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Group 2 innate lymphoid cells (ILC2s) are derived from common lymphoid progenitors (CLPs) via several specific precursors,
and the transcription factors essential for ILC2 differentiation have been extensively studied. However, the external factors
regulating commitment to the ILC lineage as well as the sites and stromal cells that constitute the optimal microenvironment
for ILC2-specific differentiation are not fully defined. In this study, we demonstrate that three key external factors, the
concentration of interleukin 7 (IL-7) and strength and duration of Notch signaling, coordinately determine the fate of CLP
toward the T, B, or ILC lineage. Additionally, we identified three stages of ILC2 in the fetal mesentery that require STAT5
signals for maturation: ILC progenitors, CCR9* ILC2 progenitors, and KLRG1 immature ILC2. We further demonstrate that
ILC2 development is supported by mesenteric platelet-derived growth factor receptor a (PDGFRa)* glycoprotein 38 (gp38)*
mesenchymal cells. Collectively, our results suggest that early differentiation of ILC2 occurs in the fetal liver via IL-7 and
Notch signaling, whereas final differentiation occurs in the periphery with the aid of PDGFRa*gp38* cells.

Introduction

Innate lymphoid cells (ILCs) are antigen-independent effector
cells that are a counterpart of T cell subsets. ILCs are categorized
into three groups based on their cytokine profile and transcrip-
tion factors controlling their differentiation and function: group
1ILC (ILC1), group 2 ILC (ILC2), and group 3 ILC (ILC3; Spits et
al., 2013). ILC2s are type 2 cytokine producers that produce IL-4,
IL-5, IL-6, IL-9, IL-13, and GM-CSF in response to mucosal tis-
sue-derived cytokines, including IL-25, IL-33, and thymic stro-
mal cell lymphopoietin (TSLP), and play crucial roles in helminth
infection, allergic inflammation, and tissue homeostasis (Artis
and Spits, 2015; Ealey et al., 2017).

To understand the mechanism of ILC2 differentiation, many
studies have focused on ILC-specific progenitors and transcrip-
tion factors. In addition to T cells and B cells, all ILCs including
ILC2 are derived from common lymphoid progenitors (CLPs;
Yang et al., 2011) in the fetal liver (FL) and bone marrow (BM).
Recently, ILC-committed progenitors such as early innate lym-
phoid progenitors (EILPs; Yang et al., 2015), CXCR6* a-lymphoid
progenitors (Yu etal., 2014), common progenitor to all helper-like
ILCs (CHILPs; Klose et al., 2014), and PLZF* ILC progenitors

(ILCPs; Constantinides et al., 2014) have been identified. Several
key transcription factors such as Id2, Tox, TCF-1, and Nfil3 have
been reported to play a role in the lineage commitment from CLP
(De Obaldia and Bhandoola, 2015; Zook and Kee, 2016). However,
the microenvironmental factors in the developmental niches
that regulate these transcription factors and promote ILC-spe-
cific differentiation from common progenitors are still unclear.
All lymphocytes, with the exception of IL-15-dependent natural
killer (NK) cells, require IL-7 for differentiation (Ma et al., 2006;
Moro etal., 2010; Hong et al., 2012; Hoyler et al., 2012; Clark et al.,
2014), and Notch signaling is essential for T cell, ILC2, and ILC3
development (Hozumi et al., 2008; Possot et al., 2011; Wong et al.,
2012). It remains unclear, however, how these identical external
factors determine the cell fate of the ILC lineage from CLP.
Furthermore, little is known about the site of ILC2 develop-
ment. A previous study showed that KLRG1~ ILC2s exist in BM
and that these cells are considered ILC2 progenitors (ILC2P;
Hoyler et al., 2012). Therefore, it is generally thought that ILC2s
are derived from BM even though CLP and ILCPs also exist in
the FL, and studies on ILC2 differentiation have mainly been
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conducted using BM progenitors. However, mature ILC2s exist
in a variety of tissues such as adipose tissue, lung, gut, and
skin. Parabiosis studies have clearly shown that ILC2 are tissue-
resident cells, and ILC2 and ILCP do not circulate between tissues
in the steady-state condition (Gasteiger et al., 2015; Moro et al.,
2016). These data suggest that BM progenitors might not be the
source of ILC2 in the steady-state and indicate the possibility that
ILC2s differentiate from CLP in the FL.

It has been demonstrated that FoxN1* thymic epithelial cells
constitute an essential microenvironment for T cell develop-
ment (Zuklys et al., 2016), and BM CXCL12-abundant reticular
cells support B cell differentiation in the BM niche (Tokoyoda et
al., 2004; Nagasawa, 2007). However, determining what types
of mesenchymal cells support the final differentiation of ILC2s
in peripheral tissues has remained largely unexplored. If ILC2s
differentiate from CLP in the FL and migrate into the peripheral
tissues, specific stromal cells that provide an optimal microen-
vironment for ILC2 differentiation should exist in each tissue.

