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In Brief

The kidney is the main target organ in
systemic C. albicans infection.
Dominguez-Andrés et al. now show that
effective defense against systemic
candidiasis relies on type | interferon-
dependent IL-15 production by spleen
inflammatory monocytes, which drives
splenic NK cell activation and GM-CSF
release that in turn boost the candidacidal
potential of kidney neutrophils.
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SUMMARY

Neutrophils play a crucial role in defense against sys-
temic candidiasis, a disease associated with a high
mortality rate in patients receiving immunosuppres-
sive therapy, although the early immune mechanisms
that boost the candidacidal activity of neutrophils
remain to be defined in depth. Here, we used a
murine model of systemic candidiasis to explore
the role of inflammatory Ly6C™®" monocytes in NK
cell-mediated neutrophil activation during the innate
immune response against C. albicans. We found that
efficient anti-Candida immunity required a collabora-
tive response between the spleen and kidney, which
relied on type | interferon-dependent IL-15 produc-
tion by spleen inflammatory Ly6C™9" monocytes
to drive efficient activation and GM-CSF release by
spleen NK cells; this in turn was necessary to boost
the Candida killing potential of kidney neutrophils.
Our findings unveil a role for IL-15 as a critical medi-
ator in defense against systemic candidiasis and
hold promise for the design of IL-15-based antifungal
immunotherapies.

INTRODUCTION

Candida species are the most common cause of fungal infection
inimmunocompromised patients. Systemic candidiasis can lead
to severe life-threatening invasive disease in patients receiving
immunosuppressive therapy for autoimmune diseases or organ
transplantation, and in those with neoplastic disease, AIDS, or
undergoing major surgery. The incidence of invasive candidiasis
has risen dramatically over the past decades and this disease is
associated with a high mortality rate, exceeding 40% (Kullberg
and Arendrup, 2015). Current therapies for invasive candidiasis,
based on the use of antifungal drugs, have low efficacy in immu-
nocompromised patients, and the emergence of resistance to
antifungal agents is becoming a major concern (Kanafani and
Perfect, 2008). A growing body of evidence supports the notion
that the design of effective therapies against fungal infections re-
quires the development of immunotherapeutic strategies, which
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could be combined with antifungal chemotherapy. However,
despite intense research efforts, the development of efficient
antifungal immunotherapies has fallen behind in part due to an
insufficient understanding of the host-pathogen interactions
involved and the mechanisms underlying the induction of protec-
tive immunity or immune escape during fungal infections.

Defense against fungal infections relies to a great extent on the
activation of neutrophils, a process sequentially controlled first
by the innate immune response and subsequently by the adap-
tive branch of antifungal immunity (Netea et al., 2015). Whereas
neutrophil recruitment and activation during antifungal adaptive
immunity has been analyzed in-depth (Hernandez-Santos and
Gaffen, 2012), few studies have attempted to unravel the innate
immune mechanisms that boost the candidacidal activity of neu-
trophils during the early phases of fungal infection. Interestingly,
a recent report demonstrated that NK cells, generally associated
with anti-viral, anti-bacterial, or anti-tumoral immunity, play a
crucial role in the early defense against systemic Candida albi-
cans infection in mice through the production of the cytokine
GM-CSF, which is required for the activation of neutrophils in
this infection model (Bar et al., 2014). Whereas this report repre-
sents a groundbreaking contribution to the field, it also led
to several yet unsolved questions related to NK cell and neutro-
phil activation during the early anti-Candida innate immune
response. Which are the cells and mediators responsible for
this early NK cell activation? Where do NK cell-activating cells
encounter and respond to infection? Where are NK cells and
neutrophils activated during the early phases of systemic candi-
diasis? In this regard, by using a model of inducible diphtheria-
toxin-mediated monocyte depletion Ngo et al., have reported
that inflammatory Ly6C"'S" monocytes are critical during the first
48 hr after C. albicans infection for the induction of a protective
response (Ngo et al., 2014). In line with this finding, recent re-
ports have also highlighted the functional relevance of inflamma-
tory Ly6CM9" monocytes in the induction of the early phases of
innate immunity against microbial infections (Soudja et al.,
2012; Xiong et al., 2016).

These studies prompted us to explore the role of inflamma-
tory Ly6C™9" monocytes in the activation of the NK cell-neutro-
phil axis during the early innate immune response against
C. albicans, using a murine model of systemic candidiasis in
which the kidney is the main target organ (Lionakis et al.,
2011). We found that during C. albicans infection, the production
of IL-15 by spleen inflammatory Ly6C"9" monocytes was
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needed for an efficient activation and production of GM-CSF by
spleen NK cells, which in turn was required to boost the Candida
kiling potential of neutrophils. IL-15 production by Ly6C™"
monocytes was strictly dependent on type | interferon (IFN) pro-
duction, which had a crucial role in defense against C. albicans
infection (del Fresno et al., 2013). Thus, IL-15 plays a critical
function in the activation of the NK cell-neutrophil axis during
systemic candidiasis and defense against Candida relies on
the induction of spleen-kidney cooperative innate immunity
wherein the production of IL-15 and activation of NK cells in
the spleen enables an efficient GM-CSF-dependent activation
of neutrophils and the clearance of Candida in the kidney. These
findings provide a basis for the design of IL-15-based immuno-
therapeutic strategies for the treatment of invasive candidiasis
affecting immunocompromised patients.

RESULTS

Characterization of Kidney and Spleen DC, Monocyte,
and Macrophage Subsets during Systemic C. albicans
Infection

We first performed, in non-infected C57BL/6 mice, a detailed
analysis of the different subsets of dendritic cells (DCs), mono-
cytes and macrophages (MJs) present in the kidney, the main
target organ after systemic C. albicans infection. Kidney cell
suspensions obtained after enzymatic digestion were analyzed
by 7-color flow cytometry. After gating on CD45* cells, and
exclusion of cells expressing CD90 (T cells), CD19 (B cells),
CD49b (NK cells), Siglec-F (eosinophils), or Ly6G (neutrophils),
a sequential gating strategy based on the differential expression
of CD11b, CD64, Ly6C, MHCII, and CD11c¢ (Figure S1), allowed
for the characterization of kidney-resident M@s, Ly6C"" and
Ly6C"9" monocytes, monocyte-derived DCs (moDCs), and
conventional DCs (cDCs). In addition, CD64™, CD11b™9" imma-
ture moDCs (i-moDCs), co-expressing Ly6C and MHCII, can
be defined in non-infected mice, although this population was
more prominent 24 hr after C. albicans infection (Figure 1A).
NK cells and neutrophils were identified as CD49b* CD3™ cells,
and Ly6G™ cells, respectively (Figure S1).

We next analyzed the kinetics of these cell subsets in the kid-
ney during the first 48 hr after infection (Figures 1A and 1B), since
innate immunity mechanisms against C. albicans are triggered
during the first hours of infection (Netea et al., 2008). During
the first 24 hr post-infection large numbers of Ly6CMe" mono-
cytes and neutrophils were recruited to the kidney. Along the
next 24 hr the recruitment of Ly6C"9" monocytes and neutro-
phils continued and was accompanied by the recruitment of
large numbers of Ly6C'®" monocytes. As a consequence, the
number of LyBC'°%, Ly6C"9" monocytes, and neutrophils
increased around 50-, 100-, and 150-fold, respectively, during
the first 48 hr. The number of NK cells recruited to the kidney
also increased substantially during the first 24 hr post-infection.
In contrast, during the first 48 hr the number of resident macro-
phages (res-Mds) remained unchanged, and cDCs underwent
just a moderate increase in number. At 48 hr the number of
moDCs was more than 10-fold lower than the number of Ly6C™o"
monocytes (Figure 1B), suggesting that the differentiation of
Ly6CM" monocytes into moDCs was limited by the infection
process. This hypothesis was supported by the low number of
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i-moDCs at 48 hr post-infection, and by the fact that the
decreased expression of Ly6C in Ly6C™®" monocytes was not
concomitant with the increased expression of MHCII (Figure 1A).

