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Summary

Group 2 innate lymphoid cells (ILC2s) produce a significant amount of
interleukin-5 (IL-5), which supports eosinophil responses in various tis-
sues; they also produce IL-13, which induces mucus production and con-
tributes to tissue repair or fibrosis. The ILC2s are activated by alarmins,
such as IL-33 released from epithelia, macrophages and natural killer T
(NKT) cells in response to infection and allergen exposure, leading to
epithelial injury. We examined gene expression in lung ILC2s and found
that ILC2s expressed Ifngrl, the receptor for interferon-y (IFN-y). Inter-
feron-y severely inhibited IL-5 and IL-13 production by lung and kidney
ILC2s. To evaluate the effects in vivo, we used a-galactosylceramide (a-
GalCer) to induce NKT cells to produce IL-33 and IFN-y. Intraperitoneal
injection of a-GalCer in mice induced NKT cell activation resulting in IL-
5 and IL-13 production by ILC2s. Administration of anti-IFN-y together
with a-GalCer significantly enhanced the production of IL-5 and IL-13 by
ILC2s in lung and kidney. Conversely, cytokine production from ILC2s
was markedly suppressed after injection of exogenous IL-33 in 1133/~
mice pre-treated with a-GalCer. Hence, IFN-y induced or already present
in tissues can impact downstream pleiotropic functions mediated by
ILC2s, such as inflammation and tissue repair.

Keywords: group 2 innate lymphoid cells; interferon-y; interleukin-5;
interleukin-13; T helper type 2 cytokines.

Abbreviations: IFN-y, interferon-y; ILC2s, group 2 innate lymphoid cells; IL, interleukin; NK, natural killer; TSLP, thymic stro-
mal lymphopoietin; a-GalCer, o-galactosylceramide.
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Introduction

Type 2 immune responses are elicited by parasites, aller-
gens, and inhaled proteases."”” The type 2 cytokines inter-
leukin-4 (IL-4), IL-5, IL-9 and IL-13 are primarily
secreted by adaptive CD4" T helper type 2 (Th2) cells,
but also by the recently identified group 2 innate lym-
phoid cells (ILC2s).>> ILC2s are present in mesenteric
fat-associated lymphoid clusters and non-lymphoid tis-
sues, including the lung, liver, skin, intestine and visceral
adipose tissue of mice®” and humans.'®"!

The ILC2s contribute to type 2 immune responses in
response to allergic inflammation and tissue repair'* '* by
producing high amounts of IL-5 and IL-13. Interleukin-5 is
involved in many aspects of eosinophil development and
accumulation in various tissues, and supports the growth
and differentiation of activated B cells, including mucosal
IgA production and the maintenance of B-1 cells in mice.'?
Local production of IL-5 in lung is associated with eosino-
phil accumulation and the exacerbation of inflammatory
responses,'»'® whereas eosinophils can also promote the
regeneration of damaged tissues.'” We have reported that
IL-5-producing ILC2s are present in lung and that expo-
sure to IL-33 induces IL-5 production by ILC2s, resulting
in the accumulation of eosinophils in lung and the suppres-
sion of cancer metastasis.'® The ILC2s are also involved in
promoting tissue repair, remodelling and fibrotic responses
through the production of IL-13, which promotes goblet
cell mucus secretion and smooth muscle contraction,'” and
amphiregulin, an epidermal growth factor (EGF)-like
molecule that promotes tissue integrity following infection
and inflammation.*

Group 2 innate lymphoid cells are activated by stimula-
tion with epithelial-derived cytokines, including IL-33, IL-
25 and thymic stromal lymphopoietin (TSLP).?! During
viral infections, activated natural killer T (NKT) cells and
alveolar macrophages also produce IL-33, which stimu-
lates ILC2s, leading to further cytokine production.”*** In
addition, ILC2s are activated by IL-9,%* basophil-derived
IL-4,%> prostaglandin D,,”® and leukotrienes.”” Signalling
by inducible T-cell co-stimulator (ICOS) and its ligand
can promote cytokine production and ILC2 survival
through signal transducer and activator of transcription 5
(STATS5) signalling.”® However, suppression of ILC2 func-
tion has not been carefully examined.