In this study, we determined whether the quantity of IL-7
and Notch signaling differentially regulated commitment to
each lymphocyte lineage from CLP in the FL using a TSt4 stro-
mal cell-based in vitro culture system and demonstrated that
the concentration of IL-7 and strength and duration of Notch
signaling differentially optimized the commitment to each lym-
phocyte lineage. In an in vivo analysis, thymic epithelial cell-
specific Notch ligand deficiency in mice clearly led to abnormal
expansion of ILC2 in the thymus, suggesting the importance of
Notch signaling for lymphocyte lineage commitment in vivo. We
hypothesized that after the first cell fate decision step occurred in
the FL, CHILP/ILCP migrated into the peripheral tissues such as
the mesentery, lung, or intestine and differentiated into mature
ILC2 with the help of mesenchymal cells. In this study, we found
that ILCs, immature ILCs including CCR9* ILC2 progenitors, and
KLRGI- immature ILC2s exist in the fetal mesentery and that
their maturation occurs after birth with the aid of STATS activa-
tors. We also identified CD45-CD31- platelet-derived growth fac-
tor receptor o (PDGFRa)* glycoprotein 38 (gp38)* mesenchymal
cells in the fetal and adult mesentery, which support ILC2 differ-
entiation and maturation. Notably, CD45-CD31"PDGFRa*gp38*
mesenchymal cells support ILC2 differentiation from the ILCP
but not CLP stage. These results demonstrate that the peripheral
microenvironment plays a crucial role in the terminal differen-
tiation of tissue-resident ILC2.

Results

Different concentrations of IL-7 optimize the cell fate of T cell,
B cell, and ILC lineages

IL-7 is a critical cytokine for most lymphocytes, and previous
research has shown that IL-7 concentration affects T cell differ-
entiation (Tkawa et al., 2010). To determine whether IL-7 concen-
tration also affects the differentiation of other lymphocytes, we
cocultured E15 FL CLP with TSt4-Delta-like (DLL)-1stromal cells,
which express the Notch ligand DLLI, in the presence of differ-
ent concentrations of IL-7. After 10 d of coculture, we found that
low concentrations of IL-7 promoted CD4*CD8a* double-positive
(DP) T cell differentiation as previously reported (Fig. 1, A and
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B; Tkawa et al., 2010). However, high concentrations of IL-7 pro-
moted the differentiation of GATA3MILC2 (Fig. 1, A and B; and not
depicted). A STATS5 inhibitor that blocks IL-7 signaling (Rochman
etal., 2009) inhibited ILC2 differentiation, whereas T cell differ-
entiation was only affected by high concentrations of the inhib-
itor (Fig. 1, C and D). These data indicate that both T cells and
ILC2 require IL-7 but that the concentration of IL-7 differentially
determines the commitment to T cells or ILC2. We also examined
the differentiation of B cells, NK/ILC1, and ILC3 in different con-
centrations of IL-7. Lymphoid tissue inducer (LTi) cells are able
to develop without Notch signaling (Possot et al., 2011), and ILC3s
express low levels of GATA3 (Serafini et al., 2014). We therefore
defined RORyt*GATA3 cells as LTi-like cells and RORyt*GAT-
A3mid cells as ILC3-like cells in the TSt4 and TSt4-DLL1 culture
systems, respectively. Although LTi cell differentiation required
high concentrations of IL-7, ILC3 differentiated efficiently at low
concentrations of IL-7, as did T cells (Fig. 1, E and F). In this cul-
ture system, it is difficult to clearly distinguish between NK cells
and ILCL. High concentrations of IL-7 promoted NK1.1* cell (NK/
ILC1) differentiation in both the TSt4 and TSt4-DLLI culture sys-
tems, whereas B cell differentiation was unaffected by the con-
centration of IL-7 in the TSt4 culture system (Fig. 1, G-I).

The strength of Notch signaling differentially regulates
lymphocyte lineage commitment