Since the spleen fulfills an important function against systemic
infections and is transiently infected by C. albicans during the
first hours after infection (Lionakis et al., 2011), we analyzed
the kinetics of recruitment of DCs, monocytes, and MJs to the
spleen during the first 48 hr after C. albicans infection. There
was a significant increase in the number of Ly6C"" monocytes
and neutrophils (around 3- and 10-fold respectively at 48 hr) in
the spleen, but not of Ly6C'®" monocytes (Figures S1, 2A and
2B). Although the increase in the number of monocytes and neu-
trophils was lower in the spleen than in the kidney, it is important
to note that the size of these cell populations was significantly
higher in the spleen both at 24 and 48 hr post-infection (Figures
1B and 2B). Consequently, during the first hours of infection,
Ly6C"9" monocytes and neutrophils were rapidly recruited to
the kidney and spleen, the latter harboring a substantially higher
number of both cell types. In contrast, the number of spleen NK
cells remained unchanged during the first 24 hr, but underwent a
significant reduction from 24 to 48 hr. Importantly, the size of the
NK cell population was around 100-fold higher in the spleen than
in the kidney (Figures 1B and 2B).

CCR2 Deficiency Increases Susceptibility to Systemic

C. albicans Infection

To explore the contribution of monocytes to the early innate im-
mune response against Candida, we initially analyzed the kinetics
of DCs, monocytes, M@s, NK cells, and neutrophils in the kidney
and spleen after C. albicans infection in mice deficient for CCR2
(Ccr2™~ mice), a chemokine receptor controlling the egress of
Ly6CM9" monocytes from the bone marrow, and thus their recruit-
ment to inflammatory foci (Shi and Pamer, 2011). The number of
res-M@s, Ly6C'®" monocytes, and cDCs were not significantly
affected in the kidney of Ccr2~/~ mice (Figure 1C and 1D). How-
ever, a large reduction in LyBC"" monocytes numbers was
observed in the kidney of Ccr2™~ mice at 24 hr post-infection,
which was paralleled by a moderate reduction in the size of the
moDC population and by lower neutrophil recruitment. At 48 hr
the number of Ly6C"S" monocytes was similar in wild-type (WT)
and Ccr2~/~ mice, indicating that the blockade in monocyte
recruitment was reverted by 48 hr post-infection. No significant
differences were observed in the number of kidney moDCs
and neutrophils at 48 hr between WT and Ccr2~/~ mice. CCR2
deficiency affected similarly the kinetics of Ly6C™®" monocytes,
moDCs, and neutrophils in the spleen at 24 and 48 hr post infec-
tion and led to a significant reduction in the number of cDCs
(Figure 2C and 2D).

We next analyzed the impact on defense against C. albicans,
of the reduction primarily in the number of Ly6C"9" monocytes,
and additionally in moDCs, cDCs and neutrophils, occurring in
the kidney and spleen of Ccr2~/~ mice during the first 48 hr.
Ccr2~'~ mice harbored a significantly higher renal fungal load
at 24 hr post-infection than control mice, and this difference in
fungal load was more prominent at 48 hr (Figure 3A). Corre-
spondingly, the size of renal leukocytic infiltrates and growth of
Candida hyphae, as assessed in histological sections, was
significantly higher in Ccr2~/~ mice (Figure S2), whereas the sur-
vival was significantly higher in WT mice (Figure 3B). Analysis of
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Figure 1. Kinetics of Kidney DC, Monocyte, M@, NK Cell, and Neutrophil Subsets during Systemic C. albicans Infection of WT and

Ccr2”~ Mice

(A and C) Flow cytometry analysis of kidney DC, monocyte, M@, NK cell, and neutrophil subsets (defined as described in Figure S1) before and after infection in

WT (A) and Ccr2~’~ mice (C).

(B and D) Absolute cell number per mouse of the indicated kidney cell subsets after infection, in WT (B) and Ccr2~/~ mice (D). Data are expressed as mean + SEM
of four mice per condition. *p < 0.05; **p < 0.01; ***p < 0.001; unpaired t test. Red asterisks indicate the statistical significance of the differences between WT and
Ccr2~~ mice. Similar results were obtained in at least three independent experiments. See also Figure S1.

the C. albicans killing ability of blood neutrophils revealed that
whereas in control mice a significant increase in neutrophil killing
potential occurred during the first 48 hr, in Ccr2~'~ mice the
killing ability of neutrophils was not significantly increased during
infection (Figure 3C). Consequently, after infection, blood neu-
trophils from WT mice acquired a higher candidacidal potential
than their Ccr2~/~ counterparts. In line with these data, neutro-
phils isolated from the kidney of control mice 48 hr post infection

had a significantly higher C. albicans killing ability than those iso-
lated from Ccr2~/~ mice (Figure 3C), and displayed a higher
amount of MRNA transcripts encoding the enzyme inducible ni-
tric oxide synthase (iINOS; Figure 3D), which catalyzes the pro-
duction of nitric oxide, a strong candidacidal molecule (Naglik,
2014). Accordingly, INOS mRNA expression by MACS-sorted
CD45* kidney infiltrating leukocytes was increased during the
first 48 hr post-infection in WT but not in Ccr2™~ mice
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Figure 2. Kinetics of Spleen DC, Monocyte, M@, NK Cell, and Neutrophil Subsets during Systemic C. albicans Infection of WT and
Ccrz”~ Mice

(A and C) Flow cytometry analysis of spleen DC, monocyte, MJ, NK cell, and neutrophil subsets (defined as described in Figure S1) before and after infection, in
WT (A) and Ccr2~'~ mice (C).

(B and D) Absolute cell number per mouse of the indicated spleen cell subsets after infection, in WT (B) and Ccr2~/~ mice (D). Data are expressed as mean + SEM
of four mice per condition. *p < 0.05; **p < 0.01; ***p < 0.001; unpaired t test. Red asterisks indicate the statistical significance of the differences between WT and
Ccr2~/~ mice. Similar results were obtained in at least three independent experiments. See also Figure S1.

(Figure 3D). Therefore, during the first 48 hr post-infection, the
higher Candida killing ability of neutrophils from WT mice, as
compared to that of Ccr2~/~ mice, correlated with a lower kidney
fungal burden and a prolonged survival.

As pointed out above, GM-CSF production by NK cells is
crucial to boost the candidacidal potential of neutrophils (Bar
et al., 2014). We therefore sought to assess whether in Ccr2™/~
mice, the decreased Candida killing ability of neutrophils re-
flected the production of lower amounts of GM-CSF by NK cells.

1062 Immunity 46, 1059-1072, June 20, 2017

ELISA analysis of GM-CSF levels in blood serum showed that
Ccr2~’~ mice produced lower amounts of GM-CSF than their
WT counterparts both at 24 and at 48 hr post-infection (Fig-
ure 3E). In addition, these experiments revealed that higher
serum GM-CSF levels were detectable at 24 hr than at 48 hr.
In line with these findings, the expression of GM-CSF-specific
mRNA by MACS-sorted CD45* kidney-infiltrating leukocytes
and by MACS-sorted CD11b* spleen cells (including NK cells
and myeloid cells) from WT mice was higher at 24 than at 48 hr
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mice (Figure 3E). Importantly, at 24 hr post-infection GM-CSF
mRNA expression was significantly lower in the kidney and
spleen of Ccr2~'~. Because NK cells were reported to be the
main GM-CSF producers during C. albicans infection (Bar
et al., 2014) and because the size of the NK cell population
before and after C. albicans infection was around 100-fold higher
in the spleen than in the kidney (Figures 1B and 2B), our data
support the notion that the higher levels of GM-CSF observed
in WT versus Ccr2~'~ mice most likely reflect a lower GM-CSF
production by spleen NK cells in Ccr2~/~ mice in response to
C. albicans. In support of this hypothesis, a lower expression
of GM-CSF mRNA was detected in spleen MACS-sorted NK
cells from Ccr2~/~ mice as compared to their WT counterparts
(Figure 3E). Thus, our results suggest that GM-CSF was primarily
produced by spleen NK cells during the first 24 hr post-infection,
and its production was significantly lower in Ccr2~'~ mice. In line
with this hypothesis, the number of NK cells harbored by the
spleen was significantly lower in Ccr2~/~ mice at 24 and 48 hr
post-infection (Figures 2B and 2D).