Naive CD4" T (ThO0) cells differentiate into Th1 or Th2
cells,”” and type 1 and type 2 cytokines cross-regulate
Thl and Th2 development and expansion.’®** Inter-
feron-y (IFN-y), a type 1 cytokine secreted by Thl cells,
CD8" effector T cells, NK cells, NKT cells and other cells
in response to acute inflammation or viral infection,” >
is a key regulator that initiates type 1 immune responses
while suppressing type 2 immunity.””*® However, the
ability of IFN-y to antagonize ILC2 function has not been
properly evaluated.
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In this report we show that ILC2s express Ifngrl, the
receptor for IFN-y, and that cytokine production by
ILC2s is down-regulated by IFN-y. Production of IL-5
and IL-13 by lung and kidney ILC2s was inhibited by
IFN-y derived from activated NKT cells in vivo, suggest-
ing that ILC2s are subject to a novel regulatory mecha-
nism to mediate inflammation and tissue repair
responses.

Materials and methods

Mice and reagents

C57BL/6 mice were purchased from CLEA Japan (Tokyo,
Japan). II5-Venus knock-in (II57V") mice'® and 133/~
mice” on the C57BL/6 background were maintained
under specific pathogen-free conditions. Mice at 8-
20 weeks of age were used for all experiments. Mice were
handled in accordance with the Guidelines for Animal
Experiments of the Research Institute, National Center
for Global Health and Medicine. Interleukin-33 and TSLP
were purchased from R&D Systems (Minneapolis, MN);
IL-2, IL-7 and IFN-y were purchased from PeproTech
(Rocky Hill, NJ); and o-galactosylceramide (x-GalCer)
was purchased from Funakoshi (Tokyo, Japan).

Lung and kidney cell preparation

Mice were injected intraperitoneally with recombinant
mouse IL-33 on days 0, 1 and 2 at a dose of 400 ng per
mouse, and killed on day 3. Lungs were minced and
digested in Hanks’ balanced salt solution containing type
I collagenase (1 mg/ml; Sigma-Aldrich, St Louis, MO)
and DNase I (200 U/ml; Roche Applied Science, Man-
nheim, Germany) for 1 hr at 37°. Tissue samples were
next mashed through a 70-pm cell strainer and washed
with Hanks’ balanced salt solution supplemented with
10% fetal calf serum. Red blood cells were removed by
incubation for 2 min at room temperature in ammonium
chloride (ACK) lysis buffer. Kidneys were minced and
similarly digested in type I collagenase/DNase I for 1 hr
at 37° with shaking, and then mashed through a 70-pm
cell strainer and washed with PBS. Kidney samples were
suspended in 40% Percoll (GE Healthcare, Piscataway,
NJ), under-laid with 75% Percoll, and centrifuged at
800 g for 20 min at room temperature to isolate cells at
interphase.

Flow cytometry and cell sorting

Single-cell suspensions were pre-incubated with 2.4G2 to
block Fc receptors. Cells were stained with combinations
of the following monoclonal antibodies: phycoerythrin-
conjugated anti-CD25 (PC61; BioLegend, San Diego,
CA), anti-CD127 (SB/199; eBioscience, San Diego, CA)
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and anti-ST2 (DIH9; BioLegend), allophycocyanin-conju-
gated anti-CD25 (PC61; BioLegend) and anti-CD127
(A7R34;  Biolegend),  phycoerythrin-Cy7-conjugated
anti-Thyl.2 (30-H12; BioLegend) and biotin-conjugated
anti-CD3e (145-2C11; Biolegend), anti-CD4 (GK1.5;
BioLegend), anti-CD8 (53-6.7; BioLegend), anti-CDI11b
(M1/70; BioLegend), anti-CD1lc (N418; BioLegend),
anti-CD19  (6D5; BioLegend), anti-B220 (RA3-6B2;
BioLegend), anti-NK1.1 (PK136; BioLegend), anti-T-cell
receptor-y0 (GL3; BD Biosciences, San Jose, CA) and
anti-TER-119 (TER-119; Tonbo Biosciences, San Diego,
CA) followed by allophycocyanin-Cy7-conjugated strepta-
vidin. Dead cells were stained by addition of 7-aminoacti-
nomycin D (Sigma-Aldrich). Identification of ILC2s was
based on the expression of Thyl.2, CD25, CD127 and
ST2 and the absence of lineage markers (Lin"™). Sorting of
ILC2 was performed with a FACSAria III (BD Bio-
sciences), and phenotypic analysis was performed using a
BD FACSCanto II (BD Biosciences). Data were analysed
using FLowjo (Tree Star Inc., San Carlos, CA).

