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Recognition of fungal pathogens by C-typelectin
receptor (CLR) dectin-1 on human dendritic cells is
essential for triggering protective antifungal Tul and
Tu17 immune responses. We show that Fonsecaea
monophora, a causative agent of chromoblastomycosis,

a chronic fungal skin infection, evades these antifungal
responses by engaging CLR mincle and suppressing IL-12,
which drives Tu1 differentiation. Dectin-1 triggering

by F. monophora activates transcription factor IRF1,
which s crucial for IL12A transcription via nucleosome
remodeling. However, simultaneous F. monophora
binding to mincle induces an E3 ubiquitin ligase Mdm2-
dependent degradation pathway, via Syk-CARD9-
mediated PKB signaling, that leads to loss of nuclear IRF1
activity, hence blocking IL12A transcription. The absence
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of IL-12 leads toimpaired
Tu1 responses and
promotes TH2 polarization.
Notably, mincle is similarly
exploited by other
chromoblastomycosis-
associated fungi toredirect
Turesponses. Thus, mincle
is afungal receptor that
can suppress antifungal
immunity and, as such, isa
potential therapeutic target.
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INTRODUCTION

Fungal speciesare ubiquitously presentand
pose considerable risk to human health.
While opportunistic fungi cause disease in
vulnerable patient groups, particular fun-
gal strains are virulent regardless of host
immunocompetence. Dendritic cells (DCs)
have a key role in the generation of protec-
tive antifungal immunity by orchestrating
activation and expansion of CD4* effector T
cell populations that restrict fungal growth
and enable phagocytic clearance!. Efficient
host protection tofungirequiresacoordinat-
edimmuneresponse consisting of T helper
cell (Tw) type 1 and Tul7 cells? Both Tul
and Tul7 cells are involved in chemotaxis
and activation of phagocytes, particularly
macrophages and neutrophils, via secre-
tion of interferon-y (IFN-y) and IL-17, respec-
tively®¢. Tul-produced IFN-y is essential for
optimal activation of phagocytic effector cell
functions, e.g.release of nitric oxide and pro-
duction of reactive oxygen intermediates,
to combat fungal persistence’. The critical
role of TH1 cellsis underscored by the sus-
ceptibility of IFN-y knockout mice to fungal
infections® and the successful use of IFN-y
therapy in controlling human mycoses®.
Chromoblastomycosis is a chronic pro-
gressive fungal infection of skin and sub-
cutaneous tissue that occurs worldwide
and is caused by traumatic inoculation of a
specific group of dematiaceous fungi, most
commonly Fonsecaea, Cladophialophora
and Phialophora species'®. Fungal strains
that cause chromoblastomycosisare highly
pathogenic and affect immunocompetent
hosts!'. Lesions of chromoblastomycosis
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Figure 1. Fonsecaea monophora induces cytokine expression via dectin-1, while mincle signaling
selectively suppressesIL-12p35 expression. (a,b,g) Cytokine secretionin supernatants of DCs 24 h after
stimulation with curdlan, LPS and/or heatkilled . monophora or C. albicans measured by ELISA. In (g),
DCsare fromadonorlacking functional dectin-1 due toahomozygousdectin-1 Y238X mutation.In(a,g),
dataare presented as mean + SD of duplicate samples. (c,d.f,h,1) Cytokine mRNA expression by DCs 6 h
after stimulation with LPS and/or heat-killed or live F. monophora, heat-killed Candida albicans or TDB, ®

patients that manifest a high fungal load are characterized by the presence of T2 cells*?.
Tu2 cells are detrimental for antifungal defense as they oppose fungal elimination?, sug-
gestingthat these fungihave evolved to escape or manipulate innate and adaptive immune
responses.

C-type lectin receptors (CLRs), a prominent class of pathogen recognition receptors
(PRRs), expressed on DCs coupleinnaterecognition of fungal carbohydrates to expression
of cytokinesinvolved in Th polarization'. Interleukin (IL)-12p70is crucial for differentiation
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© in the absence or presence of blocking dectin-1 antibodies (f) or after mincle or MCL silencing (h,i)
by RNA interference (siRNA), measured by real-time PCR, normalized to GAPDH and set at 1 in LPS-
(c,d,h,i) or curdlan (f)-stimulated cells. Data are presented as mean + SD. *P < 0.05; **P < 0.01. (e) Binding
of recombinant dectin-1 (blue) or mincle (pink) protein to heat-killed F. monophora or C. albicans conidia,
determined by flow cytometry (FI, fluorescence intensity). Data are representative of at least two (a,e,g),

three (d,f,h,D), four (b) or six (c) independent experiments.

of Tul cells*, while activation and maintenance of Ta17 cells by DCsrequires secretion of
IL-1B together with IL-6 and IL-235'5. CLR-induced signaling pathways that induce human
antifungal Th polarization programsare now being defined. Dectin-1 isanimportant fungal
sensor and dectin-1 triggering activates Syk, which induces assembly of a signaling com-
plex consisting of CARD9, Bcl-10 and MALT1, resulting in activation of both classical and
noncanonical NF-kB pathways to induce expression of Tal-and Tal7-polarizing cytokines!”.
Recently, CLR mincle has been reported to be involved in host responses against several
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fungi, including Malassezia, some Candida species and Fonsecaea pedrosoi'*'81° however
its contribution to antifungal immunity remains unclear. Mincle transduces Syk-CARD9
signaling via the paired Fc receptor common y-chain (FcRy) adaptor?°22. Mincle can heterod-
imerize with another C-typelectin, macrophage C-typelectin (MCL), forming a functional
trimeric receptor complex with FcRy?%. In mice, mincle agonists promote induction of Tx1
and Tu17 responses?!. However, how human mincle affects cytokine transcription and
subsequently TH differentiation remains unclear.

Here we identify mincle as a suppressor of DC-driven antifungal defenses by suppres-
sion of IL-12 production. We show that interferon regulatory factor 1 IRF1) is crucial for
IL-12 production by inducing nucleosome remodeling of IL12A. Dectin-1 triggering by F.
monophora induced IRF1-dependent IL-12p35 mRNA expression but, notably, our study
demonstrates that F. monophora simultaneously triggered mincle, which led to specific
degradation of IRF'1, thereby suppressing IL.12A transcription. Mincle induced a signaling
cascadethatled to E3 ubiquitinligase MdmZ2-dependent proteasomal degradation of IRF'1
in the nucleus. Suppression of IL-12p70 biosynthesis redirected Tu differentiation from
TH1 to T2 responses, thereby adversely affecting antifungal defense mechanisms. Thus,
humanmincleisa prominent modulator of antifungalimmunity and immune suppressor,
and mightbe targeted to treat chromoblastomycosis as well as disorders characterized by
aberrant [L-12-driven inflammation, such as autoimmune diabetes.

RESULTS

F. monophora selectively represses IL-12p35 production in human DCs. Stimulation of
primary human DCs with heat-killed conidia from chromoblastomycosis isolate F. mono-
phorainduced expression of maturation markers CD80, CD86, CD83 and MHC classII DR
(HLA-DR) (Figure S1). Furthermore, I monophora induced expression of IL-6, IL-13, IL-23
and IL-12p40, but not IL-12p70 by DCs (Figure 1a). Next, we examined the lack of IL-12p70
expression. Whereas TLR4 triggering by lipopolysaccharide (LPS) induced strong IL-12p70
secretion, simultaneous stimulation with F: monophora severely suppressed LPS-mediated
IL-12p70release (Figure 1b).1L-12p70is a heterodimeric cytokine, comprising of IL-12p35
and IL-12p40 subunits?®. F. monophora-stimulated DCs produced IL-12p40 as well as bio-
active IL-23, which consists of IL-12p40 and IL-23p19 subunits (Figure 1a), indicating that
IL-12p70 expressionisrestricted at the level of IL-12p35 mRNA. F. monophora alone failed
totriggerIL-12p35 expression, while LPS-induced IL-12p35 mRNA levels were significantly
blocked after coexposure to F. monophora (Figure 1c). The F. monophora-mediated suppres-
sion of LPS-induced IL-12p35 mRNA expression was even more evident when live fungi
were used (Figure 1c). In contrast, Candida albicans strongly induced IL-12p35 responses,
and enhanced LPS-induced IL-12p35 mRNA expression (Figure 1d). These data strongly
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suggest that F. monophora actively suppresses IL-12p35 production.

