible factor T« (HIF-1a) (Fig. 5D). To examine if genes differ-
ently expressed in A. fumigatus-stimulated eosinophils have potential relevance in the
human system, we used human orthologues of our murine data set to perform GSEA
against the Side Effect Resource (SIDER) database loaded from GeneSetDB (40, 41). This
lists gene names for proteins likely targeted by a drug with a side effect. Gene names
associated with the same side effects are then combined to specific gene sets. We
found “oral candidiasis” as the top gene set associated with expression changes due to
A. fumigatus infection (P value < 0.001, false-discovery rate [FDR] < 0.001, normalized
enrichment score: —2.23) (Fig. 5E). This highlights that our in vitro model resembles a
change in genes relevant in fungal-triggered human disease.

PI3K inhibition prevents eosinophil activation by A. fumigatus. Many of the
enriched gene sets (e.g., mTOR, HIF-1«, NF-«B, glycolysis) share a potential upstream sig-
naling regulator: PI3K (42, 43). As we observed in parallel that stimulation with A. fumiga-
tus increased the phosphorylation of AKT in BMDE (Fig. S5), we decided to examine the
relevance of the PI3K pathway in eosinophil activation by A. fumigatus. Therefore, we pre-
incubated BMDE with the widely used PI3K inhibitors LY294002 and Wortmannin and
then stimulated them with A. fumigatus. Both inhibitors did not significantly affect eosino-
phil viability (Fig. S2C) but impaired the A. fumigatus-induced change of CD11b, CD62L,
and CCR3 expression levels on BMDE (Fig. 6A and B). This effect could be confirmed with
primary eosinophils isolated from the lung of mice after repeated administration of
2 x 10° live A. fumigatus conidia (Fig. 6D and E) and with human eosinophils isolated
from peripheral blood (Fig. 6G and H and Fig. S2A). In addition, PI3K inhibition caused
profound abrogation of the A. fumigatus-induced release of IL-4, IL-13, CCL3, and CCL4
from BMDE and ex vivo isolated eosinophils (Fig. 6C and F). These results demonstrate
that the PI3K signaling pathway is a critical organizer of eosinophil activation in direct
response to the fungal pathogen A. fumigatus.

We further investigated whether CD11b is required for A. fumigatus-induced eosino-
phil activation, as it has been previously shown that human eosinophils use this receptor
for recognition of the fungus Alternaria alternata (22) and that integrins can activate the
PI3K pathway (44). Using a blocking antibody against CD11b during A. fumigatus-eosino-
phil coculture significantly reduced the secretion of IL-4, IL-13, and CCL4, while CCL3
secretion and viability remained unaffected (Fig. 61 and Fig. S2D). This indicates that
CD11b is at least one surface molecule on eosinophils involved in A. fumigatus-induced
cytokine and chemokine secretion.

DISCUSSION

We have shown here that eosinophils get activated upon recognition of A. fumigatus
and can cause severe pathology in the lung. This result basically confirms a previous
report where it has been shown that eosinophils are required for A. fumigatus-induced
fatal lung damage (34). However, others have demonstrated that eosinophils can also
play a beneficial role and kill the fungus in the lung (29). We observed no reduction in
fungal burden in the lung of IL-5tg compared to wild-type mice. This suggests that the
detrimental outcome of A. fumigatus-challenged IL-5tg mice is caused by eosinophil-
mediated tissue damage rather than invasive aspergillosis. A. fumigatus-activated eosino-
phils respond with a pronounced release of cytokines, chemokines, and eicosanoids, as

FIG 4 Legend (Continued)

(A) Representative histograms for indicated activation markers of unstimulated, SN-stimulated, or A. fumigatus conidium-stimulated eosinophils
are shown. (B) Averaged mean fluorescence intensities (MFls) of the indicated activation markers normalized to the unstimulated WT control
of the corresponding experiment are shown. Data were pooled from 3 biologically distinct cultures of two experiments and are presented as
the mean + SEM. (C) ELISAs for the indicated cytokines comparing unstimulated, SN-stimulated, and A. fumigatus conidium-stimulated
eosinophils are shown. (D) Quantification of eosinophils attached to hyphae. (E) Exemplary microscopy pictures of BMDE cocultured with
calcofluor (CF) white-stained A. fumigatus GAG mutant strains, on which the adherence quantification in panel D was based. Scale bars
indicate 20 um. (F) IL-4 and CCL3 concentrations in supernatants of the indicated cocultures. ELISA and adherence data are displayed as the
mean + SD and are representative of 3 biologically distinct cultures per group. Significance was determined by one-way ANOVA and the
Holm-Sidak post hoc test or Kruskal-Wallis and Dunn’s post hoc test, if normality or equal variance was not given. All groups were statistically
compared against each other, apart from panels D and F, where all groups were compared to the Af293 A. fumigatus WT strain control group.
* P < 0.05 **, P <001 ** P < 0.001.
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FIG 5 Transcriptional profiling of A. fumigatus-stimulated BMDE reveals enrichment of NF-«B and
AKT-mTOR-related pathways. RNAseq and differential expression analysis between eosinophils and
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well as changes in surface marker expression levels. Among the most prominently upreg-
ulated factors were IL-4, IL-13, IL-18, CCL3, CCL4, thromboxane, PGD,, and oxidized lino-
leic acid metabolites, while we observed the strongest A. fumigatus-mediated activation
marker regulation for CD11b, CD62L, and CCR3. The activation response required direct
contact between fungus and eosinophils, as neither A. fumigatus culture supernatants nor
A. fumigatus mutants with impaired attachment were able to induce a considerable
amount of eosinophil activation. Thus, in particular, in a scenario where eosinophils come
into direct contact with the fungus, their release of cytokines, chemokines, and lipid medi-
ators in addition to toxic proteins stored in intracellular granules promotes tissue damage
and exacerbates allergic inflammation (26, 45, 46).

Unexpectedly, eosinophil activation was in major parts not relying on canonical
downstream signaling of TLRs or CLRs. This is in considerable contrast to observations
of fungal recognition by other immune cell types such as macrophages and dendritic
cells (DCs), on which most of our knowledge of fungal recognition is based (16, 47, 48).
Transcriptional profiling of A. fumigatus-stimulated eosinophils instead revealed an
enrichment of regulated genes related to PI3K-AKT-mTOR signaling. Pharmacological
intervention within this pathway by using PI3K small-molecule inhibitors indeed abro-
gated the majority of A. fumigatus-triggered eosinophil activation patterns. Other pub-
lications describe activation of PI3K in pattern recognition receptor (PRR) signaling as
well. A. fumigatus has been found to induce phosphorylation of AKT in DCs in vivo, but
downstream of MYD88 (49). Similarly, the adaptor B-cell adapter for PI3K (BCAP) has
been described to translate TLR and IL-1 signals into PI3K activation; however, this also
required MYD88 (50, 51). Of note, as an exception to this, one study reported MYD88-
independent PI3K activation in IL-13 stimulated neurons, rather fitting to our results
(52). PI3K has also been implicated in signaling of CLRs such as Dectins or Mincle or Fc
receptors, but downstream of SYK (53-57). Our data with Mincle-deficient eosinophils
demonstrate that this receptor is not involved in A. fumigatus recognition by eosino-
phils, although its mRNA expression is strongly induced. The distinctly superior role of
PI3K over SYK in our setup renders the CLR-SYK-PI3K-axis unlikely as the sole activation
route and, rather, suggests the involvement of PI3K on more than one level for the entire
eosinophil activation process. This includes the PI3K-regulated release of extracellular
DNA traps from A. fumigatus-stimulated human eosinophils (58). As we observed regula-
tion of several metabolism genes in our transcriptome data, particularly ones related to
glycolysis, it appears plausible that PI3K further promotes a metabolic switch via AKT,
mTOR and HIF-1« to provide sufficient energy for the full inflammatory response. In sup-
port of this interpretation, it has been shown that fungal melanin sequesters calcium
inside phagosomes of macrophages and drives metabolic reprogramming toward glycol-
ysis by an mTOR- and HIF-1a-dependent mechanism (59). This metabolic switch has also
been revealed to be involved in the setting of trained immunity and raises metabolic reg-
ulation of A. fumigatus-stimulated eosinophils as an interesting aspect for future investi-
gations (42).

