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Syk Signaling in Dendritic Cells Orchestrates Innate
Resistance to Systemic Fungal Infection
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Abstract

Host protection from fungal infection is thought to ensue in part from the activity of Syk-coupled C-type lectin receptors
and MyD88-coupled toll-like receptors in myeloid cells, including neutrophils, macrophages and dendritic cells (DCs). Given
the multitude of cell types and receptors involved, elimination of a single pathway for fungal recognition in a cell type such
as DCs, primarily known for their ability to prime T cell responses, would be expected to have little effect on innate
resistance to fungal infection. Here we report that this is surprisingly not the case and that selective loss of Syk but not
MyD88 in DCs abrogates innate resistance to acute systemic Candida albicans infection in mice. We show that Syk
expression by DCs is necessary for IL-23p19 production in response to C. albicans, which is essential to transiently induce
GM-CSF secretion by NK cells that are recruited to the site of fungal replication. NK cell-derived-GM-CSF in turn sustains the
anti-microbial activity of neutrophils, the main fungicidal effectors. Thus, the activity of a single kinase in a single myeloid
cell type orchestrates a complex series of molecular and cellular events that underlies innate resistance to fungal sepsis.

Citation: Whitney PG, Bér E, Osorio F, Rogers NC, Schraml BU, et al. (2014) Syk Signaling in Dendritic Cells Orchestrates Innate Resistance to Systemic Fungal
Infection. PLoS Pathog 10(7): €1004276. doi:10.1371/journal.ppat.1004276

Editor: Sarah Gaffen, University of Pittsburgh, United States of America
Received February 18, 2014; Accepted June 11, 2014; Published July 17, 2014

Copyright: © 2014 Whitney et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: CReS is funded by Cancer Research UK, a prize from Fondation Bettencourt-Schueller, and a grant from the European Research Council (ERC Advanced
Researcher Grant AdG-2010-268670). PGW was funded by an Overseas Biomedical Fellowship from the NHMRC of Australia (APP1013641) and a Cancer Research
UK fellowship, FO was funded by a Cancer Research UK and a UCL Overseas Research Studies (ORS) studentship, EB and SLL were supported by the Swiss National
Science Foundation (grant number PPOOP3_123342) and the Swiss Life Anniversary Foundation. SD was funded by Marie Curie Long-term and a Cancer Research
UK fellowships, BUS was supported by an EMBO long-term. The funders had no role in study design, data collection and analysis, decision to publish, or

preparation of the manuscript.

* Email: leibundgut@micro.biol.ethz.ch (SLL); caetano@cancer.org.uk (CReS)
9 These authors contributed equally to this work.

9/ SLL and CReS also contributed equally to this work.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Candida albicans is the most prevalent fungal pathogen in humans
causing local infections of skin, nails, oral cavity and genital tract
[1]. In some instances, Candida can spread systemically via the
bloodstream and lodge in the kidneys, which then act as the major
site of fungal replication [2]. Despite the availability of several anti-
fungal drugs, invasive candidiasis still has a high mortality rate
ranging from 45 to 75% [3], highlighting the need to further
understand host-pathogen interactions and mechanisms of im-
mune resistance to fungal spread.

Despite its potential pathogenicity, C. albicans generally behaves
as an innocuous commensal in immunocompetent individuals
because it triggers host defense pathways that keep the organism in
check. Host protection from infection ultimately depends on
recognition of Candida by pattern recognition receptors (PRRs) and
their associated signaling pathways that initiate immunity. Many
PRRs recognizing Candida are expressed by myeloid cells and
belong either to the Toll-like receptor (TLR) or the C-type lectin
receptor (CLR) families. A role for TLRs in anti-fungal defense
was first suggested by studies in mice deficient for the TLR
adaptor MyD88, which are highly susceptible to systemic
candidiasis [4,5]. However, MyD88 additionally transduces signals

PLOS Pathogens | www.plospathogens.org

from IL-1 and IL-18 receptors, which can impact innate anti-
fungal immunity [4,6-10], and human deficiency in MyD88 does
not lead to loss of resistance to fungal organisms [11]. Therefore,
the role of TLRs in protection from Candida infection remains
unresolved [12-14].

In contrast, the role of CLRs in anti-fungal defense is becoming
increasingly well-established. CLRs involved in fungal recognition
include Dectin-1, Dectin-2, mannose receptor, MCL and Mincle,
and mice or humans deficient in some of these receptors display
enhanced susceptibility to candidiasis [15-19]. Dectin-1, -2 and
Mincle all signal via tyrosine-based motifs that recruit the spleen
tyrosine kinase Syk [20-23], leading to an NF-kB-dependent
transcriptional program via CARD9 [24]. CLR/Syk signaling
additionally promotes activation of NFAT, MAP kinase and PI3
kinase (PI3K) pathways [25,26] and can also lead to production of
reactive oxygen species (ROS) and activation of inflammasomes
[6]. Notably, Syk- or CARD9-deficient dendritic cells (DCis) fail to
produce certain cytokines in response to Candida and fungal cell
wall components [6,21,27] and CARD9-deficient mice are highly
susceptible to systemic infection with C. albicans [24]. Likewise,
human deficiency in CARD9 results in severe forms of superficial
as well as invasive candidiasis [28,29]. Thus, Syk-dependent
signaling by CLRs appears an important and non-redundant
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Author Summary

Multiple cell types bearing a vast array of immune receptors
with different modes of signaling ensure that the host
response to infection is both robust and reliable. For this
reason, loss of a single signaling pathway in a given cell type
is often not enough to impact host resistance. Here, we find,
surprisingly, that this is not the case in a mouse model of
systemic fungal infection with Candida albicans. We show
that a single kinase (Syk) in a single cell type (dendritic cells,
DCs) coordinates the entire host resistance network. We
highlight Syk-dependent production of IL-23p19 by DCs as
the key to protection and show that IL-23p19 acts on
another white blood cell type, NK cells, to specifically induce
production of another mediator, GM-CSF. The latter is key
for yet another cell, the neutrophil, to be mobilized into
action and kill Candida organisms. This study places DCs,
best known for their role in priming T cells, at the center of a
cellular relay of innate immunity to fungal infection. It
highlights key nodes of antifungal immunity that could be
targeted in combination with antifungal drugs to provide
new ways to treat patients with fungal sepsis, who generally
have poor outcomes.

pathway for anti-fungal responses. It is presently unclear whether
this reflects a dominant role for Syk in a given myeloid cell type or
the additive effects of PRR signaling in multiple phagocytes.

PRR signaling can trigger both innate and adaptive immune
mechanisms. Adaptive immunity is initiated by DCs and
important for defense against mucocutaneous candidiasis [30]
but does not play a prominent role in combatting disseminated C.
albicans infection [31]. Instead, innate immunity acts as the major
barrier to systemic Candida spread. Indeed, the candidacidal
activity of neutrophils is the key mediator of immunity to systemic
candidiasis and neutropenia is a major risk factor for invasive
Candida disease [31,32]. Macrophages and inflammatory mono-
cytes also coordinate aspects of resistance to systemic Candida
spread [33-36] while, recently, NK cells have been shown to be
crucial for promoting neutrophil candidacidal activity during
experimental systemic candidiasis in mice [37]. The collaborative
impact of NK cells and neutrophils is also apparent in a model of
invasive Aspergillus fumigatus where co-depletion greatly decreases
survival compared to neutrophil depletion alone [38]. Thus,
neutrophils, monocytes/macrophages and NK cells all mediate
innate resistance to fungal hematogenous spread although whether
all these cell types act individually or coordinately to provide host
protection and which signals are involved in regulating their
activity remains unknown.

Experimental systemic candidiasis in mice mimics human
candidemia in that fungal replication occurs primarily in the
kidneys and resistance is mediated by neutrophils independently of
T and B cells [39]. In this work, we report that the coordination of
innate immunity to systemic C. albicans infection in mice is
critically dependent on Syk and not MyD88 expression in CD11¢*
cells. We identify the CD11c" cells in question as DCs by
ontogenetic criteria, thereby ascribing DCs a key role in innate
immunity that is much less appreciated than their function in
adaptive immunity. We show that this is because in the absence of
Syk signaling, DCs do not produce IL-23p19 in response to C.
albicans, which is necessary for fungus-driven production of GM-
CSF by NK cells in the kidney. The loss of GM-CSF-producing
NK cells leads to a failure to sustain the candidacidal ability of
neutrophils and results in high kidney fungal burden and
decreased survival to infection. Thus, effective immunity to
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systemic C. albicans infection involves a precise chain of sequential
cellular activation events that is initiated by Syk-dependent
signaling in DCs, depends on NK cells and culminates in
neutrophil fungicidal activity.

Results

Increased susceptibility of CD11cASyk mice to systemic
C. albicans infection

To assess the relative contribution of Syk- and MyD88-
dependent pathways in CD11c* mononuclear phagocytes (pre-
dominantly DCs) to immunity during systemic C. albicans infection,
we crossed Sykﬂ/ﬂ [40] or MyD88ﬂ/ﬂ [41] strains to CD11c-Cre
[42] mice to generate CD11cASyk and CD11cAMyD88 lines,
respectively. When CD11c¢" MHC IT" cells (henceforth called DCs
— see below) in the spleens and kidneys of CD11cASyk mice were
compared to those in littermate controls (CD11cCre Sykﬂ/ﬂ),
DCs from CD11cASyk mice displayed a marked reduction in Syk
mRNA, with a PCR signal barely above that obtained for T cells,
which do not express the kinase (Figure S1A). No reduction in Syk
mRNA was seen in B cells (Figure S1A) and measurement of Syk
protein levels by intracellular staining (Figure S1B and S1C) or
Western blotting (data not shown) confirmed that the kinase was
specifically deleted in CD11c" cells. Importantly, levels of Syk
were not reduced in neutrophils, indicating restriction of the
deletion to the mononuclear phagocyte system (Figure S1B and
S1C). Likewise, in CD11cAMyD88 mice, a reduction in MyD88
staining was observed specifically in CD11c¢* MHC-IT" DCs and
not in neutrophils or other leukocytes (Figure S1D and data not
shown), as reported [41].