Cell culture

Group 2 innate lymphoid cells were sorted from lung or
kidney cell suspensions and cultured for 3 days in the
presence or absence of IFN-y (10 ng/ml) in complete
RPMI-1640 medium supplemented with 10% fetal calf
serum and 50 pMm f-mercaptoethanol at a density of
3% 10° to 5 x 10> in 100 ul culture volume. Lung
ILC2s were stimulated with IL-33 (10 ng/ml) and TSLP
(10 ng/ml; R&D Systems), and kidney ILC2s were stimu-
lated with IL-2 (10 ng/ml), IL-7 (10 ng/ml), IL-33
(10 ng/ml) and TSLP (10 ng/ml).

Quantitative RT-PCR analysis

Total RNA was prepared from FACS-sorted ILC2s using
the RNeasy Mini kit (Qiagen, Valencia, CA) according to
the manufacturer’s recommendations. The c¢DNA was
synthesized using the High Capacity RNA-to-cDNA Kit
(Applied Biosystems, Foster City, CA). Real-time PCR
was performed using TagMan Fast Universal PCR Master
Mix and primer/probe sets for the genes of interest in a
StepOne Real-Time PCR System (Applied Biosystems).
The primers were as follows: II5 (Mm00439646_m1), 1113
(MmO00434204_m1), Ifngrl (Mm00599890_ml), Ifng
(MmO01168134_m1) and Gapdh (Mm99999915_¢g1) (all
Applied Biosystems). Target gene quantification was nor-
malized to Gapdh expression.

SAGE-seq analysis

Serial analysis of gene expression-sequencing (SAGE-seq)
libraries were generated from total RNA of ILC2s using
SOLiD SAGE Kit with Barcoding Adaptor Module and
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multiplexed using SOLiD RNA Barcoding Kit Module 1-
16 (Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions. Briefly, total RNA was trea-
ted with DNase I, and then bound to Dynabeads Oligo
(dT) EcoP magnetic beads for cDNA synthesis. The dou-
ble-stranded cDNA synthesized on the beads was digested
with Nlalll and ligated to the adaptor containing an
EcoP15] restriction enzyme recognition site. The adapter-
ligated cDNA was digested with EcoP15I to release the tag
containing the adaptor sequence and 27 bp of unique
sequence from a single transcript.

Sequencing

The size of the constructed library was quantified by the
2100 Bioanalyzer system with the High Sensitivity DNA
kit (Agilent Technologies, Santa Clara, CA) and the
SOLIiD Library TagMan Quantitation Kit (Life Technolo-
gies). Library DNA was subjected to emulsion PCR,
enrichment, and deposition onto bead according to the
supplier’s protocol. Finally, DNA was sequenced using
the SOLiD4 system (Life Technologies). All short reads
from the SOLID sequencer were aligned to mouse gen-
ome version 37 (mm9) using the BioScopE program.

Cytokine measurements

Cytokine levels in supernatants were determined by
Bio-Plex Protm Mouse Cytokine 23-plex Assay (Bio-Rad
Laboratories, Hercules, CA) in a Bio-Plex 3D System
(Bio-Rad Laboratories) according to the manufacturer’s
instructions. Briefly, undiluted culture supernatant and
standards were added to 96-well microplates containing
washed beads and incubated at room temperature for
1 hr with shaking. After washing, biotin-labelled antibody
was added to the wells. After 30 min of incubation at
room temperature with shaking, streptavidin—phycoery-
thrin was added followed by 10 min of incubation with
shaking. Data were collected with xPONENT for FLEX-
MAP 3D software, version 4.2 (Luminex Corporation,
Austin, TX) and the data were analysed with Bio-Prex
MANAGER 6.1 software (Luminex Corporation).

