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INNATE IMMUNITY

Skin infections are eliminated by cooperation of the
fibrinolytic and innate immune systems
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Nuclear factor of activated T cells (NFAT) is activated in innate immune cells downstream of pattern recognition
receptors, but little is known about NFAT's functions in innate immunity compared with adaptive immunity. We
show that early activation of NFAT balances the two major phases of the innate response to Candida albicans skin
infections: the protective containment (abscess) and the elimination (expulsion) phases. During the early contain-
ment phase, transforming growth factor-p (TGF-) induces the deposit of collagen around newly recruited poly-
morphonuclear cells to prevent microbial spreading. During the elimination phase, interferon-y (IFN-y) blocks
differentiation of fibroblasts into myofibroblasts by antagonizing TGF-f signaling. IFN-y also induces the forma-
tion of plasmin that, in turn, promotes abscess capsule digestion and skin ulceration for microbial discharge.
NFAT controls innate IFN-y production and microbial expulsion. This cross-talk between the innate immune and
the fibrinolytic systems also occurs during infection with Staphylococcus aureus and is a protective response to

minimize tissue damage and optimize pathogen elimination.

INTRODUCTION

Nuclear factor of activated T cells (NFAT) proteins form a family of tran-
scription factors that are estimated to have evolved about 500 million
years ago, around the same time as the appearance of vertebrates (1).
Given the relatively late appearance of NFAT proteins in evolution, their
major roles were believed to center on regulation of the adaptive immu-
nity, the more recent form of immunity that appeared with vertebrates.
In contrast, innate immunity (the ancient form of immunity) was
thought to be controlled primarily by signaling pathways that are
conserved during evolution (2), and the prevailing consensus was
that NFATSs were not involved in this form of immunity (3). However,
we and others have shown that the NFAT family can be activated during
innate immune responses to bacterial or fungal infections downstream of
pattern recognition receptors (4-6).

The NFAT pathway in phagocytes is most effectively activated in
response to B-glucan-bearing fungi (7-9). Fungal infections can de-
velop at a variety of anatomical sites. Although these infections are
readily controlled by healthy individuals, they may become systemic
in immunocompromised individuals, hospitalized patients, or indi-
viduals with inherited mutations in immune genes. Calcineurin is a
phosphatase involved in the activation of NFAT transcription fac-
tors, and calcineurin inhibitors, such as cyclosporine A (CsA) and
tacrolimus, are commonly used as immunosuppressors for treating
acute transplant rejection (10), autoimmune diseases (such as pso-
riasis) (11), and other immunological conditions (such as atopic
dermatitis) (12). Although such inhibitors are highly efficient, they

1Department of Biotechnology and Biosciences, University of Milano-Bicocca, Piazza
della Scienza 2, 20126 Milan, Italy. *Harvard Medical School and Division of Gastro-
enterology, Hepatology and Nutrition, Boston Children’s Hospital, Boston, MA 02115,
USA. *Dipartimento di Scienze Farmacologiche e Biomolecolari, Universita degli
Studi di Milano, Milan, Italy. “Harvard Medical School and Division of Infectious
Diseases, Boston Children’s Hospital, Boston, MA 02115, USA.

*These authors contributed equally to this work.

1These authors contributed equally to this work.

$Corresponding author. Email: francesca.granucci@unimib.it (F.G.); ivan.zanoni@
childrens.harvard.edu (1.Z.)

Santus et al., Sci. Inmunol. 2, eaan2725 (2017) 22 September 2017

have potent side effects that include susceptibility to opportunistic
infections from pathogens, such as Candida albicans, Aspergillus
fumigatus, and many bacterial species, which are normally well con-
trolled by innate and adaptive immunity (13, 14). In principle, CsA
and tacrolimus block interleukin-2 (IL-2) and other NFAT-dependent
cytokine production by T cells; but increasing evidence supports
the notion that susceptibility to microbial infections could mainly
arise via inhibition of the NFAT pathway in innate immune cells
(6), although the mechanisms that underlie this vulnerability remain
elusive.

Here, we have investigated how NFAT activation during innate
responses regulates the development and the progress of the inflam-
matory process induced in the skin by microorganisms and leads to
the protection against microbial spreading and, eventually, to microbe
elimination.

RESULTS
NFATc2 is required for the elimination of C. albicans skin
infections by innate immune cells
We first investigated the role of NFATc2 in the innate control of
C. albicans infections in the skin. We focused on the study of NFATc2,
which is primarily activated in dendritic cells (DCs) and is not ex-
pressed in neutrophils, one of the major populations known to fight
fungal infections [fig. S1A; (6)]. Thus, in this model, the neutrophil
response is not altered [their phagocytic capacity remains unaltered
compared to wild-type (WT) neutrophils; fig. S1B], whereas other
phagocyte responses may be affected by the absence of NFATc2.
To investigate whether NFATc2 participates in the innate immune
responses to fungal infections, we used NFATc2-deficient and WT
mice in a model of C. albicans skin infection. Mice were infected in
the deep dermis with C. albicans hyphae, and the temporal course
of the lesions was evaluated. WT animals displayed skin ulceration
at about 2 days after infection (Fig. 1, A and B, and figs. S2 and
S3), whereas NFATc2-deficient mice exhibited a capsulated ab-
scess containing C. albicans with no ulceration (Fig. 1, A to C, and
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Fig. 1. NFATc2-deficient mice do not eliminate skin C. albicans infections. (A) Lesions in WT and NFATc2-deficient mice at the indicated time points after C. albicans
hyphae injection in the deep derma. WT animals (top) undergo ulceration and C. albicans elimination, whereas NFATc2-deficient mice (bottom) develop a persistent
abscess. (B) Kaplan-Meier curve showing the percentage of WT and NFATc2-deficient mice undergoing ulceration after C. albicans administration at the indicated time
points; n = 10; log-rank test. Results are representative of at least six independent experiments. (C) Hematoxylin and eosin staining of WT (top) and NFATc2-deficient
(bottom) mouse skin lesions at the indicated time points after C. albicans infections. Larger magnification of selected areas of the same section are shown to evidence
granulocyte recruitment (left). PicroSirius Red staining is also shown to evidence collagen depositions (right, red deposits) and periodic acid-Schiff (PAS) staining to
evidence Candida. See also fig. S2 for higher magnifications. Representative histological sections of four independent experiments are shown; see also fig. S3 (A and B).
(D) WT and RAG-2-deficient mice respond similarly to primary skin infections with C. albicans. The Kaplan-Meier curve shows the percentage of WT and RAG-2-deficient
mice undergoing ulceration after C. albicans administration at the indicated time points; n = 18 per group. (E) Digital image analysis quantification of collagen staining.
Five fields from two sections (24 hours after infection) of two independent experiments were analyzed. The analyzed fields covered the entire sections excluding the skin.

Means and SEM are depicted. n = 5; statistical significance, two-tailed t test.

figs. S2 and S3). Although C. albicans could not be eliminated
in NFATc2-deficient mice, the infection remained confined in the
abscess with no further spreading (fig. S4). The phenotype of the
NFATc2-deficient mice was not primarily due to the absence of
NFATc2 expression in adaptive immune cells because Rag2”~ mice,
which lack an adaptive immune system, had a response like that of
WT mice (Fig. 1D).

Histological analyses revealed that the abscess was formed by
granulocytes recruited to the site of the C. albicans infection, sug-
gesting that recruitment was unchanged between WT and NFATc2-
deficient mice (Fig. 1C and figs. S2 and S3). Use of quantitative
reverse transcription polymerase chain reaction (QRT-PCR) to
characterize other cell types recruited to the infection site showed
that neutrophils, eosinophils, and basophils were present in both
animal types (fig. S5). Monocytes were also recruited in both groups
(fig. S5). Although a few differences in the composition of the infil-
trate were measurable at specific time points (more eosinophils
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were recruited in WT mice, and more basophils were recruited in
NFAT<c2-deficient mice), the capacity of WT and NFATc2-deficient
animals to recruit immune cells was very similar.