F. monophoratargets mincle toinhibit IL-12p35 expression. We next set out toidentify the
innatereceptor(s) involvedin F. monophoraresponses and IL-12p35 suppression. Dectin-1
is an important receptor for fungi such as C. albicans and recombinant human dectin-1
interacted with F. monophoratoacomparablelevelas C. albicans (Figure 1e). We nextinves-
tigated whether dectin-1 isinvolved in cytokine responses to F. monophora. Blocking anti-
bodiesagainstdectin-1 abrogated F. monophora-induced IL-6,1L-13,1L-23p19,and IL-12p40
mRNA expression, as were the responses induced by dectin-1 agonist curdlan (Figure 1f).
Moreover, DCs derived from a donor carrying a homozygous Y238X dectin-1 mutation,
hencelacking functional dectin-1 expression 2¢ (Figure S2),did not produce IL-6,1L-13,1L.-23
and IL-12p70 after stimulation with . monophora (Figure 1gand S2).In contrast, both LPS
and C. albicans (strain CBS2712, which is not strictly dependent on dectin-1 for triggering
cytokineresponses?’) induced cytokinesin the absence of functional dectin-1 (Figure 1g).
Furthermore, blocking dectin-1 signaling did not interfere with ' monophora-mediated
suppression of LPS-induced IL-12p35 mRNA expression (Figure 1h). These data strongly
suggest that dectin-1 recognition of F. monophora is crucial for induction of cytokine gene
transcription, whereasanother innatereceptor isresponsible for the suppression of IL-12p35.

We found that F. monophora, in contrast to C. albicans, interacted with recombinant
human mincle (Figure 1e). As mincle is constitutively expressed on human immature
DCs (Figure S2), we investigated whether mincleis involved in IL-12p35 suppression by .
monophora, by silencing mincle expressionin DCsby RNA interference (Figure S3). Strikingly,
minclesilencingrestored IL-12p35 mRNA and IL-12p70 protein expression inresponse to
F. monophora, without affecting curdlan-induced IL-12p35 synthesis (Figure 1i and S4).
Furthermore, mincle silencingrestored LPS-induced IL-12p35 mRNA and IL-12p70 protein
expressionin the presence of F. monophora (Figure liand S4). We determined next whether
the suppressive effect of mincle on IL-12p35 expression required the presence of MCL, as
mincle can heterodimerize with MCL to form functional complexes with FcRy?®. Silencing
of MCL did not interfere with mincle surface expression, while, vice versa, mincle silencing
only slightly affected cell surface expression of MCL (Figure S3). Importantly, silencing of
MCL did not interfere with IL-12p35 suppression by F. monophora (Figure 11), indicating
that the suppression is independent of MCL.

Tofurther examinethe involvement of minclein IL-12p35 suppression, we used treha-
lose-6,6-dibehenate (TDB), a known mincle and MCL agonist?®?. Similar to F. monophora
stimulation, triggering of DCsby TDBalone failed toinduce IL-12p35 mRNA, but suppressed
LPS-inducedIL-12p35 mRNA expression (Figure 1j). Mincle silencing effectively prevented
repression of LPS-induced IL-12p35 mRNA expression by TDB, whereas MCL silencing
did not interfere with the suppressive effect of TDB (Figure 1j). Taken together, these data
demonstrate that dectin-1 induces cytokinesinresponse to I monophora, whereasmincle
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signaling suppresses transcription of IL-12p35.

a T 1.2 ok ** ) d 2.4 o .
B 10 — - wk [J Unstim ~ 90 ] Unstim
° B LPS & B F.mono
Z 08 3 LPs+TDB 3 1.6 , 3 Curdian
Z 06 s 12 m LPS
E o4 ® 08 = TDB
52} : m
& 02 & 04
=200 0.0

Control Syk CARD9 Bcl-10 MALT1
SiRNA SIRNA SiRNA SIRNA SIRNA
[ Unstim B LPS — Control TDB

b B F. mono [ LPS+TDB Unstim = F. mono
g 1.49 K% e
T 1.2 xx PKB p-T308 PKB p-S473
£ 104 o 100
< s
E 0.8 *k £ 80 80
£ 0.6 S 601 60 DMSO
& 041 < control
& 02 2 40 404
= 0.0 g 207 201

DMSO control ~ Wortmannin Triciribine w 0 = i 0 _
100 10! 102 10° 100 10 103

Cs

1.2
% il *k [ Unstim ’5100 100
© 1.01 B F. mono £ 801 801
< 0.8 . B LPS S 60 60+ Wort-
| [ LPS+TDB £ i
ué 0.6 - 404 404 manin
8 049 S 207 201
o
& 0.2 Yo L S 0
2 0.0 100 10" 102 10% 10° 108
Control PKB
SIRNA SIRNA PKB p-T308 (Fl) PKB p-S473 (Fl)
f PKB p-T308 PKB p-S473 PKB p-T308 PKB p-S473
100
g E
£ 80 804 £ 804
S 604 601 Control ~ § 601 CARD9
z 401 404 siRNA Z 40 siRNA
[=4 [=4
2 201 201 2 20
0 - o 0. T or 0 T T
100 10" 102 103 100 10! 102 103 103 100 10" 102 103
__100 100 __100 100
x X
g 801 804 g 80 804
= =
< 01 | 601 Mincle 2 601 60- Bcl-10
:‘; 404 404 siRNA Zn’ 404 404 siRNA
g 201 201 g 204 201
Yoo .- 0 Sy ) L. 0 oy
100 10" 102 10%® 10° 10" 102 103 100 10" 102 103 10° 10" 102 103
100 100 100 100
= < \
é 80 80 g 80 | 80
‘5 604 60 Syk ; 60 60 MALT1
< : 8 !
& 40 404 siRNA o 40] | 404 siRNA
5 201 201 g 20{ | 201
@0 .- 0 S oo very 0 i
100 10! 102 103 10° 10! 102 103 100 10! 102 10% 10° 10" 102 103
PKB p-T308 (FI) PKB p-S473 (F) PKB p-T308 (FI) PKB p-S473 (F)




