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1. Introduction
1.1 Pattern recognition receptors

A conceptual framework how innate and adaptive immunity might integrate was formulated
more than 20 years ago by Charles A. Janeway, Jr.". Besides antigen binding to specific
antigen receptors, activation of adaptive immune responses requires a costimulatory signal
that is provided by antigen presenting cells (APCs) of the innate immune system. Janeway
suggested that this costimulatory signal would not be constantly, but inducibly supplied by
APCs. Conserved microbial products, known as pathogen-associated molecular patterns
(PAMPs), would be recognized by a limited number of germline-encoded innate immune
receptors and would thereby lead to the induction of the costimulatory signal. The detection
of infection, identifying the microbial origin of antigens, would be mediated via these pattern
recognition receptors (PRRs) by the innate immune system” 2. It is astonishing how research
over the last two decades has proven that Janeway’s fundamental concepts from 1989 hold
true’. Since Janeway’s hypothesis a multitude of PRRs has been identified. Shared
characteristics of PRRs include that they are germline-encoded and therefore expressed by
all cells of a given type, evolutionary conserved, and recognize PAMPs. Yet, recent evidence
indicates that PRRs not only recognize structures derived from pathogens, but can also
detect endogenous ligands released upon tissue damage or cellular injury, so-called
damage-associated molecular patterns (DAMPs). Distinct PRRs monitor different cellular
compartments for the presence of PAMPs or DAMPs. To this end, they are located at the cell
surface, in endosomes, or in the cytosol. Based on their phylogeny and structure different
families of PRRs have been indentified, including Toll-like receptors (TLRs), C-type lectin
receptors (CLRs), Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-like
receptors (NLRs)>. Besides these well established PRRs families several cytosolic DNA
sensing proteins have recently been discovered. Upon ligand binding PRRs trigger
intracellular signaling cascades via a limited number of evolutionary conserved signaling
modules, which integrate information and link recognition to appropriate immune effector
responses™ *. The cytosolic adaptor caspase recruitment domain-containing protein (Card)9
is one central signaling molecule, which assembles Card9-B cell lymphoma (Bcl)10-mucosa-
associated lymphoid tissue lymphoma translocation protein (Malt)1 (CBM) signalosomes and
thereby relays signals from multiple PRRs to inflammatory responses®. Following ligand
binding, several PRRs modify gene transcription via different signaling pathways, inducing

proinflammatory cytokines, interferons (IFNs), chemokines and other immune mediators,



which mediate acute inflammatory responses and initiate adaptive immunity3. Central to the
expression of proinflammatory cytokines in response to PRR activation is the transcription
factor nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-kB). Because
aberrant production of proinflammatory mediators can cause severe tissue damage or
inflammatory diseases, some highly potent cytokines such as interleukin (IL)-13 are tightly
controlled by additional mechanisms. Besides the transcriptional upregulation of pro-IL-1j3
MRNA, proteolytic processing of the inactive pro-IL-1$ precursor is needed to generate the
mature IL-1B3 protein. Pro-IL-1 is typically cleaved by caspase-1 within inflammasomes,
which are multiprotein complexes that oligomerize in the cytosol and engage distinct PRRs
for different ligands®. The cytosolic DNA sensor absent in melanoma (AIM)2 forms specific
inflammasomes after binding to cytosolic DNA by engaging the common inflammasome
adaptor apoptosis-associated speck-like protein containing a CARD (ASC)°, whereas
NACHT, LRR and PYD domains-containing protein 3 (NALP3)-containing inflammasomes
are activated in response to a large array of PAMPs and DAMPs, while a specific NALP3

ligand is still unknown’.

1.2 Cytosolic DNA recognition receptors

The ability of DNA to induce inflammatory and antiviral responses has been known for more
than 50 years®. Yet, only within the past decade the molecular mechanisms involved have
been unraveled. In 2000, TLR9 was the first PRR being identified to induce cytokine and type
| interferon (IFN-I) production upon DNA recognition. TLR9 specifically detects unmethylated
DNA, so-called CpG DNA motifs, which are more abundant in microbial than in mammalian
genomes’. However, the ligand binding domain of TLR9 faces the endosomal lumen and is
thereby unable to detect DNA that has entered into the cytosol®. Prior to the identification of
individual cytosolic DNA recognizing PRRs, TANK-binding kinase (TBK)1 has been shown to
be crucial for type | interferon production in response to cytosolic DNA, as well as DNA virus
infections. TBK1 mediates phosphorylation and activation of the transcription factor interferon
regulatory factor (IRF)3 leading to IFN-B expression'. In 2008, the endoplasmic reticulum-
associated adapter protein stimulator of interferon genes (STING) was identified as being
absolutely essential for IFN-I induction in response to cytosolic DNA and DNA viruses'. In
addition, in vivo studies highlighted a central role for STING in host defense against DNA
viruses'?. Mechanistically, STING directly engages TBK1 for IRF3 activation. Multiple
putative cytosolic DNA sensing PRRs, including DAI, IFI16, DDX41, DNA-PK and Mre11,
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have been shown to converge on STING for triggering interferon responses’®. Recently, the
identification of cyclic-GMP-AMP (cGAMP) synthase (cGAS), a cytosolic enzyme generating
the second messenger cGAMP, has significantly advanced our understanding of cytosolic

DNA recognition. Following direct DNA binding cGAS generates cGAMP, which directly

engages STING for IRF3 activation' '°. The functional importance of cGAS has also been

confirmed in vivo'®. However, the mechanisms by which NF-kB is activated upon cytosolic

DNA recognition are still not well understood. Moreover, STING seems to be largely
7. While AIM2 upon cytosolic DNA

dispensable for DNA-induced IL-18 production
recognition engages the common inflammasome adaptor ASC to activate caspase-1 for pro-

IL-18 processingﬁ, the signals that trigger pro-IL-13 expression remain unclear.
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Figure 1. Schematic representation of cytosolic DNA recognition. Multiple cytosolic DNA
receptors, including cGAS, DAI, IFI16, DDX41, DNA-PK and Mre11 have been implicated in
interferon responses via the endoplasmic reticulum-associated adaptor protein STING. After
direct DNA binding cGAS produces the second messenger cGAMP that directly associates
with STING and thereby triggers type | interferon responses. In parallel, cytosolic DNA
recognition by AIM2 leads to the activation of caspase-1 via the formation of AIM2
inflammasomes. Activated caspase-1 then proteolytically cleaves pro-IL-1B generating

mature, active IL-1pB.
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1.3 Syk-coupled C-type lectin receptors

C-type lectins were originally defined as proteins containing a conserved calcium-dependent
(,C-type“) carbohydrate-binding (,lectin®) domain. Later however, sequence homology
analysis revealed that this domain was also present in proteins that do not bind to
carbohydrates or calcium. Therefore, the term C-type lectin-like domain (CTLD) was
introduced'® '°. CLRs are soluble or transmembrane proteins containing a CTLD that mostly,
but not only recognize carbohydrate structures. A group of transmembrane CLRs, which are
able to initiate signaling pathways for reprogramming gene expression in response to ligand
binding independent of other PRRs, uses spleen tyrosine kinase (Syk) as a signaling

19

adaptor'® These so-called Syk-coupled CLRs comprise Dectin-1, Dectin-2, and

macrophage inducible C-type lectin (Mincle)'® ?°. All three Syk-coupled CLRs recognize
carbohydrate structures present in fungal cell walls and have been found to be important in

anti-fungal host defense. Dectin-1 specifically detects 3-1,3 and -1,6-linked B-glucans, while

19, 21

Dectin-2 and Mincle recognize a-mannans . Besides fungi, CLRs have been shown to

22. 3. 24 yiruses®, helminths®® and endogenous ligands released from

19, 27, 28

detect mycobacteria

apoptotic or necrotic cells

Dectin-1 is the best studied Syk-coupled CLR, which activates several cellular effector
responses upon ligand binding. Within its cytoplasmic tail Dectin-1 contains an
immunoreceptor tyrosine-based activation motif (ITAM)-like sequence, which is similar in
structure and function to the classical ITAM module in T and B cell antigen receptors'® 1% 2°,
Yet, while the ITAM consensus sequence (Yxxl/L-Xs.12-YXXI/L) contains tandem tyrosines, the
ITAM-like motif in Dectin-1 includes only a single YxxL sequence and thus has also been
named hemITAM'® ' 2° Recognition of particulate ligands by Dectin-1 leads to its clustering

into ,synapse-like structures“*°

and phosphorylation of the tyrosine residue within its ITAM-
like motif by Src family kinases (SFKs). Analogous to antigen receptor signaling, in which
tandem Src homology (SH)2-domain containing kinases such as Syk are recruited to the
phosphorylated ITAM motifs, Syk binds to the clustered, phosphorylated hemITAMs of
Dectin-1'® "% 2 Activated Syk then mediates phagocytosis and reactive oxygen species
(ROS) production, which triggers NALP3 inflammasome activation®" 3. In addition, Syk
relays signals to downstream signaling pathways, including mitogen activated protein kinase
(MAPK) and NF-kB signaling that reprogram gene transcription to produce inflammatory
cytokines and chemokines' '® 2% 32 Central to CLR-induced NF-kB activation is the adaptor

protein Card9* **. Dectin-1 ligation and Syk-activation mediate phosphorylation of Card9 at



Thr231 via PKC®, which leads to the formation of Card9-Bcl10-Malt1 (CBM) signalosomes,
essential for inhibitor of kappa B (IkB) kinase (IKK) activation that controls canonical NF-kB*
*_Yet in contrast to Card9 and Bcl10, Malt1 paracaspase seems to selectively regulate c-
Rel®*. Remarkable for a PRR, Dectin-1 signaling also leads to the induction of the non-
canonical NF-kB pathway, via Syk and NF-kB-inducing kinase (NIK), mediating RelB
activation®> *. In parallel, ligand recognition by Dectin-1 triggers activation of the serine-
threonine kinase Raf-1 in a Syk-independent manner. Activated Raf-1 phosphorylates the
NF-kB subunit p65 at Ser276, which modulates p65 and RelB activity®.
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Figure 2. Dectin-1 signaling pathways. Following ligand recognition, Dectin-1 is tyrosine
phosphorylated by SFKs within its cytoplasmic ITAM-like motif, which leads to the
recruitment of Syk. Activated Syk then mediates phagocytosis, ROS production and
inflammasome activation, and regulates gene transcription via MAPKs and NF-kB signaling.
Crucial for Dectin-1-induced canonical NF-kB activation is the Card9-Bcl10-Malt1 complex.
The serine-threonine kinase PKC& regulates Card9 function via Thr231 phosphorylation.

Independent of Syk, Dectin-1 activates Raf-1, leading to p65 phosphorylation, which



modulates NF-kB-dependent gene transcription. CARD, caspase-recruitment domain; CC,

coiled coil domain; IkB kinase (IKK); adapted from Roth and Ruland®.

In contrast to Dectin-1, Dectin-2 and Mincle do not carry an internal ITAM-like motif, but
instead associate with the ITAM-containing adaptor protein Fc receptor y (FCcRy) chain to
initiate downstream signaling’® #. Upon ligand recognition FcRy chain-associated Dectin-2
and Mincle also engage the common Syk-PKC®-Card9 signaling axis for NF-kB activation

and cytokine production®* **.
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Figure 3. Syk-coupled CLR signaling. Ligand binding leads to tyrosine phosphorylation of
ITAM-like motifs within Dectin-1, or Dectin-2/Mincle-associated ITAM-containing FcRy
chains. Syk is thereby recruited and mediates NF-kB activation via the central PKCd-Card9-
Bcl10-Malt1 signaling cascade. CARD, caspase-recruitment domain; CC coiled coil domain;

IkB kinase (IKK); adapted from Roth and Ruland®.



1.4 Card9 structure, expression and biochemistry

Card9 was originally identified in a mammalian two-hybrid screen for CARD-containing
proteins, which directly interact with the signaling adaptor protein Bcl10 that has been known
already for its essential role in NF-kB signaling pathways. Card9 and Bcl10 were shown to
selectively associate via CARD-CARD interactions, and overexpression of Card9 in
HEK293T cells induced NF-kB activity* *’. Besides its N-terminal CARD, at its C-terminus
Card9 contains a coiled-coil domain, which functions as an oligomerization domain in a
variety of proteins®’. The domain composition of Card9 is similar to the CARD-containing
membrane-associated guanylate kinase (MAGUK) (Carma) family of proteins, including
Carma1 (also known as Card11), Carma2 and Carmag3. Yet, in contrast to the Carma family,
Card9 lacks the MAGUK domain, which has been shown to mediate membrane association®.
Card9 has been shown to be expressed in a variety of tissues, including peripheral blood,
bone marrow, thymus, spleen, liver, lung, placenta and brain. At a cellular level, highest
expression levels of Card9 were detected in myeloid cells, especially in APCs, such as
macrophages and dendritic cells*. As mentioned above, the first functional insight into Card9
derived from its direct association with Bcl10. In lymphoid cells, Bcl10 together with Card11
and Malt1 forms signaling complexes, which are crucial for antigen receptor-induced NF-kB
activation. Subsequently it has been shown, that in myeloid cells Card9 takes over the role of
Card11 in forming CBM signalosomes that regulate NF-kB activity in response to ITAM-

4, 38

receptor stimulation . Therefore, depending on the cell-type distinct CBM complexes

function as central signaling platforms downstream of ITAM receptors for NF-kB activation.

1.5 Card9-mediated PRR signaling

Card9 is a multifunctional signaling adaptor, on which signals from distinct PRRs converge“.
Pathogens mostly comprise complex compositions of PAMPs that engage multiple PRRs.
The signals initiated by diverse PRRs are integrated by a limited number of signaling
molecules, which orchestrate context-specific innate and adaptive immune responses™.
Card9 has been shown to link a variety of PRRs to downstream effector pathways*. Card9 is
absolutely essential for Syk-coupled CLR-induced inflammatory responses. Card9-deficient
dendritic cells are defective in NF-kB activation and cytokine production after stimulation with
Candida albicans (C. albicans) or the fungal cell wall preparation zymosan, which contains 3-

glucans that bind to Dectin-1%2. Consistently, the selective Dectin-1 agonist curdlan, a
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particulate B-glucan, induced Card9-dependent inflammatory responses in dendritic cells*.

Moreover, cross-linking of Dectin-2, or stimulation with a-mannans has been demonstrated to

trigger Syk-Card9-dependent NF-kB activation and cytokine production in myeloid cells*! *2.

Remarkably, in response to C. albicans inflammatory responses were almost completely
abolished in Card9™ cells, whereas they were only partially impaired in Dectin-2-deficient
cells, indicating redundancy at the receptor level and that Card9 is the common adaptor
downstream of additional fungal PRRs*. The Syk-coupled CLR Mincle also recognizes fungi

20, 22, 23, 43

and mycobacteria . Mincle detects mycobacteria via their abundant cell wall

glycolipid trehalose-6,6-dimycolate (TDM)?* . TDM and its synthetic analogue trehalose-
6,6-dibehenate (TDB) activate myeloid cells via Mincle-FcRy and the common Syk-CBM-NF-

2. 24 Consistently, Card9™ cells are impaired in cytokine production

44

KB signaling axis
following infection with Mycobacterium tuberculosis* **. Besides its major role in CLR
signaling, Card9 has been shown to be also involved in mediating inflammatory responses
downstream of intracellular PRRs, including NOD2 and RLRs*. NOD2 is an NLR family
member that recognizes structures derived from bacterial cell wall peptidoglycans and has a
crucial role in intestinal homeostasis. Via its N-terminal CARD NOD2 recruits the CARD-
containing adaptor receptor-interacting serine-threonine kinase (RIP)2 to activate NF-kB* *°.
Card9 has been shown to be involved in a parallel pathway that mediates NOD2-induced

MAPK activation and cytokine responses® *°.

RLRs, such as RIG-I and melanoma differentiation-associated gene (Mda)5, recognize viral
RNA in the cytosol and initiate signaling pathways for IRF and NF-kB activation via the
mitochondrial antiviral-signaling protein (MAVS)*. Recently we have discovered that RIG-|
and Mda5 engage Card9 and Bcl10 specifically for NF-kB-dependent proinflammatory
cytokine responses. Recognition of 5'pppRNA or vesicular stomatitis virus (VSV) by RIG-I
triggered IL-6 and IL-1B generation in wild type dendritic cells, which was impaired by the
lack of Card9 or Bcl10®®. A previous study has shown that Card9” macrophages are
defective in MAPK activation in response to VSV infection®®. In addition to reprogramming
gene transcription RIG-I signaling also induces caspase-1 dependent inflammasome
activation and thereby leads to mature IL-18 production®. Besides viral RNA, RLRs also
detect bacterial nucleic acids. Listeria monocytogenes, a gram-positive intracellular
bacterium, secretes nucleic acids into the cytosol, which induce type | interferon responses in
a RIG-I-, Mda5- and STING-dependent manner®. In addition, cytosolic Listeria derived

nucleic acids trigger inflammasome activation and IL-1 production via RIG-I. In contrast,
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Card9 selectively regulates Listeria-induced IL-1 production without affecting inflammasome

activation or IFN responses®.

1.6 CLR-Card9 signaling in anti-fungal host defense

The importance of CLR-Card9-mediated inflammatory responses in anti-fungal host defense
has been shown in numerous studies in mice and humans. Card9-deficient mice were
impaired in fungal clearance and rapidly succumbed after systemic C. albicans infection®.
Excitingly, recent genetic analyses have revealed an association of Card9 and susceptibility
to fungal infections in humans®. A loss-of-function mutation of CARD9 leads to an autosomal
recessive form of chronic mucocutaneous candidiasis. Patients with the homozygous point
mutation Q295X in CARD9, resulting in a premature stop codon, completely lacked wild-type
Card9 protein. In vitro reconstitution experiments of bone marrow cells from Card9-deficient
mice demonstrated that in contrast to human full-length CARD9, the CARD9 Q295X mutant
could not restore the Dectin-1 signaling defect of Card9™ cells®'. Subsequently, several
mutations in the CARD9 gene have been associated with invasive candidiasis, and infections
with other fungal species®. In addition, Dectin-1, Dectin-2, or Mincle deficient mice are
impaired in host defense against C. albicans, Aspergillus fumigatus, or Pneumocystis carinii*.
Yet, the significance of individual receptors varies for different fungal species and strains.
Interestingly, Dectin-1 polymorphisms have been associated with increased susceptibilities to

infection with C. albicans and invasive aspergillosis in immunosuppressive settings®? %% 4.

1.7 Card9 in inflammatory diseases

While innate immune responses are crucial for host defense against pathogens, uncontrolled
activation of immune effector pathways can lead to tissue damage and inflammatory
diseases. Inflammatory bowl diseases (IBDs), including Crohn’s disease (CD) and ulcerative
colitis (UC) are common, chronic, relapsing and remitting gastrointestinal inflammatory
disorders, which are supposed to be caused by aberrant immune responses against an
altered intestinal microbiome in a genetically susceptible host %, After years IBDs greatly
increase the risk of colorectal cancer development™®. Despite large efforts the mechanisms
involved in IBD and inflammation-associated carcinogenesis remain incompletely

understood. The NOD2 gene was the first identified susceptibility gene for CD* *°. Since then
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the role of innate immunity in IBD has been studied extensively. A candidate-gene analysis
of innate immune pathways in IBD identified an association of the CARD9 gene
(rs10870077) with CD and UC®’. The association of Card9 with IBD was confirmed by the

%’ and

Crohn’s disease Wellcome Trust Case Control Consortium (WTCCC) datase
replicated in genome-wide association studies (rs4077515)* °* *°. Several subsequent
analyses further corroborated a potential role of Card9 in IBDs* ®% ¢'528 | addition, Dectin-
1" mice are more susceptible to colitis, and a polymorphism in the human Dectin-1 gene
(CLEC7A) has been associated with a severe form of UC*, indicating that CLR-Card9
signaling might be involved in the etiology of IBDs. Other chronic inflammatory diseases that
often co-occur with IBDs have also been associated with the CARD9 gene, including primary

sclerosing cholangitis®®, and ankylosing spondylitis®® "2,

2. Aim of the present study and scientific approach

Card9 is a central signaling adaptor of the innate immune system that is engaged by different
transmembrane and cytosolic PRRs to mediate inflammatory responses®. To get insight into
the mechanisms how Card9 signaling is regulated and whether Card9 mediates additional
PRRs signaling pathways we performed a yeast two-hybrid screen with full-length Card9.
Newly identified Card9-interacting proteins were validated for their association with Card9

using a variety of biochemical techniques and were functionally characterized®.

In order to further elucidate the molecular mechanisms of CLR signaling, especially to
identify receptor proximal events that link the tyrosine kinase Syk to Card9 we determined
inducibly tyrosine phosphorylated proteins in response to CLR activation via mass
spectrometry®. In parallel, we used a targeted genetic approach to investigate proteins,
which were already known to be involved in other ITAM receptor pathways, for their potential
role in CLR signaling. In particular, we analyzed inflammatory responses in myeloid cells
derived from mice with targeted deficiencies in those signaling proteins, including the Vav

family’.

Besides inducing proinflammatory cytokines, recently fungal infections have been shown to
lead to type | IFN production” "% Yet, the involved receptors and signaling mechanisms

remain unclear. To explore the mechanisms how fungal infections induce IFN responses we
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mapped the signaling pathway using mice lacking specific PRRs and signaling adaptor

proteins, respectively”.

The results of these studies might contribute to our understanding of protective anti-fungal
immune responses and inflammatory diseases, and potentially help to develop novel

therapeutic strategies.

3. Results and discussion
3.1 Role of Card9 in cytosolic DNA-induced inflammatory responses

Whereas diverse DNA sensing pathways important for type | interferon production have been

discovered® *’

, the understanding of DNA-induced inflammatory signaling and IL-183
production is still very limited but of prime importance. In fact, evolution has selected a
specific inflammasome that mediates DNA-induced pro-IL-1B processing, the AIM2
inflammasome® *’. We have now identified a key upstream mechanism for DNA-induced pro-

IL-1B generation®.

In a yeast two-hybrid screen with Card9 as bait we identified Rad50 as a potential Card9-
interacting candidate. We confirmed the association of Rad50 with Card9 via
bioluminescence resonance energy transfer (BRET) and co-immunoprecipitation
experiments of endogenously expressed proteins®®. So far Rad50 has been most intensively
studied as a component of the Mre11-Rad50-Nbs1 (MRN) complex that plays a prominent
role in the DNA damage response (DDR)"*. Two Rad50 nucleotide-binding motifs at its N-
and C-terminus together with two Mre11 nucleases form a globular DNA-binding structure.
The interjacent amino acids of the Rad50 molecule constitute a long (~500 A) flexible anti-
parallel coiled-coil with an apical zinc-hook motif. Nbs1 associates with the globular core
complex. This evolutionarily highly conserved protein complex can detect DNA double-strand

breaks™ 7°

and initiate signaling cascades to DNA repair and DDR by activating the
transducing kinases ataxia-teleangiectasia mutated (ATM) or ATM- and Rad3-related (ATR).
Since it has been previously shown that the Mre11,Rad50, core complex binds DNA™, we
investigated whether Rad50 links DNA recognition to Card9 engagement. DNA pull-down
experiments combined with immunodepletion of Rad50 revealed that Card9 associated with
double-stranded DNA (dsDNA) selectively in the presence of Rad50, indicating that Rad50 is

essential to bridge DNA binding to Card9. Mapping experiments demonstrated that Rad50-
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Card9 interactions involved the Rad50 zinc-hook region that is separated from its DNA-
binding domains. In addition, immunofluorescence microscopy showed that Rad50 indeed
associates with Card9 under physiological conditions. Cytosolic dsDNA initiated the
interaction of Rad50 and Card9 in the cytoplasm®. In the steady state Mre11 and Rad50 are
mainly localized in the nucleus’. Yet, previous studies have shown that viral proteins can
mediate relocalization of the MRN complex into cytoplasmic aggreates77 and that Mre11 and
Rad50 localize to dsDNA in the cytosol’®. This is consistent with our results, showing that
intracytoplasmic delivery of dsDNA or DNA virus infection induces rapid redistribution of
Rad50 from the nucleus to the cytosol. Within two hours, nuclear levels of Rad50 are
dramatically reduced and Rad50 mainly localizes to cytoplasmic dsDNA foci, which also
contain Mre11 and Nbs1. To these foci the innate immune signaling adaptor proteins Card9

and Bcl10 are recruited®.