PI3K is, furthermore, involved in chemotactic movement and in granulocytes (60—
62). As we observed a strong dependency on the adherence between immune cells
and fungal elements for eosinophil activation, PI3K signaling might also be required
for efficient establishment of cell-cell contact to the fungus. In return, expression of the
exopolysaccharide GAG from the fungus appears to be critical for cell adhesion and eo-
sinophil activation. This is an interesting observation, as GAG is commonly seen as an
important fungal virulence factor of A. fumigatus (63). Interestingly, GAG has been

FIG 5 Legend (Continued)

A. fumigatus-stimulated eosinophils. (A) MA plot with custom-selected genes highlighted. Significant
genes are depicted in orange (adjusted P value [P,4] < 0.05), nonsignificant genes in gray and custom-
highlighted in blue. (B) Top 50 differentially expressed genes based on fold change (cutoffs: P,y < 0.05;
base mean > 100). (C and D) Gene set enrichment analysis of (C) hallmark gene sets or (D) transcription
factor gene sets. Shown are the top 15 sets based on normalized enrichment score (NES), all with an
FDR of <0.05. (E) Heatmap of murine genes that are homologous for human genes associated with

fungus-triggered disease (oral candidiasis gene set of SIDER collection). n = 3 biological replicates.
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FIG 6 Inhibition of PI3K abrogates A. fumigatus-mediated eosinophil activation. (A to C) WT BALB/c BMDE were pretreated with
0.2 M wortmannin, 50 uM LY294002, or DMSO solvent control 60 min prior to stimulation with A. fumigatus conidia for 5.5 h and
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shown to mask other fungal PAMPs, such as beta-glucans, as A. fumigatus-stimulated
DCs were shown to be more activated through Dectin-1, in the absence of GAG (64). It
is also required as an adhesin to epithelial cells, very much in line with our adherence
data from eosinophil cocultures (64). However, neither GAG nor beta-glucan directly
activated eosinophils in our culture system.

The CD11b/CD18 integrin is a likely candidate for an A. fumigatus-activated receptor
on eosinophils which may operate to enhance the PI3K-mediated activation. CD11b has
been shown on human eosinophils to bind beta-glucans (22) and dimerizes with CD18,
which has been described as having signaling capacity via SYK (65, 66). Furthermore, in-
tracellular integrin signaling can also commonly induce the activation of PI3K, closing the
circle to the crucial signaling hub molecule for eosinophil activation that we describe
here (44). Indeed, we could show here that anti-CD11b blockade significantly reduced the
secretion of IL-4, IL-13, and CCL4 from A. fumigatus-stimulated BMDE. PI3K inhibitors have
already been experimentally used to counteract symptoms of respiratory allergy, includ-
ing eosinophilia (67). Our data further indicate that it is possible to interfere with fungus-
triggered eosinophil activation using PI3K inhibitors. Future investigations with a focus on
A. fumigatus-induced activation of the PI3K pathway in eosinophils could ultimately lead
to development of more specific therapeutic approaches for treatment of fungus-induced
chronic eosinophil-associated inflammation such as ABPA. Further research is now
required to identify the critical ligand-receptor interactions between A. fumigatus and eo-
sinophils from ABPA patients, which would allow for more specific therapeutic interven-
tions. In addition, extending our study to other allergenic environmental fungi could help
to identify a common principle of fungal recognition by eosinophils.

MATERIALS AND METHODS

Source of bone marrow from different knockout mice. Mice deficient for Myd88, Ticam1 (TRIF),
Card9, and Clec4e (Mincle) on a C57BL/6 background have been described before and were used as the
source for bone marrow (9, 11, 16, 68-70). All mice were kept under specific-pathogen-free (SPF) condi-
tions. Experiments were performed with permission from local authorities at the government of Lower
Franconia, Germany.

Mouse infections. WT and interleukin-5-transgenic (IL-5tg) (33) mice crossed to IL-4eGFP reporter
mice (4get mice) (71) on a BALB/c background were intranasally (i.n.) infected with 4 x 107 ATCC
46645 A. fumigatus conidia to assess fungal burden and numbers of immune cells, erythrocytes, and
cytokines in the bronchoalveolar lavage (BAL) fluid 24 h postinfection. BAL fluid was collected by
carefully flushing the lungs with 2 x 1 mL of phosphate-buffered saline (PBS) and 0.1 mM EDTA. For
analysis of whole lung, lungs were perfused with 8 mL of PBS, and individual lobes were collected
separately for flow cytometry, CFU, histology, and RNA. Alternatively, 10® conidia of the virulent
A. fumigatus strain CEA10 were applied i.n. to study eosinophil-related mortality. Mice that were suf-
fering from more than 20% body weight loss during these experiments were removed from the study
and counted as dead.

FIG 6 Legend (Continued)

followed by flow cytometry of the cells and ELISA measurements from the coculture supernatant. (A) Representative histograms for
indicated activation markers of PI3K-inhibited and A. fumigatus conidium-stimulated eosinophils, as well as corresponding unstimulated
and DMSO-controls are shown. (B) Averaged mean fluorescence intensities (MFIs) of the indicated activation marker normalized to the
unstimulated DMSO control of the corresponding experiment. Bar graphs show the mean + SEM from pooled data of eight biologically
distinct cultures per group from three experiments. (C) ELISA for the indicated cytokines from BMDE coculture supernatants of PI3K-
inhibited A. fumigatus conidium-stimulated eosinophils, as well as corresponding uninhibited DMSO-controls are shown. Bar graphs
show the mean + SEM of six biologically distinct cultures from two experiments. (D to F) Eosinophils were sorted on day 17 from the
BAL fluid of repetitively i.n. A. fumigatus-treated mice, PI3K-inhibited, and A. fumigatus conidium-stimulated ex vivo similar to murine
BMDE. (D) Representative histograms for indicated activation markers of PI3K-inhibited or DMSO control and unstimulated or A.
fumigatus conidium-stimulated eosinophils from flow cytometry analysis are shown. (E) MFIs of the indicated activation marker on ex
vivo stimulated murine BAL fluid eosinophils normalized to the respective unstimulated DMSO control. (F) ELISA for the indicated
cytokines from coculture supernatants of PI3K-inhibited and A. fumigatus conidium-stimulated sorted BAL fluid eosinophils and
corresponding DMSO controls are shown. Bar graphs show the mean + SEM of BAL fluid eosinophils sorted from seven mice in two
experiments, stimulated individually. (G) Representative histograms for the indicated activation marker on human eosinophils. Human
eosinophils were PI3K-inhibited and A. fumigatus conidium-stimulated similar to murine BMDE. (H) MFls of the indicated activation
marker on human eosinophils normalized to the unstimulated DMSO control of the respective donor. Bar graphs show the mean +
SEM from pooled data of five biologically distinct human donors per group from three experiments. (I) ELISA for the indicated cytokines
from BMDE coculture supernatants of CD11b-blocked (clone 2LPM19c) A. fumigatus conidium-stimulated eosinophils as well as the
respective isotype control (clone P3.6.8.2.1) are shown. Bar graphs show the mean + SEM of six biologically distinct cultures from two
experiments. Statistical significance was determined by two-way repeated ANOVA with Holm-Sidak post hoc testing. *, significant
differences between naive and A. fumigatus-stimulated cells in the same treatment group; #, significant differences between the
respective treatment group and DMSO control; * or #, P < 0.05; ** or ##, P < 0.01; *** or ###, P < 0.001.
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Lung histology. One lobe of the lung was fixed in 4% paraformaldehyde (PFA) at 4°C overnight. Fixed
lungs were dehydrated and embedded in paraffin. Samples were cut with a microtome (Thermo Fisher
Scientific) into 2-um sections, collected onto glass slides and dried overnight at 37°C. Sections were rehy-
drated in xylol-ethanol row and distilled water. Staining of fungal spores was performed via Grocott's stain-
ing for fungi according to the kit protocol (Morphisto, Offenbach am Main, Germany). After staining, sections
were dehydrated with an ethanol-isopropanol-xylol row and embedded in Entellan.

Generation of bone marrow-derived eosinophils (BMDE). Mouse bone marrow cells from femurs
and tibiae were subjected to red blood cell (RBC) lysis and adjusted to 10%mL in bone marrow medium
(BMM) containing 20% fetal calf serum (FCS), 1% nonessential amino acids, 2 mM -glutamine, T mM sodium
pyruvate, 100 IU/mL penicillin and 100 wg/mL streptomycin, 19.25 uM 2-mercaptoethanol (all Thermo Fisher
Scientific, Waltham, MA) and 25 mM HEPES (Carl Roth, Karlsruhe, Germany) in RPMI 1640 (PAN-Biotech,
Aidenbach, Germany). For the first 4 days recombinant mouse stem cell factor (SCF) and FLT3L (PeproTech,
Rocky Hill, NJ) were added to the culture (both 100 ng/mL) and afterward replaced by recombinant mouse
IL-5 (R&D Systems, Minneapolis, MN) (10 ng/mL) until day 14, with medium including fresh cytokine
exchanged by half every 2 days from day 4 on. On day 14 eosinophil culture purity was usually above 90%,
assessed by expression of SIGLEC-F and measured via flow cytometry. Bone marrow cells of BALB/c mice
were used in all experiments, unless knockout mice with a C57BL/6 background were included in an experi-
mental setup. In this case, accordingly, C57BL/6 WT mice were used as the corresponding control.