Finally, we sought to determine whether the lower amounts of
GM-CSF mRNA expressed by NK cells in Ccr2™'~ mice corre-
lated with the decreased NK cell activation during C. albicans
infection. For this purpose, the synthesis of IFN-y and granzyme
B by spleen NK cells was analyzed in WT and Ccr2~'~ mice by
flow cytometry after intracellular staining. At 24 hr post-infec-
tion, approximately 40% of spleen NK cells stained positive
for IFN-y and granzyme B, whereas IFN-y* cells were no longer
detectable at 36 hr (Figure 3F and 3G). Analyses of spleen NK
cells from Ccr2~/~ mice revealed no detectable IFN-y produc-
tion and significantly reduced granzyme B production, indi-
cating that NK cell activation was defective after C. albicans
infection of Ccr2~~ mice (Figure 3H). In addition, kidney NK
cells were poorly activated after C. albicans infection of either
WT or Ccr2~/~ mice, indicating that the ability of these cells to
produce GM-CSF during C. albicans infection was limited (Fig-
ure S3). Therefore, it can be hypothesized that in Ccr2~/~
mice, poor NK cell activation led to reduced GM-CSF produc-
tion, which in turn compromised the candidacidal ability of neu-
trophils and resulted in a higher kidney fungal load and a lower
survival.

IL-15 Is Selectively Produced by Inflammatory
Monocytes during C. albicans Infection

A number of cytokines, such as IL-2, IL-12 (a heterodimer
composed of IL-12p40 and IL-12 p35), IL-15, IL-18, or IL-23

(@ heterodimer composed of IL-12p40 and IL-23p19) have
been reported to control NK cell activation during infectious
processes (Horowitz et al., 2012; Marcais et al., 2013). Thus,
we next analyzed whether the defective induction of NK cell
activation in Ccr2~’~ mice could result from a deficient produc-
tion of these cytokines during C. albicans infection. For this
purpose, the expression of mRNA for IL-2, IL-12p40, IL-12
p35, IL-15, IL-18, and IL-23p19 was analyzed at 24 and
48 hr post-infection in MACS-sorted CD11b* spleen cells and
MACS-sorted CD45" kidney infiltrating leukocytes from WT
mice and Ccr2~/~ mice. Our data revealed that the transcription
of mRNA for all these cytokines was induced by C. albicans
infection in CD11b* spleen cells (Figure 4A) and CD45* kidney
infiltrating leukocytes (Figure 4B). No differences were observed
between the two genotypes for all the cytokines analyzed with
the exception of IL-15, which was markedly increased at 24 hr
both in the spleen and kidney in WT, but not in Ccr2~'~ mice.
These results suggest that at 24 hr post-infection, in Ccr2~/~
mice the production of IL-15, a key cytokine for the develop-
ment and function of NK cells (Di Santo, 2006), was compro-
mised most likely due to a defective recruitment and/or devel-
opment of a CCR2-dependent cell population, in the spleen
and/or the kidney.

To confirm this hypothesis, we assessed which were the main
IL-15 producer cells in the spleen and kidney of C. albicans-in-
fected WT mice by analyzing, by flow cytometry, the expression
of IL-15Ra, the IL-15 trans-presenting receptor that is coex-
pressed with IL-15 (Mortier et al., 2008). Our data revealed
that, in the spleen, LyBC™" monocytes were the main cell
population expressing IL-15Ra (Figures 4C and 4D). At 24 hr,
around 80% LyBC"9" monocytes expressed IL-15Ra, which
was dramatically reduced by 48 hr post-infection. DCs (including
moDCs and cDCs) and neutrophils followed similar kinetics,
although only up to 10% and 5% of these cell populations,
respectively, expressed IL-15Ra at 24 hr post-infection. IL-
15Ra* cells were not detectable among splenic resident MJs
or lymphoid cells. Consequently, Ly6C"9" monocytes repre-
sented around 80% of all spleen IL-15Ra* cells, indicating that
they constituted the main splenic IL-15-producing population.
The kinetics of IL-15Ra expression was similar in the kidney of
C. albicans infected mice, but only around 30% LyB8C"9" mono-
cytes expressed IL-15Ra at 24 hr (Figures 4E and 4F). Up to 20%
kidney-resident MJs were positive for IL-15Ra, that was barely
detectable among kidney DCs or neutrophils. Thus, Ly6CMd"
monocytes also constituted the main IL-15 producing cell

Figure 3. Effect of CCR2 Deficiency in Defense against Systemic C. albicans Infection
(A) Kidney fungal burden of WT mice and Ccr2~/~ mice at 24 and 48 hr after infection.
(B) Survival of WT mice and Ccr2~/~ mice after infection. Data are presented as a Kaplan-Maier plot with a log rank test used to compare susceptibility between

the two groups. n = 12.

(C) Candidacidal activity of neutrophils isolated from blood and kidney of WT and Ccr2~/~ mice at the indicated times after infection.

(D) Expression of mRNA for iNOS by purified kidney neutrophils and MACS-sorted CD45* kidney infiltrating leukocytes analyzed by real-time PCR, normalized to
B-actin, at the indicated times after infection. Data are expressed as fold induction relative to non-infected mice.

(E) GM-CSF analyzed by ELISA in blood serum, and by real-time PCR normalized to B-actin, in MACS-sorted CD45™" kidney infiltrating leukocytes, MACS-sorted

CD11b™" spleen cells and purified spleen NK cells from WT and Cer2™'~

fold induction relative to non-infected mice.

(F-H) IFN-y and Granzyme B (GrB) production by spleen NK cells analyzed by flow cytometry in WT (F and G) and Ccr2

mice at the indicated times after infection. For MACS-sorted cells data are expressed as

~/~ mice (H) at the indicated times after

infection. Data are expressed as mean + SEM of four mice per condition. *p < 0.05; **p < 0.01; **p < 0.001; unpaired t test. Red asterisks indicate the statistical
significance of the differences observed between WT and Ccr2~/~ mice. Similar results were obtained in at least three independent experiments. ELISA data for
non-infected mice were below the detection level of the ELISA kit (63 pg/ml). n.i., non-infected; n.d., not detectable. See also Figures S2 and S3.
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Figure 4. IL-15 Is Selectively Produced by Inflammatory Monocytes during Systemic C. albicans Infection

(A and B) Expression of mRNA for the indicated cytokines by spleen MACS-sorted CD11b* spleen cells (A) and MACS-sorted CD45™" kidney infiltrating leukocytes
(B) analyzed by real-time PCR normalized to B-actin, at the indicated times after infection. Data are expressed as fold induction relative to in non-infected mice.
(C and E) Analysis of IL-15Ra expression by flow cytometry by resident M@s, Ly6C™ monocytes, DCs and neutrophils in the spleen (C) and kidney (E) of non-
infected C57BL/6 mice (solid lines) and C57BL/6 mice 24 (dashed lines) and 48 hr (gray profiles) after infection.

(D and F) Quantification of the percentage and number of IL-15Ra.* cells for spleen (D) and kidney (F) resident M@s, Ly6C™ monocytes, DCs, and neutrophils at the
indicated times after infection. Data are expressed as mean + SEM of four mice per condition. *p < 0.05; **p < 0.01; ***p < 0.001; unpaired t test. Similar results
were obtained in at least three independent experiments. See also Figures S4 and S5.

population in the kidney. However, due to the differences in size
of the Ly6CM9" monocyte population in the spleen and kidney at
24 hr post-infection, it can be concluded that spleen Ly6CM9"
monocytes were a primary source of IL-15 during C. albicans
infection (at 24 hr the spleen harbored around 0.9 x 10° IL-
15Ra* Ly6CM9" monocytes while only around 3 x 10* IL-15Ra*
Ly6CM9" monocytes were detected in kidney). These data sup-
port that the deficient IL-15 production detected in the spleen
and kidney of C. albicans-infected Ccr2~/~ mice at 24 hr was pri-

marily the consequence of a limited recruitment of Ly6CMo"
monocytes to these organs.

These findings suggest that during C. albicans infection, the
production of IL-15 by inflammatory Ly6CM9" monocytes re-
cruited to the spleen was needed for an efficient activation and
GM-CSF production by spleen NK cells, which in turn was
required to boost the Candida killing potential of neutrophils. In
line with these considerations, our data indicate that the produc-
tion of IL-15 by Ly6CM9" monocytes and the activation of NK
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cells were far less efficient in the kidney than in the spleen. It is
important to note that the fungal load was maintained at low
levels in the spleen whereas it increased progressively in the kid-
ney along this period (Figure S4). It can be hypothesized that the
ability of the spleen to control the early phases of infection
favored the induction of IL-15 production and subsequent NK
cell activation, whereas the high level of infection harbored by
the kidney, reflecting its low capacity to clear Candida during
the first hours post-infection, restrained these processes.