Next we were interested whether this dsDNA-Rad50-Card9-Bcl10 complex formation might
have a potential physiological role. Experiments with primary cells from a series of knockout
mouse lines, uncovered the pathway how dsDNA triggers pro-IL-13 synthesis. Dendritic cells
of Rad50-depleted, Card9” and Bcl10” mice were defective in cytosolic DNA-induced IL-18
production, whereas ATM™ cells showed normal IL-1B responses®. These studies indicate
that the DNA-sensing protein Rad50 couples to Card9 and Bcl10 for IL-13 generation, but
that the transducing kinase ATM, which is essential for the DDR initiated by the MRN

complex in the nucleus’, is dispensable for this immune response.

Mechanistically, our data show that dsDNA-Rad50-Card9 complexes recruit Bcl10 for NF-kB
activation. While NF-kB activation and pro-IL-1B production were defective in Card9- and
Bcl10-deficient cells, interferon responses were normal. Cytosolic DNA-induced IRF3
phosphorylation and nuclear translocation, as well as IFN production were completely
independent of Card9 and Bcl10%. Since these events are critically controlled by STING it
seems that the Rad50-Card9-Bcl10 pathway does not affect the cGAS-STING signaling
cascade. This notion is further supported by the fact that cGAMP-induced type | IFN
production was independent of Card9. Moreover, Card9- or Bcl10-deficient cells were not
impaired in caspase-1 activation upon DNA transfection, indicating that the Card9-Bcl10
signaling axis is not involved in DNA-triggered inflammasome activation®®. Thus, our genetic
results unequivocally demonstrate that the Rad50-Card9-Bcl10 pathway defines a specific

signaling cascade for DNA-induced pro-IL-13 generation.
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In this context it is also important to note that previous independent reports demonstrated
that STING™ cells produce normal amounts of IL-18 upon DNA virus infection, although the
IFN response was found to be completely defective'®. Moreover, siRNA against STING did
not affect DNA-induced IL-1B generation, whereas it dramatically diminished type | IFN, IL-6
and TNF production'”. We confirmed that STING™ cells produce substantial amounts of IL-18
in response to cytosolic DNA, while they were defective in IFN generation®®. Consistent with

previously published data'® "

, our results thus indicate that STING, is largely dispensable for
IL-1B responses. It is interesting to note, that DNA-induced IL-6 and TNF production are
profoundly affected by the lack of STING, whereas these responses are only partially
diminished in Card9- or Bcl10-deficient cells®. Therefore, it seems that STING-dependent

signaling pathways might regulate certain NF-kB-controlled responses distinct from IL-1[3.

While this work was ongoing an independent study supposed that Mre11 and Rad50
association with transfected dsDNA in the cytoplasm might regulate STING trafficking’®.
Kondo et al. implicated that Rad50 mediates IFN responses using cell line transfection
models and siRNA. We now demonstrate in primary gene deficient cells, that the Rad50-
Card9-Bcl10 axis is specifically involved in NF-kB activation upon cytosolic DNA recognition,
but dispensable for IRF activation or IFN production®. Still, it is conceivable, that Rad50
could couple to STING in a Card9-independent manner. However, multiple additional
upstream regulators of the IFN response have also been proposed including DAI, IFI16 and
DDX41, but recent genetic data demonstrated that cGAS is the sine qua non activator of the
STING pathway™ "> 4.

Cytosolic DNA seems to trigger several parallel signaling pathways, including activation of
STING for type | IFN production, induction of autophagy through p62 and NDP52, stimulation
of apoptosis or necrosis via caspase-9 or RIP3, and AIM2 inflammasome formation for
maturation of pro-IL-18% /. Our data now indicate another potentially STING-independent
signaling cascade upon dsDNA recognition in the cytoplasm. Thus, Card9 seems to be
indeed multifunctionally engaged by several innate immune signaling pathways, including
CLRs, Nod-2, RIG-I* and Rad50. Similar observations have been made for most intracellular
signaling molecules (MyD88, TBK1 and many others), which are also involved in a variety of

PRR pathways.

In vivo infection experiments further supported a physiologically relevant function of Card9 in
DNA virus induced IL-1B generation and anti-viral CD8 T cell responses®. IL-1B responses

provide security checkpoints for anti-viral immunity particularly under circumstances in which
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. In addition, IL-1B generation upon viral infection is

79, 80

viruses subvert the IFN system
important for optimal anti-viral CD8 T cell responses®" 8. Moreover, several viruses have

evolved strategies to inhibit IL-1B production and IL-1B signaling” 8 8 demonstrating that

IL-1B provides an anti-viral selective pressure. In this respect it is interesting to note, that
84, 85

several DNA viruses, including adenoviruses, have developed strategies to inhibit Rad50
signaling, suggesting that the Rad50 pathway could be a target for viral subversion

IL-1B is a very potent cytokine, which is tightly controlled, but when deregulated can lead to

, it will be important to explore

supported by the efficacy of IL-1B blocking therapies®. Because endogenous, cytosolic DNA

autoinflammation. The pathological importance of IL-1f3 in autoinflammatory diseases is best
86, 87, 88

triggers pathological IL-1B responses in autoimmunity
the contributions of Rad50-Card9 signaling under those conditions. Ultimately, such studies
may lead to the development of novel rational therapies for infections or inflammatory

N,
\\

diseases.
IL-18
4
1
I
I
1
]
VVVVWV ona !
!
/' N ]
l' “\ "’
¥ RN !
]
e . AIM2 /
-~ I
//’ // l”
e ¥ !
4 1
" Cardg ASC /
/ ]
,'/ pro-Caspase-1 ,"
/ Bcl10 1
/ !
’ 1)
i 1
I’ “ I’
/ \ /
{ N . Caspase-1 |
l’ \‘\ I’
H / Seee /
1 ~——
! p65 p50 c-Rel p50 =
i Pro-IL-1p -7 IL-1B &
1 e ——— e
\ . —— -
——Jr"’— .~-~‘“~ ®
* Pro-IL-18 ™S,
> ~.
~\\\
N\,

Figure 4. Cytosolic DNA-induced IL-1B8 responses. Rad50 recognizes cytosolic DNA,
relocates from the nucleus to the cytoplasm, and associates with Card9, which further
recruits Bcl10 for NF-kB activation and pro-IL-1f transcription. In parallel, DNA-triggered
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AIM2 inflammasome formation activates caspase-1 for processing of pro-IL-1[3 to biologically
active IL-1pB.

3.2 Vav proteins control Syk-coupled C-type lectin receptor triggered inflammatory

responses via Card9-Bcl10-Malt1 signalosomes

The incidence of fungal infections has dramatically increased, related to rising numbers of
patients at risk, due to HIV infection, antineoplastic and immunosuppressive therapy, broad-
spectrum antibiotics, implantation of alloplastic materials, or central venous access in
medicine. Candida species are the most prevalent opportunistic fungi causing superficial and
invasive disease. Since effective anti-fungal therapies for the treatment of systemic mycoses
are lacking, the mortality rates are still very high® . Elucidating the molecular mechanisms
involved in anti-fungal immune defense will enable the development of novel therapeutic
strategies. Recent evidence indicates that CLR-Card9 signaling is of central importance in
host protection against fungi* *°. Yet, the molecular mechanisms that connect Syk-coupled
CLR activation to effector pathways are incompletely understood. Our data now demonstrate
that signals from Syk-coupled CLRs converge on Vav proteins for NF-kB activation and

inflammatory responses, essential for anti-fungal immunity in mice and humans™.

To identify potential signaling intermediates that are regulated by the tyrosine kinase Syk in
response to CLR activation, we used an unbiased proteomic approach determining inducibly
tyrosine phosphorylated proteins after zymosan stimulation in bone marrow-derived dendritic
cells (BMDCs)*. Interestingly, Vavl and Vav3 were among the identified potential
candidates’™. Phosphorylation of Vav1 at Tyr174 has been previously shown to occur
downstream of different ITAM receptors in a Src and Syk kinase dependent-manner, leading
to a conformational change of Vav1 and activation of its guanine-nucleotide exchange factor
(GEF) activity®™ 92 % Consistently, C. albicans infection of dendritic cells triggered Vav

Tyr174 phosphorylation via Src and Syk’.

Functional analysis of Vav proteins in Candida infected dendritic cells revealed that the Vav
family was absolutely essential for regulating inflammatory responses. We further determined
the individual role of all three Vav isoforms in distinct Syk-coupled CLR signaling pathways.
Our results demonstrated that Vav proteins specifically control cytokine production following

Dectin-1, Dectin-2, or Mincle activation. Like within other ITAM receptor pathways, Vav
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isoforms seem to be at least partially redundant in CLR-triggered inflammatory responses.
Notably, Vav3 appears to have the strongest impact on CLR signaling”®. We thus discovered
a novel crucial role of Vav family proteins in innate immunity, which complements their well-

known functions in phagocytosis and ROS production®' %4 9%

Mechanistically, we identified that Vav regulates Candida-induced activity of the CBM
complex, as determined by Malt1 paracaspase function, and controls NF-kB activation,
essential for reprogramming gene expression. In contrast to the central role of the Vav family
in regulating Candida-induced NF-kB signaling, MAPK and inflammasome activation are not
affected by the loss of all three Vav isoforms’, indicating that Vav controls only specific

subsets of CLR-triggered innate immune responses.

The functional relevance of Vav proteins in inflammatory responses to CLR ligands was also
confirmed in vivo. A previous study has shown that the mycobacterial cord factor TDM
induces inflammation in mice via Mincle®. Interestingly, mice lacking all three Vav isoforms
were almost completely defective in cytokine production following systemic administration of
TDM. Moreover, inflammatory responses after C. albicans infections were largely impaired in
Vav triple knockout animals™. These results together indicate that the Vav family, similar to
components of the CBM complex, is absolutely essential for Syk-coupled CLR-mediated

cytokine production in vitro and in vivo.

The central role of CLR-Card9 signaling and cytokine responses in anti-fungal host defense
is well-established” . Recently, it has been shown that Vav-deficient mice are highly

%. % Our results confirm and extend these

susceptible to systemic Candida infections
previous reports by determining the individual role of all three Vav isoforms. Intriguingly, their
relative functional importance in anti-fungal host defense mirrors their impact on CLR-
induced inflammatory responses in vitro™. In this regard it is interesting to note that Vav3
potentially is the most important isoform for host protection. However, the specific
mechanisms how Vav controls fungal infection in vivo remain unclear. Although defective
inflammatory responses probably contribute to the impaired anti-fungal defense, diminished

phagocytosis and ROS production might also be involved.

Excitingly, the importance of Vav proteins in anti-fungal immunity is validated by our
identification of a SNP in the gene encoding VAV3 that is significantly associated with

susceptibility to candidemia in humans’. Since Syk-coupled CLRs detect structures derived
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from a variety of pathogens as well as endogenous ligands , our results might have

implications beyond anti-fungal immunity.

3.3 Dectin-1-Syk-Card9-IRF5 signaling regulates Interferon-B responses in anti-fungal

immunity

Type | interferons are best known for their essential role in immunity against viruses and
intracellular bacteria by regulating cellular intrinsic antiviral effector mechanisms and
orchestrating innate and adaptive immune responses® . Several PRRs have been shown
to initiate signaling cascades leading to the activation of IFN response factors, especially
IRF3 and IRF7, which regulate IFN-I gene expression® . Recent evidence indicates that
not only viruses and bacteria, but also fungi induce IFN-I production’” ", However, the
mechanisms and physiological role of anti-fungal interferon responses remain unclear. Here
we discovered a novel pathway that controls Candida-induced IFN production via Dectin-1
and Dectin-2, which requires Syk, Card9 and IRF5. Thus our data expand the group of IFN-
inducing PRR families by Syk-coupled CLRs.

To get insight into the receptors and molecular mechanisms involved in Candida-triggered
type | IFN responses, we determined the role of potentially important PRRs and signaling
molecules by genetic experiments using targeted knockout mice. C. albicans structures have
been shown to be recognized by Syk-coupled CLRs and some TLRs'®. In contrast to two
previous reports, which proposed an important role of TLR7 and TLR9 for fungal-induced
IFNB production”" ”?, our data clearly demonstrate that Candida induces type | IFN mainly via
Dectin-1 and Dectin-2, with a minor contribution of TLR2". These apparently conflicting
results might rely on differences in cell wall composition among distinct Candida species and
strains. Previously it has been shown already that the relative functional importance of
specific Syk-coupled CLRs in anti-fungal defense varies depending on the particular Candida
strain®® 1°"- 192 |n this regard it is interesting to note, that the specific Dectin-1 ligand curdlan
induced considerable amounts of IFN(, indicating that in principal selective Dectin-1
activation is able to trigger type | IFN responses. Further pathway analyses revealed that Syk
was absolutely required for Dectin-1-induced IFN production™. Since NF-kB contributes to
transcriptional activation of the /IFNB gene'® and Card9 is the central signaling adaptor that

4, 33

regulates CLR-induced NF-kB activity , we determined the role of Card9 in IFNf

production. Interestingly, curdlan or Candida-induced type | IFN responses were almost
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completely inhibited by the lack of Card9 or Syk, while in Dectin-1-deficient cells residual
amounts of IFNB were generated’®, indicating functional redundancy at the receptor level and
a potential involvement of other Syk-coupled CLRs. Similar redundancy of CLRs is known for
inflammatory cytokine responses®. Besides Dectin-1, Dectin-2 seems to be equally important

for Candida-induced IFNB production, while Mincle is apparently not involved”®.

IRF3 and IRF7 are essential for type | IFN production upon recognition of viral or bacterial
infection by TLRs or cytosolic PRRs* . Surprisingly, Dectin-1 induced IFNB production was
independent of IRF3 and IRF7, while it required IRF5”%. A role of IRF5 in pathogen-induced
type | IFN responses has only recently been proposed'® "%, Interestingly, a recent study
indicated that IRF5 is activated by IKKB'®, which centrally controls NF-kB activity
downstream of the CBM complex, indicating that the CBM signalosome might regulate via

IKKB inflammatory cytokine and type | IFN responses.

The physiological importance of type | IFNs in anti-fungal host defense is supported by our in
vivo results demonstrating an increased susceptibility of IFNAR™ mice to Candida
infections”, consistent with previous studies’" '”. However, IFN responses might also have
detrimental effects in fungal infections’® . Beneficial versus harmful properties of type |
IFNs have also been reported for viral or bacterial infections® *. Yet, a recent study
indicates that type | IFNs contribute to anti-fungal host protection in humans. Defective
expression of genes in the type | interferon pathways was associated with chronic

mucocutaneous candidiasis'®.

4. Summary of each publication and individual contribution of the candidate
4.1 Rad50-Card9 interactions link cytosolic DNA sensing to IL-18 production

The appearance of dsDNA in the cytoplasm is highly immunogenic as it triggers potent
inflammatory pathways that culminate in the production of IL-18 and type | interferons®.
These responses are part of the regular defense against viruses but, under pathological
conditions, can trigger inflammatory disease. Our understanding of the innate immune
response to DNA is incomplete. Here we discovered a surprising direct interaction between
the DNA-binding protein Rad50, which is also involved in the eukaryotic DNA double-strand
break response, and the innate immune signaling adapter Card9%. Rad50 is recruited to

cytosolic dsDNA upon DNA transfection or DNA virus infection and couples to Card9 binding,
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resulting in the formation of distinct dsDNA/Rad50/Card9 signalosomes. These complexes
further recruit the downstream effector Bcl10, leading to selective activation of the
inflammatory NF-«B signaling cascade. This mechanism is crucial for DNA-induced pro-IL-1(3
synthesis and IL-1B production and is distinct from AIM2 inflammasome activation or cGAS-
STING-mediated IFN control®. Experiments in primary Rad50-, Card9-, Bcl10-, STING- and
ATM-deficient cells revealed the mechanism and the hierarchy of the Rad50/Card9/NF-xB
signaling cascade. Rad50, Card9 or Bcl10-deficient dendritic cells were defective in IL-1]3
generation upon viral, bacterial, mammalian or synthetic DNA recognition and Card9™ mice
presented severely impaired IL-1B responses upon DNA virus infection in vivo®. Thus, our
results define a non-redundant DNA recognition pathway for inflammation and demonstrate a
previously unrecognized connection between an evolutionary conserved DNA damage

sensor and an innate immune signaling system.

Susanne Roth, Andrea Rottach, Heinrich Leonhardt and Jirgen Ruland designed the study.
Susanne Roth, Andrea Rottach, Amelie S Lotz-Havla, Verena Laux, Andreas Muschaweckh
and Katelynd Vanness did the experiments. Susanne Roth, Andrea Rottach, Amelie S Lotz-
Havla, Seren W Gersting, Ania C Muntau, Karl-Peter Hopfner, Ingo Drexler, Heinrich
Leonhardt and Jirgen Ruland analyzed the results. Susanne Roth, Andrea Rottach and
Amelie S Lotz-Havla generated the figures. Lei Jin and John H J Petrini provided reagents.

Susanne Roth and Jirgen Ruland wrote the paper.

4.2 Vav Proteins Are Key Regulators of Card9 Signaling for Innate Antifungal Immunity

Syk-coupled CLRs, including Dectin-1, Dectin-2, and Mincle, recognize structures present on
a vast array of pathogens, especially fungi, and also detect endogenous damage associated
molecules. These PRRs have an essential role in host defense, as well as in immune
homeostasis. Activation of Syk-coupled CLRs upon ligand recognition triggers several
signaling cascades in parallel, leading to phagocytosis, production of ROS and inflammatory
cytokines'® '® 2% ITAM-like motifs within their intracellular region or ITAM-containing signaling
chains associated with Syk-coupled CLRs become phosphorylated by Src family kinases and
constitute a docking site for the tyrosine kinase Syk. Syk then phosphorylates and thereby
activates signaling intermediates, which regulate downstream pathways to MAPK and NF-kB
activation for inflammatory responses. The Card9-Bcl10-Malt1 complex, which is regulated
by PKCS, controls Syk-coupled CLR-induced NF-kB activity" '® . Yet, the molecular
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mechanisms linking Syk to Card9 signaling are incompletely understood. Here we identified
the Vav family of proteins as central signaling intermediates for Syk-coupled CLR-induced
NF-kB activation”. C. albicans, which is detected by Syk-coupled CLRs on myeloid cells,
induces tyrosine phosphorylation of Vav1 via Src and Syk kinases. Vav proteins control Syk-
coupled CLR-triggered inflammatory responses in vitro and in vivo, and are crucial for anti-
fungal host defense’®. Although distinct Vav isoforms are partially redundant, cells and mice
lacking all three Vav family members are almost completely defective in Syk-coupled CLR-
induced cytokine production. Excitingly, a VAV3 single nucleotide polymorphism is
associated with candidemia in humans. Mechanistically it seems that Vav proteins control
CBM complex activity and NF-kB activation’®. Together, our results define Vav proteins as

central signaling hubs for CLR-induced NF-kB-dependent immune responses.

Susanne Roth and Jirgen Ruland designed the study. Susanne Roth, Hanna Bergmann,
Martin Jaeger, Konstantin Neumann, and Paul-Albert Koenig performed experiments.
Susanne Roth, Hanna Bergmann, Martin Jaeger, Konstantin Neumann, Paul-Albert Koenig,
Mihai Netea, and Jurgen Ruland analyzed the results. Martin Jaeger, Vinod Kumar, Melissa
Johnson, and Mihai Netea conducted patient sample collection and clinical data analyses.
Assa Yeroslaviz and Bianca Habermann performed bioinformatic analyses. Susanne Roth,
Martin Jaeger, and Assa Yeroslaviz generated the figures. Clarissa Prazeres da Costa,
Lesley Vanes, Mauricio Menacho-Marquez, Victor L Tybulewicz, and Xosé R. Bustelo

provided critical reagents. Susanne Roth and Jirgen Ruland wrote the paper.

4.3 Interferon-B Production via Dectin-1-Syk-IRF5 Signaling in Dendritic Cells Is

Crucial for Immunity to C. albicans

Type | interferons are best known for their essential role in antiviral immunity by regulating
anti-viral mechanisms within infected cells and by orchestrating adaptive immune responses.
Several PRRs in different cellular compartments have been shown to induce IFNa/p
expression mainly via IRF3/7 transcription factors®® %°. Recently fungi, especially Candida,
have been identified to also induce type | interferon production. Depending on the fungal
species or strain, type | interferons seem to have beneficial or detrimental effects on host
protection’®- 1% 1% However, the molecular events regulating fungal-induced IFN responses
remain unclear. In the present study we discovered a new signaling pathway leading to type |

interferon production upon recognition of fungi by myeloid cells”®. In dendritic cells, C.
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albicans-triggered IFNB expression was mainly dependent on Dectin-1 and Dectin-2"°.
Thereby our data expand the class of type | IFN-inducing PRRs by Syk-coupled CLRs. Using
the specific Dectin-1 ligand curdlan we further mapped the corresponding pathway. Dectin-1-
induced IFNPB responses involved Syk-Card9-IRF5 signaling, and were independent of the
transcription factors IRF3 and IRF7. IFNB production was largely impaired in Dectin-1, Syk,
Card9, or IRF5-deficient dendritic cells in response to curdlan or C. albicans, while it was
intact in cells lacking IRF3, or IRF7. Interestingly, type | interferon receptor-deficient mice
rapidly succumbed after systemic C. albicans infection, indicating a protective role of type |
interferon responses in anti-fungal host defense’. Thus, our data describe a Dectin-1-Syk-
Card9-IRF5 signaling pathway regulating type | interferon production, which is essential for

anti-fungal immunity.

Susanne Roth had discovered in independent experiments that Dectin-1 activation induces
type | interferon responses in a Card9-dependent manner. After being contacted by Carlos
Ardavin we contributed our results to a joint manuscript. Susanne Roth performed

experiments, analyzed results and contributed to design and writing of the study.
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Abstract

Double-stranded DNA (dsDNA) in the cytoplasm triggers interleukin-1p (IL-1B) production as an
anti-viral host response, and deregulation of the pathways involved can promote inflammatory
disease. Here we report a direct cytosolic interaction between the DNA-damage sensor Rad50 and
the innate immune adapter CARD?9. Dendritic cell transfection with dSDNA or infection with a
DNA virus induces the formation of dSDNA-Rad50-CARD9 signaling complexes for NF-«kB
activation and pro-IL-1f generation. Primary cells conditionally deficient for Rad50 or lacking
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CARD?9 consequently exhibit defective DNA-induced IL-1p production, and Card9~'~ mice have
impaired inflammatory responses upon DNA virus infection in vivo. These results define a
cytosolic DNA recognition pathway for inflammation and a physical and functional connection
between a conserved DNA-damage sensor and the innate immune response to pathogens.

The appearance of double-stranded DNA (dsDNA) in the cytoplasm, which is normally a
DNA-free environment, triggers potent inflammatory pathways that culminate in the
production of interleukin-1f (IL-1f) and type 1 interferon (IFN). These innate immune
responses alert the host to the presence of danger and are important for the regular defense
against viruses and bacteria!. To recognize the aberrant localization of DNA, the immune
system employs several cytosolic DNA receptors and associated signaling systems, which
have in part overlapping and collaborative functions!. Central to the anti-viral IFN response
is the endoplasmic reticulum-associated adaptor protein STING that is activated by the
second messenger cGAMP, generated by the DNA sensor cGAS (cGAMP synthase)?- 3.
STING subsequently engages the kinase TBK1 to mediate the phosphorylation and
activation of IRF3 for IFN gene transcription®; in contrast, STING signaling is largely
dispensable for IL-1B generation: .

The highly pro-inflammatory cytokine IL-1p provides additional security checkpoints for
anti-viral immunity, particularly under circumstances in which viruses subvert the IFN
system’-8. IL-1p also couples innate viral recognition to anti-viral CD8* T cell

responses”- 10

,and, as an endogenous pyrogen, IL-1f is responsible for fever reactions
during infection. Because aberrant IL-1f production can induce severe pathological
conditions, its generation needs to be tightly controlled and involves at least two distinct
signals!!. The first signal for mature IL-1f generation triggers the transcriptional
upregulation of pro-IL-1 mRNA, and the second signal results in the proteolytic processing
of pro-IL-1, typically by caspase-1, within inflammasomes. The specific inflammasome for
DNA-induced IL-1B processing contains the cytosolic DNA sensor AIM2!, which engages
the common inflammasome adapter protein ASC for caspase-1 activation. The transcription
of pro-IL-1f is mediated by NF-kB, which is retained in an inactive form in the cytosol in
unstimulated cells by binding to inhibitory IxB proteins. The activation of NF-kB by most
stimuli requires the IxB kinase (IKK)-mediated phosphorylation of IxB, resulting in its
ubiquitin-mediated degradation and the subsequent translocation of NF-xB dimers to the
nucleus!'2. However, the exact mechanism by which the NF-kB signaling module is
activated upon cytosolic DNA sensing is not well understood, but assumed to involve
STING.

