
HAL Id: hal-03448666
https://hal.sorbonne-universite.fr/hal-03448666v1

Submitted on 25 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Wnt-β-Catenin Signaling in Human Dendritic Cells
Mediates Regulatory T-Cell Responses to Fungi via the

PD-L1 Pathway
Anupama Karnam, Srinivasa Reddy Bonam, Naresh Rambabu, Sarah Sze

Wah Wong, Vishukumar Aimanianda, Jagadeesh Bayry

To cite this version:
Anupama Karnam, Srinivasa Reddy Bonam, Naresh Rambabu, Sarah Sze Wah Wong, Vishukumar
Aimanianda, et al.. Wnt-β-Catenin Signaling in Human Dendritic Cells Mediates Regulatory T-Cell
Responses to Fungi via the PD-L1 Pathway. mBio, 2021, 12, pp.e02824-21. �10.1128/mbio.02824-21�.
�hal-03448666�

https://hal.sorbonne-universite.fr/hal-03448666v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Wnt-b-Catenin Signaling in Human Dendritic Cells Mediates
Regulatory T-Cell Responses to Fungi via the PD-L1 Pathway

Anupama Karnam,a Srinivasa Reddy Bonam,a Naresh Rambabu,a Sarah Sze Wah Wong,b Vishukumar Aimanianda,b

Jagadeesh Bayrya,c

aInstitut National de la Santé et de la Recherche Médicale, Centre de Recherché des Cordeliers, Sorbonne Université, Université de Paris, Paris, France
bInstitut Pasteur, Molecular Mycology Unit, CNRS UMR2000, Paris, France
cDepartment of Biological Sciences & Engineering, Indian Institute of Technology Palakkad, Palakkad, India

Anupama Karnam and Srinivasa Reddy Bonam contributed equally to this work. The order of names was decided by mutual consent.

ABSTRACT The signaling pathways activated following interaction between den-
dritic cells (DCs) and a pathogen determine the polarization of effector T-cell and
regulatory T-cell (Treg) responses to the infection. Several recent studies, mostly in
the context of bacterial infections, have shown that the Wnt/b-catenin pathway
plays a major role in imparting tolerogenic features in DCs and in promotion of
Treg responses. However, the significance of the Wnt/b-catenin pathway’s involve-
ment in regulating the immune response to the fungal species is not known. Using
Aspergillus fumigatus, a ubiquitous airborne opportunistic fungal species, we show
here that fungi activate the Wnt/b-catenin pathway in human DCs and are critical
for mediating the immunosuppressive Treg responses. Pharmacological inhibition
of this pathway in DCs led to inhibition of maturation-associated molecules and
interleukin 10 (IL-10) secretion without affecting the majority of the inflammatory
cytokines. Furthermore, blockade of Wnt signaling in DCs suppressed DC-mediated
Treg responses in CD41 T cells and downregulated both tumor necrosis factor
alpha (TNF-a) and IL-10 responses in CD81 T cells. Mechanistically, induction of
b-catenin pathway by A. fumigatus required C-type lectin receptors and promoted
Treg polarization via the induction of programmed death-ligand 1 on DCs. Further
investigation on the identity of fungal molecular patterns has revealed that the
cell wall polysaccharides b-(1, 3)-glucan and a-(1, 3)-glucan, but not chitin, pos-
sess the capacity to activate the b-catenin pathway. Our data suggest that the
Wnt/b-catenin pathway is a potential therapeutic target to selectively suppress
the Treg response and to sustain the protective Th1 response in the context of
invasive aspergillosis caused by A. fumigatus.

IMPORTANCE The balance between effector CD41 T-cell and immunosuppressive reg-
ulatory T-cell (Treg) responses determines the outcome of an infectious disease. The
signaling pathways that regulate human CD41 T-effector versus Treg responses to
the fungi are not completely understood. By using Aspergillus fumigatus, a ubiqui-
tous opportunistic fungal species, we show that fungi activate the Wnt/b-catenin
pathway in human dendritic cells (DCs) that promotes Treg responses via induction
of immune checkpoint molecule programmed death ligand 1 on DCs. Blockade of
the Wnt/b-catenin pathway in DCs led to the selective inhibition of Treg without
affecting the Th1 response. Dissection of the identity of A. fumigatus pathogen-asso-
ciated molecular patterns (PAMPs) revealed that cell wall polysaccharides exhibit se-
lectivity in their capacity to activate the b-catenin pathway in DCs. Our data thus
provide a pointer that Wnt/b-catenin pathway represents potential therapeutic tar-
get to selectively suppress Treg responses and to sustain protective a Th1 response
against invasive fungal diseases.
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A spergillus fumigatus is an omnipresent airborne fungal pathogen. Human lungs
are constantly exposed to A. fumigatus conidia (asexual spores, and are airborne)

through breathing. Although inhaled conidia are usually eliminated in healthy individ-
uals, they may cause hypersensitization, severe asthma with fungal sensitization, aller-
gic bronchopulmonary aspergillosis, colonization of altered respiratory epithelium, and
aspergilloma in existing pulmonary lesions; they can lead to life-threatening invasive
aspergillosis in immunocompromised hosts (1–5).

Innate immune cells, including macrophages, dendritic cells (DCs), and neutrophils,
are involved in antifungal activity against A. fumigatus. Studies have shown that macro-
phages are involved in A. fumigatus conidial clearance, whereas germinating morpho-
types of A. fumigatus are destroyed by neutrophils through the release of iron chelator
(as iron is essential for germination) and reactive oxygen species (ROS) and by forming
neutrophil extracellular traps. DCs can also internalize both conidial and hyphal morpho-
types of A. fumigatus and could undergo functional maturation (6). Being professional
antigen-presenting cells, DCs are also involved in polarizing distinct CD41 T-cell responses
(7–10). Upon fungal encounter, DCs engage their various pattern recognition receptors
(PRRs) to recognize the evading pathogen (11–13). These A. fumigatus-educated DCs sub-
sequently instruct distinct CD41 T-cell polarization like Th1, Th2, Th17, and FoxP31 regu-
latory T cells (Tregs). Among these, Th2 and Th17 responses are nonprotective for
Aspergillus infection. On the other hand, Th1 cells have a major role for the induction of
protective immune responses (14–17). Although Tregs are immunosuppressive and pro-
mote chronic and persistent infection, they are also critical for preventing inflammation-
associated tissue damage (18, 19). Therefore, the balance between Th1 and Treg
responses is critical for the protective immune response against A. fumigatus.