Mincle targets antifungal defense via IRF1 89

Mincle signaling suppressesIL-12p35 expression via PKB activation. We set out to elucidate
themechanismbehind mincle-mediated IL-12p35 suppression. Asboth dectin-1 and mincle
signal via Syk-CARD9'6?? we combined TLR4 triggering with selective mincle stimulation
by TDB to distinguish between dectin-1- and mincle-mediated effects. Silencing of Syk,
CARDS9,Bcl-10 or MALT'1 abrogated the suppressive effects of TDB on LPS-induced IL-12p35
expression (Figure 2a),demonstrating that mincle suppressesIL-12p35 via Syk-CARD9-Bcl-
10-MALT1-mediated signaling. To further identify mincle-specific downstream targets, we
utilized a panel of small molecule inhibitors. We noted in particular that pretreatment of
DCswith wortmannin, anirreversible inhibitor of PI3K, abrogated IL-12p35 suppression by
TDB and restored expression to LPS-induced levels (Figure 2b). Similarly, inhibition of PKB
(or Akt), a well-established effector of PI3K, by small molecule inhibitor triciribine (Figure
2b) or PKBssilencing (Figure 2¢), blocked TDB-mediated suppression of IL-12p35. Thus, the
PI3K-PKB cascade plays a primary role in mincle-mediated IL-12p35 suppression. Indeed,
TDB, in contrast to curdlan or LPS, strongly induced PKB kinase activity (Figure 2d). PKB
activationrequires phosphorylation at Thr308 and Ser473, which is controlled by PI3K via
kinasesPDK1 and mTORC2,respectively?’. Mincle stimulation led to PKB phosphorylation
at both Thr308 and Serd473 (Figure 2e), while LPS and curdlan had no effect (Figure S5),
correlating with PKB activity (Figure 2d). PKB phosphorylation after TDB stimulation was
dependent on PI3K activity (Figure 2e) as wellas mincle and mincle-mediated signaling via
the Syk-CARD9-Bcl-10-MALT1 module as silencing of these proteins inhibited TDB-induced
PKB phosphorylation (Figure 2f). Furthermore, we found that £ monophorainduced PI3K-
dependent PKB phosphorylation viamincle (Figure 2e and 2f), whichrelied on Sykand the
CARD9-Bcl-10-MALT1 scaffold (Figure 2f). These results indicate that mincle suppresses
dectin-l-induced IL-12p35 expression in response to F. monophora by activation of PI3K-
PKBsignaling, through a Syk-CARD9-Bcl-10-MALT1-dependent pathway.

Figure 2. Mincle signaling suppresses IL-12p35 expression via PI3K and PKB. (a-c) IL-12p35 mRNA
expression by DCs 6 h after stimulation with LPS and/or TDB or F. monophora after Syk, CARD9, Bcl-10,
MALT1 or PKBsilencing(a,c),or in the absence or presence of PI3K inhibitor wortmannin or PKBinhibitor
triciribine (b), measured by real-time PCR, normalized to GAPDHand set at 1 in LPS-stimulated cells. Data
are presented asmean + SD. *P < 0.05; **P < 0.01.(d) PKB kinase activity in whole cell lysates of DCs after
30 min of stimulation with curdlan, F. monophora, LPS and/or TDB. Data are presented as mean + SD. *P
<0.05;*P<001. (e,f)PKBphosphorylation at Thr308 or Ser473 in DCsleft unstimulated (grey) or 20 min
after stimulation with TDB (orange) or F. monophora (purple),in the absence or presence of PI3K inhibitor
wortmannin (e), or after mincle, Syk, CARD9, Bcl-10 or MALT1 silencing (f), determined by flow cytom-

etry (FI, fluorescence intensity). Data are representative of at least three (a-f) independent experiments.
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Mincle signaling impairs nucleosomeremodeling at the IL12A promoter. /L1 2A transcrip-
tionisrigidly controlled; inresting cells, the IL12A promoter isassembled into stable nucle-
osomes, whereas upon stimulation, repositioning of nucleosome 2 (nuc-2) allows binding
of, among others, transcription factor NF-kB and subsequent transcriptional initiation by
RNA polymerase II (RNAPID*°. We observed that, although F. monophora interfered with
recruitment of NF-kB p65 to the I1.12A promoter (Figure 3a), fungal stimulation did not
abrogate nuclear translocation and DNA binding of p65 (Figure 3b).Indeed, F. monophora
aloneinducednuclear translocation of p65, c-Reland RelB (Figure 3b), which are a hallmark
of dectin-1 signaling” RNAPII recruitment to the IL12A promoter was almost completely
abolished as determined by chromatin immunoprecipitation (ChIP) assays (Figure 3a).
Since these data suggest that mincle signaling interferes with IL12A transcription prior to
RNAPIIand NF-kBbinding, we nextexamined whether . monophorainterferes with IL12A
nucleosomeremodeling, usinga chromatin accessibility real-time PCR (ChART) assay spe-
cific for nuc-2 repositioning®'. F. monophora did not induce IL.1 2A nucleosomeremodeling,
whereas curdlan and LPS evoked complete remodeling (Figure 3c). Notably, LPS-induced
IL12Anucleosomeremodeling was severely diminished when DCs were costimulated with
F.monophora (Figure 3c), while silencing of minclerestored LPS-induced IL.1 2A nucleosome
remodeling (Figure 3d). Theseresults strongly suggest that F. monophora-induced mincle
signalinginhibitsIL-12p35 expression by interfering with nucleosomeremodeling events
indispensable for transcriptional activation at the IL.1 2A promoter.

Mincle-induced PKB signaling blocks nuclear IRF1 activity. [IRF1 is thought tobeinvolved
in transcriptional regulation of IL-12p35 expression; the nuc-2 promoter region of IL12A
containsa centrally positioned IFN-stimulated response element ISRE) that can be bound
by IRF122 IRF1 silencing abrogated IL-12p35 expression in response to curdlan or LPS
stimulation (Figure 4a). In accordance, both dectin-1 and TLR4 triggering induced IRF1
recruitment to the ISRE site within the proximal IL.12A promoter (Figure 4b). Strikingly,
IRF1 silencing completely abrogated IL.12A nucleosome remodeling induced by dectin-1
and TLR4 signaling (Figure 4c), which coincided with impaired recruitment of RNAPIIand
P65 to the IL12A promoter (Figure 4d). These data show that IRF1 plays an essential role
inIL12Atranscriptioninresponse toboth dectin-1 and TLR4 vianucleosome remodeling.

Wenextinvestigated whether mincletriggeringaffects/L.12A nucleosomeremodeling
by interfering with IRF1 activation. We found that both curdlan and LPS induced nuclear
translocation of IRF1 (Figure 4e). Remarkably, simultaneous stimulation with F. monophora
completely abrogated LPS-induced nuclear IRF1 accumulation (Figure 4f). I monophora
alone did notinduce nuclear IRF1 accumulation (Figure 4f). Also, we observed a complete
absence of nuclear IRF1 after TLR4 and mincle costimulation (Figure 4gand 4h). Silencing
of either mincle or downstream effector PKBrestored nuclear IRF1 accumulation after LPS
and TDB costimulationas well as F. monophora stimulation, without affecting LPS-induced
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nuclear IRF1 accumulation or cytoplasmic IRF1 expression (Figure 4i). These data show
that PKB-mediated mincle signalingrestrictsnuclear accumulation of IRF'1, suggesting that
this mechanism underlies the block in IL.1 2A nucleosomal remodeling and subsequent

transcription in response to F. monophora.

Mincle directs proteasomal degradation of nuclear IRF1 via Mdm?2. Since IRF'1 steady-state
levelsaretightly controlled by abalance between synthesis and ubiquitin-mediated prote-
olysis®*3, weinvestigated whether mincleinterferes with IRF1 by inducingits degradation.
Treatment with proteasome inhibitor MG-132 reversed the block in nuclear IRF1 accumu-
lationinresponse to LPS and TDB costimulation (Figure 5a), indicating that IRF1 isindeed
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Figure 3. Mincle signaling blocks IL12A transcription via PKB by inhibition of nucleosome remodel-
ing. @ RNA polymerase Il (RNAPID and p65 recruitment to TATA box and NF-kB binding motifs of the
IL12A promoter in DCs 2 h after stimulation with LPS and/or . monophora, determined by ChIP assay.
IgG indicates a negative control. Data are expressed as % input DNA and presented as mean + SD. (b)
NF-kB subunit activation in nuclear extracts of DCs 2 h after stimulation with LPS and/or F. monophora,
measured by DNA binding ELISA. Data are presented as mean + SD. (c,d) IL.12A nucleosome remodel-
ing in DCs 3 h after stimulation with curdlan, LPS and/or F. monophora or TDB, after mincle silencing
(d), determined by ChART assay and normalized to GAPDH. Data are expressed as % remodeling and
presented as mean + SD. **P < 0.01. Data are representative of at least four (a; p65), three (a; RNAPII, B-D)