One innate immune cell-specific adapter protein that relays signals from pattern recognition
receptors (PRRs) to inflammatory responses is CARD9!3, which possesses an N-terminal
caspase recruitment domain (CARD) for the recruitment of downstream effectors as well as
a coiled-coil region for protein oligomerization. Similar to most signaling adapters !4,
CARD?Y is multifunctionally engaged by several receptor systems depending on the specific
context. PRRs that connect to CARD9 include the transmembrane Syk-coupled C-type
lectin receptors (CLRs) and such cytosolic sensors as RIG-I and Nod213-16.17.18.19,

Nat Immunol. Author manuscript; available in PMC 2015 January 29.
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Here, we report a direct cytosolic interaction between CARD9 and the DNA-binding protein
Rad50, which is also prominently involved in the eukaryotic DNA damage response
(DDR)?°. Together with Mrel1 and Nbs1, Rad50 can form a DNA receptor complex (the
MRN complex) that detects DNA double-strand breaks in the nucleus, subsequently
triggering pathways which are required to maintain genome integrity?°. We found that
cytoplasmic dsDNA delivery by DNA transfection or virus infection results in the formation
of distinct dsSDNA-Rad50-CARD9 complexes, which selectively induce NF-xB signaling
for IL-1B production. Our results define a DNA recognition pathway for inflammation and
demonstrate a previously unrecognized direct connection between an evolutionarily
conserved DNA damage sensor that translocates to the cytoplasm and an innate immune
signaling system.

CARD?9 can directly interact with the DNA binding factor Rad50

To obtain insight into the role of CARD?9 in innate immunity, we performed a yeast two-
hybrid screen with full-length CARD9 as the bait and searched for interaction partners in a
human peripheral blood-derived cDNA library. The screening of 9.9 x 10° transformants
yielded 33 bait-dependent interactors, which were analyzed further. The protein with the
most frequent CARD?9 yeast two-hybrid interactions was Rad50 (data not shown).

To validate a potential direct CARD9-Rad50 association in a mammalian system, we
performed bioluminescence resonance energy transfer (BRET) experiments in COS7 cells.
As BRET donor to acceptor energy transfer can only occur within a distance of less than 100
A, protein-protein interactions can be analyzed within the environment of a living cell2!.
CARD9 and Rad50 fragments were subcloned in-frame with Renilla reniformis luciferase
(Rluc) as an energy donor or yellow fluorescent protein (YFP) as an energy acceptor
fluorophore?!. In parallel, we generated Rluc and YFP fusion proteins with the CARD9
binding partner Bcl10 as a positive control'® and also with the inflammasome DNA sensor
AIM2!. BRET ratios above the method-specific threshold for a binary protein-protein
interaction?! were observed for CARD9-Bcl10 and CARD9-Rad50, but not for CARDY-
AIM2 (Fig. 1a). Subsequent saturation experiments revealed a hyperbolic increase in BRET
ratios, with increasing acceptor-to-donor ratios for CARD9 and Rad50, thereby excluding
random bystander BRET. These biophysical data confirm an association between CARD9
and Rad50 in mammalian cells (Fig. 1b). To identify the region within Rad50 that interacts
with CARD9Y, we created several Rad50 deletion mutants and performed mapping
experiments using BRET. The minimal region of Rad50 that is required for CARD9 binding
comprises amino acids 628—786, which is the structural domain that includes the zinc
hook?? (Fig. 1a).

Next, we investigated whether endogenous non-tagged CARD9 and Rad50 proteins could
bind to each other. Immunoprecipitation experiments in THP-1 cells showed that
endogenous Rad50 co-immunoprecipitated with endogenous CARDO and vice versa (Fig.
1c, d). Because Rad50 has DNA binding activity, we tested the possibility that Rad50 could
link dsDNA recognition to CARD9 binding. Depletion of Rad50 by repeated treatment
(three times) with an antibody against Rad50 in THP-1 cell lysates resulted in the efficient

Nat Immunol. Author manuscript; available in PMC 2015 January 29.
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depletion of Rad50, but did not affect the amount of CARD?9 in these lysates (Fig. le). To
pull down DNA-associated proteins, we immobilized dsDNA containing a genomic
sequence from vaccinia virus (VV) to agarose beads. Subsequent precipitations in the
presence of Rad50 revealed that CARD9 specifically co-purified with dsDNA-beads, but not
with empty control beads (Fig. 1e). CARD?9 did not interact with dsDNA in the absence of
Rad50 (Fig. le), indicating that Rad50 is required for dsDNA binding to CARD9. Together,
these results indicate that Rad50 can bridge DNA binding to CARD9 engagement.

Rad50-CARD9 complexes sense dsDNA in the cytosol

We performed confocal microscopy to visualize the associations between dsDNA, Rad50
and CARD?9 in primary immune cells and to investigate the cellular compartments in which
these interactions occur (Fig. 2a, b). Fluorescent immunostaining of endogenous proteins
revealed that, as expected, Rad50 was mainly localized to the nucleus in unstimulated bone
marrow-derived dendritic cells (BMDCs)?2, whereas CARD9 exhibited a cytoplasmic
distribution pattern?? (Fig. 2a). The intracytoplasmic delivery of dsDNA resulted in the
recruitment of Rad50 to dsDNA and in the formation of distinct dsSDNA-Rad50 foci in the
cytosol (Fig. 2a, b); these foci also contained Mrell and Nbs1, indicating cytoplasmic
dsDNA sensing by the entire MRN complex (Fig. 2c and Supplementary Fig. 1a, b).
CARD9 was also recruited to the dSSDNA-MRN complex aggregates and was specifically
co-localized with Rad50 (Fig. 2a, b). Quantitative analysis showed Rad50-CARD9
complexes in all cells that contained cytoplasmic DNA upon transfection (Supplementary
Fig. 1c, d). Cytoplasmic dSDNA-Rad50 complexes also formed in BMDCs from CARD9Y-
deficient mice!3 (data not shown and Supplementary Fig. le), suggesting that the detection
of cytoplasmic dsDNA by Rad50 is CARDO9 independent. These findings indicate that
CARD?9 is secondarily recruited to DNA-sensing Rad50 complexes and suggest that the
Rad50-mediated engagement of CARDO potentially represents a signal for DNA-mediated
immune responses.

CARD9 and Rad50 control DNA-induced IL-1p generation

To test the potential functions of CARD9 complexes in DNA-induced innate immunity, we
transfected BMDCs with different forms of DNA and measured cytokine production. The
stimulation of wild-type BMDCs with either linear synthetic poly(dA:dT), poly(dG:dC),
purified genomic calf thymus DNA (CT-DNA) or circular bacterial plasmid DNA (Plasmid)
resulted in a robust production of mature IL-1f and type 1 IFN (Fig. 3a, b). In contrast,
BMDC:s that lacked CARD9 had severe defects in IL-1p production upon transfection of all
these DNA forms (Fig. 3a), though the production of IL-1f induced by Toll-like receptor
(TLR) 4 stimulation with LPS or TLR9 stimulation with CpG-DNA was not affected; thus,
CARD9-deficient cells are not unspecifically impairment in DNA-induced IL-1f production.
Moreover, the IFN responses controlled by the cGAS-STING pathway were also unaffected
by the deletion of CARD9 (Fig. 3b), whereas STING-deficient BMDCs produced substantial
amounts of IL-1p but no type I IEN, consistent with previously published data (Fig. 3c,
d)-©. We therefore conclude that CARD? is specifically required for DNA-induced IL-1pB
responses. This conclusion was supported by additional concentration-response and kinetic
studies in dsDNA-stimulated CARD9-deficient cells (Fig. 3e, f).
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To study the biological relevance of these results, we transfected CARD9-deficient cells
with purified microbial DNA from cowpox virus, VV or Escherichia coli (E. coli). IL-15
responses to microbial genomic DNA were also specifically defective in Card9~'~ BMDCs,
although the IFN responses were intact (Fig. 3f, g, and data not shown), indicating a general
role for CARD9 signaling during cytosolic DNA-induced IL-1f generation.

Next, we addressed if Rad50 was required for DNA-induced IL-1f generation. Rad50 is
essential for cell viability during division and embryonic or hematopoietic development, and
genetic deletion is embryonically lethal?%- 2425, Therefore, we crossed conditional
Rad50%d mice, which carry a Rad50 null allel together with an inducibly depleted Rad50
allel, and Rad50%/"d mice?*, that contain one functional Rad50 allel, to animals that
ubiquitously express a tamoxifen-inducible Cre recombinase (Rosa26-CreERT?2),
differentiated BMDC:s in culture and treated the differentiated, non-dividing BMDCs with
tamoxifen to activate Cre-mediated Rad50 gene deletion in vitro. This protocol allowed for a
substantial depletion of Rad50 from BMDCs, although the protein was not completely
absent, presumably due to its long half-life (Fig. 3h). Stimulation of Rad50-depleted
BMDC:s with either poly(dA:dT), poly(dG:dC) or mammalian genomic DNA resulted in an
up to 80% reduction in IL-1f responses compared with control cells, which still contain one
functional Rad50 allel after Cre-mediated depletion of the Rad50™¢ allel. Nonetheless,
parallel stimulation of Rad50-depleted cells with CARD9-independent TLR agonists or the
CARDO9-dependent Dectin-1 ligand curdlan induced regular IL-1p responses (Fig. 3i); thus,
the Rad50-depleted cells did not exhibit a general defect in the IL-1f response. Because
Rad50 activates the kinase ATM following nuclear DNA damage sensingZ, we also tested
the involvement of ATM in cytosolic DNA-induced IL-1f generation. However, the
production of IL-1B was not impaired by ATM deficiency?® (Supplementary Fig. 2).
Together, these genetic results establish Rad50 as an innate immune sensor for DNA and
reveal that the Rad50- and CARD9-mediated DNA response operates independently of
ATM to induce IL-1p.

Rad50 and CARD?9 recruit Bcl10 for NF-xB activation

We next investigated the mechanisms by which the Rad50-CARD?9 interaction would
mediate IL-1B generation. Because CARDO is an activator of canonical NF-xB signaling!3,
we evaluated the nuclear translocation of the NF-kB subunits RelA (p65) and c-Rel in
DNA-transfected Card9~'~ cells. Using confocal microscopy, we observed that the
activation of both NF-«B subunits was defective in Card9~'~ BMDCs specifically after
cytosolic DNA transfection, but not after CpG-DNA-mediated TLR9 stimulation (Fig. 4a-c).
Consistent with these findings and the role of NF-xB activation in pro-IL-1f gene
transcription, the induction of pro-IL-13 mRNA and the subsequent production of the pro-
IL-1B polypeptide were also almost completely abrogated in DNA-transfected Card9~'~
BMDC:s (Fig. 4d and Supplementary Fig. 3). Moreover, cytosolic DNA-induced IL-6 and
TNF transcription were also significantly reduced in CARD9-deficient cells (Supplementary
Fig. 4a,b). However, and in agreement with the unaffected IFN responses observed above
(see Fig. 3), the activation of IRF3 was intact in Card9~'~ cells, as determined by both IRF3
phosphorylation and IRF3 nuclear translocation (Fig. 4e, f). In contrast, in STING-deficient
cells, the activation of IRF3 was abolished (Fig. 4g) and the transcription of IFN-f} was
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entirely blocked (data not shown). When we transfected Card9~'~ or STING-deficient
BMDCs with cGAMP, which is a strong type 1 IFN inducer that directly activates
STING?:3 we also observed that STING is essential for the IFN response?: 3, while CARD9
is dispensable (Supplementary Fig. 5a, b). Next, we investigated the role of STING in DNA-
induced IL-1f generation in more detail. Consistent with the almost intact IL-13 production
in DNA-stimulated STING-deficient cells (Fig. 3¢)’- ¢ the NF-xB dependent transcription of
pro-IL-1pB was not diminished in Tmem173~/~ cells, and by confocal microscopy we also
detected substantial translocation of both p65 and c-Rel into the nuclei of STING-deficient
BMDC:s (Fig. 4h, 1). Together, these data indicate that CARD? is essential for a specific
pathway that mediates NF-xB activation for pro-IL-1f generation in response to cytosolic
DNA sensing. Moreover, although STING contributes to optimal NF-kB responses, it is
largely dispensable for the induction of pro-IL-1f gene transcription after DNA detection.

Card9 engages Bcl10 to activate NF-kB upon CLR or RIG-I ligation!3- 16-18.19 Thys, we
stimulated Bcl10~/~ BMDCs with poly(dA:dT), poly(dG:dC), CT-DNA, or circular plasmid
DNA to study the involvement of Bcl10 during the DNA-induced innate immune response.
Bcl10 was essential for cytosolic dsDNA-induced NF-kB activation and IL-1f generation
but not for the IL-1f production induced by TLR4 or TLRY stimulation (Fig. 5a). Moreover,
similar to CARD9Y, Bcl10 was essential for the upregulation of pro-IL-1 transcription but
dispensable for IRF3 signaling and IFN-f synthesis (Fig. 5b, ¢, Supplementary Fig. 3, and
data not shown). To investigate the roles of CARD9 and Bcl10 in inflammasome activation,
we also assessed caspase-1 activation in CARD9- or Bcl10-deficient BMDCs. This
response, which is mediated by AIM2 and ASC!, was intact in the absence of CARD9 or
Bcl10 (Fig. 5d), indicating that CARD9 and Bcl10 specifically control the signal for pro-
IL-1B generation.

Based on the findings that CARD9 and Bcl10 cooperate for NF-kB activation after cytosolic
DNA sensing, we next investigated whether Bcl10 was recruited to dsDNA-Rad50
complexes. Using confocal microscopy we observed that endogenous Bcl10 co-localized to
dsDNA-Rad50 aggregates upon DNA transfection (Fig. 5¢). Moreover, this recruitment of
Bcl10 to cytosolic Rad50 was mediated via CARD?Y, as it was not observed in CARD9Y-
deficient cells. Additionally, CARD9 was regularly recruited to the dsDNA-Rad50
complexes in Bcl10~/~ cells (Fig. Se), demonstrating that the initial steps of Rad50-CARD9
complex formation do not require the effector Bcl10. Thus, cytosolic DNA sensing by
Rad50 and the subsequent assembly of Rad50/CARD9 complexes result in a further
recruitment of Bcl10 for NF-xB activation.

Rad50-CARD9 complexes sense cytosolic viral DNA upon infection

After having established the critical functions for Rad50, CARD9 and Bcl10 in DNA-
induced IL-1P production, we investigated the roles of these factors during virus infection.
We used the poxvirus vaccinia virus (VV) as a model because the life cycle of poxviruses
includes DNA replication in the cytoplasm?’. Similar to the DNA transfection experiments
described above, the infection of wild-type or Card9~'~ BMDCs with VV resulted in the
localization of Rad50 to the cytoplasmic viral DNA, which confirms that this DNA sensor is
able to detect cytosolic viral infection (Fig. 6a, b and data not shown). In wild-type BMDCs,
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CARD?9 was co-recruited to the viral-dsDNA-Rad50 foci, resulting in the formation of viral-
dsDNA-Rad50-CARD9 complexes (Fig. 6a, b) that were morphologically comparable to
those observed upon synthetic dsDNA transfection (see Fig. 2). To analyze whether DNA
virus sensing also induces CARD9 signaling, we measured inflammatory cytokines after VV
infection in wild-type, Card9~'~ and Bcl10~'~ BMDCs and found that both Card9~'~ and
Bcl10~/~ BMDCs demonstrated severely impaired IL-1f production upon VV infection in
vitro, suggesting VV recognition activated CARD9 signaling (Fig. 6¢). Similarly, the VV-
induced generation of the NF-kB-controlled cytokines TNF and IL-6 was also severely
impaired in Card9~'~ and Bcl10~/~ BMDCs (Fig. 6¢). Control cell infection with the RNA
virus vesicular stomatitis virus (VSV) resulted in defective IL-1p production in Card9~'~

cells (Supplementary Fig. 6), which is in accord with the function of CARD9 downstream of
RIG-117-18,28,29

To investigate the physiological significance of CARD?9 in innate immune responses to
DNA virus infection in vivo, we infected CARD9-deficient mice with VV via an intravenous
route. After 6 hours, we measured the serum concentrations of IL-1p using a cytometric
bead array (CBA), which revealed that the CARD9-deficient mice exhibited defective IL-153
production upon infection (Fig. 7a). Because IL-1p regulates adaptive anti-viral CD8* T cell
responses”: 10, we investigated the frequency of IFN-y-producing virus antigen-specific
CDS8* T cells at 8 days after VV infection in wild-type and CARD9-deficient mice.
Consistent with the diminished IL-1f production observed in CARD9-deficient mice, anti-
viral CD8" T cell responses were also significantly impaired in the absence of Card9 (Fig.
7b). Thus, the Rad50/CARD9 complexes sense viral cytoplasmic DNA after cell infection
and the activation of CARD? signaling is critical for the subsequent host response in vivo.

DISCUSSION

Understanding cytosolic DNA recognition and downstream signaling has been a focus of
intense research for several years. Multiple cytosolic DNA sensors have been described,
including AIM2, cGAS, DAI, LRRFIP1, IF116, DHX9, DDX36, DDX41 and proteins with
known functions in the DDR!-2-4. Although the physiological roles of some of these
receptors need to be genetically defined, experiments in gene-deficient mice have revealed
the cGAS-STING signaling cascade as the key regulator of the IRF3-mediated IFN
response*:3-39, Nonetheless, the disruption of STING did not affect the generation of IL-1p
after DNA virus infection, although it almost completely abolished DNA-induced INF-3
production’, and we also observed that STING is largely dispensable for pro-IL-1p
transcription and IL-1f generation.

Data from CARD9-and Bcl10-deficient BMDCs reveal that CARD9-Bcl10 complexes
specifically control NF-xB activation and pro-IL-1} gene transcription upon cytosolic DNA
sensing. The transcription of the NF-xB dependent cytokines TNF and IL-6 was also
significantly reduced in DNA-stimulated CARD9-deficient cells and Card9~'~ DCs show
impaired TNF and IL-6 production upon DNA virus infection. Yet, because TNF and IL-6
generation is not completely defective in Card9~'~ cells it is possible that STING dependent
signals could contribute to the production of certain NF-kB-dependent factors beside from
pro-IL-1p. It remains to be determined whether and how distinct NF-«xB responses could be
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differentially regulated via CARD9 and potentially STING. Because Card9~/~ cells and
Bcl10~'~ cells exhibit regular IRF3 activation and IFN production, it is highly unlikely that
CARD9-Bcl10 complexes would directly influence the cGAS-STING cascade. This
hypothesis is supported by the fact that STING triggering with cGAMP induces normal IFN-
B production in Card9~'~ DCs. Thus, the Rad50-CARD?9 signaling pathway regulates
specifically NF-kB dependent innate immune responses that are required for pro-IL-1p gene
transcription. The essential function of AIM2 in DNA-mediated pro-IL-1f cleavage! has
previously been confirmed3!-32. Our findings and these data together provide one
comprehensive mechanism for DNA-induced IL-1f generation in which CARD9 complexes
can mediate pro-IL-1f generation and the AIM2 inflammasome subsequent pro-IL-13
processing. Because CARDO is selectively expressed in myeloid cells!3 and because its
deletion does not completely abolish IL-1p production, CARD9-independent mechanisms
can apparently contribute to IL-1p generation, potentially as a fail-safe mechanism.

Rad50 senses DNA via its N- and C-terminal nucleotide binding domain, which associates
with Mre11 and Nbs1 to form a globular DNA binding complex20. The Cre-loxP-mediated
genetic deletion of Rad50 provides to our knowledge the first clear genetic confirmation of
an essential function for Rad50 in innate immune signaling. CARD9 associates directly with
Rad50. This association involves the Rad50 Zn-hook region, which is separated from the
Rad50 DNA-binding domain by an approx. 50 nm long coiled-coil domain. Bcl10 is also
recruited to dsSDNA-Rad50 complexes via CARD9. We therefore propose a model in which,
together with Mrel1 and NBS1, Rad50 detects viral or transfected dsDNA in the cytosol,
resulting in the recruitment of CARD9 to the Rad50 Zn-hook region and the subsequent
engagement of Bcl10 for inflammatory downstream signal transduction. The identification
of the mechanism through which Rad50 localizes to the cytosol requires further
investigations. We speculate that these mechanisms could involve modifications on the
Nbs1 protein, because this factor controls the subcellular localization of the MRN complex
as demonstrated by the finding that in fibroblasts, which contain Nbs1 truncation mutants,
nuclear concentrations of Mrel 1 and Rad50 are reduced compared to normal cells and
Mrel1 and Rad50 levels increase in the cytoplasm?33.

The MRN complex has previously been reported to co-localize to sites of viral replication
and to elicit anti-viral defense mechanisms involving viral DNA concatemerization and,
potentially, other pathways including activation of STING3*35-36 although it is still
unclear how Rad50 would couple to the cGAS-STING cascade. Additional DNA damage
control factors, such as DNA-PK and Ku7037- 33, were also implicated in cytosolic DNA
sensing for innate immunity. Together, these studies demonstrate a more global interaction
between the evolutionarily conserved DDR system and the innate immune response to
pathogens. By demonstrating a direct physical and functional connection between the
damage sensor Rad50 and the pro-inflammatory signaling adapter CARD9, we now provide
first mechanistic insight into these interactions.

IL-1p production induced by cytosolic DNA plays a critical role in host defense3!-32.39,

Therefore, IL-1f provides an anti-viral selective pressure, which is highlighted by the
observation that multiple viruses have evolved strategies to inhibit IL-1 production by
interfering with the NF-«B signaling pathway at multiple steps® or by inhibiting IL-1f
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signaling, for example, through the expression of soluble IL-1f receptors (vVIL-1BR) which
prevent the fever reaction’- 8- 10-40_ Several DNA viruses, such as adenovirus, have also
developed strategies to inhibit Rad50 signaling, suggesting that the Rad50 pathway is a
potential target for viral subversion3*-4!. As indicated above, IL-1p is not only important for
immune defense but also a significant factor in autoinflammation!!. Endogenous DNA that
is inappropriately cleared can accumulate in cytosolic compartments and drive inflammatory
diseases associated with increased IFN and IL-1B levels*2-43-44, These findings indicate that
it will be important to investigate the contributions of Rad50-CARD? signaling to auto-
inflammatory conditions associated with cytosolic DNA responses. Ultimately, future
studies on the Rad50-CARD9Y pathway may lead to selective strategies for dampening DNA-
induced IL-1f-driven inflammatory responses without compromising anti-viral IFN
production.

METHODS

Mice

Mice deficient in CARD9!3, Bcl10%, STING (Tmem173~-)%, ATM26, or ASC
(Pycard™™)*7, and Rad50%d 24 x Rosa26-CreERT2 and Rad50%/d 24 x Rosa26-CreERT2
mice were used at 6-12 weeks of age. Animals experiments were approved by Regierung
von Oberbayern.

Media and reagents

All reagents, including Poly(dG-dC) - Poly(dG-dC) acid sodium salt (poly(dG:dC), P9389),
calf thymus DNA (CT-DNA, D4764), Poly(dA-dT) - Poly(dA-dT) acid sodium salt
(poly(dA:dT), PO883) were purchased from Sigma, if not otherwise stated. cGAMP was
obtained from Invivogen (tlrl-cga-s).The pmaxGFP Vector from Lonza was used as the
circular plasmid DNA. Cell culture reagents were obtained from Invitrogen, and FCS was
obtained from HyClone. Murine recombinant GM-CSF was purchased from PreproTech.
CpG 1826 oligonucleotides, ultrapure LPS, and endotoxin-free DNA from E. coli K12 were
purchased from InvivoGen, and curdlan was purchased from Wako. Poxviral genomic DNA
from VV strain CVA and from cowpox virus (isolate 81/01, 5t passage in MA 104 cells;
originally provided by S. Essbauer, Munich, Germany) was isolated and purified from
infected cell cultures, as recently described?®.