Histological analyses of WT mice also showed that the abscess was
surrounded by collagen deposits (Fig. 1, C and E, and figs. S2B and
S3). Starting at 48 hours after infection, abscess formation was fol-
lowed by skin ulceration and the discharge of dead cells and C. albicans
from the skin (Fig. 1C and fig. S3). Complete elimination of C. albicans
in WT mice occurred in about 6 to 7 days after infection (fig. S6),
whereas C. albicans persisted inside the abscess in NFATc2-deficient
mice (fig. S6). However, infected skin in NFATc2-deficient mice
showed the formation of an abscess surrounded by a well-organized
thick collagen capsule (Fig. 1C and figs. S2B and S3), with C. albicans
contained inside the abscess (Fig. 1C and figs. S3 and S6). A quanti-
fication of collagen deposits around the abscess 24 hours after infec-
tion showed significantly less collagen deposit in WT compared with
NFATc2 mice (Fig. 1E).
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Fibroblasts surrounded the newly recruited granulocytes in both
WT and NFATc2-deficient mice (Fig. 2A). Nevertheless, over time,
in NFATc2-deficient but not WT mice, fibroblasts differentiated
into myofibroblasts, as indicated by the expression of the a—smooth
muscle actin (0-SMA) marker (Fig. 2B and fig. S7). These data indi-
cate that WT animals contain and eliminate C. albicans skin infections,
whereas NFATc2-deficient mice restrain the infection by forming
a thick capsule around the abscess but are not able to eliminate the
microorganism.

Transforming growth factor-p is required for the initial
phase of infection containment by promoting fibrosis and is
overactive in NFATc2-deficient mice

The response that we observed in NFATc2-deficient mice had a
prominent fibrotic component. Because the transforming growth
factor-p (TGF-B) is a well-known profibrotic factor (15), we hy-
pothesized that an overactivation of the TGF-p pathway was re-
sponsible for the behavior of mutant mice. To test this possibility,
we examined the activation of the TGF-p transduction pathway in
WT and NFATc2-deficient mice, evaluating the presence of phos-
phorylated SMAD2,3 proteins both histologically and by Western
blot analysis. As shown in Fig. 3A, the TGF-p pathway was activated
in both strains; however, the activation was three to four times more
pronounced in NFATc2-deficient mice relative to WT mice. In
addition, in the histologic evaluation, phosphorylated SMAD2,3

staining was more pronounced in sections from NFATc2-deficient
mice (Fig. 3B and fig. S8).

Mice were next treated with an inhibitor of the TGF-f transduc-
tion pathway (SB-431542) to investigate whether TGF-p inhibition
could restore the WT phenotype. Therefore, the effect of the inhib-
itor on the formation of the encapsulated abscess was analyzed after
C. albicans infection. We observed that, in response to the reduced
activation of the TGF-B pathway, both WT and NFATc2-deficient
mouse responses were affected. C. albicans was not contained and
instead diffused into the subcutaneous space; this led to multiple
granulocyte accumulations in both WT and NFATc2-deficient
mice (Fig. 3C). Accordingly, the formation of nonorganized collagen
deposits around the abscesses was observed in both mouse groups
(Fig. 3D and figs. S9 and S10). Overall, these data suggest that the
incapability to form adequate collagen capsules when the TGF-
pathway was down-modulated was responsible for the reduced
containment of the infection.

These data demonstrate that the TGF-B pathway activation is
required during the initial phase of the inflammatory process for
the proper containment of the infection. However, the pathway is
overactive in Nfatc2”~ animals and contributes to the formation of
excessive collagen deposits around the abscess. The overactivation
of the TGF-B pathway only partially explains the phenotype of
NFATc2-deficient mice because ulceration was not restored in this
group of mice even after TGF- inhibition.

Haematoxylin and eosin

Day 6 postinfection

Day 8 postinfectiog

Abscess

Fig. 2. Fibroblast activation in WT and NFATc2-deficient mice. (A) Histology of lesions induced by C. albicans hyphae in WT and NFATc2-deficient mice 48 hours after
infections. Fibroblasts surrounding granulocytes are highlighted with black arrows. (B) Representative images of a-SMA immunohistochemical staining in skin sections
of WT and NFATc2-deficient mice 6 and 8 days after C. albicans infection. PicroSirius Red staining is also shown to evidence collagen capsule. Representative histological
sections of three independent experiments are shown; see also fig. S7.
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Fig. 3. The TGF-$ pathway is activated in the
skin after C. albicans infection and is required
to contain the infection. (A) Western analysis of
SMAD?2/3 phosphorylation at the indicated time
points after infection of WT and NFATc2-deficient
mice. Data were quantified and normalized on
B-actin. Data are representative of three indepen-
dentexperiments. nt, untreated mice. (B) Represent-
ative images of p-SMAD2,3 immunohistochemical
staining in skin sections 24 hours after C. albicans
infection. p-SMAD2,3-positive cells are brown. The
experiment was repeated twice with similar re-
sults; see also fig. S8. (C) Abscess formation in WT
and NFATc2-deficient mice in the presence or
not of the TGF-B inhibitor SB-431542. TGF-B in-
hibitor was administered ip (50 ug per mouse)
for 3 days starting 1 day before C. albicans infec-
tion; the day of the infection was also coadmin-
istered locally with the hyphae. Note that the
abscess is more diffused when the TGF-B path-
way is inhibited. Two independent experiments
with eight animals per group were performed.

(D) Visualization of C. albicans (purple staining, brown arrows) by PAS staining in WT and NFATc2-deficient mouse skin lesions 24 to 48 hours after C. albicans infections
in the presence of TGF-B inhibitor. PicroSirius Red staining of selected areas is also shown to evidence collagen depositions (arrows). Note that the collagen capsule is
disorganized if the animals are treated with the TGF-B inhibitor and C. albicans can exit the abscess (see fig. S6 for higher magnifications). Representative histological

sections of three independent experiments are shown; see also fig. S10.

Interferon-y antagonizes TGF-p signaling in WT animals

We next focused on the molecular mechanism that drives the over-
activation of the TGF-f pathway in NFATc2-deficient mice. In the
tissue, TGF-P is present in an inactive form and is associated with
the extracellular matrix. Various factors, including reactive oxygen
species, pH, integrins, and proteases, can induce the release of the
active cytokine (16-19). Because the TGF-p pathway was activated
and required for infection containment in both animal groups
(Fig. 3A) but was more active in NFATc2-deficient mice, we hypoth-
esized that active TGF-B is released in WT and NFATc2-deficient
mice but is then antagonized in WT animals by factors that are pro-
duced in an NFATc2-dependent manner. Interferon-y (IFN-y) is a
very potent antagonist of TGF-B (20, 21), and NFATc2-deficient
mice were previously described to be prone to develop type 2 responses
rather than type 1, IFN-y-dependent responses (22). Therefore, we
hypothesized that NFATc2-deficient mice showed a deficit in IFN-y
production that could explain the differences between the two ani-
mal groups. We compared the levels of IFN-y in infected skins from
WT and NFATc2-deficient mice. A significant up-regulation of
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IFN-y mRNA was observed in WT controls but not in NFATc2-
deficient mice (Fig. 4A), and more IFN-y" cells were found in WT
compared with NFATc2-deficient skins by immunohistochemical
staining (Fig. 4B and fig. S11). Administration of recombinant
IFN-y in NFATc2-deficient mice at the time of C. albicans infection
was sufficient to induce ulceration (Fig. 4, C and D), and this cor-
related with a reduction of the TGF-p pathway activation (Fig. 4E).
In contrast, when IFN-y was blocked in WT animals, they exhibited
the same phenotype of NFATc2-deficient mice, namely, no ulceration
(Fig. 4, C and D) and strong activation of the TGF-B pathway
(Fig. 4F). In accordance with these observations, blocking IFN-y in
WT animals favored the formation of a well-organized collagen
capsule (Fig. 4D). On the other hand, the exogenous administration of
IFN-v to NFATc2-deficient mice hampered the formation of a thick
collagen capsule (Fig. 4D). Accordingly, in vitro TGF-B promoted
skin fibroblast proliferation that was antagonized by IFN-y (Fig. 4G).

