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Group 3 innate lymphoid cells (ILC3s) have emerged as important
cellular players in tissue repair and innate immunity. Whether
these cells meaningfully regulate adaptive immune responses
upon activation has yet to be explored. Here we show that
upon IL-1f stimulation, peripheral ILC3s become activated, secrete
cytokines, up-regulate surface MHC class Il molecules, and express
costimulatory molecules. ILC3s can take up latex beads, process
protein antigen, and consequently prime CD4* T-cell responses
in vitro. The cognate interaction of ILC3s and CD4* T cells leads
to T-cell proliferation both in vitro and in vivo, whereas its disrup-
tion impairs specific T-cell and T-dependent B-cell responses in
vivo. In addition, the ILC3-CD4* T-cell interaction is bidirectional
and leads to the activation of ILC3s. Taken together, our data re-
veal a novel activation-dependent function of peripheral ILC3s in
eliciting cognate CD4* T-cell immune responses.

T-cell activation | antigen presentation

Innate lymphoid cells (ILCs) are a group of lymphocytes that
play a critical role in immediate immune host defense as well
as mucosal and lymphoid tissue homeostasis. Although they lack
somatically rearranged antigen (Ag) receptors, they exhibit
a transcription factor and cytokine profile similar to T helper
(Th) cells. Therefore, ILCs are classified into three major fam-
ilies (1). Reminiscent of Thl cells, ILCls are characterized by
Interferon (IFN)y production and developmental regulation by
T-bet. ILC2s secrete interleukin (IL)-5, IL-9, and IL-13 and,
analogous to Th2 cells, depend on Gata3. ILC3s produce IL-22
and IL-17A and together with Th17 cells express the retinoic acid
receptor-related orphan receptor RORyt (2, 3). ILC3s can be frac-
tioned into NKp46" and NKp46~ subsets including lymphoid tissue
inducer (LTi) cells. Here, lin /NKp46-CD4*~RORyt* ILCs are re-
ferred to as natural cytotoxicity receptor (NCR)ILC3s. ILCs express
Toll-like receptors (TLRs) (4) and IL-1R, indicating that they can
directly sense microbial products and inflammatory signals (5-7). The
ability to rapidly release cytokines upon microbial challenge fostered
the idea that ILCs may bias the outcome of T-cell responses. In ad-
dition, both ILC2 and ILC3s were recently shown to modulate CD4*
T-cell responses through Ag-peptide presentation by MHC class II (8,
9). In line with this, it was proposed a decade ago that ILC3s interact
with T cells in secondary lymphoid organs and thereby promote CD4*
T-cell memory responses (10, 11). Whether peripheral ILC3s can
mature into Ag-presenting cells (APCs) providing costimulation for
T-cell-mediated immunity has never been explored. In the present
study, we show that in mice where MHC class 11 is specifically deleted
in ILC3s, Ag-specific T-cell and T-dependent (TD) B-cell responses
are impaired, demonstrating that ILC3s present Ag to CD4* T cells in
vivo. IL-1p strongly activates fetal liver (FL)-derived and splenic
NCRTILC3s and induces both the expression of costimulatory
molecules and the up-regulation of MHC class II molecules,
thereby enhancing their T-cell priming potential. Finally, we show
that in the presence of Ag, the cognate interaction between CD4* T
cells and NCRTILC3s leads to the activation of the latter,
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suggesting an unexpected crosstalk between these two cell types.
Altogether, we show that peripheral ILC3s can mature upon
activation into bona fide APCs shaping T-cell-mediated immune
responses.