Interferon-y neutralization and o-GalCer administration

Mice were given 500 pg of anti-IFN-y monoclonal anti-
body (XMGL1.2) intraperitoneally. Mice were given
100 pg/kg of a-GalCer intraperitoneally 6 hr after treat-
ment with anti-IFN-y monoclonal antibody or PBS. The
o-GalCer was dissolved in PBS containing 5-6% sucrose,
0-75% 1-histidine and 0-5% Tween20 with heating at 80°
for a few minutes, and then the solution was diluted in
PBS. For in vivo treatment of 1133/~ mice, 100 pg/kg of
a-GalCer or PBS was injected into mice intraperitoneally.
On days 7, 8 and 9, 400 ng of IL-33 was given to the
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o-GalCer-treated or PBS-treated mice, and ILC2s were
sort-purified from lung and kidney suspensions on day
10.

Statistical analysis

Data were analysed using KaLeiDAGRAPH (Synergy Soft-
ware, Reading, PA). Unpaired two-tailed Student’s #-test
was used to determine significance. P values < 0-05 were
considered statistically significant.

Results

ILC2s in lung express the receptor for IFN-y

To characterize IL-5-producing ILC2s in lung, we used
115V knock-in mice in which II5 expression is moni-
tored by the expression of Venus, a modified green fluores-
cent protein.'”® The ILC2s were identified as lineage
negative (Lin; CD3e, CD4, CD8, CD19, B220, CDl11b,
CDI1lc, NKI.1, T-cell receptor-yd, TER119), Thyl.2",
CD25" and CD127" cells. Cell size and Venus expression
were greatly increased in ILC2s from IL-33-injected 15"
Venus mice (34%, Fig. 1a, lower panels) compared with
those from naive untreated mice (2-7%, Fig. la, upper pan-
els). In addition to IL-5, ILC2s produce IL-13. Accordingly,
the expression of II5 and Il13 (Fig. 1b) was increased in
ILC2s purified from the lungs of IL-33-injected mice.

To examine the regulation operating in ILC2s, we stud-
ied the gene expression profile of IL-5-producing Venus*
ILC2s sort-purified from the lungs of IL-33-treated mice
by SAGE. We found that Argl was one of the frequently
detected genes (Table 1), consistent with a previous
report showing that ILC2s express high amounts of argi-
nase-1.*> We noticed that Ifngrl, the receptor for the sig-
nature cytokine of Thl cells, was also among the top 25
protein-coding genes frequently detected in our SAGE of
IL-5-producing ILC2s (Table 1). We confirmed transcript
expression by RT-PCR, and found that the levels of Ifngrl
were higher in ILC2s obtained from naive mice than in
activated ILC2s from IL-33-injected mice (Fig. 1b).

Interferon-y suppresses cytokine production by ILC2s

Interferon-y produced by Thl cells suppresses the expan-
sion and development of Th2 cells from naive ThO cells.”
We wanted to determine if IFN-y affects the function of
ILC2s, which normally produce high levels of Th2 cytoki-
nes, similar to the suppressive effect on Th2 cells. We puri-
fied ILC2s from IL-33-injected mice and cultivated them
with IL-33 and TSLP in the presence or absence of IFN-y.
Production of IL-5 and IL-13 at the protein (Fig. 1c) and
mRNA (Fig. 1d) levels was significantly inhibited in the
presence of IFN-y. Interleukin-6 and granulocyte—macro-
phage colony-stimulating factor produced by ILC2s were
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also suppressed by IFN-y (Fig. 1c). Consistent with the
higher expression of Ifngrl transcripts in ILC2s from naive
mice compared with those from IL-33-injected mice
(Fig. 1b), IFN-y significantly inhibited the expression of
IL-5 and IL-13 in ILC2s from naive mice after stimulation
with IL-33 and TSLP (Fig. le). Cultivating ILC2s from IL-
33-injected mice or naive mice in the presence of IL-33
resulted in the down-regulation of IFN-y receptor (Fig. 1d,
e). In naive ILC2s, IFN-y partially but significantly pre-
vented the down-regulation of IFN-y receptor induced by
IL-33 and TSLP (Fig. le). Hence, IFN-y suppressed cyto-
kine production by ILC2s in lung, and ILC2s in naive mice
were more susceptible to the IFN-y-mediated suppression
compared with ILC2s activated by IL-33, which resulted in
the down-regulation of Ifngrl.