During pathogen-DC interaction, the signaling pathways activated and cytokines
secreted by DCs play a vital role in deciding T-cell responses to the infection. In this
regard, recent studies have demonstrated the involvement of Wnt/b-catenin pathway
for the induction of tolerogenic functions in DCs and promotion of Treg responses via
various anti-inflammatory mechanisms, like expression of IL-10, transforming growth fac-
tor beta (TGF-b), and retinoic acid (20–24). Wnt signaling is an evolutionarily preserved
pathway present in all cell types. b-Catenin is the principal molecule of the canonical
Wnt pathway and during the “Wnt off” state, it is constantly phosphorylated by casein ki-
nase-1 (CK-1) (at Ser45) and glycogen synthase kinase-3 beta (GSK-3b) (at Thr41, Ser37,
and Ser33). The phosphorylated b-catenin is recognized and tagged by ubiquitin mole-
cules for proteasomal degradation. Binding of Wnt ligands to the Frizzled receptor acti-
vates the Wnt/b-catenin pathway and inactivates the negative regulator GSK-3b by
phosphorylation (p-GSK-3b). As a consequence, the nonphosphorylated active form of
b-catenin accumulates in the cytoplasm and subsequently translocates to the nucleus,
where it acts as a transcription cofactor to control the expression of various genes by
interacting with T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) (25, 26).

Several reports have highlighted the role of the Wnt/b-catenin pathway in media-
ting the immune surveillance functions of innate immune cells against invading patho-
gens and in particular against bacteria (27–30). However, the implication of this path-
way in the regulation of immune response to fungal species is not well studied. Earlier
report has demonstrated that inhibition of GSK-3b in immature DCs with lithium chlo-
ride (LiCl) or SB415286, as well as transfection with small interfering RNA, leads to
markedly elevated expression of the anti-inflammatory cytokine IL-10 (31). A. fumigatus
infection of human/mouse cornea or human monocyte cell line THP-1 induced the pro-
duction of Wnt5a, the Wnt ligand, in a dectin-1- and LOX-1-dependent manner (32).
Infection of mouse peritoneal macrophages with different fungal pathogens or with
curdlan [linear b-(1, 3)-glucan produced by Alcaligenes faecalis] also led to dectin-1-de-
pendent WNT5A expression (33).
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By using A. fumigatus as a model, here we show that fungal species activate the
Wnt/b-catenin pathway in human DCs, along with the secretion of Wnt ligands Wnt1
and Wnt7a. Inhibition of the Wnt pathway prior to stimulation with A. fumigatus resulted
in decreased DC maturation and selective inhibition of anti-inflammatory cytokine IL-10
without affecting the secretion of most of the proinflammatory cytokines. Abrogation of
the Wnt/b-catenin pathway in DCs also led to reduced Treg polarization without altering
the polarization of other CD41 T-cell subsets. Mechanistically, induction of the b-catenin
pathway by A. fumigatus in DCs required C-type lectin receptors and mediated Treg
responses via induction of programmed death ligand 1 (PD-L1) on DCs. Dissection of the
identity of A. fumigatus pathogen-associated molecular patterns (PAMPs) revealed that
the cell wall polysaccharides b-(1, 3)-glucan and a-(1, 3)-glucan, but not chitin, possess
the capacity to activate the b-catenin pathway in human DCs.

RESULTS
A. fumigatus swollen conidia, live conidia, and hyphae, but not dormant conidia,

activate the Wnt/b-catenin pathway in human DCs. To understand the role of the
Wnt/b-catenin pathway during A. fumigatus infection, we first assessed the status of this
pathway by immunoblot-based evaluation of the levels of active b-catenin and p-GSK-3b
in DCs upon stimulation with swollen conidia. We used swollen conidia in our study, as
dormant conidia that are covered by the rodlet/melanin layer are immunologically inert
(34), while swollen morphotypes of conidia expose PAMPs on their surfaces (35). As the A.
fumigatus cell wall is a dynamic structure undergoing modification during germination,
we used paraformaldehyde-inactivated conidia to avoid any interference due to the met-
abolic activity of the fungus. Human monocyte-derived DCs stimulated with paraformal-
dehyde-inactivated A. fumigatus swollen conidia (here onwards termed swollen conidia)
for 24 h showed increased levels of active b-catenin and p-GSK-3b , indicating the activa-
tion of the Wnt/b-catenin pathway (Fig. 1A). On the other hand, dormant conidia did not
activate the pathway. Indeed, the levels of active b-catenin and p-GSK-3b in the dormant
conidia-treated condition were similar to those of untreated DCs (Fig. 1A). The ability to
induce the Wnt/b-catenin pathway was not restricted to swollen conidia. A germinating/
hyphal morphotype, as well as metabolically active live A. fumigatus conidia, could also
induce activation of this pathway, thus validating the physiological relevance of our
observations (Fig. 1B).

A. fumigatus swollen conidia induce secretion of Wnt1 and Wnt7a ligands.
Typically, binding of Wnt ligands to the Frizzled receptor initiates a series of events leading
to inactivation of GSK-3b , followed by translocation of active b-catenin to the nucleus.
Wnt ligands carry out their function in both an autocrine and a paracrine manner.
Humans express 19 Wnt genes; however, not all of them are involved in the activation of
the Wnt/b-catenin pathway (36). By quantitative reverse transcription-PCR (RT-PCR), we
screened for Wnt genes in DCs, including WNT1, WNT3, WNT3A, WNT5A, WNT7A, WNT7B,
and WNT8A that are capable of activating b-catenin signaling. We found that the levels of
WNT5A, WNT7A, and WNT7B were significantly higher in A. fumigatus swollen conidia-
stimulated DCs than those in unstimulated cells and dormant conidia-stimulated DCs
(Fig. 2A).

Furthermore, to confirm these results, we analyzed the amounts of Wnt5a, Wnt7a,
Wnt7b, and typical canonical Wnt ligands like Wnt1 and Wnt3a secreted into the cell
culture supernatants. Although genes encoding all of these proteins were upregulated
upon stimulation with swollen conidia, we observed the secretion of only Wnt1 and
Wnt7a, but not Wnt3a, Wnt5a, and Wnt7b, in the supernatants of DCs stimulated with
swollen conidia (Fig. 2B). Together, these data demonstrate that A. fumigatus swollen
conidia activate the Wnt/b-catenin pathway with the concomitant secretion of Wnt1
and Wnt7a ligands by human DCs.

Wnt/b-catenin signaling plays a critical role in A. fumigatus swollen conidia-
induced maturation of human DCs. We then explored the importance of Wnt signal-
ing in the crosstalk between DCs and A. fumigatus by employing the pharmacological
inhibitor C-59. Wnt inhibition reduced the phosphorylation of GSK-3b (see Fig. S1 in
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the supplemental material). Blockade of Wnt signaling in DCs subdued the ability of A.
fumigatus swollen conidia to induce the maturation of DCs. The expression of CD83;
costimulatory molecules like CD80, CD86, CD40; and the antigen-presenting molecule
HLA-DR was significantly downregulated upon inhibition of Wnt signaling compared
that in swollen conidia-stimulated DCs (Fig. 3A). Similar results were also obtained with
live conidia, where the blockade of Wnt signaling in DCs before infection with live con-
idia inhibited the expression of various DC maturation-associated molecules (Fig. S2).