IFN-y-deficient mice were also analyzed to investigate whether
they could recapitulate the phenotype of NFATc2-deficient mice.
As expected, IFN-y-deficient mice did not undergo ulceration
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10, n (IFN-y—deficient) = 14; log-rank test. (D) Hematoxylin and eosin staining of WT and NFATc2-deficient mouse skin lesions 48 hours after C. albicans infections in the
presence or not of the indicated stimuli. Larger magnification of PicroSirius Red staining of selected areas is also shown to evidence collagen depositions. The collagen
capsule is loose in NFATc2-deficient mice if they are treated with rIFN-y (1 ug per mouse). In contrast, the collagen capsule becomes thick in WT animals if IFN-y is neutral-
ized by an anti-IFN-y antibody (50 pg per mouse). (E) Western blot analysis of SMAD2/3 phosphorylation in WT animals treated with C. albicans hyphae or C. albicans
hyphae and rIFN-y. Western blot analysis was performed 6 hours after C. albicans infection. Data were quantified and normalized on B-actin. Data are representative of
two independent experiments. (F) Western blot analysis of SMAD2/3 phosphorylation from the infected skin of WT animals treated with C. albicans hyphae, C. albicans
hyphae and the IFN-y neutralizing antibody, or C. albicans hyphae and the isotype control antibody. Western blot analysis was performed 24 hours after C. albicans infection.
Data were quantified and normalized on B-actin. Data are representative of three independent experiments. (G) In vitro WT and NFATc2-deficient skin fibroblast proliferation
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sections of IFN-y—deficient mice 7 days after C. albicans infection. PicroSirius Red staining is also shown to evidence collagen capsule.

(Fig. 4C) and formed a thick fibroblast and collagen capsule, and
fibroblasts differentiated into myofibroblasts (Fig. 4H). Overall, our
data support a model in which IFN-y controls abscess capsule for-
mation at least in part by antagonizing TGF- signaling.

IFN-y controls collagen capsule degradation by controlling
the activation of the fibrinolytic system

As evidenced above, the pharmacological treatment with IFN-y, but
not the inhibition of the TGF-p pathway, can fully restore the re-
sponse to C. albicans skin infection in NFATc2-deficient mice.
These observations imply that the effect of IFN-y cannot be ex-
plained with only the antagonistic effect on TGF-B. Therefore, we
predicted that, in addition to TGF-B inhibition, IFN-y also contrib-
uted to the induction of factors required for capsule degradation
and ulceration. This hypothesis was also supported by the observa-
tion that the process of capsule disruption in WT animals was fur-
ther potentiated upon recombinant IFN-y administration (fig. S12).
We first focused on factors required for capsule degradation. Under
several pathophysiological conditions, a collagen capsule is digested

Santus et al., Sci. Inmunol. 2, eaan2725 (2017) 22 September 2017

by metalloproteinases that are released by innate immune and stromal
cells. Nevertheless, metalloproteinases are released in an inactive
form and need to be activated by other proteases, such as plasmin
(23-25). To investigate the potential role of plasmin in capsule
digestion, we evaluated the levels of active plasmin in the tissue.
These were significantly higher in WT compared with NFATc2-
deficient mice (Fig. 5A).

To confirm plasmin involvement in capsule digestion, we ad-
ministered plasminogen activator inhibitor-1 (PAI-1) (26), an en-
dogenous inhibitor of plasminogen-to-plasmin conversion, to WT
animals to verify whether ulceration could be inhibited. PAI-1 ad-
ministration initially led to the formation of an encapsulated abscess
and no ulceration (Fig. 5, B and C, and fig. S13), confirming that
plasmin is required for capsule digestion and ulceration. Neverthe-
less, at later time points, the abscess did not show the organization
exhibited in NFATc2-deficient mice, and no differentiation of fi-
broblasts in myofibroblasts was observed (Fig. 5D). This was pre-
dictable given the presence of IFN-y (which inhibits TGF-B) in the
skin of WT animals.
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Plasminogen-to-plasmin conversion is induced by activators of
plasminogen, such as tissue plasminogen activator (tPA). We there-
fore evaluated the presence of tPA in the tissue of infected mice. In
line with our prediction, tPA levels were much higher in WT com-
pared with NFATc2-deficient mice (Fig. 5E). We also analyzed the
levels of endogenous PAI-1 that inhibits plasmin formation. PAI-1
was also more expressed in WT compared with NFATc2-deficient
mice (Fig. 5E). In WT animals, tPA production was induced early,
when PAI-1 was not present in the tissue (Fig. 5E). The counterreg-
ulation of tPA and PAI-1 observed in WT animals is presumably
required to first allow plasmin generation and then avoid excessive
plasmin accumulation.