Results

ILC3s Elicit Ag-Specific T-Cell Proliferation and TD B-Cell Responses in
Vivo. To investigate whether ILC3s can initiate CD4" T-cell
responses in vivo, we generated mice with a deletion of lab ex-
clusively in ILC3s by crossing mice expressing Cre recombinase
under the control of the RORc promoter [RORc(yt)-Cre®] (12)
to mice with a floxed H2-4b1 allele (I-ab"°) (13). Mice homo-
zygous for the floxed H2-4b1 allele and carrying one copy of the
Cre transgene, here referred to as [-ab*'t 3 mice, were healthy,
did not show signs of spontaneous inflammation, and had
a normal distribution of lymphocytes, macrophages (M®), and
dendritic cells (DCs) (Fig. 14). Numbers of ILC3s were also
similar in WT and I-ab*""“ mice (Fig. 14). MHC class II ex-
pression was normal on splenic B cells, DCs, and M®, whereas
NCRTILC3s completely lacked MHC class II (Fig. 1B). To ex-
amine Ag-specific CD4" T-cell proliferation in vivo, 3 x 10°
carboxyfluorescein succinimidyl ester (CFSE)-labeled CD4* T
cells from OT-II (H-2") T-cell receptor tranngenic mice (OT-1I%)
were adoptively transferred into WT, I-ab*™3, or I-ab™'~ mice.
Following immunization with ovalbumin (OVA) peptidesz;_339
and OVA protein plus CpG, labeled OT-II® T cells proliferated
in WT, but not in I-ab~'~ mice (Fig. 1C). In I-ab*" mice, OT-II*®
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Fig. 1. ILC3s elicit Ag-specific T-cell proliferation and TD B-cell responses in vivo.
(A) Absolute numbers of T cells (CD3*), B cells (CD19*), DCs (CD11c"), M® (CD11b™
F4/80%), natural killer (NK) cells (NK1.1"NKp46*), and NCRTILC3s (lin"RORyt*
CD117*NCR") in the spleen of WT and l-ab*““ mice. Data are shown as mean + SD
(n = 9; three independent experiments). (B) Representative histograms of MHC
class Il expression on splenic B cells, DCs, M®, and CD4"NCR™ILC3s of WT and
l-ab*"< mice (three independent experiments). (C) Sort-purified CFSE-labeled
OT-I" CD4* T cells were injected i.v. into WT (filled circle), ab**< (filled square),
and l-ab™" (filled triangle) mice immunized with OVA peptide, OVA protein, and
CpG. Absolute numbers of proliferating OT-II'® CD4" T cells recovered from the
spleen 2 d later (mean values +SD; four independent experiments; n = 6-7; *P <
0.05; **P < 0.01). (D-H) WT, I-ab*"“<, and RORy ™"~ mice were i.p. immunized with
100 pg alum-precipitated NP-OVA after i.v. injection of OT-I"® CD4™ T cells plus
CpG. NP-OVA-specific IgG (D), IgG1 (E), I9G2a (F), I9G2b (G), and 1gG3 (H) levels
14 d after immunization. Data are presented as mean values + SD (n = 9-10) from
three independent experiments (n.s., not significant; *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001).
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T-cell proliferation was significantly reduced, demonstrating
that ILC3s were able to present Ag and to meaningfully alter
OVA-spec1flc T-cell responses in vivo. To study the role of ILC3s
in TD B-cell responses, we immunized WT, I- ab* 3 and
RORy™~ mice intraperitoneally (i.p.) with a single dose of Alum-
precipitated nitrophenylated-OVA (100 pg) and adoptively
transferred 2 x 10° OT-II* CD4™ T cells plus CpG. The loss of
MHC class II on ILC3s (I-ab*"““?) resulted in a significant re-
duction of 4-hydroxy-3-nitrophenyl-acetyl (NP)-OVA-specific
IgG 14 d after immunization (Fig. 1D). Additionally, a more
detailed analysis of IgG subtypes revealed that specific IgG1,
IgG2a, IgG2b, and IgG3 levels were significantly reduced (Fig. 1
E-H). In RORy™"~ mice, where ILC3s, Th17 cells, lymph nodes,
and Peyer’s patches were completely absent, NP-OV A-specific
IgG titers were even more reduced. Collectively, these data un-
ambiguously show that Ag presentation by ILC3s contributes to
T-cell priming in vivo and that CD4™ T-cell proliferation and TD
B-cell responses were impaired when Ag presentation was
abolished in ILC3s.