Cytokines secreted by DCs play a decisive role in mounting T-cell responses.
Although we observed a significant decrease in the ability of swollen conidia to induce
DC maturation upon inhibition of Wnt signaling, the levels of proinflammatory cyto-
kines like IL-6 and IL-8 remained similar to those under swollen conidia-stimulated con-
ditions (Fig. 3B). In addition, a marginal but nonsignificant decline in the levels of IL-12
was observed (Fig. 3B). IL-1b was marginally induced by swollen conidia and was not
altered upon inhibition of Wnt signaling (Fig. 3B). Interestingly, the levels of TNF-a and
the anti-inflammatory cytokine IL-10 were downregulated (Fig. 3B) in the DCs treated
with Wnt inhibitor, pointing toward potential anti-inflammatory nature of the Wnt sig-
naling in response to A. fumigatus. In line with these data, a previous report demon-
strated that inhibition of GSK-3 in DCs before infection with A. fumigatus germlings led
to an enhanced expression of IL-10 (31).

Active Wnt signaling in DCs is essential for the polarization of Treg response to
A. fumigatus. We then investigated the importance of Wnt/b-catenin signaling in DCs
to induce different CD41 T-cell polarization by A. fumigatus swollen conidia. To study
this, DCs were exposed to Wnt inhibitor, followed by stimulation with swollen conidia.
After 48 h, DCs were washed and cocultured with autologous naive CD41 T cells for

FIG 1 A. fumigatus swollen conidia and live conidia, as well as hyphae, activate the Wnt/b-catenin pathway in human (DCs). (A) Monocyte-derived DCs
(0.5 � 106 cells/mL) were cultured with granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin 4 (IL-4) and were either unstimulated
(CA) or stimulated with swollen conidia (SC) (0.5 � 106/mL) or dormant conidia (DOC) (0.5 � 106/mL) for 24 h. The activation of Wnt/b-catenin pathway
was assessed by immunoblotting of active b-catenin and p-GSK-3b proteins. b-Actin was used as a protein loading control. Representative blot and
densitometric analyses of the blots for active b-catenin and p-GSK-3b proteins (mean 6 standard error of the mean [SEM]; n = 6 independent donors) are
presented. (B) Monocyte-derived DCs (0.5 � 106 cells/mL) were cultured with GM-CSF and IL-4 and were either unstimulated (CA) or stimulated with
germinating/hyphae morphotype (Hy; 0.5 � 106/mL), SC (0.5 � 106/mL), or live conidia (LC; 500/mL) for 24 h. Representative blot and densitometric analyses
of the blots for active b-catenin and p-GSK-3b proteins (mean 6 SEM; n = 3 independent donors) are presented. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns,
not significant; one-way analysis of variance (ANOVA) with Dunnett’s multiple-comparison test.
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5 days. Different subsets of CD41 T cells were analyzed based on intracellular staining
for cytokines IFN-g, IL-17A, and IL-4 for Th1, Th17, and Th2 cells, respectively. FoxP3,
along with the surface expression of CD25 and CD127, was used for the identification
of Tregs.

Swollen conidia-stimulated DCs polarized mainly Th1 and Treg responses, validat-
ing our previous results (Fig. 4) (37). In line with the observation that Wnt signaling
had no impact on the secretion of majority of the inflammatory cytokines in DCs, the
ability of swollen conidia-stimulated DCs to polarize Th1, Th17, or Th2 cells from naive
T cells remained intact upon blockade of Wnt/b-catenin pathway in DCs (Fig. 4). On
the other hand, the capacity of DCs to polarize Tregs was significantly declined upon
inhibition of Wnt/b-catenin pathway (Fig. 4). These data together suggest that the
Wnt/b-catenin pathway in DCs promotes polarization of CD41 T cells into Treg cells
upon A. fumigatus stimulation.

Using peripheral blood mononuclear cells (PBMCs) isolated from invasive aspergillo-
sis patients, it was shown that stimulation of PBMCs with various A. fumigatus antigens
leads to the expansion of IL-10-producing T cells (38). However, in our experimental

FIG 2 A. fumigatus swollen conidia induce secretion of Wnt1 and Wnt7a proteins in DCs. DCs (0.5 � 106 cells/mL) were cultured with GM-CSF and IL-4 and
were either stimulated with swollen conidia (SC) or dormant conidia (DOC), for 18 h, or kept unstimulated as a control (CA). (A) Expression of various
canonical (WNT1, WNT3A, WNT3, and WNT8A) and noncanonical Wnt ligands (WNT5A, WNT7A, and WNT7B) (mean 6 SEM; n = 6 donors) was analyzed by
quantitative real-time reverse transcription-PCR (RT-PCR); fold change in the expression of these genes compared to that of the housekeeping gene GAPDH
is plotted. (B) The amount (ng/mL) of Wnt1, Wnt3a, Wnt5a, Wnt7a, and Wnt7b in the cell-free supernatants (mean 6 SEM; n = 6 donors) after 24 h of
stimulation of DCs with swollen conidia or dormant conidia. *, P , 0.05; **, P , 0.01; ns, not significant; determined by one-way ANOVA followed by
Tukey’s multiple-comparison test.
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FIG 3 Wnt/b-catenin signaling is critical for A. fumigatus swollen conidia to induce maturation of DCs. DCs (0.5 � 106 cells/
mL) were cultured with GM-CSF and IL-4 and were either unstimulated (CA) or were treated with dimethyl sulfoxide (DMSO)

(Continued on next page)
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setup, we did not observe IL-10 induction in expanded CD41 T cells (Fig. 4). Further, in-
hibition of GSK-3b by LiCl in DCs did not impact either Treg polarization or IL-10 induc-
tion (Fig. S3).

Wnt/b-catenin signaling in DCs regulates CD8+ T-cell response to A. fumigatus.
Next, we investigated the role of Wnt/b-catenin signaling in DCs to induce CD81 T-cell
responses to A. fumigatus swollen conidia. CD81 T cells also play an important role in
protection against A. fumigatus infection (6). DCs were treated with Wnt inhibitor and
then stimulated with swollen conidia for 48 h. DCs were washed and cocultured with
autologous CD81 T cells for 5 days. CD81 T-cell response was analyzed based on intra-
cellular staining for the cytokines IFN-g, IL-2, IL-10, and TNF-a. Swollen conidia-stimu-
lated DCs induced mainly TNF-a and IL-10, while IFN-g and IL-2 were not induced
(Fig. 5). Moreover, inhibition of the Wnt/b-catenin pathway in DCs significantly down-
regulated both TNF-a and IL-10 responses in CD81 T cells (Fig. 5).