independent experiments.
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Figure 4. Mincle signaling suppresses nuclear IRF1 toblock IL12A nucleosome remodeling. (@) IL-12p35

mRNA expression by DCs 6 h after stimulation with curdlan or LPS, after IRF1 silencing, measured by

realtime PCR,normalized to GAPDHand set at 1 in LPS-stimulated cells. Dataare presented asmean + SD.
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(d), determined by ChIP assay. IgG indicates a negative control. Data are expressed as % input DNA and

presented as mean + SD. **P < 0.01. (c) IL12A nucleosome remodeling in DCs 3 h after stimulation with
curdlanor LPS, after IRF1 silencing, determined by ChART assay and normalized to GAPDH. Dataare ®
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targeted for proteasomal degradation by mincle. Since PKB has been shown to induce the
E3 ubiquitinligase activity of MdmZ2, which hasrecently beenreported toaid in IRF1 prote-
asomal degradation?®33536 we explored a possible Mdm?2 contribution. Remarkably, Mdm?2
silencing completely abrogated mincle-mediated [L-12p35 suppression inresponse to TDB
and F. monophora, without affecting LPS-induced IL-12p35 expression (Figure 5b). Toregulate
IRF1,MdmZ2 must gainnuclear entry,a process which requires phosphorylation of Mdm?2 at
Ser166 by PKB?*33¢ We found that mincle triggering by both TDB and F. monophora, but not
TLR4 triggering, induced nuclear translocation of Mdm?2 (Figure 5¢). Only Mdm?2 present
within the nucleus was phosphorylated at key residue Ser166 (Figure 5¢). Mdm?2 Ser166
phosphorylation following TDB and F. monophora stimulation was abrogated by silencing
of mincle, Syk, CARD9,Bcl-10and MALT1, or chemical inhibition of PI3K or PKB (Figure 5d
and S5). Similarly, mincle and PKB silencing blocked Mdm2 nuclear translocation (Figure
50). TDB-induced Mdm?2 phosphorylation and nuclear translocation was not affected by
LPSstimulation (Figure 5cand S5). Since the E3 ubiquitin ligase activity of Mdm2 relies on
association withits substrates®”*¢ we prepared nuclear extractsin the presence of MG-132
toblock degradation, allowing us to determine whether Mdm?2 interacts with IRF1 within
the nucleus. We found that nuclear IRF1 immunoprecipitated together with Mdm?2 in
both TDB- and £ monophora-, but not LPS-stimulated DCs (Figure 5e). The importance of
Mdm?2 inIRF1 regulation was further supported by data showing that silencing of Mdm?2
preventedIRF1 degradation after mincle triggering (Figure 5f). Taken together, theseresults
demonstrate that mincle signaling induces Mdm?2 activation and nuclear translocationin
a PKB-dependent manner to target IRF1 for proteasomal degradation, accounting for the
IL-12p35 antagonism observed after F. monophora stimulation.

Mincle signaling suppresses antifungal Tul responses. [L-12is crucialin TH1 cell differen-
tiation. We nextinvestigated how mincle-induced PKB-Mdm?2-mediated IRF1 degradation
affectsantifungal Th differentiation. LPS-primed DCsdirected Th polarization toward Tl
responses, whereas IRF1 silencing led to severely diminished Tu1 responses after LPS
stimulation (Figure 6a and 6b). Neutralizing antibodies against IL-12 impaired Tu1 cell dif-
ferentiation by LPS-primed DCs (Figure 6¢ and 6d), underlining the crucial role for IL-12 in

© expressed as % remodeling and presented as mean + SD. *P < 0.05; **P < 0.01. (e-1) IRF1 nuclear
translocation in DCs 2 h after stimulation with curdlan, LPS and/or TDB or F. monophora, after mincle
or PKB silencing (i), determined by ELISA on nuclear extracts (e fh), immunofluoresence microscopy
(g;IRF1,red; DAPI, blue) or immunoblotting (i; nuclear, NE; cytoplasmic, CE extracts). In (i), RNAPII and
B-actin served as loading controls for NE and CE, respectively. Data in (e,f h) are presented as mean +
SD.*P < 0.05.Data are representative of at least three (a,c,d,f.h), two (b,g,i), one (e; curdlan) or five (e; LPS)

independent experiments.

three.



Mincle targets antifungal defense via IRF1

94 Chapter three

TH1 polarization. F. monophora-primed DCs failed to induce Tr1 responses, but promoted
potent Tu2 polarization (Figure 6e and 6f), which is consistent with IL-12p70 suppression
by F. monophora. Moreover, F. monophora strongly impaired LPS-induced TH1 cell differen-
tiation, actively skewing polarization towards a response dominated by Tu2 cells (Figure
6eand 6f). Notably, mincle silencing completely restored Txl cell polarization by LPS plus
F.monophora-primed DCs (Figure 6g). Thus, suppression of IL-12p70 secretion after mincle
triggering by F. monophorais fundamental in redirecting antifungal Tul responses to Ta2
immunity.

Various other fungi, highly related to F. monophora, are also causative agents of chromo-
blastomycosisin humans'®. We nextinvestigated whether these fungialso target mincle to
suppressantifungalimmuneresponses. All tested strains were recognized by recombinant
mincle protein (Figure 7a). Strikingly, the pathogenic strains, i.e. F. pedrosoi, F. compacta
and Cladophialophora carrionii, strongly suppressed LPS-induced TH1 differentiation and
skewed Thpolarization towardsa Tu2 response (Figure 7b). We also observed that the vir-
ulentstrainsrepressedIL-12p35 responses similar to . monophora (Figure 7¢),accounting
for the observed THredirection. Mincle silencing reversed skewing of Tu2 differentiation
of LPS-primed DCs toward Tr1 polarization for all strains tested (Figure 7d). Collectively,
these data demonstrate that virulent fungal pathogens involved in chromoblastomycosis
exploit mincle on human DCs to attenuate Tr1 responses and induced TH2 immunity via
suppression of II.12A transcription, which might allow these fungi to establish chronic
infection.

DISCUSSION

Anessential aspect of hostresistance tofungalinfectionistherequirementfor Tul and Tul7
responses** Here we have identified mincle as a suppressor of proinflammatory cytokine
IL-12, whichredirects immunity to fungal pathogens causing chromoblastomycosis from
antifungal Tl responsestowards TrH2 differentiation. Atthe molecular level, we identified
IRF1 asthe crucial factor for nucleosomeremodeling at the proximal IL.1 2A promoter that
was induced by dectin-1. F. monophora fungi binding to mincle led to activation of a PI3K-
PKB signaling cascade that directed MdmZ2-mediated proteasomal degradation of IRF1.
Lossof IRF1 interfered with IL 1 2A nucleosome remodeling, thereby suppressing [L-12p70.
Thus, mincle antagonizes dectin-1 signaling in response to chromoblastomycosis-related
fungitosuppress protective Thl immunity, which might contribute in establishing chronic
subcutaneous infection.