Cell culture and stimulation

COS7 cells, THP-1 cells, and BMDCs were cultured as described!8 2!, For DNA
transfection, Lipofectamine 2000 (Invitrogen) was used according to the manufacturer’s
protocol. Unless otherwise stated LPS (100 ng/ml), CpG (1 uM), curdlan (200 pg/ml), and
ATP (5 mM) were used for stimulation. ATP was added 45 min. prior to the end of the
experiment. Bone marrow from Rad50%™d x Rosa26-CreERT2 and Rad50*/"d x Rosa26-
CreERT2 mice was cultured in the presence of GM-CSF for 5 days prior to the addition of 1
#M 4-hydroxy-tamoxifen (4-OHT). These dendritic cells were cultivated for another 4 to 5
days prior to analysis.
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Yeast two-hybrid screen

The yeast two-hybrid screen using CARD? as the bait was performed by Dualsystems
Biotech AG. The bait construct for the yeast two-hybrid screening was generated by
subcloning a cDNA encoding human CARD? isoform 2 into the pLexA-DIR vector, and the
bait was co-transformed with a human adult peripheral blood cDNA library into host strain
NMY32. A total of 9.9 x 10 transformants were screened, yielding 96 transformants that
grew on selective medium. Positive transformants were tested for $-galactosidase activity
using a PXG B-galactosidase assay, and 77 (corresponding to 33 distinct genes) of the 96
initial positives showed B-galactosidase activity and were considered to be true positives.
The library plasmids were isolated from positive clones, and the identity of positive
interactors was determined by sequencing: 19 of the 77 clones contained Rad50 sequences.

BRET analysis

BRET measurements were performed in transfected COS7 cells, as described?!. Briefly, the
full-length ORFs of CARD9 (NM_052814), Bcl10 (NM_003921), and AIM2 (NM_004833)
and fragments of Rad50 (NM_005732) were introduced into plasmid vectors to express N-
and C-terminal fusions with Rluc or YFP. The truncated Rad50 constructs were generated
by polymerase chain reaction. All eight possible combinations of the N- or C-terminally
tagged Rluc (donor) or YFP (acceptor) fusions were tested for each putative interaction pair
at acceptor-to-donor ratios of 3:1, unless otherwise indicated. BRET ratios were calculated
based on the equation R = (14/Ip) - cf, where R is the BRET ratio, /4 is the BRET signal, I
is the Rluc signal, and cf is a correction factor ((14/Ip)control)> With the co-transfection of the
donor fusion-protein with YFP in the absence of the second protein of interest used as the
control. The method-specific threshold for a positive protein-protein interaction was
determined as a BRET ratio of 0.094 for the donor/acceptor combination that resulted in the
highest BRET ratio, as previously described?!.

Co-immunoprecipitation and immunoblot analysis

Antibodies

THP-1 cells were lysed, and immunoprecipitations were performed as described!8. Cell
lysates or cell supernatants were subjected to standard western blotting techniques, as
previously described!’. Proteins in cell-free supernatants were extracted by methanol/
chloroform precipitation. Cytosolic and nuclear extracts were prepared as described*.

The primary antibodies anti-CARD9 (sc-99054), anti-Rad50 (sc-56209 and sc-74460), anti-
caspase-1 p10 (sc-514), anti-Lamin B (sc-6217), anti-NF-xB p65 (sc-372), and anti-cRel
(sc-71) were obtained from Santa Cruz, and anti-Bcl10 (#4237), anti-Mrel1 (#4895), anti-
p95/Nbs1 (#3002), anti-IRF-3 (#4302), and anti-phospho-IRF-3 (Ser396) (#4947) antibodies
were obtained from Cell Signaling. Anti-CARD9 (a rabbit polyclonal antibody raised
against an N-terminal peptide of CARD9) was kindly provided by Margot Thome. The
secondary anti-mouse (donkey) and anti-rabbit antibodies (goat) for immunofluorescence
were conjugated to Alexa Fluor 594 and Alexa Fluor 488 (Molecular Probes), respectively.
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Nucleic acid affinity purification

Oligonucleotides (50 bp DNA) containing a partial sequence of the terminal repeats of VV
genomic DNA were synthesized by Biomers (sense, 5'-
ccatcagaaagaggtttaatatttttgtgagaccatcgaagagagaaaga-3’, and antisense, 5'-
tctttctctettcgatggtetcacaaaaatattaaacctetttetgatgg-3’), annealed to generate dsDNA, and
immobilized to Strep-Tactin Superflow (IBA) resin. Nucleic acid affinity purification was
performed using THP-1 cell lysates, as described*®. For the immunodepletion of Rad50,
THP-1 lysates were incubated with anti-Rad50 or isotype control antibodies immobilized on
sepharose beads for up to three consecutive rounds.

Immunofluorescence staining and confocal microscopy

Immunofluorescence staining was performed using standard technology, as described!?.
Images were obtained using a TCS SP5 AOBS confocal laser-scanning microscope (Leica)
with a 63x/1.4 NA Plan-Apochromat oil immersion objective. For presentation, the images
were processed with Image J software http://rsb.info.nih.gov/ij/) using linear contrast
enhancement on entire images.

DNA labeling by nick translation

The direct labeling of double-stranded poly(dG:dC) DNA by incorporating ATTO 647N
fluorescently labeled aminoallyl-dUTP nucleotides (Jena Bioscience) was performed by nick
translation, as previously described>?.

Cytokine measurement

Cytokine concentrations were determined by ELISA (BD Biosciences, eBioscience, or PBL
Biomedical Laboratories) or Cytometric Bead Array (CBA, BD Biosciences) according to
the manufacturer’s instructions.

Real-time PCR

Total RNA was isolated and transcribed using standard methods. The specific primer pairs
were as follows: IL-1f, 5'-tgtaatgaaagacggcacacc-3’ and 5'-tcttctttgggtattgcttgg-3’; TNF, 5/-
tcttetcatteetgettgtgg-3” and 5-ggtctgggccatagaactga-3/; IL-6 5/-gctaccaaactggatataatcagga-3
and 5'-ccaggtagctatggtactccagaa-3; B-actin, 5/-agacctctatgccaacacag-3’ and 5/-
tcgtactectgettgetgat-3/. The gPCR Core kit for SYBR Green I (Eurogentec) and a
LightCycler® 480 Real-Time PCR System were used as indicated by the manufacturer. The
relative IL-13 mRNA expression was calculated as the ratio of the real-time PCR signal of
IL-1 mRNA to that of the B-actin mRNA and normalized to a WT unstimulated control.

Viral infections

VV strain CVA and VSV Indiana (Mudd-Summer strain) were used for viral infections. VV
was propagated in CV-1 cells and purified twice via ultracentrifugation through 36%
sucrose cushions; the viral titers were determined by a plaque assay using CV-1 cells with
crystal violet, as described*®. VSV was propagated in baby hamster kidney (BHK-21) cells,
as described!8. In vitro infections were performed at the indicated multiplicities of infection
(MOIs) (MOI 0.1 to MOI 10). For in vivo experiments, mice were injected intravenously
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with 1x107 pfu virus in 200 zl of PBS. After 6 hours, the serum was collected to determine
the IL-1f concentration. Blinding was done for injection and serum collection of mice.
Splenocytes from vaccinated mice were isolated at 8 days post-infection and stimulated with
the H-2KV-restricted VV-specific peptide BSR(20-27) (TSYKFESV; 1 ug/ml) or a control
peptide, OVA(257-264) (SIINFEKL; 1 ug/ml), at 37°C for 5 h in the presence of 1 pg/ml
brefeldin A (Sigma-Aldrich). The cells were live/dead-stained with ethidium monoazide
bromide (Invitrogen) and blocked with anti-CD16/CD32-Fc-Block (BD Biosciences); the
cell surface was stained with an eFluor450-conjugated anti-CD8a antibody (eBioscience).
Intracellular staining for IFNy was performed with a FITC-conjugated anti-IFNy antibody
(BD Biosciences) using the Cytofix/Cytoperm kit (BD Biosciences) according to the
manufacturer’s instructions. Data were acquired using the FACS Canto II flow cytometer
(BD Biosciences) and analyzed with FlowJo software (Tree Star).

P values were determined by Student’s two-tailed t test for independent samples using
Microsoft Excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SEMs of two independent experiments. The dashed line indicates the method-specific

threshold for a positive protein-protein interaction. (b) BRET saturation experiments using
co-transfected fusions of CARD9 with Rad50 zinc hook (fragment B) orAIM2 at the
indicated acceptor-to-donor ratio. The specific interaction of CARD9 with Rad50 is

demonstrated by the hyperbolic behavior of BRET ratios as a function of the acceptor-to-

donor ratio. (¢, d) THP1 cell lysates were immunoprecipitated (IP) with anti-CARD?9 (c),

anti-Rad50 (d), or the respective isotype control antibodies. Immunoprecipitates were

separated on one gel and transferred onto a single membrane, which was subsequently cut
and used for immunoblot (IB) analysis with anti-Rad50 or CARD?9 antibody, as indicated.
(e) THP-1 cell lysates were left untreated (—) or were immunodepleted for Rad50 1,2, or 3

times. Subsequently, bead-immobilized dsDNA (DNA beads) or empty streptavidin beads

(Beads only) were incubated with THP-1 cell lysates that were either not treated, or

immunodepleted for Rad50 three times. The beads were precipitated, and bound proteins

were separated on a gel and blotted onto a single membrane. The membrane was cut and
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used for western blot analysis with anti-Rad50 or CARD?9 antibody, as indicated. The data
are representative of at least three independent experiments (c-e).
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Figure 2. CARD? is recruited to cytoplasmic dsDNA-sensing Rad50 complexes
(a-c) Confocal microscopy analysis. (a) BMDCs were left unstimulated (us) or were

transfected with ATTO 647N (A647N) fluorescently labeled poly(dG:dC) (DNA) (2.5
pg/ml) for 2 hours and then stained with DAPI as a DNA counterstain and antibodies against
Rad50 and CARDO. The arrow in the merged picture indicates a representative cytosolic
dsDNA/Rad50/CARDO complex. (b) BMDCs were transfected with dsDNA, stained, and
analyzed as in (a). A dsDNA/Rad50/CARD9 complex (upper left picture, box) was
visualized at higher magnifications and in different z-layers (z1 — z5). (¢) BMDCs were
transfected with dsDNA as in (a) and stained with DAPI and antibodies against Rad50 and
Mrell or Nbsl. Cytosolic dSDNA/Rad50/Mrel1 or dsSDNA/Rad50/Nbs1 complexes are
indicated by arrows. Scale bars represent 5 ym, and the data are representative of at least
three independent experiments in which at least 50 individual cells were analyzed per
experiment and assay point.
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Figure 3. CARDY and Rad50 are essential for DNA-induced IL-1§ production
(a, b) BMDCs from WT and Card9~'~ mice were transfected with dsDNA (1 - 4 pg/ml) of

different origins, or stimulated with LPS, CpG, and curdlan plus ATP for 6 hours. IL-1f (a)
and IFN-f (b) concentrations in the supernatants were determined. (¢, d) BMDCs from WT
and Tmem173~'~ mice were transfected with dsDNA or stimulated with CpG + ATP as in (a,
b). IL-1p (c¢) and IFN-f (d) concentrations were determined in the supernatants. (¢) BMDCs
were transfected with poly(dG:dC) (4 ug/ml) for the indicated time period. (f) BMDCs were
transfected with increasing amounts of purified dSDNA from vaccinia virus (VV-DNA) for
16 hours. (g) BMDCs were transfected with the indicated microbial DNA for 16 hours, and
the IL-1p levels in the supernatants were determined. (h, i) Dendritic cells were
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differentiated from murine bone marrow of the indicated genotype; 4-hydroxy-tamoxifen (4-
OHT) was added on culture day 5. (h) BMDCs (with or without 4-OHT treatment) were
lysed at the indicated time after the addition of 4-OHT. The Rad50 and B-actin protein levels
in the cellular lysates were analyzed by western blotting. (i) At 5 days after the addition of
4-OHT, BMDCs were transfected with dsDNA (1 - 4 ug/ml) or stimulated with LPS + ATP
and curdlan + ATP, and IL-1f concentrations in the supernatants were determined. The data
are represented as the mean + SEM of triplicates. One representative of at least three
independent experiments is shown. *p < 0.05, **p < 0.01, ***p < 0.01, Student’s t-test. ND,
not detectable.
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Figure 4. CARD9 controls dsDNA-mediated NF-kB activity
(a-c) BMDCs from WT or Card9~'~ mice were left untreated (us), transfected with

poly(dG:dC) (DNA) (2.5 ug/ml), or stimulated with CpG for 1 hour, and subsequently fixed
and stained with DAPI and an anti-p65 or anti-c-Rel antibody. p65 and c-Rel translocation
into the nucleus was monitored by confocal microscopy and quantified by determining the
frequency of p65- or c-Rel-positive nuclei in at least 100 individual cells. The scale bar
represents 5 um. (d) BMDCs were left untreated, transfected with poly(dG:dC) (DNA) (2.5
pug/ml), or stimulated with CpG for 4 hours, and IL-1p transcript levels were measured by
quantitative real-time PCR and normalized to f-actin mRNA levels. The data are shown as
the mean + SEM. ***p < 0.001, Student’s t-test. (e, f) WT or Card9~'- BMDCs were
transfected with dsDNA for the indicated time. (¢) Immunoblot analysis of cytosolic
extracts. The blots were probed with an antibody against phospho-IRF3 (Ser396) or IRF3.
(f) Nuclear extracts were immunoblotted with anti-IRF3 and anti-Lamin B antibodies. (g)
BMDCs from WT and Tmem173~'~ mice were stimulated and analysed as in (e). (h) WT or
Tmem173~'~ BMDCs were left untreated or transfected with dsDNA, and analysed as in (a-
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¢). (i) BMDCs from WT and Tmem173~'~ mice were treated and analysed as in (d).The data
are representative of two (i) or three (a-h) independent experiments.
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Figure 5. Rad50/CARD?Y interactions recruit Bell0 for IL-1f responses
IL-1P (a) and IFN-f (b) concentrations were measured in the supernatants of BMDCs

transfected with dsDNA (1 - 4 pg/ml) of different origins. LPS, CpG, and curdlan plus ATP
were used as controls. The data are shown as the mean + SEM. (¢) BMDCs were left
untreated or transfected with poly(dG:dC) (DNA) (2.5 ug/ml) or stimulated with CpG for 4
hours. IL-1p transcript levels were measured by quantitative real-time PCR and normalized
to f-actin mRNA levels. The data are shown as the mean + SEM. (d) BMDCs of the
indicated genotypes were transfected with poly(dG:dC) (DNA), or stimulated with LPS
+ATP for 8 hours. Caspase-1 p10 protein levels in the tissue culture supernatants were
analysed by immunoblot. (e) BMDCs of the indicated genotypes were transfected with

Nat Immunol. Author manuscript; available in PMC 2015 January 29.



sidiosnuey Ioyiny s1epung DN 2domy g

sidiosnuey Ioyiny s1opung DN 2domy g

Roth et al.

Page 24

poly(dG:dC) (DNA) for 2 hours and analyzed by confocal microscopy following
immunofluorescence staining with antibodies against Rad50 and CARD9 or Bcl10; DNA
was stained with DAPI. The merged images are shown; the arrows indicate cytosolic
dsDNA/Rad50/CARD9, dsDNA/Rad50/Bcl10, or dsDNA/Rad50 complexes. The scale bar
represents 5 ym. At least 50 individual cells were analyzed per experiment and assay point.
All data are representative of at least three independent experiments. ***p < 0.001,
Student’s t-test. ND, not detectable.
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Figure 6. Recognition of DNA virus infection by Rad50/CARD9 complexes
(a, b) BMDCs were infected with VV, fixed, and stained with antibodies against Rad50 and

CARD?9. The cells were analyzed using confocal microscopy; dsDNA was stained with
DAPI. The arrows indicate viral-dsDNA/Rad50/CARD9 complexes (a). In (b), the indicated
viral-dsDNA/Rad50/CARD9 complex (upper left picture, box) was visualized at higher
magnifications and in different z-layers (z1 - z5). Scale bars, 5 ym. One representative of

10

three independent experiments is shown. (¢) BMDCs of the indicated genotype were
infected with increasing MOIs of VV, and IL-1f, TNF, and IL-6 concentrations were
measured in the supernatants. The data are represented as the mean + SEM. *p < 0.05, **p <

0.01, ***p < 0.001, Student’s t-test.
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Figure 7. CARD?9 controls DNA virus-induced immune responses in vivo
(a) WT and Card9~'~ mice were infected with VV in vivo, and the IL-1B concentrations

were measured in the serum after 6 hours. (b) At 8 days post-infection, splenocytes were
isolated and stimulated with a VV-specific peptide (BSR) or a control peptide,
OVA(257-264), for 5 hours. The percentage of IFN-y* CD8* T cells was determined by
flow cytometry. Circles represent individual mice. The data represent the mean +/— SEM. *p
<0.05, **p < 0.01, Student’s t-test.
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Supplementary Figure 1 MRN and Rad50-CARD9 complex formation at cytosolic dsDNA. (a, b) BMDCs were transfected with dsDNA for 2 hours,
stained with DAPI and anti-Rad50 and anti-Mre11 or anti-Nbs1 antibodies, and analyzed using confocal microscopy. The dsDNA/Rad50/Mre11 or
dsDNA/Rad50/Nbs1 complexes (boxes) were also visualized at higher magnifications (Zoom). Scale bars represent 5 um. The data are
representative of at least three independent experiments analyzing at least 50 individual cells per experiment and assay point. (c-d) BMDCs were
left untreated or transfected with poly(dG:dC) (2.5 ug/ml) for 2 hours and analyzed by confocal microscopy following immunofluorescence staining
with DAPI and antibodies against Rad50 and CARDS. Localization of dsDNA, Rad50, and CARD9 in 100 cells per assay point was determined.
(c) Percentages of cells containing Rad50-CARD9 aggregates compared to a diffuse localization of Rad50 and CARD9 are shown. (d) Percentages
of WT and Card9- BMDCs containing cytosolic dsDNA at 2 hours after dsDNA transfection are demonstrated. (e) BMDCs of WT and Card9"- mice
were transfected with dsDNA, the relative number of cells containing Rad50 aggregates and homogenous Rad50 distribution, respectively, is shown.
The data are representative of two independent experiments.
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Supplementary Figure 2 ATM is not involved in dsDNA-induced IL-13 production. BMDCs from WT and Atm’ mice were transfected with
dsDNA (1 -4 ug/ml) of different origins for 16 hours or stimulated with LPS + ATP. The IL-1B concentrations in the supernatants were
determined. The data are represented as the mean + SEM of triplicates of three independent experiments.
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Supplementary Figure 3 CARD9 and Bcl-10 control pro-IL-18 synthesis. BMDCs from mice of the indicated genotype were transfected with
dsDNA (1 - 4 ug/ml) of different origins or stimulated with LPS, CpG, and curdlan plus ATP. The pro-IL-13 concentrations were determined
in the cell lysates. The data are represented as the mean + SEM of triplicates. One representative of two independent experiments is shown.
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Supplementary Figure 4 CARD9 regulates DNA-induced transcription of the genes encoding TNF and IL-6. WT and Card9- BMDCs
were transfected with poly(dG:dC) (2.5 ug/ml) for the indicated time and TNF (a) and IL-6 (b) transcript levels were measured by
quantitative real-time PCR and normalized to f-actin mRNA levels. The data are shown as the mean + SEM of triplicates. One
representative of two independent experiments is shown. **p < 0.01, ***p < 0.001, Student’s t-test.
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Supplementary Figure 5 cGAMP-STING signaling is independent of CARD9. BMDCs from WT and Card9" (a), or WT and Tmem173"
(b) mice were transfected with the STING activator cGAMP (4 ug/ml) for 6 hours. As control IFN-B production was induced via TLR9

ligation with CpG. IFN-B levels were measured in the supernatant. The data are represented as the mean + SEM of three (a), or two (b)
independent experiments.
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Supplementary Figure 6 CARD9 is crucial for RNA virus-induced IL-1B generation. WT and Card9- BMDCs were infected with VSV
at MOl 1. LPS, CpG, and curdlan plus ATP were used to investigate CARD9-independent and CARD9-dependent IL-1B production,
respectively. The IL-1B concentrations in the supernatants were measured. The data are presented as the mean + SEM. One

representative of three independent experiments is shown.
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SUMMARY

Fungal infections are major causes of morbidity and
mortality, especially in immunocompromised indi-
viduals. The innate immune system senses fungal
pathogens through Syk-coupled C-type lectin recep-
tors (CLRs), which signal through the conserved im-
mune adaptor Card9. Although Card9 is essential
for antifungal defense, the mechanisms that couple
CLR-proximal events to Card9 control are not well
defined. Here, we identify Vav proteins as key activa-
tors of the Card9 pathway. Vav1, Vav2, and Vav3
cooperate downstream of Dectin-1, Dectin-2, and
Mincle to engage Card9 for NF-kB control and proin-
flammatory gene transcription. Although Vav family
members show functional redundancy, Vav1/2/37/~
mice phenocopy Card9~’~ animals with extreme
susceptibility to fungi. In this context, Vav3 is the sin-
gle most important Vav in mice, and a polymorphism
in human VAV3 is associated with susceptibility to
candidemia in patients. Our results reveal a molecu-
lar mechanism for CLR-mediated Card9 regulation
that controls innate immunity to fungal infections.

INTRODUCTION
Cells of the innate immune system sense microbial components

or cell damage-associated structures via germline-encoded
pattern recognition receptors (PRRs) that subsequently signal

2572 Cell Reports 17, 2572-2583, December 6, 2016 Crown Copyright © 2016
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for host defense and tissue homeostasis (Takeuchi and Akira,
2010). One important family of signaling PRRs on myeloid cells
are the Syk-coupled C-type lectin receptors (Kerrigan and
Brown, 2011; Sancho and Reis e Sousa, 2012). These PRRs
play a broad role in innate immunity and are particularly impor-
tant for host defense against fungal infections (Ferwerda et al.,
2009; Robinson et al., 2009; Saijo et al., 2007, 2010; Sato
et al., 2006; Taylor et al., 2007; Wells et al., 2008), which consti-
tute an increasing health threat because of growing numbers of
patients at risk mainly because of immunosuppressive medical
interventions and AIDS. In the context of antifungal immunity,
the C-type lectin receptor (CLR) family member Dectin-1 senses
B-glucans in fungal cell walls (Brown and Gordon, 2001),
whereas Mincle and Dectin-2 detect a-mannose, glycolipids,
and o-mannans, respectively (Sancho and Reis e Sousa,
2012). Agonist binding by Dectin-1 leads to the phosphorylation
of immunoreceptor tyrosine-based activation motif (ITAM)-like
motifs in its cytoplasmic tail by Src family kinases, resulting in
activation of the tyrosine kinase Syk. Likewise, Dectin-2 and
Mincle also activate Syk, indicating that these CLR signals
engage common effector mechanisms (Mocsai et al., 2010; San-
cho and Reis e Sousa, 2012). The innate immune adaptor protein
Card9 is critical for CLR signaling. It assembles signaling com-
plexes that also contain Bcl10 and Malt1 (Card9-BCI10-Malt1
[CBM] complexes) and that serve as scaffolds for activation of
the canonical nuclear factor kB (NF-kB) pathway (Roth and Ru-
land, 2013). This mechanism activates the inhibitor of kappa B
(IkB) kinase (IKK) complex, which phosphorylates inhibitory
IkBs, leading to their proteasomal degradation and the release
of NF-kB dimers to the nucleus to activate gene transcription
(Vallabhapurapu and Karin, 2009). Malt1 can also function as a
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protease upon CBM complex assembly that cleaves a set of
NF-kB regulators, including RelB, to fine-tune immune gene
expression (Hailfinger et al., 2011; Jaworski et al., 2014). These
Card9 signaling complexes operate downstream of all tested
Syk-coupled CLRs (Roth and Ruland, 2013) and are essential
for innate antifungal immunity. Indeed, Card9-deficient mice
are highly susceptible to infection with Candida (Gross et al.,
2006; Jia et al., 2014), Aspergillus (Jhingran et al., 2012), and
Cryptococcus (Yamamoto et al., 2014) species. Moreover,
loss-of-function mutations in human CARD9 have been identi-
fied as causes of mucocutaneous and invasive fungal infections
(Glocker et al., 2009; Pérez de Diego et al., 2015). Nevertheless,
despite the critical role for CLR-triggered Card9 signaling in
innate immunity and mammalian host defense, the molecular
mechanisms that link CLR ligation to Card9-dependent effector
mechanisms are not well understood.

