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SUMMARY

Th17 cells express diverse functional programswhile
retaining their Th17 identity, in some cases exhibiting
a stem-cell-like phenotype. Whereas the importance
of Th17 cell regulation in autoimmune and infectious
diseases is firmly established, the signaling path-
ways controlling their plasticity are undefined. Using
a mouse model of invasive pulmonary aspergillosis,
we found that lung CD103+ dendritic cells (DCs)
would produce IL-2, dependent on NFAT signaling,
leading to an optimally protective Th17 response.
The absence of IL-2 in DCs caused unrestrained pro-
duction of IL-23 and fatal hyperinflammation, which
was characterized by strong Th17 polarization and
the emergence of a Th17 stem-cell-like population.
Although several cell types may be affected by defi-
cient IL-2 production in DCs, our findings identify
the balance between IL-2 and IL-23 productions by
lung DCs as an important regulator of the local in-
flammatory response to infection.
INTRODUCTION

In recent years, the view of Th17 cells as a short-lived, transient

population has been overturned by data showing that, under

some circumstances, they exhibit marked functional plasticity,

multipotency, and a stem-cell-like phenotype (Muranski et al.,

2011). In parallel, the contribution of the Th17/IL-17 response

to both physiological and pathological inflammation has become

well established (Korn et al., 2009). What remains unknown

is which cellular interactions, factors, and signaling pathways

determine the functional programs that are expressed by Th17

cells and how Th17 functionality is regulated under different con-

ditions. One possible candidate is IL-2 (Boyman and Sprent,

2012). Because of the potency and pleiotropic roles of IL-2, the

finding that myeloid dendritic cells (DCs) will produce the cyto-
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kine in response tomicrobial stimuli (Granucci et al., 2001;Wuest

et al., 2011; Zelante et al., 2012) has posed intriguing questions

about IL-2’s role in the context of DC-T cell interactions.

After exposure to fungal antigens in vitro, DCs undergo an

influx of Ca2+ that causes calcineurin, a Ca2+-calmodulin-depen-

dent phosphatase, to dephosphorylate nuclear factor of acti-

vated T cells (NFAT) in the cytoplasm, resulting in NFAT nuclear

translocation and Il2 transcription (Fric et al., 2014). We therefore

askedwhat impact the absence of IL-2 in DCs would have on im-

mune polarization and outcome of fungal infection by using a

murine model of invasive pulmonary aspergillosis. Mice selec-

tively lacking IL-2 in DCs expressed higher levels of IL-17 in their

lungs during Aspergillus fumigatus infection and frequently died

as a result of a pathological Th17 response. DCs that were not

competent for IL-2 production would instead secrete IL-23,

which drove fatal Th17-mediated immune pathology. These

data suggest a crucial role for Aspergillus-induced IL-2 produc-

tion by lung DCs that shapes the Th17 response to infection and

determines disease resolution versus an ultimately fatal condi-

tion of hyperinflammation.

RESULTS

Aspergillus-Induced IL-2 Is Transcribed through a
Ca2+-Calcineurin-NFAT Pathway in DCs
Fungal b-glucan particles trigger IL-2 release from DCs (Rogers

et al., 2005; Zelante et al., 2012). We first confirmed that whole

fungal cells were also able to induce IL-2 in DCs in vitro. We

exposed long-term growth-factor-dependent D1 cells—an

immature murine myeloid CD103+ CD11b+ DC line (Winzler

et al., 1997)—to different Aspergillusmorphotypes, namely, con-

idia (A-con), partially germinated swollen conidia (A-sw), and fully

germinated hyphae (A-hyp), as compared to whole-glucan parti-

cles (WGP). All morphotypes induced IL-2 release by D1 cells

(Figure 1A). Although A-hyp was the strongest stimulus for IL-2

release, the physical properties of A-con and A-sw render

them most suited to in vitro studies, and they were therefore

used in the subsequent experiments. Exposure of D1 cells to

A-con, and more so to A-sw, was marked by a cytosolic Ca2+
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Figure 1. IL-2 Is Transcribed through a Ca2+-calcineurin-NFAT-Signaling Pathway in Response to Aspergillus Morphotypes

(A) ELISA of IL-2 in supernatants from D1 cells exposed to Aspergillus for 8 hr at cell-to-fungal morphotype ratios of 1:0.01, 1:0.1, and 1:1 or to WGP (10 mg/ml).

(B) Ca2+ flux in D1 cells at cell-to-fungal morphotype ratios of 1:1 or 1:0.1. BAPTA (20 mM) and SKF-96365 (10 mM) were added 1 hr prior to fungal exposure to

deplete intracellular Ca2+ and inhibit the store-operated channels, respectively. EDTA (4 mM) was added for the last 45 min of incubation in combination with

Fluo4-AM. Values (F) were normalized to baseline reading at the first time point (F0) after the injection of the stimuli, and percentage (F/F0*100) is shown. Data are

from one experiment representative of three (means ± SD of triplicate cultures are shown).

(C) Luciferase activity, indicating NFAT nuclear translocation, was measured in NFAT translocation-firefly luciferase reporter cells.

(D) Immunofluorescent images showing NAFTc2 (green), cell nuclei (blue, DAPI) and RFP A-sw (magenta) in D1 cells. Magnification is at 1003. Results are

representative of three experiments. Quantitative analysis of the frequency of NFATc2 nuclear localization is presented in Figure S1A.

(E) ELISA of IL-2 fromD1 cells exposed toAspergillus for 8 hr at cell-to-fungal morphotype ratios of 1:0.1. D1 cells were treated with CsA and FK506 for 1 hr before

stimulation with Aspergillus. Means ± SD of triplicate cultures are shown.