This study adds to an emerging paradigm in which CLRs and other PRRs on DCs act
together to bridge fungal microbe recognition and transduce collaborative signaling that
determines the overall response deployed against fungal microbes?”3°. In recent years,




Mincle targets antifungal defense via IRF1 95

dectin-1 hasbeenrevealed as the primary PRR in antifungal immunity, capable of orches-
trating Tul and Tul7 immune responses independently of other PRRs!'”4°. Here we found
thatchromoblastomycosisisolate F. monophora also triggered dectin-1 signaling, which was
aprerequisite for classical and noncanonical NF-kB activation and consequently expression
of Tul-and TH17-polarizing cytokines. However, F: monophorainduced a second pathway
through mincle that interfered with dectin-1-induced IL-12p70 expression. The combined
activation of dectin-1 and mincleby F: monophoraled to a cytokine gene expression profile
that prevented generation of protective Tl immuneresponses, instead inducingadverse
THZ2 responses. Thus, the overall immune response to F. monophora is determined by
cooperation between dectin-1 and mincle, with dectin-1 acting as the general instigator
and mincle as the crucial determinant or director.

Deficiency of Tu1 effector responses due to mincle-mediated suppression of IL-12p35
expression in human DCs was not restricted to infection with / monophora, but extended
to chromoblastomycosis isolates, F. pedrosoi, C. carrionii and F. compacta, suggesting a
common mode of immune evasion in the human host. Mincle was previously shown to
be involved in innate recognition of F. pedrosoi in mice, yet was incapable of controlling
protective immunity*;in thismouse model of chromoblastomycosis, TLR engagement was
found to be sufficient torevert the immune dysfunction. In contrast, in our human model,
we observed thatmincle suppressed TLR4-induced IL-12p70 expression. This discrepancy
mightreflect differencesinhost defense between mice and humans. Indeed, we observed
several differences between expression and function of human and murine mincle. While
mincle has been described as an inducible receptor on mouse bone marrow-derived DCs
-viatriggering of MCL?8, we detected constitutive expression of mincle on human immature
DCs. Furthermore, while mincle and MCL form functional trimeric receptor complexes
withFcRyinratprimary cells??, we found that the presence of MCL wasneither required for
mincle expression, surface localization nor mincle-mediated signaling induced by either
F monophora or TDB to suppress IL12A transcription. These studies suggest that mincle
has evolved different functions in defense against fungi and further studies are required
tounderstand the differences between its functions in mice and humans.

Mincle has previously been identified asa positive regulator of TH17 immunity with its
rolein the therapeutic Tu17 adjuvancy of mycobacterial glycolipid TDM and its synthetic
derivate TDB?*. In these murine models, in addition to Tul7 immunity, mincle-mediated
adjuvancy translates into robust Tl responses?*4! Even though a TDB-containing M.
tuberculosis subunit vaccine?? entered clinical trial, the immune stimulatory actions of
TDBand TDM have never been tested extensively in the human setting*®. Our finding that
mincle suppresseshuman Tal immunity implies that utilizing mincle agonistsas vaccine
adjuvants should be considered with caution.

Anotherimportant finding of our study is the crucial and nonredundantrole of IRF1 in
IL12Anucleosomeremodelingandregulation of IL-12p35 synthesis by different PRRs. We
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demonstrate that IRF1 is crucial for nucleosome remodeling of the proximal IL12A gene
promoter in response to dectin-1 triggering, but also TLR4 ligation. IRF1-mediated IL12A
nucleosome remodeling allows NF-kB subunit p65 and RNAPII recruitment, and hence
productive IL12A transcription. Despite tight regulation of IRF1 transcriptional activity, with
IRF1 steady-statelevels constitutively restricted by ubiquitin-mediated proteolysis®*34and
excessactivationlinked to cellular oncogenicity*4, the molecular aspects of IRF1 activation
areyettobedelineated. TLR4-mediated IRF1 activation hasbeenreported tobe dependent
on adaptor protein MyD88%5, yet how dectin-1 triggering leads to IRF1 activation remains
toberesolved.
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Figure 5. Mincle-PKB signaling induces proteasomal degradation of nuclear IRF1 via Mdm2. (a) IRF1
expression in nuclear extracts of DCs 2 h after stimulation with LPS and/or TDB or F. monophora,in the
absence or presence of proteasome inhibitor MG-132, measured by ELISA. (b) IL-12p35 mRNA expression
by DCs 6 h after stimulation with LPS and/or TDB or F. monophora, after Mdmz2 silencing, measured by
real-time PCR, normalized to GAPDH and set at 1 in LPS-stimulated cells. Data are presented as mean
+SD. **P < 0.01.(c,/)) Mdm2 (c)and IRF1 (f) cellular localization and Mdm2 phosphorylation at Ser166 (c)
inDCs 2 hafter stimulation with LPSand/or TDB or F. monophora, after mincle, PKB(c) or Mdmz2 silencing
(f), determined by immunoblotting (nuclear, NE; cytoplasmic, CE extracts). RNAPIIand B-actinserved as
loadingcontrolsfor NEand CE, respectively.(d) Mdmz2 phosphorylation at Ser166 in DCsleft unstimulated
(grey) or 20 min after stimulation with TDB (orange) or F. monophora (purple), after mincle silencing, or
in the absence or presence of PI3K inhibitor wortmannin or PKB inhibitor triciribine, determined by
flow cytometry (F1, fluorescence intensity). (e) Mdmz2 immunoprecipitated together with IRF'1 (IP) from
nuclear extracts of DCs 2 h after stimulation with LPS and/or TDB, or F. monophora, determined by im-
munoblotting (IB). NE were prepared in the presence of proteasome inhibitor MG-132 to block protein
degradation. RNAPII served as loading control. Data are representative of at least two (a,c.e f), or three

(b,d) independent experiments.

Innate signalingby mincleinterfered withnuclear IRF1 activity and abrogated IRF1-mediated
IL12Aremodeling. Our findingsreveal that mincle exerted its suppressive effect by direct-
ing proteolytic breakdown of activated and nuclear localized IRF1, via Syk-CARDS-Bcl-
10-MALT1-dependent activation of a PI3K-PKB cascade. We identified E3 ubiquitin ligase
Mdm?2 as the downstream effector: mincle-induced PKB activation led directly to Mdm?2
phosphorylation and nuclear translocation. Mdm?2 has previously beenidentified asa major
negativeregulator of numerous proteinsinvolved in transcriptional regulation, most notably
p53 and FOXO tumor suppressors, under conditions of physiological stress®”2¢. The asso-
ciation of Mdmz2 with IRF1 within the nucleus targeted IRF1 for proteasomal degradation.
Activation of Syk toinduce theassembly of the CARD9-Bcl-10-MALT1 orrelated CARD11-
Bcl-10-MALT1 module is a common occurrence after receptor ligation. However, whereas
dectin-1 and dectin-2 triggering induces NF-kBactivation via this protein scaffold'*”, mincle
triggering uniquely coupled CARD9-Bcl-10-MALT 1-mediated signaling to the PI3K-PKB cas-
cade, without triggering NF-kB activation (unpublished data). Themechanismsunderlying
the fundamental differences between dectin-1, dectin-2 and mincle signaling despite the
use of common signaling modulesremain elusive. PKB hasalsobeen showntobeinvolved
in antigen receptor signaling, where it modulates CARD11-Bcl-10-MALT1-induced NF-kB
activation®. Our datanow show the existence of a bidirectional relation between CARDY/
CARD11-Bcl-10-MALT1 and PKB signaling that regulates immune responses.
OurresultsdefineIRF1 asacrucial player inantifungal Tul responsesinduced by human
DCsviaitsroleinIL-12p70 biosynthesis. Intriguingly, we found that mincle functions as a
directinhibitor of IRF'1 nuclear activity and as such is commonly targeted by fungi causing
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Figure 6. F. monophora targets mincle-induced IRF1 degradation to redirect antifungal Tu1 polariza-

tion to Tu2 responses. (a-g) T helper cell polarization was determined by flow cytometry by staining

for intracellular IL-4 (Ta2) or IFN-y (TH1) expression after coculture of naive CD4" T cells with DCs that

were left unstimulated (iDC) or primed for 48 h with curdlan, C. albicans, LPS and/or F. monophora. In