Interferon-y decreased cytokine production by kidney
ILC2s

We next examined how kidney-resident ILC2s respond to
IFN-y.  We identified Lin~ Thyl.2* CD25" CD127"
ILC2s, only a few of which were Venus® (~10%), IL-5-
producing ILC2s in the kidneys of naive mice (Fig. 2a).
To support growth or survival of small numbers of puri-
fied kidney ILC2s in culture, we added IL-2 and IL-7,
known growth factors for ILC2s in fat or lung, in combi-
nation with IL-33 and TSLP. Cultivation of purified
ILC2s from kidneys with IL-2, IL-7, IL-33 and TSLP
resulted in robust IL-5 production indicated by the
increased fraction (~90%) of Venus' cells and the high
intensity of Venus expression (Fig. 2b, left plot). The
addition of IFN-y into the culture decreased the fre-
quency of Venus" ILC2s (~65%), as well as reducing the
intensity of Venus expression (Fig. 2b, right plot).
Expression of ST2, a component of the IL-33 receptor,
was also significantly down-regulated following stimula-
tion with IFN-y (Fig. 2b). II5 and Il13 transcripts induced
by IL-2, IL-7, IL-33 and TSLP stimulation were also mea-
sured by RT-PCR, and the presence of IFN-y significantly
suppressed the expression of II5 and Il13 in ILC2s
(Fig. 2¢). Hence, IFN-y inhibits cytokine production by
kidney ILC2s as well as lung ILC2s.

Interferon-y constrains ILC2 cytokine production
induced after NKT cell activation

To examine the negative regulation of ILC2s by IFN-y
in vivo, we employed a model of ILC2 activation medi-
ated by NKT cells. NKT cells produce IL-33 upon viral
infection and are involved in the activation of ILC2s.*’
The glycolipid ligand «-galactosylceramide (a-GalCer)
specifically activates NKT cells*' to produce IFN-y and
IL-33.% First, we investigated whether IL-5 and IL-13
production by ILC2s after NKT cell activation relied
upon IFN-y.

© 2015 John Wiley & Sons Ltd, Immunology, 147, 21-29
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Figure 1. Interferon-y (IFN-y) suppresses production of interleukin-5 (IL-5), IL-13, IL-6 and granulocyte-macrophage colony-stimulating factor
(GM-CSF) by activated group 2 innate lymphoid cells (ILC2s) in lung. (a) Flow cytometric analysis of leucocytes in lung obtained from naive
mice (top dot plots) or from II57V*" mice injected with recombinant IL-33 (bottom dot plots). ILC2s were identified as
Lin~ Thyl.2" CD25" CD127" cells, and IL-5-expressing activated ILC2s were large in cell size and positive for Venus expression. (b) Quantitative
RT-PCR analysis of II5, 1113 and Ifngr] mRNA in freshly isolated ILC2s from naive untreated mice (—) or mice injected with IL-33 (IL-33). The
mRNA levels were normalized and presented as per cent maximum expression observed in ILC2s from naive untreated mice. (¢, d) Purified
ILC2s from IL-33-injected mice were cultured in the presence of IL-33 and thymic stromal lymphopoietin (TSLP) with or without IEN-y for
3 days. Culture supernatants were collected and IL-5, IL-13, IL-6 and GM-CSF were quantified using a Bio-Plex system (c). Cultured cells were
harvested and 115, 1113 and Ifngrl mRNA expression was determined by quantitative RT-PCR (d). (e) ILC2s purified from naive mice were cul-
tured as in (d) for 3 days and the expression of II5, I/13 and Ifngr] mRNA was determined by quantitative RT-PCR. The mRNA levels were nor-
malized by Gapdh mRNA expression and indicated as percent maximum expression found in ILC2s cultured with IL-33 and TSLP (d, e). Data
shown represent mean + SD of three or four independent experiments, *P < 0-05, **P < 0-01 (two-tailed Student’s #-test) (a—e).