NCRILC3s Can Internalize Latex Beads. Based on the in vivo finding
that the lack of MHC class II molecules by ILC3s impaired
T-cell-mediated immune responses, we tested the capacity of
NCR™ILC3s generated from ayB;* FL progenitor cells in vitro
(14) or ex vivo isolated from the spleen of adult mice to take up
red fluorescent latex beads. We and others have previously
shown that FL-derived and adult ILC3s share phenotypic and
functional properties such as lymphotoxin p-dependent induction
of lymphoid tissue formation (15, 16). Both in vitro-generated
and ex vivo-isolated NCR™ILC3s were capable of internalizing
red fluorescent latex beads, although with slower kinetics than
bone marrow (BM)-derived M® (BMM®) (Fig. 2 4 and B and
Fig. S1). Bead uptake was severely inhibited at 4 °C or in the
presence of 0.5 pM Cytochalasin D (CytD), an inhibitor of actin
polymerization, showing the specificity of internalization (Fig.
2C). In vitro-generated NCR™ILC3s could be subdivided into
CD4*% and CD4"NCRTILC3 subsets (Fig. S2 A4 and B). Both
subsets had a CD69™ naive phenotype and expressed compa-
rable levels of RORyt, LTap, common gamma chain (yc),
CD117, integrins, and chemokine receptors (Fig. S2C). CD4*
NCRTILC3s were slightly more efficient in taking up Ag than
their CD4~ counterpart (Fig. S2D). Thus, NCR"ILC3s can in-
ternalize and process exogenous Ags.

Upon Proinflammatory Stimulation NCR™ILC3s Become Activated and
Secrete Cytokines. How DCs undergo maturation and activation
upon exposure to signals associated with infection and inflammation
is well documented (17). We therefore tested proinflammatory
cytokines and TLR ligands for their ability to activate NCR™ILC3s.
IL-1B, Poly I:C, and CpG up-regulated the expression of surface
CD69 on NCRILC3 (Fig. 34). Similar results were obtained from
ex vivo-isolated splenic NCRILC3s of WT mice 6 h after i.p. in-
jection with CpG (Fig. S3). Upon stimulation with IL-1p, in vitro-
generated NCR™ILC3s produced high levels of IL-22, exceeding
those induced upon IL-23 stimulation (Fig. 3B). In vitro stimulation
with TLR ligands revealed that Poly I:C could induce IL-22 pro-
duction by NCR™ILC3s (Fig. 3C). Thus, these data show that
ligands for TLR 3 and 9 have the ability to directly activate
NCRTILC3s and that IL-1f is a remarkably strong inducer of 1L-22
secretion. In addition, IL-1p-exposed NCRILC3s secreted IL-2,
IL-6, macrophage inflammatory protein 1 (MIP-1)a, IFNy, and
tumor necrosis factor (TNF)a, all known for their capacity to pro-
mote T-cell responses (Fig. 3D). IL-1p also induced the secretion of
IFN-induced protein of 10 kDa (IP-10), a chemoattractant for
mononuclear cells and CXCR3™ effector T cells (18). Collectively,
these data demonstrate that IL-1p and TLR ligands can activate
NCRTILC3s, remarkably altering the repertoire of cytokines
they produce.
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Fig. 2. Naive NCRTILC3s can internalize latex beads. (A) Representative
immunofluorescence image of red fluorescent latex bead uptake by sort-
purified in vitro-generated NCRTILC3s. (Scale bar, 5 pm.) (B) Bead in-
ternalization by NCR™ILC3s and BMM®. Percentage of bead* cells 2 and 24 h
after addition of beads (mean values + SD; n.s., not significant; **P < 0.01).
(C) Representative plots of NCR7ILC3s cultured with beads for 6 h at either
37 °C or 4 °C, or at 37 °C in the presence of 0.5 pM CytD. Data are repre-
sentative of at least three independent experiments (n = 3-5).

IL-1p Induces the Expression of MHC Class Il and Costimulatory
Molecules on Peripheral NCRTILC3s. We further asked whether,
analogous to DCs, activated NCR™ILC3s express costimulatory
molecules and up-regulate MHC class II molecules. Both
in vitro-generated and ex vivo-isolated CD4*"NCR™ILC3s
had a naive phenotype shown by the absence of CD69 and
costimulatory molecules (Fig. 4 4 and B). Upon stimulation with
IL-1p for 48 h, both sort-purified in vitro-generated CD4"
NCRTILC3s and ex vivo-isolated CD4*NCR™ILC3s expressed
the costimulatory molecules CD80 and CD86 and up-regulated
the expression of CD40, CD69, and MHC class II (Fig. 4 4 and
B). Hence, upon IL-1f stimulation, NCRTILC3s acquire an
APC-like phenotype, reminiscent of activated DCs. It has been
reported that mucosa-associated ILC3s were unable to express
costimulatory molecules (9). Whether these cells could respond
to inflammatory stimulation has never been investigated.
Therefore, we stimulated ex vivo-isolated small intestinal lamina
propria (LP)-derived NCRTILC3s with IL-1p for 48 h. In-
terestingly, although IL-1p stimulation resulted in blast forma-
tion, even with high concentrations of IL-1p, we were unable to
detect up-regulation of MHC class II or expression of CD40 and
CD86 (Fig. S4 A and B). These data unambiguously show that
peripheral but not LP NCR™ILC3s express costimulatory mole-
cules upon innate activation.