(a,b), DC-induced IL-12 secretion was abrogated by IRF1 silencing, while in (c,d), T cell stimulation by
IL-12 was blocked by neutralizing IL-12 antibodies during DC-T cell coculture. In (b,d f), the % IL-4-and

IFN-y-producing T cells are shown, corresponding to the upper left and lower right quadrants of (a,c.e),

respectively. Data are presented as mean + SD of duplicates (b,d f,g). Data are representative of at least

two (a,b,g), three (c,d) or eight (e f) independent experiments.
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chromoblastomycosis to restrict generation of protective Tul immunity. In fact, the CD4*
T cell effector response induced by these virulent fungi was dominated by Tu2 cells. Tu2-
biasedimmunity causes severe suppression of phagocytic effector cell function,and hence
has adverse effects on fungal infections**’. Therefore, Tu2 predomination and impaired
TH1 responses might represent a central immunological ‘defect’ in chromoblastomycosis
that contributes to the establishment of chronic subcutaneous infections.
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Figure 7. Pathogenic chromoblastomycosis-related fungiredirect Tupolarization viamincle. (@) Binding
of recombinant dectin-1 (blue) or mincle (pink) protein to heat-killed F. pedrosoi, C. carrionii or F. compacta
conidia, determined by flow cytometry (FI, fluorescence intensity). (b,d) T helper cell polarization was
determined by flow cytometry by staining for intracellular IL-4 (Tu2) or IFN-y (Tul) expression after
coculture of naive CD4" T cells with DCs that were left unstimulated (iDC) or primed for 48 h with LPS
and/or F. pedrosoi, C. carrionii or F. compacta, after mincle silencing. Data are presented as mean + SD of
duplicates. () IL-12p35 mRNA expression in DCs 6 h after stimulation with LPS and/or F. pedrosoi, C.
carrioniior F: compacta, measured by real-time PCR, normalized to GAPDH and set at 1 in LPS-stimulated
cells. Data are presented as mean + SD. *P < 0.05; **P < 0.01. Data are representative of at least two (a,b,d)

or three (c) independent experiments.
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Overall, our study has identified an essential role for mincle in shaping overall adaptive
immunity to virulent fungi associated with chromoblastomycosis. Therapeutic targeting
of mincle may therefore prove beneficial not only in treatment of chromoblastomycosis,

butalso diseases marked by uncontrolled IL-12-driven inflammation.

EXPERIMENTAL PROCEDURES

Cells, stimuli, RNA interference and maturation.
CD14" monocytes from healthy volunteer blood
donors wereisolated cultured and differen-
tiated into immature DCsas described!” and
used atday 6 or 7 for experiments. Donors were
routinely screened for dectin-1 single nucleo-
tide polymorphismrs16910526 using TagMan
genotyping Assays (Assay ID C 33748481 10;
Applied Biosystems); only dectin-1 wild-type DCs
were used for experiments, unless otherwise
indicated. This study was done in accordance
with ethical guidelines of the Academic Medical
Center. Cell surface expression of CLRs and mat-
uration markers were determined as described
in Supplemental Experimental Procedures. Cells
were stimulated with TLR and CLR ligands and
fungal pathogens in the presence or absence of
signaling inhibitors as described in Supplemental
Experimental Procedures. DCs were transfected
with 25 nM siRNA using transfection reagens

DF4 (Dharmacon) as described'. Details on

the SMARTpool siRNAs used can be found

in Supplemental Experimental Procedures.
Silencing of expression was verified by real-time
PCR and flow cytometry (Figure S3 and?”).

CLR-fungibinding. Recombinant human His-
tagged dectin-1 (1859-DC-50; R&D Systems)
and DDK-tagged mincle (TP300244; Origene)
were incubated with heat-killed fungal co-
nidia, and subsequently labeled with anti-
His-tag (sc-8036; Santa Cruz) or anti-DDK-tag
(TA50011-100; Origene), respectively, followed
by incubation with Alexa Fluor 488-conjugated
anti-mouse (A11029; Invitrogen). CLR-fungi
inding was analyzed on a FACS Calibur (BD).

Cytokine production. Cell culture super-
natants were harvested after 24 h of stim-
ulation and concentrations of IL-6,IL-23,
IL-1B,IL-12p40 (Invitrogen), and IL-12p70

(eBioscience) were determined by ELISA.




Mincle targets antifungal defense via IRF1

Quantitativereal-time PCR.mRNA isolation from
DCsstimulated for 6 h, cDNA synthesisand PCR
amplification with the SYBR Green method inan
ABI 7500 Fast PCR detection system (Applied
Biosystems) were performed as described?’.
Specific primers were designed with Primer
Express 2.0 (Applied Biosystems; Table S1).

The C, valueis defined as the number of PCR
cycles where the fluorescence signal exceeds
the detection threshold value. For each sample,
thenormalized amount of target MRNA N, was
calculated from the obtained C, values for both
targetand GAPDHmMRNA with N, = 2¢1GAPDE Ctltareet)
Therelative mRNA expression was obtained by
setting N, in LPS-or curdlan-stimulated samples

at 1 within one experiment and for each donor.

NF-kBDNA binding. Nuclear and cytoplasmic
extracts of DCs were prepared after 2 h of stim-
ulation using NucBuster protein extraction kit
(Novagen). NF-kB DNA binding was determined
using TransAM NF-kB family kit (Active Motif).

Chromatin immunoprecipitation (ChIP) assay.
ChIP assays were performed using the ChIP-IT
Express Enzymatic Shearing and ChIP-IT
Express HT kits (both from Active Motif). Briefly,
cells were fixed with 1% (vol/vol) para-form-
aldehyde after 2 h of stimulation, nuclei were
isolated and chromatin DNA fragmented by
enzymatic shearing (10 min, 37°C). Protein-DNA
complexes were immunoprecipitated and DNA
was purified after reversal of crosslinks. Details
are described in Supplemental Experimental
Procedures. Real-time PCR reactions were
performed with primer sets spanning TATA box,
NF-kBand ISRE binding sites (Table S1). Primers
spanning genomic DNA at cytogenetic location
12 p13.3 (Active Motif) were used as anegative
control. Tonormalize for DNA input, a sample
for each condition was taken along which had
not undergone immunoprecipitation (input

DNA); results are expressed as % input DNA.
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Chromatin accessibility real-time PCR (ChART)
assay. ChART assays were performed to
measure [L.12A nucleosome remodeling as
described previously*®. Details are described

in Supplemental Experimental Procedures.
Briefly, nuclei were isolated after 3 h of stimu-
lation, digested with BstIXI or EcoRI,and DNA
was purified. Real-time PCR reactions were
performed with primer sets spanning (A) BstXI
sitelocated at nt-298 that becomes available
after nuc-2 remodeling, (B) BstXI site located at nt
456 thatis not subject to chromatin alterations
asaninternal control®, (c) GAPDH to normalize
for DNA input (Table S1). Results are expressed
as % remodeling observed in the EcoRI-digested
sample for each cell treatment using the formula
(Nt a~ Nt DNt X 100%, with Nt = 261,
Cellular localization and association of Mdm2
and IRF1. Nuclear and cytoplasmic extracts of
DCs were prepared after 2 h of stimulation using
NucBuster protein extraction kit (Novagen). For
detection of association between Mdm2 and
IRF1, extracts were prepared from DCs stimu-
lated in the presence of proteasome inhibitor
MG-132.MdmZ2-IRF1 complexes were immuno-
precipitated from 20 pg of nuclear extract with
anti-IRF1 (sc-497; Santa Cruz) coated on protein
A/G-PLUS agarose beads (Santa Cruz). Proteins
wereresolved by SDS-PAGE, and Mdm?2 and
IRF1 were detected by immunoblotting. Details
aredescribed in Supplemental Experimental
Procedures.IRF1 was also detected in extracts
by ELISA (USCN Life Science). IRF1 localization
was further determined by immunofluorescense
staining: DCs were stimulated, fixed with 4%
para-formaldehyde, then permeabilized with
0.2% (vol/vol) Triton X-100in PBS, and stained
with anti-IRF1.Incubation of Alexa Fluor
594-conjugated anti-rabbit (A11072; Molecular
Probes) was followed by staining of nuclei with
DAPI (Molecular Probes). IRF1 localization was

visualized with a Leica DMR A microscope.
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PKB and Mdm2 phosphorylation. Phospho-
rylation of PKB and Mdm?2 after 20 min of
stimulation was detected by flow cytometry
and analyzed on a FACS Calibur (BD). Details
are described in Supplemental Experimental

Procedures. Phosphorylated Mdm2 was also

detected by immunoblotting as described above.