*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001 (ANOVA with Bonferroni post-test). See also Figure S1.
influx (Figure 1B, left panel). Pre-incubating D1 cells with EDTA to

chelate extracellular Ca2+, or the cell-permeant Ca2+ chelator

BAPTA, revealed a role for both extracellular and intracellular

Ca2+ stores. Moreover, the addition of SKF-96365, which inhibits

Ca2+-release-activated channels (CRACs) (Hsu et al., 2001),

similarly abrogated Ca2+ influx in response to Aspergillus expo-

sure in D1 cells (Figure 1B, right panel).

Exposure to all morphotypes induced nuclear translocation of

NFAT, measured by an NFAT-luciferase reporter assay, with the

greatest luciferase activity recorded in response to germinated

fungi (Figure 1C). In D1 cells exposed to A-sw, NFAT nuclear

translocation was detected by immune-fluorescence micro-

scopy at 0.5–3 hr (Figures 1D and S1A).

IL-2 production by D1 cells exposed to A-sw depended on

NFAT signaling, as treatment with the calcineurin B inhibitors cy-

closporin A (CsA) or tacrolimus (FK506) significantly reduced the

amount of IL-2 in culture supernatants (Figure 1E). Consistent

with a need for fungal uptake, the inhibition of actin polymeriza-

tion with cytochalasin D revealed the parallel importance of

phagocytic function in D1 cells for IL-2 production (Figure S1B).

Finally, IL-2 release did not require the MyD88-TRIF signaling
1790 Cell Reports 12, 1789–1801, September 22, 2015 ª2015 The A
complex but was instead contingent on dectin-1, which initiates

Ca2+-calmodulin-dependent events in response to b-glucan

(Figures S1C and S1D).

The NFAT family of transcription factors has emerged as a key

mediator of the initiation of immune responses, and specifically,

NFATc2 is known to mediate the transcription of IL-2 released

by DCs in response to LPS upon Ca2+ entry (Zanoni et al.,

2009). To establish whether NFATc2 was acting directly or indi-

rectly in modulating IL-2 production, we performed a chromatin

immunoprecipitation (ChIP) assay in D1 cells. In the absence of a

commercially available NFATc2 antibody suitable for use in ChIP

assays, we devised a V5-tagging approach (Yu et al., 2011) (Fig-

ure S1E). This confirmed that NFATc2 bound the promoter re-

gion of Il2 upon WGP stimulation of D1 cells (Figure S1E), which

is consistent with our recent finding that NFATc2 occupancy is

responsible for curdlan-mediated activation of multiple genes

in DCs (Yu et al., 2015).

Thus, A. fumigatus fungal morphotypes trigger IL-2 release

from murine myeloid DCs through the receptor dectin-1, phago-

cytosis, and the downstream Ca2+-calmodulin-dependent NFAT

signaling pathway.
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Figure 2. CD103+ DC-Derived IL-2 Regulates Th17 Differentiation In Vitro in Response to Aspergillus

(A) Ca2+ flux in sorted populations of lung DCs fromWTmice following exposure to A-sw at cell-to-fungal morphotype ratio of 1:0.1. Data are from one experiment

representative of three (means ± SD of triplicate cultures). **p < 0.01 (Student’s t test).

(B) ELISA of IL-2 in CD103+ or CD11b+ lung DCs isolated fromCnb1fl/fl orCd11cCre Cnbfl/flmice after incubation with A-sw for 18 hr at a cell-to-fungal morphotype

ratio of 1:0.1. *p < 0.05 (Student’s t test).

(C) ELISA of IL-2 in supernatants of CD103+ lung DCs isolated from Cnb1fl/fl mice after incubation with A-sw for the time points indicated, at cell-to-fungal

morphotype ratio of 1:0.1. **p < 0.01 (Student’s t test).

(D) Representative flow cytometry plots of CD11b and CD103 expression within the total lung DC population at day 0 and day 1 following intranasal inoculation

with heat-inactivated A-sw (left panel) and qRT-PCR analysis of Il2 mRNA expression in lung DC subpopulations isolated from untreated (Unt) mice or mice

inoculated intranasally with heat-inactivated A-sw 1 day post-inoculation (right panel).

(E) ELISA of IL-17 in supernatants of WT CD103+ or CD11b+ lung DC-T cell co-cultures. DCs were incubated overnight with heat-inactivated A-sw (cell-to-fungal

morphotype ratio of 1:0.1) and CCFA (10 mg/ml).

(F) The day after, 13 106/ml CD4+ T cells fromCCFA-immunizedmice (see Experimental Procedures) were added at a ratio of 1 DC to 20 T cells without or with the

addition of 10 ng of IL-2. On day 6, ELISA of IL-17 was performed.

(G) CD103+ lung DCs fromWT C57BL/6 mice were incubated with heat-inactivated A-sw and CCFA overnight and with or without anti-IL-2 (10 mg/ml; early). 13

106/ml CD4+ T cells from CCFA-immunized mice were added at a ratio of 1 DC to 20 T cells, with or without anti-IL-2 (10 mg/ml; late).

*p < 0.05; **p < 0.01; and ****p < 0.0001 (ANOVA with Bonferroni post-test). See also Figure S2.
Lung CD103+ DC-Derived IL-2 Inhibits Th17 Cell
Polarization
Several subpopulations of murine lung DCs are present in the

steady state: ‘‘classical’’ CD11c+ DCs (encompassing CD103+

[type 1] and CD11b+ [type 2] DC subsets) and plasmacytoid

DCs (Guilliams et al., 2014). Recent data suggest that CD11b+

DCs are essential for T-helper cell priming in aspergillosis (Schlit-

zer et al., 2013), and pulmonary CD103+ DCs have an estab-

lished role in the response to particulate antigens (Greter et al.,

2012); however, it is unknown whether any of those subpopula-

tions are able to release IL-2 and whether NFAT proteins are

important in their signaling pathways.