Activated NCR™ILC3s Can Induce Ag-Specific CD4" T-Cell Activation
and Proliferation. We next examined whether peripheral
NCRTILC3s could trigger naive T-cell priming in vitro.
NCR™ILC3s (H-2%) were in vitro stimulated with IL-1p and in-
cubated with CFSE-labeled OT-II CD4™ T cells in the presence
of OVA peptides,;_339 or OVA protein. Ex vivo-isolated and in
vitro-generated CD4* and CD4~ NCR™ILC3s were able to ac-
tivate the majority of CD4" T cells in the presence of OVA
peptide monitored by CD69 expression (Fig. 54). In vitro-gen-
erated CD4" and ex vivo-isolated NCR™ILC3s were able to in-
duce several rounds of OVA-specific CD4* T-cell proliferation
when pulsed with OVA peptide or, to a lesser extent, with OVA
protein. CD4"NCRTILC3s were considerably less efficient in
inducing protein Ag-specific CD4* T-cell responses (Fig. 54). To
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further examine the effect of activation of NCR™ILC3s on the
capacity to elicit T-cell responses, we stimulated ex vivo-isolated
splenic NCRTILC3s with IL-1p or left them untreated and
cocultured them with OT-II* CD4" T cells and OVA protein
(Fig. 5 B-D). A total of 30.2% of the T cells in culture with
untreated NCR™ILC3s and OVA protein expressed CD69, and
only 4.3% of the T cells proliferated (Fig. 5B). IL-1p-activated
NCRTILC3s increased the percentage of both CD69" and pro-
liferating T cells (Fig. 5 B-D). Compared with splenic
NCRTILC3s, LP NCR™ILC3s were three times less efficient to
induce cognate T-cell activation in vitro (Fig. S5 A4 and B). In-
terestingly, we noted that the CD69 surface expression level of
NCRTILC3s increased approximately sevenfold in the presence
of OT-II'* CD4* T cells and OVA protein, compared with
cocultures without Ag and without previous IL-1p stimulation.
This phenomenon was not further increased by previously acti-
vating NCR™ILC3s with IL-1p (Fig. S64). It is important to note
that CD69 expression on NCRTILC3s peaked early after acti-
vation and decreased in cocultures, unless T cells and Ag were
added. Ag alone was not able to sustain CD69 expression (Fig.
S6B). Together, these results show that IL-1p increased the ca-
pacity of NCR™ILC3s to induce CD4* T-cell activation and that
the cognate ILC3-CD4* T-cell interaction led to the activation
of NCR™ILC3s.

Discussion

We show here that upon IL-1p stimulation NCRTILC3s ex-
pressed MHC class II and costimulatory molecules and became
bona fide APCs as they were able to promote OVA-specific
CD4* T-cell proliferation in mice. In addition, activated
NCRTILC3s expressed an unexpected repertoire of cytokines
known to alter T-cell responses. Ag-specific T-cell proliferation
and IgG-mediated humoral immunity were impaired in animals
in which Ag presentation was abolished exclusively in ILC3s.
Finally, in the presence of Ag, the T-cell priming led to an ex-
tended activation of ILC3s. These novel data suggest that upon
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Fig. 3. Cytokine secretion of activated NCRTILC3s. (A) Representative his-
tograms of CD69 expression on in vitro-generated NCRTILC3s after 48 h
stimulation with IL-16, Poly I:C, CpG, or in medium alone (four independent
experiments). IL-22 secretion by in vitro-generated NCRTILC3s upon 48 h
exposure to IL-1p, IL-23 (B), TLR ligands (C), or medium alone (mean values +
SD, n = 6-7, three independent experiments; *P < 0.05; **P < 0.01). (D)
Cytokine production by in vitro-generated NCR™ILC3s after 48 h culture with
IL-1p or medium alone. Results are shown as mean values + SD.
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Fig. 4. IL-1p induces the expression of MHC class Il and costimulatory mol-

ecules on peripheral NCR™ILC3s. Expression of CD69, CD40, CD80, CD86, and
MHC class Il on sort-purified in vitro-generated CD4*NCR™ILC3s (A) and ex
vivo-isolated splenic CD4"NCR™ILC3s (B) cultured for 48 h with IL-1B or me-
dium alone. Numbers in contour plots show the percentage of cells in each
quadrant. Data are representative of three independent experiments.

inflammation the cognate interaction of NCR™ILC3s and CD4*
T cells contributes to adaptive immunity.