The Wnt/b-catenin pathway regulates the expression of PD-L1 on DCs.We next
aimed to identify the mechanism by which Wnt/b-catenin pathway regulates Treg
response to A. fumigatus. Various costimulatory molecules on DCs play a vital role in
regulating the polarization of Tregs from naive T cells (39). The interaction between
PD-1, OX-40, and ICOS on CD41 T cells and PD-L1 (CD274)/PD-L2 (CD273), OX-40L
(CD252), and ICOSL (CD275) on DCs have been shown to induce Tregs under particular
experimental conditions (37, 40–44). Hence, we examined the involvement of these
costimulatory molecules in the Wnt pathway-mediated polarization of Tregs.

We found that swollen conidia did not induce the expression of PD-L2 and ICOSL on
DCs and that the expression of these molecules remained at the basal level (Fig. 6A). On
the other hand, OX-40L expression (percentage value) was marginally increased, but
blockade of Wnt signaling in DCs did not affect the expression of this costimulatory mole-
cule (Fig. 6A). It is of note that the expression of PD-L1 was increased significantly after
stimulation with swollen conidia (Fig. 6B) and live conidia (Fig. S2). Furthermore, the abil-
ity of swollen conidia to induce the expression of this costimulatory molecule was signifi-
cantly affected when Wnt pathway was inhibited (Fig. 6B).

These data suggested that Wnt/b-catenin signaling promotes Treg polarization by
acting as an upstream regulator of the expression of PD-L1 in human DCs. In order to
validate that enhanced PD-L1 expression on DCs is involved in the polarization of
CD41 T cells into Tregs, we blocked PD-L1 on DCs before coculture with naive CD41 T
cells. We found that PD-L1 blockade led to significant downregulation of Treg polariza-
tion (Fig. 6C).

A. fumigatus cell wall glucans, but not chitin, activate the Wnt/b-catenin pathway
in human DCs. The cell wall of A. fumigatus is a complex structure composed of differ-
ent polysaccharides, which act as PAMPs. The major PAMPs of A. fumigatus cell wall are
b-(1,3)-glucan, a-(1,3)-glucan, and chitin, which together constitute nearly 80% of cell
wall polysaccharides (45). To dissect the mechanism of Wnt/b-catenin pathway activa-
tion by A. fumigatus swollen conidia, we analyzed the ability of various PAMPs of the A.
fumigatus cell wall to induce the expression of active b-catenin and p-GSK-3b .
Interestingly, only b-(1,3)-glucan and a-(1,3)-glucan, but not chitin, could activate the
Wnt/b-catenin signaling (Fig. 7). Indeed, the level of expression of active b-catenin by
b-(1,3)-glucan and a-(1,3)-glucan was on par with that of swollen conidia. Activation of
the b-catenin pathway by these two glucans was in line with our previous report that
both a-(1,3)-glucan and b-(1,3)-glucan induce DC-mediated polarization of Tregs from

FIG 3 Legend (Continued)
or Wnt inhibitor (Wnt Inhi) for 2 h followed by stimulation with swollen conidia (SC) at a 1:1 ratio for 48 h. DC phenotype
was analyzed by flow cytometry. (A) Representative histogram overlays showing the expression of CD83, CD80, CD86, CD40,
and HLA-DR on DCs under various experimental conditions and median fluorescence intensities (MFI) (mean 6 SEM; n = 8
donors) of those markers. (B) The amount (pg/mL) of secreted interleukin 6 (IL-6), IL-8, IL-10, IL-12, IL-1b , and tumor necrosis
factor alpha (TNF-a) cytokines in the cell-free supernatant from the above-described experiments (mean 6 SEM; n = 8
donors) are measured by an enzyme-linked immunosorbent assay (ELISA). *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P ,
0.0001; ns, not significant as determined by one-way ANOVA test with Tukey’s multiple-comparison test.
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naive CD41 T cells (37). However, the effects of the stimulation with swollen conidia on
the phosphorylation of GSK-3b were higher than those promoted individually by
b-(1,3)-glucan or a-(1,3)-glucan. This suggests that other polysaccharide PAMPs
exposed on the swollen conidial surface might also play a role in the activation of the
Wnt/b-catenin pathway in human DCs.

FIG 4 Wnt/b-catenin signaling is critical for A. fumigatus swollen conidia-stimulated DCs to induce polarization of Treg response. DCs (0.5 � 106 cells/mL)
were cultured with GM-CSF and IL-4 and were either unstimulated (CA) or exposed to DMSO or Wnt inhibitor (Wnt Inhi) for 2 h, followed by stimulation
with swollen conidia (SC). After 48 h, DCs were washed and cocultured with autologous naive CD41 T cells for 5 days. The polarization of various T-cell
subsets was analyzed by flow cytometry. Representative dot plots (% positive cells) and pooled data (mean 6 SEM) from 4 to 10 donors showing the
frequency of Th1 cells (IFN-g1 CD41), Th17 cells (IL-17A1 CD41), Th2 (IL-41 CD41) cells, Tregs (CD251 FoxP31 CD127low/neg CD41), and IL-10-secreting CD41

T cells (IL-101 CD41) were presented. *, P , 0.05; **, P , 0.01; ns, not significant as determined by one-way ANOVA with Tukey’s multiple-comparison test.
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Induction of the b-catenin pathway by A. fumigatus in DCs requires C-type lectin
receptors. C-type lectin receptors like dectin-1, dectin-2, and dendritic cell-specific inter-
cellular adhesion molecule 3 (ICAM3)-grabbing nonintegrin (DC-SIGN) are the main PRRs
on DCs involved in the recognition of A. fumigatus, depending on the growth stage (12,
46–50). We investigated the broad implication of these receptors by chelating Ca21 using
EDTA before stimulation with swollen conidia, as these receptors require divalent metal
ions for the recognition of fungal PAMPs. EDTA treatment drastically decreased the
capacity of swollen conidia to induce the Wnt/b-catenin pathway in DCs, as evidenced
by the reduced levels of active b-catenin and p-GSK-3b (Fig. 8A).

Next, we investigated the relative contribution of these C-type lectin receptors by
using blocking monoclonal antibodies to dectin-1, dectin-2, or DC-SIGN. We found that
individual blockade of these receptors on DCs led to a significant reduction in the expres-
sion of Wnt pathway intermediate proteins (Fig. 8B and C), thus confirming that interac-
tions between various cell wall glucans of A. fumigatus and C-type lectin receptors play a
predominant role in mediating the A. fumigatus-induced b-catenin pathway.