115+/V1’n145

Mice were injected with o-GalCer with or without IL-5 (2:0-fold) and IL-13 (1-9-fold) in lung ILC2s
anti-IFN-y. Two days later, ILC2s in lungs or kidneys (Fig. 3a). The impact of IFN-y blockade was more
were isolated and the expression of IL-5 and IL-13 was remarkable in kidney ILC2s for IL-5 (4-2-fold) and IL-
examined. We observed elevated expression of IFN-y 13 (2-3-fold) expression (Fig. 3b). These results demon-
transcripts and increased numbers of NKT cells in the strate that IFN-7, together with alarmins in certain cir-
lungs of a-GalCer-treated mice (data not shown). Neu- cumstances, inhibits cytokine production by ILC2s
tralization of IFN-y resulted in augmented expression of in vivo.
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Table 1. Top 25 protein-coding genes detected by serial analysis of
gene expression of lung interleukin-5 (IL-5) -producing innate lym-
phoid cells obtained from IL-33 injected mice

Detection

Gene Description count

Argl Arginase, liver 12 480

Hnrnpl Heterogeneous nuclear 4219
ribonucleoprotein

Hnrnpal Heterogeneous nuclear 4028
ribonucleoprotein Al

Hsp90aal Heat-shock protein 90, 3352
o (cytosolic), class A member 1

Rpl4 Ribosomal protein L4 3292

Ifngrl Interferon-y receptor 1 2733

Glul Glutamate-ammonia ligase 2620
(glutamine synthetase)

Dapkl Death-associated protein kinase 1 2510

Lmnbl Lamin Bl 2372

Txnrdl Thioredoxin reductase 1 2167

Capzal Capping protein (actin filament) 2145
muscle Z-line, al

Atp5 g3 ATP synthase, H" transporting, 2105
mitochondrial FO complex, subunit C3

Ppplca Protein phosphatase 1, catalytic 1997
subunit, o isoform

Prrl3 Proline rich 13 1972

H3f3b H3 histone, family 3B 1868

Rpl38 Ribosomal protein L38 1847

Hspa8 Heat-shock protein 8 1640

Fgl2 Fibrinogen-like protein 2 1599

Dazap2 DAZ-associated protein 2 1597

Cd81 CD81 antigen 1569

Atp5al ATP synthase, H" transporting, 1562
mitochondrial F1 complex, o subunit 1

Gm9843 Predicted gene 9843 1530

Cxcl2 Chemokine (C-X-C motif) ligand 1502
2 (MIP2)

Hnrnpa2bl  Heterogeneous nuclear 1476

ribonucleoprotein A2/B1
Atp5b ATP synthase, H" transporting 1436
mitochondrial F1 complex, § subunit

Exposure to IFN-y before activation reduces ILC2
cytokine production

Next, we investigated the effect of IFN-y present in the
microenvironment before the activation of ILC2s. We
injected a-GalCer into 11337/~ mice in which NKT cells
produced IFN-y but not IL-33. Seven days later, ILC2s
were activated by administration of exogenous IL-33, and
ILC2 cytokine production was measured. Injection of
recombinant IL-33 resulted in increased expression of II5
and Il13 in ILC2s harvested from the lungs and kidneys
of 11337~ mice (Fig. 4a and b). In contrast, 11337~ mice
pre-treated with o-GalCer showed increased Ifng expres-
sion in lung (Fig. 4c), and marked suppression of II5 and