Our in vivo data demonstrate that peripheral NCR™ILC3s
process protein Ags and stimulate Ag-specific CD4" T-cell
responses. Whether the cognate interaction between NCRILC3s
and CD4™ T cell leads directly to the priming of T cells or
whether this interaction rather polarizes or enhances the T-cell
response has yet to be established. In either case, the cytokines
that are secreted by NCR™ILC3s upon activation are likely to
decisively impact the outcome of T-cell responses. Because
NCRILC3s reside at the interface between B- and T-cell zones
(10, 19), they are located strategically within the lymphoid mi-
croenvironment to efficiently promote immune responses in vivo.
Considering their 10 times lower numbers compared with DCs in
the spleen of WT mice, our in vivo data emphasize the potential
of ILC3s to induce CD4" T-cell proliferation. The immunization
of I-ab*" mice indeed showed that the specific lack of MHC
class IT on NCRTILC3s drastically impaired T and TD B-cell
responses in the spleen. The overall decrease in Ag-specific Ab
isotypes suggests that cognate ILC3-T cell interactions did not
significantly affect Th cell polarization. In vitro, NCR™ILC3s
were less potent than BM-derived DCs in priming naive T cells,
probably because DCs expressed higher levels of costimulation
and MHC class II molecules. Despite this, our data show that
ILC3s are crucial for mounting adaptive immune responses in
vivo, suggesting that their ability to present Ag is increased in the
splenic microenvironment. This could be either due to the splenic
cytokine milieu or the crosstalk between ILC3s and other im-
mune cells. In line with the finding that CD4"NCR™ILC3s are
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more differentiated than their CD4~ counterpart (20), CD4*
NCRTILC3s had a greater potential of inducing Ag protein-
specific T-cell proliferation.