We generated mice conditionally lacking the calcineurin B1

subunit (CnB) in the CD11c+ DC population (Cd11cCre Cnbfl/fl

mice; see Experimental Procedures). CD11c+ DCs were isolated

from the lungs of Cd11cCre Cnbfl/fl mice and the CD11b+ and

CD103+ subpopulations then exposed to A-sw ex vivo. A sub-

stantive Ca2+ flux was only observed in the CD103+ fraction

(Figure 2A), and it was accompanied by a significant induction

of IL-2 in response to A-sw (Figure 2B), which accumulated in

culture medium over the following 18 hr (Figure 2C). Moreover,
Cell Rep
CD103+ DCs from the lungs of Cd11cCre Cnbfl/fl mice had mark-

edly diminished IL-2 responses to A-sw (Figure 2B). These

results confirmed that, similar to our observations in D1 cells,

CD103+ DCs from mouse lung transcribe Il2 in an NFAT

pathway-dependent manner following exposure to A-sw ex vivo.

We asked whether Il2 expression also occurred in lung DCs

from wild-type (WT) mice during acute aspergillosis. Mice were

exposed intranasally to A-sw, and after 1 day, DC subpopula-

tions were sorted from dissociated lung tissue. We found that

Il2 mRNA was selectively induced in CD103+ DCs (Figure 2D).

Interestingly, whereas lung CD11b+ DCs also expressed the cal-

cineurin (Ppr1) andNfat1 genes (Figure S2A), they were evidently

unable to produce IL-2. Further investigation of their transcrip-

tional profile revealed significantly lower levels of Sept4 expres-

sion in response to Aspergillus relative to the CD103+ fraction

(Figure S2B). Septin4 is essential for store-operated Ca2+ entry

organization and therefore required for NFAT translocation

(Sharma et al., 2013), thereby likely explaining/contributing to

the absence of Il2 induction in those cells.

Becauseof the IL-2production fromCD103+ lungDCsexvivo—

which is associated with Il2 expression in vivo—we investigated
orts 12, 1789–1801, September 22, 2015 ª2015 The Authors 1791



Figure 3. Mice with Deficiency of IL-2 in

DCs Are Highly Susceptible to Invasive

Aspergillosis

WT, DC-Il2�/�, T-Il2�/�, or Il2�/� mice were in-

fected intranasally with Aspergillus and monitored

for 7 days.

(A) Aspergillus CFU/lung and 18S rRNA gene

expression measured by qPCR; *p < 0.05; **p <

0.01; ***p < 0.001; and ****p < 0.0001 (ANOVA with

Bonferroni post-test).

(B) Survival rate; ***p < 0.001 (log rank test).

(C) H&E-stained lung sections with arrows indi-

cating mononuclear cell infiltration occluding the

airways; original magnification, 43; scale bar,

1,000 mM (right panel); CFU/lung at 3, 5, and

7 days post-infection; **p < 0.01 (two-tailed Stu-

dent’s t test; left panel).

(D) Flow cytometric analysis of frequency of

GR1+ CD11b+ cells in the pulmonary cells of mice

at 7 days post infection. **p < 0.01 (ANOVA with

Bonferroni post-test).

(E) ELISA of IL-17 and IFN-g in supernatants of

whole-lung homogenates at day 0 and 7 days

post-infection; data were normalized to total pro-

tein (t.p.) content; *p < 0.05; **p < 0.01; ***p <

0.001; and ****p < 0.0001 (ANOVA with Bonferroni

post-test).

See also Figures S3 and S4.
the role of those events in aspergillosis. As IL-2 is crucial for Th cell

differentiation (Malek, 2008),wefirstaskedwhetherTcell polariza-

tion differed in mice lacking DC-derived IL-2. Inguinal, popliteal,

and para-aortic lymph node CD4+ T cells from mice immunized

with A. fumigatus crude culture filtrate antigens (CCFA) (Grünig

et al., 1997) were cultured with GM-CSF bone-marrow-derived

DCs (GM-DCs), either from WT mice or from mice lacking IL-2 in

all tissues (i.e., Il2�/� mice). In vitro proliferative responses of

T cells isolated from immunized mice and stimulated with CCFA

(Figure S2C) were significantly lower when GM-DCs lacked the

ability to produce IL-2 (Figures S2D and S2E).

Using pulmonary CD103+ DCs and CD11b+DCs, we investi-

gated the effect of IL-2 deficiency on Th cell polarization. After

overnight incubation of lung DC subsets with A-sw and CCFA

to allow full induction of DC IL-2 production (as revealed by

the kinetics in Figure 2C), DCs were co-cultured with T cells

isolated from immunized mice (Figure 2E). The absence of IL-

2 in pulmonary CD103+ DCs led to a significantly higher IL-17

production relative to culturing T cells with IL-2-competent

DCs (Figure 2E). This effect was directly attributable to the

absence of IL-2, as adding recombinant IL-2 to cultures con-

taining Il2�/� CD103+ DCs significantly reduced IL-17 produc-

tion from co-cultured T cells (Figure 2F). To confirm that DCs

and not T cells were the critical source of IL-2, we added

anti-IL-2 antibodies (or an isotype control) to cultures either

before (Figure 2G, early) or after (Figure 2G, late) including

T cells. Increased IL-17 production was selectively induced

by adding anti-IL-2 at the time of DC priming with antigen, in
1792 Cell Reports 12, 1789–1801, September 22, 2015 ª2015 The Authors
the absence of T cells (Figure 2G).

Thus, Il2—transcribed through a Ca2+-

calcineurin-NFAT-signaling pathway in
CD103+ DCs—modulated Th17 cell expansion in vitro in

response to Aspergillus-germinated particles.

Lung DC-Derived IL-2 Controls Lung Inflammation and
Susceptibility to Invasive Aspergillosis
Optimally balanced Th17 functionality in response to fungal an-

tigens is required for resolution of invasive pulmonary aspergil-

losis (Romani et al., 2008). To assess the impact of DC-derived

IL-2 deficiency in vivo, we also generated mice conditionally

lacking Il2 in the CD11c+ DC population (Cd11cCre Il2fl/fl mice;

see Figures S3A–S3C). We compared the Cd11cCre Il2fl/fl mice

bearing a selective deficiency of IL-2 in CD11c+ DCs (DC-

Il2�/�) with mice lacking IL-2 in all tissues (Il2�/�) or lacking IL-

2 expression in CD4+ T cells (T-Il2�/�), as well as with WT mice.