Remarkably, CD11cASyk mice succumbed rapidly to systemic
infection with 5x10* CFU of C. albicans when compared to
controls, of which the majority survived for up to 3 weeks
(Figure 1A and data not shown). At higher inoculum doses, the
mortality of control animals increased [43], although, importantly,
the difference in susceptibility between control and CD11cASyk
mice was maintained (data not shown). The kidneys of infected
CD11cASyk mice showed a large number of fungal abscesses with
prominent hyphae (revealed by periodic acid Schiff (PAS) staining)
heavily surrounded by leukocytes (shown by hematoxylin and
cosin (H&E) staining) (Figure 1B). Consistent with these observa-
tions, fungal burden in the kidneys of CDI11cASyk mice was
around 100-fold higher than in control littermates (Figure 1C).
Reflecting the massive candidemia, fungus could additionally be
recovered from spleen and liver of CDI11cASyk mice, which
additionally displayed liver lipolysis (data not shown). In contrast,
selective ablation of MyD88 in CD11c* cells in CD11cAMyD88
mice did not result in enhanced susceptibility to systemic
Candida infection even though MyD88-deficient mice (lacking
MyD88 in all cell types) were extremely susceptible (Figure 1C).
Thus, ablation of Syk but not MyD88 in CDIIc-expressing
cells greatly compromises innate resistance to systemic
C. albicans infection in mice and leads to death from fulminant
candidiasis.

CDll1c is not an exclusive marker of DCs. To narrow down the
CD11c" cell type required to express Syk in this model, we made
use of recently-developed Clec9a-Cre mice in which Cre activity is
restricted to cells derived from non-monocytic conventional DC
precursors (CDP) [44]. Notably, despite the incomplete pene-
trance of Cre-mediated recombination in such precursors [44],
Clec9aASyk were nearly as susceptible as CD11cASyk mice to
systemic Candida infection (Figure 1D and data not shown).
Because Clec9aASyk mice were used as homozygotes in these
experiments and therefore lacked DNGR-1 expression [44],

July 2014 | Volume 10 | Issue 7 | 1004276



Syk Signaling in DCs Directs Innate Fungal Control

PAS H&E
n=6 ST
100 -
ER

80+ 53
IS L =
=
£ 60
2 X,
(=
¢ 401 n=10 [ 9=
o o
Y =<

20 a

O T T T

0 2 4 6
Days post-infection
@® Control
O CD11cASyk

CD11cASyk
(20x)

@)
O

8 —_ ek kK 8 —
*kkk ’%é’ *kkk
> * o
[@)] (@)
S = A A
o O T A
° - BRI -
> >
O 4- O 44 A
S @ O £
i o £l > A .
o 0O
2 1 1 1 1 1 2 1 1 1
y¥ L R N
SEENCAANIC GO o & P
& N N » s R
oS oY O N ) ¢ @q
N Q J o
(@) O O &
&

Figure 1. Mice with targeted deletion of Syk in CD11c" cells show increased susceptibility to systemic candidiasis. (A) Control and
CD11cASyk mice were infected with 5x10* CFU of C. albicans intravenously. Survival data are presented as a Kaplan-Meier plot with a log rank test
used to compare susceptibility between the two groups. Data are pooled from two independent experiments. (B) 4x and 20 x magnification of
Periodic Acid Schiff (PAS) or Hematoxilyn and Eosin (H&E) stained kidney sections collected at the endpoint of the experiment shown in (A). Scale bars
are 50 um (4x magnification) and 250 um (20 x magnification), respectively. (C-D) control Syk, CD11cASyk, control MyD88, CD11cAMyD88 and
MyD88 KO mice (C) and control Clec9a, Clec9aASyk and Clec9a(egfp/egfp) mice (D) were infected with 2x10° CFU of C. albicans intravenously.
Kidneys were removed 2 days post-infection and analyzed for fungal burden. CFU are calculated per gram of kidney. Data shown are mean +/— SEM
from pooled from two to six independent experiments with each symbol representing an individual mouse with statistical significance of any
differences determined using a 1-way ANOVA with Tukey post-test analysis.

doi:10.1371/journal.ppat.1004276.9001

we confirmed that DNGR-1 deficiency does not impact on  Defective neutrophils in the kidneys of candida-infected
susceptibility to candidiasis by assessing fungal burden in infected CD11cASyk mice

Clec9a°s™ 8™ mice [45] (Figure 1D). These data therefore suggest We assessed the composition of the leukocytic infiltrate in
a key role for Syk signaling by conventional DCs. Consistent with  kidneys of infected CD11cASyk mice to determine if susceptibility
that conclusion, all kidney DC: sub-populations in CD11cASyk to candidiasis correlated with loss of any particular CD11c*

mice showed loss of Syk independently of infection (Figure S1F). phagocyte subset whose development or recruitment to the site of
We conclude that Syk expression by DCs and, possibly, additional infection might depend on Syk. Interestingly, there was little
CD11c" cells is a key determinant of innate immunity to systemic change in the total size of the CD11¢" MHC-II" DC compartment
C. albicans infection. after infection (Figure S2A), although its relative composition was
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altered: in kidneys from uninfected mice, CD11b™" F4/80" DCs
were prominent whilst in infected mice this population decreased
in size and a CD11b* F4/80™7T population became more
abundant (Figure S2B and S2C). Importantly, despite infection-
induced changes, there was no difference between control or
CD11cASyk mice. For example, the total number of CD11c*
MHC-IT" cells was the same in the two strains and there was only
a marginal difference in percentage (Figure S2A). Similarly, the
change in hierarchy of CD11c¢t MHC-II* populations following
infection was largely equivalent between the strains (Figure S2C).
Small differences observed for the percentage but not total number
of CD11¢" MHC-IT* CD11b™" F4/80" cells (Figure S2C) might
reflect changes in other leukocyte populations even though there
was no obvious change in B, T or NK cells (data not shown).

In contrast to the CD11c" mononuclear phagocyte pool, the
numbers and percentages of CDllc MHC-II" neutrophils
increased greatly in the kidneys following infection in both strains
(Figure 2A), as expected [43,46]. However, CD11cASyk mice
displayed higher levels of kidney neutrophilia, correlating with the
greater fungal burden (Figure 2A). Importantly, the phenotype of
neutrophils in the kidneys but not the bone marrow of infected
CD11cASyk mice was atypical, with a large fraction of the cells
expressing only low levels of CD11b and CD1la (Figure 2B, 2C
and data not shown). The cells were also less granular but did not
appear apoptotic or stain for active caspase 3 (data not shown). We
further assessed levels of myeloperoxidase (MPO), a major
constituent of azurophil granules necessary for generation of
reactive oxygen species (ROS), a key component of the neutrophil
killing arsenal [47]. Kidney neutrophils from infected CD11cASyk
mice had decreased levels of MPO when compared to controls
(Figure 2D). As these phenotypic differences might suggest
impaired functionality [48], we assessed the ability of neutrophils
in CD11cASyk mice to kill C. albicans. We infected control and
CD11cASyk mice with a strain of GFP-expressing C. albicans and
measured GFP signal among kidney leukocyte populations. As
expected, the majority of the GFP signal was found within
neutrophils (Figure 2E). However, a greater frequency of GFP*
neutrophils were present in CD11cASyk mice than in controls
suggesting that kidney neutrophils from the former strain are
impaired in their ability to destroy the fungus. To explicitly test
this hypothesis, we sorted GFP* and GFP™ neutrophils from the
kidney, lysed them and plated the lysates to determine C. albicans
growth. This analysis confirmed that GFP* neutrophils derived
from CDI11cASyk but not from control mice contained live
C. albicans (Figure 2F). We then evaluated if neutrophils could kill
C. albicans ex vivo by sorting GFP™ neutrophils and incubating them
with live fungus. Consistent with their phenotypic differences,
neutrophils from kidneys of infected CD11cASyk mice showed a
decreased ability to kill C. albicans ex vivo when compared to their
counterparts from control infected mice (Figure 2G). In contrast,
bone marrow neutrophils from either uninfected or infected
CD11cASyk mice showed equivalent ex vivo candidacidal capacity
(Figure 2G and data not shown), which argues that neutrophil
impairment occurs locally at the site of infection. We conclude that
in CD11cASyk mice infected systemically with C. albicans there is
undiminished recruitment of neutrophils to the kidney but the
recruited cells display phenotypic alterations and are locally
impaired in their candidacidal activity.

Loss of GM-CSF in kidney underlies the susceptibility of
CD11cASyk mice to systemic Candida infection
We searched for local alterations in the inflammatory milieu of

the kidney that might connect diminished neutrophil function to
loss of Syk in DCs. Homogenates of kidneys from CD11cASyk
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mice showed higher levels of IL-6, KC, MIP-1a, IL-1B, TNF, IL-
lao and MCP-3 at days 1 or 2 post-infection when compared to
control mice (Figure S3A and S3B). This likely reflects the
contribution of cell types other than DCs and macrophages as
some of those cytokines are known to be produced in a Syk-
dependent manner by mononuclear phagocytes in response to
stimulation with Candida albicans [6,27,49]. Because the interpre-
tation of the data was marred by the large differences in fungal
burden between the two strains, a broader analysis was performed
early after infection (16 h) when fungal burdens are more
equivalent. This analysis confirmed the discrepancy in IL-6 levels
between infected mouse strains while revealing that many
inflammatory mediators are in fact induced to similar levels in
both control and CDI11cASyk infected mice (Figure S3C). A
notable exception is GM-CSF, which was found to be selectively
lost in the kidneys of infected CD11cASyk mice when compared to
controls (Figure 3A).

GM-CSF has been reported to be important for enhancement
of neutrophil maturation and neutrophil oxidative responses in
both mice and man [50-52]. We therefore tested whether
exogenous GM-CSF could decrease the susceptibility of
CD11cASyk mice to infection. Recombinant GM-CSF adminis-
tration resulted in a marked decrease in fungal burden in the
kidneys of infected CD11cASyk mice (Figure 3B). In contrast, the
same GM-CSF treatment had only a modest effect in control mice
and, importantly, did not impact the hyper-susceptibility of
MyD88 KO mice, demonstrating selectivity (Figure 3B). Alto-
gether, these data suggest that the susceptibility of CD11cASyk
mice to systemic Candida infection stems from a deficiency in GM-
CSF production in the kidney, which results in failure to locally
sustain neutrophil microbicidal activity.

Impaired fungal control in CD11cASyk mice is due to a
loss of GM-CSF-production by NK cells

We have recently found that kidney-infiltrating NK cells serve
as a non-redundant source of GM-CSF to promote the
candidacidal activity of neutrophils during systemic Candida
infection [37]. Therefore, we assessed recruitment of NK cells to
the kidneys of infected control and CDI11cASyk mice and
measured their production of GM-CSF and IFN-y. There was
no difference between the two strains in the percentage or the total
number of kidney NK cells either before or at different times after
infection (Figure 4A and data not shown). However, as early as
16 h after infection, a marked reduction was observed in
CD11cASyk mice in both the percentage and number of GM-
CSF-producing NK cells (Figure 4B). In contrast, the percentage
and number of NK cells positive for IFN-y was equivalent between
the two strains (Figure 4B). The production of GM-CSF by NK
cells was transient as levels of the cytokine diminished after 16 h in
contrast to those of IFN-y, which continued to greatly increase
(data not shown). A similar loss of GM-CSF" but not of IFN-y*
NK cells was seen in infected Clec9aASyk mice (Figure 4C),
strengthening the notion that the phenotype stems from loss of Syk
in DCs.