26
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Figure 2. Interferon-y (IFN-y) inhibits interleukin-5 (IL-5) and IL-
13 production by kidney-resident group 2 innate lymphoid cells
(ILC2s). (a) Flow cytometric analysis of ILC2s from the kidneys of
naive 157V mice. (b) Sorted ILC2s were cultured with IL-2, IL-7,
IL-33 and thymic stromal lymphopoietin (TSLP) in the presence or
absence of IFN-y, and Venus and ST2 expression was analysed by
flow cytometry. Shown are representative plots (upper panels) and
the percentage of Venus' cells and mean fluorescence intensity
(MFI) of ST2 expression (mean + SD) in the ILC2 fraction (lower
graphs) obtained from independent four experiments. (c) Quantita-
tive RT-PCR analysis for II5 and /13 mRNA in cultured ILC2s from
the kidneys of naive mice. Results are presented as per cent maxi-
mum expression observed in ILC2s stimulated by IL-2, IL-7, IL-33
and TSLP. Data shown are the mean + SD of four independent
experiments, **P < 0-01.

1113 transcripts in both lung and kidney ILC2s after injec-
tion of exogenous IL-33 (Fig. 4a, b). These observations
demonstrate that IFN-y pre-existing in tissues suppressed
ILC2 cytokine production after activation by IL-33.

Discussion
Type 2 immune responses are characterized by IL-4, IL-

5, IL-9 and IL-13, and are important for protecting the

© 2015 John Wiley & Sons Ltd, Immunology, 147, 21-29
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Figure 3. Neutralization of interferon-y (IFN-y) by anti-IFN-y anti-
bodies results in augmented expression of interleukin-5 (IL-5) and
IL-13 in group 2 innate lymphoid cells (ILC2s) obtained from lungs
and kidneys of mice injected with a-galactosylceramide (a-GalCer).
Mice were intraperitoneally (i.p.) injected with 500 pg of anti-IFN-y
(+) or PBS (—). Six hours later, mice were further i.p. injected with
100 pg/kg of a-GalCer. Two days after the u-GalCer injection, ILC2s
were sort-purified from lungs (a) or kidneys (b) and the mRNA
levels for IL-5 and IL-13 were determined by quantitative RT-PCR.
Data shown are combined results obtained from five or six indepen-
dent experiments. Each symbol represents individual mice, and bars
represent the mean of each group of mice. *P < 0-05, **P < 0-01.

host against helminth infection, suppression of type 1-
driven autoimmune disease, neutralizing toxins, and reg-
ulating tissue repair.”** ILC2s produce a large amount
of Th2 «cytokines and promote type 2 immune
responses. In this study, we found that IFN-y receptor
(Ifngrl) was expressed on IL-33-activated lung ILC2s.
Interferon-y is a Thl cytokine that induces type 1
immune responses and suppresses type 2 immunity by
suppressing the development and expansion of Th2
cells.*® Our results demonstrated that IFN-y also inhib-
ited ILC2s in addition to Th2 cells, and directly sup-
pressed the production of Th2 cytokines such as IL-5,
IL-13, IL-6 and granulocyte—-macrophage colony-stimu-
lating factor from ILC2s.

The suppressive effects of IFN-y on ILC2s were con-
firmed in two in vivo models. First, we analysed IL-5 and
IL-13 production by ILC2s using a-GalCer in the pres-
ence of blocking antibodies specific for IFN-y. a-GalCer is
a potent and specific activator of NKT cells*"* and
induces IFN-y and IL-4 production by NKT cells.*® NKT
cells are also a source of IL-33 that activates ILC2s during
viral infection.”” Injection of a-GalCer into mice resulted
in the activation of NKT cells and production of NKT
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Figure 4. Pre-existing interferon-y (IFN-y) reduces cytokine produc-
tion from group 2 innate lymphoid cells (ILC2s). /33~ mice were
injected intraperitoneally (i.p.) with 100 pg/kg of w«-galactosylce-
ramide (o-GalCer) (+) or PBS (—) on day 0. Seven days later,
recombinant interleukin-33 (IL-33) was administered to the 1337/~
mice at a dose of 400 ng per injection per day, for three consecutive
days on days 7, 8 and 9. ILC2s were sort-purified from lungs (a)
and kidneys (b) and the mRNA levels of IL-5 and IL-13 were deter-
mined by quantitative RT-PCR on day 10. Ifng expression in total
lung cells was also measured by quantitative RT-PCR (c). Data
shown are combined results obtained from of three to five indepen-
dent experiments. Each symbol represents individual mice, and bars
represent the mean of each group of mice. *P < 0-05, **P < 0-01.