NK Cell Activation during C. albicans Infection Depends
on the Production of IL-15 by Ly6C"9" Monocytes

To demonstrate that during C. albicans infection an efficient acti-
vation of NK cells by inflammatory Ly6CM9" monocytes was
dependent on the production of IL-15, we first assessed the
impact of IL-15 deficiency on the capacity of Ly6C"9" mono-
cytes to activate NK cells in vitro. To this purpose, we previously
confirmed the ability of Ly6C"9" monocytes to produce IL-15
in vitro in response C. albicans. Our data revealed that IL-15
mRNA expression was increased after culture of bone marrow
Ly6CM" monocytes in the presence heat-killed C. albicans
(HKC); a similar kinetics of IL-15 mRNA expression was induced
by LPS from Escherichia coli, a ligand of TLR4, used a positive
control of IL-15 production (Figure 5A). Next we compared the
ability of bone-marrow Ly6C™" monocytes from WT or IL-15-
deficient (//75~'") mice to activate spleen NK cells in mono-
cyte-NK cell co-cultures in the presence of HKC or LPS. The pro-
duction of GM-CSF and IFN-y induced by HKC was severely
reduced in co-cultures of NK cells with //75~/~ Ly6CM" mono-
cytes compared to co-cultures of NK cells with WT Ly6CMoh
monocytes (Figure 5B), supporting that IL-15 production by
Ly6C"9" monocytes was required for spleen NK cell activation
in response to C. albicans infection in vivo. Interestingly, GM-
CSF and IFN-y production in response to LPS was unaffected
by IL-15 deficiency. Of note, neither GM-CSF nor IFN-y produc-
tion was detected after culture of NK cells or Ly6C"®" mono-
cytes alone.

To validate these results from in vitro experiments, we first
explored the IL-15 requirement for an efficient NK cell activation
during in vivo C. albicans infection. To this end, C57BL/6 mice
were treated with an anti-IL-15Ra/IL-15 blocking mAb concomi-
tantly with the infection with C. albicans, and NK cell activation
was analyzed at 24 hr post-infection. Our results revealed that
in mice treated with anti-IL-15/IL-15a. mAb the production of
IFN-y by spleen NK cells was barely detectable and, correspond-
ingly, the levels of GM-CSF in serum and Candida killing potential
of neutrophils were markedly reduced, leading to an increased
kidney fungal load (Figures 5C and 5D), indicating that IL-15 is
a key mediator of NK cell activation during C. albicans infection.
In this context, since, as mentioned above, IL-15 is required for
NK cell development (Di Santo, 20086), //15~'~ mice, compared
to their WT counterparts, had, as expected, markedly lower
GM-CSF levels in serum, spleen, and kidney, paralleled with a
significantly reduced iINOS expression and Candida killing ability
of neutrophils, that led to a higher kidney fungal burden and
reduced survival (Figure S5). In contrast, monocyte candidacidal
potential after Candida infection was not affected by IL-15 defi-
ciency (Figure S5F), revealing that IL-15 had a key role in boosting
the Candida killing potential of neutrophils through NK cell activa-
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tion, but not of Ly6CM9" monocytes. Next, we sought to demon-
strate that NK cell activation during in vivo C. albicans infection
relied on the production of IL-15 by inflammatory Ly6C"" mono-
cytes. To this purpose, we first analyzed whether the administra-
tion of IL-15to Ccr2~/~ mice rescued the deficient NK cell activa-
tion observed in these mice after C. albicans infection. After IL-15
treatment, the percentage of IFN-y-producing NK cells detected
in the spleen of Ccr2~/~ mice reached values comparable to
those of WT mice (Figures 5E and 5F). In line with this observation,
in Ccr2~/~ mice the levels of GM-CSF in serum and the Candida
killing ability of blood neutrophils increased to WT mouse values
after IL-15 administration. Correspondingly the renal fungal load
dropped to WT values in IL-15-treated Ccr2~'~ mice. These data
support that IL-15 production by CCR2-dependent cells (that,
based on our results shown in Figure 4C, essentially correspond
to Ly6C"" monocytes), was crucial for an efficient NK cell and
subsequent neutrophil activation. To provide a stronger support
to this hypothesis, we transferred WT or /115~ Ly6C"9" mono-
cytes intravenously into Ccr2 ™/~ mice concomitantly with infec-
tion with C. albicans, and splenic NK cell activation was analyzed.
Interestingly, transfer of Ly6C™9" monocytes from WT, but not
from 1/75~/~ mice, corrected the defective NK cell activation,
GM-CSF production and neutrophil Candida killing ability
of Ccr2™'~ mice, leading to a reduction of the kidney fungal
burdento WT mouse values (Figures 5G and 5H). Taken together,
these results strongly suport that during C. albicans infection,
the activation of NK cells, allowing an efficient GM-CSF
dependent Candida killing by neutrophils, was dependent on
the production of IL-15 by Ly6C™®" monocytes. In addition, the
analysis of the expression of CD122 (IL-2/15Rp, that forms,
together with the common cytokine-receptor gamma-chain, the
IL-15 receptor) confirmed that CD122 was expressed by NK cells
but not, at detectable levels, by neutrophils (Figure S6), support-
ing that during C. albicans infection IL-15 had not a direct effect
on the fungicidal potential of neutrophils. Therefore, our data
demonstrate that Ly6CM9" monocytes are crucial effector cells
for anti-Candida innate immunity, and reveal a new function for
IL-15 by demonstrating that this cytokine plays a major role in
the activation of the NK cell-neutrophil axis during C. albicans
infection.

IL-15 Production during C. albicans Infection Is
Controlled by Type I IFN Signaling

Previous data from our group have demonstrated that dectin-1-
Syk-IRF5-dependent type | IFN production is crucial for defense
against C. albicans infection (del Fresno et al., 2013). On the
other hand, the production of IL-15 in response to TLR ligands
was reported to depend on signaling though the type | IFN
receptor (IFNAR) (Lucas et al., 2007). These studies led us to hy-
pothesize that IFNAR signaling might also be required for IL-15
production during C. albicans infection, and consequently
that type | IFN production has an essential role in the control of
NK cell-neutrophil activation during systemic candidiasis. To
address this issue, we first sought to explore whether IL-15 pro-
duction by Ly6C"e" monocytes after C. albicans infection was
controlled by IFNAR signaling. Analysis of IL-15 mRNA expres-
sion by Ly6C™M" monocytes isolated from IFNAR-deficient
(Ifnar1~") mice after stimulation with HKC or LPS confirmed
that induction of IL-15 was dependent on IFNAR signaling
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Figure 5. Role of IL-15 Production by Ly6C"¢" Monocytes in NK Cell Activation during C. albicans Infection

(A) Expression of mRNA for IL-15 by bone marrow monocytes from C57BL/6 mice analyzed by real-time PCR, normalized to B-actin, after stimulation with HKC or
LPS. Data are expressed as fold induction relative to unstimulated cells.

(B) GM-CSF and IFN-vy production was analyzed by ELISA in cultures of NK cells or monocytes alone, or co-cultures of NK cells and WT or //15~/~ monocytes,
stimulated with HKC or LPS for 16 hr.

(C) Protocol of anti-IL-15Ra/IL-15 blocking antibody treatment and C. albicans infection in C57BL/6 mice.

(D) Analysis of IFN-y production by spleen NK cells by flow cytometry after intracellular staining, GM-CSF levels in blood serum by ELISA, candidacidal activity of
blood neutrophils, and kidney fungal burden was performed, at the indicated times, in C57BL/6 mice treated with an anti-IL-15Ro/IL-15 blocking antibody, or an
isotype control antibody, following the protocol described in (C).

(E) Protocol of recombinant IL-15 treatment and C. albicans infection in WT and Ccr2 ™~ mice.

(F) Analysis of IFN-y production by spleen NK cells by flow cytometry after intracellular staining, GM-CSF levels in blood serum by ELISA, candidacidal activity of
blood neutrophils and kidney fungal burden was performed, at the indicated times, in WT and Ccr2~/~ mice treated with IL-15 or PBS, following the protocol
described in (E).

(G) Protocol of WT or ns—'- monocyte transfer and C. albicans infection in Ccr2~'~ mice.