The I-ab*’“®® mouse strain generated by others has been
reported to spontaneously develop signs of systemic inflammation
(9). In our I-ab*™ mouse colony that we kept under strict
specific pathogen-free conditions, we did not observe any pa-
thology or abnormal lymphocyte numbers. The discrepancy
between our mice and the mice reported by Hepworth et al.
might be due to microbial exposure in different animal facilities.
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Fig. 5. NCRTILC3s can induce Ag-specific CD4" T-cell activation and pro-
liferation. (A) Naive CFSE-labeled OT-//"9 CD4* T cells were cultured with
either BMDGs, IL-1p-activated ex vivo-isolated splenic NCRTILC3s, or in vitro-
generated sorted CD4* or CD4 NCR™ ILC3s in the presence of OVA peptide,
OVA protein, or medium alone (without Ag). Representative plots of CD69
and CFSE expression by CD4" T cells 72 h later. Bold black numbers, per-
centage of proliferating T cells; bold red numbers, percentage of total CD69™
T cells. (B) Naive CFSE-labeled OT-//"9 CD4™ T cells were cultured with non- or
IL-1p-activated splenic NCR7ILC3s in the presence of OVA peptide, OVA
protein, or medium alone (without Ag) for 72 h. (C) Percentage of CD69™
CD4* T cells upon coculture with non- or IL-18-activated splenic NCR™ILC3s in
the presence or absence of Ag. Data are shown as mean values + SD (n = 3-7;
*P < 0.05; ***P <0.001). (D) Fold increase of percentage of CD69* CD4* T cells
upon coculture with non- or IL-1p-activated splenic NCRTILC3s in the presence
of OVA protein relative to coculture of IL-1p-activated NCRTILC3s and T cells
in the absence of Ag. Data are shown as mean values + SD (n = 3-7; *P <
0.05). Data are representative of at least three independent experiments.
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Whereas ILC3s appear to limit T-cell responses to commensal
bacteria in the intestine through Ag presentation in the absence
of costimulation (9), we show here that splenic NCR™ILC3s have
the ability to promote T- and B-cell responses in the periphery.
Interestingly, we were unable to detect costimulatory molecules
on LP NCR™ILC3s ex vivo or after in vitro stimulation with IL-1p.
Hence, it appears that the microenvironments in which ILC3s
reside profoundly alter their function, as suggested by the dif-
ferent expression signature profiles displayed by ILC3s isolated
from various tissues (21, 22). We observed that ex vivo-isolated
splenic ILC3s from naive mice lacked costimulatory molecules
but a substantial fraction expressed MHC class II. Activated
NCRTILC3s, however, expressed both MHC class II and cos-
timulatory molecules and were fully capable of inducing T-cell
responses in vitro and in vivo. In the mucosa, the microbiota-
driven release of IL-1p promotes the production of granulocyte
macrophage colony-stimulating factor (GM-CSF) by ILC3s. This
triggers the release of retinoic acid and IL-10 by mucosal DCs
and M®, leading to the expansion of regulatory T cells (23).
These data together with our findings support the idea that IL-1f
is a strong activator of ILC3s and that the outcome of ILC3 ef-
fector functions depends on additional tissue-specific cells and
regulatory cytokines. Hence, splenic ILC3s are fully capable of
priming T-cell responses, whereas mucosal ILC3s may prevent
T-cell responses through absence of costimulation and induction
of tolerogenic cytokine responses by other cells. Because of their
remarkable ability to secrete cytokines, ILCs are emerging
as important cellular players, actively modulating immune re-
sponses. For instance, human splenic ILC3s enhance the survival
of marginal zone B cells through the release of B-cell activating
factor (BAFF) and stimulate perifollicular neutrophils through
GM-CSF (24). In humans, IL-1R signaling was shown to induce
NCRTILC3s to produce IL-17, IL-22, and IFNy (25, 26). We
show here that IL-1p increased the secretion of IL-2, IL-6, MIP-
la, IP-10, IFNy, TNFa, and GM-CSF in vitro. Although our in
vitro data suggest that IL-1 is likely to play an important role in
ILC activation and immunity, the actual molecular and cellular
events leading to NCRTILC3 activation in vivo are still un-
known. Ag-dependent cognate interaction between ILC3s and
T cells also led to NCRILC3 activation reflected by the up-
regulation of CD69 (Fig. S64). This result may explain why naive
NCRTILC3 could trigger T-cell priming in the absence of pre-
vious activation by IL-1p (Fig. 5B). A similar TCR-dependent
crosstalk occurs during ILC2-T cell interactions (8), illustrating
that T cells or T-cell-derived cytokines may reciprocally act on
ILC responses. Collectively, our data reveal an important func-
tion for group 3 ILCs in promoting peripheral T-cell-mediated
responses and improve our understanding of how these cells may
link innate and adaptive immune responses.

Materials and Methods

Mice. C57BL/6 were purchased from Janvier (Saint Berthevin). RORy”’ 3)
and MHCI*" (here referred to as l-ab™") (27) were described elsewhere.
OT-II" mice were kindly provided by A. Rolink, Rag2~"~ mice by G. Hollaender
(University of Basel, Basel, and Jesus College, Oxford), l-ab™° (13) mice by E. Palmer
(University of Basel, Basel), and RORc(yt)-Cre®¥ mice (12) by A. Diefenbach
(University of Freiburg, Freiburg im Breisgau, Germany). All mice were bred
and maintained under specific pathogen-free conditions. /-ab*'*“> mice
were generated by crossing /-ab"¢° mice, which contain a floxed H2-Ab1
allele, with RORc(yt)-Cre'® mice. F1 generations were backcrossed to /-ab"°®
mice. The animal experiments received the approval of the Cantonal Veterinary
Office of the city of Basel.