We selected Cd11cCre Il2fl/fl mice with specific targeted dele-

tion in DCs, where T cells and DCs had comparable secretion

of IL-2 in response to thapsigargin (60 nM) relative to WT

T cells (Figure S3D). Mice of each genotype were infected intra-

nasally with A. fumigatus, resulting in invasive pulmonary asper-

gillosis. Clinical signs of the disease were obvious in all groups at

7 days post-infection. However, significantly higher fungal loads

andAspergillus 18S expression in the lungs were observed in the

three mutant strains than in WT animals (Figure 3A). Despite the

fact that Il2�/� and T-Il2�/� mice had significantly higher fungal

burdens in their lungs than DC-Il2�/� mice, they frequently sur-

vived longer than did animals selectively lacking IL-2 in DCs,

80% of which would succumb to challenge by day 6 of infection

(Figure 3B). This indicated that fungal load was not, per se, the



major determinant of disease outcome and that IL-2 production

by lung DCs contributed substantially to overall protection.

Whereas either generalized or T-cell-confined IL-2 deficiency

increased local invasiveness by Aspergillus, selective lack of

IL-2 in lung-resident DCs appeared to trigger an acute and

potentially fatal effect not directly attributable to an increased

fungal burden in the lungs.

Kinetic analysis of fungal load during the first week post inoc-

ulation with Aspergillus revealed a consistent trend of exacer-

bated infection in DC-Il2�/� mice from day 3, which was

maximal at 7 days (Figure 3C). Histopathology revealed multi-

focal bronchoalveolar histiocytic pneumonia and a greater

multifocal perivascular neutrophil infiltration compared to WT

(Figure 3C), T-Il2�/�, or Il2�/� mice (Figure S4A). Differences in

cellular infiltrates among genotypes were not due to global

changes in immune cell composition, as DC-Il2�/� mice had

CD4+ and CD8+ T cell frequencies in their lungs and spleens

similar to those in WT mice (Figure S4B). Considering innate im-

mune cells, only the frequency of GR1+ CD11b+ neutrophils was

significantly higher in the lungs of DC-Il2�/� mice (Figures 3D

and S4C).

IL-17 and IFN-g are secreted in mice with pulmonary Asper-

gillus infections (Romani, 2011), and they have a potential for

contributing to resolution of infection as well as causing severe

tissue inflammation. Mice were inoculated with A-con, and

7 days later, the cytokine content of their lung homogenates

was measured by ELISA, which revealed that DC-Il2�/� mice

produced significantly higher amounts of IL-17 than did their

WT counterparts. Lung-associated IFN-gwas equally expressed

across the four genotypes (Figure 3E). Therefore, lung DC-

derived IL-2 seemed to control lung inflammation and suscepti-

bility to invasive aspergillosis by regulating the IL-17 response.

Lung DC-Derived IL-2 Controls the Th17 Cell Response
In Vivo
Because IL-2 is known to control T-reg cell survival (Fontenot

et al., 2005) and one function of T-reg cells is to restrain patho-

logical inflammation, we investigated whether the abundance

of Foxp3+ CD4+ T-reg cells varied in mice of the different geno-

types. The relative frequencies of Foxp3+ CD4+ T cells in the

lungs and thoracic lymph nodes (TLNs) of DC-Il2�/� and WT

mice were similar, regardless of any exposure to intranasal

Aspergillus (Figure 4A). mRNA expression of Foxp3 in T cells

did not change during infection (Figure 4B). Although not statis-

tically significant, T-Il2�/� and Il2�/� mice had lower T-reg-cell-

associated Foxp3 expression in their lungs (Figure 4C) and

splenic (Figure S4D) CD4+ T cell compartments than did WT

and DC-Il2�/� animals.

In agreement with the pattern of cytokine production seen in

lung homogenates (Figure 3E), flow cytometry analysis of freshly

harvested, inflammatory CD45+ cells from the lungs revealed a

higher frequency of IL-17-producing cells in DC-Il2�/� mice in-

fected with Aspergillus relative to WT counterparts (Figure 4D).

The increased IL-17 expression in the lungs of DC-Il2�/� mice

was entirely attributable to CD45+ CD90+ cells (Figure 4E),

which were still present at 14 days of infection in the lungs

from DC-Il2�/� mice (Figure 4F), but not in TLNs from the

same animals (Figure 4E). CD90+ IL-17+ cells were not detected
Cell Rep
in the lungs of T-Il2�/� and Il2�/� mice or of WT animals (Fig-

ure 4G). Because both innate lymphoid cells (ILCs) and T cells

in the lung express the cell surface marker CD90, CD90+ IL-

17+ cells were further examined for their expression of other

T cell markers. The analysis revealed that 70% of the popula-

tion expressed CD3, with 60% expressing CD4 and 9%

expressing CD8 (Figure 4H). Collectively, these data demon-

strated that IL-2 produced by lung DCs was responsible for

the increased frequency of IL-17+ CD45+ CD90+ T cells late in

infection with Aspergillus.

High-Dimensional-Analysis-Based Profiling of Lung T
Cells Expanded in DC-Il2�/� Mice
We investigated the nature of the pulmonary immune cells res-

ponsible for the shift toward a predominantly pathogenic IL-17

response under conditions of DC-derived IL-2 deficiency. We

used a recently developed technique, single-cell mass spectro-

metric cytometry by time-of-flight (CyTOF mass cytometer),

which is a unique means of characterizing phenotypically and

functionally heterogeneous lymphocyte populations (Bandura

et al., 2009; Newell et al., 2012). Using a panel of heavy metal

isotope-labeled antibodies recognizing numerous surface and

soluble molecules expressed by lung immune cells, we simulta-

neously analyzed the expression of 25 markers (Table S1).