To determine if reduced GM-CSF production by NK cells and
impaired neutrophil microbicidal activity are linked, we investi-
gated if NK cells from control mice could restore the resistance of
CD11cASyk mice to infection. Transfer of cell preparations
enriched for NK cells from naive control mice into CD11cASyk
mice prior to infection had no impact on fungal burden
(Figure 5A). However, when the same preparations were isolated
from infected control mice, fungal control was restored in
subsequently infected CD11cASyk mice (Figure 5A). The decrease
in fungal burden conferred by adoptive NK cell transfer associated
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Figure 2. Increased infiltration of defective neutrophils in the kidneys of CD11cASyk mice. Control and CD11cASyk mice were infected
with 2x10° CFU of C. albicans intravenously. Kidneys were removed from naive mice or mice 2 days post-infection and leukocytes were surface
stained for CD11b, F4/80, MHC-Il and Ly-6G. (A) Percentage and total number of Ly6G" CD11b* kidney neutrophils. Data are mean +/— SEM from four
pooled independent experiments with each data point representing an individual mouse. (B) Representative expression of CD11b and CD11a on
infiltrating kidney neutrophils of day 2 infected control and CD11cASyk mice. (C) Global geometric mean of CD11b expression on infiltrating kidney
neutrophils normalized against control naive mice. Data are mean +/— SEM from four independent experiments with each data point representing an
individual mouse. (D) Neutrophils from day 2 infected mice were permeabilized and stained for MPO. Data shown are global geometric mean of MPO
signal on infiltrating kidney neutrophils normalized against control mice. Data are combined from two independent experiments with each data
point representing an individual mouse. (E) Control and CD11cASyk were infected with 2x10° CFU of C. albicans-GFP intravenously. Kidneys were
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removed 2 days post-infection and analyzed for GFP expression. Representative staining profiles of total CD45.2" kidney cells (top panel) and CD45.2*
Ly-6G* neutrophils (bottom panel). Boxes indicate the percentages of GFP* neutrophils and the mean +/— SEM from three independent experiments
with number (n) of mice indicated. (F) GFP™ and GFP™ neutrophils (CD11b" Ly-6G" CD11c~ F4/807) were sorted, lysed in water and plated to
determining presence of viable fungi. Data are combined from two independent experiments with each data point representing cells sorted from an
individual mouse. (G) Neutrophils were sorted from naive BM or day 2 infected kidneys of control and CD11cASyk mice and incubated with C.
albicans (10:1) for 1 h at 37°C. The survival of fungi was then assessed. Data are mean +/— SEM from three independent experiments with each data
point representing cells sorted from an individual mouse. Statistical significance of any differences for A, C, D and G was determined by 2-tailed t test.
Whilst a Kruskal-Wallis with Dunn’s multiple comparison test was undertaken for F. NS, not significant.

doi:10.1371/journal.ppat.1004276.g002

with an increased proportion of CD11b™ neutrophils (Figure 5B) (Figure 6A). The expression of IL-23R on kidney NK cells was

and restoration of the ability of neutrophils to kill C. albicans ex vivo upregulated in control but not CDI11cASyk mice following
(Figure 5C). Similar results were obtained upon transfer of pure infection (Figure 6B). In addition, we detected strong induction
NK cell populations that were isolated by cell sorting to exclude  of I1-23p19 mRNA in kidney CD11c¢"® MHC-II" DCs from
any confounding effect of contaminants (Figure 5D, 5E). control mice but, importantly, not from CDI11cASyk mice early
Protection was not observed when NK cells were isolated from after infection with C. albicans (Figure 6C). The increase in the
mice infected 48 h earlier (Figure 5D and data not shown), proportion of IL-23R* cells (Figure 6B) may therefore be a
consistent with the notion that GM-CSF production is transient consequence of positive feedback signaling of IL-23R in response
(see above). Transfer of unsorted total spleen cells was also not to ligand [57,58].

protective even when the cells were taken at 16 h after infection To test the significance of this observation, we infected IL-

(Figure 5D, 5E and data not shown). We conclude that the 23p19 KO mice and measured NK cell production of GM-CSF.
susceptibility of CD11cASyk mice to C. albicans infection is due to a Notably, TL-23p19-deficient mice resembled CD11cASyk mice in
defect in GM-GSF-dependent NK cell “help” for neutrophils and  that NK cells taken from the kidneys of either strain displayed
can be prevented by transfer of appropriately-primed NK cells markedly reduced levels of GM-CSF but not IFN-y mRNA and

from recently-infected wild type mice but not by unprimed wild- did not secrete GM-CSF protein upon short-term ex vivo culture
type NK cells. (Figure 6D and 6E). Furthermore, purified NK cells produced

GM-CSF i vitro when stimulated with recombinant I11.-23 but not
IL-23p19 links Syk signaling in CD11c" cells to GM-CSF- IL-17A/F, C. albicans, curdlan or zymosan (Figure 6F and 6G).
production by NK cells GM-CSF production by NKs in response to C. albicans occurred

Finally, we sought to identify the signal that links Syk signaling only in the presence of DCs derived from wild-type but not
in DCs to the production of GM-CSF by kidney NK cells. IL- CD11cASyk or IL-23p19-deficient mice (Figure 6H). Finally, IL-
23p19 has been reported to be induced very rapidly yet transiently 23p19 KO mice infected with C. albicans were undistinguishable
in the kidneys and lungs of Candida-infected mice [53,54]. In from CDI11cASyk mice in having massively increased kidney
addition, IL-23p19 is important for early resistance to candidiasis fungal burdens (Figure 6I) that could be reversed by GM-CSF
[55,56] and can be synthesized by DCs in a Syk-dependent therapy (Figure 6]). Together, these data suggest that Syk-
manner upon stimulation with CLR agonists [27]. Although IL- dependent IL-23p19 production by DCs in response to C. albicans
23R can be found on both NK cells and T cells [57], we noted that acts directly on NK cells to promote GM-CSF production and
NK cells but not T cells expressed IL-23R in the kidney subsequent resistance to systemic candidiasis.

w

A 3

=3 control 8-
* ek NS

o Il CD11cASyk = .

2 5]-- Detection limit < Coad
535 ° 3 a2 &
(0] < 6-

n N -
(=]
S N =
2 2 S e g
o3 > 41
°3 o
QL o
£ X
2
I GM-CSF: - + -+ -
8 8 Control CD11cASyk MyD88 KO
= O
o

Figure 3. Selective loss of GM-CSF in the kidneys of CD11cASyk mice and restoration of fungal control by exogenous GM-CSF
administration. (A) Kidneys were removed from naive mice or mice 16 h post-infection mice and assessed using a Proteome profiler. Data show
relative pixel density of duplicate blots for GM-CSF and G-CSF protein expression changes following infection. (B) Control, CD11cASyk and MyD88 KO
mice were given PBS or GM-CSF at the time of C. albicans infection as indicated and a second dose 24 h later. Fungal burden was assessed 2 days
post-infection. Data are mean +/— SEM from two pooled experiments with each symbol representing an individual mouse. Statistical significance of
any differences was determined by 2-tailed t test. NS, not significant.

doi:10.1371/journal.ppat.1004276.9003
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doi:10.1371/journal.ppat.1004276.9004

Discussion

Multiple receptors on macrophages, monocytes, neutrophils,
NK cells and innate lymphocytes, as well as on non-immune cells,
mediate the recognition of microbes and are thought to act co-
ordinately and somewhat redundantly to provide innate resistance
to infection. Here, we demonstrate that DCs, a cell type chiefly
known for its ability to initiate adaptive immunity, coordinate the
entire innate immune control to systemic infection with C. albicans
and show that this orchestration depends on a single kinase,
indicating a remarkable lack of redundancy in innate immune
pathways. We further unravel a hitherto unappreciated series of
cellular interactions whereby DCs provide IL-23p19 to NK cells
that allows for production of GM-CSF, which in turn maintains
the microbicidal activity of neutrophils, the main candidacidal
effectors. Disruption of this cellular relay in CD11cASyk or IL-
23p19 KO mice causes susceptibility to systemic candidiasis and
restoration of resistance can be achieved with GM-CSF treatment.
Thus, our analysis reveals Syk mediated IL-23p19 production by
DCs as a central and non-redundant node of innate immunity to
fungal infection and an unexpected indirect regulator of neutrophil
microbicidal activity via NK cells.

Although the central function of neutrophils in innate protection
from disseminated candidiasis is undisputed, the role of mononu-
clear phagocyte populations is not well established. It is surprising
that loss of Syk from CD11c" cells in CD11cASyk mice causes
such a dramatic phenotype. We show that this is not because Syk
uniquely regulates the development of particular CD11c* subsets