Antibodies. FITC, Phycoerythrin (PE), PerCP-eFluor 710, PE-Cy7, Allophy-
cocyanin (APC), APC-Cy7, BV421 or biotin-conjugated anti-CD3 (17A2),
anti-CD4 (RM4-5), anti-CD11b (M1/70), anti-CD11c (117310, N418), anti-
CD19 (6D5), anti-CD29 (HMb1-1), anti-CD40 (1C10), anti-CD45R (RA3-6B2,
B220), anti-CD69 (H1.2F3), anti-CD90.2 (30-H12), anti-CD117 (2B8), anti-
CD196 (29-2L17), anti-CD197 (4B12), anti-Gr-1 (RB6-8C5, Ly-6G), anti-TCRf
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(H57-597), anti-TCRy8 (UC7-13D5), anti-MHC I (M5/114.15.2), anti-asB;
(DATK32), and anti-NKp46 (29A1.4) antibodies (Abs) were purchased from
BioLegend; anti-CD54 (3E2), anti-CD132 (TUGm2, y. chain), anti-CD184
(2B11, CXCR4), anti-CD185 (2G8, CXCR5), and anti-MHC Il (25-9-17) Abs from
BD Bioscience; and anti-CD3 (145-2C11), anti-CD8a (53-6.7), anti-CD11c
(N418), anti-CD80 (16-10A1), anti-CD86 (GL1), anti-F4/80 (BM8), anti-NK1.1
(PK136), NKp46 (29A1.4), and anti-RORyt (AFKJS-9, B2D) Abs from eBioscience.
As secondary reagent, fluorochrome-conjugated streptavidin (BioLegend)
was used.

Flow Cytometry and Cell Sorting. Flow cytometry stainings were performed
using standard protocols (28). Intracellular RORyt staining was performed
using a fixation/permeabilization kit (FoxP3 staining buffer kit, eBioscience).
Dead cells were identified using fixable Aqua Live/Dead cell staining kit
(Molecular Probes, Life Technologies) or propidium iodide solution (Sigma-
Aldrich). Lymphotoxin staining was performed as previously described (29).
Data acquisition was performed with a FACSCalibur or FACSCanto Il (BD
Bioscience), and data were analyzed using FlowJo software (Tree Star). Cell
sorting was done using a FACS Aria (BD Bioscience, >98% purity).

Cell Isolation and Culture. BMDCs and BMM® were generated as described
elsewhere (30, 31). Cells were harvested after 7 d in culture at 37 °C, 10%
CO,. NCR7ILC3s were generated in vitro from asp;* precursors as described
before (14) and sorted based on CD90.2, CD117, and CD4 expression. Splenic
and small intestinal LP NCR7ILC3s were isolated from the spleen and small
intestine of adult Rag2~'~ mice. The small intestine was opened longitudi-
nally, cut into pieces, incubated in 1x PBS containing 30 mM EDTA (30 min,
4 °C), washed several times in 1x PBS, and then incubated in DMEM con-
taining 0.025 mg/mL DNasel (Roche) and 1 mg/mL Collagenase D (Roche) for
1 h at 37 °C. Every 15 min, the supernatant was collected, and tissue pieces
were washed and reincubated with medium containing DNasel and Colla-
genase D. Cell suspension was pelleted, resuspended in 5 mL 40% Percoll (GE
Healthcare), underlayed with 3 mL 80% Percoll, and centrifuged at 20 °C and
630 x g for 30 min. Cells of the interphase were collected. Spleens were also
cut into pieces, washed in 1x PBS, and digested with DNasel and Collagenase
D as described above. After digestion, spleen cells were washed and eryth-
rolysis was performed. Ex vivo-isolated splenic or LP NCRTILC3s were sorted
based on the expression of CD117 and the lack of the lineage marker CD3,
CD8a, CD11¢, CD19, B220, Gr-1, TCRB, TCRyS, NK1.1, and NKp46. CD4™ T cells
from the spleen and lymph nodes of OT-I/"9 mice were magnetically purified
by using CD4 beads (LTR4, Miltenyi Biotec) following the manufacturer’s
instruction. MACS-enriched CD4" T cells were sorted to reach >98% purity
and labeled with 7.5 pM CFSE (Molecular Probes) in 1x PBS (8 min,
room temperature).

NCRTILC3 Stimulation and Ag Presentation Assay. Sort-purified in vitro-gen-
erated NCRTILC3s or ex vivo-isolated splenic or LP NCRTILC3s were cultured
in a 96-well plate (Costar, Corning, Inc.) in the presence of either TLR ligands
[100 ng/mL Pam3Cys, 25 pg/mL Poly I:C, 1 pg/mL Flagellin, 1 pg/mL Imiquimod
(InvivoGen), 10 pg/mL Zymosan, 1 pg/mL lipopolysaccharide (LPS) (Sigma-
Aldrich), 1 pM CpG (Trilink Biotechnologies, ODN1826 sequence InvivoGen)],
proinflammatory cytokines [20, 100 ng/mL IL-1p (Biovision, Inc.), 20 ng/mL
IL-23 (eBioscience)], or in medium alone for 48 h. To test Ag presentation
and T-cell activation, sort-purified stimulated (20 ng/mL IL-1B, 24 h) NCRTILC3s
were cocultured in the presence of OT-II"Y CD4* T cells and either OVA3,3 339
peptide (5 pg/mL, AnaSpec), OVA protein (100 pg/mL, Imject Ovalbumin,
Thermo Fisher Scientific, Inc.), or medium alone (without Ag) for 48-72 h.