CD45+ CD90+ cells were also examined in detail (Figure 5A).

Mass cytometry analysis revealed that pulmonary T cells natu-

rally cluster into distinct subsets according to the presence of

CD4 and CD8 on the cell surface (Figure 5B).

We employed density-based clustering using support vector

machine technology to improve the efficiency of image grouping

so to result in grouped images being assigned to different clus-

ters. We first reduced the dimensionality to 2D using t-SNE

(Becher et al., 2014). On the t-SNE map, we generated a density

plot from which we identified density peaks. Cells located in the

neighborhood of each density peak were classified to clusters

represented by their respective peaks. Cells resulting as other-

wise unclassified were assigned by using support vector ma-

chine. DC-Il2�/� mice expressed clusters 10, 6, 9, and 4 to a

greater extent than did WT mice (Figure 5C). The frequency of

T cell marker expression in the different clusters is graphically

represented as a heatmap (Figure 5D). Interestingly, the T cell

subsets were clustered similarly in the lungs of T-Il2�/� and

Il2�/� mice but to a different extent as compared to DC-Il2�/�

mice (Figures S5A–S5C). Because clusters upregulated in DC-

Il2�/� mice were all Sca1+, we concluded that Aspergillus-in-

fected DCs affect the T cell differentiation status in the lung by

releasing IL-2 after infection.

As both ILC2 and ILC3 subsets in the lung also express Sca1

and CD90, it is possible that IL-2 derived from DCs might addi-

tionally impact these populations. With this in mind, we explored

the impact of DC-restricted IL-2 deficiency in Rag2�/� mice,

which completely lack mature lymphocytes but possess ILCs.

We compared Rag2�/� mice with DC-Il2�/� Rag2–/– mice and

asked whether we could detect ILC2 or ILC3 expansion in the

absence of T cells. We did not observe any increase in frequency

of lung IL-17+ CD45+ CD90+ cells in either Rag2�/� or DC-Il2�/�

Rag2�/� at 7 days of inoculation with Aspergillus (Figure 5E),

indicating that the effects of DC-derived IL-2 on the IL-17+
orts 12, 1789–1801, September 22, 2015 ª2015 The Authors 1793



Figure 4. Lung DC-Derived IL-2 Controls IL-17+CD45+CD90+CD3+CD4+ T Cell Expansion In Vivo

WT, DC-Il2�/�, T-Il2�/�, or Il2�/� mice were inoculated intranasally with Aspergillus.

(A) Representative contour plots among lung and thoracic lymph node (TLN) cells. Bar graphs show the percentage of CD4+ T cells that expressed Foxp3, from

three independent experiments (means ± SD).

(B) Fold change in Foxp3 expression in CD4+ T cells at 7 and 14 days post-infection. Data are normalized to abundance of transcripts for the housekeeping gene

Gadph and presented relative to WT mice on day 0 (means ± SD).

(C) Representative contour plots of Foxp3 andCD4 expression in lung-gated CD4+T cells upon infection at day 7. Bar graphs show the percentage of CD4+ T cells

that expressed Foxp3, from three independent experiments.

(D) Pseudocolor plots of intracellular IL-17 and IFN-g in CD45+ lung cells at day 7 post-infection. Bar graphs show the percentage of CD4+ T cells that expressed

IL-17 or IFN-g, from three independent experiments.

(E) Representative pseudocolor plots of IL-17 and CD90 expression within CD45+ cells from lungs and TLNs at day 7 post-infection.

(F) Percentage of CD90+ lung T cells that express IL-17 on days 0 (uninfected), 7, and 14 ofAspergillus infection. *p < 0.05 (Student’s t test), ****p < 0.0001 (ANOVA

with Bonferroni post-test).

(G) Representative pseudocolor plots of IL-17 and CD90 expression within CD45+ cells from lungs of indicated mice at day 7 post-infection. Bar graphs show the

percentage of CD45+ CD90+ cells that expressed IL-17, from three independent experiments. **p < 0.01 (ANOVA with Bonferroni post-test).

(H) Representative pseudocolor plot showing detailed phenotypic characterization of the IL-17+ CD90+ lung cell population in DC-Il2�/� mice at day 7 post-

infection (means ± SD). In addition, gated IL-17+ CD90+ lung cells were analyzed to determine the percentage of cells co-expressing CD3, CD4, and CD8. Results

are representative of three independent experiments.

Also see Figure S4.
CD45+ CD90+ CD3+ cell compartment are mostly confined to

T cells and do not affect ILCs.

Because DC-Il2�/� Rag2�/� mice did not show any expansion

of IL-17+ CD45+ CD90+ CD3+ T cells in response to Aspergillus,

we wanted to analyze the susceptibility of DC-Il2�/� Rag2�/�
1794 Cell Reports 12, 1789–1801, September 22, 2015 ª2015 The A
mice to fungal infection. At 7 days of infection, these mice

showed neither higher colonization nor increased mortality rela-

tive to Rag2�/� counterparts (Figure 5F).

Taken together, these data showed that the IL-17+ CD45+

CD90+ CD3+ T cells—which were expanded in T cell-sufficient
uthors



DC-Il2�/� mice—directly contributed to the lung pathology in

invasive aspergillosis. These results also confirmed previous

data showing that, in acute phases post-infection, the role of

IL-17+ CD3+ T cells in the lung mostly contributes to exacer-

bating disease (Zelante et al., 2007).

DC-Derived IL-2 Prevents Th17 Pathogenic Signature
To further analyze the phenotype of IL-17+ CD45+ CD90+ CD3+

T cells in DC-Il2�/� mice, we used contour plots of mass cy-

tometry data, with IL-17A+ cells being gated and superimposed

on the t-SNE map of pulmonary CD45+ CD90+ cells from WT

and DC-Il2�/� mice (Figure 6A). Contour plot cluster analysis

indicated a greater abundance of cluster-9 IL-17-producing

cells in DC-Il2�/� mice than in WT mice (Figure 6A). This cell

population was characterized by an IL17+ CD4+ CD45+

CD90+ Sca1+ CD44hi CD27lo CD23Rhi phenotype (Figure 6B).