The signaling via C-type lectin receptors induces downstream molecules via Syk-de-
pendent and Raf-1-dependent pathways (51, 52). Therefore, to investigate the relative
importance of these pathways in the activation of the b-catenin signaling, we

FIG 5 Wnt/b-catenin signaling in DCs regulate CD81 T-cell response to A. fumigatus. DCs (0.5 � 106 cells/mL) were cultured with GM-CSF and IL-4 and
were either unstimulated (CA) or exposed to DMSO or Wnt inhibitor (Wnt Inhi) for 2 h followed by stimulation with swollen conidia (SC). After 48 h, DCs
were washed and cocultured with autologous CD81 T cells for 5 days. CD81 T-cell response was analyzed based on the intracellular staining for the
cytokines gamma interferon (IFN-g), IL-2, IL-10, and TNF-a. Representative dot plots (% positive cells) and pooled data (mean 6 SEM) from 4 donors were
presented. *, P , 0.05; **, P , 0.01; ns, not significant as determined by one-way ANOVA with Tukey’s multiple-comparison test.
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FIG 6 Wnt/b-catenin signaling regulates the A. fumigatus-induced expression of PD-L1 on DCs. DCs (0.5 � 106 cells/mL) were cultured with GM-CSF and
IL-4 and were either left unstimulated (CA) or treated with DMSO or Wnt inhibitor (Wnt Inhi) for 2 h followed by stimulation with swollen conidia (SC).
After 48 h, the expressions of CD273 (PD-L2), CD275 (ICOSL), CD252 (OX-40L), and CD274 (PD-L1) were examined by flow cytometry. (A) Expression of

(Continued on next page)
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inhibited the Syk pathway before stimulation with swollen conidia. It is of note that
the levels of active b-catenin were further enhanced upon inhibition of Syk (Fig. 8D),
suggesting that Raf-1-dependent pathways might play a major role in the activation of
the A. fumigatus-induced b-catenin pathway.

DISCUSSION

Containment of pathogens and provoking effective immune response with minimal
tissue damage are the critical functions of the host defense system. Being sentinels of
the immune system, DCs play major roles in the recognition of pathogens, antigen
processing and presentation, and polarizing T-cell responses. A plethora of PRRs in DCs
recognize invading pathogens, and activation of ensuing various signaling cascades
during this process dictates the nature of the immune response to a particular type of
infection. Activation of the Wnt/b-catenin pathway during host-pathogen interaction
is one of the mechanisms by which pathogens escape immune surveillance. Although
this pathway is well studied in the case of bacterial infections, relatively little is known
about its involvement during fungal pathogenesis (27–29).

Here, we show that stimulation of human DCs with swollen conidia of A. fumigatus
leads to the activation of the Wnt/b-catenin pathway, along with the secretion of Wnt
ligands Wnt1 and Wnt7a. On the other hand, dormant conidia failed to activate the
b-catenin pathway, emphasizing the importance of conidial swelling (initiation of ger-
mination process) and exposure of cell wall components, particularly the polysaccha-
rides to be recognized by PRRs on the DCs, to activate Wnt signaling. These data also
indicate that due to the masking of polysaccharides and other PAMPs by the rodlet/
melanin layer (34), dormant conidia are not able to activate innate immune cells and
hence lack the capacity to induce the b-catenin pathway. Consistent with results of
previous studies in mouse peritoneal macrophages (33) and THP-1 cells (32), we
observed increased expression of WNT5A and WNT3A in human DCs upon stimulation
with swollen conidia. However, we did not observe the secretion of these ligands in

FIG 6 Legend (Continued)
CD273, CD275 (% positive cells), and CD252 (% positive cells and median fluorescence intensity [MFI]) on A. fumigatus swollen conidia-stimulated DCs
(mean 6 SEM; n = 2 in duplicates) with or without inhibition of Wnt signaling. (B) Expression of CD274 (PD-L1) on swollen conidia-stimulated DCs with or
without inhibition of Wnt signaling. Representative histogram overlays, percent positive cells and MFI of CD274 (mean 6 SEM; n = 8 independent donors)
were indicated. (C) PD-L1 blockade abrogates the ability of swollen conidia-stimulated DCs to induce Treg expansion. DCs (0.5 � 106 cells/mL) were
cultured with GM-CSF and IL-4 and were either unstimulated (CA) or stimulated with swollen conidia (SC). After 48 h, cells were washed and stimulated
DCs were incubated with either blocking monoclonal antibodies to PD-L1 or isotype control antibodies and then cocultured with autologous naive CD41 T
cells for 5 days. The frequency of Tregs was analyzed by flow cytometry. The data (mean 6 SEM) from 4 donors were presented. *, P , 0.05; **, P , 0.01;
***, P , 0.001; ns, not significant as determined by one-way ANOVA followed by Tukey’s multiple-comparison test.

FIG 7 A. fumigatus cell wall glucans but not chitin activate Wnt/b-catenin signaling in DCs. DCs were cultured with GM-CSF and IL-4 and
were either unstimulated (CA) or stimulated with swollen conidia (SC) (0.5 � 106/mL), or with a-(1, 3)-glucan (1 mg/mL/0.5 � 106 cells), or
with b-(1, 3)-glucan (1 mg/mL/0.5 � 106 cells), or with chitin (1 mg/mL/0.5 � 106 cells) for 24 h. Activation of Wnt/b-catenin pathway was
analyzed by immunoblotting of active b-catenin and p-GSK-3b . Actin was used as a loading control. Representative blots and densitometric
analyses (mean 6 SEM; n = 4) are displayed. *, P , 0.05; **, P , 0.01; ns, not significant; as determined by one-way ANOVA followed by
Dunnett’s multiple-comparison test.
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FIG 8 Induction of b-catenin pathway by A. fumigatus in DCs requires C-type lectin receptors. DCs were cultured with GM-CSF and IL-4 and were
either left unstimulated (CA) or stimulated with swollen conidia (SC) or were treated with EDTA (A), or anti-Dectin-1 monoclonal antibody (B), or
anti-DC-SIGN monoclonal antibody or anti-Dectin-2 monoclonal antibody (C), or Syk inhibitor (D) for 1 h before stimulating with swollen conidia.
GAPDH (A) or b-actin (B to D) were used as loading controls. As EDTA chelates divalent cations such as Ca12 and Mg12, it could affect b-actin
polymerization and stability. Hence, GAPDH was used as loading control for the experiment shown in panel A. Representative blots and
densitometric analysis (mean 6 SEM) of active b-catenin and p-GSK-3b from n = 6 (A and B), n = 3 (C) and n = 4 (D) experiments are presented.
*, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not significant as determined by one-way ANOVA and Dunnett’s multiple-comparison test. The “#”
symbol denotes irrelevant bands.
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the cell-free supernatants, which might be because of unstable mRNA or because of
incorrect posttranslational modifications by the acyltransferase Porcupine (PORCN),
which is important for the secretion and function of Wnt proteins (53, 54).