PKB activity assay. Whole cell extracts were
prepared after 30 min of stimulation in kinase
activity lysis buffer as described*®. PKB kinase
activity was measured using PKB kinase activity
kit (Enzo Life Science); details are described

in Supplemental Experimental Procedures.

T cell differentiation assay. DCs were silenced
for indicated proteins, activated for 48 h with
LPSand/or heat-killed fungal strains and
subsequently cocultured with naive CD4* T
cellsas described®. Neutralizing IL-12 an-
tibodies (MAB219; R&D) were added at this
pointasindicated. Details are described in
Supplemental Experimental Procedures. After
restimulation with 100 ng/ml PMA (Sigma)
and 1 yg/mlionomycin (Sigma), intracellular
cytokine expression was analyzed by flow
cytometry by staining with APC-conjugated
rat anti-IL-4 (MP4-25D2) and FITC-conjugated
mouse anti-IFN-y (25723.11; both BD).

Statistical analysis. Statistical analyses
were performed on the data using the
Student's ttest for paired observations.
Statistical significance was setat P < 0.05.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Cells, stimuli, inhibitors, fungal strains and RNA
interference. Cell surface expression of dectin-1,
mincle and MCL was determined by flow cytom-
etry analysis with anti-dectin-1 (MAB1859; R&D
Systems), anti-mincle (clone 2D12; Abnova) and
anti-MCL (clone 41312; R&D Systems), respec-
tively. Maturation of DCs was determined by cell
surface expression analysis by flow cytometry of
CD80(557227;BD),CD86 (PN1M2218; Beckmann
Coulten), CD83 (555658; BD)and HLA-DR
(FAB18381P;R&D). Cells were stimulated with
10mg/ml curdlan, 10 ng/mlSalmonella typhosa
LPS (both from Sigma) or 0.2 mg/ml TDB (Avanti
Polar Lipids) as previously described1. Cells were
preincubated with blocking antibodies or inhibi-
tor for 2 h with 20 pg/mlanti-dectin-1 (MAB1859;
R&D Systems), 0.5 mM wortmannin (PI3K
inhibiton), 5 mM triciribine (PKB inhibitor), 100 nM
MG-132 (proteasome inhibitor; all Calbiochem).
DCswere transfected with 25 nM siRNA using
transfection reagens DF4 (Dharmacon) as
described2.SMARTpool siRNAs used were:
Mincle (M-021374-02), MCL (M-021373-00),

Syk (M-003176-03), CARD9 (M-004400-01),
Bcl-10 (M-004381-02), MALT1 (M-005936-
02),IRF1 (M-011704-01), PKB (M-003000-03),
Mdmz2 (M-003279-04) and non-targeting

siRNA (D-001206-13)asa control (Dharmacon).
Candida albicans strain CBS2712 was grown in
Sabouraud dextrose broth and incubated for 3 d
at 25°C, while shaking. Conidia were dislodged
from slants by gentle tapping and then were
resuspended in 0.1% (vol/vol) Tween-80in PBS.
Fonsecaea and Cladophialophora strains (£
monophora CBS269.30, F. pedrosoi CBS271.37,F.
compacta CBS285.47 and C. carrionii CBS109.97)
were grown for 7 d at 37°C on Oatmeal agar
culture plates. 0.1% Tween-80 in PBS was used
toremove and resuspend the grown conidia.
Hyphal contamination was removed by straining

of the cell solutions through a glass filter. Swollen

germinating conidia were obtained by incuba-
tion for 6 hat 37°C, with shaking,in 0.1% (vol/
vol) Tween-80 in PBS. Fungi were inactivated
by being heated for 1 hat 56°C. Live fungi were
used when indicated. DCs were stimulated

with fungi at multiplicity of infection (MOD 5.

Chromatin immunoprecipitation (ChIP) assay.
Protein-DNA complexes were immunopre-
cipitated using anti-p65 (3034; Cell Signaling),
anti-RNAPII (4H8; Active Motif), anti-IRF1
(c-20) or negative control IgG (sc-2027; Santa

Cruz),and protein G-coated magnetic beads.

Chromatin accessibility real-time PCR (ChART)
assay. Nuclei were prepared with lysis buffer (10
mM Tris-HCI, pH 7.5; 15 mM NaCl; 3 mM MgClz;
0.5 mM spermidine; 0.15 mM spermine; 1 mM
PMSF; 0.5 % (vol/vol) Nonidet P-40). Digestion
reactions were performed with 50 U BstIXI

or 50 U EcoRIfor 1 hat 37°C. After proteinase
Kand RNase A treatment, DNA was purified
using the QIAamp DNA blood kit (QiaGen).

Cellular localization and association of Mdm2
and IRF1 by immunoblotting. Nuclear and cyto-
plasmic extracts and immunoprecipitates were
resolved by SDS-PAGE, and detected by immu-
noblotting with anti-Mdm?2 (ab38618; Abcam),
anti-phospho-Mdmz2 (S166) (@b58532; Abcam)
or anti-IRF1 (@b26109; Abcam). Membranes were
also probed with anti-RNAPII (clone CTD4HS;
Millipore) or anti-b-actin (sc-81178; Santa Cruz)
toensure equal protein loading among cyto-
plasmic and nuclear extracts, respectively.
Primary antibody incubation was followed

by incubation with HRP-conjugated second-

ary antibody (rabbit: 21230; Pierce, or mouse:
P0161,DAKO) and ECL detection (Pierce).
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PKB and Mdm2 phosphorylation by FACS. Cells
were first fixed in 3% para-formaldehyde for

10 minand permeabilized in 90% methanol at
4°Cfor 30 min. Primary antibody incubation
with anti-phospho-PKB (T308) (2965; Cell
Signaling), anti-phospho-PKB (S473) (4060;
Cell Signaling) and anti-phospho-Mdm2 (S166)
(@ab58532; Abcam) was followed by incubation
with PE-conjugated anti-rabbit (711-116-152;
Jackson Immunoresearch). Phosphorylation
wasanalyzed on a FACS Calibur (BD).