Here, we used a mass spectrometry-based proteomic
approach and identified Vav proteins as regulators of Card9
signaling. Vav1, Vav2, and Vav3 cooperate downstream of
Dectin-1, Dectin-2, and Mincle to engage Card9 complexes for
NF-kB control and proinflammatory gene transcription. Like
Card9-deficient mice, Vav1/2/3 triple-deficient mice are severely
impaired in inflammatory responses to Candida albicans infec-
tion and host defense against the fungus. Moreover, we report
a human polymorphism in VAV3 that is associated with suscep-
tibility to candidemia. Thus, our results establish Vav proteins as
essential regulators of CLR-mediated Card9 control in innate
antifungal immunity.

RESULTS

Fungal Infection Induces Tyrosine Phosphorylation of
Vav in Myeloid Cells
To investigate the mechanisms of Syk-coupled CLR signaling, we
stimulated wild-type murine bone marrow-derived dendritic cells
(BMDCs), comprising conventional DCs and monocyte-derived
macrophages (Helft et al., 2015), for 10 min with zymosan, a yeast
cell wall preparation that is highly enriched in Dectin-1 and Dec-
tin-2 agonists, and subsequently affinity-purified tyrosine-phos-
phorylated proteins for mass spectrometric analysis (Strasser
etal., 2012). Under these conditions, we observed signal-induced
tyrosine phosphorylation of Vav1 and Vav3, which are cytosolic
signaling scaffolds and guanine nucleotide exchange factors
that can play context-specific roles in immune receptor pathways
(Bustelo, 2014). To validate these findings, we stimulated BMDCs
with C. albicans hyphae and specifically analyzed Vav1 phosphor-
ylation by western blot analysis. Indeed, Vav1 was tyrosine-phos-
phorylated after C. albicans infection (Figure 1A). These data are in
line with previously published results that demonstrated that stim-
ulation with B-glucan or zymosan triggers tyrosine phosphoryla-
tion of Vav1 also in microglial cells or neutrophils (Li et al., 2011;
Shah et al.,, 2009). Further analysis with a phosphospecific
antibody raised against the regulatory Tyr174 residue of Vav1
additionally revealed that this specific residue is phosphorylated
upon C. albicans detection, indicating Vav1 activation (Aghazadeh
et al., 2000), but not upon LPS stimulation (Figure 1B).

Recent work has demonstrated that Vav phosphorylation
downstream of different ITAM-containing receptors is mediated

by Src and Syk kinases (Bustelo, 2014). To determine the impor-
tance of the CLR-proximal Src and Syk kinases in Vav phosphor-
ylation, we pretreated BMDCs with the Src inhibitor PP2 or the
Syk inhibitor R406 prior to the addition of C. albicans. Both Src
and Syk inhibition blocked Vav1-Tyr174 phosphorylation in
a dose-dependent manner, whereas pretreatment with PP3, an
inactive analog of PP2, did not affect C. albicans-induced phos-
phorylation of Vav1 at Tyr174 (Figure 1C). Together, these results
indicate that Vav1 is activated in myeloid antigen-presenting
cells specifically after fungal sensing via an Src and Syk ki-
nase-dependent mechanism.

CLR-Mediated Inflammatory Responses Are Critically
Dependent on Vav Proteins

Next, we studied the functional relevance of Vav proteins in
C. albicans-induced inflammatory responses. Because dendritic
cells express Vav2 (Spurrell et al., 2009) in addition to Vav1 and
Vav3, which have partially redundant functions in immune cells
(Fujikawa et al., 2003; Tybulewicz, 2005), we investigated
BMDCs from mice that lack each individual Vav isoform, two
Vav isoforms, or all three Vav family members. Notably, the
lack of any one or all Vav molecules did not impair BMDC differ-
entiation (data not shown; Graham et al., 2007; Spurrell et al.,
2009). However, BMDCs from Vav1/2/3 triple-deficient mice
were severely defective in C. albicans-induced TNF production,
whereas tumor necrosis factor (TNF) secretion in response to
Toll-like receptor (TLR) stimulation with LPS or Pam3CSK4
was unaffected in these cells (Figure 2A). Moreover, the produc-
tion of interleukin-2 (IL-2) and IL-10 was also defective in BMDCs
from Vav1/2/3~'~ mice (Figure 2A). The finding that Vav1, Vav2,
or Vav3 single-deficient or Vav2/3~/~ myeloid antigen-present-
ing cells are only partially impaired in C. albicans-induced TNF,
IL-2, and IL-10 generation (Figure 2B) indicates redundancy for
Vav proteins in fungus-induced cytokine responses.

One important inflammatory cytokine for antifungal immunity
is IL-1B (Vonk et al., 2006), the generation of which is controlled
by NF-kB-dependent pro-IL-1B gene transcription followed by
NLRP3 inflammasome-mediated Caspase-1-dependent pro-
IL-1B processing (Gross et al., 2009; Hise et al., 2009). Stimula-
tion of wild-type BMDCs with C. albicans induced the robust
secretion of mature IL-1 into the culture supernatant (Figure 2C).
In contrast, Vav1/2/3-deficient cells were almost completely
defective in Candida-induced IL-18 production (Figure 2C).
This defect was caused by the selective impairment of pro-IL-
1B gene transcription in Vav1/2/3~'~ cells (Figure 2D), whereas
the deficiency of Vav proteins did not affect NLRP3 inflamma-
some-dependent Caspase-1 activation (Figure 2E). Together,
these experiments demonstrate that Vav proteins are critical
for cytokine production by myeloid cells following the detection
of whole fungal cells.

Next, we studied the specific requirement of Vav proteins for
Dectin-1-, Dectin-2-, and Mincle-induced cytokine responses
using selective agonists for each individual receptor. Stimulation
of Dectin-1 with curdlan, a purified particulate B-glucan (Lei-
bundGut-Landmann et al., 2007), induced the robust production
of TNF in wild-type BMDCs, whereas Vav1/2/3-deficient
cells failed to produce TNF in response to Dectin-1 triggering
(Figure 2F). Likewise, stimulation of BMDCs with agonistic
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Figure 1. Vav1 Is Tyrosine-Phosphorylated in Response to Candida

C = —1 —1
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(A) BMDCs were untreated (—) or stimulated with C. albicans hyphae (MOI 5) for 15 min. Proteins from cell lysates were immunopurified with anti-phospho-
tyrosine antibodies and analyzed by immunoblot with a Vav1 antibody (left). Also shown is quantification of Vav1 by densitometry (right).

(B) Immunoblot analysis of BMDCs unstimulated (—), treated with C. albicans hyphae (MOI 0.5) for the indicated times, or stimulated with LPS (100 ng/ml) for
45 min and probed with antibodies against phospho-Vav1 (Tyr174) or Vav1 (left). Also shown is densitometrical quantification of phospho-Vav1 relative to total

Vav1, normalized to BMDCs treated with C. albicans for 45 min (right).

(C) BMDCs were untreated (—) or preincubated with the Syk inhibitor R406 (0.5, 1, and 2 uM) or the Src-kinase inhibitor PP2 (1.5, 3, and 6 uM) or its inactive analog
PP3 (1.5, 3, and 6 uM) and then stimulated with C. albicans hyphae (MOI 1) for 30 min. Lysates were immunoblotted with anti-phospho-Vav1 (Tyr174) or anti-Vav1
antibodies (left). Also shown is densitometrical quantification of phospho-Vav1 relative to total Vav1, normalized to BMDCs treated with C. albicans without any
inhibitors (right). Data of at least three independent experiments are shown as mean + SEM.

*p < 0.05, **p < 0.01, ***p < 0.001; Student’s t test (A) and one-way ANOVA and post hoc Tukey-Kramer test (C). n.s., not significant.

antibodies against Dectin-2 or with trehalose-6,6-dibehenate
(TDB), a synthetic analog of the mycobacterial cord factor treha-
lose 6,6’-dimycolate (TDM), which specifically activates Mincle
(Lobato-Pascual et al., 2013; Miyake et al., 2013; Schoenen
et al., 2010), induced TNF in wild-type cells, but this response
was severely impaired in Vav1/2/3-deficient BMDCs (Figure 2F).
Therefore, although Vav single- or double-mutant cells exhibited
a partially impaired cytokine response upon selective Dectin-1,
Dectin-2, or Mincle stimulation (Figure 2G), the Vav family as a
whole is essential for cytokine production after Syk-coupled
CLR ligation in vitro.

Vav Proteins Regulate CLR-Induced Inflammatory
Responses In Vivo and Are Essential for Antifungal
Defense

To investigate the function of Vav proteins in CLR-mediated
inflammatory responses in vivo, we intravenously injected the

2574 Cell Reports 17, 2572-2583, December 6, 2016

Mincle ligand TDM (Ishikawa et al., 2009; Miyake et al., 2013)
into wild-type and Vav1/2/3~/~ mice. Consistent with previously
published results (Ishikawa et al., 2009), TDM injection resulted
in the strong systemic production of TNF, IL-18, and IL-10 in
wild-type mice (Figure 2H). However, these responses were
defective in Vav1/2/3 triple-deficient animals (Figure 2H). Next,
we studied the role of Vav proteins in inflammatory cytokine re-
sponses after fungal infection in vivo. To this end, we intrave-
nously injected wild-type or Vav1/2/3 triple knockout mice with
live C. albicans and measured serum TNF and IL-6 levels after
6 hr. Notably, the production of both inflammatory cytokines
was almost completely abolished in Vav1/2/3~/~ mice (Fig-
ure 3A). Subsequently, we studied the importance of individual
Vav proteins in host protection against fungi by infecting wild-
type or Vav single-, double-, or triple-deficient mice with 1 x
10° colony-forming units (CFUs) of C. albicans. Four days later,
we assessed intravital fungal growth in the kidneys, the main
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Figure 2. Vav Proteins Are Essential for Syk-Coupled CLR-Induced Proinflammatory Responses

(A and B) TNF, IL-2, and IL-10 levels in the supernatants of wild-type (WT) and Vav1/2/3”- BMDCs (A), or Vav single- or double mutant BMDCs of the indicated
genotypes (B) that were untreated (—) or stimulated with C. albicans hyphae (MOI 0.3), LPS (500 ng/ml), or Pam3CSK4 (50 ng/ml) for 16 hr were analyzed by ELISA.
(C) IL-1B in the supernatants of WT and Vav1/2/3~/~ BMDCs left untreated (=) or stimulated with C. albicans hyphae (MOI 1) for 6 hr.

(D) Quantitative real-time PCR analysis of IL-1B transcripts in WT and Vav1/2/3~/~ BMDCs left untreated or stimulated with C. albicans hyphae (MOI 1) (left) or LPS
(100 ng/ml) (right) for the indicated times; results are relative to those of B-actin mRNA.

(E) Immunoblot analysis of mature Caspase-1 (p10) in cell culture supernatants of WT and Vav1/2/3~/~ (—/—) BMDCs left untreated (—), stimulated with C. albicans
hyphae (MOI 1) for 4 hr (C.a.), or pre-stimulated with LPS (50 ng/ml) for 6 hr prior to the addition of ATP (5 mM) for 45 min (A+L). Quantification of mature Caspase-1
p10 by densitometry is shown to the right of the western blot.

(legend continued on next page)
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target organ of the fungus (Brieland et al., 2001). Although
wild-type mice cleared the fungus readily, the kidneys of all
investigated Vav1/2/3~~ mice were enlarged and infiltrated
with macroscopically visible fungal colonies (Figure 3B). Quanti-
tatively, we detected more than 100-fold higher titers of
C. albicans in the kidneys of Vav1/2/3 triple-deficient animals
compared with the wild-type (Figure 3C), and histopathology
confirmed intravital fungal growth (Figure 3D). The fungal bur-
dens in Vav3 single knockout and Vav2/3 double knockout
mice were increased by trend compared with the wild-type,
but a selective loss of Vav1 or Vav2 did not result in higher fungal
titers compared with wild-type mice (Figure 3C). Finally, we stud-
ied the role of Vav signaling in the survival of mice after fungal
infection. In line with the incapacity to control fungal invasion
of the organs, Vav1/2/3-deficient mice died rapidly after injection
of 1 x 10° CFU of C. albicans, whereas the wild-type control an-
imals survived this challenge (Figure 3E). These experiments
reveal that Vav proteins play essential roles in fungus-induced
cytokine production and antifungal immunity in vivo, with Vav3
being the single most important Vav family member for protec-
tion against C. albicans infection.

Vav Proteins Are Regulators of CLR-Induced NF-xB
Activation

The susceptibility of Vav1/2/3 triple-deficient animals and the
failure to induce CLR-mediated cytokine responses are reminis-
cent of the severe phenotype observed in Card9-deficient mice,
suggesting that Vav proteins and Card9 may operate in a com-
mon signaling cascade. Because of the partially overlapping
functions of the three Vav isoforms, we focused subsequent
biochemical studies on Vav1/2/3 triple knockout BMDCs.
Upon C. albicans stimulation, phosphorylation of the tyrosine ki-
nase Syk and of the Dectin-1 signal transducer PLCy2 (Xu et al.,
2009) did not differ between wild-type and Vav1/2/3~/~ BMDCs
(Figure 4A), indicating that Vav proteins are not required for
the immediate receptor-proximal events. Moreover, because
Erk1/2, p38, and Jun N-terminal kinase (JNK) were similarly
phosphorylated in C. albicans-stimulated wild-type and Vav1/
2/3~~ BMDCs (Figure 4B), we conclude that Vavs are not essen-
tial for the regulation of mitogen-activated protein kinase (MAPK)
signaling after fungal infection. However, activation of protein ki-
nase C 3 (PKC3), which controls Card9 engagement (Strasser
et al., 2012), was partially impaired in BMDCs lacking all three
Vav isoforms (Figure 4C; Figure S1A). Likewise, PKC? deficiency
partially compromised Vav1 phosphorylation in response to
C. albicans or curdlan stimulation (Figure S1B). Moreover,
although C. albicans or curdlan stimulation of wild-type BMDCs
induces the rapid activation of the IKK complex, as determined
by measuring IKKe/B phosphorylation (Figure 4C; Figures S1A

and S1B), this response is almost completely abolished in the
absence of Vav proteins (Figure 4C; Figure S1A) or PKC3 (Fig-
ure S1B; Strasser et al., 2012). Consistent with these findings,
C. albicans-induced nuclear translocation of the transcriptional
active NF-kB subunits p65, c-Rel, and RelB were also severely
defective in Vav1/2/3~/~ BMDCs, as they are in Card9-deficient
cells (Figures 4D and 4E; Figures S1C and S1D), demonstrating a
critical role for Vav proteins in CLR-dependent NF-«B control.

As indicated above, the activation of the Card9/Bcl10/Malt1
complex not only regulates IKK activation but also induces
Malt1 proteolytic activity (Jaworski et al., 2014). Consistently,
stimulation of wild-type BMDCs with CLR ligands results in the
rapid proteolytic processing of the Malt1 substrate RelB (Figures
4F and 4G; Figures S1E and S1F; Gewies et al., 2014; Hailfinger
et al., 2011; Jaworski et al., 2014). Curdlan-induced RelB cleav-
age was completely defective in BMDCs from Malt1~'~ mice and
from mice with gene-targeted inactivation of the Malt1 paracas-
pase function (Malt1”™'~) (Gewies et al., 2014; Figure 4F; Fig-
ure S1E) and, therefore, can be used as a marker for CBM
complex activation. Likewise, Malt1-mediated RelB cleavage
upon C. albicans stimulation was also defective in Vav1/2/3 triple
knockout cells (Figure 4G; Figure S1F), which, together with
the defective IKK activation in Vav1/2/3~/~ BMDCs, indicates
that Vav proteins operate upstream of the Card9/Bcl10/Malt1
signalosome.

Finally, we studied the role of Vav proteins in CLR-induced
gene expression in a global manner. To this end, we performed
high-throughput cDNA sequencing (RNA sequencing [RNA-
seq]) followed by gene set enrichment analysis (GSEA) of cur-
dlan-stimulated and untreated BMDCs. In Dectin-1-stimulated
wild-type BMDCs, we detected a significant enrichment of upre-
gulated NF-kB-dependent transcripts compared with Vav1/
2/37'~ cells (Figure 4H), which is consistent with the defective
IKK activation described above. These results further validate
Vav proteins as essential regulators of CLR-mediated NF-kB
control.

A Human Vav3 Polymorphism Is Associated with
Susceptibility to Candidemia

After identifying Vav proteins as integral regulators of the Dec-
tin-1/Card9/NF-«B signaling cascade in murine cells, we were
interested in the potential roles for Vav molecules in human anti-
fungalimmunity. Therefore, we investigated whether genetic var-
iations linked to any of the VAV genes correlate with susceptibility
to candidemia in patients by studying a previously described
cohort of candidemia patients and an appropriate control group
(Jaeger et al., 2015). Interestingly, the analysis of SNPs associ-
ated with VAV3 revealed a significant association with candide-
mia, with the significant SNPs distributed across the linkage

(F and G) BMDCs from WT and Vav1/2/3”~ mice (F), or Vav single- or double mutant mice of the indicated genotypes (G) were untreated (—), stimulated with the
Dectin-1 ligand curdlan (10 pg/ml), plate-bound anti-Dectin-2 (12.5 ug/ml) or isotype control antibodies (Isotype), or the Mincle ligand TDB (100 pg/ml). TNF levels

in the cell culture supernatants were quantified by ELISA.

(H) WT and Vav1/2/3~/~ mice were injected intravenously with TDM containing oil-in-water emulsions or with the vehicle control (—). 24 hr post-injection, TNF,

IL-1B, and IL-10 levels in sera were determined by CBA.

(A, B, F, and G) Data are expressed as percent of WT + SEM of three independent experiments.
(C-E and H) Data of at least three independent experiments are presented as mean + SEM.
*p < 0.05, **p < 0.01, and ***p < 0.001, Student’s t test (A, C, F, and H), and one-way ANOVA and post hoc Tukey-Kramer test (B and G).
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Figure 3. Vav Proteins Are Required for Systemic Antifungal Host Defense
(A-E) Mice of the indicated genotypes were intravenously infected with 1 x 10° CFUs of C. albicans.
(A) Serum IL-6 and TNF levels in WT and Vav1/2/3~'~ mice were determined by CBA 6 hr after infection.

E) WT (n

(
(
(
(b < 0.005).

B and C) After 4 days, kidneys were macroscopically examined (B; scale bar, 10 mm), and C. albicans titers were determined in the kidneys (C).
D) Kidney sections from C. albicans-infected WT and Vav1/2/3~/~ mice were stained with H&E or periodic acid-Schiff (PAS; scale bars, 100 pm).
= 5) and Vav1/2/37'~ (n = 4) mice were monitored daily for health and survival. Statistical survival analyses were performed using the log-rank test

(A and C) Each symbol represents an individual mouse; small horizontal lines indicate the mean; error bars indicate the SEM. Data of one experiment in each case
are presented. *p < 0.05, Student’s t test (A and C, left) and one-way ANOVA (C, right, p = 0.06).

disequilibrium (LD) region of the gene. The association does not
extend beyond the LD region, and the strongest association
was with the SNP rs4914950 (Figure 5A). The risk genotype of
the SNP rs4914950 TT isincreased from 10% (control population)
to 18% (candidemia patients) (Figure 5B).

DISCUSSION

Using a complementary approach of immunology, molecular
biology, and genetic studies, the results presented in this manu-
script define an essential role for Vav proteins in CLR-mediated
inflammatory responses and establish these molecules as
essential signaling platforms that relay proximal events from
Syk-coupled CLRs to the Card9 signaling complex for NF-kB
control and antifungal defense (Dambuza and Brown, 2015;
Osorio and Reis e Sousa, 2011; Roth and Ruland, 2013).
Although individual Vav isoforms can compensate for each
other, their combined absence results in a blockade of CLR-

dependent NF-«B activation similar to Card9 deficiency, with
Vav3 being the most important family member in this pathway
in mice and, presumably, in humans.

When engaged by fungal particles, Syk-coupled CLRs acti-
vate various intracellular signaling pathways that regulate
phagocytosis, microbicidal activities, and gene transcription.
Using C. albicans as a clinically relevant model organism that
is sensed by multiple CLRs and induces CLR signaling (Robin-
son et al., 2009; Taylor et al., 2007; Wells et al., 2008), we
observed Vav activation downstream of Syk. In addition, using
defined agonists of Dectin-1, Dectin-2, and Mincle, we estab-
lished a general role for Vav proteins in CLR signaling in myeloid
antigen-presenting cells. However, our results that CLR-medi-
ated MAPK activation and inflammasome signaling are not
impaired in Vav1/2/3 triple-deficient BMDCs reveal that Vav pro-
teins only mediate specific CLR effector mechanisms. Recent
studies have indicated the involvement of Vavl and Vav3 in
Dectin-1-mediated zymosan phagocytosis and reactive oxygen
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Figure 4. Vav Proteins Control CLR-Triggered NF-kB Activation

(A-E) BMDCs from the indicated genotypes were stimulated with C. albicans hyphae (MOI 0.5) for various times or with LPS (100 ng/ml) for 45 min.

(A) Syk and PLCy2 phosphorylation was determined in cell lysates by immunoblot with anti-phospho-Syk and anti-phospho-PLCv2 antibodies.

(B) Activation of the MAP kinases Erk1/2, p38, and JNK was analyzed with anti-phospho-Erk1/2, anti-phospho-p38, and anti-phospho-JNK antibodies.

(C) Cell lysates were analyzed by immunoblot with anti-phospho-PKC?% and anti-phospho-IKKa/f antibodies. B-actin served as a loading control.

(D and E) Nuclear extracts from WT and Vav1/2/3” (D), or Card9”~ BMDCs (E) were analyzed by immunoblot with antibodies against the NF-kB subunits p65,
c-Rel, and RelB; anti-lamin B antibodies indicate equal protein loading.

(legend continued on next page)
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species (ROS) production in neutrophils and the recruitment of
Vav1 to phagocytic cups for C. albicans engulfment by macro-
phages (Li et al., 2011; Strijbis et al., 2013). Although these
effector mechanisms are important during innate immune re-
sponses, they are not regulated by the Card9 pathway (Drewniak
etal., 2013; Goodridge et al., 2009; Gross et al., 2006). However,
the Card9 signaling pathway appears to be the central mamma-
lian host defense mechanism against fungi, given that multiple
genetic studies in humans have recently identified that several
Card9 loss-of-function defects are causative for several fungal
diseases, including various types of mucocutaneous candidi-
asis; superficial, extensive, and deep dermatophytosis with Tri-
chophyton spp.; subcutaneous phaeohyphomycosis; invasive
Candida infections of the digestive tract and central nervous sys-
tem; Candida endophthalmitis and osteomyelitis; and dissemi-
nated Exophiala disease of the liver, brain, and lung (Grumach
et al., 2015; Pérez de Diego et al., 2015).

We assessed enzymatic Malt1 paracaspase activity as a direct
functional marker for Card9 complex activity in Vav-deficient
mice. Given that this activity was severely impaired in Vav1/2/3
triple-deficient BMDCs, our results establish Vav molecules as
regulators of the Card9/Bcl10/Malt1 complex. Consistent with
the essential function of a Vav/Card9-mediated mechanism for
CLR-induced NF-kB activation, the NF-kB response is blocked
in Vav1/2/3-deficient mice in response to C. albicans infection
or selective CLR triggering, and Vav1/2/3-deficient animals
exhibit dramatically impaired proinflammatory cytokine produc-
tion in response to C. albicans infection and CLR stimulation
in vitro and in vivo. Therefore, we propose a mechanistic model
in which Syk is engaged by CLRs upon fungal sensing, thereby
triggering the phosphorylation and activation of Vav proteins,
which subsequently activate the Card9 complex for NF-kB con-
trol and antifungal gene transcription.

How Vav proteins are mechanistically coupled to Card9 con-
trol remains to be determined. We previously demonstrated
that Card9 is phosphorylated by PKC3 at Thr231 to induce
Card9 effector function. However, the activation of PKC? is
only partially impaired in Vav-deficient BMDCs, whereas IKK
activation is almost completely defective. Similarly, in PKC3-
deficient cells, IKK phosphorylation is abolished, whereas phos-
phorylation of Vav1 is only slightly compromised, suggesting,
together, that Vav and PKC3 operate at the same level upstream
of Card9. Because Vav proteins can control cytoskeletal reorga-
nization and serve as scaffolding platforms in other signaling
systems (Acton et al., 2012; Bustelo, 2014; Spurrell et al.,
2009; Tybulewicz, 2005), we speculate that Vav family members
could bring Card9 into the vicinity of key upstream regulators
such as PKC3 and potential, still unknown factors to allow
Card9 activation. Moreover, because Vav1/2/3 do not only regu-
late CLR-induced Card9-NF-«kB signaling but also control other
cellular responses, such as phagocytosis and ROS production
(Li et al., 2011; Strijbis et al., 2013), the precise molecular inter-

dependence of these mechanisms should be defined in the
future.