Isolation of human eosinophils. With approval by the ethics committee of the Faculty of Medicine
at the Friedrich-Alexander Universitat Erlangen-Nirnberg (FAU) (no. 224_14B) and informed consent,
about 50 mL peripheral blood of healthy donors was diluted 1:1 with PBS and subjected to density gra-
dient centrifugation with Biocoll (1.077 g/mL; Bio&SELL) at 1, 000 x g for 30 min at room temperature.
Supernatant was discarded, and the pellet was subjected twice to red blood cell lysis (15 min and
10 min) in hypotonic lysis buffer (155 mM NH,CL, 10 mM KHCO; in H,0) on ice. Eosinophils were isolated
with the human eosinophil isolation kit (Miltenyi Biotec) according to the manufacturer’s instructions.
Purity of the isolated eosinophils (Siglec-8+) was always above 88%.

Fungal culture. Aspergillus fumigatus strains were cultured on Aspergillus minimal medium (AMM)
(72) for 3 days in the dark at 37°C and afterward washed from the plates with 0.002% Tween 20 in 0.9%
NaCl solution (NaCl-Tween) using a swab. Residual hyphal elements were removed by filtration through
a 40-um cell strainer (Corning, Corning, NY). Conidial concentrations were quantified microscopically in
a Neubauer improved counting chamber. GTs were generated by growing conidia for 5.5 h in BMM at
37°C and 5% CO,. A. fumigatus culture supernatants were generated by 24 h of incubation of 2.5 x 10°
conidia/mL in BMM, followed by sterile filtration. In some experiments, conidia and GTs were inactivated
by fixation in 4% PFA overnight. The ATCC 46645 WT strain was used in all experiments. As an exception,
the Af293 WT was used as a control for the galactosaminogalactan (GAG)-deficient strains Aagd3 and
Auge3, which have been generated in this background (64, 73). To measure fungal burden from lungs,
tissue was weighed, homogenized with a Bead Ruptor 24 (BioLabProducts, Bebensee, Germany), diluted
in PBS, and plated on AMM. CFU were counted after 2 days of incubation at 37°C.

Coculture of BMDE, lung eosinophils, or human eosinophils and A. fumigatus. Cocultures were
set up in the presence of recombinant mouse or human IL-5 (10 ng/mL) in a 96-well format with 2 x 10°
eosinophils and 2 x 10° A. fumigatus conidia (multiplicity of infection [MOI], 10) or 2 x 10> GTs (MOI, 1)
or 50% A. fumigatus culture supernatant in a total volume of 200 uL per well. The samples for eicosanoid
measurements as well as Western blotting were generated in a 24-well format with 10° BMDE per well
and mL and the same MOIs of A. fumigatus. The same MOIs were also used with inactivated fungus.
Stimulation was performed at 37°C and 5% CO, in a cell culture incubator. When small-molecule inhibi-
tors were used, cells were preincubated with these before exposure to the fungus. The SYK inhibitor
R406 (InvivoGen, San Diego, CA) was used as previously published by 30-min preincubation at 1 uM
(74). The PI3K inhibitors wortmannin (Merck) and LY294002 (Cell Signaling Technology, Danvers, MA)
were applied following the manufacturer’s recommendations with 60-min preincubation at 0.2 uM or
50 uM, respectively. For CD11b blocking experiments the CD11b clone M1/70 or 5C6 (isotype antibody:
LTF2; all Bio X Cell, Lebanon, NH) or the CD11b clone 2LPM19c (isotype antibody: mouse 1gG1 kappa
clone P3.6.8.2.1; both Thermo Fisher Scientific) was applied with 30- min preincubation at 10 ug/mL.

Sorting of BAL fluid eosinophils. To enrich lung eosinophils, 4get WT mice were i.n. sensitized to A.
fumigatus ATCC 46645 as described before (75). BALF fluid was collected on day 17, and eosinophils
were sorted as 4get™ SSCM9", retrieved in IL-5-supplemented BMM, and seeded at a density of 2 x 10°
cells per 96-well plate. Cells were rested for 2 h at 37°C and 5% CO, before proceeding with PI3K inhibi-
tion and A. fumigatus stimulation, as described in “Coculture of BMDE, Lung Eosinophils, or Human
Eosinophils and A. fumigatus,” above. Eosinophil purity of the sorted cells was above 95%.

Flow cytometry. Flow cytometric analyses were performed in accordance with established guidelines
(76). Fluorescently labeled antibodies against the following activation-associated surface proteins were
used for BMDE: CD11b-APC-eFluor780 (M1/70), CD11c-PerCP-Cy5.5 (N418), CD29-biotin (eBioHMb1-1),
CD62L-eFluor450 or -PECy7 (MEL-14), and CD101-PE (Moushi 101) (all Thermo Fisher Scientific); F4/80-like
receptor/FIRE-AlexaFluor488 (6F12) and CD170/SIGLEC-F-AlexaFluor647 (E50-2440) (all BD Biosciences, San
Jose, CA); and CD107a-BV711 (1D4B), and CD193/CCR3-PECy7 or -FITC (JO73E5) (all BioLegend, San Diego,
CA). For human eosinophils, the following antibodies against surface proteins were used: CD11b-APC-
eFluor780 (M1/70), CD62L-eFluor450 (DREG-56), and CD193/CCR3-FITC (5E8) (all BioLegend) and
SIGLEC-8-PE (FAB7975P) (R&D Systems). Cells from BAL fluid or lung were stained with antibodies
against CD11b-APC-eFluor780 (M1/70) and CD11c-PerCP-Cy5.5 (N418) (both Thermo Fisher Scientific);
and CD170/SIGLEC-F-BV421 (E50-2440), Ly6G-BUV395 (1A8), CD4-BUV395 (RM4-5), and CD8-BUV737
(53-6.7) (all BD Bioscience), Ly6G-PECy7 (1A8), Ly6C-APC (HK1.4) (both BiolLegend). Lungs were
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processed as previously described before staining (75). Cells were stained for 20 min at 4°C in the dark
and washed with fluorescent-activated cell sorter (FACS) buffer. If needed, a second identical staining
step with BUV395-labeled streptavidin (BD Biosciences) was performed to visualize binding of biotin-
labeled antibodies. Cells were filtered through a 70-um mesh shortly before measuring the samples
on a FACS Canto Il or LSRFortessa flow cytometer (both BD Biosciences). FACS data were analyzed in
FlowJo 10 (BD Biosciences).

qRT-PCR. BMDE were harvested after 5.5 h of coculture with the indicated A. fumigatus morpho-
types, lysed in RLT buffer (Qiagen, Hilden, Germany) including 0.1 M dithiothreitol (DTT) and frozen at
—80°C overnight. RNA was extracted with the column-based RNeasy kit (Qiagen) according to the manu-
facturer’s instructions. RNA from lung tissue was isolated with TRISure (Bioline, London, UK). Reverse
transcription was performed with the Applied Biosystems high-capacity cDNA reverse transcription kit
(Thermo Fisher Scientific). qRT-PCRs were performed with the SYBR Select master mix premix (Thermo
Fisher Scientific). Samples were measured on a CFX-Connect instrument (Bio-Rad Laboratories, Inc.,
Hercules, CA) or an Applied Biosystems ViiA 7 real-time PCR system (Thermo Fisher Scientific). Threshold
cycle (C;) value results were normalized to Hprt as a reference gene. Primer sequences and PCR condi-
tions can be obtained from the authors upon request.

Cytokine measurements. The screening for released cytokines was performed with a ProcartaPlex
mouse cytokine and chemokine panel 1A (36-plex) Luminex assay (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Undiluted supernatants of cocultures were used after 8-h stimulation
time. Measurements were undertaken on a Bio-Rad Bio-Plex MAGPIX multiplex reader. IL-5 was excluded
from analysis, since a large amount of recombinant IL-5 was present during culturing to prevent eosino-
phil apoptosis over the course of stimulation. Individual cytokine release assays for IL-4, IL-13, CCL3,
CCL4, IL-18, IL-5, IL-17, TNF-an and IFN-y were performed by enzyme-linked immunosorbent assay
(ELISA). Cell culture supernatants were diluted 1:5 or 1:2 in the case of IL-13 before adding them to the
ELISA. Cell culture supernatants from experiments of stimulation with cell wall components were all
diluted 1:2. BAL samples were used undiluted for ELISA. IL-4 was assayed by an antibody pair of the
clones 11B11 (Bio X Cell, West Lebanon, NH) and biotinylated BVD6-24G2 (BioLegend). IL-13 release was
quantified with the murine IL-13 standard ABTS ELISA development kit (PeproTech). For CCL3, CCL4, IL-
1B, IL-5, IL-17, TNF-q, and IFN-y the corresponding ELISA DuoSet systems (R&D Systems) were used.
Para-nitrophenyl phosphate (pNPP) was utilized as a substrate for the chromogenic reaction catalyzed
by an alkaline phosphatase coupled to streptavidin (both Southern Biotech, Birmingham, AL) and meas-
ured at a wavelength of 405 nm on the Multiskan FC 3.0 instrument (Thermo Fisher Scientific).