(H) Analysis of IFN-y production by spleen NK cells by flow cytometry after intracellular staining, GM-CSF levels in blood serum by ELISA, candidacidal activity of
blood neutrophils and kidney fungal burden was performed, at the indicated times, in Ccr2~~ mice after transfer of WT or //75~/~ monocytes and C. albicans
infection, following the protocol described in (G). Data are expressed as mean + SEM of four to eight mice per condition. *p < 0.05; **p < 0.01; ***p < 0.001;
unpaired t test. Similar results were obtained in at least two independent experiments. ELISA data for unstimulated cells were below the detection level of the
ELISA kits used in this study (63 pg/ml for GM-CSF and 31.6 pg/ml for IFN-vy). i.v. intravenous; n.d., not detectable. See also Figure S6.

(Figure 6A). Since the production of type | IFN in response to
C. albicans was reported to be dectin-1 and IRF5-dependent
(del Fresno et al., 2013), IL-15 mRNA induction was, as ex-

pected, blocked in dectin-1 or IRF-5-deficient bone marrow-
derived DCs, after in vitro stimulation with HKC and Curdlan, a
dectin-1 (Clec7a) ligand, but not after incubation with LPS
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Figure 6. IL-15 Production during C. albicans Infection Is Controlled by Type | IFN Signaling

(A) Expression of mRNA for IL-15 by bone marrow monocytes from WT and /fnar~’~ mice analyzed by real-time PCR, normalized to B-actin, 6 hr after stimulation
with HKC or LPS. Data are expressed as fold induction relative to unstimulated cells.

(B) Expression of mRNA for IL-15 by MACS-sorted CD11b* spleen cells and MACS-sorted CD45* kidney infiltrating leukocytes, from WT and Ifnar ™'~ mice,
analyzed by real-time PCR normalized to B-actin, at the indicated times after infection. Data are expressed as fold induction relative to non-infected mice.

(C) Quantification of the percentage of IL-15Ra* cells for spleen resident M@s, Ly6C" monocytes, DCs and neutrophils of WT and /fnar1 ~/~ mice, at the indicated
times after infection. Red asterisks indicate the statistical significance of the differences between WT and /fnar?~~ mice.

(D) GM-CSF analyzed by ELISA in blood serum, and by real-time PCR normalized to B-actin in MACS-sorted CD11b* spleen cells and MACS-sorted CD45*
kidney infiltrating leukocytes, from WT and /fnar~'~ mice at the indicated times after infection. Real-time PCR data are expressed as fold induction relative to
non-infected mice.

(E) Expression of mRNA for iNOS by MACS-sorted CD45™ kidney infiltrating leukocytes, from WT and Ifnar’~ mice analyzed by real-time PCR, normalized to
B-actin, at the indicated times after infection. Real-time PCR data are expressed as fold induction relative to non-infected mice.

(F) Candidacidal activity of blood neutrophils isolated from WT and /fnar’~ mice at the indicated times.

(G) Protocol of WT or /fnar1~~ monocyte transfer and C. albicans infection in Ccr2~~ mice.

(H) Analysis of IFN-y production by spleen NK cells by flow cytometry after intracellular staining, GM-CSF levels in blood serum by ELISA, candidacidal activity of
blood neutrophils, and kidney fungal burden was performed, at the indicated times, in Ccr2~/~ mice after transfer of WT or Ifnar1~/~ monocytes and C. albicans
infection, following the protocol described in (F). Data are expressed as mean + SEM of four to six mice per condition. *p < 0.05; **p < 0.01; ***p < 0.001; unpaired
t test. Similar results were obtained in at least two independent experiments. ELISA data for non-infected mice were below the detection level of the ELISA kit

used (63 pg/ml). n.i., non-infected; n.d., not detectable. See also Figure S7.
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(Figure S7). Interestingly, no induction of IL-15 was detectable in
CD11b* spleen cells or CD45" kidney infiltrating leukocytes after
C. albicans infection of Ifnar1~'~ mice (Figure 6B). Flow cytome-
try analysis of splenic resident M@s, Ly6C"9" monocytes, DCs
and neutrophils confirmed that IL-15Ra was not detectable at
the protein level in /fnar1 ™~ mice (Figure 6C). In line with these
data, the production of GM-CSF, induction of iNOS in kidney
infiltrating leukocytes and candidacidal potential of neutrophils
were strongly inhibited in C. albicans-infected Ifnar1~'~ mice
(Figures 6D-6F). Globally, these findings demonstrate that dur-
ing C. albicans infection, IL-15 production by inflammatory
monocytes is strictly dependent on IFNAR signaling. Interest-
ingly, the transfer of Ly6CM9" monocytes from WT, but not
from Ifnar1~'~ mice, rescued the defective NK cell activation,
GM-CSF production and neutrophil Candida killing ability of
Ccr2~'~ mice, leading to a reduction of the kidney fungal burden
to WT mouse values (Figures 6G and 6H). These data confirmed
that during Candida infection, IFNAR signaling in Ly6CMd"
monocytes is required for an effective activation of the NK cell-
neutrophil axis and thus protection against systemic candidiasis.
Globally, these experiments further reinforce the concept that
type | IFN production is crucial for defense against systemic
candidiasis.

Spleen-Kidney Cooperation during Systemic C. albicans
Infection

In mice, the kidney is the main target organ after systemic candi-
diasis, and therefore clearance of Candida requires that neutro-
phils recruited to the kidney perform efficiently their candidacidal
function (Netea et al., 2015). On the other hand, our results reveal
that defense against C. albicans requires the release of IL-15 by
spleen inflammatory monocytes that triggers the production,
primarily by spleen NK cells, of GM-CSF, reported to be required
to boost the Candida killing potential of neutrophils (Bar et al.,
2014). Therefore, our results support that innate immunity
against C. albicans infection relies on the induction of coopera-
tive defense mechanisms involving the spleen and kidney. It
can be hypothesized that the production of IL-15 by spleen
inflammatory monocytes, and subsequent activation of large
numbers of spleen NK cells followed by the production of high
levels of GM-CSF, would be required for an efficient induction
of the candidacidal ability of neutrophils involved in Candida
clearance in the kidney.

To assess the contribution of the spleen to the induction of
anti-Candida innate immunity after systemic C. albicans infec-
tion, we performed experiments in mice splenectomized 4 weeks
before infection (Figure 7A). Interestingly, at 24 hr post-infection,
a marked increase in serum and kidney GM-CSF levels, compa-
rable to that observed in C57BL/6 mice (see Figure 3E), was
detectable in sham-operated mice, but not in splenectomized
mice (Figure 7B). Of note, low serum GM-CSF levels were
detectable both in non-infected sham-operated mice and non-
infected splenectomized mice, probably due to the surgical pro-
cedure. Accordingly, in C. albicans-infected splenectomized
mice, the low iINOS mRNA expression detected in MACS-sorted
CD45™* kidney infiltrating leukocytes was paralleled by a defec-
tive induction above the basal values of non-infected mice, of
the candidacidal potential of blood neutrophils (Figures 7C and
7D). As expected, the kidney fungal burden was significantly

higher in splenectomized mice (Figure 7E), and consequently
the survival of splenectomized mice was severely compromised
(Figure 7F). These data demonstrate that the early innate im-
mune response against C. albicans occurring in the spleen plays
acrucial role in the induction of the immune mechanisms respon-
sible to Candida clearance in the kidney, and thus in defense
against systemic candidiasis. On the other hand, the fact that
the reduction in GM-CSF production and neutrophil Candida
killing ability, as well as the increase in kidney fungal load were
similar when Ccr2~/~ mice were compared to WT mice, and
when splenectomized mice were compared to the sham-oper-
ated mice, supports that the main contribution of the spleen to
innate immunity against systemic candidiasis during the first
phases of infection, was to drive the activation and GM-CSF pro-
duction by NK cells and subsequently to boost the candidacidal
potential of neutrophils, through the production of IL-15 by
spleen inflammatory Ly6C™"9" monocytes.

DISCUSSION

The cytokine IL-15 is known to be crucial for NK cell develop-
ment (Di Santo, 2006), and for NK cell activation in defense
against tumors and parasitic and microbial infections (Perera
et al., 2012). Our studies have revealed a role for IL-15 as a crit-
ical mediator in defense against systemic candidiasis. We found
that IL-15 is crucial for the activation and GM-CSF production by
NK cells, which is required to boost the candidacidal potential of
neutrophils and Candida clearance (Bar et al., 2014).