In accordance with our molecular model, similar to Card9 defi-
ciency, a complete deficiency in all Vav isoforms results in a
massive susceptibility to C. albicans infection. Likewise, a condi-
tional deficiency of Syk only in dendritic cells also abolishes
innate resistance to acute systemic C. albicans infection (Whit-
ney et al., 2014), and Whitney et al. (2014) elegantly demon-
strated that the early innate cytokine response is required to
orchestrate innate anti-fungal functions, including neutrophil
anti-fungal activity. Nevertheless, in our infection models pre-
sented here, it must be noted that the Vav mutant mice analyzed
were germline Vav-deficient animals and that Vav proteins are
not selectively expressed in Syk and Card9-containing innate
immune cells, including dendritic cells, macrophages, and neu-
trophils, but are also expressed in lymphocytes, which signal
through Card9-independent mechanisms (Gross et al., 2006;
Hara et al., 2007). Still, the rapid death of Vav1/2/3 triple-defi-
cient mice upon fungal infection indicates that an innate immune
defect is indeed responsible for the observed phenotype. This
hypothesis is also in line with the established roles of Vav1 and
Vav3 in mediating phagocytosis and ROS production in macro-
phages and neutrophils upon fungal sensing (Li et al., 2011; Strij-
bis et al., 2013). Future studies with conditional Vav mutant mice
will further dissect the individual roles of Vav signaling in den-
dritic cells, macrophages, and neutrophils as well as in adaptive
immune subsets during complex fungal infection scenarios
in vivo. In addition, in vivo results in individual Vavi-, 2-,
and 3-deficient animals also revealed that, although there is
functional redundancy among the three Vav family members in
infection control, Vav3 is the single most important Vav family
member for antifungal defense in mice. This finding is consistent
with our results in patients who link a polymorphism in the VAV3
gene to susceptibility to Candida infection, suggesting that the
function of Vav molecules is similar to Card9 function conserved
between mice and men.

In addition to fungal components, CLRs also recognize struc-
tures present on mycobacteria (Ishikawa et al., 2009; Lobato-
Pascual et al., 2013; Miyake et al., 2013; Schoenen et al., 2010),
viruses such as dengue virus (Chen et al., 2008), and parasites
such as Schistosoma mansoni (Ritter et al., 2010), as well as
endogenous ligands under sterile inflammatory conditions (Roth
and Ruland, 2013). We therefore believe that our findings have
implications beyond antifungal immunity. Consistent with this hy-
pothesis, Vav1/2/3~/~ mice were almost completely impaired in
systemic inflammatory responses upon innate immune stimula-
tion with the mycobacterial pathogen-associated molecular pat-
terns (PAMP) analog TDM, implying that, like Card9 (Dorhoi
et al., 2010), Vav proteins might also be critical for innate anti-
mycobacterial immune responses. In addition, accumulating evi-
dence indicates important roles for CLR/Card9 signaling in inflam-
matory disorders. Several independent studies have shown an

(F and G) BMDCs from mice of the indicated genotypes were pretreated with the proteasome inhibitor MG132 for 30 min and then stimulated with curdlan
(0.5 mg/ml) (F) or C. albicans hyphae (MOI 1) (G) for 2 or 4 hr. Cell lysates were analyzed by immunoblot using antibodies against RelB and B-actin.

(H) WT and Vav1/2/3~/~ BMDCs were stimulated with curdlan (0.2 mg/ml) for 3 hr. Shown is the GSEA enrichment score of NF-kB target genes differentially
expressed in curdlan-stimulated wild-type cells compared with Vav1/2/3-deficient BMDCs.

Data are representative of at least three independent experiments. See also Figure S1.
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Figure 5. A VAV3 Polymorphism Is Associated with Increased Susceptibility to Candidemia

(A) Polymorphisms associated with candidemia were investigated in a group of 227 patients with Candida-positive blood cultures and compared with 176
patients from the same clinical wards without infection. SNPs associated with the VAV3 locus revealed a significant association with candidemia, with the
significant SNPs distributed across the LD region of the gene. The VAV3 gene region on chromosome 1 is shown. Using the SNAP server, the SNP of interest
(rs4914950) (biggest orange diamond) was plotted with all annotated polymorphisms in this gene (other diamonds). R? and recombination rate are indicated on
the left and right y axis, respectively. Diamonds on the same horizontal line as the SNP of interest (biggest orange diamond) are in complete linkage disequilibrium
(R? = 1) with this SNP and have the same disease association values. Diamonds below this line have a lower LD value with the SNP of interest and, therefore, differ
in the association with the disease. The table below shows the top 15 polymorphisms that are linked to rs4914950.

(B) Genotype frequencies for the rs4914950 SNP that showed the strongest association with candidemia. The table below shows the total numbers and per-
centages (in parentheses) of genotypes in Candida-infected (candidemia patients) and non-infected (controls) individuals. Statistical comparisons of genotype

frequencies between the two groups were made using %2 test.

association between Card9 polymorphisms and ulcerative colitis
and Crohn’s disease (Roth and Ruland, 2013), which are sup-
ported by a recent study in mice demonstrating a protective role
for Card9 in intestinal inflammation (Sokol et al., 2013). Deep re-
sequencing of inflammatory bowel disease genome-wide associ-
ation study (GWAS) loci confirmed an association between Card9
and ulcerative colitis and Crohn’s disease (Beaudoin et al., 2013;
Hong etal., 2016). Moreover, additional genome-wide association
studies in humans have identified significant associations be-
tween CARD9 and VAV3 gene loci and immunoglobulin A (IgA)
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nephropathy (Kiryluk et al., 2014). In conjunction with the results
presented here, these data suggest that the described Vav/
Card9-dependent signaling mechanism could also play a role in
sterile inflammatory diseases.

EXPERIMENTAL PROCEDURES
Mice

Vav1~™~ (Turner et al., 1997), Vav2~'~ (Doody et al., 2001), Vav3~/~ (Sauzeau
et al., 2006), Card9~’~ (Gross et al., 2006), Prkcd '~ (Leitges et al., 2001),



Malt1~~ (Ruland et al., 2003), and Malt1™" (Gewies et al., 2014) mice were
described previously. Vav double-deficient (Vav2/3~/7) and triple-deficient
(Vav1/2/3~'~) mice were generated by intercrossings of Vav single knockout
animals and were provided by X.R.B. and V.L.T.. All animal work was conduct-
ed in accordance with German federal animal protection laws and approved by
the Institutional Animal Care and Use Committee at the Technical University of
Munich. Animals were used at 8-16 weeks of age.

Cell Culture and Stimulation

BMDCs were derived from bone marrow as described previously (Gross et al.,
2006) and stimulated with curdlan (Wako Pure Chemicals Industries), LPS (ul-
trapure, from Escherichia coli strain K12, InvivoGen), Pam3CSK4 (InvivoGen),
Dectin-2 monoclonal antibody (AbD Serotec), Rat IgG2a isotype control (R&D
Systems), TDB (Avanti Polar Lipids), or C. albicans strain SC5314 as indicated.
For tyrosine kinase or proteasome inhibition, the Syk inhibitor R406 (Rigel), the
Src kinase inhibitor PP2 or its inactive analog PP3 (both from Calbiochem),
or MG132 (Sigma) were used. Cell culture reagents were purchased from
Invitrogen, and fetal calf serum (FCS) was purchased from HyClone.
Mouse recombinant granulocyte-macrophage colony-stimulating factor was
purchased from PeproTech.

Cytokine Measurement

Cytokine levels were measured by ELISA (BD Biosciences and eBioscience) or
by cytometric bead array (CBA; BD Biosciences) according to the manufac-
turer’s instructions.

Immunoprecipitation and Immunoblot Analysis

Cell lysates or cell supernatants were subjected to standard immunoblot anal-
ysis techniques as described previously (Strasser et al., 2012). Cytosolic and
nuclear extracts were prepared as described previously (Ferch et al., 2007).
For immunoprecipitation experiments, BMDCs were left unstimulated or stim-
ulated with C. albicans as indicated and lysed in an NP-40-containing buffer.
Lysates were pre-cleared by incubation with protein G Sepharose (GE Health-
care 4 Fast Flow) and then incubated with anti-phospho-tyrosine antibodies.
Immune complexes were precipitated with protein G Sepharose and sub-
jected to protein immunoblotting as indicated. Quantification of immunoblots
was performed by densitometry using Imaged software. Densitometry data
were expressed relative to levels of appropriate loading controls and normal-
ized to specific treatment conditions.

Statistical Analysis

Data were analyzed and graphed using Excel (Microsoft Office) and Prism
(GraphPad). For comparison between two groups, two-tailed Student’s t
test was used. Analysis across more than two groups on a single dataset
was performed using one-way ANOVA and post hoc Tukey-Kramer test. Sur-
vival data were analyzed using the log-rank test. Genotype frequencies be-
tween controls and candidemia patients were compared using the %2 test.
The level of significance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure S 1. Vav proteins control CLR-triggered NF-kB activation, Related to Figure 4. (A, C, D) BMDCs
from the indicated genotypes were stimulated with C. albicans hyphae (MOI 0.5) for various times or with LPS
(100 ng/ml) for 45 minutes. (A) Cell lysates were analyzed by immunoblot with anti-phospho-PKCd and anti-
phospho-IKKa/p antibodies. Densitometrical quantification of phospho-PKC9 (left) and phospho-IKKa/p
(right) relative to B-actin, normalized to WT BMDCs treated with C. albicans for 15 minutes (left) or 45 minutes
(right). (B) BMDCs from WT or Prked”” mice were stimulated with C. albicans hyphae (MOI 0.5) (left) or
curdlan (0.5 mg/ml) (right) for various times, or with LPS (100 ng/ml) for 30 minutes. Cell lysates were



analyzed by immunoblot with anti-phospho-Vavl (Tyr174), anti-Vavl, and anti-phospho-IKKo/f antibodies. -
actin serves as a loading control. Representative data of two independent experiments are shown. (C, D) Nuclear
extracts were analyzed by immunoblot with antibodies against the NF-kB subunits p65, c-Rel and RelB.
Quantification of nuclear p65, c-Rel and RelB by densitometry, relative to Lamin B, normalized to WT BMDCs
treated with C. albicans hyphae for 4 hours. (E, F) BMDCs from mice of the indicated genotypes were
pretreated with the proteasome inhibitor MG132 for 30 minutes, and then stimulated with curdlan (0.5 mg/ml)
(E) or C. albicans hyphae (MOI 1) (F) for 2 or 4 hours. Cell lysates were analyzed by immunoblot using
antibodies against RelB and B-actin. Densitometrical quantification of cleaved RelB relative to B-actin,
normalized to WT BMDC:s treated with curdlan for 4 hours (E), or with C. albicans for 2 hours (F). (A, C-F)
Data of at least three independent experiments are shown as means (+s.e.m.). *p < 0.05, **p <0.01 and ***p <
0.001, Student’s #-test. Not significant (#.s.). Arbitrary units (AU).



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

C. albicans infections. Mice were infected with 1x10° colony-forming units (c.f.u) of C. albicans (strain
SC5314) as described (Gross et al., 2006) and monitored daily for health and survival according to institutional
guidelines. To determine fungal burden, organ homogenates were plated in dilutions on CHROMagar (BD
Biosciences). For histological analyses, kidney sections were stained with hematoxylin and eosin (H&E) or
periodic acid-Schiff (PAS) according to standard protocols. Six hours after infection, serum was collected to
analyze cytokine levels by cytometric bead array (CBA; BD Biosciences).

Administration of TDM. Squalane-in-water emulsions containing TDM (Trehalose 6,6'-dimycolate from
Mycobacterium bovis, Sigma) were prepared by ultrasonic treatment as previously described (Yarkoni and Rapp,
1978). The final concentrations of emulsion components were as follows: 1.5 or 0 mg/ml (vehicle control) TDM,
9% squalane (Sigma), 1% Tween 80 (Sigma), and 90% saline. The TDM emulsions or the squalane-tween-saline
vehicle controls were administered to groups of animals via tail vein injection (0.1 ml per mouse). After 24
hours, serum was collected to determine cytokine levels by CBA (BD Biosciences).

Antibodies. Primary antibodies anti-Caspase-1, p10 (sc-514), anti-c-Rel (sc-71), anti-lamin B (sc-6217), anti-
phospho-Vav (Tyr 174-R, sc-16408-R), and anti-Vav (sc-132) were from Santa Cruz, and anti-NF-kB p65
(4764), anti-phospho-Erk1/2, (Thr202/Tyr204, 9101), anti-phospho-IKKo/f (Ser176/180, 2697), anti-phospho-
JNK (Thr183/Tyr185, 9251), anti-phospho-p38 (Thr180/Tyr182, 4511), anti-phospho-PLCy2 (Tyr759, 3874),
anti-phospho-Syk (Tyr525/526, 2711), anti-phospho-PKCd (Tyr311, 2055), anti-phospho-tyrosine (9411), and
anti-RelB (4922) were purchased from Cell Signaling. Anti-B-actin was purchased from Sigma.

Real-time quantitative PCR. Total RNA was isolated and transcribed using standard methods. The specific
primer pairs were as follows: IL-1B, 5'-TGTAATGAAAGACGGCACACC-3' and 5'-
TCTTCTTTGGGTATTGCTTGG-3'; B-actin, 5'-AGACCTCTATGCCAACACAG-3' and 5'-
TCGTACTCCTGCTTGCTGAT-3". The qPCR Core kit for SYBR Green I (Eurogentec) and a LightCycler 480
Real-Time PCR System were used as indicated by the manufacturers. IL-13 mRNA expression was calculated as
the ratio of the real-time PCR signal for IL-1 mRNA to that of the B-actin mRNA.

RNA-seq library preparation and data analysis. Total RNA was purified using TRIzol Reagent (Invitrogen)
and the RNeasy Mini kit (QIAGEN) with on-column DNase treatment. Purified RNA was submitted to the
Genomics & Proteomics Core Facility at the DKFZ (Heidelberg, Germany) where it was subjected to library
preparation using the Illumina TruSeq RNA sample preparation kit v2. Libraries were pooled (three samples per
lane) and sequenced on an Illumina HiSeq 2000 (50-base pair single-end reads). The raw data quality of all
libraries was analyzed using FastQC (v. 0.11.1). Quality trimming and adapter removal was performed using the
FASTX-Toolkit (v. 0.0.14). The fastq files were then mapped to the mouse genome downloaded from Ensembl
(genome build NCBI37) using TopHat2 (Kim et al., 2013) (v. 2.4.2a). Mapped reads were processed through
featureCount (Liao et al., 2014) (v. 1.4.6-p4) at the gene level to account for the number of reads per gene in all
samples. This was followed by differential expression analysis using the DESeq2 (Love et al., 2014) (v. 1.8.2)
package of R (v. 3.2.0). Count data were normalized using the size factor to estimate the effective library size
(Anders and Huber, 2010). After calculating gene dispersion across all samples, a pair-wise comparison of two
different conditions resulted in a list of differentially expressed genes for the stimulated wild-type vs. knockout
samples. Genes with an adjusted p-value <= 0.1 were defined as differentially expressed and were used for
downstream analyses. The p-values were adjusted for multiple testing to reduce the false discovery rate (FDR).
Gene set enrichment analysis (GSEA) for NF-kB was performed as previously described (Subramanian et al.,
2005). The NF-kB target gene set was taken from earlier studies (Compagno et al., 2009). GSEA was performed
on a pre-ranked gene list based on their normalized mean read counts from the DESeq?2 analysis. This list was
then compared with the list of 120 NF-kB target genes to compute the GSEA enrichment scores. The algorithm
implements weighted scores and was run with 1000 permutation tests.

Candidemia patients, control volunteer cohorts, and genotyping. In this study, we included 227 unrelated
adult candidemia patients of European genetic background. Patients were enrolled after confirmation of at least
one positive blood culture for a Candida species. The control cohort of 176 volunteers of European descent
consisted of non-Candida-infected matched patients from the same clinical departments as the patient cohort.
Controls were recruited consecutively from the same hospital wards as infected patients during the study period,
with a similar balance of medical, surgical, and oncology patients. Review boards of the involved medical
centers approved the study, and patients were enrolled after giving written informed consent (described in detail
in (Jaeger et al., 2015)). Patients and control volunteers were genotyped on the Illumina Immunochip SNP array
platform, which contains approximately 200,000 SNPs focused on genomic regions known to be involved in
immune-mediated diseases (Trynka et al., 2011). After the application of quality control filters, we investigated



whether SNPs in the V4V genes influence susceptibility to candidemia in the case-control association. The
publicly available SNAP server was used to plot the SNP of interest (rs4914950)(Johnson et al., 2008; Saxena et
al., 2007).
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SUMMARY

Type | interferon (IFN) is crucial during infection
through its antiviral properties and by coordinating
the immunocompetent cells involved in antiviral or
antibacterial immunity. Type | IFN (IFN-o and IFN-B)
is produced after virus or bacteria recognition by
cytosolic receptors or membrane-bound TLR re-
ceptors following the activation of the transcription
factors IRF3 or IRF7. IFN-B production after fungal
infection was recently reported, although the under-
lying mechanism remains controversial. Here we
describe that IFN-B production by dendritic cells
(DCs) induced by Candida albicans is largely depen-
dent on Dectin-1- and Dectin-2-mediated signaling.
Dectin-1-induced IFN-B production required the
tyrosine kinase Syk and the transcription factor
IRF5. Type | IFN receptor-deficient mice had a lower
survival after C. albicans infection, paralleled by
defective renal neutrophil infiltration. IFN-B produc-
tion by renal infiltrating leukocytes was severely
reduced in C. albicans-infected mice with Syk-defi-
cient DCs. These data indicate that Dectin-induced
IFN-B production by renal DCs is crucial for defense
against C. albicans infection.

INTRODUCTION

The type | interferon (IFN) cytokine family includes IFN-§3 and 14
members of the IFN-o family (Decker et al., 2005). Type | IFN was
originally discovered by its antiviral properties, which rely primar-
ily on its capacity to block gene translation, to inhibit viral replica-

tion, to trigger the production of nucleases degrading viral
nucleic acids, and to induce the apoptosis of infected cells
(Stetson and Medzhitov, 2006). However, type | IFN was subse-
quently demonstrated to play also a crucial role during infection
by coordinating the function of different immunocompetent cells
involved in the induction of defense against viruses and intracel-
lular bacteria. In this regard, type | IFN can license dendritic cells
(DCs) for cross-priming-dependent activation of CD8* T cells,
trigger the effector function of cytotoxic CD8" T cells, activate
natural killer (NK) cells through interleukin-15 (IL-15) production,
and promote the production of leukocyte-attractant chemokines
(Gonzalez-Navajas et al., 2012). Type | IFN can be produced after
recognition of viruses or intracellular bacteria through two cate-
gories of receptors: ubiquitously expressed cytosolic receptors
such as RIG-I and MDA5 (that sense viral dsRNA), or NOD1
and NOD2 (that sense bacterial peptidoglycans), and mem-
brane-bound Toll-like receptors (TLRs), such as TLR3, TLR4,
TLR7, and TLR9 (Trinchieri, 2010). These type | IFN-inducing
TLRs that are selectively expressed by specialized immunocom-
petent cells are located at the cell surface (TLR4, that senses
Gram-negative bacteria LPS) or at endosomal compartments
(TLR3, TLR7, and TLR9, that sense viral or bacterial nucleic
acids). After viral or bacterial infection, the engagement of type
I IFN-inducing receptors, except TLR7 and TLR9, leads to the
activation of the transcription factor IFN response factor 3
(IRF3) that induces the production of IFN-B and IFN-a4 (Trin-
chieri, 2010). In contrast, engagement of endosomal TLR7 and
TLR9 in DCs leads to the production of IFN-B and all types of
IFN-a. by a mechanism dependent on the transcription factor
IRF7 (Decker et al., 2005; refer to Figure S7 available online for
an integrated view of type | IFN-inducing receptors).

Recent studies have revealed that type | IFN can be produced
by DCs in response to fungi, particularly to yeasts of the genus
Candida (Biondo et al., 2011; Bourgeois et al., 2011), which
can cause life-threatening infections in immunocompromised
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patients (Pfaller and Diekema, 2007). As described for bacterial
infections, type | IFN can be beneficial for the immune response
to yeast, as described for Candida albicans (Biondo et al., 2011),
or have a detrimental effect, as reported for Candida glabrata
infection (Bourgeois et al., 2011). However, the mechanism
by which type | IFN is produced during Candida infection remains
controversial. Activation of DCs after interaction with C. albicans
has been claimed to result from the engagement of TLR2 and
TLR9, and particularly of Dectin-1 (Clec7a; Romani, 2011), a
C-type lectin receptor recognizing the complex B-glucan cell
wall of C. albicans, that is crucial for the induction of protective
T helper 17 (Th17) cell responses (LeibundGut-Landmann
et al., 2007). Dectin-1 engagement results in the recruitment of
Syk, that leads to the activation of PLCy2 (Xu et al., 2009) and
to the assembly of the Card9 complex by a mechanism depen-
dent on PKC3 (Strasser et al., 2012). Dectin-1-triggered Card9
signaling then drives IL-1B, IL-2, IL-6, IL-10, IL-12, IL-23, and
tumor necrosis factor-a. (TNF-a) production by an NF-kB and
NFAT-dependent pathway (Sancho and Reis e Sousa, 2012;
refer to Figure S7 for an integrated view of Dectin-1-mediated
signaling).

In order to explore the involvement of Dectin-1 in the produc-
tion of type | IFN during fungal infection, we have analyzed the
signaling pathway controlling IFN-B expression by DCs in
response to C. albicans. Our data have allowed us to describe
a pathway leading to IFN-B production by DCs that depends
on Dectin-1 and Dectin-2 activation. Dectin-1-induced IFN-$
production was dependent on Syk- and Card9-driven signaling
and on the transcription factor IRF5 and independent of IRF3
and IRF7. Experiments of in vivo infection with C. albicans per-
formed in mice deficient in the IFNAR1 subunit of the type | IFN
receptor IFN-a and IFN-B receptor-deficient (/fnar?~'~) and
CD11c-Cre*’~ Syk™™ mice, in which DCs are not responsive to
Syk-dependent signaling, demonstrated that type | IFN exerted
a protective role during C. albicans infection and that the produc-
tion of type | IFN by renal leukocytic infiltrates was mainly
controlled by DCs through Dectin-1 and Dectin-2 signaling.
Taken together, our results support the hypothesis that the
production of type | IFN by renal infiltrating DCs, mediated by
Dectin-Syk-IRF5 signaling, plays a crucial role in defense against
C. albicans infection.

RESULTS

Dectin-1 Engagement Induces IFN-3 Production by
Dendritic Cells

In order to address the involvement of Dectin-1 in the production
of type | IFN by DCs, we first assessed by real-time PCR the
capacity of bone-marrow-derived DCs (BMDCs) to express
IFN-B-specific messenger RNA (mRNA) in response to Curdlan
(awater-insoluble B-1,3 polysaccharide from Alcaligenes faecalis
that acts as a Dectin-1 specific ligand), to Zymosan (a complex
insoluble preparation from Saccharomyces cerevisiae that acti-
vates TLR2 and TLR6, TLR9, and Dectin-1), to heat-killed
C. albicans, strain SC5314 (HKC), and to LPS from Escherichia
coli, that was used as a control of type | IFN production in
response to TLR4. Engagement of TLR4 was characterized by
a fast and transient induction of IFN-B mRNA, which peaked
2 hr after LPS stimulation and returned to basal levels along the
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next 4 hr. In contrast, Curdlan and Zymosan induced a more sus-
tained expression of IFN-B mRNA, which peaked at 3 hr, was
maintained at maximal levels until 5 hr, and was still detectable
8 hr after stimulation (Figure 1A). The kinetics of IFN-B mRNA
expression after stimulation with HKC revealed a slower
response peaking at 5 hr. This delayed response compared to
Curdlan or Zymosan could reflect a reduced exposure of DC-
activating Candida-associated molecular patterns by HKC, and
consequently a less efficient recognition of these ligands by the
TLRs and C-type lectin receptors expressed by BMDCs.