Transcriptional profiling of BMDE from cocultures with A. fumigatus. A. fumigatus conidia were
pregrown for 5.5 h in RPMI 1640. The medium was removed, and eosinophils were added at a conidium-
eosinophil ratio of 2:1, along with 10 ng/mL rmIL-5. After 6 h of cocultivation RNA was isolated with the
total RNA isolation kit (Fluka, Buchs, Switzerland). Then, 75 mM DTT was added to the lysis buffer to pre-
vent RNA degradation. Samples were treated with an RNase-free DNase set (Qiagen), and RNA integrity
was determined with a Bioanalyzer instrument (Agilent, Santa Clara, CA). The TruSeq stranded mRNA kit
(lllumina, San Diego, CA) was used for cDNA library preparation. Libraries were 96-bp single-end
sequenced on a HiSeq 2500 platform (lllumina). Reads were filtered for a length of at least 60 bp and
mapped onto the mouse reference genome GRCmM38 with the STAR aligner 2.6.1c. Data were loaded
into R (3.5.3; The R Foundation for Statistical Computing, Vienna, Austria), and undetected genes were
removed before downstream analysis. DESeq2 (1.20.0) was used on nonnormalized counts to normalize
them and to perform differential expression analysis (77). Shrinkage was performed with the apeglm
shrinkage estimator (1.4.2) to remove noise, and values were used for the MA plot (78). Heatmaps of
log, normalized counts were drawn with the gplots package. For gene set enrichment, GSEA 3.0 soft-
ware with normalized count values as input and recommended settings (default values but permutation
type set to “gene_set”) was used. For hallmark and transcription factor gene set analysis, the MSigDB
database 7.1 was employed using a built-in function of the GSEA software to convert mouse to human
gene identifiers (79). GSEA of the SIDER database gene sets was also performed with GSEA 3.0 and
genes of the oral candidiasis gene set considered by GSEA 3.0 were used to draw the corresponding
heatmap. Data are available via the GEO database (accession no. GSE165694).

Eicosanoid measurements. Supernatants of BMDE were harvested after 8 h of coculturing with A.
fumigatus conidia or fixed GTs as a control to verify that released eicosanoids were derived from eosino-
phils and not the fungus. BMDE were not additionally treated with ionophores. The same volume of
—80°C precooled methanol was added to the supernatants, and the samples were immediately frozen
at —80°C. Eicosanoid concentrations were measured via liquid chromatography tandem mass spectrom-
etry (LC-MS/MS) as described previously (80). Briefly, automated solid-phase extractions were performed
on a Microlab STAR robot (Hamilton, Bonaduz, Switzerland). Prior to extraction, all samples were diluted
with H,O to an MeOH content of 15%, and 10 ul internal standard solution was added. Samples were
extracted using Strata-X 96-well plates (30 mg; Phenomenex, Aschaffenburg, Germany) and eluted with
MeOH followed by evaporation to dryness under N, stream and redissolved in 100 uL MeOH/H,0 (1:1).

Chromatographic separation of oxylipins was achieved with a 1260 series high performance liquid
chromatography (HPLC) instrument (Agilent, Waldbronn, Germany) using a Kinetex C,, reversed-phase
column (2.6 um, 100 by 2.1 mm) with a SecurityGuard Ultra cartridge C,; precolumn (both Phenomenex,
Aschaffenburg, Germany). The QTRAP 5500 mass spectrometer (Sciex, Darmstadt, Germany), equipped
with a Turbo-V ion source, was operated in negative ionization mode. Samples were injected via an HTC
PAL autosampler (CTC Analytics, Zwingen, Switzerland) set to 7.5°C. Identification of metabolites was
achieved via retention time and scheduled multiple reaction monitoring (sSMRM). Acquisition of LC-MS/
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MS data was performed using Analyst software 1.6.3, followed by quantification with MultiQuant soft-
ware 3.0.2 (both Sciex).

Western blotting. BMDE were cocultured with A. fumigatus conidia or left unstimulated for 1 h.
Cells were lysed with RIPA buffer including cOmplete protease inhibitor and PhosSTOP phosphatase in-
hibitor (both Roche, Basel, Switzerland). Protein extracts were denatured by boiling in Laemmli buffer
for 5 min, run on an SDS-PAGE, and then blotted semidry onto a polyvinylidene difluoride membrane.
Membranes were soaked in 3% bovine serum albumin (BSA) in TRIS-buffered saline-Tween buffer (TBS-
T) for 1 h at room temperature and then incubated with the primary antibody overnight at 4°C.
Antibodies against phosphorylated (D9E) and total AKT (C67E7), as well as B-actin (13E5) (all Cell
Signaling Technology), were applied. Horseradish peroxidase (HRP)-linked polyclonal goat anti-rabbit
antibody (Rockland Immunochemicals, Limerick, PA) was used as a secondary antibody for 1 h, followed
by development in SignalFire Plus ECL reagent (Cell Signaling Technology) and luminescence imaging
on a Bio-Rad ChemiDoc imaging system.

Adherence assay. BMDE were cocultured with A. fumigatus conidia in medium containing 10 ng/mL
rmlL-5 in chamber slides for 12 h with a conidium-eosinophil ratio of 1. Adherence was quantified micro-
scopically by counting eosinophils bound to fungal elements per total number of eosinophils in a high-
power field of view (20x) on an Apotom V microscope (Carl Zeiss, Oberkochen, Germany).

Statistics. Data were evaluated for statistically significant differences in SigmaPlot 12.3. Student’s t
test was used when comparing two groups against each other, when normality and equal variance were
given. Otherwise, the Mann-Whitney U test was applied. In the setting of comparing multiple groups,
one-way analysis of variance (ANOVA) or two-way ANOVA were used, depending on the number of
nominal variables included in the setup. If normality or equal variance was not given, one-way ANOVA
was replaced by the Kruskal-Wallis test. In general, the Holm-Sidak method was used as a post hoc test,
but Dunn’s post hoc test replaced Kruskal-Wallis tests if equal variance failed. Where appropriate,
repeated measurement/paired test variants were applied. Significance levels were defined as P values of
<0.05, <0.01, and <0.001, indicated by one, two, or three stars, respectively. Applied statistics are indi-
cated in the corresponding figure legends.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.5 MB.
FIG S2, PDF file, 0.8 MB.
FIG S3, PDF file, 0.2 MB.
FIG S4, PDF file, 0.3 MB.
FIG S5, PDF file, 0.3 MB.

ACKNOWLEDGMENTS

We thank M. Pasparakis for providing bone marrow of TRIF-deficient mice; T.
Fontaine for providing GAG; D. Doehler, M. Duemig, and the groups of B. Dietel-Schor
and Christoph Daniel for technical support; and all members of the Voehringer lab for
helpful discussions. We thank the sequencing core unit at the Department of Human
Genetics of the FAU, especially A. Ekici and P. Kirchner for RNA sequencing. We thank M.
S. Gresnigt for sharing technical expertise in working with human blood cells.

This work was in part supported by the Interdisciplinary Center for Clinical Studies
(IZKF) at the Medical Faculty of the Friedrich-Alexander University Erlangen-Nuremberg
(FAU) project A74 (to D.V. and S.K.) and Deutsche Forschungsgemeinschaft (DFG) grants
CRC1181_A02, FOR2599_P03, and VO944/11-1 (to D.V.), KR2294/10-1 (to S.K.), CRC1181_A06
(to R.L), and FOR2599_P07 (to J.E-V.-B.).

We have no conflict of interest to declare.

AD., S.S., SK, and D.V. designed experiments; A.D,, S.S., SW., F.H, KC, JA, RW., and
D.R. performed experiments; J.R.,, D.CS., and J.E.-V.-B. provided critical reagents and
organisms; S.W. and D.V. acquired funding; A.D., S.S., SW., SK, D.R,, and D.V. wrote the
manuscript.

REFERENCES

mBio

1. Denning DW, Pleuvry A, Cole DC. 2013. Global burden of allergic broncho- defense against experimental candidiasis. Eur J Immunol 42:2632-2643.

pulmonary aspergillosis with asthma and its complication chronic pulmo-
nary aspergillosis in adults. Med Mycol 51:361-370. https://doi.org/10
.3109/13693786.2012.738312.

. Biondo C, Malara A, Costa A, Signorino G, Cardile F, Midiri A, Galbo R,
Papasergi S, Domina M, Pugliese M, Teti G, Mancuso G, Beninati C. 2012.
Recognition of fungal RNA by TLR7 has a nonredundant role in host

July/August 2022 Volume 13 Issue 4

https://doi.org/10.1002/eji.201242532.

. Romani L. 2011. Immunity to fungal infections. Nat Rev Immunol 11:

275-288. https://doi.org/10.1038/nri2939.

. Werner JL, Metz AE, Horn D, Schoeb TR, Hewitt MM, Schwiebert LM,

Faro-Trindade I, Brown GD, Steele C. 2009. Requisite role for the dec-
tin-1 B-glucan receptor in pulmonary defense against Aspergillus

10.1128/mbio.01239-22 17


https://doi.org/10.3109/13693786.2012.738312
https://doi.org/10.3109/13693786.2012.738312
https://doi.org/10.1002/eji.201242532
https://doi.org/10.1038/nri2939
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01239-22

Eosinophil Activation by Aspergillus fumigatus

20.