Analyses of the intracellular expression of the IL-15 trans-pre-
senting receptor IL-15Ra, which reflect the production of IL-15
(Mortier et al., 2008), revealed that during C. albicans infection
inflammatory Ly6C"'S" monocytes constituted the main IL-15-
producing population, both in the spleen, an organ rapidly and
transiently infected by C. albicans, and in the kidney, the main
Candida target organ. Since at 24 hr post infection, the spleen
harbored approximately 30-fold more IL-15Ra* Ly6CM9" mono-
cytes than the kidney, our findings suggest that spleen Ly6C""
monocytes are the major IL-15-producing cell population during
C. albicans infection. We found that resident M@s and cDCs also
contributed to IL-15 production after C. albicans infection, which
is in line with previous studies showing that monocytes, MJs,
and cDCs (Perera et al., 2012) produce IL-15 during viral and
bacterial infections. Mice deficient for CCR2 displayed impaired
recruitment of Ly6C"" inflammatory monocytes to the spleen
and kidney. In these mice, blockade of IL-15 production, NK
cell activation, GM-CSF production and neutrophil Candida
killing ability can be reverted by the transfer of WT, but not of
I115~/= Ly6C"9" monocytes. Moreover, in vitro production of
GM-CSF by NK cells in response to Candida was dependent
on IL-15 production by Ly6CM9" monocytes. Taken together,
these results demonstrate that the production of GM-CSF by
activated NK cells that boost the Candida killing potential of
neutrophils is largely dependent on the production of IL-15 by
inflammatory Ly6C"9" monocytes, therefore showing a pivotal
function for LyBC"9" monocytes in the induction of innate de-
fense mechanisms during systemic candidiasis. In this regard,
our data concur with recent reports demonstrating that inflam-
matory monocytes play a critical role in the activation of effector
cells that are in turn responsible for pathogen clearance.
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Figure 7. Contribution of the Spleen to the Induction of anti-Candida Innate Immunity during Systemic C. albicans Infection

(A) Protocol of splenectomy and C. albicans infection in C57BL/6 mice.

(B) GM-CSF analyzed by ELISA in blood serum, and by real-time PCR normalized to B-actin in MACS-sorted CD45" kidney infiltrating leukocytes, from sham-
operated or splenectomized mice at the indicated times after C. albicans infection. Real-time PCR data are expressed as fold induction relative to non-in-
fected mice.

(C) Expression of mRNA for INOS by MACS-sorted CD45™" kidney infiltrating leukocytes.

from sham-operated or splenectomized mice analyzed by real-time PCR, normalized to B-actin, at 24 hr after infection. Real-time PCR data are expressed as fold
induction relative to non-infected mice.

(D) Candidacidal activity of blood neutrophils isolated from sham-operated or splenectomized mice at the indicated times after C. albicans infection.

(E) Kidney fungal burden of sham-operated or splenectomized mice at the indicated times after C. albicans infection.

(F) Survival of sham-operated or splenectomized mice after infection. Data are presented as a Kaplan-Maier plot with a log rank test used to compare sus-
ceptibility between the two groups. n = 8. Data are expressed as mean + SEM of four mice per condition. *p < 0.05; **p < 0.01; ***p < 0.001; unpaired t test. Similar
results were obtained in three independent experiments. i.v. intravenous; n.i., non-infected.
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Production of IL-18 and IL-15 by Ly6C"" inflammatory mono-
cytes is crucial for the activation of CD8" T cells and NK cells dur-
ing Listeria infection (Soudja et al., 2012), and Klebsiella clear-
ance requires TNFo production by Ly6CM9" inflammatory
monocytes, which in turn drives IL-17A production by innate
lymphoid cells (Xiong et al., 2016).

However, the relevance of IL-15 production by inflammatory
Ly6CM9" monocytes for NK cell activation during systemic candi-
diasis had not been explored before, and few studies have ad-
dressed the mechanism of NK activation after C. albicans infec-
tion. IL-15 was reported to increase the in vitro microbicidal
potential of human neutrophils (Musso et al., 1998) and mono-
cytes (Vazquez et al.,, 1998) in response to C. albicans.
Regarding NK cell activation, IL-23 was proposed to participate
in NK activation during C. albicans infection (Whitney et al., 2014)
although whether this cytokine controls the activation of NK cells
in the spleen was not addressed in this report.

In line with published data demonstrating that IL-15 synthesis
after in vitro TLR engagement (Lucas et al., 2007) or in vivo viral
infection (Colpitts et al., 2012) is dependent on IFNAR signaling,
our data revealed that the production of IL-15 in response to
C. albicans infection was suppressed in /fnar1~~ mice, and
thus that type | IFN production was required for the production
of IL-15 during systemic candidiasis. Our group has previously
shown that dectin/Syk/IRF5-dependent type | IFN production
is crucial for defense against C. albicans infection (del Fresno
et al., 2013). The IFNAR dependency for IL-15 production in
response to C. albicans further supports the relevance of type |
IFN production during fungal infections. Our results can also
provide a potential explanation for the detrimental effect of
type | IFN during C. albicans infection reported by the group of
Kuchler and colleagues (Majer et al., 2012), since excessive
type | IFN-dependent IL-15 production might trigger an exacer-
bated activation of the NK cell-neutrophil axis, which could ulti-
mately lead to neutrophil-mediated inflammatory pathology and
reduced host survival.

In mice, systemic candidiasis caused by intravenous Candida
infection leads to the dissemination of the fungus to a number of
organs including the spleen, liver and brain, which harbor low
fungal loads and are as a result only transiently infected (Lionakis
et al., 2011). The kidney is the main Candida target organ, and
can harbor large fungal loads paralleled by hypha formation,
which can lead ultimately lead to fatal renal failure (Netea et al.,
2015). Based on the pathogenesis of invasive candidiasis,
research efforts have focused on exploring the induction of
anti-Candida immunological defense mechanisms in the kidney.
However, at steady state the kidney immune system is limited
mainly to a population of resident MJs and a low number of
monocytes, DCs, and lymphocytes (Kurts et al., 2013); the kid-
ney is not well prepared to mount an effective immune response
during infectious processes. Our findings provide evidence sup-
porting a pivotal collaborative function for the spleen in the
establishment of anti-Candida immunity, wherein the spleen pro-
vides crucial help in order to achieve an effective immune
response in the kidney during C. albicans infection. The efficient
innate immune system of the spleen ensures the rapid clearance
of Candida during the first hours after infection, enabling a robust
spleen Ly6C"'9" monocyte-driven IL-15 production that leads to
the activation of large numbers of splenic NK cells and to the pro-

duction of large amounts of GM-CSF, which are in turn required
to boost the neutrophil Candida killing capacity in the kidney.

In conclusion, the present study provides strong evidence that
type-I IFN dependent-IL-15 production plays a decisive function
during invasive candidiasis by driving spleen NK cell activation
and GM-CSF production that enables kidney neutrophils to con-
trol fungal growth. Our data therefore reinforce previous studies
on the relevance of type-l IFN in antifungal immunity (McNab
et al., 2015), and on the key role fulfilled by NK cells in defense
against systemic candidiasis (Bar et al., 2014). However further
research should be conducted to explore additional functions
of type-l IFN in candidiasis, and to define the immune cell types
responsible for its production after systemic C. albicans infec-
tion. Importantly, the evidence presented here on the pivotal
role played by IL-15 in defense against C. albicans could set
the basis for the design of potent IL-15-based immunothera-
peutic strategies against fungal infections. In this regard, the
development of new antifungal immunotherapies is urgently
needed due to the emergence of multidrug-resistant Candida
species, such as Candida auris, causing serious invasive infec-
tions (McCarthy and Walsh, 2017), and to the relative low effi-
ciency of antifungal chemotherapy in patients receiving immuno-
suppressive treatments (Kullberg and Arendrup, 2015).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Biotin-conjugated anti-CD45 CIEMAT N/A

Biotin-conjugated anti-CD11b Ludwig Institute for Cancer Research N/A

Biotin-conjugated anti-Ly6G BioLegend Cat#127603; RRID: AB_1186105
Anti-CD49b (DX5)-microbeads Miltenyi Biotec Cat#130-052-501