PLOS Pathogens | www.plospathogens.org

that coordinate anti-fungal immunity or even their recruitment to
the site of infection, as there were no gross alterations in the
composition of CD11c" populations in kidneys from infected
CD11cASyk mice. As in spleen and many other organs, kidney
CD11c" cells are also MHC-IT" and would therefore traditionally
be defined as DC. However, not all kidney CD11c¢" MHC-IT" cells
are derived from committed DC precursors, leading to debate as
to whether they are best classified as DCs or macrophages [59,60].
Taking advantage of a new Clec9a-Cre line to selectively target
those cells derived from pre-DC/CDP [44], we show that deletion
of Syk in the DC lineage (as defined hematopoietically)
phenocopies deletion in total CD11c* cells. This would suggest
that the susceptibility of CD11cASyk mice to systemic candidiasis
1s primarily due to loss of Syk from DCs. This in turn adds to the
emerging notion that DCs may act as central regulators of innate
immunity to infection in some instances [61]. Loss of resistance to
Candida was also seen in LysMASyk mice (data not shown) and we
do not presently exclude a possible contribution of Syk on CD11¢*
cells of monocytic origin (although we note that such a result is
ambiguous as LysM-Cre activity is also found on conventional
non-monocytic DCs [62]). Whichever their origin, the central
role of Syk in DCs suggests that ablation of CD11c" cells should
also have a dramatic phenotype on resistance to Candida infection.
Surprisingly, this was not the case as CD11c-DTR (diphtheria
toxin receptor) mice treated with diphtheria toxin were
actually more resistant to infection with C. albicans (data not
shown). This apparent discrepancy can be explained by the recent
observation that ablation of CD11c" cells in CD11c-DTR mice is
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Figure 5. Transfer of in vivo activated NK cells leads to restoration of fungal control in CD11cASyk mice. (A) Fungal burden in kidneys
from control and CD11cASyk mice, as well as CD11cASyk mice receiving adoptively transferred NK cell-enriched splenocytes from either naive or day
1 infected wild type mice. Data are mean +/— SEM pooled from two independent experiments with each symbol representing an individual mouse.
(B) Global geometric mean of CD11b expression by infiltrating neutrophils from the mice shown in (A). Data are mean +/— SEM from two
independent experiments with each symbol representing neutrophils from an individual mouse. (C) Neutrophils were isolated from the blood of the
mice shown in (A) and co-cultured with C. albicans to assess candidacidal activity. Data are mean +/— SEM from two independent experiments with
each symbol representing an individual mouse. (D) Fungal burden of kidneys from control and CD11cASyk mice as well as CD11cASyk mice that
received sorted splenic NK cells or unsorted total splenocytes isolated from 16 h or 48 h infected control mice. Data are mean +/— SEM from two
independent experiments with each symbol representing an individual mouse. (E) Neutrophils identified as live, CD45.2", Ly-6G" and CD11b" cells,
from the mice shown in (D) were assessed for their expression of CD11b. Representative FACS plots are shown. The percentage of CD11b" and
CD11b" cells is indicated. Statistical significance of any differences for A, B and C was determined using a 1-way ANOVA with Tukey post-test analysis.
Statistical significance of any differences for D was determined by 2-tailed t test. NS, not significant.

doi:10.1371/journal.ppat.1004276.9005

accompanied by marked neutrophilia, which provides a major
barrier to bacterial or, in this case, fungal infection [63].

It is notable that deletion of MyD88 in CD11c" cells had no
mmpact on (. albicans infection even though it markedly impacts
responses to TLR agonists & vivo [41]. This may suggest a primacy
of Syk-coupled rather than MyD88-coupled receptors in fungal
recognition by DCs [1,22,64]. Nevertheless, MyD88 remains an
important component of anti-fungal resistance as we find, along
with Villamon et. al. [65], that MyD88-deficient animals are very

PLOS Pathogens | www.plospathogens.org

susceptible to systemic C. albicans infection. Unlike that of
CD11cASyk mice, this susceptibility is not preventable by
exogenous GM-CSF therapy and presumably involves MyD88
signaling in CD11c™ cells. Whether this happens downstream of
TLRs or receptors for IL-1 family cytokines remains to be
determined.

Depletion of neutrophils dramatically increases susceptibility of
mice to experimental systemic C. albicans infection [31] and
neutropenia places patients at severe risk from systemic candidiasis
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Figure 6. Defect in IL-23p19 production by Syk-deficient kidney DCs underlies decreased NK cell GM-CSF-mediated control of
C. albicans. (A) Representative staining of naive control kidney NK cells (CD45.2* NK1.1* CD37) and T cells (CD45.2" CD3") with anti-IL-23R vs. isotype-
matched irrelevant specificity control (B) Percentage and total number of kidney NK cells expressing IL-23R in control and CD11cASyk mice that were
either uninfected or infected 16 h earlier. Data are mean +/— SEM from three independent experiments with each symbol representing an individual
mouse. (C) CD11¢" MHC-II* cells were purified by cell sorting from the kidneys of naive or 16 h post-infection control and CD11cASyk mice. RNA was
extracted and gRT-PCR performed to detect il23a transcripts. Data shown are mean +/— SEM from two independent experiments with five biological
replicates. n.d., not detected. (D) NK cells were purified by cell sorting from the kidneys of naive and 16 h post-infection control, CD11cASyk and IL-
23p19 KO mice. RNA was extracted and gRT-PCR performed to detect levels of Csf2 and Ifng transcripts. Data shown are mean +/— SEM from two
independent experiments with each symbol representing an individual mouse. (E) NK cells were sorted from the spleen and kidney of 16 h-infected
control, CD11cASyk and IL-23p19KO mice. Cells were cultured overnight and supernatants were collected and assessed for GM-CSF protein content
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by ELISA. Data shown are mean +/— SEM from two independent experiments with each symbol representing data from an individual animal. (F)
Splenic NK cells were sorted from naive control mice and stimulated with medium, recombinant IL-17AF heterodimer or recombinant IL-23 (r-IL-23)
overnight. GM-CSF protein in the supernatants was measured by ELISA. Data shown are mean +/— SEM of triplicate wells from one experiment. (G)
Splenic NK cells were sorted from naive control and CD11cASyk mice and were stimulated overnight with medium, heat-killed C. albicans, Curdlan,
Zymosan or PMA/lonomycin. GM-CSF accumulation in the supernatants was assessed by ELISA. Data shown are mean +/— SEM of duplicate wells
from one out of two independent experiments. (H) Splenic NK cells were sorted from naive control mice and co-cultured with BMDCs derived from
control, CD11cASyk or IL-23p19KO mice. Co-cultures were stimulated with medium, heat-killed C. albicans or recombinant IL-23 (r-IL-23) overnight
and GM-CSF protein accumulation in the supernatants was assessed by ELISA. Data shown are mean +/— SEM of triplicate wells from one out of two
independent experiments. n.d., not detected. () Control and IL-23p19 KO mice were infected with 2x10° CFU of C. albicans intravenously. Kidneys
were removed 2 days post-infection and analyzed for fungal burden. Data are mean +/— SEM from two independent experiments with each symbol
representing an individual animal. (J) IL-23p19 KO mice were given PBS or GM-CSF at the time of C. albicans infection and a second dose 24 h later.
Fungal burden was assessed 2 days post-infection. Data are mean +/— SEM pooled from two independent experiments with each symbol
representing an individual animal. Statistical significance of any differences for B was determined using a 1-way ANOVA with Tukey post-test analysis.
C, I and J were assessed using a 2-tailed t test Whilst a Kruskal-Wallis with Dunn’s multiple comparison test was undertaken for D. NS, not significant.
doi:10.1371/journal.ppat.1004276.g006

[32,66]. Previous work showed that IL-6-deficient mice are highly GM-CSF to control Candida infection [37]. Here, we show that

susceptible to systemic C. albicans [67], which was attributed to a even in IL-17RA-sufficient mice, where NK cell functional
lack of neutrophil recruitment without impairment of candidacidal development is unaffected, the response of NK cells to acute
capacity [68]. It was therefore surprising to observe the opposite Candida challenge is under stringent environmental control and
phenotype, namely normal neutrophil recruitment but impaired requires exogenous priming signals. Priming signals for GM-CSF

activity in infected CD11cASyk or Clec9aASyk mice. The ample but not IFN-y production in turn require Syk signaling in DCs as
production of neutrophil recruiting proteins such as IL-6, KC and demonstrated by the fact that transfer of resting NK cells does not
MIP-2 (CXCL2) in the kidneys of such mice might account for restore resistance of CD11cASyk mice to Candida, yet resistance is

unabated neutrophil recruitment. In contrast, the lack of GM-CSF achieved if the transfer involves activated NK cells that were
in the microenvironment appears to be responsible for the loss of ~ primed in an environment in which DCs express Syk. Together
neutrophil activity. Neutrophil activation triggers re-localization of ~ with the fact that Clec9aASyk and CD11cASyk phenocopy each
intracellular pools of CDI11b to the plasma membrane [69] other, this argues against the possibility that the defect in
allowing for adhesion, migration and phagocytosis [48]. Thus, we CD11cASyk mice is due to deletion of Syk in the NK cells
suggest that the presence of CD11b" neutrophils is indicative of themselves (even if a small population of NK cells can express
poorly activated cells with decreased microbicidal potential, as CDllc and show evidence of Cre activity in CD11c-Cre mice
highlighted by our killing assays. Interestingly, GM-CSF has been [79]). Supporting this contention, purified NK cells do not respond
linked to neutrophil functionality and survival via physical directly to C. albicans ex vivo but will readily do so in the presence of
coupling of Src family kinase Lyn to the GM-CSF receptor, DCs or conditioned medium from Candida-treated DC cultures.
resulting in down-regulation of pro-apoptotic factors and up- This is consistent with the notion that accessory cells, such as DCs,
regulation of anti-apoptotic pathways such as PI3K/Ark [70-72]. monocytes, and macrophages are necessary for activation of NK
While we have failed to observe obvious signs of neutrophil cells in response to most pathogens (reviewed in [80,81]).

apoptosis in CD11cASyk mice, we cannot exclude that any Nevertheless, it is possible that the anti-fungal activity of primed
apoptotic cells might be removed rapidly and that the CD11b" NK cells additionally requires signaling via Syk-coupled NK cell

phenotype is indeed a prelude to cell death. Notably, intravenous receptors and it will be interesting to study the phenotype of mice
GM-CSF infusion is curative in cases of severe drug-resistant in which Syk is selectively ablated in NK cells as opposed to DCs.
chronic mucocutaneous candidiasis [73] and patients with oral It is well known that stimulation of DCs and macrophages by
pseudomembranous candidiasis resulting from radiotherapy for C.albicans yeast and hyphae induces the production of IL-2, IL-6,
head and neck cancers have been successfully treated with a GM- IL-12, IL-23 and TNF-a in a Syk-dependent manner [21,27]. In
CSF mouthwash [74]. In addition, human neutrophil activation searching for which one of these or other factors might be
and survival relies in part on NK cell-derived cytokines, including responsible for priming NK cells to produce GM-CSF we focused
GM-CSF [75], and activated human NK cells enhance neutrophil on IL-23p19. We show that IL-23p19 is not induced in Syk-
survival and promote an increase in neutrophil CD11b expression deficient DCs during systemic candidiasis and that Candida-

and ROS production in a GM-CSF dependent manner [76]. stimulated control but not IL-23p19 KO DCs induce GM-CSF
Thus, GM-CSF, in part derived from NK cells, may underlie production by NK cells. We further show that IL-23p19 KO mice

resistance to Candida infection not only in mice but also in Man. are very susceptible to systemic candidiasis, as previously suggested
This is seemingly at odds with the fact that NK cell deficiency is [55], but can be protected by GM-CSF treatment. Together, these
associated primarily with viral rather than fungal infections [77]. data suggest that IL-23 might be the key Syk-dependent cytokine
However, the very few NK cell-deficient individuals studied so far driver of DC-mediated resistance to candidiasis, consistent with
may not have been exposed to the conditions predisposing to the fact that addition of recombinant I1.-23 and not recombinant
systemic candidiasis such as catheter insertion or deep tissue IL-17A/F to purified NK cells induces GM-CSF production. This
surgery. Alternatively, NK-cell independent mechanisms may sheds light on a novel regulatory mechanism of cytokine

compensate in these individuals for GM-CSF-dependent fungal production by NK cells that selectively affects GM-CSF but not
control. In this regard, the requirement for NK cells in antifungal IFN-y secretion. However, IL-23 is composed of both the IL-
immunity even in mice may vary depending on the Candida strain 23p19 and the IL-12/I1-23p40 subunits and it has been reported

in question [34,78]. that IL-12p40-deficient mice are resistant to candidiasis [82,83].
We have recently shown that the functional development of NK We have been able to reproduce this finding (unpublished
cells in mice requires cell-intrinsic IL-17RA-mediated signals [37]. observations) and therefore, at present, we are forced to conclude