21.

fumigatus. J Immunol 182:4938-4946. https://doi.org/10.4049/jimmunol
.0804250.

. Saijo S, lkeda S, Yamabe K, Kakuta S, Ishigame H, Akitsu A, Fujikado N,

Kusaka T, Kubo S, Chung S-h, Komatsu R, Miura N, Adachi Y, Ohno N,
Shibuya K, Yamamoto N, Kawakami K, Yamasaki S, Saito T, Akira S, Iwakura
Y. 2010. Dectin-2 recognition of alpha-mannans and induction of Th17 cell
differentiation is essential for host defense against Candida albicans. Immu-
nity 32:681-691. https://doi.org/10.1016/j.immuni.2010.05.001.

. Zhu L-L, Zhao X-Q, Jiang C, You Y, Chen X-P, Jiang Y-Y, Jia X-M, Lin X.

2013. C-type lectin receptors Dectin-3 and Dectin-2 form a heterodimeric
pattern-recognition receptor for host defense against fungal infection.
Immunity 39:324-334. https://doi.org/10.1016/j.immuni.2013.05.017.

. Stappers MHT, Clark AE, Aimanianda V, Bidula S, Reid DM, Asamaphan P,

Hardison SE, Dambuza IM, Valsecchi |, Kerscher B, Plato A, Wallace CA,
Yuecel R, Hebecker B, da Gldria Teixeira Sousa M, Cunha C, Liu Y, Feizi T,
Brakhage AA, Kwon-Chung KJ, Gow NAR, Zanda M, Piras M, Zanato C,
Jaeger M, Netea MG, van de Veerdonk FL, Lacerda JF, Campos A, Carvalho
A, Willment JA, Latgé J-P, Brown GD. 2018. Recognition of DHN-melanin
by a C-type lectin receptor is required for immunity to Aspergillus. Nature
555:382-386. https://doi.org/10.1038/nature25974.

. Taylor PR, Tsoni SV, Willment JA, Dennehy KM, Rosas M, Findon H, Haynes

K, Steele C, Botto M, Gordon S, Brown GD. 2007. Dectin-1 is required for
B-glucan recognition and control of fungal infection. Nat Immunol 8:
31-38. https://doi.org/10.1038/ni1408.

. Wells CA, Salvage-Jones JA, Li X, Hitchens K, Butcher S, Murray RZ,

Beckhouse AG, Lo Y-L-S, Manzanero S, Cobbold C, Schroder K, Ma B, Orr S,
Stewart L, Lebus D, Sobieszczuk P, Hume DA, Stow J, Blanchard H,
Ashman RB. 2008. The macrophage-inducible C-type lectin, Mincle, is an
essential component of the innate immune response to Candida albicans. J
Immunol 180:7404-7413. https://doi.org/10.4049/jimmunol.180.11.7404.

. O'Neill LAJ, Bowie AG. 2007. The family of five: TIR-domain-containing

adaptors in Toll-like receptor signalling. Nat Rev Immunol 7:353-364.
https://doi.org/10.1038/nri2079.

. Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, Sakagami M,

Nakanishi K, Akira S. 1998. Targeted disruption of the MyD88 gene results
in loss of IL-1- and IL-18-mediated function. Immunity 9:143-150. https://
doi.org/10.1016/51074-7613(00)80596-8.

. Medzhitov R, Preston-Hurlburt P, Kopp E, Stadlen A, Chen C, Ghosh S,

Janeway CA Jr. 1998. MyD88 is an adaptor protein in the hToll/IL-1 receptor
family signaling pathways. Mol Cell 2:253-258. https://doi.org/10.1016/
$1097-2765(00)80136-7.

. Yamamoto M, Sato S, Mori K, Hoshino K, Takeuchi O, Takeda K, Akira S.

2002. Cutting edge: a novel Toll/IL-1 receptor domain-containing adapter
that preferentially activates the IFN-B promoter in the Toll-like receptor
signaling. J Immunol 169:6668-6672. https://doi.org/10.4049/jimmunol
.169.12.6668.

. Oshiumi H, Matsumoto M, Funami K, Akazawa T, Seya T. 2003. TICAM-1, an

adaptor molecule that participates in Toll-like receptor 3-mediated inter-
feron-A induction. Nat Immunol 4:161-167. https://doi.org/10.1038/ni886.

. Strasser D, Neumann K, Bergmann H, Marakalala MJ, Guler R, Rojowska A,

Hopfner K-P, Brombacher F, Urlaub H, Baier G, Brown GD, Leitges M,
Ruland J. 2012. Syk kinase-coupled C-type lectin receptors engage pro-
tein kinase C-6 to elicit Card9 adaptor-mediated innate immunity. Immu-
nity 36:32-42. https://doi.org/10.1016/j.immuni.2011.11.015.

. Gross O, Gewies A, Finger K, Schafer M, Sparwasser T, Peschel C, Forster

I, Ruland J. 2006. Card9 controls a non-TLR signalling pathway for
innate anti-fungal immunity. Nature 442:651-656. https://doi.org/10
.1038/nature04926.

. Underhill DM, Rossnagle E, Lowell CA, Simmons RM. 2005. Dectin-1 acti-

vates Syk tyrosine kinase in a dynamic subset of macrophages for reactive
oxygen production. Blood 106:2543-2550. https://doi.org/10.1182/blood
-2005-03-1239.

. Hara H, Saito T. 2009. CARD9 versus CARMAT1 in innate and adaptive immu-

nity. Trends Immunol 30:234-242. https://doi.org/10.1016/.it.2009.03.002.

. Rosenberg HF, Dyer KD, Foster PS. 2013. Eosinophils: changing perspec-

tives in health and disease. Nat Rev Immunol 13:9-22. https://doi.org/10
.1038/nri3341.

Kvarnhammar AM, Cardell LO. 2012. Pattern-recognition receptors in
human eosinophils. Immunology 136:11-20. https://doi.org/10.1111/j
.1365-2567.2012.03556.x.

Willment JA, Marshall AS, Reid DM, Williams DL, Wong SY, Gordon S,
Brown GD. 2005. The human beta-glucan receptor is widely expressed
and functionally equivalent to murine Dectin-1 on primary cells. Eur J
Immunol 35:1539-1547. https://doi.org/10.1002/€ji.200425725.

July/August 2022 Volume 13 Issue 4

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

mBio

Yoon J, Ponikau JU, Lawrence CB, Kita H. 2008. Innate antifungal immu-
nity of human eosinophils mediated by a beta 2 integrin, CD11b. J Immu-
nol 181:2907-2915. https://doi.org/10.4049/jimmunol.181.4.2907.

Muniz VS, Silva JC, Braga YAV, Melo RCN, Ueki S, Takeda M, Hebisawa A,
Asano K, Figueiredo RT, Neves JS. 2018. Eosinophils release extracellular
DNA traps in response to Aspergillus fumigatus. J Allergy Clin Immunol
141:571-585.e577. https://doi.org/10.1016/j.jaci.2017.07.048.
Schmid-Grendelmeier P, Altznauer F, Fischer B, Bizer C, Straumann A, Menz
G, Blaser K, Wiithrich B, Simon H-U. 2002. Eosinophils express functional IL-
13 in eosinophilic inflammatory diseases. J Immunol 169:1021-1027. https:/
doi.org/10.4049/jimmunol.169.2.1021.

Jacobsen EA, Doyle AD, Colbert DC, Zellner KR, Protheroe CA, LeSuer WE,
Lee NA, Lee JJ. 2015. Differential activation of airway eosinophils induces
IL-13-mediated allergic Th2 pulmonary responses in mice. Allergy 70:
1148-1159. https://doi.org/10.1111/all.12655.

Piehler D, Stenzel W, Grahnert A, Held J, Richter L, Kdhler G, Richter T,
Eschke M, Alber G, Miiller U. 2011. Eosinophils contribute to IL-4 produc-
tion and shape the T-helper cytokine profile and inflammatory response
in pulmonary cryptococcosis. Am J Pathol 179:733-744. https://doi.org/
10.1016/j.ajpath.2011.04.025.

Fukahori S, Matsuse H, Tsuchida T, Kawano T, Nishino T, Fukushima C,
Kohno S. 2014. Clearance of Aspergillus fumigatus is impaired in the air-
way in allergic inflammation. Ann Allergy Asthma Immunol 113:180-186.
https://doi.org/10.1016/j.anai.2014.05.011.

Eddens T, Elsegeiny W, Nelson MP, Horne W, Campfield BT, Steele C, Kolls
JK. 2015. Eosinophils contribute to early clearance of Pneumocystis mur-
ina infection. J Immunol 195:185-193. https://doi.org/10.4049/jimmunol
.1403162.