Given that plasmin is required for capsule digestion, we investi-
gated whether IFN-y influenced the activation of the fibrinolytic
system. We tested our hypothesis both by administering IFN-y to
NFATc2-deficient mice and by blocking IFN-y in WT animals. As
expected, adding IFN-y restored tPA and PAI-1 production in
NFATc2-deficient mice (Fig. 5E). On the contrary, blocking IFN-y
in WT animals inhibited the release of tPA and PAI-1 (Fig. 5E).
This indicates that the entire pathway that leads to plasmin forma-
tion is altered by the absence of IFN-y in NFATc2-deficient mice. To
further support our conclusions, we also measured active plasmin in
the tissue of NFATc2-deficient mice treated or not with IFN-y and of
WT animals treated or not with a blocking IFN-y antibody at the time
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Fig. 5. IFN-y activates the fibrinolytic system. (A) Increase of active plasmin levels in WT and NFATc2-deficient mice at the indicated time points after C. albicans infec-
tion. Each dot represents a single mouse. Means and SEM are depicted; a two-way ANOVA was used for statistics. The experiment was repeated twice with similar
results. (B) Hematoxylin and eosin staining of WT mouse skin lesions 48 hours after C. albicans infections in the presence of PAI-1 (0.65 ug per mouse) and NFATc2-
deficient mice skin lesions. Larger magnification of PicroSirius Red staining of selected areas is also shown to evidence collagen depositions. Representative histological
sections from two independent experiments are shown; see also fig. S13. (C) Kaplan-Meier curves showing the percentage of mice undergoing ulceration after C. albicans
administration. Where indicated, mice were treated with PAI-1 (0.65 ug per mouse, coadministered with C. albicans). n (WT) = 10, n (WT + PAI-1) = 24; log-rank test.
(D) Representative images of a-SMA immunohistochemical staining in skin sections of NFATc2-deficient and PAI-1-treated WT animals 8 and 7 days after C. albicans
infection. (E) Left: Western blot analysis of tPA and PAI-1 levels measured in WT and NFATc2-deficient animals at the indicated hours after C. albicans infection. Data are
representative of three independent experiments. Middle and right: Western blot analysis of tPA and PAI-1 levels measured in WT and NFATc2-deficient animals treated
with an anti-IFN-y blocking antibody and with rIFN-y, respectively, at the time of C. albicans infection. The analysis was performed at the indicated time points. Data are
representative of two independent experiments. (F) Left: Increase of active plasmin levels in NFATc2-deficient mice at the indicated time points after C. albicans infection
in the presence or not of rIFN-y. Right: Increase of active plasmin levels in WT mice at the indicated time points after C. albicans infection in the presence or not of anti-
IFN-y blocking antibody. Each dot represents a single mouse. Means and SEM are depicted; a two-way ANOVA was used for statistics. (G) gRT-PCR analysis of IFN-y mRNA
in C. albicans-infected tissues before and 6 hours after the infection in WT animals depleted or not of NK cells. Each dot represents a single mouse. Means and SEM are
depicted; a two-way ANOVA was used for statistics. (H) Kaplan-Meier curve showing the percentage of WT (n = 9), NK cell-depleted WT (n = 8), and NFATc2-deficient mice
(n=10) undergoing ulceration after C. albicans administration at the indicated time points. Log-rank test was used. (I) IFN-y immunohistochemical staining in skin sections
(brown cells) of WT mice treated or not with anti-asialo GM to eliminate NK cells (NK-depleted) and infected with C. albicans. Note that IFN—y* cells are strongly reduced in
NK-depleted mice. (J) Kaplan-Meier curve showing the percentage of NFATc2-deficient mice (n = 10), NFATc2-deficient mice reconstituted with activated IFN-y-sufficient
NK cells (n = 10) or IFN-y-deficient NK cells (n = 10), and WT animals (n = 8) undergoing ulceration at the indicated time points after C. albicans administration. Log-rank test
was used.
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tion at the indicated time points; log-rank test. (C) Absolute numbers of IFN-y* NK cells at the
draining lymph nodes of WT and NFATc2-deficient mice 4 hours after C. albicans infections. Where
indicated, mice were cotreated with C. albicans and rIL-2. Each symbol represents a different
mouse. Means and SDM are depicted; a two-way ANOVA test was used for statistics. (D) Absolute numbers of IFN-y* NK cells at the draining lymph nodes of DOG mice
treated or not with DT 4 hours after C. albicans infections. Each symbol represents a different mouse. Means and SDM are depicted; a two-way ANOVA test was used for sta-
tistics. (E) IL-2 released in the supernatants by WT or NFATc2-deficient BMDCs and BM macrophages (MF) before and after C. albicans exposure (MOI, 0.05). IL-2 released by
DCs-NK cell and macrophages-NK cell cocultures is also shown. Each dot represents a different sample. (F) Immature or C. albicans-activated WT and NFATc2-deficient
BMDCs were cultured with NK cells for 18 hours. Where indicated, IL-2 was blocked using the S4B6 anti-IL-2 antibody (0-IL-2), or rlL-2 was added to the cultures. Levels of
IFN-y in the supernatant were then quantified by ELISA. Each dot represents a different sample. Representative data of two independent experiments are shown. KO,
knockout. (G) Absolute numbers of IL-2* DCs at the draining lymph nodes of WT and NFATc2-deficient mice 4 hours after C. albicans infections. Each symbol represents a
different mouse. Means and SDM are depicted; a two-way ANOVA test was used for statistics. (H) Kaplan-Meier curves showing the percentage of NFATc2-deficient mice
undergoing ulceration after C. albicans administration in the presence or not of the indicated stimuli and at the indicated time points; n (Nfatc2”") = 10, n (Nfatc2™~ +IL-2) = 8,
n (Nfatc2™~ +1L-2 + a—IFN-y) = 10; log-rank test. (I) Kaplan-Meier curves showing the percentage of NFATc2-deficient mice reconstituted with DCs of the indicated genotype
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undergoing ulceration after C. albicans administration. Where indicated, NK cells were depleted. n = 12 per group; log-rank test.

of C. albicans administration. As shown in Fig. 5F, IFN-y restored
plasmin generation in NFATc2-deficient mice, whereas the inhibi-
tion of IFN-y down-modulated plasmin formation in WT animals.

Last, we evaluated the levels and function of activated matrix
metalloproteinase-3 (MMP-3) during the infection. We focused on
MMP-3 because it is efficiently activated by plasmin and is a master
metalloproteinase that activates downstream metalloproteinases, such
as MMP-9, and digests extracellular matrix components (23, 27).
As shown in fig. S14A, the increase of activated MMP-3 during the
infection paralleled the increase of plasmin with the same relevant
differences during abscess formation. In addition, treatment with an
MMP-3 peptide inhibitor (MMP-3 inhibitor I) upon C. albicans
administration inhibited ulceration (fig. S14B).

Natural killer cells are the major source of IFN-y in WT
animals, and DCs are essential accessory cells for natural
killer cell activation during fungal infections

The next step was to determine the source of IFN-y. Because Rag2 ™"~
mice behaved like WT animals and showed a potent up-regulation
of IFN-y mRNA in the skin after infection (Fig. 1D and fig. S15), we

Santus et al., Sci. Inmunol. 2, eaan2725 (2017) 22 September 2017

excluded a T cell origin for the IFN-y and focused on innate im-
mune cells. Elimination of natural killer (NK) cells by anti-asialo
GM treatment strongly affected the levels of IFN-y mRNA, as mea-
sured by qRT-PCR (Fig. 5G). Similarly, in the absence of NK cells,
ulceration was strongly diminished after C. albicans infection of WT
animals (Fig. 5H). Upon NK cell depletion, no IFN-y" cells were
observed in the infected skins (Fig. 5I). These data confirm that NK
cells are the major source of IFN-y in our experimental system.

To formally demonstrate that NK cells are necessary and sufficient
to provide IFN-y under our experimental conditions, we first activated
in vivo WT and IFN-y-deficient NK cells and then adoptively trans-
ferred the activated NK cells into NFATc2-deficient mice infected with
C. albicans. The course of the infection was then followed over time.
After the adoptive transfer of activated WT but not IFN-y-deficient
NK cells, NFATc2-deficient mice showed ulceration (Fig. 5]). These
data confirmed that IFN-y provided by NK cells is necessary and suffi-
cient to induce capsule degradation and ulceration.

Next, we unveiled the connection between NFATc2 and IFN-y
production by NK cells. In vitro, we observed that NFATc2 expres-
sion in accessory cells (e.g., DCs), but not in NK cells themselves,
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Fig. 7. Innate immune and fibrinolytic systems cooperate also during bacterial
infections. (A) Kaplan-Meier curve showing the percentage of WT (n = 6) and IFN-y-
deficient mice (n = 10) undergoing ulceration after S. aureus administration at the
indicated time points; log-rank test. Representative data of two independent experi-
ments. (B) Hematoxylin and eosin staining of WT and IFN-y—deficient mice skin lesions
48 hours after S. aureus infection. PicroSirius Red staining is also shown to evidence
collagen depositions. (C) Western blot analysis of SMAD2/3 phosphorylation at the
indicated time points after S. aureus infection of WT and IFN-y—deficient mice. Data
were quantified and normalized on B-actin. Data are representative of three indepen-
dent experiments. (D) Western blot analysis of tPA and PAI-1 levels measured in WT
and IFN-y—deficient animals at the indicated hours after S. aureus infection.

was necessary for the production of IFN-y by NK cells upon C. albicans
encounter (fig. S16, A and B). We therefore predicted that eliminat-
ing DCs in vivo would influence IFN-y production by NK cells after
infection by C. albicans. We thus used B6.Cg-Tg(Itgax-DTR/OVA/
EGFP)1Gjh/Crl (DOG) mice [which express a diphtheria toxin (DT)
receptor under the CD11c promoter to eliminate DCs (28)] and studied
the course of the infection in the absence of DCs. As we previously
showed, DT treatment eliminated DCs from the skin, lymph node,
and spleen (fig. S17) (29-31). The recruitment of inflammatory cells
was not altered by DC depletion (fig. S18). IFN-y" cells were strongly
diminished in DC-deficient mice infected skins compared with
DC-sulfficient mice, as revealed by immunohistochemistry (Fig. 6A
and fig. S19). Accordingly, as depicted in Fig. 6B, the number of ani-
mals undergoing ulceration was significantly reduced. This finding
suggests that DCs are required to elicit IFN-y production by NK cells
after C. albicans infection. In keeping with this observation, IFN-y*
NK cells were strongly diminished in the lymph nodes of NFATc2-deficient
and DC-deficient mice after infection, compared with control animals
(Fig.6,Cand D).