One possible explanation for this sustained IFN-f mRNA
expression is that IFN-f produced after engagement of Dectin-1
and/or TLRs by yeast compounds present in Curdlan and/or
Zymosan triggers, in an autocrine manner, the signaling through
the type | IFN receptor (IFNAR) IFN-o and IFN-B receptor
(IFNAR1). This would lead to a feed-forward loop of IFN- pro-
duction that has been described for TLR7- or TLR-9-activated
plasmacytoid DCs (Decker et al., 2005) but that was not opera-
tional in BMDCs activated by LPS (Figure S1). However, no dif-
ferences in IFN-B mRNA expression were observed between
Ifnar1™~ and wild-type (WT) BMDCs after stimulation with
Curdlan or Zymosan (Figure S1). These results indicates that
IFNAR signaling did not contribute to a feed-forward loop of
IFN-B production in BMDCs under these activation conditions,
although the autocrine IFNAR signaling pathway was operational
because no expression of mMRNA for the IFN-inducible antiviral
gene Mx2 was detected in /fnar?~'~ BMDCs (Figure S1). There-
fore the sustained IFN-B mRNA expression induced by Curdlan
and Zymosan was not due to IFNAR signaling, but most likely
to a Dectin-1-specific transcriptional regulation of Ifnb gene
expression, as discussed below.

As stated before, IRF3-mediated IFN-B production resulting
from the recognition of viral or bacterial compounds by type |
IFN-inducing cytosolic or TLR receptors has been claimed to
be paralleled by IFN-a4 production (Trinchieri, 2010). To address
whether this also occurred in response to C. albicans, we
analyzed IFN-o. mRNA expression in BMDCs stimulated with
Curdlan or Zymosan by real-time PCR, by using pan-IFN-o
primers. IFN-o mRNA expression was not detected in BMDCs
stimulated with Curdlan or Zymosan (Figure S2). In contrast,
IFN-oo mRNA was induced in bone marrow-derived macro-
phages (BMMs) stimulated with either Curdlan or Zymosan (Fig-
ure S2A), indicating that Curdlan-induced signaling can lead to
the induction of IFN-ao mRNA, although this appears to be cell-
type-specific. Interestingly, Curdlan or Zymosan stimulation
induced a significantly higher IFN-B mRNA expression in BMDCs
than in BMMs (Figure S2B).

To confirm that IFN-B production in response to Curdlan was
due to Dectin-1 engagement, the expression of IFN-f mRNA
and the production of IFN-B was analyzed by real-time PCR
and ELISA, respectively, after stimulation of BMDCs from
Dectin-1 deficient (Clec7a~~) mice (Figures 1B and 1C).
Whereas no difference in the expression of mRNA for IFN-§
was observed between WT and Clec7a~'~ BMDCs stimulated
with LPS (Figure 1B), IFN-B mRNA expression was dramatically
reduced in Clec7a~’~ BMDCs after Curdlan stimulation (Fig-
ure 1B), and, correspondingly, no IFN-B was detected at the
protein level (Figure 1C). This result demonstrates that the pro-
duction of IFN-B by Curdlan-stimulated BMDCs was dependent
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A Figure 1. Dectin-1 Engagement Induces
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on Dectin-1 signaling. After stimulation with Zymosan or HKC,
IFN-B mRNA expression was significantly lower in Clec7a™~
that in WT BMDCs (Figure 1B), and, accordingly, IFN-B produc-
tion was reduced around 80% (Figure 1C). These data suggest
that IFN-B production in response to C. albicans results, for the
most part, from Dectin-1 signaling, and consequently to a lesser
extent from TLR-mediated signaling. To further explore the
relative contribution of TLR-mediated signaling to IFN-f produc-
tion in response to C. albicans, we analyzed IFN-f mRNA
expression by BMDCs from mice deficient in the receptors
TLR2 or TLR9 that have been reported to contribute pre-
dominantly to TLR-mediated activation of DCs exposed to
C. albicans, by interacting with Candida cell wall mannans and
Candida DNA, respectively (Romani, 2011). As expected, neither
TLR2 nor TLR9 deficiency affected the response of BMDCs to
Curdlan stimulation (Figures 1D and 1E). The expression of

hibited in TIr9~"~ BMDCs, indicating that

yeast DNA from S. cerevisiae was readily
exposed in Zymosan preparations. Globally, these results reveal
that IFN-B production by BMDCs in response to C. albicans is
mainly driven by Dectin-1 signaling and that IFN- produced
by BMDCs in response to Curdlan is TLR-independent and
dependent on Dectin-1.

IFN-B Production Triggered by Dectin-1 Is Dependent on
Syk and Card9

As mentioned above, Dectin-1 engagement results in the recruit-
ment of Syk and Card9, leading to cytokine production by an
NF-kB and NFAT-dependent pathway (Sancho and Reis e
Sousa, 2012). In order to assess whether Dectin-1-induced
IFN-B production was dependent on Syk, IFN-B production
was analyzed in BMDCs from CD11c-Cre*’~ Syk™" mice, in
which Syk deletion is under the control of the promoter for
CD11c, an integrin expressed by all mouse DC subtypes. As
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shown in Figure 2A, deletion of Syk had no effect on the synthesis
of IFN-B by BMDCs stimulated by LPS as expected, but
completely blocked its production by Curdlan-stimulated
BMDCs, confirming the involvement of Syk in Dectin-1-mediated
IFN-B production. Because Card9 is involved in NF-kB activation
resulting from Dectin-1 engagement (Gross et al., 2006) and
NF-kB is required for the transcriptional activation of the Ifnb
gene (Panne et al., 2007), we hypothesized that Card9 could
also control IFN-f production in response to Curdlan. To address
this issue, we analyzed BMDCs from Card9~'~ mice for their
ability to produce IFN-B after stimulation with Curdlan or LPS.
As expected, Card9 deficiency strongly inhibited the production
of IFN-B in response to Curdlan, but not to LPS, confirming that
Dectin-1-mediated IFN-B production is dependent on Card9
(Figure 2B). Interestingly, IFN-B production by HKC-stimulated
BMDCs from either CD11c-Cre*’~ Syk™ or Card9~~ mice
was barely detectable, indicating that production of IFN-B by
BMDCs in response to C. albicans is essentially dependent on
Syk and Card9 signaling.

The fact that the blockade of IFN-f production in response to
HKC was even more pronounced in either CD11c-Cre*’~ Syk™"
or Card9~'~ BMDCs than in Clec7a~'~ BMDCs, led us to explore
the contribution of Dectin-2 and Mincle, the two other C-type
lectin receptors recognizing C. albicans cell wall mannans and
signaling through a Syk-Card9-mediated pathway (Sancho
and Reis e Sousa, 2012), to IFN-B production in response to

4 |Immunity 38, 1-11, June 27, 2013 ©2013 Elsevier Inc.

C. albicans. The production of IFN-B
in response to Curdlan was reduced
around 20% and 50% at the mRNA and
protein level, respectively, after treatment with the anti-Dectin-2
blocking antibody D2.11E4 (Figures 2C and 2D). This result sug-
gests that in BMDCs Curdlan was recognized by Dectin-2,
although less efficiently than by Dectin-1, or alternatively that
the Dectin-2 antibody D2.11E4 displayed some cross-reactivity
with Dectin-1. Interestingly, HKC-induced production of IFN-$
by anti-Dectin-2 treated BMDCs was reduced to a same extent
than in Clec7a~’~ BMDCs. In contrast, Mincle (Clec4e) defi-
ciency had no effect on IFN-B production induced by either
Curdlan or HKC (Figures 2E and 2F). These data suggest that
Dectin-2, which requires to be associated with the ITAM-bearing
adaptor FcRy to recruit Syk (Sancho and Reis e Sousa, 2012),
contributes significantly to IFN-B production in response to
C. albicans, through a Dectin-2-FcRy-Syk pathway. Therefore
our data support that IFN-B production in response to
C. albicans results essentially from the combined action of
Dectin-1 and Dectin-2 signaling.

Curdlan

IRF5, but Neither IRF3 Nor IRF7, Controls
Dectin-1-Dependent IFN-$ Production

To identify the molecular mechanism leading to IFN-B production
after Dectin-1 engagement, we analyzed the activation of the
main transcriptional activators required for the assembly of the
IFN-B enhanceosome: NF-«B, c-Jun, and IRF3. For this purpose,
the phosphorylation and nuclear translocation of the RelA sub-
unit of NF-kB, c-Jun, and IRF3 was evaluated by immunoblot
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Figure 3. Activation of Ifnb Gene Transcriptional Activators after
Dectin-1 Engagement in BMDCs

RelA, c-Jun, and IRF3 activation was determined on nuclear and cytosolic
protein extracts from BMDCs stimulated with LPS, Zymosan, or Curdlan for
2 hr. Extracts were analyzed by immunoblot by using antibodies against
phospho-RelA, phospho-c-Jun, or phospho-IRF3, RelA, c-Jun, and IRF3.
Purity of the nuclear and cytosolic cell fractions was assessed by using anti-
bodies against Histones (H1 and core proteins) and B-tubulin, respectively.
Data are representative of two independent experiments with similar results.

on cell lysates from the nuclear or cytosolic fractions of Curdlan-,
Zymosan-, or LPS-activated BMDCs. Whereas BMDC stimula-
tion with either Curdlan, Zymosan, or LPS led to a correct
activation of RelA (Figure 3), the phosphorylation and nuclear
translocation of c-Jun was almost undetectable in BMDCs acti-
vated with Curdlan, indicating that IFN-B production in response
to Curdlan occurred in the absence of a strong c-Jun activation.
In contrast, both Zymosan and LPS induced a correct activation
of c-dun. The analysis of IRF3 activation, required for IFN-f pro-
duction in response to the majority of type | IFN-inducing recep-
tors, including cytosolic receptors as well as TLR3 and TLR4
(Trinchieri, 2010), revealed that IRF3 was not phosphorylated
and consequently it was not translocated to the nucleus in
response to Curdlan stimulation. In contrast, as expected, these
processes occurred correctly in LPS- or Zymosan-activated
BMDCs (Figure 3). This finding strongly supports the hypothesis
that IRF3 was not required for IFN-B production in response to
Curdlan. To confirm this hypothesis, we analyzed BMDCs from
Irf3~~ mice for their capacity to produce IFN-p in response to
Curdlan or LPS. IRF3 deficiency led to a dramatic reduction in
IFN-B production by BMDCs stimulated with LPS, but had no
effect on the synthesis of IFN-B in response to Curdlan (Fig-
ure 4A), confirming that IRF3 was not involved in Dectin-1-trig-
gered IFN-B production. Given that IFN-B production induced
after engagement of TLR7 or TLR9 on DCs has been demon-
strated to be dependent on the transcription factor IRF7 (Decker
et al., 2005), we used BMDCs from Irf7~/~ mice to address
whether IRF7 was involved in Dectin-1-mediated IFN-f produc-
tion. Our data demonstrate that IRF7 was not involved in this pro-
cess as IFN-B production by Curdlan-stimulated BMDCs was
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Figure 4. IRF5, but Neither IRF3 Nor IRF7, Controls Dectin-1-
Dependent IFN-f3 Production

IFN-B production by BMDCs from wild-type (WT), Irf3~/~ (A), Irf7~/~ (B) or
Irf5~/~ (C) mice unstimulated (control) or stimulated for 16 hr with LPS or
Curdlan was analyzed by ELISA. Data are expressed as mean + SD of dupli-
cate samples. Significant differences, as determined by the unpaired t test, are
indicated *p < 0.05; **p < 0.01. Data are representative of three (A) or two
(B and C) independent experiments with similar results. n.d., not detectable.
See also Figure S3.

not affected by IRF7 deficiency (Figure 4B). In conclusion, these
experiments confirmed that IFN- production in response to
Curdlan was dependent on neither IRF3 nor IRF7, that in contrast
play a crucial role in the control of type | IFN production in
response to virus and bacteria through cytosolic or TLR recep-
tors. In search for a member of the IRF family of transcription fac-
tors that may control the transcriptional activation of the Ifnb
gene resulting from Dectin-1 engagement, we explored the
possible involvement of IRF5 in this process, based on two
recent reports demonstrating a correlation between IRF5 and
IFN-B production after bacterial infection (Gratz et al., 2011; Pan-
dey et al., 2009). Interestingly, Dectin-1-mediated IFN- produc-
tion was found to be strongly dependent on IRF5, as assessed
by analyzing BMDCs from /rf5~~ mice (Figure 4C). Regarding
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Figure 5. Type I IFN Produced in Response to C. albicans Is Crucial for Defense against Candidiasis
(A) Survival of WT (n = 12) and /fnar1~'~ (n = 12) mice infected intravenously with 1 x 10° C. albicans.
(B) Kidney fungal burden of WT (n = 7) and Ifnar? ™'~ (n = 7) mice at day 6 after infection with 1 x 10° C. albicans. Data are expressed as cfu/g kidney.
(C) Kinetics of infiltrating leukocytes (defined as CD45* cells) after infection with 1 x 10° C. albicans of WT or /fnar1~/~ mice. Data are expressed as mean + SD of
four mice per condition.
(D) Absolute number of T, NK, and B cells (defined as CD90*, CD49b*, and CD19* cells, respectively) in the renal leukocyte infiltrates of WT or Ifnar? '~ mice at the
indicated times after infection with 1 x 10° C. albicans. Data are expressed as mean + SD of four mice per condition.
(legend continued on next page)
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these experiments performed with /rf5~/~ mice, it is important to
point out that a recent report (Purtha et al., 2012) has revealed
that, in some cases, Irf5~'~ mice harbor a spontaneous mutation
in the Dock2 gene that could interfere with the analysis of IRF5
deficiency. However, as shown in Figure S3, the genotyping of
the Irf5~/~ mice used in our study confirmed that they had a
normal Dock2 genotype.

In conclusion, our data firmly demonstrate the existence in
BMDCs of a Dectin-1-mediated signaling pathway leading to
the production of IFN-B that is dependent on the Syk kinase,
the NF-kB activator Card9 and on the transcription factor IRF5.
Importantly, our results also support that type | IFN production
by BMDCs in response to C. albicans is mainly controlled by
this Dectin-1-dependent pathway.

Type | IFN Production in Response to C. albicans Is
Crucial for Defense against Candidiasis

In order to explore the role of IFN-f produced in response to
C. albicans, we first analyzed the survival of WT versus Ifnar1 /=
mice after intravenous injection of LDs, dose of 1 x 10°
C. albicans. During the 2 first weeks after infection, 100% (12/
12) versus 16% (2/12) mice died in /fnar? =~ and WT strains,
respectively. Correspondingly, the survival at day 30 after infec-
tion was significantly higher in WT than in Ifnar1 ™'~ mice (75%
versus 0%, p value < 0.0001; Figure 5A). Because the kidney is
the main target for C. albicans infection, we analyzed the renal
fungal burden at day 6 after infection, corresponding to the
time point when mice started to die. As expected from our sur-
vival data, Ifnar?~'~ mice had a significantly higher fungal burden
than WT mice (p value < 0.05; Figure 5B). In line with our data
supporting that type | IFN production by DCs in response
to C. albicans is essentially dependent on Dectin-Syk-IRF5
signaling, the renal fungal load in C. albicans-infected Irf5~/~
mice was significantly higher than in their WT counterparts
(p value < 0.05; Figure S4). In an attempt to unravel the mecha-
nism by which IFN-B exerted a protective effect after
C. albicans infection, we analyzed the recruitment to the kidney
of the different leukocytic cell types infiltrating the renal paren-
chyma, in WT and Ifnar1~'~ mice, from day 0 to day 6 after infec-
tion. The number of renal infiltrating leukocytes, characterized as
CD45" cells, was reduced in Ifnar? ™'~ mice to 50% and 15% of
controls at days 2 and 6 after infection, respectively (Figure 5C).
This was paralleled by an average 50% reduction in the number
of infiltrating NK cells, B cells, and DCs in Ifnar? '~ mice at day 2
postinfection. At day 6, the lymphoid and DC subsets underwent
a more pronounced reduction, to around 30% of controls for B
cells and DCs and to around 15% of controls for T cells and
NK cells (Figures 5D and 5E). Interestingly, the number of neutro-
phils present in renal leukocyte infiltrates of /fnar? '~ mice was
reduced to around 25% of controls at day 2 and underwent a dra-

matic 95% reduction at day 6. No reduction was detected in any
leukocyte-infiltrating subset at day 4 postinfection in line with
previous data revealing the existence of two waves of leukocyte
infiltration in the kidney after C. albicans infection peaking at days
3 and 5 after infection (Lionakis et al., 2011). To determine
whether the impaired neutrophil recruitment to the kidney
observed in Ifnar1~’~ mice was linked to a defective expression
of neutrophil-attractant chemokines, we first analyzed the pro-
duction of CXCL1 and CXCL2 by CD45" renal infiltrating leuko-
cytes at the mRNA and protein level, by real-time PCR and Lumi-
nex, respectively. In line with the strong reduction in the number
of neutrophils observed in the renal infiltrates of Ifnar1 /- mice,
the production of CXCL1 and CXCL2 by renal infiltrating leuko-
cytes was also significantly reduced in I/fnar?~'~ mice (Figures
5G and 5H). Because nonhematopoietic cells are known to
contribute also substantially to the production of these chemo-
kines, we analyzed the expression of CXCL1 and CXCL2
mRNA by the CD45~ nonhematopoietic kidney fraction in
C. albicans-infected WT and /fnar? ™'~ mice. Interestingly,
IFNAR1 deficiency did not affect the expression of these chemo-
kines by nonhematopoietic cells (Figure S5). These data suggest
that type | IFN promotes neutrophil recruitment to the kidney by a
process that involves CXCL1 and CXCL2 production by infil-
trating leukocytes. We subsequently explored the mechanism
by which type | IFN positively regulates the production of these
chemokines in the kidney during C. albicans infection. For this
purpose we analyzed the effect of IFNAR1 deficiency on the
expression of MRNA for CXCL1 and CXCL2 by BMDCs and neu-
trophils in vitro after stimulation with Curdlan or HKC, because
DCs and neutrophils are the main leukocytes subsets potentially
responsible for the production of theses chemokines in the kid-
ney after C. albicans infection. Our data revealed that whereas
no differences in CXCL1 and CXCL2 mRNA expression were
found between BMDCs from WT or Ifnar? '~ mice, IFNAR1 defi-
ciency lead to a strong reduction in the expression of mMRNA for
these chemokines by neutrophils after incubation with either
Curdlan or HKC (Figure S6). As expected, no expression of
mMRNA for CXCL1 or CXCL2 was detected in T or B cells. These
data support the idea that C. albicans-induced production of
CXCL1 and CXCL2 by neutrophils is strongly dependent on
type | IFN and suggest that the decreased production of these
chemokines by renal infiltrating leukocytes during C. albicans
infection of Ifnar1~’~ mice results from their defective production
by neutrophils in the absence of IFNAR signaling.

IFN-B Production during C. albicans Infection Is
Controlled by DCs through Dectin and Syk Signaling

Our data from in vivo infection experiments in /fnar?~'~ mice re-
vealed that type | IFN production is crucial for defense against
C. albicans. In order to determine the contribution of DCs to

(E and F) Absolute number of DCs (E) and neutrophils (F), defined by flow cytometry on the basis of CD11c and Ly-6G expression, respectively, in the renal leukocyte
infiltrates of WT or Ifnar1 '~ mice, at the indicated times after infection with 1 x 10° C. albicans. Data are expressed as mean + SD of four mice per condition.
(G) Expression of mRNA for CXCL1 and CXCL2 by purified leukocyte preparations from renal infiltrates obtained from WT or Ifnar1~'~ mice at day 4 after infection
with 1 x 10° C. albicans was assessed by real-time PCR, normalized to p-actin. Data are expressed as relative expression of each chemokine in Ifnar1 '~ versus
WT mice, considering as 1 the average expression for WT mice (mean + SD of four mice per condition).

(H) Production of CXCL1 and CXCL2 by purified leukocyte preparations from renal infiltrates obtained from WT or Ifnar1 ~/~ mice at day 4 after infection with 1 x
10° C. albicans, analyzed by Luminex. Significant differences as determined by the unpaired t test are indicated *p < 0.05; **p < 0.01; ***p < 0.001. Data are
representative of at least two independent experiments with similar results. See also Figures S4 to S6.
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Figure 6. IFN-B Production in Candida-
Infected CD11c-Cre*’~ Syk™™ Mice

(A and B) Expression of IFN-B mRNA by purified
leukocyte preparations from renal infiltrates (A) or
purified splenic DCs (B) obtained at the indicated
times after infection with 1 x 10° C. albicans
assessed by real-time PCR, normalized to B-actin.
Data are expressed as induction fold relative to the
expression at day 2 after infection (mean + SD of
triplicates).

(C) Expression of IFN-B mRNA by purified renal
infiltrating leukocyte preparations from WT or
CD11c-Cre*’~ Syk™" mice at day 3 after infection
assessed by real-time PCR, normalized to B-actin.
Data are expressed as induction fold relative to the
expression at day 2 post-infection for WT mice
* (mean =+ SD of triplicates).

(D) Absolute number of DCs in the renal leukocyte
infiltrates of WT or CD11c-Cre*’~ Syk™™ mice at
day 3 after infection. DCs were defined as CD11c*
CD11b* cells after gating out cells expressing
CD90 (T cells), B220 (B cells), CD49b (NK cells),
and Ly-6G (neutrophils). Data are expressed as
mean = SD of three mice per condition. Significant
differences as determined by the unpaired t test
are indicated *p < 0.05; **p < 0.01. Data are
representative of two independent experiments
with similar results.
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type | IFN production through the Dectin-Syk-IRF5 signaling
pathway, C. albicans infection experiments were performed in
CD11c-Cre*’~ Syk™" mice, in which DCs are not responsive to
Syk-dependent signaling and consequently are impaired in their
capacity to produce IFN-p through Dectin and Syk. For this pur-
pose, we first analyzed the kinetics of IFN- production by renal
infiltrating leukocytes after C. albicans infection by real-time
PCR. Our data revealed that IFN-B production was undetectable
at day 2 after infection, peaked at day 3 and was reduced along
the next 24 hr (Figure 6A); IFN-B was not detectable on splenic
DCs from day 2 to day 4 after infection (Figure 6B). On the basis
of these data, we next analyzed IFN-B mRNA expression by
renal infiltrating leukocytes at day 3 postinfection in WT and
CD11c-Cre*’~ Syk™™ mice. Interestingly, IFN-B production by
renal-infiltrating leukocytes was reduced by around 70% in
CD11c-Cre*’~ Syk™™ mice (Figure 6C), and this reduction was
not paralleled by a decreased number of infiltrating DCs (Fig-
ure 6D). In conclusion, our data strongly support the idea that,
after C. albicans infection, IFN-B production by renal infiltrating
leukocytes is controlled primarily by DCs and, importantly, that
this production of IFN-B by renal infiltrating DCs is essentially
driven by Dectin signaling via Syk.

DISCUSSION

Type | IFN is produced after engagement of cytosolic receptors
or membrane-bound TLR receptors by viral or bacterial com-
pounds through the activation of the transcription factors IRF3
and IRF7 (Trinchieri, 2010), as shown in Figure S7, summarizing
the key signaling pathways emerging from the main type |
IFN-inducing receptors. Fungi, particularly yeasts of the genus
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Candida, have also been recently reported to induce IFN-f pro-
duction (Biondo et al., 2011; Bourgeois et al., 2011), but the
mechanism responsible for the transcriptional activation of Ifnb
gene in DCs, during C. albicans infection, is a matter of contro-
versy. In this report we describe a signaling pathway leading to
the production of IFN-B after stimulation of BMDCs with Curdlan,
a Dectin-1 specific ligand that mimics the interaction of this
C-type lectin receptor with B-glucans from C. albicans cell wall.
IFN-B production triggered by Dectin-1 engagement is depen-
dent on Syk, Card9, and the transcription factor IRF5, and inde-
pendent of IRF3 and IRF7, as illustrated in Figure S7. To our
knowledge, C-type lectin receptors had not been previously
demonstrated to trigger the production of type I IFN. In addition,
experiments using antibodies against Dectin-2, another Syk and
Card9-dependent C-type lectin receptor recognizing C. albicans
cell wall mannans, revealed that Dectin-2 signaling also contrib-
utes significantly to IFN-B production in response to C. albicans,
a process that therefore results from a dual contribution of
Dectin-1 and Dectin-2 signaling, in agreement with previous
data demonstrating the cooperation of these receptors in
inducing IL-2 and IL-10 production by BMDCs (Robinson et al.,
2009). Importantly, our data based on BMDC stimulation with
Curdlan and HKC demonstrate that IFN-B production in
response to C. albicans is mostly controlled by Dectin-1 and
Dectin-2 signaling with a minor contribution of TLR2 signaling.
Therefore Candida-induced IFN-B production essentially results
from the recognition of C. albicans cell-wall B-glucans by
Dectin-1 and cell-wall mannans by Dectin-2 and TLR2. The dif-
ferential relevance of TLR9 signaling to IFN-B production in
response to Zymosan versus HKC reflects that whereas yeast
DNA is readily exposed in Zymosan preparations and thus has
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a major contribution to Zymosan-induced IFN-f production,
Candida DNA-mediated TLR9 signaling does not contribute sub-
stantially to IFN-B production in response to C. albicans.