Guerra ES, Lee CK, Specht CA, Yadav B, Huang H, Akalin A, Huh JR, Mueller
C, Levitz SM. 2017. Central role of IL-23 and IL-17 producing eosinophils as
immunomodulatory effector cells in acute pulmonary aspergillosis and al-
lergic asthma. PLoS Pathog 13:e1006175. https://doi.org/10.1371/journal
.ppat.1006175.

Lilly LM, Scopel M, Nelson MP, Burg AR, Dunaway CW, Steele C. 2014. Eo-
sinophil deficiency compromises lung defense against Aspergillus fumi-
gatus. Infect Immun 82:1315-1325. https://doi.org/10.1128/IA1.01172-13.
Dietschmann A, Schruefer S, Krappmann S, Voehringer D. 2020. Th2 cells
promote eosinophil-independent pathology in a murine model of allergic
bronchopulmonary aspergillosis. Eur J Immunol 50:1044-1056. https://
doi.org/10.1002/€ji.201948411.

Knutsen AP, Bush RK, Demain JG, Denning DW, Dixit A, Fairs A,
Greenberger PA, Kariuki B, Kita H, Kurup VP, Moss RB, Niven RM, Pashley
CH, Slavin RG, Vijay HM, Wardlaw AJ. 2012. Fungi and allergic lower respi-
ratory tract diseases. J Allergy Clin Immunol 129:280-291. https://doi.org/
10.1016/j.jaci.2011.12.970.

Lee NA, McGarry MP, Larson KA, Horton MA, Kristensen AB, Lee JJ. 1997.
Expression of IL-5 in thymocytes/T cells leads to the development of a
massive eosinophilia, extramedullary eosinophilopoiesis, and unique his-
topathologies. J Immunol 158:1332-1344.

Malacco NLSDO, Rachid MA, Gurgel I. L d S, Moura TR, Sucupira PHF, de
Sousa LP, de Souza D. d G, Russo R. d C, Teixeira MM, Soriani FM. 2018. Eo-
sinophil-associated innate IL-17 response promotes Aspergillus fumiga-
tus lung pathology. Front Cell Infect Microbiol 8:453.

Yadav B, Specht CA, Lee CK, Pokrovskii M, Huh JR, Littman DR, Levitz
SM. 2021. Lung eosinophils elicited during allergic and acute aspergil-
losis express RORgammat and IL-23R but do not require IL-23 for IL-17
production. PLoS Pathog 17:€1009891. https://doi.org/10.1371/journal
.ppat.1009891.

Bandeira-Melo C, Bozza PT, Weller PF. 2002. The cellular biology of eosin-
ophil eicosanoid formation and function. J Allergy Clin Immunol 109:
393-400. https://doi.org/10.1067/mai.2002.121529.

Kupfahl C, Tsikas D, Niemann J, Geginat G, Hof H. 2012. Production of
prostaglandins, isoprostanes and thromboxane by Aspergillus fumiga-
tus: identification by gas chromatography-tandem mass spectrometry
and quantification by enzyme immunoassay. Mol Immunol 49:621-627.
https://doi.org/10.1016/j.molimm.2011.10.010.

Fontaine T, Delangle A, Simenel C, Coddeville B, van Vliet SJ, van Kooyk Y,
Bozza S, Moretti S, Schwarz F, Trichot C, Aebi M, Delepierre M, Elbim C,
Romani L, Latgé J-P. 2011. Galactosaminogalactan, a new immunosuppres-
sive polysaccharide of Aspergillus fumigatus. PLoS Pathog 7:21002372.
https://doi.org/10.1371/journal.ppat.1002372.

Yamasaki S, Matsumoto M, Takeuchi O, Matsuzawa T, Ishikawa E, Sakuma
M, Tateno H, Uno J, Hirabayashi J, Mikami Y, Takeda K, Akira S, Saito T.
2009. C-type lectin Mincle is an activating receptor for pathogenic

10.1128/mbio.01239-22 18


https://doi.org/10.4049/jimmunol.0804250
https://doi.org/10.4049/jimmunol.0804250
https://doi.org/10.1016/j.immuni.2010.05.001
https://doi.org/10.1016/j.immuni.2013.05.017
https://doi.org/10.1038/nature25974
https://doi.org/10.1038/ni1408
https://doi.org/10.4049/jimmunol.180.11.7404
https://doi.org/10.1038/nri2079
https://doi.org/10.1016/S1074-7613(00)80596-8
https://doi.org/10.1016/S1074-7613(00)80596-8
https://doi.org/10.1016/S1097-2765(00)80136-7
https://doi.org/10.1016/S1097-2765(00)80136-7
https://doi.org/10.4049/jimmunol.169.12.6668
https://doi.org/10.4049/jimmunol.169.12.6668
https://doi.org/10.1038/ni886
https://doi.org/10.1016/j.immuni.2011.11.015
https://doi.org/10.1038/nature04926
https://doi.org/10.1038/nature04926
https://doi.org/10.1182/blood-2005-03-1239
https://doi.org/10.1182/blood-2005-03-1239
https://doi.org/10.1016/j.it.2009.03.002
https://doi.org/10.1038/nri3341
https://doi.org/10.1038/nri3341
https://doi.org/10.1111/j.1365-2567.2012.03556.x
https://doi.org/10.1111/j.1365-2567.2012.03556.x
https://doi.org/10.1002/eji.200425725
https://doi.org/10.4049/jimmunol.181.4.2907
https://doi.org/10.1016/j.jaci.2017.07.048
https://doi.org/10.4049/jimmunol.169.2.1021
https://doi.org/10.4049/jimmunol.169.2.1021
https://doi.org/10.1111/all.12655
https://doi.org/10.1016/j.ajpath.2011.04.025
https://doi.org/10.1016/j.ajpath.2011.04.025
https://doi.org/10.1016/j.anai.2014.05.011
https://doi.org/10.4049/jimmunol.1403162
https://doi.org/10.4049/jimmunol.1403162
https://doi.org/10.1371/journal.ppat.1006175
https://doi.org/10.1371/journal.ppat.1006175
https://doi.org/10.1128/IAI.01172-13
https://doi.org/10.1002/eji.201948411
https://doi.org/10.1002/eji.201948411
https://doi.org/10.1016/j.jaci.2011.12.970
https://doi.org/10.1016/j.jaci.2011.12.970
https://doi.org/10.1371/journal.ppat.1009891
https://doi.org/10.1371/journal.ppat.1009891
https://doi.org/10.1067/mai.2002.121529
https://doi.org/10.1016/j.molimm.2011.10.010
https://doi.org/10.1371/journal.ppat.1002372
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01239-22

Eosinophil Activation by Aspergillus fumigatus

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

fungus, Malassezia. Proc Natl Acad Sci U S A 106:1897-1902. https://doi
.org/10.1073/pnas.0805177106.

Araki H, Knapp C, Tsai P, Print C. 2012. GeneSetDB: a comprehensive
meta-database, statistical and visualisation framework for gene set analy-
sis. FEBS Open Bio 2:76-82. https://doi.org/10.1016/j.fob.2012.04.003.
Kuhn M, Letunic |, Jensen LJ, Bork P. 2016. The SIDER database of drugs
and side effects. Nucleic Acids Res 44:D1075-1079. https://doi.org/10
.1093/nar/gkv1075.

Cheng S-C, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V,
Giamarellos-Bourboulis EJ, Martens JHA, Rao NA, Aghajanirefah A,
Manjeri GR, Li Y, Ifrim DC, Arts RJW, van der Veer BMJW, van der Meer
BMJW, Deen PMT, Logie C, O'Neill LA, Willems P, van de Veerdonk FL, van
der Meer JWM, Ng A, Joosten LAB, Wijmenga C, Stunnenberg HG, Xavier
RJ, Netea MG. 2014. mTOR- and HIF-1a-mediated aerobic glycolysis as
metabolic basis for trained immunity. Science 345:1250684. https://doi
.org/10.1126/science.1250684.

Guthridge MA, Barry EF, Felquer FA, McClure BJ, Stomski FC, Ramshaw H,
Lopez AF. 2004. The phosphoserine-585-dependent pathway of the GM-
CSF/IL-3/IL-5 receptors mediates hematopoietic cell survival through acti-
vation of NF-«B and induction of bcl-2. Blood 103:820-827. https://doi
.org/10.1182/blood-2003-06-1999.

Miranti CK, Brugge JS. 2002. Sensing the environment: a historical per-
spective on integrin signal transduction. Nat Cell Biol 4:E83-E90. https://
doi.org/10.1038/ncb0402-e83.

Cenci E, Mencacci A, Del Sero G, Bacci A, Montagnoli C, d'Ostiani CF, Mosci
P, Bachmann M, Bistoni F, Kopf M, Romani L. 1999. Interleukin-4 causes sus-
ceptibility to invasive pulmonary aspergillosis through suppression of pro-
tective type | responses. J Infect Dis 180:1957-1968. https://doi.org/10
.1086/315142.