The Wnt/b-catenin pathway alone or in cooperation with other signaling pathways
plays an important role in the differentiation (55), maturation, and functions of DCs (56).
The presence of Wnt ligands can modulate the DC response to various Toll-like receptor
(TLR) stimuli by restraining the production of proinflammatory cytokines such as IL-6, IL-
12, and TNF-a (20, 23). Stimulation of mouse DCs with Wnt ligands Wnt3a or Wnt5a
makes them tolerogenic with the generation of anti-inflammatory cytokine (20). In gen-
eral, Wnt condition DCs to a regulatory state in which they express higher levels of anti-
inflammatory molecules like IL-10, TGF-b , retinoic acid, IL-27, and vascular endothelial
growth factor (20–23). Hence, to understand the role of the active Wnt pathway in DC
response to A. fumigatus, we employed Wnt inhibitor C-59, which blocks Porcupine-medi-
ated Wnt palmitoylation and thereby inhibits the secretion and function of Wnt ligands.
Inhibition of the Wnt/b-catenin pathway abrogated the swollen conidia-mediated matu-
ration of DCs, as seen by decreased expression of DC surface markers such as CD83,
CD80, CD86, CD40, and HLA-DR. However, Wnt inhibition did not affect the secretion of
proinflammatory cytokines like IL-6, IL-8, and IL-12. These data are distinct from those
obtained with mouse DCs, where stimulation of DCs with TLR9 ligand CpG in the pres-
ence of Wnt3a or Wnt5a did not affect the maturation of DCs (20). Also, Wnt5a, but not
Wnt3a, could inhibit poly(I�C)-induced IL-6 production in these DCs (20). However, IL-
12p40 was not altered by either of these ligands. Based on our data, we could conclude
that the effect of Wnt ligands on either the maturation process of DCs or cytokine pro-
duction depends on the PRR that senses the signal and/or on the Wnt ligands secreted.
Thus, swollen conidia of A. fumigatus signaled human DCs mainly via C-type lectin recep-
tors, and unlike in other reports, induced the secretion of Wnt1 and Wnt7a. These results
might explain why blockade of the Wnt pathway in DCs prior to stimulation with swollen
conidia led to the inhibition of maturation of DCs, while the production of inflammatory
cytokines IL-6, IL-8, and IL-12 was not affected. It is of note that IL-10 induction appears to
be a common feature of various Wnt ligands that activate the b-catenin pathway (20–
23). Further fundamental studies are needed to dissect the role of individual PRRs in
inducing distinct Wnt ligands and the effects of various Wnt ligands, particularly Wnt1
and Wnt7a, on the activation and functions of human DCs.

The dormant conidia of A. fumigatus are covered by the hydrophobin rodlet layer
that masks the underlying cell wall polysaccharides. During germination of conidia, the
outer rodlet layer is degraded, allowing the recognition of conidia by host PRRs (34).
Major immunostimulatory polysaccharides of A. fumigatus exposed during germination
process are the cell wall b-(1,3)-glucan, a-(1,3)-glucan, and chitin (35). In line with the
fact that both b-(1,3)-glucan and a-(1,3)-glucan could induce Treg polarization, both
of these polysaccharides activated the b-catenin pathway. These structural cell wall
molecules are present in the cell walls of both swollen conidia and hyphae (6), which
might explain the activation of the b-catenin pathway by both of these morphological
forms of A. fumigatus. However, cell wall polysaccharides exhibit selectivity in their
capacity to activate the b-catenin pathway, as chitin, for which FcgRII and intracellular
PRRs are said to be the major receptors, failed to activate this pathway (57, 58).

Our data demonstrate that all major C-type lectin receptors—dectin-1, dectin-2,
and DC-SIGN—that were reported to be implicated in the crosstalk between A. fumiga-
tus and DCs (12, 46–50) have a role in mediating b-catenin activation. Dectin-1 and
DC-SIGN induce Syk and Raf-1 signaling pathways in DCs that converge at the point of
NF-kB activation (52). Further, engagement of the dectin-1 receptor by fungal patho-
gens is known to stabilize b-catenin via the Syk-ROS axis (33). Our data, however, sug-
gest that the Raf-1 signaling pathway, but not Syk, has a major role in the activation of
b-catenin. Additionally, dectin-1-mediated phosphorylation of Akt has been shown to
activate the b-catenin pathway (59), either directly by phosphorylating b-catenin at
Ser552 (60–62) or indirectly by preventing b-catenin degradation by phosphorylating
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GSK-3b at Ser9 (63). Likewise, C-type lectin receptors cooperate with TLR, for example,
in the synergy between dectin-1 and TLR2. Therefore, PI3K-Akt pathways might also
contribute to the A. fumigatus-induced activation of b-catenin (20, 23). The cell wall
composition and localization of polysaccharides are dynamic processes and hence
implication of a particular PRR would be also influenced by the growth stage of A.
fumigatus.

The status of the Wnt/b-catenin pathway in DCs also influences the polarization of na-
ive T cells. Activation of b-catenin in DCs in the intestine, either naturally by mucin or by
experimental approaches, leads to enhanced generation of Tregs (64, 65). In contrast, lack
of b-catenin signaling in DCs instigates exacerbation of diseases like colitis and experi-
mental autoimmune encephalitis (EAE) because of the increased levels of Th1 and Th17
cells, which play critical roles in the disease progression (21, 23, 64). In line with these
findings, we observed downregulation of Treg responses upon inhibition of the Wnt/
b-catenin pathway in swollen conidia-stimulated DCs, while the frequency of IFN-g-pro-
ducing Th1 cells remained unaltered. Although, Tregs are important at later stages of the
infection to control infection-mediated tissue damage, controlling these cells during the
initial stages of acute infection is equally important to promote protective Th1 responses
to Aspergillus (14, 66). Therefore, targeting the Wnt/b-catenin pathway could be a useful
strategy to selectively suppress the Treg response and to sustain the protective Th1
response against A. fumigatus in invasive fungal diseases. Although the frequency of Th17
cells is higher in Aspergillus-infected lungs (67), we observed only a marginal increase in
the IL-171 CD41 T cells. Our results are in line with the observation that A. fumigatus indu-
ces primarily a Th1 rather than Th17 response (14).

Mechanistically, the Wnt pathway controls the polarization of Tregs by inducing
PD-L1 on DCs. A recent report, however, shows that PD-1 in Tregs exerts cell-intrinsic
inhibitory effects by regulating the PI3-Akt signaling and metabolism of cells (68).
While potent suppression by Tregs is important for immune tolerance, in the context
of infection, it causes persistent and chronic infection due to the excessive suppression
of effector T cells. A large number of studies in diverse models have also shown that
irrespective of PD-1 expression, Tregs are immunosuppressive. Therefore, PD-1 possibly
ensures a fine balance between protective T-cell response and suppression of exces-
sive inflammation by Tregs that is critical for the clearance of the pathogens and pre-
vention of inflammation-induced tissue damage (69).