When the analysis was extended to cells from T-Il2�/� or

Il2�/� mice, there was no expansion of the Th17 subset, in

marked contrast to DC-Il2�/� mice (Figure 6C). The phenotype

of the expanded IL-17-producing population in DC-Il2�/� mice

is reminiscent of IL-17+ T memory stem cells, which have self-

renewal potential and a stem-cell-like signature characterized

by b-catenin accumulation (Luckey and Weaver, 2012; Muran-

ski et al., 2011), and it is notably distinct from that of the

CD4� IL-23+-responsive innate lymphoid population with colito-

genic properties found in Rag�/� mice (Buonocore et al., 2010).

Although IL-17+ T memory stem cells express markers of termi-

nally differentiated T cells, they are long lived and maintain a

molecular signature in line with their stem-cell-like nature (Mur-

anski et al., 2011). This suggested that DC-derived IL-2 pre-

serves Th17 plasticity while favoring the generation of terminally

differentiated cells that will not amplify or perpetuate the acute

inflammatory condition.

To confirm that Th17 plasticity contributed to the pathogenic

profile of T cells primed with DC-Il2�/� cells, we investigated

whether Th17 cells differentiated under conditions of IL-2 defi-

ciency exhibited the pathogenic signature that has been associ-

ated with immune pathology across several settings (Lee et al.,

2012). Within these settings, IL-23 contributes to the emergence

of pathogenic Th17 effector cells (Wu et al., 2013). Wemeasured

mRNA levels of a panel of 13 markers (Table S2) in T cells,

including surface receptors, nuclear receptors, transcription fac-

tors, and cytokines that have been associated with the patho-

genic Th17 signature described above (Korn et al., 2009; Muran-

ski et al., 2011; Wu et al., 2013; Yosef et al., 2013). T cells from

immunized mice differentiated in co-culture with CD103+ DCs

deficient in IL-2 exhibited higher expression of T-cell-factor-en-

coding gene 1 (Tcf7), a transcription factor downstream of the

Wnt-signaling pathway that regulates hematopoietic stem cell

self-renewal and T cell development (Reya et al., 2003), as well

as of Il23r, Il17, Tnsf11, Tgfb3, and Ctnnb1, relative to cells

cultured with IL-2-competent DCs (Figure 6D). We then went

on to conduct comprehensive gene expression analysis on IL-

17-producing cells from the CD45+ CD90+ T cell compartment

of Aspergillus-infected mice. This confirmed that the same

Th17 pathogenic signature, with the known markers of T cell

stemness, was expressed to a greater extent in ex vivo T cells

fromDC-Il2�/�mice relative to their WT counterparts (Figure 6E).
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Thus, IL-17+ T memory stem cells expanded in DC-Il2�/� mice

exhibited a pathogenic signature, with a prominent involvement

of IL-23.

Aspergillus-Induced NFAT-Dependent IL-2 and IL-23
Production by CD103+ DCs Regulates CD4+ T Cell
Functionality
To further assess the ability of lung DCs to contribute to the path-

ogenic signature of Th17 cells in the absence of IL-2, we asked

whether lung CD103+ DCs would produce IL-23 in addition to

IL-2 in response to Aspergillus particles. Preliminary in vivo

data indicated that CD103+ DCs did express both Il2 and Il23

in response to Aspergillus (Figure 7A). Microarray expression

analysis in WGP-particle- or A-sw-treated D1 cells showed

that DCs upregulated Il2 and Il23 as well as IL12b (Figures 7B

and S6A). We have recently shown that NFATc2 in D1 cells me-

diates epigenetic modification of DC cytokine and chemokine

genes, including Il2, Il23, and IL12b, leading to their transcrip-

tional expression (Yu et al., 2015). Therefore, we investigated

whether lung CD11b+ and CD103+ DCs also activate these

genes in response to fungal stimulation and the possible involve-

ment of CnB1 (Figure S6B). Both subsets of DC increased their

expression of Il2, Il23, and IL12b in response to A-sw, but this

only depended on CnB1 in the case of CD103+ DCs (Figure S6B).

Therefore, we exposed T cells from immunized mice to recombi-

nant IL-2 and IL-23 to clarify their roles in T cell differentiation and

plasticity. Using in-vitro-activated CD4+ T cells, we found that

increasing amounts of exogenous IL-2 reduced Il17 expression,

whereas recombinant IL-23 increased Il17 and Tcf7 transcripts,

both of which characterize the stem-cell-like Th17 phenotype

(Figure 7C).

To explore the mechanisms underlying DC-IL-2-mediated

Th17 polarization, we began by examining activation of the

STAT family of transcription factors. Whereas IL-2 drives activa-

tion of STAT5, IL-23 induces phosphorylation of STAT3. The bal-

ance between pSTAT5 and pSTAT3 in activated T cells is a

crucial determinant of T cell differentiation (Stockinger, 2007).

STAT3 is also implicated in the emergence of stem-cell-like fea-

tures as it is one of the processes regulated by Wnt/b catenin

signaling, and it may also positively regulate b-catenin expres-

sion itself (Ibrahem et al., 2014; Zhang et al., 2014). Culturing

CD4+ T cells from CCFA-immunized mice with recombinant IL-

2 and IL-23 revealed that IL-23 reduced the activation of

STAT5 while increasing STAT3 activation, leading to accumula-

tion of b-catenin in T cells and IL-17 release (Figure 7D). Similarly,

on co-culturing CD4+ T cells from immunizedmice with GM-DCs

from WT, Il2�/�, or Il23a�/� mice that had been pre-incubated

with CCFA and inactivated A-sw, we found that only Il2�/� DCs

could drive the expansion of Th17 cells expressing abundant

Il17 and Tcf7 transcripts (Figure 7E). Conversely, DCs from

mice lacking the IL-23 p19 subunit were unable to differentiate

into Th17 cells.