Our data revealed that Dectin-1-mediated IFN-f3 production is
driven by a Syk-Card9-dependent pathway, that has been
demonstrated to activate NF-kB and MAP kinases (Sancho
and Reis e Sousa, 2012), supporting the hypothesis that
Dectin-1 signaling can lead to the activation of two key transcrip-
tional factors required for the assembly of the IFN- enhanceo-
some, NF-kB, and c-Jun (Panne et al., 2007). IRF3 and IRF7
were also demonstrated to contribute to the IFN-B enhanceo-
some controlling type | IFN production resulting from the activa-
tion of cytosolic or TLR receptors (Trinchieri, 2010). However,
unexpectedly, Dectin-1-induced transcription of the Ifnb gene
required neither IRF3 nor IRF7 but the transcription factor
IRF5. A link between IRF5 and type | IFN production during viral
infections was proposed in studies showing that infection by
viruses, such as Newcastle disease virus (NDV), vesicular sto-
matitis virus (VSV), and herpes simplex virus type 1 (HSV-1),
led to the transcription of Ifna and Ifnb genes, by an IRF5-depen-
dent mechanism (Barnes et al., 2002). Type | IFN production
induced in response to the TLR7 ligand R-848 was also found
to depend on both IRF7 and IRF5 (Schoenemeyer et al., 2005).
More recently, Mycobacterium tuberculosis-induced expression
of IFN-B mRNA in macrophages has been reported to occur after
recognition of a bacterial muramyl dipeptide by the cytosolic
receptor NOD2 and was largely dependent on IRF5 (Pandey
et al., 2009). In addition, BMDCs were demonstrated to produce
IFN-B after recognition of RNA from Streptococcus pyogenes by
amechanism dependent on MyD88 and IRF5 (Gratz et al., 2011).

The production of IFN- by DCs in response to fungi, and
particularly to yeasts of the genus Candida, has been described
in two recent reports that proposed different signaling pathways
to explain the transcriptional activation of the /fnb gene induced
by yeasts. Bourgeois et al. proposed that IFN-B production in
response to Candida glabrata was triggered after engagement
of TLR-7 by fungal RNA and was not affected by Dectin-1 defi-
ciency; unexpectedly, this process appeared to be independent
of IRF3 and IRF7 (Bourgeois et al., 2011). Alternatively, Biondo
et al. reported that C. albicans 90028 strain induced IFN- pro-
duction by BMDCs after recognition of fungal DNA and proposed
that this occurred by a mechanism partially dependent on TLR-7
and TLR-9 and on IRF-1, IRF3, and IRF7 (Biondo et al., 2011). In
addition, these authors reported that Dectin-1 was not involved
in the production of IFN-B in response to C. albicans yeast parti-
cles. Therefore, these two studies concur in proposing that IFN-
production in response to Candida was triggered by the activa-
tion of TLR receptors by fungal nucleic acids with no contribution
of Dectin-1 signaling. The divergence between these reports and
our data, proposing a major role for Dectin-1 in IFN-f8 production
in response to C. albicans SC5314 strain (being the contribution
of TLR signaling secondary), could be due to differences in the
cell-wall composition between the yeast species or strains
used in these studies that may dictate their ability to activate
Dectin-1 signaling. In this regard, Candida glabrata is a nondi-
morphic yeast that is phylogenetically closer to Saccharomyces
cerevisiae than to C. albicans (Kurtzman and Robnett, 1997), and
thus C. albicans and C. glabrata may differ substantially in their
ability to activate Dectin-1 signaling. Interestingly, host defense

against two C. albicans strains was found to be differentially
dependent on Dectin-1; whereas this receptor was required for
the induction of antifungal immunity against the SC5314 strain
(Taylor et al., 2007), protective immunity after infection with the
IFO1385 strain was independent of Dectin-1 (Saijo et al., 2007).

The physiological relevance of the production of type | IFN in
response to C. albicans was confirmed by our in vivo studies
revealing that /fnar?~'~ mice had a lower survival after infection
with C. albicans that was paralleled by a higher fungal burden
in the kidney, the main target after systemic C. albicans infection.
Our data, demonstrating that type | IFNs contribute to a more
efficient immune response against C. albicans, confirm two pre-
vious reports on C. albicans (Biondo et al., 2011) and Cryptocco-
cus neoformans (Biondo et al., 2008) infection that support the
hypothesis that type | IFN had a beneficial effect for antifungal
immunity. However, type | IFN had a deleterious effect during
infection by the fungi Histoplasma capsulatum (Inglis et al.,
2010) or C. glabrata (Bourgeois et al., 2011). In addition, /fnar1 =/~
mice were recently reported to have an improved survival in
response to C. albicans, although strikingly this increased sur-
vival was not paralleled by a lower fungal burden (Majer et al.,
2012). Type I IFN has also been demonstrated to have opposing
beneficial or detrimental effects on antiviral and antibacterial
immunity depending on the infectious process (Trinchieri,
2010). During viral infections, type | IFNs contribute to host
defense through their antiviral and immunomodulatory proper-
ties, but they can also mediate tissue damage and inflammatory
or autoimmune reactions. Type | IFN can also contribute to pro-
tective antibacterial immunity essentially by blocking intracel-
lular bacterial replication and through the induction of nitric oxide
and proinflammatory cytokines. However, type | IFN production
is often detrimental for defense against bacteria through several
mechanisms. In this regard, type | IFN can increase the suscep-
tibility of T cells and macrophages to apoptosis, interfere with
microbicidal mechanisms, favor bacterial replication, limit T cell
responses, and alter the recruitment and activation of myeloid
cells to the site of infection (Stetson and Medzhitov, 2006).

Our results revealed that IFNAR1 deficiency led to lower sur-
vival after C. albicans infection that was paralleled by a defective
renal neutrophil recruitment and a lower production of the
neutrophil-chemoattractant chemokines CXCL1 and CXCL2.
These findings support that type | IFN plays a crucial role in
defense against C. albicans by promoting the mobilization of
neutrophils to the kidney. Neutrophils are required for an efficient
protection against systemic candidiasis due to their high
capacity to kill C. albicans (Mansour and Levitz, 2002), as
demonstrated by experiments of neutrophil depletion in
C. albicans-infected mice, in which survival was severely
compromised (Dejima et al., 2011). CXCL1 and CXCL2 have a
critical function in the recruitment of neutrophils (Kobayashi,
2006), and interestingly they appear to be highly expressed in
the kidney of C. albicans-infected mice, as revealed by gene
expression microarray analysis (MacCallum, 2009). In this re-
gard, our data suggest that type | IFN controls renal neutrophil
infiltration by controlling the production of CXCL1 and CXCL2
by neutrophils, in contrast to previous evidence on the negative
regulation of these chemokines by type I IFN (Trinchieri, 2010).

More importantly, the experiments revealing that the pro-
duction of IFN-B by renal infiltrating leukocytes was severely
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reduced in C. albicans-infected CD11c-Cre™~ Syk™" mice, in
which DCs are not responsive to Syk-dependent signaling,
have been decisive to establish the link between the compro-
mised survival of /fnar1 '~ mice and the Dectin and Syk-depen-
dent pathway of IFN-B production by DCs. These data support
the hypothesis that most of type | IFN required for protection
against C. albicans was produced by renal-infiltrating inflamma-
tory DCs through Dectin-Syk signaling and that there was only a
minor contribution from DCs through Syk-independent sig-
naling, and/or from the rest of non-DC infiltrating leukocytes, to
type | IFN production during C. albicans infection.

In conclusion, the data presented in this report demonstrate
that the production of type | IFN by DCs induced by
C. albicans is essentially controlled by a Dectin-1-mediated
signaling pathway, dependent on Syk, Card9 and IRF5. The
existence of this pathway extends the physiological relevance
of Dectin-1-mediated signaling, particularly in the context of
the induction of antifungal immunity because, in addition to
driving the synthesis of cytokines that are essential for the induc-
tion of Th17 cell responses, it triggers the production of IFN-f
that, as revealed by our data, is crucial for defense against
C. albicans.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 (10-12 weeks old) female mice were purchased from Harlan
(Bicester, UK). Ifnar1~'~ mice were kindly provided by Dr. U. Kalinke (Center
for Experimental and Clinical Infection Research, Hannover, Germany).
CD11c-Cre*’~ Syk™" mice and Clec4e™’~ mice were provided by Dr. D. San-
cho (Centro Nacional de Investigaciones Cardiovasculares, Madrid, Spain).
C57BLY6, Ifnar1~'~, and CD11¢-Cre*'~ Syk™" mice were housed at the animal
facility of Centro Nacional de Biotecnologia-CSIC, Madrid, Spain. Card9 '~
mice were generated by Dr. J. Ruland (Technische Universitat Minchen,
Miinchen, Germany). Bone marrow from Clec7a™’~ mice was generously
provided by Dr. G. Brown (University of Aberdeen, Aberdeen, UK), from TIr2~/~
mice by Dr. M. Fresno (Centro de Biologia Molecular Severo Ochoa-CSIC-
UAM, Madrid, Spain), from TIr9~'~ mice by Dr. J. Pardo (Universidad de
Zaragoza, Spain), from Irf3~'~ and Irf7~'~ mice by Dr. T. Decker (Max F. Perutz
Laboratories, Vienna, Austria) and from /rf5~/~ mice by Dr. T. Mak (University
Health Network, Toronto, Ontario). All the experiments were approved by the
Animal Care and Use Committee of the Centro Nacional de Biotecnologia-
CSIC, Madrid.

C. albicans

C. albicans (strain SC5314; kindly provided by Prof. C. Gil, Complutense Uni-
versity, Madrid) was grown on YPD plates (Sigma, St Louis, MO) at 30°C. HKC
were obtained by incubation of C. albicans, strain SC5314, for 2 hr at 65°C.

Stimulation of BMDCs and BMMs

BMDCs or BMMs obtained as described in Supplemental Information, were
rested for 6 hr in complete cell culture medium and subsequently stimulated
at the indicated times with 100 ng.ml~" LPS from Escherichia coli (Sigma),
10 pg.mi~" Curdlan (Wako chemicals, Neuss, Germany), 10 pg.ml~" Zymosan
(Invivogen, San Diego, CA), or 5 x 10% HKC. To address the contribution of
Dectin-2 to IFN-B production, we incubated BMDCs for 2 hr with 10 pg.ml~’
blocking anti-Dectin-2 antibodies (clone D2.11E4) kindly provided by Dr. P.
Taylor (Cardiff Institute of Infection and Immunity, Cardiff, UK) or isotype-
matched control antibodies, and subsequently stimulated as indicated above.
The phenotypic analysis of BMDCs and BMMs was performed by flow cytom-
etry. IFN-B mRNA expression by BMDCs and BMMs was analyzed by real-
time PCR. RelA, c-Jun, and IRF3 activation on BMDCs was assessed by
immunoblot. Flow cytometry, real-time PCR, and immunoblot methods are
described in Supplemental Information.
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C. albicans In Vivo Infection

Mice were intravenously infected with 1 x 10° C. albicans and monitored daily
for health and survival following the institutional guidance. Kidney fungal
burden was determined at day 6 after infection by plating organ homogenates
in serial dilutions on YPD plates; colony-forming units (cfu) were counted after
growth for 48 hr at 30°C. Flow cytometry analysis of renal leukocyte infiltrates
was performed on cell suspensions obtained from organ homogenates that
were digested with 0.5 ng.ml~" of collagenase A (Roche, Mannheim, Germany)
for 10 min at 37°C and filtered through 40 um cell strainers (BD PharMingen,
San Diego, CA). The phenotypic analysis of renal leukocyte infiltration was
performed by flow cytometry as described in Supplemental Information. For
real-time PCR and Luminex analyses, performed as described in Supple-
mental Information, renal infiltrating leukocytes were purified from kidney
cell suspensions by centrifugation on a gradient of Ficoll-Paque Plus (GE
Healthcare, Uppsala, Sweden) and immunomagnetic positive selection after
incubation with biotin-conjugated anti-CD45 and streptavidin-conjugated
microbeads. Splenic DCs were purified by immunomagnetic positive selection
after incubation with biotin-conjugated anti-CD11c and streptavidin-conju-
gated microbeads.

Cytokine Detection

IFN-B production was quantified by using the Verikine mouse IFN beta ELISA
kit (PBL, Piscataway, NJ). IFN-B production values for unstimulated controls
were below the detection level of this ELISA kit (15.6 pg/ml) for all the experi-
ments analyzing IFN-B production. CXCL1 and CXCL2 production was
analyzed by Luminex technology as described in Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.immuni.2013.05.010.
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Figure S1. Contribution of Autocrine IFNAR1 Signalling to IFNf Production in BMDCs,
Related to Figure 1

BMDCs from wild type (WT) or Ifnar1” mice, unstimulated or stimulated for the indicated
times with Curdlan, Zymosan or LPS, were analyzed for the expression of mRNA for IFNB
(A) or IFN-inducible antiviral gene Mx2 (B) by real-time PCR, normalized to -actin. Data are
expressed as induction fold relative to unstimulated controls (mean £ SD of triplicates).
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Figure S2. Expression of mRNA for IFNa and IFNpB by Activated BMDCs and BMMs,
Related to Figure 1

BMDCs or BMMs unstimulated (Ctrl) or stimulated for 5 hr with Curdlan or Zymosan, were
analyzed for the expression of mMRNA for IFNa (A) or IFNB (B) by real-time PCR, normalized
to B-actin. Data are expressed as induction fold relative to unstimulated controls (mean + SD
of triplicates). Significant differences, as determined by the unpaired t-test, are indicated
*p<0.05; ***p<0.001; N.S. not significant.
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Figure S3. Analysis of Dock2 Gene in Irf5" Mice, Related to Figure 4

(A) Analysis of the Dock2 genotype in wild type (WT) and /rf5” mice was performed by PCR
using primers allowing the detection of the normal and the mutant Dock2 gene, as described
(Purtha et al., 2012. Proc Natl Acad Sci U S A 109, E898-904). Both WT and the Irf5” mice
used in this study yielded a band of around 400 bp corresponding to the normal Dock2 gene.

(B) Analysis of the expression of Dock2 by BMDCs from WT and /rf5” mice analyzed by
real-time PCR normalized to B-actin, showing that WT and /rf5” BMDCs expressed
comparable levels of Dock2 mRNA, and confirming that the /rf5” mice used in our study had
a normal Dock2 genotype. Data are expressed as relative expression of Dock2 in /rf5”
versus WT mice (mean = SD of triplicates). n.s: not significant.
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Figure S4. Effect of Irf5 Deficiency on Kidney Fungal Load after C. albicans Infection,
Related to Figure 5

Kidney fungal burden of wild type (WT; n = 5) and /rf5" (n = 5) mice at day 6 post-infection
with 1 x 10° C. albicans. Data are expressed as CFU/g kidney. Significant differences as
determined by the unpaired t-test are indicated *p<0.05. The higher susceptibility of /rf5"
mice to C. albicans infection is probably due, at least in part, to a defective Dectin/Syk/IRF5-
dependent type-I IFN production, although Irf5 deficiency could also negatively affect the
production of other mediators involved in anti-fungal immunity, since /rf5 has been
demonstrated to regulate the production of several cytokines in response to TLR signalling.
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Figure S5. Expression of mRNA for Cxcl/1 and Cxcl2 by the CD45" and the CD45
Kidney Cell Fractions, Related to Figure 5

Expression of mRNA for Cxcl1 and Cxcl2 by CD45" renal infiltrating leukocytes and by
CD45 non-hematopoietic kidney cells obtained from wild type (WT) or Ifnar1” mice at day 4
post-infection with 1 x 10° C. albicans, was assessed by real-time PCR, normalized to -
actin. Data are expressed as induction fold relative to the expression by CD45" cells from
wild type mice (mean £ SD of 4 mice per condition). Significant differences as determined by
the unpaired t-test are indicated *p<0.05; ***p<0.001. n.s: not significant.
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Figure S6. Expression of mRNA for Cxcl/1 and Cxcl2 by BMDCs, Neutrophils, T Cells
and B Cells, Related to Figure 5
Expression of mMRNA for Cxcl1 and Cxcl2 by the indicated cell types, purified from wild type
(WT) or " mice, unstimulated (Control) or stimulated for 5 hr with Curdlan or HKC, was
assessed by real-time PCR, normalized to -actin. Neutrophils were isolated from the bone
marrow by immunomagnetic positive selection after incubation with anti-Ly-6G; T and B cells
were isolated from the spleen by immunomagnetic negative selection. Data are expressed
as induction fold relative to unstimulated controls (mean £ SD of triplicates). Significant
differences as determined by the unpaired t-test are indicated **p<0.01; ***p<0.001.
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Figure S7. Integrated View of the Signalling Pathways Leading to IFNS Production
Emerging from the Main Type | IFN-Inducing Receptors

IFNB production in response to viruses or intracellular bacteria mainly occurs after
engagement of the cytosolic receptors RIG-I, MDA5 (both sensing viral dsRNA), and
NOD1/2 (sensing bacterial peptidoglycans), or the TLR receptors TLR4 (sensing Gram-
negative bacteria LPS at the cell surface), TLR3, 7 and 9 (sensing viral, fungal or bacterial
nucleic acids at endosomal compartments). In addition, as demonstrated in this report IFNJ
can be produced in response to C. albicans by the new Dectin-1-mediated pathway,
dependent on Syk, Card9 and IRF5, described in this report (yellow arrows).



Supplemental Experimental Procedures

Culture of BMDCs and BMMs

BMDCs were obtained from bone marrow cell suspensions after culture on non-treated culture
150-mm Petri dishes in complete RPMI 1640 medium supplemented with 10% FCS, 2 mM L-
glutamine, 100 U.ml™" penicillin, 100 ug.mi™ streptomycin, 50 uM 2-mercaptoethanol and 20
ng.ml” recombinant GM-CSF (Peprotech, London, UK). Cells were collected at day 8, and
BMDCs were purified by immunomagnetic positive selection after incubation with biotin-
conjugated anti-CD11c and streptavidin-conjugated microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). After positive selection, preparations of BMDCs, characterized as CD11¢”
MHCII" Ly6G  cells, had a purity >95%. BMMs were obtained from bone marrow cell
suspensions after culture on non-treated culture 60-mm Petri dishes in complete DMEM medium
supplemented with 20% FCS, 2 mM L-glutamine, 100 U.ml™" penicillin, 100 pg.ml'1 streptomycin,
50 yM 2-mercaptoethanol and 30% supernatant of the M-CSF-producing cell line L929. At day 7,
preparations of BMMs, characterized as CD11b" F4/80" cells, had a purity >95%.

RNA Extraction and Real-Time PCR

RNA from BMDCs or BMMs was extracted using the High Pure RNA Isolation kit (Roche,
Mannheim, Germany). RNA from renal leukocyte infiltrates was extracted using the RNAqueous-
Micro kit (Ambion, Austin, TX). RNA was retro-transcribed using the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Carlsbad, CA). Real-time PCR was performed
using a FluoCycle SYBR Green mix (EuroClone, Milano, Italy) on an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems). Primer sequences are listed in Table S1.

Luminex

CXCL1 and CXCL2 production was analyzed by Luminex technology using a MILLIPLEX MAP
Mouse Cytokine/Chemokine assay (Merck Millipore, Billerica, MA) on cell lysates from MACS-
sorted renal infiltrating leukocytes that were prepared after treatment with Cell Extraction Buffer
containing 20 mM Tris-HCL, 150 mM NaCl, 0,05% Tween-20, 1 mM PMSF, and a protease
inhibitor cocktail (Sigma, St Louis, MO).

Flow Cytometry Methods

Phenotypic analysis of BMDCs was performed after triple staining with fluorescein isothiocyanate
(FITC)-conjugated anti-MHC 1l (BD Pharmingen, San Diego, CA), phycoerythrin (PE)-conjugated
anti-Ly6G (BD Pharmingen), and allophycocyanin (APC)-conjugated anti-CD11c¢ (eBioscience,
San Diego, CA). Phenotypic analysis of BMMs was performed after double staining with PE-
conjugated anti-CD11b (BD Pharmingen) and APC-conjugated anti-F4/80 (BD Pharmingen).
Phenotypic analysis of renal leukocyte infiltration was performed after five-color staining with
FITC-conjugated anti-CD45 (BD Pharmingen), PECy7-conjugated anti-CD11b (BD Pharmingen),
APC-conjugated anti-CD11c, PE-conjugated anti-CD49b, anti-CD90.2 and anti-CD19 (BD
Pharmingen), and biotin-conjugated anti-Ly6C, anti-Ly6G or anti-MHCII, followed by streptavidin-
PerCP (BD Pharmingen). Antibodies anti-CD49b, CD90.2 and CD19 were used together as PE-
conjugates with the purpose of gating out NK, T and B cells, respectively. Analysis of NK, T and
B cells was performed after four-color staining with FITC-conjugated anti-CD45, PECy7-
conjugated anti-CD11b, APC-conjugated anti-CD11c and PE-conjugated anti-CD49b or anti-
CD90.2 or anti-CD19, respectively. Data were acquired on a LSRII cytometer and analyzed
using the Cell Quest Pro software (BD Pharmingen).

Immunoblot

Nuclear and cytosolic protein extracts were prepared from BMDCs stimulated for 2 hr with LPS,
Zymosan or Curdlan as described (Solan et al., 2002. J Biol Chem 277, 1405-1418), and
quantified by Bradford measurement using the Bio-Rad protein assay (Bio-Rad Laboratories,
Hercules, CA). 10ug of nuclear or cytosolic protein extracts were subjected to SDS—-PAGE and
transferred onto a nitrocellulose membrane (Bio-Rad Laboratories). After blocking with 5%
bovine serum albumin, fraction V (Sigma), membranes were incubated overnight with the
antibodies listed in Table S2. Signals were detected with HRP-conjugated secondary antibodies
(Cell Signaling Technology, Danvers, MA) using the ECL system (Amersham Biosciences,
Freiburg, Germany).



Table S1. Primers for Real-Time PCR Used in This Study

Gene Primer Sequence 5’-3’
I Ifnp-for TCAGAATGAGTGGTGGTTGC
IfnB-rev GACCTTTCAAATGCAGTAGATTCA
M2 Mx2-for CCAGTTCCTCTCAGTCCCAAGATT
Mx2-rev TACTGGATGATCAAGGGAACGTGG
all lfna, pan-Ifna-for | CCTGAGA(A/G)AGAAGAAACACAGCC
pan-Ifna-rev | GGCTCTCCAGA(C/T)TTCTGCTCTG
Oxel Cxcl1-for CCGCTCGCTTCTCTGTGC
Cxcl1-rev CTCTGGATGTTCTTGAGGTGAATC
Cxcl? Cxcl2-for CGCCCAGACAGAAGTCATAG
Cxcl2-rev TCCTCCTTTCCAGGTCAGTTA
8-actin B-actin-for GGCTGTATTCCCCTCCATCG
B-actin-rev. | CCAGTTGGTAACAATGCCATGT

Table S2. Antibodies for Inmunoblot Used in This Study

Specificity Source Reference
i phospho-Nf-kb p65 : . )

p-RelA (Ser536) Cell Signaling Technology 3033S
RelA Nfkb p65 (%anta Cruz Biotechnology sc-372
p-c-Jun | phospho-c-Jun (Ser63) Cell Signaling Technology 9261

c-Jun c-Jun Cell Signaling Technology 2315
p-IRF3 phospho-IRF3 (Ser396) Cell Signaling Technology 4947

IRF3 IRF3 Cell Signaling Technology 4962
B-tubulin | B-tubulin Cell Signaling Technology 2146
Histones | H1 and core proteins Merck Millipore © MABO052

() Cell Signaling Technology, Danvers, MA
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) Santa Cruz Biotechnology, Santa Cruz, CA
®) Merck Millipore, Billerica, MA