The A. fumigatus cell wall polysaccharides a-(1,3)-glucan and b-(1,3)-glucan induce
the expression of PD-L1 in DCs and promote Treg polarization (37). Several reports
have demonstrated that the Wnt/b-catenin pathway controls the expression of PD-L1
in different tumor settings (70–72). In compliance with these findings, we observed a
significant decrease in the expression of PD-L1 upon inhibition of the Wnt/b-catenin
pathway. In addition to limiting the Treg response, the decreased PD-L1 levels upon
Wnt/b-catenin inhibition would also reduce the T-cell exhaustion observed during
severe fungal infection (73–76).

MATERIALS ANDMETHODS
Reagents and antibodies. For the immunoblot analysis, following antibodies from Cell Signaling

Technology (Ozyme, Saint Quentin Yvelines, France) were used: rabbit monoclonal antibodies (MAbs) to
nonphospho (active) b-catenin (Ser33/37/Thr41) (clone D13A1), p-GSK-3b (Ser9) (clone D3A4), GAPDH
(horseradish peroxidase conjugated [HRP], clone 14C10), b-actin (HRP conjugated, clone 13E5), and pol-
yclonal antibodies to phospho (inactive) b-catenin (Ser33/37/Thr41).

For flow cytometry, the following fluorochrome-conjugated monoclonal antibodies were used: from
BD Biosciences, HLA-DR-allophycocyanin (APC) (clone G46-6), CD8-PB (clone RPA-T8), IL-10-phycoery-
thrin (PE) (clone JES5-16E3), CD86-fluorescein isothiocyanate (FITC) (clone FUN-1), CD80-PE (clone
L307.4), CD83-APC (clone HB15e), CD274-FITC (clone MIH1), CD252-PE (clone iK-1), CD275-PE (clone
2D3/B7-H2), CD273-PE (clone, MIH18), CD25-FITC (clone M-A251), CD127-BV421 (clone HIL-7RM21),
CD279-APC (clone M1H4), IFN-g-FITC (clone 4S.B3), IL-4-PE (clone MP4-25D2); from eBioscience: FoxP3-
APC (clone 236A/E7), IL-2-APC (clone MQ1-17H12), IL-17A-PE (clone eBio64cap17), IL-17A-FITC (clone
eBio64DEC1); from Beckman Coulter: CD40-PE (clone MAB89); from BioLegend: CD4-PerCP (clone SK3);
and from Miltenyi Biotec, TNF-a-APC (clone cA2).

Cell viability was detected using the fixable viability dye eFluor 506 (eBioscience).
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Culture and isolation of A. fumigatus conidia. An Aspergillus fumigatus clinical isolate obtained from
an invasive aspergillosis patient (CBS144-89) (77) was the strain used in this study and was maintained on
2% malt agar slant at 23 to 25°C. A. fumigatus conidia (asexual spores) were harvested from 10- to 12-day-
old slants using 0.05% aqueous Tween 80, filtered through a 40-mm Falcon cell strainer (Thermo Fisher
Scientific) to remove any mycelial contamination, washed (2�), and resuspended in aqueous Tween 80.
These dormant conidia were either used for DC stimulation or inoculated in Sabouraud liquid medium
(1 � 108 spores per 50 mL medium) and incubated at 37°C for 5 h (swollen conidia) or 7.5 to 8 h (for germi-
nating/hyphae morphotype) in a shaken incubator maintained with 150 rpm. Next, swollen and germinat-
ing conidia were harvested and washed with water. All of the conidial morphotypes (dormant, swollen, and
germinating/hyphae) were inactivated by fixing with paraformaldehyde (PFA) as described previously (34).

Isolation of a-(1,3)-glucan, b-(1,3)-glucan, and chitin from A. fumigatus. b-(1,3)-Glucan, a-(1,3)-
glucan, and chitin were isolated from the A. fumigatus cell wall as we described before (37, 57, 78, 79). In
brief, alkali-insoluble (AI) and alkali-soluble (AS) fractions were extracted from the cell wall of mycelial
culture grown in Sabouraud liquid medium for 24 h at 37°C in a shaken incubator at 150 rpm. Following,
AI and AS fractions were subjected to periodate oxidation and Smith degradation, which resulted in
b-(1,3)-glucan linked to chitin and a-1,3-glucan in the AI and AS fractions, respectively. The residual
b-(1,3)-glucan in the a-(1,3)-glucan preparation was removed by a recombinant endo-b-1,3-glucanase
treatment. b-1,3-Glucan-linked chitin was destroyed by deacetylation and nitrous deamination. Chitin
was extracted from the mycelial cell wall upon alkali extraction and oxidized with H2O2 at 121°C for
20 min (autoclave) in the presence of glacial acetic acid, followed by a second alkali extraction and then
washing with water (57).

Generation and culture of DCs. The buffy coats of the healthy donors (Centre Necker-Cabanel,
L'�Etablissement Français du Sang, Paris) (EFS-INSERM ethical committee permissions 15/EFS/012 and 18/
EFS/033) were used to isolate peripheral blood mononuclear cells (PBMCs) by Ficoll density gradient
centrifugation. Monocytes were positively selected from PBMCs using CD14 MicroBeads (Miltenyi Biotec,
Paris, France) followed by culture with granulocyte-macrophage colony-stimulating factor (GM-CSF)
(1,000 IU/106 cells) (Miltenyi Biotec) and IL-4 (500 IU/106 cells) (Miltenyi Biotec) in RPMI 1640 comple-
mented with 10% fetal calf serum (FCS) for 5 days to obtain immature DCs.

Immature DCs (0.5 � 106/mL) were cultured with GM-CSF and IL-4 and were either left unstimulated
(cells alone) or stimulated with swollen conidia (0.5 � 106/mL), dormant conidia (0.5 � 106/mL), germi-
nating/hyphae morphotype (0.5 � 106/mL), live conidia (500/mL) or treated with a-(1,3)-glucan (1 mg/
mL/0.5 � 106 DCs), b-(1,3)-glucan (1 mg/mL/0.5 � 106 DCs), or chitin (1 mg/mL/0.5 � 106 DCs) as men-
tioned in the respective figure legends.

For the inhibition of the Wnt/b-catenin pathway, DCs were preincubated with pharmacological in-
hibitor C-59 (15 mM; Calbiochem, Merck Chimie SAS, Fontenay sous Bois, France) or vehicle control di-
methyl sulfoxide (DMSO; Sigma-Aldrich) for 2 h, followed by stimulation with swollen conidia for 48 h.
After the incubation period, cells were processed for surface staining for various markers and acquired
using an LSR II instrument (BD Biosciences), and the data were analyzed by BD FACS DIVA and FlowJo
software. Cell-free supernatants were saved for the various cytokine analyses.

In other experiments, DCs were treated with the chelating agent EDTA (0.5 mM; Invitrogen, Thermo
Fisher Scientific, Illkirch, France), anti-dectin-1 monoclonal antibody (GE2; 8 mg/0.5 � 106 DCs/mL) (50,
80), anti-dectin-2 monoclonal antibody (10 mg/0.5 � 106 DCs/mL, InvivoGen), anti-DC-SIGN monoclonal
antibody (10 mg/0.5 � 106 DCs/mL, R&D Systems) (37), Syk inhibitor (5 mM, InvivoGen) (81) for 1 h, or
with LiCl to inhibit GSK-3b (10 mM, Sigma-Aldrich) for 2 h, followed by stimulation with swollen conidia.