These data were further supported by in vivo findings. In pul-

monary CD45+ CD90+ IL17+ T cells from Aspergillus-infected

mice, we found that mRNA expression of STAT3 and b-catenin

was elevated in T cells of DC-Il2�/� mice relative to WT mice,

indicating a major control of DC-derived IL-2 on T cell plasticity

(Figures 7F and 7G). The absence of IL-2 in DCs in T cell
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Figure 5. High Dimensional Analysis of Lung T Cell Subsets in the Absence of DC-Derived IL-2

WT, DC-Il2�/�, Rag2�/�, or DC-Il2�/� Rag2�/� mice were inoculated intranasally with Aspergillus and cells analyzed after 7 days.

(A) Representative mass cytometry dot plots showing the frequency of CD90+ cells within the CD45+ lung population. This gating strategy was used for sub-

sequent t-SNE analysis.

(legend continued on next page)
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Figure 6. DC-Derived IL-2 Controls the Pathogenic Signature of Th17 Cells in Aspergillus Lung Infection

(A) Contour plots of mass cytometry data with IL-17A+ cells (blue), gated and superimposed on the t-SNE map.

(B) Mass cytometry pseudocolor density plots on IL-17+ CD45+ CD90+ cells from lungs of DC-Il2�/� mice.

(C) Contour plots of mass cytometry data with IL-17A+ cells (blue), gated and superimposed on the t-SNE map.

(D) qRT-PCR in CD4+ T cells isolated from lungs of CCFA-immunized mice co-cultured with lung CD103+ DCs.

(E) qRT-PCR in IL-17+ CD45+ CD90+ T cells isolated from lungs of mice inoculated intranasally with Aspergillus 7 days previously (means ± SD). Data are

representative of three independent experiments (n = 9).
priming did not lead to increased transcription of DC Il23 (Fig-

ure S6C). Because both IL-2 and IL-23 expression are depen-

dent on CnB1 in CD103+DCs and both cytokines contribute

to regulating Th17 plasticity, the absence of CnB1 in DCs did

not result in the development of lung pathology, increased IL-

17 production, or higher susceptibility following Aspergillus

intranasal infection (Figure S7). These results showed that the

two cytokines exert distinct effects on CD4+ T cell differentia-

tion, with DC-derived IL-23 inducing a stem-cell-like molecular

signature and a pool of memory stem cells that extends and

amplifies the Th17 response, eventually leading to unrestrained

inflammation.
(B) t-SNEmap of CD90+ CD45+ lung cells color coded by DensVM automatically d

DC-Il2�/� mouse-derived T cell phenotypes.

(C) Heatmap of the frequencies of cells in each DensVM-defined cluster designa

(D) Heatmap of median intensities of eachmarker listed in Table S1 for cells in each

three independent experiments (n = 9 mice).

(E) Representative pseudocolor plots of IL-17 and CD90 or IL-17 and CD3 within

(F) Aspergillus CFU/lung (left panel; two-tailed Student’s t test) and mouse surviv

See also Figure S5.
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DISCUSSION

IL-2 was discovered more than 30 years ago (Smith, 1988) and

was initially studied for its T cell stimulatory properties, but it is

now clear that it is at least as important for its regulatory roles

(Yamanouchi et al., 2007). In our setting of invasive pulmonary

fungal disease, the selective deficiency of IL-2 in DCs resulted

in more-severe pathology and higher mortality than in WT mice

or mice lacking IL-2 either in all CD4-expressing T cells or in all

lymphoid tissues. Thus, the deletion of IL-2 in specific immune

compartments can result in qualitative and quantitative differ-

ences in the immune response to pathogens. The absence or
efined clusters and numbered as shown to compare the composition ofWT and

ted in (B).

cluster aggregated acrossWT and DC-IL2�/�mice. Data are representative of

CD45+ lung cells population.

al rates (right panel) analyzed by log rank test (means ± SD).
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Figure 7. The Balance of IL-2 and IL-23 Production in DCs Regulates CD4+ T Cell Differentiation

(A) qRT-PCR of Il2 and Il23a in sorted CD103+ DCs from lungs of uninfectedWT (time 0) andAspergillus-infectedmice at the indicated days post-inoculation. Data

are from one experiment representative of three.

(B) Microarray analysis of gene expression in A-sw-exposed D1 cells at the indicated time points, presented as a heatmap. Data are from one experiment

representative of two.

(C) Real-time RT-PCR analysis of Il17 and Tcf7 in lung CD4+ T cells from uninfectedWTmice after 3 days culture with recombinant mouse IL-23 and IL-2, followed

by 4 hr stimulation with plate-bound anti-CD3 and soluble anti-CD28 antibodies under cytokine-neutral conditions (means ± SD).

(D)Western blot analysis of protein expression levels of pSTAT3, pSTAT5, b catenin, and IL-17 ELISA on CD4+ T cells fromCCFA-immunizedmice after cells were

co-cultured with recombinant murine IL-2 or IL-23 at the indicated concentrations for 5 days. After 5 days, T cells were harvested and re-stimulated for 4 hr with

recombinant cytokines. Plots refer to relative pixel density against total STAT3, total STAT5, and GAPDH, respectively (means ± SD). *p < 0.05, **p < 0.01, and

****p < 0.0001 (ANOVA with Bonferroni post-test).

(E) GM-DCs were incubated with heat-inactivated A-sw (cell-to-fungal morphotype ratio of 1:0.1) and CCFA (10 mg/ml) overnight. Thereafter, 1 3 106/ml CD4+

T cells were added at a ratio of 1 DC to 20 T cells. On day 6, supernatants were harvested and ELISA of IL-17 and qRT-PCR analysis of Tcf7were performed. Data

are normalized to abundance of transcripts for the housekeeping gene Gadph and presented relative to WT mice. (means ± SD). *p < 0.05; ***p < 0.001 (ANOVA

with Bonferroni post-test).