NK cells that develop in the absence of such signals are impaired that the key mediator of resistance is either a novel IL-23pl9-
in their ability to produce IFN-y, kill target cells, as well as produce containing cytokine (including, possibly, an IL-23p19 homodimer)
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Figure 7. Model for Syk-mediated recognition of fungal particles by DCs in control of systemic candidiasis. Upon systemic infection,
recognition of C. albicans by kidney DCs via Syk-coupled PRRs leads to production of IL-23p19. DC-derived IL-23p19 acts on NK cells, causing them to
produce GM-CSF, which in turn acts on neutrophils infiltrating the kidney to promote and sustain fungicidal activity. Loss of Syk in DCs prevents
production of IL-23p19 leading to failure of NK cells to provide GM-CSF-dependent help to neutrophils. Impaired killing capacity of the latter leads to

loss of control of fungal burden.
doi:10.1371/journal.ppat.1004276.g007

or that IL-23 deficiency impairs resistance to candidiasis in an IL-
12-sufficient but not IL-12-deficient background. While work to
assess these possibilities is ongoing, our existing data nevertheless
argue for a model (Figure 7) where Syk-mediated recognition of
fungal particles by DC, possibly through Syk-coupled CLRs, leads
to production of an IL-23p19-containing cytokine, which acts on
NK cells in the kidney to induce GM-CSF production. In turn,
GM-CSF acts on recruited neutrophils to sustain microbicidal
function. This unusual cellular relay from DCs to NK cells and to
neutrophils via IL-23p19 and GM-CSF, respectively, provides a
key axis for protection from disseminated candidiasis in mice that
may be worth exploring as a possible therapeutic target in the
context of fungal sepsis in humans.
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Materials and Methods

Ethics statement

All animal protocols were carried out under the authority of a
UK project license (number PPL 80/2309) approved by the
CRUK London Research Institute Animal Welfare and Ethical
Review Body in strict accordance with UK governmental
regulations (Animal Scientific Procedures Act 1986) or under
protocols approved by the Veterinary office of the Canton Ziirich,
Switzerland (license number 184/2009 and 201/2012) in strict
accordance with the guidelines of the Swiss Animal Protection
Law. All efforts were made to minimize animal suffering and
ensure the highest ethical and humane standards.
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Mice

Control mice ‘Control’ (including C57Bl/6 and littermate
CD11cCre™ [42]xSyk™™ ™ [40]), CD11cASyk (CD11cCre*x
Syk1o¥/1on - OD11cAMyD88 (CD11cCret xMyD8g ™/ ox [41]),
Control MyD88 (CD11cCre” xMyD88" 1% 'MyD88 KO [84],
Clec9a(egfp/egfp) [45] (DNGRI1 deficient), Clec9aASyk (Cle-
€926 [44] x Syk™/1°%) Clec9a control (Clec9a™ * x Syk/1ox)
and IL-23p19 KO [85,86] were crossed and bred at Cancer
Research UK and at the Institute of Laboratory Animal Sciences,
University of Ziirich, Switzerland, in specific pathogen-free
conditions.

Cells and fungal stimuli

Candida  albicans strains SC5314 and CAI4-pACT1 GFP
(described in [87]) were grown by agitation overnight at 30°C in
yeast peptone dextrose (YPD) or synthetic complete medium (SC)
containing 2% glucose and Drop-out mix without Uridine. The
cells were then washed twice with PBS before use as live yeasts.
Heat-killed C. albicans ( HKCA) yeast or hyphae were generated by
boiling samples for 1 h.

Systemic C. albicans infection model, GM-CSF treatment
and fungal counts

Mice aged 8-20 weeks were infected intravenously with 2x10°
live C. albicans yeast unless stated. The mice were killed 2 days
post-infection except where indicated and perfused with cold PBS.
Mice that received GM-CSF treatment had two intraperitoneal
doses of murine GM-CSF (Peprotech) 5 ug/mouse at time of
infection and 24 h later. The kidneys were removed and
homogenized in 1 ml PBS using an IKA T25 digital Ultra-Turrax
homogenizer or a Qiagen Tissue Lyser. Serial dilutions were
plated on YPD agar plates and the total number of colony forming
units was calculated.

Histology

Samples were fixed in 10% Neutral Buffered Formalin and
processed by the histopathology laboratory at Cancer Research
UK. Samples were dehydrated with ethanol and embedded in
paraffin. Periodic Acid Schiff (PAS) and hematoxylin and eosin
(H&E) were used to assess fungal invasion and leukocyte
infiltration respectively.

Cell isolation

Single-cell kidney, spleen and bone marrow (BM) suspensions
were prepared from PBS perfused mice. Kidneys and spleens were
chopped into small pieces and digested in RPMI 1640 medium
supplemented with glutamine, penicillin, streptomycin, (all from
Gibco), collagenase type IV (200 u/ml, Worthington), and DNase
1 (0.2 mg/ml, Roche) for I h or 30 min respectively at 37°C. Cells
were then passed through a 70 pm cell strainer (BD bioscience),
washed with RPMI 1640 supplemented with 10% fetal calf serum,
glutamine, penicillin and streptomycin (RPMI complete medium).
Single cell kidney samples were then placed onto a non-continuous
isotonic Percoll (GE Healthcare) gradient of 78% and 37% and
centrifuged for 30 min at 550 g. The interface was collected from
these samples and washed in RPMI complete medium. For
isolation of BM cells, the femur and tibia were collected from both
hindquarters. Bones were flushed with RPMI complete medium
and passed through a 70 pm cell strainer to obtain single cell
suspensions. Splenic and BM erythrocytes were lysed with Red
Blood Cell Lysis Buffer (Sigma) for 3 min at room temperature
(RT). Single cell populations were subsequently used for either
FACS staining, i vitro candidacidal activity or cell sorting.

PLOS Pathogens | www.plospathogens.org

12

Syk Signaling in DCs Directs Innate Fungal Control

Flow cytometry and cell staining and intracellular
cytokine staining

Data were collected on LSR Fortessa, FACSAria or LSRII (all
BD Biosciences) and analyzed using Flow]Jo software (Tree Star).
The staining protocols used combinations of antibodies listed
below. Antibodies purchased from BD bioscience included: anti-
CD3e (145-2C11), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-
CDI11b (M1/70), anti-CD11c (HL3), anti-CD16/CD32 (2.4G2,
Fc block), anti-CD19 (1D3), anti-CD45R/B220 (RA3-6B2),
anti-CD49b  (DX5), anti-CD64 (X54-5/7.1), anti-IFN-y
(XMG1.2), anti-Ly6G (1A8) and Streptavidin-APC. The follow-
ing antibodies were purchased from eBioscience: anti-CD3e
(145-2C11), anti-CD11b (M1/70), anti-CD103 (2E7), anti-GM-
CSF (MP1-22E9), anti-MHC-II (M5/114.15.2) and anti-NK1.1
(PK136). The following antibodies were purchased from
Biolegend: anti-CDI1la (M17/4), anti-CDllc (N418), anti-
CDI18 (M18/2), anti-CD45.2 (104), anti-F4/80 (BMS8), anti-
Syk (5F3, purified and conjugated to AF647 with AF647
Antibody labelling kit (Molecular Probes)). Additional antibodies
used were Polyclonal Goat anti-Mouse/Rat MyD88 (R&D),
anti-Mouse IL-23R (753317, R&D), Rabbit anti-Goat AF438
(Molecular Probes) and anti-MPO (8F4, biotinylated, Hycult
Biotech).

Single cell suspensions were surface stained directly ex viwo or
following 7 h incubation with brefeldin A (Sigma). Most cell
staining involved dead cell exclusion by live/dead fixable violet
dye (Invitrogen), followed by fixation with 2% paraformaldehyde
(Electron Microscopy Sciences) for 20 min at RT. Cells were
washed twice with FACS buffer (PBS, 1% FCS, 2 mM EDTA).
For intracellular staining, cells were subsequently permeabilised
and stained with saponin containing Reagent B (ADG Bio
Research GMBH).

Measurement of chemokine and cytokine protein levels
Kidneys were removed 1 or 2 days post-infection following PBS
perfusion and homogenized on ice in 0.5 or 1 ml of PBS
respectively. Chemokines and cytokines from homogenates and
cell culture supernatants were analyzed according to manufactur-
er’s instructions. Briefly, clarified samples were incubated with
either BD cytometric bead array kits (IL-6, KC, MIP-1a, TNF, IL-
lar), FlowCytomix Kits (IL-15/IL-15R, MCP-3 and IL-10), R&D
Quantikine ELISA kit (IL-1B) or eBioscience Ready-Set-Go
ELISA kit (GM-CSF). Bead based assays were assessed using a
LSR Fortessa whilst ELISA samples were read at 450 nm with all
concentrations determined relative to a standard curve.

For proteome profiling, kidneys were removed from naive or
16 h post-infection mice following PBS perfusion and homoge-
nized in 1 ml PBS with protease inhibitor cocktail (cOmplete
Roche) with Triton x100 added at a final concentration of 1%
prior to a freeze thaw step. Samples were clarified prior to addition
to the R&D Proteome profiler (Mouse cytokine array panel A) and
developed as per manufacturer’s instructions. Relative pixel
density of each duplicate blot was measured using Image ]
software. The data are presented as fold change in signal from
infected samples compared to naive control samples.