Coculture of DCs and naive CD4+ T cells. After treatment of DCs as mentioned in the above sec-
tion, they were subjected to mixed lymphocyte reaction with autologous naive CD41 CD45RA1 CD252 T
cells at a 1:10 DC to T cell ratio for 5 days in serum-free X-Vivo medium. Naive T cells were isolated from
PBMCs using multiple selection processes. namely a CD41 T-cell isolation kit to isolate CD41 T cells and
depletion of memory T cells using CD45RO microbeads followed by depletion of CD251 cells using
CD25 microbeads (all from Miltenyi Biotec). After 5 days of culture, cells were washed and activated with
phorbol 12-myristate 13-acetate (50 ng/mL/0.5 � 106 cells; Sigma-Aldrich) and ionomycin (500 ng/mL/
0.5 � 106 cells; Sigma-Aldrich) along with GolgiStop (BD Biosciences) for 4 h for analysis of T-cell polar-
ization. Cells were stained for surface molecules (CD4, CD25, and CD127), followed by fixation and per-
meabilization using the FoxP3 fixation/permeabilization kit (eBioscience) and intracellular staining (IFN-
g, IL-4, IL-17A, IL-10, and FoxP3). The gating strategy for Tregs is presented in Fig. S4 in the supplemental
material.

To investigate the role of PD-L1 on DCs in mediating the CD41 T-cell responses, DCs were stimulated
with swollen conidia for 48 h. Then, DCs were washed and incubated with anti-PD-L1 (10 mg/0.5 � 106

DCs/mL, clone M1H1; Invitrogen) or isotype control monoclonal antibody (mouse IgG1 kappa, clone
P3.6.2.8.1; Invitrogen) for 2 h (37) and then cocultured with naive CD41 T cells.

Coculture of DCs and CD8+ T cells. DCs were cocultured with autologous CD81 T cells at a 1:10 DC
to T cell ratio for 5 days in serum-free X-Vivo medium. CD81 T cells were isolated from PBMCs using CD8
micro beads (Miltenyi Biotec). After 5 days, cells were washed and activated with phorbol 12-myristate
13-acetate and ionomycin, along with GolgiStop, for 4 h. Cells were stained for the surface molecule
(CD8), followed by intracellular staining (IFN-g, IL-2, IL-10, and TNF-a).

RNA isolation and quantitative RT-PCR. For the Wnt gene expression analyses, cells were stimulated
with swollen conidia or dormant conidia for 18 h. Unstimulated cells were used as a control. Total RNA
from the different conditions was isolated using the RNeasy minikit (Qiagen, Hilden, Germany). cDNA was
synthesized using a high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Courtaboeuf,
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France). For quantitative reverse transcription-PCR (RT-PCR), SYBR green PCR master mix (Thermo Fisher
Scientific) was used. Gene expression was calculated relative to the reference gene GAPDH.

The primers used in the study are as follows: WNT1-F, CAGCGACAACATTGACTTCG, and WNT1-R,
GCCTCGTTGTTGTGAAGGTT; WNT3-F, GGAGAAGCGGAAGGAAAAATG, and WNT3-R, GCACGTCGTAGATG
CGAATACA; WNT3A-F, CCTGCACTCCATCCAGCTACA, and WNT3A-R, GACCTCTCTTCCTACCTTTCCCTTA;
WNT5A-F, CTCACTGAAATGCGTGTTGG, and WNT5A-R, AATGCCCTCTCCACAAAGTG; WNT7A-F, CCCAC
CTTCCTGAAGATCAA, and WNT7A-R, GTCCTCCTCGCAGTAGTTGG; WNT7B-F, GGCACAAGGACCTAC
CAGAG, and WNT7B-R, CCTGATGTGTTCTCCCAGGT; WNT8A-F, TGGGGAACCTGTTTATGCTC, and WNT8A-R,
AGATAGGCCTTGGGACCTGT; and GAPDH-F, CGACCACTTTGTCAAGCTCA, and GAPDH-R, GGTGGTCCAGGGG
TCTTACT.

Immunoblotting. For the immunoblot analysis of active b-catenin and p-GSK-3b (82), cells were
lysed to obtain total cell proteins using radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich)
with protease and phosphatase inhibitors (Sigma-Aldrich). Proteins were quantified using Bio-Rad pro-
tein assay reagent (Bio-Rad, Marnes-la-Coquette, France) and equal amounts of proteins from each sam-
ple were resolved on SDS-PAGE gels, followed by transfer to the nitrocellulose iBlot transfer stack
(Thermo Fisher Scientific). After transfer, the membrane was blocked using 5% bovine serum albumin
(BSA) in TBST (Tris-buffered saline [TBS] and polysorbate 20 or Tween 20) for 60 min, followed by incuba-
tion with various primary antibodies at 4°C overnight. Blots were then washed three times in TBST with
10-min intervals and probed with secondary antibody for 2 h. Blots were again washed three times in
TBST and developed with SuperSignal West Dura extended duration substrate (Thermo Fisher Scientific).
b-Actin or GAPDH were used as the loading controls. Western blot images were obtained from the
iBright CL1000 imaging system and analyzed by iBright Analysis software (Thermo Fisher Scientific). The
full Western blot images are provided in Fig. S5.

Enzyme-limited immunosorbent assay. Cell free supernatants of DCs were analyzed for the secre-
tion of cytokines IL-6, IL-8, IL-10, IL-12, IL-1b , and TNF-a (enzyme-limited immunosorbent assay [ELISA]
Ready-SET-Go; eBioscience). Secretion of Wnt1, Wnt3a, Wnt5a, Wnt7a, and Wnt7b was analyzed in cell-
free supernatants from DCs with the help of human Wingless type mouse mammary tumor virus
(MMTV) integration site family, member 1 (WNT1) ELISA kit, human protein Wnt-3a, Wnt-5a ELISA kit,
human protein Wnt-7a ELISA kit or human protein Wnt-7b ELISA kit (MyBioSource, San Diego, CA).

Statistical analysis. As highlighted in the figure legends, the experiments were repeated several
times using cells from independent donors. Graphs and statistical analyses were performed by one-way
analysis of variance (ANOVA) with Tukey’s or Dunnett’s multiple-comparison tests, as indicated, using
Prism 8 (GraphPad Software, Inc., CA). A P value of,0.05 was considered significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, EPS file, 0.3 MB.
FIG S2, EPS file, 0.5 MB.
FIG S3, EPS file, 0.5 MB.
FIG S4, EPS file, 0.7 MB.
FIG S5, EPS file, 2.7 MB.
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