Anti-rat immunoglobulin-coated magnetic beads ThermoFischer Cat#11035

Anti-mouse immunoglobulin-coated magnetic beads ThermoFischer Cat#11031

Anti-Thy 1.2 Ludwig Institute for Cancer Research N/A

Anti-B220 Ludwig Institute for Cancer Research N/A

Anti-MHC-II Ludwig Institute for Cancer Research N/A

Anti-CD43 CBMSO N/A

Anti-CD24 Ludwig Institute for Cancer Research N/A

Anti-Ly6G BioXCell Cat#BE0075-1; RRID: AB_1107721

FITC-conjugated anti-MHCII
PECy7-conjugated anti-CD11b
APC-conjugated anti-CD64
APC-Cy7-conjugated anti-CD11c
PE-conjugated anti-CD49b
PE-conjugated anti-CD90
PE-conjugated anti-CD19

Pacific Blue-conjugated anti-CD45
Biotin-conjugated anti-Ly6C
Streptavidin-PerCP
APC-eFluor780-conjugated anti-CD3
APC-conjugated anti-IFN-y

PECy7 conjugated anti-GrB
FITC-conjugated anti-CD122 (eBioscience)
Biotin-conjugated anti-CD49b
Anti-FcyRII/IN

Biotin-conjugated anti-CD11c
Anti-IL-15R/IL-15 blocking antibody

BD PharMingen

BD PharMingen

Biolegend

BD PharMingen

Biolegend

BD PharMingen

BD PharMingen

Biolegend

BioXCell

BD PharMingen

eBioscience

BD PharMingen

eBioscience

eBioscience

eBioscience

Ludwig Institute for Cancer Research
Ludwig Institute for Cancer Research
eBioscience

Cat#553623; RRID: AB_394958
Cat#552850; RRID: AB_394491
Cat#139305; RRID: AB_11219205
Cat#561241; RRID: AB_10611727
Cat#103506; RRID: AB_313029
Cat#553005; RRID: AB_394544
Cat#555413; RRID: AB_395813
Cat#103125; RRID: AB_493536
Cat# BE0203

Cat#554064; RRID: AB_2336918
Cat#47-0038-41; RRID: AB_1272112
Cat#554413; RRID: AB_398551
Cat#25-8898;RRID: AB_10853338
Cat#123207; RRID: AB_940611
Cat#108903; RRID: AB_313410
N/A

N/A

Cat#16-8156-82

Fungal Strains

C. albicans SC5314 strain

Dr. Concha Gil (Reales-Calderon
et al., 2012)

ATCC MYA-2876

Chemicals, Peptides, and Recombinant Proteins

Liberase TM Research grade
DNase |

Ficoll-Paque Plus
Collagenase A

Streptavidin Microbeads
Histopaque 1077
Histopaque 1119

LPS from Escherichia coli
Fibronectin

Recombinant mouse IL-15

Roche

Roche

GE Healthcare
Roche

Miltenyi Biotech
Sigma

Sigma

Sigma

Sigma
Peprotech

Cat#05401119001
Cat#04716728001
o Cat#17-1440-02
Cat#010103578001
Cat#130-048-102
Cat#10771
Cat#11191
Cat#L2630
Cat#F1141
Cat#210-15
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant GM-CSF Peprotech Cat#315-03
Curdlan Wako Cat#034-09901
Critical Commercial Assays

Murine GM-CSF Standard ABTS ELISA Development Kit  Peprotech Cat#900-K55

BD OptEIA Mouse IFNy ELISA Set BD Biosciences Cat#555138
RNAqueous-Micro kit Ambion Cat#AM1931
High Pure RNA lIsolation kit Roche Cat#11828665001
High Capacity cDNA Reverse Transcription kit Applied Cat#4368814

5x HOT FIREPol EvaGreen gPCR Mix Plus Solis Cat#08-24-00001

Experimental Models: Organisms/Strains

C57BL/6 mice

Ccr2~’~ mice

11157/~ mice

Ifnar1 ™'~ mice

Clec7a™'~ mice, bone marrow
Irf5~/~ mice, bone marrow

Charles River

Dr. Frank Tacke Engel et al. (2008)

Dr. James di Santo (Ebihara et al., 2010)
Dr. Ulrich Kalinke (Frenz et al., 2010)

Dr. Gordon Brown (lliev et al., 2012)

Dr. Irina Udalova (Krausgruber et al., 2011).

JAX000664
N/A
N/A
N/A
N/A
N/A

Software and Algorithms

GraphPad Prism 6

FlowJo X

GraphPad Software Inc

FlowJo

http://www.graphpad.com/
scientific-software/prism/

https://www.flowjo.com/
solutions/flowjo

Other

BD LSR Il Flow Cytometer

BD Biosciences

N/A

Oligonucleotides

See Table S1 for Real-Time PCR primer sequences

CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for reagents may be directed to the Lead contact Carlos Ardavin (ardavin@cnb.csic.es).

EXPERIMENTAL MODEL

Mice

C57BL/6 mice were purchased from Charles River (L’Arbresle, France). Ccr2™'~ mice were kindly supplied by Dr. F. Tacke (RWTH-
University Hospital Aachen, Aachen, Germany). Ifnar1~'~ mice were kindly provided by Dr. U. Kalinke (Center for Experimental and
Clinical Infection Research, Hannover, Germany). //75~'~ mice were kindly supplied by Dr. J. di Santo (Institut Pasteur, Paris, France).
8 to 12-week old C57BL/6, Ccr2~'~, Ifnar1™'~ and //15~~ mice were housed at the Animal Facility of the Centro Nacional de
Biotecnologia/CSIC, Madrid, Spain, on a 12 hr/12 hr light/dark cycle, with free access to food and water. Littermates of the same
sex were randomly assigned to experimental groups. Bone marrow from Clec7a'~ mice was kindly provided by Dr. G. Brown
(University of Aberdeen, Aberdeen, UK). Bone marrow from /rf5~/~ mice was kindly provided by Dr. I. Udalova (Kennedy Institute
of Rheumatology, University of Oxford, Oxford, UK). All the experiments were approved by the Animal Care and Use Committee
of the Centro Nacional de Biotecnologia-CSIC, Madrid, under the protocol number 312.14

METHOD DETAILS

Mouse model of systemic candidiasis

C. albicans (strain SC5314; kindly provided by Dr. C. Gil, Complutense University, Madrid) was grown on YPD plates (Sigma-Aldrich,
St Louis, MO) at 30°C. C. albicans cells were centrifuged, washed in PBS and counted using a hematocytometer. Mice were infected
by intravenous injection of 1 x 10° C. albicans via the lateral tail vein and monitored daily for health and survival following the insti-
tutional guidance. HKC were obtained by incubation of C. albicans, strain SC5314, for 30 min at 100°C.
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Fungal Burden Determination

Organs were aseptically removed, weighed and homogenized in PBS using a T10 basic Ultra-Turrax homogenizer (lka, Staufen,
Germany). Fungal burden was determined by plating organ homogenates in serial dilutions on YPD plates. Colony forming units
(CFUs) were counted after growth for 48 hr at 30°C.

Kidney and Spleen Cell Suspensions

Analysis of renal leukocyte infiltrates was performed on cell suspensions obtained from organ homogenates that were digested with
0.2 mg/ml of Liberase TM (Roche, Mannheim, Germany) and 40 mg/ml of DNase | (Roche) for 20 min at 37°C, filtered through 40-pm
cell strainers (BD PharMingen, San Diego, CA) and washed twice in EDTA-containing PBS, after erythrocyte lysis by osmotic shock.
Then cells were centrifuged on a Ficoll-Paque Plus gradient (GE Healthcare, Uppsala, Sweden) for 20 min at 700 g. Analysis of splenic
leukocytic infiltrates was performed on cell suspensions obtained from organ homogenates that were digested with 0.5 mg/ml of
Collagenase | (Roche) and 40 mg/ml of DNase | for 10 min at 37°C, filtered through 40-um cell strainers and washed twice in
EDTA-containing PBS after erythrocyte lysis by osmotic shock.