We then determined why NFATc2-deficient DCs are not able
to activate NK cells. Two cytokines involved in NK cell activation,
namely, IL-12 and IL-2, were described to be produced in an
NFAT-dependent manner by DCs in response to zymosan (5). We
first measured IL-12p70 production by DCs after C. albicans hyphae
infection, but, although it was previously shown to be induced in
DCs upon zymosan administration, we found no IL-12 production

Santus et al., Sci. Inmunol. 2, eaan2725 (2017) 22 September 2017

in response to the C. albicans hyphae challenge (fig. S20). We there-
fore focused on IL-2, described to be strongly induced in DCs during
C. albicans hyphae infections as well (32-34) and also described to
be necessary for eliciting IFN-y production by NK cells during bac-
terial infections (30, 35). Figure 6 (E and F) shows that DC-derived
IL-2 is required for NK cell activation in the presence of C. albicans
in vitro and that NFATc2-deficient DCs were unable to activate NK
cells because they do not produce IL-2. We thus evaluated the pres-
ence of IL-2* DCs in the lymph nodes of WT and NFATc2-deficient
mice after C. albicans administration. Whereas the numbers of DCs
that produce IL-2 were strongly increased in WT animals after
infection, no induction of IL-2 production by DCs was detected
in NFATc2-deficient mice (Fig. 6G). Accordingly, in vivo IL-2 ad-
ministration to NFATc2-deficient mice at the time of C. albicans
infection restored NK cell activation (Fig. 6C). Moreover, after IL-2
administration, NFATc2-deficient mice presented ulceration (Fig. 6H).
The restoration of ulcer formation in NFATc2-deficient mice
upon IL-2 administration was inhibited when a blocking anti-
IFN-y antibody was also administered (Fig. 6H). These data demon-
strate that after C. albicans infection, NFATc2-deficient DCs do
not produce IL-2 and, consequently, do not induce IFN-y release by
NK cells.

To test whether DC-derived IL-2, produced in an NFATc2-
depedent manner in response to C. albicans administration, was
necessary and sufficient to induce ulceration, we performed the
following experiment. NFATc2-deficient mice were adoptively trans-
ferred with WT, NFATc2-deficient, and IL-2-deficient DCs at the
time of C. albicans administration, and the course of the infection
was analyzed. As depicted in Fig. 61, only mice that received WT DCs
showed ulceration. Moreover, if NK cells were eliminated after the
administration of WT DCs, ulceration was prevented (Fig. 61).

Collectively, these data indicate that activation of NFATc2 in
DCs during fungal infection regulates IL-2 production, which then
elicits IFN-y production by NK cells. In turn, IFN-y is necessary for
counteracting the TGF-f pathway and for allowing plasmin forma-
tion, collagen capsule digestion, and C. albicans expulsion.

IFN-y antagonizes TGF-p signaling and allows abscess
elimination through the activation of the fibrinolytic
systems also during Staphylococcus aureus infections

Last, we investigated whether the cross-talk between the fibrinolytic
and the innate immune systems, which regulates the persistence of
the encapsulated abscess and the elimination of the microbes, applies
not only to fungal but also to bacterial infections. Mice were infected
with the Gram-positive bacterium S. aureus, which can infect the
skin and form abscess. As shown in Fig. 7 (A and B), the infection
induced skin ulceration in WT animals, whereas an encapsulated ab-
scess formed in IFN-y-deficient mice. As with C. albicans infections,
excessive activation of the TGF- pathway and overproduction of tPA
and PAI-1 in WT with respect to IFN-y-deficient mice were observed
(Fig. 7, C and D). This indicates that also during bacterial infections,
IEN-vy can induce the activation of the fibrinolytic system to favor
microbial elimination.

DISCUSSION

In this study, we report two phases of the inflammatory response
elicited by microbial infections of the skin. The first is the phase
of infection containment. In this phase, granulocytes and fibroblasts
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Fig. 8. NFAT activation in innate immune cells dictates the sterilization of C. albicans skin infection. Schematic of C. albicans skin infection containment and elimi-
nation. Distinct phases can be identified in the inflammatory process that takes place after C. albicans skin infections. During the very early phases (1), granulocytes are
recruited and form an abscess around the invading microorganisms to avoid infection spreading. The containment of the infection is ensured by fibroblasts that, once
activated by TGF-B, proliferate and deposit collagen around the abscess to form a capsule. Later, IFN-y, produced by NK cells activated in the draining lymph nodes (dLN),
antagonizes TGF-B and thus avoids excessive fibroblast activation and excessive collagen deposition and also avoids the differentiation of fibroblasts into myofibroblasts
(2). Last, IFN-y ensures the activation of the fibrinolytic system and the consequent activation of metalloproteinases by plasmin (3). During the elimination phase, protein-
ases digest the collagen capsule and induce skin ulceration for the microbial expulsion out of the skin (3). NFATc2 activation in DCs after C. albicans exposure leads to IL-2
production. In turn, IL-2 is required to elicit IFN-y release by NK cells (2). In the absence of NFATc2, IFN-y is not produced in sufficient amount to counteract the TGF-B path-
way (2 Nfatc2™'") and to induce the activation of the fibrinolytic system (3 Nfatc2™'); therefore, fibroblasts are hyperactive, deposit excessive collagen, and differentiate in
myofibroblasts (3 Nfatc2™"). This leads to the formation of a thick capsule that prevents skin ulceration and microbial expulsion out of the skin.
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form an organized abscess to control tissue damage and microbial
spreading. The second phase leads to microbial elimination. This phase
requires the activation of the fibrinolytic system that allows the dis-
charge of microbes out of the skin. Upon infection, granulocytes
are recruited to surround microbes, and active TGF-B promotes a
profibrotic response that favors the deposit of collagen around the
abscess to improve microbial containment. The release of IFN-y in
the skin by NK cells (previously activated in the lymph node by
DCs) avoids excessive collagen deposition and the differentiation
of fibroblasts into myofibroblasts, owing to the antagonistic effect
of IFN-y on the TGF-f pathway. IFN-y also favors plasmin gen-
eration by inducing the production of tPA. Plasmin activates the
process of collagen capsule digestion, skin ulceration, and microbe
discharge (Fig. 8). NFATc2 regulates IL-2 production by DCs after
fungal encounter, and DC-derived IL-2 is required for eliciting
IEN-vy secretion by NK cells. In the absence of NFATc2, IFN-v is
not produced; therefore, the continuous signaling of TGF-p and
the consequent differentiation of fibroblasts into myofibroblasts,
together with the limited activation of the fibrinolytic system, lead
to the generation of a very thick capsule around the abscess. The
thick capsule hampers skin ulceration and microbial elimination;
thus, only the containment phase takes place.

The containment phase of the inflammatory process, although
efficient, is an evolutionary primitive way to control the infections
because a mechanical insult could be sufficient to break the containment
and spread the infection. This type of infection control is probably
reminiscent of ancient innate responses with microbial confine-
ment via encapsulation and melanization (2). The appearance of the
NFAT signaling pathway in evolution has eventually enabled the
elimination phase favoring the interaction between the innate im-
mune system and the fibrinolytic system.

From the pathogen side, the generation of plasmin has been
described to favor microbial invasiveness by favoring extra-
cellular matrix degradation (36). We show here that the fibrino-
lytic system can also help microbial elimination if activated in
the correct time frame. The early activation of the TGF-p pathway
is likely to take place to also counteract the effects of premature
plasmin generation.

The requirement of IL-2 for IFN-y production and the require-
ment of IFN-y for plasmin activation and Candida eradication pro-
vide a molecular explanation for why some patients with chronic
mucocutaneous candidiasis show C. albicans-specific defects in
IL-2 and/or IFN-y production (37-40).

It is known that NFATc2 promotes T helper 1 (Tyl) and sup-
presses T2 responses (22). This has been attributed to the capacity
of NFATc2 to regulate IFN-y production by T cells (41). We show
here that NK cells as well show a deficit of IFN-y production in NFATc2-
deficient mice. Diversely from T cells, the defect is not NK cell-
intrinsic but affects DCs.