(F) qRT-PCR analysis of Stat3 expression in IL-17+ CD45+ CD90+ T cells from lungs at 7 days post-infection (means ± SD).

(G) Western blot analysis of b-catenin in IL-17+ CD45+ CD90+ T cells at 7 days post-infection. Plots refer to relative pixel density against GAPDH.

Data are representative of three independent experiments; see also Figures S6 and S7.
substantially lower levels of IL-2 in Il2�/� and T-Il2�/� mice re-

sulted in reduced frequency of T-reg cell and Foxp3 expression

in the lungs and in peripheral lymph nodes, but DC-Il2�/� mice
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manifested increased numbers of IL-17-producing cells, which

is known to correlate with a more-severe form of aspergillosis

(Iannitti et al., 2013; Romani et al., 2008; Zelante et al., 2007).
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We likewise observed that CD103+ DCs appear a cellular

source of IL-2 in the murine lung, adding another dimension to

their established role in the response to particulate antigens

(Greter et al., 2012). This implies that fungal morphotypes more

enriched in b-glucan and capable of triggering phagocytosis—

such as A-hyp or A-sw—are likely to be the primary inducers

of the Ca2+-calcineurin-NFAT pathway in lung CD103+ DCs. In

this regard, the concomitant release of IL-2 and IL-23 in our

setting with ex vivo lung DCs in response to A-sw represents a

regulatory process specifically instructed by CD103+DCs in

response to the fungus. From another perspective, fungi—

because of their size and cell wall composition—may be a natu-

ral stimulus for instructing this regulatory response. Although we

describe the phenotype of the pathogenic Th17 population in

fungal infection, analogous results have been described in other

settings (Antony and Restifo, 2002; Muranski et al., 2011),

including GVHD, where an aberrant Th17 response contributes

to disease maintenance (Zhang et al., 2005). The full range of

scenarios in which this cell population is important remains to

be explored.

There is strong evidence that human T cells can also be driven

toward a Th17 phenotype under the direct influence of microbes

(Zielinski et al., 2012), and therefore, there is a definite need for a

better understanding of the potential for phenotypic diversity

within this cell population in infection. We developed a 26-anti-

body panel for mass cytometry and used dimensionality reduc-

tion with machine-learning-aided cluster analysis to build a

composite picture of murine lymphoid T cells during invasive

pulmonary aspergillosis. Mass cytometry allowed us to establish

that, in the absence of IL-2 from DCs, expansion of memory

stem-cell-like IL-17+ T cells is driven by IL-23 released by DCs

in response to Aspergillus. IL-2 released by DCs is thus respon-

sible for mitigating and controlling the pathogenicity of Th17 cells

during the acute phases of pulmonary aspergillosis.

In investigating the mechanisms underlying emergence of

the pathogenic Th17 population, we also revealed relationships

between established immune modulators. b-catenin stabiliza-

tion is known to exert a powerful effect on the prevention of in-

flammatory disease, yet we found that not only does it enhance

survival of existing T-reg cells and promote unresponsiveness

in precursors of T effector cells, but it also associates with

the ability of IL-23 to differentiate and stabilize a pool of mem-

ory stem cells that represents a source of predominantly path-

ogenic Th17 cells.

We have recently conducted genome-wide mapping of

NFATc2-binding sites in dectin-1-stimulated DCs and integrated

our findings with gene expression data to identify the directly

regulated targets of this transcription factor (Yu et al., 2015).

DCs stimulated with curdlan revealed that NFATc2 translocates

into the nucleus and regulates transcription of the genes—Il2,

Il12b, and Il23a—that are required to produce heterodimeric

IL-23. These results clearly demonstrate that fungi expressing

high levels of b-glucan on their surface, as do the majority of

fungal commensals, use NFAT to simultaneously activate tran-

scription of both regulatory IL-2 and inflammatory IL-23. Thus,

the ability of NFAT to respond to b-glucan particulates (Fric

et al., 2014) represents an important evolutionary advantage

because only the synchronized transcription of these genes
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(Il2, Il12b, and Il23a) leads to a non-pathogenic differentiation

status of T cells in an anti-fungal immune response.

In summary, our study identifies a biologically relevant in vivo

role for IL-2 production by DCs as well as a function for the Ca2+-

calcineurin-NFAT-IL-2-signaling pathway as a regulator of Th17

cell function. These data may pave the way for a renewed appre-

ciation of the role of DC-derived IL-2 in immunity and inflamma-

tory pathologies in the lung.

EXPERIMENTAL PROCEDURES

Mice

All experiments and procedures were approved by the Institutional Animal

Care and Use Committee of Agency for Science, Technology and Research

(A*STAR) (Biopolis) in accordance with guidelines by the Agri-Food and Veteri-

nary Authority and National Advisory Committee for Laboratory Animal

Research of Singapore. C57BL/6 mice and Rag2�/� mice were purchased

from theBiologicalResourceCenter,A*STAR.T-Il2�/� (Tg(Cd4-cre)1Cwi/BfluJ),

Il2�/� (B6.C-Tg(CMV-cre)1Cgn/J),Cnbfl/fl (C57BL/6-Ppp3r1tm1Stl/J),Cd11cCre

(B6.Cg-Tg(Itgax-cre)1-1Reiz/J), and ROSA26YFP (B6.Cg-Gt(ROSA)26Sortm3

(CAG-EYFP)Hze/J) mice were purchased from JAXMice andServices. Detailed

information is reported in the Supplemental Experimental Procedures.

Statistical Analysis

The log rank test was used for paired data analyses of Kaplan-Meier survival

curves. All in vitro determinations are means ± SD. Two-way ANOVA, Mann-

Whitney, and unpaired t tests were performed using Prism 6.0 (GraphPad Soft-

ware). All p values are two tailed.
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