Neutrophil isolation and functional assay

Single cell suspensions of kidney and bone marrow were
prepared as above prior to staining and sorting for neutrophils,
identified by CD11b* Ly-6G* F4/80~ and GFP* or GFP™. Sorted
neutrophils were incubated with C. albicans (10:1) in serum free
medium on ultra low attachment plates (Costar) for 1 h at 37°C.
Wells were collected and cells lysed with water prior to plating on
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YPD agar. C. albicans colony formation from neutrophil-containing
wells was compared to that from control neutrophil-free wells to
calculate the percentage of C. albicans killed. Data are combined
from three independent experiments with each data point
representing an individual well. Neutrophils were also isolated
from mouse blood using a density gradient of Histopaque 1119
and Histopaque 1077 (both Sigma). Blood neutrophil killing
activity was assessed using 10* C. albicans yeast co-cultured with
10* neutrophils (usually >80% Ly6G") in protein low binding
tubes (Sarstedt) for 2 h. The percentage of C. albicans killed was
assessed as above with data combined from two independent
experiments.

NK cell purification and transfer

Single cell suspensions of spleens from control mice were
obtained as described above and NK cells were either enriched
with anti-DX5 microbeads (Miltenyi Biotech) or purified by
FACS based on DX5 and CD$ expression. 8x10° enriched NK
cells or 4x10° FACS purified NK cells (>95% pure and viable)
were adoptively transferred into recipient mice 1 h prior to
infection.

NK cell—DC co-cultures

DCs were differentiated from BM precursors in presence of
GM-CSF for 7 days. 10° FACS-purified NK cells from naive
spleens were cultured alone or co-cultured with 5x10* DCs in
presence of heat-killed C. albicans (10 M.O.1.), 100 pg/ml Curdlan,
50 pg/ml Zymosan, recombinant IL-23 (BD bioscience; 100 ng/
ml) or recombinant IL-17A/F heterodimer (BD bioscience; 1 ng/
ml). The culture supernatant was collected after overnight
incubation and GM-CSF was quantified by ELISA (eBioscience)
according to manufacturer’s instructions.

Quantitative RT-PCR

RNA was extracted from whole organs disrupted using the
Tissue Ruptor (Qiagen) using TRIzol (Invitrogen) according to
manufacturer’s instructions. RNA from FACS sorted cell samples
was isolated using either TRIzol or the QIAcube (Qiagen).
Isolated RNA was reverse transcribed into complementary DNA
using random primers (Invitrogen). Quantitative PCR was
performed using Tagman primer/probe sets (Invitrogen),
Sykb  (MmO01333035_ml (exon boundary 1-2)), c¢sf?
(Mm00438328_m1), ifng (MmO01168134_m1) and house keeping
Gapdh (Mm99999915_gl1) or SYBR Green (Qiagen) with primer
pairs #/23a (F-GCCAAGAAGACCATTCCCGA R-TCAGTGC-
TACAATCTTCTTCAGAGGACA) and Gapdh (F-CAGTATT-
CCACTCTGAAGAAC R-ATACGGCCAAATCTGAAAGAC)
using either the Viia7 or 7500 Fast Real-Time PCR System
(Applied biosystems).

Statistical analysis

Prism version 6a (GraphPad) was used for plotting data and for
statistical analysis. Survival data are presented as a Kaplan-Meier
plot with a log rank test used to compare significance between
groups. Data was subjected to D’Agostino & Pearson omnibus
normality test, Shapiro-Wilk normality test and Kolmogorov-
Smirnov test to determine the subsequent statistical tests applied.
Statistical significance of differences between two groups or groups
with fewer than three samples was determined by 2-tailed ¢ test.
For experiments with more than 2 groups, significance of any
differences was determined using a 1-way ANOVA with Tukey
multiple comparison of all pairs for post-test analysis. If the data
was assessed to be non-gaussian then a Kruskal-Wallis with
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Dunn’s multiple comparison test was undertaken. The level of
significance was defined as *p<<0.05, ** p<<0.01, *** p<<0.001,
#k% p<<0.0001. The test used for statistical analysis is indicated in
each figure legend.

Supporting Information

Figure S1 Expression of Syk and MyD88 in the kidney
and spleen of naive and infected mice. Kidneys and spleens
were removed from either naive or 2 day infected mice following
PBS perfusion. Organs were treated with collagenase IV/DNase
I prior to enrichment using a 37%-78% percoll gradient.
Leukocytes were surface stained with CD45.2 and then identified
as B cells (CD19*, MHC-IT"), T cells (CD3" CD4" or CD8"),
neutrophils (Ly-6G* CD11b") and CD11c¢* MHC-IT* (subset with
CD11b, F4/80 and CD103). (A) syk mRNA levels were measured
by qRT-PCR from kidney and spleen sorted cell populations.
Data shown are mean +/— SEM from two independent sorts
with six biological samples with statistical significance of any
differences determined by 2-tailed ¢ test. (B) Naive samples were
permeabilised and stained with anti-Syk and analysed for Syk
expression. Representative Syk expression in GD11¢t MHC-IT',
neutrophils and B cells from naive mice. (C) Geometric mean of
Syk expression by the indicated leukocyte populations from naive
kidneys. Data shown are mean +/— SEM from one represen-
tative experiment of two with statistical significance of any
differences determined by 2-tailed ¢ test. (D) Samples were
permeabilised and stained with anti-MyD88 with a rabbit anti-
goat IgG AF488 secondary and analysed for MyD88 expression.
Histograms show MyD88 expression for CD11c" MHC-IT" cells
and neutrophils from naive mice with each line representing an
individual mouse. (E) Representative Syk expression by the
indicated subpopulations of kidney CD11c" MHC-II* cells from
day 2 infected kidneys.

(TTF)

Figure $2 Mononuclear leukocyte subset composition is
unaltered in the kidneys of CD11cASyk mice. Control and
CD11cASyk mice were infected with 2x10° CFU of C. albicans
intravenously. Kidneys were removed from naive and 2 days
infected mice and leukocyte populations were identified
following surface staining for CD45.2, CD1lc, CD11b, F4/80
and MHC-II. (A) Percentage and total number of CD45.2%
CD1lc¢t MHC-II" cells in the kidneys of naive and day 2
infected mice. (B) Representative profiles after gating on
CD45.2% CD11c" MHC-II" cells. (C) Percentage and total
number of cells within subpopulations of kidney CD11¢* MHC-
II* cells. Data shown in A and C are mean +/— SEM from 3
pooled experiments with each symbol representing an individual
mouse with statistical significance of any differences determined
by 2-tailed ¢ test.

(TIF)

Figure 83 Overall increase of inflammatory cytokines
and chemokines in the kidney following infection.
Kidneys were removed 1 (A) or 2 (B) days post-infection following
PBS perfusion and homogenized on ice in 0.5 or 1 ml of PBS
respectively. Cytokines and chemokines in clarified supernatants
were quantified by either BD cytometric bead array kits (IL-6,
KC, MIP-1a, TNF-a, IL-10), FlowCytomix Kits (IL-15/1L-15R,
MCP-3 and IL-10) or R&D Quantikine ELISA kit (IL-1). Data
shown are mean +/— SEM from 4 pooled experiments with each
symbol representing an individual mouse with statistical signif-
icance of any differences determined by 2-tailed ¢ test. (C)
Kidneys were removed from naive or 16 h post-infection
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mice following PBS perfusion and homogenized in 1 ml PBS with
protease inhibitor and Triton X100 added to a final concentra-
tion of 1% prior to a freeze-thaw step. Samples were clarified
prior to addition to the R&D Proteome profiler (Mouse cytokine
array panel A) according to manufacturer’s instructions. The
relative pixel density of each duplicate blot was assessed using
Image J software and compared between naive and infected
samples. Data shown is a selection of the total proteome analysis
showing increased (left panel) similar (middle panel) decrease
protein levels (right panel) in the CD11cASyk mice compared to
control mice.

(TIF)

References

1. Lionakis MS, Netea MG (2013) Candida and host determinants of susceptibility
to invasive candidiasis. PLoS Pathog 9: ¢1003079. doi:10.1371/journal.
ppat.1003079.

2. Lehner T (1964) Systemic Candidiasis And Renal Involvement. Lancet 1: 1414
1416.

3. Brown GD, Denning DW, Gow NAR, Levitz SM, Netea MG, et al. (2012)
Hidden killers: human fungal infections. Sci Transl Med 4: 165rv13.
doi:10.1126/scitranslmed.3004404.

4. Bellocchio S, Montagnoli C, Bozza S, Gaziano R, Rossi G, et al. (2004) The
contribution of the Toll-like/IL-1 receptor superfamily to innate and adaptive
immunity to fungal pathogens in vivo. J Immunol 172: 3059-3069.

. Villamén E, Gozalbo D, Roig P, O’Connor JE, Fradelizi D, et al. (2004) Toll-
like receptor-2 is essential in murine defenses against Candida albicans
infections. Microbes Infect 6: 1-7.

6. Gross O, Poeck H, Bscheider M, Dostert C, Hannesschlager N, et al. (2009) Syk
kinase signalling couples to the Nlrp3 inflammasome for anti-fungal host
defence. Nature 459: 433-436. doi:10.1038/nature07965.

7. Hise AG, Tomalka J, Ganesan S, Patel K, Hall BA, et al. (2009) An essential role
for the NLRP3 inflammasome in host defense against the human fungal
pathogen Candida albicans. Cell Host Microbe 5: 487-497. doi:10.1016/
j-chom.2009.05.002.

8. Mencacci A, Bacci A, Cenci E, Montagnoli C, Fiorucci S, et al. (2000)
Interleukin 18 restores defective Th1 immunity to Candida albicans in caspase
1-deficient mice. Infect Immun 68: 5126-5131.

9. Netea MG, Stuyt RJL, Kim S-H, van der Meer JWM, Kullberg B-J, et al. (2002)
The role of endogenous interleukin (IL)-18, IL-12, IL-1beta, and tumor necrosis
factor-alpha in the production of interferon-gamma induced by Candida
albicans in human whole-blood cultures. J Infect Dis 185: 963-970.
doi:10.1086/339410.

10. Stuyt RJL, Netea MG, Verschueren I, Fantuzzi G, Dinarello CA, et al. (2002)
Role of interleukin-18 in host defense against disseminated Candida albicans
infection. Infect Immun 70: 3284-3286.

11. Bernuth von H, Picard C, Jin Z, Pankla R, Xiao H, et al. (2008) Pyogenic
bacterial infections in humans with MyD88 deficiency. Science 321: 691-696.
doi:10.1126/science.1158298.

12. Plantinga TS, Johnson MD, Scott WK, van de Vosse E, Velez Edwards DR,
et al. (2012) Toll-like receptor 1 polymorphisms increase susceptibility to
candidemia. J Infect Dis 205: 934-943. doi:10.1093/infdis/jir867.