PKB activity assay. DCs were stimulated for 30
min and whole cell extracts were prepared in
kinase activity lysis buffer as described2. PKB
kinase activity was measured using PKB kinase
activity kit (Enzo Life Science). Briefly, 60 mg cell
extract wasincubated in wells precoated with a
PKB substrate in the presence of ATP for 90 min
at 30°C. Phosphorylation of the peptide substrate
was assayed using a phospso-specific substrate
antibody, followed by incubation with HRP-
conjugated anti-rabbit IgG; absorbance detection
at 450 nmisameasure for PKB kinase activity.
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T cell differentiation assay. Naive CD4" T cells
were isolated with MACS beadsisolation as
described previously (de Jonget al, 2002). DCs
were silenced for indicated proteins, activated
for 48 h with LPS and/or heat-killed fungal strains
and subsequently cocultured with naive CD4* T
cells (20,000 T cells/5000 DCs) in the presence of
Staphylococcus aureus enterotoxin B (10 pg/ml;
Sigma). Neutralizing IL-12 antibodies (MAB219;
R&D) were added at this point as indicated to
block T cell stimulation by IL-12. DCs primed with
LPS plusIFN-g (1000 U/ml; U-CyTech) or prosta-
glandin E2 (1 mM; Sigma) were used as positive
controlsfor Tul or TH2 differentiation, respec-
tively. After 5 days of coculture, cells were further
culturedin the presence of IL-2 (10 U/ml; Chiron).
Resting cells wererestimulated after 12-17
dayswith PMA (100 ng/ml) and ionomycin (1 mg/
ml) for 6 h, thelast 4 hin the presence of brefeldin
A (10 mg/ml; all Sigma). Intracellular cytokine
expression was analyzed by staining with FITC-
conjugated mouse anti-IFN-y (25723.11) and
APC-conjugated rat anti-IL-4 (MP4-25D2; both BD).

SUPPLEMENTAL FIGURES
100 100 100 100 .
< Unstim
£ 80 80 80 80 — F. mono
S 60 60 60 60 LPS
s
@ 40 40 401 401
c
2 20 20 20 20
w

0

O -rrrmrrrrmersiom
100 10" 102 103 10¢
CD86 (Fl)

109 101 102 105 10¢
CD80 (FI)

O
100 10" 102 103 10¢
CD83 (FI)

0o
100 10" 102 10% 10¢
HLA-DR (Fl)

Figure S1, related to Figure 1. Maturation of human primary DCs. Expression of maturation markers
CD80,CD86,CD83 and HLA-DR on DCsleft unstimulated (grey) or 24 hafter stimulation with ¥ monophora
(purple) or LPS (green),determined by flow cytometry (FI, fluorescence intensity). Data arerepresentative

of atleast two independent experiments.
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Figure S2, related to Figure 1. Dectin-1 and mincle expression on human primary DCs. (a) Dectin-1
expressionon primary immature DCsfrom twoindividuals carryingahomozygous Y238X mutationin
dectin-1 (left), hencelacking functional dectin-1,and two donors with wild-type dectin-1 (right), determined
by flow cytometry (FI, fluorescence intensity). (b) Cytokine secretion in supernatants of DCs from donor
(2) lacking functional dectin-1, due to a homozygous dectin-1 Y238X mutation, 24 h after stimulation
with curdlan, LPS and/or F. monophora or C. albicans measured by ELISA. Together with datain Figure
1g, these data are representative of two independent experiments. (c) Mincle expression on primary
immature DCs, determined by flow cytometry (FI, fluorescence intensity). Data are representative of at

least three independent experiments.
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Figure S3,related to Figures 1-7.Silencing of mincle, MCL, IRF 1, PKB and Mdm?2 in human primary DCs
by RNA interference. (a-j) Silencing of indicated proteins using specific SMARTpools and non-targeting
siRNA as a control. Silencing was confirmed by real-time PCR (a,c.e,g,i) or flow cytometry (b,d,fh,j; FI,
fluorescence intensity).In (a,c,e,g.1), mRNA expression was normalized to GAPDH and set at 1 in control
siRNA-treated cells. Dataare presented asmean + SD.*P < 0.05,**P < 0.01. Antibodies used for stainingare
anti-mincle(clone 2D12; Abnova) (b,d),anti-MCL (clone 41312;R&D Systems) (b,d), anti-IRF1 (sc-497; Santa
Cruz)(f),anti-PKB(@b32505; Abcam) (h) and anti-Mdm?2 (ab38618; Abcam) (j). Data arerepresentative of

atleast three independent experiments.
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FigureS4,related toFigure 1. Mincle silencing reverses F. monophora- or TDB-mediated suppression of
IL-12p70 expression by human primary DCs. (a,b) Cytokine secretion in supernatants of DCs 24 h after
stimulation with curdlan, LPS and/or F. monophora or TDB, after mincle silencing by RNA interference
(siRNA), measured by ELISA. Dataare presented as mean + SD of duplicates samples and representative
of three independent experiments.

Figure S5, related to Figure 2 and 5. TLR4 does ®
not induce PKB or Mdm2 phosphorylation, while
mincle-induced Mdm2 phosphorylationis depen-
dent on Syk-CARD9-Bcl-10-MALT1 signaling. (a-d)
Flow cytometry analysis (FI, fluorescence inten-
sity) of PKB phosphorylation at Thr308 or Ser473
(a,b), or Mdm?2 phosphorylation at Ser166 (c,d) in
DCs left unstimulated (filled grey), or stimulated
with LPS (green), curdlan (blue), TDB (orange), LPS
plus TDB (pink), or F: monophora (purple),in the ab-
sence or presence of Syk inhibitor piceatannol, PI(3)
K-inhibitor wortmannin or PKBinhibitor triciribine,
or after mincle, Syk, CARD9, Bcl-10 or MALT1 si-
lencing. Data are representative of at least two (b)

or three (a,c,d) independent experiments.
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SUPPLEMENTAL TABLE

Expression primer sequences

Chapter three

Gene product Forward primer (5’-3’) Reverse primer (5’-3’)

Bcl-10 ATGGAGCCACGAACAACCTCT TCGTGCTGGATTCTCCTTCTG
CARD9 CATGTCGGACTACGAGAACGAT CAGGTAAGGTGTGATGCGTGA
GAPDH CCATGTTCGTCATGGGTGTG GGTGCTAAGCAGTTGGTGGTG
IL-1B TTTGAGTCTGCCCAGTTCCC TCAGTTATATCCTGGCCGCC
IL-6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG
IL-12p35 CTCCAGAAGGCCAGACAAAC AATGGTAAACAGGCCTCCACT
1L-12p40 CCAGAGCAGTGAGGTCTTAGGC TGTGAAGCAGCAGGAGCG
IL-23p19 GCTTGCAAAGGATCCACCA TCCGATCCTAGCAGCTTCTCA
IRF1 TTATACAGTGCCTTGCTCGGC AGGCGCTCACACTTCCCTC
MALT1 GACCCATTCCATGGTGTTTACC AATAAATGCATCTGGAGTCCGG
MCL TGGCATAAGAATGAACCCGAC TCCAGGCCCATTTATCTTGG
Mdm2 ATCAGAACCCCCACTCACCC TGCCTCGCTCTCTTCCTACAAC
Mincle CTCACAGGAGGAGCAGGAATTC TGACCCTCGACAACCTGGTC
PKB AGAAGGACCCCAAGCAGAGG CACGATACCGGCAAAGAAGC
Syk CCAGAGACAACAACGGCTCC TGTCGATGCGATAGTGCAGC
Gene target Forward primer (5°-3’) Reverse primer (5’-3’)

IL12A TATA box CGCACGTGTCACCGAGAA GGGACTCTGGTCTCTTGCTTTC
IL12A NF-xB GAGTACTCAGCCCGCCAGG CCTCTTTGCAGGAGACGGC
IL12A ISRE (ref ©) GCGAACATTTCGCTTTCATT ACTTTCCCGGGACTCTGGT

ChART primer sequences

Set Target
A IL12A prom

Forward primer (5’-3’)
GCGGGGTAGCTTAGACACG

Reverse primer (5’-3°)
CCCAAAATGAAAGCGAAATG

B IL12A BstXI contr

TCTAAAGTCAGGCTTGGCCG

GGTTTCACCATGTTGGTCAGG

C GAPDH prom

TACTAGCGGTTTTACGGGCG

TCGAACAGGAGGAGCAGAGAGCGA
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