A previous work demonstrates that human NK cells can be di-
rectly activated by C. albicans (42), whereas we show here that mouse
NK cells do not respond directly to Candida but need the presence
of DCs to acquire the effector functions necessary to fight the infec-
tion. Our data may seem to conflict with these findings or may
suggest that human and mouse NK cells behave differently. Never-
theless, the discrepancy between the two works could only be osten-
sible. In the work by Hellwig et al. (42), NK cells are maintained in
culture in the presence of IL-2, and we show that IL-2 is indeed
fundamental to induce NK cell activation. Therefore, accessory cells
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could be required, also in humans, to provide an endogenous source
of IL-2.

We showed that the absence of NFATc2 alters the levels of IFN-y,
and IFN-v is required for capsule digestion and microbial expulsion
from skin. Nevertheless, we cannot exclude the fact that other mo-
lecular events regulated by NFATc2 contribute to the formation of
encapsulated abscesses during skin fungal infections. For instance,
it is known that cardiac expression of 0-SMA, which regulates the
contractile activity of myofibroblasts, is induced by TGF-P via the
activation of the NFAT signaling pathway in both fibroblasts and
mesangial cells (43, 44). Therefore, it is also possible that the ab-
sence of NFATc2 could (directly or indirectly via deregulation of
other NFAT member activation) generate a spontaneous tendency
of fibroblasts to proliferate and differentiate into myofibroblasts.
Although we found here that NK cells are activated at the draining
lymph node, we cannot exclude the fact that NK cell activation can
occur in the skin as well.

In conclusion, our study evidences the importance of the fibri-
nolytic system for the eradication of skin infections. Moreover, this
work shows previously unknown roles for TGF-B and IFN-y during
the inflammatory process induced by microorganisms in the skin.
TGF-B is mainly considered an anti-inflammatory cytokine that
intervenes during the late phases of the inflammatory process to
down-regulate inflammation and to start the resolution phase. In
this study, it also emerges as a fundamental cytokine during the ini-
tial phases of the inflammatory response. By exerting its profibrotic
functions, TGF-B increases the effectiveness of the inflammatory
process to avoid excessive microbial spreading in the tissue. More-
over, IFN-y contributes to microbial elimination not only by the
induction of type 1 macrophages and neutrophils but also via the
regulation of fibroblast functions (by antagonizing TGF-B) and the ac-
tivation of the fibrinolytic system. IFN-y-induced plasmin gener-
ation avoids excessive confinement of the infection (which obstructs
microbial discharge) and allows microbial elimination that occurs
not only via the phagocytic and antimicrobial activities of macro-
phages and neutrophils but also through direct microorganism elim-
ination out of the ulcerated skin.

MATERIALS AND METHODS

Study design

The overall objective of the study was to analyze the role of NFATc2
in the innate immune response to C. albicans and S. aureus infec-
tions of the skin. There was not a predefined study component. Mice
were injected in the deep derma with C. albicans or S. aureus, and
the inflammatory response in the skin was investigated by histology,
Western blot and cytofluorimetric analyses, and QRT-PCR. The study
was not blind. For each experiment, the number of biological repli-
cates is indicated in the figure legend.

Mouse strains

All mice, housed under specific pathogen-free conditions, had been
on a B6 background for at least 12 generations and were used at 7 to
12 weeks of age. WT C57BL/6 mice were supplied by Envigo, Italy.
IFN-y-deficient mice were from the Jackson Laboratory. Rag2™~ mice
were from CNRS Centre de Distribution, Typage et Archivage an-
imal in Orleans, France. CD11c.DOG mice were provided by
N. Garbi (Institute of Molecular Medicine and Experimental
Immunology, Bonn, Germany). In these mice, a specific DC ablation
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can be induced by DT injection. IL-2-deficient mice were provided by
A. Schimpl (University of Wiirzburg, Wiirzburg, Germany) NFATc2-
deficient mice were provided by E. Serfling (University of Wiirzburg,
Germany).

C. albicans growth conditions and hyphal induction

The C. albicans strain CAF3-1 (ura3A::imm434/ura3A::imm434),
provided by W. A. Fonzi (Georgetown University), was routinely
grown at 25°C in rich medium [YEPD (yeast extract, peptone, dextrose),
1% (w/v) yeast extract, 2% (w/v) Bacto Peptone, and 2% (w/v) glucose]
supplemented with uridine (50 mg/liter) as described. In this growth
condition, cells showed a typical yeast morphology, and growth was
monitored by counting the cell number using a Coulter Counter-
Particle Count and Size Analyser. Once cells reached a concentra-
tion of about 8 x 10° cells/ml, the total culture was harvested by
centrifugation and resuspended in an equivalent volume of YEPD-
uridine medium buffered with Hepes (50 mM, pH 7.5). Cells were
incubated at 37°C for hyphal induction. Formation of hyphae was
evaluated under a microscope at different time points following
induction until its amount was assessed at 95%.

S. aureus

S. aureus ATCC6538P cells were grown in LB medium (Difco) at
37°C. For subcutaneous infections, stationary phase cultures were
diluted to an optical density at 600 nm (ODgqo) of 0.05 and then grown
until they reached an ODgg of 0.25 that corresponded approximately
to 10° colony-forming units (CFU)/ml. Cells were washed in phosphate-
buffered saline, and appropriate dilutions were injected in mice.

In vivo infections

Mice were prepared by shaving the dorsal region at least 24 hours
before injection. Mice were then injected in the deep derma with
C. albicans hyphae (5 x 10° in a total volume of 50 ul) or 10° CFU of
S. aureus in a final volume of 50 ul in the shaved dorsal regions and
macroscopically analyzed 1, 2, 3, and 7 days later for skin ulceration.
In addition, infected skin was collected at different time points for
histological and biochemical analyses.

In some experiments, recombinant IFN-y [1 ug per mouse sub-
cutaneously (sc); catalog no. 315-05, PeproTech] or LEAF purified
anti-mouse IFN-y (50 pg per mouse sc; clone R4-6A2, catalog
no. 505706; BioLegend) were co-injected together with C. albicans
hyphae. LEAF purified rat immunoglobulin G1 « (IgG1 x) (clone
RTK2071, BioLegend) was used as isotype control (35 ug per mouse
sc); SB-431542 (catalog no. 13031, Cayman Chemical) was used as
TGF-B inhibitor. It was injected daily intraperitoneally (ip) for 3 days,
starting from day —1 (50 ug per mouse). For MMP-3 inhibition,
MMP-3 inhibitor I was purchased from Calbiochem (catalog
no. 444218) and injected sc together with C. albicans hyphae at a
dosage of 125 ug per mouse. The inhibitor was then reinjected 6 hours
after infection (250 pg per mouse) intravenously (iv). Plasmin acti-
vation was blocked by injecting human PAI-1 (0.65 pg per mouse)
(25 pg; catalog no. A8111, Sigma-Aldrich) sc 6 hours before infec-
tion. Last, recombinant IL-2 (1 ug per mouse, 402-ML carrier-free,
R&D Systems) was co-injected sc with C. albicans.