Isolation of Cell Populations

Kidney infiltrating leukocytes were purified by immunomagnetic positive selection after incubation with biotin-conjugated anti-CD45,
followed by streptavidin-conjugated microbeads (Miltenyi Biotech). Spleen CD11b* NK and myeloid cells were purified by immuno-
magnetic positive selection after incubation with biotin-conjugated anti-CD11b followed by streptavidin-conjugated microbeads.
Kidney neutrophils were purified by immunomagnetic positive selection after incubation with biotin-conjugated anti-Ly6G, followed
by streptavidin-conjugated microbeads. Circulating neutrophils were isolated from blood drawn by cardiac puncture, diluted in PBS
containing 5 mM EDTA and 3% FCS, overlaid over a density gradient of Histopaque 1119 and Histopaque 1077 (Sigma) and centri-
fuged for 30 min at 400 g. Neutrophil preparations had a purity > 80%. Spleen NK cells were purified after incubation with anti-CD49b
(DX5)-conjugated microbeads (Miltenyi Biotech). NK cell preparations had a purity > 95%. Monocytes were isolated from lysis buffer—
treated bone marrow cell suspensions by using immunomagnetic depletion of T cells, B cells, DCs, granulocytes and natural killer
cells with anti-rat immunoglobulin-coated magnetic beads (Invitrogen, Karlsruhe, Germany) at a 7:1 bead-to-cell ratio after incuba-
tion with the mAbs anti-Thy-1.2, B220, MHC-II, CD43, CD24 and Ly6G. After immunomagnetic depletion, monocyte preparations
had a purity > 90%.

Flow Cytometry

Analysis of kidney and spleen cell suspensions was performed after seven-color staining using FITC-conjugated anti-MHCII (BD
PharMingen), PECy7-conjugated anti-CD11b (BD PharMingen), APC-conjugated anti-CD64 (Biolegend, San Diego, CA), APC-
Cy7-conjugated anti-CD11c (BD PharMingen), PE-conjugated anti-Ly6G (BD PharMingen), PE-conjugated anti-Siglec-F (BD
PharMingen), PE-conjugated anti-CD49b (Biolegend), PE-conjugated anti-CD90 (BD PharMingen) and PE-conjugated anti-CD19
(BD PharMingen), Pacific Blue-conjugated anti-CD45 (Biolegend) and biotin-conjugated anti-Ly6C, followed by streptavidin-PerCP
(BD PharMingen). Antibodies anti-Ly6G, Siglec-F, CD49b, CD90 and CD19 were used together as PE-conjugates with the purpose
of gating out neutrophils, eosinophils, NK cells, T cells and B cells, respectively. For the detection of IFN-y and Granzyme B (GrB)
production by NK cells in spleen and kidney cell suspensions, cells were first stained with PE-conjugated anti-CD49b (Biolegend),
APC-eFluor780-conjugated anti-CD3 (eBioscience) and Pacific Blue-conjugated anti-CD45, and subsequently stained with APC-
conjugated anti-IFN-y (BD PharMingen) and PECy7-conjugated anti-GrB (eBioscience) after 4% paraformaldehyde fixation and
permeabilization with 0.3% saponin and 0.5% bovin serum albumin BSA (Sigma). For the detection of CD122 expression by NK
cells and neutrophils in spleen and kidney cell suspensions, cells were stained with FITC-conjugated anti-CD122 (eBioscience),
PE-conjugated anti-Ly6G, APC-eFluor780-conjugated anti-CD3, Pacific Blue-conjugated anti-CD45 and biotin-conjugated anti-
CDA49b, followed by streptavidin-PerCP. Fc receptors were blocked with anti-FcyRII/Ill mAbs (clone 2.4G2). Data were acquired
on a LSRII cytometer (BD Biosciences, San José, CA) and analyzed using FlowJo X software (Tree Star, Ashland, OR).

Neutrophil Killing Assays

To test neutrophil killing activity, 10* C. albicans cells were exposed to 5 x 10* neutrophils for 2 hr; neutrophils were then lysed with
water and the number of surviving yeast cells was assessed on YPD agar. Killing activity was expressed as percentage of C. albicans
cells surviving in the presence of neutrophils compared to C. albicans cells surviving in the absence of neutrophils.

RNA Extraction and Real-Time PCR

For real-time PCR analyses, RNA from kidney inflitrating leukocytes, spleen CD11b* NK and myeloid cells, purified kidney neutrophils
or purified spleen NK cells was extracted using the RNAqueous-Micro kit (Ambion, Austin, TX). RNA from BMDCs was extracted
using the High Pure RNA Isolation kit (Roche). RNA was retro-transcribed using the High Capacity cDNA Reverse Transcription
kit (Applied Biosystems, Carlsbad, CA). Real-time PCR was performed using 5x HOT FIREPol EvaGreen gPCR Mix Plus (Solis
BioDyne, Tartu, Estonia) on an ABI PRISM 7900 Sequence Detection System (Applied Biosystems). Primer sequences are listed
in Table S1.
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Analysis of Cytokine Production

Production of GM-CSF in serum and cell culture supernatants was measured using murine GM-CSF Standard ABTS ELISA
Development Kit (Peprotech). IFNy production in culture supernatants was measured using BD OptEIA Mouse IFNy ELISA Set
(BD Biosciences).

Histology
Kidneys were fixed with 4% paraformaldehyde and embedded in paraffin. 5 um-sections were stained with periodic-acid Schiff (PAS)
and counterstained with hematoxylin. Images were acquired with a Leica FDM2500 microscope (Leica, Wetzlar, Germany).

Monocyte-NK Cell Cocultures

1 x 10° purified bone marrow monocytes, stimulated with 100 ng/ml LPS from Escherichia coli (Sigma) or 5 x 10%/ml HKC, for 6 hours,
were cultured with 1 x 10° purified spleen NK cells, in fibronectin-coated, tissue culture-treated, flat-bottom 96 well plates (Corning,
Durham, NC), in complete RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 ng/ml strep-
tomycin and 50 uM 2-mercaptoethanol, for 18 hours at 37°C. GM-CSF and IFNy production was measured in culture supernatants by
ELISA as described above.

In Vivo Treatment with IL-15
Mice were injected intraperitoneally for two consecutive days with 0.5 png recombinant mouse IL-15 (Peprotech), or PBS, prior to an
intravenous injection with 1 x 10° C. albicans cells.

In Vivo Treatment with anti-IL-15Ra/IL-15 Antibody
Mice were injected intraperitoneally with 15 pg of an anti-IL-15Ra/IL-15 blocking antibody (eBioscience, San Diego, CA), or an iso-
type control antibody, concomitantly with an intravenous injection of 1 x 10° C. albicans cells.

Monocyte Transfer Experiments

4 x 10° bone marrow monocytes isolated from 11157~ Ifnar1™'~, or WT CD45.1* C57BL/6 mice (purchased from Jackson, Maine,
USA) were transferred intravenously into CD45.2* Ccr2~/~ mice that received concomitantly an intravenous injection with 1 x 10°
C. albicans cells.

Splenectomy

Mice were anesthetized with an intraperitoenal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). For splenectomy, the skin
above the spleen was prepared for surgery by depilation and contact sterilization, the abdominal wall was opened through a sub-
costal abdominal incision, the splenic hilar vessels were ligated with 4-0 silk, the spleen was removed, and the abdominal incision
was closed. In sham-operated mice, the same procedure was employed to open the abdominal wall that was closed immediately
after identifying the spleen.

Culture and Stimulation of BMDCs

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 pg/ml streptomycin, 50 pM 2-mercap-
toethanol and 20 ng/ml recombinant GM-CSF (Peprotech). Cells were collected at day 8, and BMDCs were purified by immunomag-
netic positive selection after incubation with biotin-conjugated anti-CD11c and streptavidin-conjugated microbeads. Preparations of
BMDCs, characterized as CD11c* MHCII* cells, had a purity > 95%. BMDCs were rested for 6 hrin complete cell culture medium and
subsequently stimulated at the indicated times with 100 ng/ml LPS from Escherichia coli, 10 pg/ml Curdlan (Wako chemicals, Neuss,
Germany), or 5 x 10%/ml HKC.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + SEM, as indicated in the legend of each figure. The significance of the differences between groups was
evaluated using unpaired t test, p value < 0.05 was considered significant. Survival curve data are presented as a Kaplan-Maier plot
with a log rank test used to compare susceptibility between the two groups, p value < 0.05 was considered significant. Statistical
parameters including the exact value of n, precision measures (mean + SEM) and statistical significance are reported in the Figures
and the Figure Legends when necessary. Data are judged to be statistically significant when p < 0.05 by two-tailed Student’s t test. In
figures, asterisks denote statistical significance (*, p < 0.05; **, p < 0.01; **, p < 0.001). Statistical analysis was performed in
GraphPad PRISM 6.
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