13. Van der Graaf CAA, Netea MG, Morré SA, Heijer Den M, Verweij PE, et al.
(2006) Toll-like receptor 4 Asp299Gly/Thr3991le polymorphisms are a risk
factor for Candida bloodstream infection. Eur Cytokine Netw 17: 29-34.

14. Wochrle T, Du W, Goetz A, Hsu H-Y, Joos TO, et al. (2008) Pathogen specific
cytokine release reveals an effect of TLR2 Arg753Gln during Candida sepsis in
humans. Cytokine 41: 322-329. doi:10.1016/j.cyt0.2007.12.006.

15. Saijo S, Ikeda S, Yamabe K, Kakuta S, Ishigame H, et al. (2010) Dectin-2
recognition of alpha-mannans and induction of Thl17 cell differentiation is
essential for host defense against Candida albicans. Immunity 32: 681-691.
doi:10.1016/§.immuni.2010.05.001.

16. Wells CA, Salvage-Jones JA, Li X, Hitchens K, Butcher S, et al. (2008) The
macrophage-inducible C-type lectin, mincle, is an essential component of the
innate immune response to Candida albicans. J Immunol 180: 7404-7413.

17. Zhu L-L, Zhao X-Q, Jiang C, You Y, Chen X-P, et al. (2013) C-Type Lectin
Receptors Dectin-3 and Dectin-2 Form a Heterodimeric Pattern-Recognition
Receptor for Host Defense against Fungal Infection. Immunity 39: 324-334.
doi:10.1016/j.immuni.2013.05.017.

18. Taylor PR, Tsoni SV, Willment JA, Dennchy KM, Rosas M, et al. (2007)
Dectin-1 is required for beta-glucan recognition and control of fungal infection.
Nat Immunol 8: 31-38. doi:10.1038/ni1408.

19. Ferwerda B, Ferwerda G, Plantinga TS, Willment JA, van Spriel AB, et al.
(2009) Human dectin-1 deficiency and mucocutaneous fungal infections.
N Engl ] Med 361: 1760-1767. doi:10.1056/NEJMo0a0901053.

20. Rogers NC, Slack EC, Edwards AD, Nolte MA, Schulz O, et al. (2005) Syk-
dependent cytokine induction by Dectin-1 reveals a novel pattern recognition
pathway for C type lectins. Immunity 22: 507-517. doi:10.1016/j.immuni.
2005.03.004.

o

PLOS Pathogens | www.plospathogens.org

Syk Signaling in DCs Directs Innate Fungal Control

Acknowledgments

We thank Alistair Brown for Candida-GFP, Sasha Tarakhovsky for Sykfl/fl
mice, Boris Reizis for CD11c-Cre mice and the Biological Resources staff
for animal care and assistance with mouse experiments. We thank
Annemarthe van der Veen for reading the manuscript and all members of
the Immunobiology laboratory for helpful discussions and comments.

Author Contributions

Conceived and designed the experiments: PGW CReS EB FO SLL.
Performed the experiments: PGW EB FO SD. Analyzed the data: PGW
EB FO CReS SLL. Contributed reagents/materials/analysis tools: NCR
BUS. Wrote the paper: PGW CReS FO SLL.

21. Robinson MJ, Osorio F, Rosas M, Freitas RP, Schweighoffer E, et al. (2009)
Dectin-2 is a Syk-coupled pattern recognition receptor crucial for Thl7
responses to fungal infection. J Exp Med 206: 2037-2051. doi:10.1084/
jem.20082818.

22. Osorio F, Reis e Sousa C (2011) Myeloid C-type Lectin Receptors in Pathogen
Recognition and Host Defense. Immunity 34: 651-664. doi:10.1016/j.immuni.
2011.05.001.

23. Yamasaki S, Ishikawa E, Sakuma M, Hara H, Ogata K, et al. (2008) Mincle is
an I'TAM-coupled activating receptor that senses damaged cells. Nat Immunol
9: 1179-1188. doi:10.1038/ni.1651.

24. Gross O, Gewies A, Finger K, Schifer M, Sparwasser T, et al. (2006) Card9
controls a non-TLR signalling pathway for innate anti-fungal immunity. Nature
442: 651-656. doi:10.1038/nature04926.

25. Goodridge HS, Simmons RM, Underhill DM (2007) Dectin-1 stimulation by
Candida albicans yeast or zymosan triggers NFAT activation in macrophages
and dendritic cells. J Immunol 178: 3107-3115.

26. Slack EC, Robinson MJ, Hernanz-Falcon P, Brown GD, Williams DL, et al.
(2007) Syk-dependent ERK activation regulates IL-2 and IL-10 production by
DC stimulated with zymosan. Eur J Immunol 37: 1600-1612. doi:10.1002/
€ji.200636830.

27. LeibundGut-Landmann S, Gross O, Robinson MJ, Osorio F, Slack EC, et al.
(2007) Syk- and CARD9-dependent coupling of innate immunity to the
induction of T helper cells that produce interleukin 17. Nat Immunol 8: 630
638. doi:10.1038/ni1460.

28. Drewniak A, Gazendam RP, Tool AT], van Houdt M, Jansen MH, et al. (2013)
Invasive fungal infection and impaired neutrophil killing in human CARD9
deficiency. Blood 121: 2385-2392. doi:10.1182/blood-2012-08-450551.

29. Glocker E-O, Hennigs A, Nabavi M, Schiffer AA, Woellner C, et al. (2009) A
homozygous CARD9 mutation in a family with susceptibility to fungal
infections. N Engl ] Med 361: 1727-1735. doi:10.1056/NEJMo0a0810719.

30. Cypowyj S, Picard C, Marédi L, Casanova J-L, Puel A (2012) Immunity to
infection in IL-17-deficient mice and humans. Eur J Immunol 42: 2246-2254.
doi:10.1002/¢ji.201242605.

31. Greenblatt MB, Aliprantis A, Hu B, Glimcher LH (2010) Calcineurin regulates
innate antifungal immunity in neutrophils. J Exp Med 207: 923-931.
doi:10.1084/jem.20092531.

32. Horn DL, Neofytos D, Anaissie EJ, Fishman JA, Steinbach W], et al. (2009)
Epidemiology and outcomes of candidemia in 2019 patients: data from the
prospective antifungal therapy alliance registry. Clin Infect Dis 48: 1695-1703.
doi:10.1086/599039.

33. Qian Q, Jutila MA, Van Rooijen N, Cutler JE (1994) Elimination of mouse
splenic macrophages correlates with increased susceptibility to experimental
disseminated candidiasis. J Immunol 152: 5000-5008.

34. Quintin J, Saeed S, Martens JHA, Giamarellos-Bourboulis EJ, Ifrim DC, et al.
(2012) Candida albicans infection affords protection against reinfection via
functional reprogramming of monocytes. Cell Host Microbe 12: 223-232.
doi:10.1016/j.chom.2012.06.006.

35. Lionakis MS, Swamydas M, Fischer BG, Plantinga TS, Johnson MD, et al.
(2013) CX3CRI1-dependent renal macrophage survival promotes Candida
control and host survival. J Clin Invest 123: 5035-5051 doi:10.1172/JCI71307.

36. Ngo LY, Kasahara S, Kumasaka DK, Knoblaugh SE, Jhingran A, et al. (2013)
Inflammatory monocytes mediate early and organ-specific innate defense during
systemic candidiasis. J Infect Dis 209: 109-119 doi:10.1093/infdis/jit413.

37. Bar E, Whitney PG, Moor K, Reis e Sousa C, LeibundGut-Landmann S (2014)
IL-17 Regulates Systemic Fungal Immunity by Controlling the Functional
Competence of NK Cells. Immunity 40: 117-127. doi:10.1016/j.immuni.
2013.12.002.

38. Morrison BE, Park SJ, Mooney JM, Mehrad B (2003) Chemokine-mediated
recruitment of NK cells is a critical host defense mechanism in invasive
aspergillosis. J Clin Invest 112: 1862-1870. doi:10.1172/JCI18125.

39. Brown GD (2011) Innate antifungal immunity: the key role of phagocytes. Annu
Rev Immunol 29: 1-21. doi:10.1146/annurev-immunol-030409-101229.

40. Saijo K, Schmedt C, Su I-H, Karasuyama H, Lowell CA, et al. (2003) Essential
role of Src-family protein tyrosine kinases in NF-kappaB activation during B cell
development. Nat Immunol 4: 274-279. doi:10.1038/ni893.

July 2014 | Volume 10 | Issue 7 | 1004276



41.

42.

46.

47.

48.

49.

50.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hou B, Reizis B, DeFranco AL (2008) Toll-like receptors activate innate and
adaptive immunity by using dendritic cell-intrinsic and -extrinsic mechanisms.
Immunity 29: 272-282. doi:10.1016/j.immuni.2008.05.016.

Caton ML, Smith-Raska MR, Reizis B (2007) Notch-RBP-] signaling controls
the homeostasis of CD8— dendritic cells in the spleen. J Exp Med 204: 1653~
1664. doi:10.1084/jem.20062648.

. Lionakis MS, Lim JK, Lee C-CR, Murphy PM (2011) Organ-specific innate

immune responses in a mouse model of invasive candidiasis. Journal of innate
immunity 3: 180-199. doi:10.1159/000321157.

Schraml BU, van Blijswijk J, Zelenay S, Whitney PG, Filby A, et al. (2013)
Genetic Tracing via DNGR-1 Expression History Defines Dendritic Cells as a
Hematopoietic Lineage. Cell 154: 843-858. doi:10.1016/j.cell.2013.07.014.
Sancho D, Joffre OP, Keller AM, Rogers NC, Martinez D, et al. (2009)
Identification of a dendritic cell receptor that couples sensing of necrosis to
immunity. Nature 458: 899-903. doi:10.1038/nature07750.

Fulurija A, Ashman RB, Papadimitriou JM (1996) Neutrophil depletion
increases susceptibility to systemic and vaginal candidiasis in mice, and reveals
differences between brain and kidney in mechanisms of host resistance.
Microbiology (Reading, Engl) 142 (Pt 12): 3487-3496.

Borregaard N, Cowland JB (1997) Granules of the human neutrophilic
polymorphonuclear leukocyte. Blood 89: 3503-3521.

Kolaczkowska E, Kubes P (2013) Neutrophil recruitment and function in health
and inflammation. Nat Rev Immunol 13: 159-175. doi:10.1038/nri3399.
Skrzypek F, Cenci E, Pietrella D, Rachini A, Bistoni F, et al. (2009) Dectin-1 is
required for human dendritic cells to initiate immune response to Candida
albicans through Syk activation. Microbes Infect 11: 661-670. doi:10.1016/
j-micinf.2009.03.010.