cell-derived IL-33, which led to the activation of ILC2s.
The blockade of IFN-y, the primary source of which was
NKT cells activated by o-GalCer, significantly enhanced
IL-5 and IL-13 production by ILC2s, indicating that IFN-
7 inhibits ILC2 function. Second, we use II33™~ mice to
examine the effect of pre-existing IFN-y on ILC2 activa-
tion. In contrast to IFN-y blockade, pre-existing IFN-,
derived from o-GalCer-stimulated II33-deficient NKT
cells, markedly suppressed IL-5 and IL-13 production by
ILC2s activated with recombinant IL-33. The inhibitory
effects of IFN-y on ILC2s were observed in both lung and
kidney ILC2s.
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During this study, Molofsky and others showed that
IL-33 signalling is required for the development and
maintenance of regulatory T cells, and that IFN-y regu-
lates ILC2 activation and limits regulatory T-cell prolifer-
ation in visceral adipose tissue.**** They also showed that
co-infection of Listeria monocytogenes, which elicits IFN-y
production by CD8" cells, and helminths that induce
IL-33, resulted in the inhibition of ILC2 activation and
regulatory T-cell expansion. We have independently
demonstrated the effects of NKT cell-derived IFN-y
induced in vivo by a-GalCer administration and pre-exist-
ing in tissues before activation of ILC2s by IL-33.

Expression of Ifngrl on ILC2s was down-regulated by
in vivo stimulation with IL-33. Accordingly, the inhibitory
effects of IFN-y were greater in naive ILC2s. Interferon-y
receptor down-regulation was mainly the result of the
direct effect of IL-33 on ILC2s because it was also
observed during the activation of ILC2s by IL-33 in cul-
tures of lung ILC2s (Fig. 1d, e). Interferon-y is primarily
produced by Thl cells, CD8" effector T cells, NK cells
and activated NKT cells."® The activation of ILC2s is
inhibited in Thl-skewed microenvironments, as are Th2
immune responses. As schematically presented in Fig-
ure 5, IFN-y inhibits the differentiation of Th2 cells and
also prohibits the production of IL-5 and IL-13 by ILC2s
activated by epithelial-derived IL-33 and TSLP following
exposure to allergens, or NKT cell-derived IL-33 upon
viral infection or exposure to NKT-activating ligands such
as a-GalCer. It appears that the suppression of ILC2s by

Infection @
a-GalCer
IL-
Allergens . 3
20
N TSLP IL-13
=i IL-25 /L-S \

Epithelium

Eosinophil Fibrosis
accumulation  tissue repair

Figure 5. Schematic model for the regulation of group 2 innate lym-
phoid cell (ILC2) cytokine production by interferon-y (IFN-y). IFN-
y derived from T helper type 1 (Thl), natural killer T (NKT), NK or
CD8" effector T cells inhibits the differentiation and function of Th2
cells. IFN-y also limits interleukin-5 (IL-5) and IL-13 production by
ILC2s that are activated by epithelial-derived IL-33 and thymic stro-
mal lymphopoietin (TSLP) following exposure to allergens, by NKT-
cell-derived IL-33 upon viral infection, or exposure to NKT-activat-
ing ligands such as a-galactosylceramide (o-GalCer).
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IFN-y occurs during the reciprocal regulation between
Thl and Th2 immune responses. Exposure to IL-33
down-regulated Ifngrl expression, which resulted in
reduced inhibition of ILC2 function by IFN-y. In other
words, IL-33 activates ILC2s and makes them somewhat
resistant to IFN-y-mediated inhibition. Preceding expo-
sure of ILC2s to IL-33 or IFN-y severely impacts down-
stream ILC2 functions.

In conclusion, our findings demonstrate that IFN-y
directly inhibits IL-5 and IL-13 production by ILC2s, and
that blocking IFN-y restored the ability of activated ILC2s
to produce IL-5 and IL-13. Interferon-y antagonizes ILC2
function in a way that is similar to that in which IFN-y
impacts Th2 cells and constrains type 2 immune
responses.
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