For NK cell depletion, mice received anti-asialo GM1 polyclonal
antibodies (eBioscience, 30j1g per mouse iv) at days —3, —1, and +1.
For DC depletion, DOG mice were treated with DT (Sigma-Aldrich,
16 ng/g) sc and iv 4 hours before C. albicans infection. DT was read-
ministered iv 48 hours later.
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Histopathology

Immunohistochemistry

Explanted skins were embedded in optimal cutting temperature freez-
ing media (Bio-Optica). Sections (5 pum) were cut on a cryostat, adhered
to a Superfrost Plus slide (Thermo Scientific), fixed with acetone, and
blocked with Normal Goat Serum (1:10) for 30 min at room tempera-
ture. Sections were then stained with primary antibody specific for
0-SMA (ab5694, Abcam), p-SMAD?2/3 (clone D27F4, Cell Signaling),
or IFN-y (XMG1.2, Thermo Scientific), 1 hour at room temperature.
LEAF purified rat IgG1 « (clone RTK2071, BioLegend) was used as iso-
type control for IFN-y staining, whereas purified rabbit polyclonal IgG
(BD Pharmingen) was used as isotype control for a-SMA and
p-SMAD2/3 (see fig. S26). Sections were washed with tris-buffered sa-
line buffer, then labeled 30 min at room temperature with the Dako
EnVision Anti-Rabbit System-HRP according to the manufacturer’s
recommendations, and counterstained with Meyer’s hematoxylin solu-
tion (Bio-Optica). After dehydration, stained slides were mounted with
Eukitt, and images were acquired with the NanoZoomer (Hamamatsu).
Hematoxylin and eosin staining

Skin sections (5 pm) were stained with Meyer’s hematoxylin solution
for 8 min and then washed in warm running tap water for 5 min.
Sections were stained with Eosin Y solution for 1 min, washed in warm
running tap water for 5 min, rinsed in distilled water, and then de-
hydrated through passages in 95% and absolute alcohol. After de-
hydration, stained slides were cleared in xylene and mounted with
Eukitt. Images were acquired with the NanoZoomer (Hamamatsu).
PicroSirius Red staining

Sections were stained with Meyer’s hematoxylin solution for 8 min
and then washed for 10 min in running tap water. Sections were
stained in PicroSirius Red for 1 hour and then washed in two changes
of acidified water. After dehydration in three changes of 100% etha-
nol, slides were cleared in xylene and mounted in Eukitt. Images were
acquired with the NanoZoomer (Hamamatsuy).

For collagen quantification, five fields (20x) from two sections
per group were analyzed by separation into a red, green, and blue
(RGB) filter, and the red area was mathematically divided by the
RGB area and multiplied by 100%. This calculation represents the
percentage area staining positively for collagen fibers.

Periodic acid-Schiff staining

Sections were fixed with acetone for 1 min at room temperature and
then washed for 1 min in slowly running tap water. Slides were rinsed
in periodic acid solution for 5 min at room temperature. Slides were
rinsed with several changes of distilled water and then with Schiff’s
reagent for 15 min at room temperature. After washing in running
tap water, slides were counterstained in hematoxylin solution for
5 min. Last, slides were dehydrated in three changes of 100% ethanol,
cleared in xylene, and mounted in Eukitt. Images were acquired with
the NanoZoomer (Hamamatsu).

Flow cytometry

Intracellular staining was performed on lymph node single-cell
suspension using Cytofix/Cytoperm reagents (BD Biosciences) ac-
cording to the manufacturer’s instructions. Single-cell suspensions
were kept for 3 hours in the presence of brefeldin A (10 ug/ml; Sigma-
Aldrich) before staining.

The antibodies used were as follows: phycoerythrin (PE)-anti-
mouse CD49b (clone DX5, catalog no. 108908; BioLegend); allo-
phycocyanin (APC)-anti-mouse IFN-y (clone XMG1.2, catalog no.
505810; BioLegend); fluorescein isothiocyanate (FITC)-anti-mouse
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CD3 (clone 17A2, (catalog no. 100204; BioLegend); APC-anti-
mouse CD11b (clone M1/70, catalog no. 101212; BioLegend); PE-
anti-mouse CD11c (clone N418, catalog no. 117308; BioLegend);
APC-anti-mouse CD11c (clone N418, catalog no. 117310; BioLegend);
APC/Cy7-anti-mouse CD3 (clone 17A2, catalog no.100222; Bio-
Legend); and peridinin chlorophyll protein-anti-mouse NK1.1 (clone
PK136); Alexa 488-anti-mouse I-Ab antibody (clone AF&-120.1); and
PE-anti-mouse IL-2 (clone JES6-5H4) (all from BioLegend).

The antibodies used as isotype controls were as follows: PE mouse
IgG2a, k (catalog no. 400211, BioLegend); FITC rat IgG2b, « (catalog
no. 400605, BioLegend); APC rat IgG1, k (catalog number 400411);
PE rat IgG2b, « (catalog no. 400607, BioLegend); PE/Cy7 mouse
IgG2a, « (catalog no. 400253, BioLegend); and APC/Cy7 Armenian
hamster IgG (catalog no. 400927, BioLegend). NK cells were identified
as NK1.1°CD3~ lymphocytes. DCs were identified as CD11¢"MHCIT*
cells. Samples were acquired with a Gallios flow cytometer (Beckman
Coulter).

Cells

Bone marrow-derived dendritic cells (BMDCs) were generated by
culturing bone marrow (BM) precursors, flushed from femurs, in
Iscove’s modified Dulbecco’s medium (IMDM) (Euroclone) con-
taining 10% heat-inactivated fetal bovine serum (Euroclone), 100 IU
of penicillin, streptomycin (100 ug/ml), 2 mM L-glutamine (Euro-
clone), and granulocyte-macrophage colony-stimulating factor
(CSF) (10 to 20 ng/ml) for 8 days. BM-derived macrophages
were cultured in IMDM containing 100 IU of penicillin, streptomycin
(100 pg/ml), 2 mM L-glutamine (all from Euroclone), and macro-
phage CSF (10 to 20 ng/ml) for 10 days.

DCs for adoptive transfer experiments were expanded in vivo by
transplanting mice with B16 tumor cells transduced with Flt3 ligand
(FLT3L). Ten days after in vivo expansion, CD11c" cells were puri-
fied from spleen by magnetic-activated cell sorting (MACS) by pos-
itive selection using CD11c¢ microbeads (Miltenyi Biotec).

NK cells for in vitro experiments and for adoptive transfer ex-
periments were purified from splenocytes (after red blood cell lysis)
by MACS positive selection using CD49b (DX5) microbeads (Miltenyi
Biotec). Purity was assessed by fluorescence-activated cell sorting
(FACS) analysis and was routinely between 93 and 96%.

Skin fibroblasts were isolated and differentiated from the ears of
adult C57BL/6 WT and NFATc2-deficient mice. Mice were euthanized
and ears were removed. The ears were then divided into two layers
and cut into small pieces that were placed in a six-well tissue culture
plate with 3 ml of Dulbecco’s modified Eagle’s medium (catalog no.
ECB7501L, Euroclone) containing 10% heat-inactivated fetal bovine
serum (catalog no. 10270, Gibco), 100 IU of penicillin, streptomycin
(100 pg/ml), 2 mM L-glutamine (all from Euroclone), epidermal growth
factor (1 pug/ml) (SRP3196, Sigma-Aldrich), and fibroblast growth fac-
tor 2 (1 ng/ml) (SRP4038, Sigma-Aldrich) for 1 week. After 1 week,
adherent fibroblasts were detached with trypsin/EDTA (catalog no.
ECB3001D, Euroclone) and grown in tissue culture plates. At 80% of
confluence, cells were detached and divided by a ratio of 1:2 until pas-
sages 4 and 5 when they were used for experimental procedures.

NK-DC cocultures

BMDCs (1 x 10° per well) and NK cells (5 x 10* per well for IEN-y
release assays) were cocultured in flat-bottom 96-well plates in the
presence or absence of C. albicans hyphae [multiplicity of infection
(MOI), 0.005], and, where indicated, recombinant IL-2 (rIL-2) (7.5 ng/ml)
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(402-ML carrier-free, R&D Systems), or purified rat anti-mouse
IL-2 (5 ug/ml) (BD Biosciences) or purified rat IgG2a (5 pug/ml)
(BD Biosciences) as isotype control. Two hours after stimulation,
amphotericin B (2.5 pg/ml) (Sigma-Aldrich) was added to the
cultures.

TNF-q, IL-2, IFN-y, and IL-12 measurement

Concentrations of IL-2, TNF-a, IFN-y, and IL-12 in supernatants
were assessed by enzyme-linked immunosorbent assay (ELISA) kits
purchased from BD OptEIA, eBioscience, and R&D Systems,
respectively.