Lord BIL, Molineux G, Pojda Z, Souza LM, Mermod JJ, et al. (1991) Myeloid cell
kinetics in mice treated with recombinant interleukin-3, granulocyte colony-
stimulating factor (CSF), or granulocyte-macrophage CSF in vivo. Blood 77:
2154-2159.

. Weisbart RH, Kwan L, Golde DW, Gasson JC (1987) Human GM-CSF primes

neutrophils for enhanced oxidative metabolism in response to the major
physiological chemoattractants. Blood 69: 18-21.

Lopez AF, Nicola NA, Burgess AW, Metcalf D, Battye FL, et al. (1983)
Activation of granulocyte cytotoxic function by purified mouse colony-
stimulating factors. J Immunol 131: 2983-2988.

Dejima T, Shibata K, Yamada H, Hara H, Iwakura Y, et al. (2011) Protective
role of naturally occurring interleukin-17A-producing v T cells in the lung at
the early stage of systemic candidiasis in mice. Infect Immun 79: 4503-4510.
doi:10.1128/IAL.05799-11.

Lionakis MS, Fischer BG, Lim JK, Swamydas M, Wan W, et al. (2012)
Chemokine receptor Cerl drives neutrophil-mediated kidney immunopathology
and mortality in invasive candidiasis. PLoS Pathog 8: ¢1002865. doi:10.1371/
journal.ppat.1002865.

. De Luca A, Zelante T, D’Angelo C, Zagarella S, Fallarino F, et al. (2010) IL-22

defines a novel immune pathway of antifungal resistance. Mucosal Immunol 3:
361-373. doi:10.1038/mi.2010.22.

Kagami S, Rizzo HL, Kurtz SE, Miller LS, Blauvelt A (2010) IL-23 and IL-17A,
but not IL-12 and IL-22, are required for optimal skin host defense against
Candida albicans. J Immunol 185: 5453-5462. doi:10.4049/jimmunol.1001153.
Parham C, Chirica M, Timans J, Vaisberg E, Travis M, et al. (2002) A receptor
for the heterodimeric cytokine IL-23 is composed of IL-12Rbetal and a novel
cytokine receptor subunit, IL-23R. J Immunol 168: 5699-5708.

Chen Z, Tato CM, Muul L, Laurence A, O’Shea JJ (2007) Distinct regulation of
interleukin-17 in human T helper lymphocytes. Arthritis and rheumatism 56:
2936-2946. Available: http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.
fcgi?dbfrom = pubmedé&id = 177634 19&retmode = ref&cmd = prlinks.
Kawakami T, Lichtnekert J, Thompson LJ, Karna P, Bouabe H, et al. (2013)
Resident renal mononuclear phagocytes comprise five discrete populations with
distinct phenotypes and functions. J Immunol 191: 3358-3372. doi:10.4049/
jimmunol.1300342.

Nelson PJ, Rees AJ, Griffin MD, Hughes J, Kurts C, et al. (2012) The renal
mononuclear phagocytic system. ] Am Soc Nephrol 23: 194-203. doi:10.1681/
ASN.2011070680.

Steinman RM, Idoyaga J (2010) Features of the dendritic cell lineage. Immunol
Rev 234: 5-17. doi:10.1111/j.0105-2896.2009.00888.x.

Jakubzick C, Bogunovic M, Bonito AJ, Kuan EL, Merad M, et al. (2008)
Lymph-migrating, tissue-derived dendritic cells are minor constituents within
steady-state lymph nodes. J Exp Med 205: 2839-2850. doi:10.1084/
jem.20081430.

Tittel AP, Heuser C, Ohliger C, Llanto C, Yona S, et al. (2012) Functionally
relevant neutrophilia in CD11c diphtheria toxin receptor transgenic mice.
Nature methods 9: 385-390 doi:10.1038/nmeth.1905.

Kerrigan AM, Brown GD (2011) Syk-coupled C-type lectins in immunity.
Trends Immunol 32: 151-156. doi:10.1016/5.it.2011.01.002.

. Villamén E, Gozalbo D, Roig P, Murciano C, O’Connor JE, et al. (2004)

Myeloid differentiation factor 88 (MyD88) is required for murine resistance to

PLOS Pathogens | www.plospathogens.org

15

66.

67.

68.

69.

70.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Syk Signaling in DCs Directs Innate Fungal Control

Candida albicans and is critically involved in Candida -induced production of
cytokines. Eur Cytokine Netw 15: 263-271.

Bodey GP, Mardani M, Hanna HA, Boktour M, Abbas J, et al. (2002) The
epidemiology of Candida glabrata and Candida albicans fungemia in
immunocompromised patients with cancer. Am J Med 112: 380-385.

Romani L, Mencacci A, Cenci E, Spaccapelo R, Toniatti C, et al. (1996)
Impaired neutrophil response and CD4+ T helper cell 1 development in
interleukin 6-deficient mice infected with Candida albicans. ] Exp Med 183:
1345-1355.

van Enckevort FH, Netea MG, Hermus AR, Sweep CG, Meis JF, et al. (1999)
Increased susceptibility to systemic candidiasis in interleukin-6 deficient mice.
Med Mycol 37: 419-426.

Singer II, Scott S, Kawka DW, Kazazis DM (1989) Adhesomes: specific granules
containing receptors for laminin, C3bi/fibrinogen, fibronectin, and vitronectin
in human polymorphonuclear leukocytes and monocytes. J Cell Biol 109: 3169—
3182.

Wei S, Liu JH, Epling-Burnette PK, Gamero AM, Ussery D, et al. (1996)
Ciritical role of Lyn kinase in inhibition of neutrophil apoptosis by granulocyte-
macrophage colony-stimulating factor. J Immunol 157: 5155-5162.

. Kobayashi SD, Voyich JM, Whitney AR, DeLeo FR (2005) Spontaneous

neutrophil apoptosis and regulation of cell survival by granulocyte macrophage-
colony stimulating factor. J Leukoc Biol 78: 1408-1418. doi:10.1189/jlb.
0605289.

. Yasui K, Sekiguchi Y, Ichikawa M, Nagumo H, Yamazaki T, et al. (2002)

Granulocyte macrophage-colony stimulating factor delays neutrophil apoptosis
and primes its function through Ia-type phosphoinositide 3-kinase. J Leukoc Biol
72: 1020-1026.

Shahar E, Kriboy N, Pollack S (1995) White cell enhancement in the treatment
of severe candidosis. Lancet 346: 974-975.

Nicolatou-Galitis O, Dardoufas K, Markoulatos P, Sotiropoulou-Lontou A,
Kyprianou K, et al. (2001) Oral pseudomembranous candidiasis, herpes simplex
virus-1 infection, and oral mucositis in head and neck cancer patients receiving
radiotherapy and granulocyte-macrophage colony-stimulating factor (GM-CSF)
mouthwash. J Oral Pathol Med 30: 471-480.

. Costantini C, Micheletti A, Calzetti F, Perbellini O, Pizzolo G, et al. (2010)

Neutrophil activation and survival are modulated by interaction with NK cells.
Int Immunol 22: 827-838. doi:10.1093/intimm/dxq434.

Bhatnagar N, Hong HS, Krishnaswamy JK, Haghikia A, Behrens GM, et al.
(2010) Cytokine-activated NK cells inhibit PMN apoptosis and preserve their
functional capacity. Blood 116: 1308-1316. doi:10.1182/blood-2010-01-
264903.

Orange JS (2013) Natural killer cell deficiency. J Allergy Clin Immunol 132:
515-25-quiz526. Available: http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.
fegi?dbfrom = pubmed&id = 23993353&retmode = ref&cmd = prlinks.

Romani L, Mencacci A, Cenci E, Spaccapelo R, Schiaffella E, et al. (1993)
Natural killer cells do not play a dominant role in CD4+ subset differentiation in
Candida albicans-infected mice. Infect Immun 61: 3769-3774. Available:
http://eutils.ncbi.nlm.nih.gov/entrez/ eutils/ elink.fegi?dbfrom = pubmed&id =
8359898&retmode = ref&emd = prlinks.

Laouar Y, Sutterwala FS, Gorelik L, Flavell RA (2005) Transforming growth
factor-beta controls T helper type 1 cell development through regulation of
natural killer cell interferon-gamma. Nat Immunol 6: 600-607. doi:10.1038/
nill197.

Newman KC, Riley EM (2007) Whatever turns you on: accessory-cell-
dependent activation of NK cells by pathogens. Nat Rev Immunol 7: 279-
291. doi:10.1038/nri2057.

Chijioke O, Miinz C (2013) Dendritic Cell Derived Cytokines in Human
Natural Killer Cell Differentiation and Activation. Front Immunol 4: 365.
doi:10.3389/fimmu.2013.00365.

Netea MG, Vonk AG, van den Hoven M, Verschueren I, Joosten LA, et al.
(2003) Differential role of IL-18 and IL-12 in the host defense against
disseminated Candida albicans infection. Eur J Immunol 33: 3409-3417.
doi:10.1002/¢ji.200323737.

Farah CS, Hu Y, Riminton S, Ashman RB (2006) Distinct roles for interleukin-
12p40 and tumour necrosis factor in resistance to oral candidiasis defined by
gene-targeting. Oral Microbiol Immunol 21: 252-255. doi:10.1111/j.1399-
302X.2006.00288 x.

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, et al. (1998)
Targeted disruption of the MyD88 gene results in loss of IL-1- and IL-18-
mediated function. Immunity 9: 143-150.

Ghilardi N, Kljavin N, Chen Q, Lucas S, Gurney AL, et al. (2004)
Compromised humoral and delayed-type hypersensitivity responses in IL-23-
deficient mice. J Immunol 172: 2827-2833.

Becker C, Dornhoff H, Neufert C, Fantini MC, Wirtz S, et al. (2006) Cutting
edge: IL-23 cross-regulates IL-12 production in T cell-dependent experimental
colitis. ] Immunol 177: 2760-2764.

Barelle CJ, Manson CL, MacCallum DM, Odds FC, Gow NAR, et al. (2004)
GFP as a quantitative reporter of gene regulation in Candida albicans. Yeast 21:

333-340. doi:10.1002/yea.1099.

July 2014 | Volume 10 | Issue 7 | 1004276


http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=17763419&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=17763419&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=23993353&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=23993353&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=8359898&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=8359898&retmode=ref&cmd=prlinks