Miller U, Stenzel W, Kéhler G, Werner C, Polte T, Hansen G, Schiitze N,
Straubinger RK, Blessing M, McKenzie ANJ, Brombacher F, Alber G. 2007.
IL-13 induces disease-promoting type 2 cytokines, alternatively activated
macrophages and allergic inflammation during pulmonary infection of
mice with Cryptococcus neoformans. J Immunol 179:5367-5377. https:/
doi.org/10.4049/jimmunol.179.8.5367.

Goodridge HS, Shimada T, Wolf AJ, Hsu Y-MS, Becker CA, Lin X, Underhill
DM. 2009. Differential use of CARD9 by dectin-1 in macrophages and den-
dritic cells. J Immunol 182:1146-1154. https://doi.org/10.4049/jimmunol
.182.2.1146.

Drummond RA, Saijo S, Iwakura Y, Brown GD. 2011. The role of Syk/
CARD9 coupled C-type lectins in antifungal immunity. Eur J Immunol 41:
276-281. https://doi.org/10.1002/eji.201041252.

Bonifazi P, D'Angelo C, Zagarella S, Zelante T, Bozza S, De Luca A, Giovannini
G, Moretti S, lannitti RG, Fallarino F, Carvalho A, Cunha C, Bistoni F, Romani
L. 2010. Intranasally delivered siRNA targeting PI3K/Akt/mTOR inflam-
matory pathways protects from aspergillosis. Mucosal Immunol 3:
193-205. https://doi.org/10.1038/mi.2009.130.

Deason K, Troutman TD, Jain A, Challa DK, Mandraju R, Brewer T, Ward ES,
Pasare C. 2018. BCAP links IL-1R to the PI3K-mTOR pathway and regulates
pathogenic Th17 cell differentiation. J Exp Med 215:2413-2428. https:/
doi.org/10.1084/jem.20171810.

Troutman TD, Hu W, Fulenchek S, Yamazaki T, Kurosaki T, Bazan JF, Pasare
C. 2012. Role for B-cell adapter for PI3K (BCAP) as a signaling adapter linking
Toll-like receptors (TLRs) to serine/threonine kinases PI3K/Akt. Proc Natl
Acad Sci U S A 109:273-278. https://doi.org/10.1073/pnas.1118579109.
Davis CN, Mann E, Behrens MM, Gaidarova S, Rebek M, Rebek J, Bartfai T.
2006. MyD88-dependent and -independent signaling by IL-1 in neurons
probed by bifunctional Toll/IL-1 receptor domain/BB-loop mimetics.
Proc Natl Acad Sci U S A 103:2953-2958. https://doi.org/10.1073/pnas
.0510802103.

Wevers BA, Kaptein TM, Zijlstra-Willems EM, Theelen B, Boekhout T,
Geijtenbeek TB, Gringhuis SI. 2014. Fungal engagement of the C-type lec-
tin Mincle suppresses Dectin-1-induced antifungal immunity. Cell Host
Microbe 15:494-505. https://doi.org/10.1016/j.chom.2014.03.008.

Lee MJ, Yoshimoto E, Saijo S, Iwakura Y, Lin X, Katz HR, Kanaoka Y, Barrett
NA. 2016. Phosphoinositide 3-kinase & regulates Dectin-2 signaling and
the generation of Th2 and Th17 immunity. J Immunol 197:278-287.
https://doi.org/10.4049/jimmunol.1502485.

Ostrop J, Lang R. 2017. Contact, collaboration, and conflict: signal integra-
tion of Syk-coupled C-type lectin receptors. J Immunol 198:1403-1414.
https://doi.org/10.4049/jimmunol.1601665.

Blanco-Menéndez N, Del Fresno C, Fernandes S, Calvo E, Conde-Garrosa
R, Kerr WG, Sancho D. 2015. SHIP-1 couples to the Dectin-1 hemITAM and
selectively modulates reactive oxygen species production in dendritic

July/August 2022 Volume 13 Issue 4

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

mBio

cells in response to Candida albicans. J Immunol 195:4466-4478. https://
doi.org/10.4049/jimmunol.1402874.

Becker KL, Aimanianda V, Wang X, Gresnigt MS, Ammerdorffer A, Jacobs
CW, Gazendam RP, Joosten LAB, Netea MG, Latgé JP, van de Veerdonk FL.
2016. Aspergillus cell wall chitin induces anti- and proinflammatory cyto-
kines in human PBMCs via the Fc-y receptor/Syk/PI3K pathway. mBio 7:
€01823-15. https://doi.org/10.1128/mBio.01823-15.

Barroso MV, Gropillo |, Detoni MAA, Thompson-Souza GA, Muniz VS,
Vasconcelos CRI, Figueiredo RT, Melo RCN, Neves JS. 2021. Structural and
signaling events driving Aspergillus fumigatus-induced human eosino-
phil extracellular trap release. Front Microbiol 12:633696. https://doi.org/
10.3389/fmicb.2021.633696.

Gongalves SM, Duarte-Oliveira C, Campos CF, Aimanianda V, Ter Horst R,
Leite L, Mercier T, Pereira P, Fernandez-Garcia M, Antunes D, Rodrigues CS,
Barbosa-Matos C, Gaifem J, Mesquita |, Marques A, Osério NS, Torrado E,
Rodrigues F, Costa S, Joosten LA, Lagrou K, Maertens J, Lacerda JF, Campos
A, Brown GD, Brakhage AA, Barbas C, Silvestre R, van de Veerdonk FL,
Chamilos G, Netea MG, Latgé J-P, Cunha C, Carvalho A. 2020. Phagosomal re-
moval of fungal melanin reprograms macrophage metabolism to promote
antifungal immunity. Nat Commun 11:2282. https://doi.org/10.1038/s41467
-020-16120-z.

Woytschak J, Keller N, Krieg C, Impellizzieri D, Thompson RW, Wynn TA,
Zinkernagel AS, Boyman O. 2016. Type 2 interleukin-4 receptor signaling
in neutrophils antagonizes their expansion and migration during infec-
tion and inflammation. Immunity 45:172-184. https://doi.org/10.1016/j
.immuni.2016.06.025.

Chung CY, Potikyan G, Firtel RA. 2001. Control of cell polarity and chemo-
taxis by Akt/PKB and PI3 kinase through the regulation of PAKa. Mol Cell
7:937-947. https://doi.org/10.1016/51097-2765(01)00247-7.

Miike S, Kurasawa K, Saito Y, Iwamoto I. 2000. Platelet-activating factor
activates mitogen-activated protein kinases through the activation of
phosphatidylinositol 3-kinase and tyrosine kinase in human eosinophils. J
Leukoc Biol 67:117-126. https://doi.org/10.1002/jlb.67.1.117.

Speth C, Rambach G, Lass-Florl C, Howell PL, Sheppard DC. 2019. Galacto-
saminogalactan (GAG) and its multiple roles in Aspergillus pathogenesis.
Virulence 10:976-983. https://doi.org/10.1080/21505594.2019.1568174.
Gravelat FN, Beauvais A, Liu H, Lee MJ, Snarr BD, Chen D, Xu W, Kravtsov |,
Hoareau CMQ, Vanier G, Urb M, Campoli P, Al Abdallah Q, Lehoux M,
Chabot JC, Ouimet M-C, Baptista SD, Fritz JH, Nierman WC, Latgé JP,
Mitchell AP, Filler SG, Fontaine T, Sheppard DC. 2013. Aspergillus galacto-
saminogalactan mediates adherence to host constituents and conceals
hyphal B-glucan from the immune system. PLoS Pathog 9:21003575.
https://doi.org/10.1371/journal.ppat.1003575.

Sanchez-Madrid F, Nagy JA, Robbins E, Simon P, Springer TA. 1983. A
human leukocyte differentiation antigen family with distinct alpha-sub-
units and a common beta-subunit: the lymphocyte function-associated
antigen (LFA-1), the C3bi complement receptor (OKM1/Mac-1), and the
p150,95 molecule. J Exp Med 158:1785-1803. https://doi.org/10.1084/
jem.158.6.1785.

Hirahashi J, Mekala D, Van Ziffle J, Xiao L, Saffaripour S, Wagner DD, Shapiro
SD, Lowell C, Mayadas TN. 2006. Mac-1 signaling via Src-family and Syk ki-
nases results in elastase-dependent thrombohemorrhagic vasculopathy.
Immunity 25:271-283. https://doi.org/10.1016/j.immuni.2006.05.014.

Kim JS, Jeong JS, Kwon SH, Kim SR, Lee YC. 2020. Roles of PI3K pan-inhibitors
and PI3K-§ inhibitors in allergic lung inflammation: a systematic review and
meta-analysis. Sci Rep 10:7608. https://doi.org/10.1038/541598-020-64594-0.
Androulidaki A, Wachsmuth L, Polykratis A, Pasparakis M. 2018. Differential
role of MyD88 and TRIF signaling in myeloid cells in the pathogenesis of
autoimmune diabetes. PLoS One 13:e0194048. https://doi.org/10.1371/
journal.pone.0194048.