Quantitative reverse transcription polymerase

chain reaction

Pieces of lateral skin were homogenized in TRIzol reagent, and then
RNA was extracted using Qiagen RNeasy Mini Kit (catalog no. 74104).
Single-strand complementary DNA (cDNA) was synthesized using
High-Capacity cDNA Reverse Transcription Kits (catalog no. 4368814,
Applied Biosystems). The NanoDrop (Thermo Scientific) was used
to titer mRNA, and amplification was performed using either the
TagMan Gene Expression Master Mix (catalog no. 4369016, Applied
Biosystems) and TagMan probes (Ifng, Mm01168134_m]1; Fcerla,
Mm00438867_m1; SiglecF, Mm00523987_m]1; Ly6c, Mm03009946_m1;
Cdllc Mmo00498698_m1; Nfatcl, Mm00479445_m1; Nfatc2,
Mm01240677_m1; Nfatc3, Mm01249200_m1; 18S, Mm03928990_
gl;Gapdh, Mm99999915_g1) or the Power SYBR Green PCR Master
Mix (Applied Biosystems) (Ly-6G: forward, 5'-TGGACTCTCA-
CAGAAGCAAAG-3' and reverse, 5'-GCAGAGGTCTTCCTTC-
CAACA-3'; Gapdh: forward, 5'-CTGGCCAAGGTCATCCATG-3’
and reverse, 5'-GCCATGCCAGTGAGCTTCC-3’). Relative mRNA
expression was calculated using the AC; method, using either
Gapdh or 18S as a reference gene.

Western blot

Pieces of lateral skin were cut, put in Eppendorf tubes, and im-
mersed in liquid nitrogen for snap freezing. Tissues were smashed
and homogenized in 1 ml of lysis buffer [50 mM tris-HCI (pH 7.4),
150 mM NaCl, 10% glycerol, and 1% NP-40 supplemented with pro-
tease and phosphatase inhibitor cocktails; Roche] using a TissueLyser
(full speed for 20 min, Qiagen). Samples were then maintained in
constant agitation for 2 hours at 4°C and centrifuged for 20 min at
13,000g at 4°C. The supernatants were collected into a new Falcon tube.
Proteins were quantified using a bicinchoninic acid assay (Euroclone).
Cell lysates (150 pg) were run on a 10% polyacrylamide gel, and
SDS-polyacrylamide gel electrophoresis was performed following
standard procedures. After protein transfer, nitrocellulose mem-
branes (Thermo Scientific) were incubated with the antibodies spe-
cific for phosphorylated SMAD2/3 (clone D27F4, Cell Signaling),
mSerpin E1 (goat polyclonal IgG, R&D Systems), tPA (rabbit poly-
clonal, NOVUS Biologicals), and B-actin (rabbit polyclonal, Cell
Signaling) and developed using an enhanced chemiluminesence sub-
strate reagent (Thermo Scientific).

Plasmin and MMP-3 activity assays

Pieces of lateral skin were cut, put in Eppendorf tubes, and im-
mersed in liquid nitrogen for snap freezing. Tissues were smashed
and homogenized in 1 ml of an optimized buffer [150 nM NaCl,
1% NP-40, and 50 mM tris-HCI (pH 8.0)] with a TissueLyser (Qiagen)
(full speed for 20 min at 4°C). Samples were then maintained in
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constant agitation for 2 hours at 4°C and centrifuged for 20 min at
13,000g at 4°C. Samples (50 pl) were then used for plasmin mea-
surement using the Plasmin Activity Assay Kit (Abcam) and for
active MMP-3 measurement using the Activity Assay Kit (Abcam).

Adoptive transfer experiments

For the adoptive transfer of NK cells, WT or IFN-y-deficient mice
were injected iv with lipopolysaccharide (LPS) (2 mg LPS/gbw) to
activate NK cells. Two hours and 30 min after activation, NK cells
were purified from spleen and administered iv to NFATc2-deficient
mice (2 x 10° per mouse) 4 hours after C. albicans infection.

For the experiments of DC adoptive transfer, DCs were purified
form the spleen of WT, NFATc2-deficient, and IL-2-deficient mice.
Purified DCs were then co-injected with C. albicans (2 x 10° per mouse).
The same mice also received purified DCs by intravenous adminis-
tration (10° per mouse) after C. albicans infection.

Statistical analysis

Means were compared by either unpaired parametric ¢ tests or two-
way analysis of variance (ANOVA). Data are expressed and plotted
as means * squared deviations from the mean (SDM) or + SEM
values. Sample sizes for each experimental condition are provided
in the figure legends. P values for Kaplan-Meier curves were calcu-
lated with log-rank test. All P values were calculated using Prism
(GraphPad). Differences were considered significant if P < 0.05.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/2/15/eaan2725/DC1

Fig. S1. Expression of NFATc1, NFATc2, and NFATc3 in immune cells.

Fig. S2. Magnifications of the selected areas shown in Fig. 1C.

Fig. S3. Additional histological images of the abscess after C. albicans infection.

Fig. S4. Histology of the abscess 1 month after infection of NFATc2-deficient mice.

Fig. S5. Granulocyte and monocyte recruitment at the infection site of WT and NFATc2-
deficient mice.

Fig. S6. Visualization of C. albicans at the infection site 6 to 8 days after infection.

Fig. S7. Additional histological images of a-SMA staining in skin sections of WT and
NFATc2-deficient mice.

Fig. S8. Additional histological images of p-SMAD2,3 staining.

Fig. S9. Magnifications of the selected areas shown in Fig. 3D.

Fig. S10. Additional histological images of the abscesses after C. albicans infection in the
presence of a TGF-B inhibitor.

Fig. S11. Additional histological images of IFN-y staining.

Fig. $12.IFN-y induces capsule digestion.

Fig. S13. Additional histological images of the abscesses after C. albicans infection in the
presence of PAI-1.

Fig. S14. Inhibition of plasmin or MMP-3 interferes with C. albicans elimination.

Fig. S15.IFN-y mRNA is up-regulated in the infected skin of RAG-2-deficient mice.

Fig. S16. DCs are necessary for the activation of NK cells in the presence of C. albicans
in vitro.

Fig. S17. DC depletion after DT injection in DOG mice.

Fig. S18. Granulocyte and monocyte recruitment at the infection site of DOG mice treated or
not with DT to deplete DCs.

Fig. $19. Additional histological images of IFN-y staining in the infected skin of

DOG mice.

Fig. $20. IL-12 production by BMDCs after C. albicans stimulation.

Fig. S21. Original Western blots shown in Fig. 3A.

Fig. $22. Original Western blots shown in Fig. 4 (E and F).

Fig. $23. Original Western blots shown in Fig. 5E.

Fig. S24. Original Western blots shown in Fig. 7C.

Fig. 525. Original Western blots shown in Fig. 7D.

Fig. S26. Representative isotype control stainings for immunohistochemical analyses.
Fig. S27. Gating strategies used in cytofluorimetric analyses.

Fig. S28. Representative isotype control stainings for cytofluorimetric analyses.

Raw data for Figs. 1 (B, D, and E), 4 (A, C,and G), 5 (A, C, F, G, H,and J), 6 (Bto I), and 7A; and
figs. S1 (A and B), S5, 514, 515, 516, S17A, S18, and S20 (Microsoft Excel format).
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There's more than one way to skin an infection

There are two phases of innate immune control of skin infection by Candida albicans——protective containment and
elimination. Now, Santus et al. report that early activation of the transcript factor nuclear factor of activated T cells
(NFAT) balances these two phases. During the containment phase, NFAT regulates active TGF- 3 expression, which
induces collagen deposition and traps the microbe. During the elimination phase, NFAT induces IFN- y that promotes skin
ulceration and microbial expulsion. These functions are not restricted to Candida because cross-talk between the innate
immune and fibrinolytic responses also contributed to defense against Staphylococcus aureus. This cooperation is
critical to minimizing tissue damage while fighting infection.
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