Fluorescent Latex Bead Uptake. Fluorescent latex bead uptake was performed
as previously described (32) with some adaptations. Briefly, in vitro-gener-
ated or ex vivo-isolated splenic NCRTILC3s were cultured in a 96-well plate,
and latex beads [FluoSpheres carboxylate-modified microspheres, 1 um, red
fluorescent (580/605), Molecular Probes, Life Technologies] were added for
6 h at 37 °C, 4 °C, or 37 °C in the presence of 0.5 pM CytD (Applichem). To
compare bead uptake of BMM® and NCR™ILC3s, cells were harvested after
2 h or 24 h. Bead internalization was analyzed by flow cytometry. For im-
munofluorescence microscopy, in vitro-generated NCR™ILC3s were stained
with FITC-conjugated anti-CD90.2 (30-H12, 30 min at 4 °C) and HOECHST dye
(Hoechst 33342, Invitrogen, 30 min at 37 °C) after incubation with beads.
Bead uptake was monitored using a confocal laser-scanning microscope
(Zeiss LSM 510 Meta). Images were analyzed with ImageJ (W. Rasband,
National Institutes of Health, Bethesda). An adjustment of brightness and
contrast was performed.
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Adoptive Cell Transfer and Immunization. We injected 3 x 10° OT-II'9 CD4* T cells
(CFSE™) intravenously (i.v.) into WT, l-ab**, and I-ab™ recipient mice i.v. im-
munized with OVAs,3 339 peptide (20 pg/mL), OVA protein (100 pg/mL), and CpG
(50 uM). Forty-eight hours later, OT-II"9 CD4* T-cell proliferation was examined in
the spleen. We i.v. injected 2 x 10° OT-I["Y CD4* T cells plus CpG (25 uM) into WT,
l-ab*, and RORy™~ mice. Mice were immunized i.p. with 100 pg alum-pre-
cipitated NP-OVA [NP (18)-OVAL, Biosearch Technologies, Inc.]. Sera were col-
lected 14 d after NP-OVA immunization.

Ab and Cytokine Detection by ELISA and Luminex Assay. To detect NP-OVA-
specific Abs in the serum of immunized mice, NUNC immunoplate Maxisorb
F96 plates (Thermo Scientifics) were coated with 5 pg/mL NP-OVA (Bio-
search Technologies, Inc.) in 1x PBS at 4 °C overnight. Sera were incubated
for 1.5 h at room temperature, and after washing [H,O 0.1% Tween-20
(AppliChem)] biotin-conjugated goat anti-mouse 19G, 19G1, IgG2a, 19G2b, or
1gG3 (Caltag Laboratories) was added, incubated for 1.5 h at room temper-
ature, and detected by alkaline-phosphatase—conjugated Steptavidin (Roche,
45 min, room temperature). Plates were developed with dinitrophenyl
phosphate (1 mg/mL, Sigma) in substrate buffer [0.1 g MgCl, x 6 H,O
(Merck), 10 mM NaNj3 (Sigma), and 10% diethanolamine (Sigma) at pH 9.8
filled up to 1 L]. The reaction was stopped with 1 M NaOH (Fluka). OD was
determined at 405 nm with an ELISA reader (ASYS Expert plus). IL-22 was
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determined in the supernatant of NCR™ILC3s cultures by using mouse/rat
ELISA MAX Deluxe Set (Biolegend) according to the manufacturer’s
instructions. OD was determined at 450 nm with an ELISA reader (ASYS
Expert Plus). In addition, cytokines were quantified using a multiplex-
bead-based Luminex assay (mouse cytokine 20-plex panel, Invitrogen,
Life Technologies) according to the manufacturer’s protocol. Analysis
was performed with a Luminex 100 (LX100) analyzer (Invitrogen, Life
Technologies).

Statistical Analysis. Statistical analysis was performed using Mann-Whitney U
test, unpaired Student t test, and Wilcoxon test with Prism software (GraphPad
Software, Inc.).
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