Dannappel M, Vlantis K, Kumari S, Polykratis A, Kim C, Wachsmuth L,
Eftychi C, Lin J, Corona T, Hermance N, Zelic M, Kirsch P, Basic M, Bleich A,
Kelliher M, Pasparakis M. 2014. RIPK1 maintains epithelial homeostasis by
inhibiting apoptosis and necroptosis. Nature 513:90-94. https://doi.org/
10.1038/nature13608.

Schwenk F, Baron U, Rajewsky K. 1995. A cre-transgenic mouse strain for
the ubiquitous deletion of loxP-flanked gene segments including dele-
tion in germ cells. Nucleic Acids Res 23:5080-5081. https://doi.org/10
.1093/nar/23.24.5080.

Mobhrs M, Shinkai K, Mohrs K, Locksley RM. 2001. Analysis of type 2 immu-
nity in vivo with a bicistronic IL-4 reporter. Inmunity 15:303-311. https://
doi.org/10.1016/51074-7613(01)00186-8.

10.1128/mbio.01239-22 19


https://doi.org/10.1073/pnas.0805177106
https://doi.org/10.1073/pnas.0805177106
https://doi.org/10.1016/j.fob.2012.04.003
https://doi.org/10.1093/nar/gkv1075
https://doi.org/10.1093/nar/gkv1075
https://doi.org/10.1126/science.1250684
https://doi.org/10.1126/science.1250684
https://doi.org/10.1182/blood-2003-06-1999
https://doi.org/10.1182/blood-2003-06-1999
https://doi.org/10.1038/ncb0402-e83
https://doi.org/10.1038/ncb0402-e83
https://doi.org/10.1086/315142
https://doi.org/10.1086/315142
https://doi.org/10.4049/jimmunol.179.8.5367
https://doi.org/10.4049/jimmunol.179.8.5367
https://doi.org/10.4049/jimmunol.182.2.1146
https://doi.org/10.4049/jimmunol.182.2.1146
https://doi.org/10.1002/eji.201041252
https://doi.org/10.1038/mi.2009.130
https://doi.org/10.1084/jem.20171810
https://doi.org/10.1084/jem.20171810
https://doi.org/10.1073/pnas.1118579109
https://doi.org/10.1073/pnas.0510802103
https://doi.org/10.1073/pnas.0510802103
https://doi.org/10.1016/j.chom.2014.03.008
https://doi.org/10.4049/jimmunol.1502485
https://doi.org/10.4049/jimmunol.1601665
https://doi.org/10.4049/jimmunol.1402874
https://doi.org/10.4049/jimmunol.1402874
https://doi.org/10.1128/mBio.01823-15
https://doi.org/10.3389/fmicb.2021.633696
https://doi.org/10.3389/fmicb.2021.633696
https://doi.org/10.1038/s41467-020-16120-z
https://doi.org/10.1038/s41467-020-16120-z
https://doi.org/10.1016/j.immuni.2016.06.025
https://doi.org/10.1016/j.immuni.2016.06.025
https://doi.org/10.1016/S1097-2765(01)00247-7
https://doi.org/10.1002/jlb.67.1.117
https://doi.org/10.1080/21505594.2019.1568174
https://doi.org/10.1371/journal.ppat.1003575
https://doi.org/10.1084/jem.158.6.1785
https://doi.org/10.1084/jem.158.6.1785
https://doi.org/10.1016/j.immuni.2006.05.014
https://doi.org/10.1038/s41598-020-64594-0
https://doi.org/10.1371/journal.pone.0194048
https://doi.org/10.1371/journal.pone.0194048
https://doi.org/10.1038/nature13608
https://doi.org/10.1038/nature13608
https://doi.org/10.1093/nar/23.24.5080
https://doi.org/10.1093/nar/23.24.5080
https://doi.org/10.1016/S1074-7613(01)00186-8
https://doi.org/10.1016/S1074-7613(01)00186-8
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01239-22

Eosinophil Activation by Aspergillus fumigatus

72.

73.

74.

75.

76.

Barratt RW, Johnson GB, Ogata WN. 1965. Wild-type and mutant stocks
of Aspergillus nidulans. Genetics 52:233-246. https://doi.org/10.1093/
genetics/52.1.233.

Lee MJ, Geller AM, Bamford NC, Liu H, Gravelat FN, Snarr BD, Le Mauff F,
Chabot J, Ralph B, Ostapska H, Lehoux M, Cerone RP, Baptista SD,
Vinogradov E, Stajich JE, Filler SG, Howell PL, Sheppard DC. 2016. Deacety-
lation of fungal exopolysaccharide mediates adhesion and biofilm forma-
tion. mBio 7:200252-e00216. https://doi.org/10.1128/mBi0.00252-16.
Gross O, Poeck H, Bscheider M, Dostert C, Hannesschldger N, Endres S,
Hartmann G, Tardivel A, Schweighoffer E, Tybulewicz V, Mocsai A, Tschopp
J, Ruland J. 20009. Syk kinase signalling couples to the Nirp3 inflammasome
for anti-fungal host defence. Nature 459:433-436. https://doi.org/10.1038/
nature07965.

Willebrand R, Dietschmann A, Nitschke L, Krappmann S, Voehringer D.
2018. Murine eosinophil development and allergic lung eosinophilia are
largely dependent on the signaling adaptor GRB2. Eur J Immunol 48:
1786-1795. https://doi.org/10.1002/€ji.201847555.

Cossarizza A, Chang H-D, Radbruch A, Acs A, Adam D, Adam-Klages S,
Agace WW, Aghaeepour N, Akdis M, Allez M, Almeida LN, Alvisi G,
Anderson G, Andra |, Annunziato F, Anselmo A, Bacher P, Baldari CT, Bari S,
Barnaba V, Barros-Martins J, Battistini L, Bauer W, Baumgart S, Baumgarth
N, Baumjohann D, Baying B, Bebawy M, Becher B, Beisker W, Benes V,

July/August 2022 Volume 13 Issue 4

77.

78.

79.

80.

mBio

Beyaert R, Blanco A, Boardman DA, Bogdan C, Borger JG, Borsellino G,
Boulais PE, Bradford JA, Brenner D, Brinkman RR, Brooks AES, Busch DH,
Buscher M, Bushnell TP, Calzetti F, Cameron G, Cammarata |, Cao X, Cardell
SL, et al. 2019. Guidelines for the use of flow cytometry and cell sorting in
immunological studies (second edition). Eur J Immunol 49:1457-1973.
https://doi.org/10.1002/€ji.201970107.

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol 15:550.
https://doi.org/10.1186/513059-014-0550-8.

Zhu A, Ibrahim JG, Love MI. 2019. Heavy-tailed prior distributions for
sequence count data: removing the noise and preserving large differences.
Bioinformatics 35:2084-2092. https://doi.org/10.1093/bioinformatics/bty895.
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP. 2005.
Gene set enrichment analysis: a knowledge-based approach for interpret-
ing genome-wide expression profiles. Proc Natl Acad Sci U S A 102:
15545-15550. https://doi.org/10.1073/pnas.0506580102.

Henkel FDR, Friedl A, Haid M, Thomas D, Bouchery T, Haimerl P, de Los
Reyes Jiménez M, Alessandrini F, Schmidt-Weber CB, Harris NL, Adamski J,
Esser-von Bieren J. 2019. House dust mite drives proinflammatory eicosa-
noid reprogramming and macrophage effector functions. Allergy 74:
1090-1101. https://doi.org/10.1111/all.13700.

10.1128/mbio.01239-22 20


https://doi.org/10.1093/genetics/52.1.233
https://doi.org/10.1093/genetics/52.1.233
https://doi.org/10.1128/mBio.00252-16
https://doi.org/10.1038/nature07965
https://doi.org/10.1038/nature07965
https://doi.org/10.1002/eji.201847555
https://doi.org/10.1002/eji.201970107
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/bty895
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1111/all.13700
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01239-22

	RESULTS
	Eosinophils cause fatal lung inflammation in response to intranasal A. fumigatus conidia.
	Eosinophil activation in an A. fumigatus-eosinophil coculture system.
	Canonical TLR and CLR pathways are largely dispensable for eosinophil activation by A. fumigatus.
	Cell adhesion of A. fumigatus is required for activation of eosinophils.
	Transcriptional profiling reveals engagement of NF-κB and PI3K-mTOR pathways in A. fumigatus-stimulated eosinophils.
	PI3K inhibition prevents eosinophil activation by A. fumigatus.

	DISCUSSION
	MATERIALS AND METHODS
	Source of bone marrow from different knockout mice.
	Mouse infections.
	Lung histology.
	Generation of bone marrow-derived eosinophils (BMDE).
	Isolation of human eosinophils.
	Fungal culture.
	Coculture of BMDE, lung eosinophils, or human eosinophils and A. fumigatus.
	Sorting of BAL fluid eosinophils.
	Flow cytometry.
	qRT-PCR.
	Cytokine measurements.
	Transcriptional profiling of BMDE from cocultures with A. fumigatus.
	Eicosanoid measurements.
	Western blotting.
	Adherence assay.
	Statistics.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