Given that Notch signaling supports the commitment to T cell dif-
ferentiation (Washburn et al., 1997; Han et al., 2002; De Smedt et
al., 2005), we investigated the influence of Notch signal strength
onlymphocyte commitment using newly established TSt4-based
cell lines (TSt4 Tet-off DLL stromal cell system). Although both
DLL1 and DLL4 can induce T cell differentiation, their efficien-
cies are quite different (Besseyrias et al., 2007; Mohtashami et
al., 2010; Andrawes et al., 2013). Therefore, in this study, we
used both TSt4 Tet-off DLL1 and DLL4 stromal cells. In these cell
lines, DLLI (Fig. 2) or DLL4 (Fig. 3) is expressed on TSt4 cells in
the absence of doxycycline (Dox), and DLL expression can be
down-regulated by Dox in a dose-dependent manner. CLPs were
cocultured with these stromal cells with 10 ng/ml IL-7 and dif-
ferent concentrations of Dox (Figs. 2 A and 3 A). B cell differen-
tiation from CLP was preferentially induced by coculture with
both TSt4 Tet-off DLL1 and DLL4 stromal cells at high concentra-
tions of Dox, which indicates weak Notch signaling (Fig. 2, Band
C; and Fig. 3, B and C). In contrast, low concentrations of Dox,
which provide strong Notch signaling, predominantly induced
T cell differentiation, and interestingly, intermediate concen-
trations of Dox elicited the differentiation of ILC2 and NK/ILC1
(Fig. 2, B and C; and Fig. 3, B and C). Strong Notch signaling also
promoted the differentiation of both LTi cells and ILC3 (Fig. 2, D
and E; and Fig. 3, D and E). Coculture with both TSt4 Tet-off DLL1
and DLL4 produced similar results (Fig. 2, B-E; and Fig. 3, B-E),
suggesting that both DLL1 and DLL4 signaling have the potential
to induce ILC differentiation in a dose-dependent manner. We
also confirmed the expression of Notch receptors on progenitor
populations. Hematopoietic stem cells (HSCs), lymphoid-primed
multipotent progenitors, and CLPs express both Notchl and
Notch2, but Notchl expression disappears after the CHILP stage
(Fig. 3 F). Although the strength of Notch signaling seems to

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20172310

1610



A TSt4-DLL1  IL-7 (ng/ml) B
0 0.3 3.0 30.0 ~ 20 2
i ay ~ o -
’ X 16 516
E 12 X1.2
2 § 0.8
= % 04
h 0
0 0.1 0.3 1.0 3.0 10.030.0 0 0.1 0.3 1.0 3.0 10.030.0
 — ] - — s W]
Low High Low High
C TSt4-DLL1 STATS inhibitor (LM) D

- 20 40 60 -

~18 10 _—
o
- s 8
x o
=12 A\ v
E g°
6 3 4
& = 2 '
- 20 40 60 - 20 40 60
L : STATS5 inhibitor (uM) STATS5 inhibitor (uM)
T1/ST2
E Tst4 IL-7 (ng/ml) F 16, TSt 5, TSt4-DLL1
0 0.3 3.0 30.0 - o
"y & 1.2 2 :
& Z 038 b
Ty S04 m g’
#* = 1
LGATAS or’wﬁﬁ * ol il
TSt4-DLLA1 IL-7 (ng/ml) 0 0.1 0.3 1.0 3.0 10.030.0 0 0.1 0.3 1.0 3.0 10.030.0
0 0.3 3.0 - —— -  ——— T
Low High Low High
| & 16, TSH
G Tst4 IL-7 (ng/ml) H 1.2
0 0.3 3.0 30.0 9 08
: S 04
z
# 0
__ 60, TSt4 =~ g, TSt4-DLL1
“c o
X xS
4 = 4
3 3)
% 29 } g 2
o <
) * m l z 1
a 0 ; # 0
O 0 0.1 0.3 1.0 3.010.030.0 0 0.10.3 1.0 3.010.030.0
Low High Low High

Figurel. Lymphocyte cell fate decisions are controlled by IL-7. (A) Differentiation of DP T cells (blue frame) and ILC2 (red frame) from E15 FL CLP cultured
for 10 d in the presence of TSt4-DLL1 stromal cells and different concentrations of IL-7 (0-30 ng/ml). (B) Numbers of DP T cells and ILC2 in A. n = 3. (C) Dif-
ferentiation of DP T cells (blue frame) and ILC2 (red frame) from CLP cultured for 9 d with TSt4-DLL1 cells in the presence of 10 ng/ml IL-7 and the indicated
concentrations of a STATS inhibitor. (D) Number of DP T cells and ILC2 in C. n = 4. (E) CLPs were cocultured for 9 d with TSt4 (top) or TSt4-DLL1 (bottom)
stromal cells in the presence of the indicated concentrations of IL-7 (0-30 ng/ml). Differentiated cells were then analyzed by flow cytometry. LTi cells are
shown as CD19-CD4-CD8a RORyt*GATA3Y (yellow frame) cells, and ILC3 are shown as CD19-CD4-CD8a RORyt*GATA3™ (aqua frame) cells. (F) Numbers of
LTi/ILC3in E. n = 4.(G) CLPs were cocultured with TSt4 (top) or TSt4-DLL1 (bottom) stromal cells and the indicated concentrations of IL-7 (0-30 ng/ml). After 10 d,
NK/ILC1 (CD19-NK1.1* on TSt4 or TSt4-DLL1 cells; purple frame) and B cells (CD19*NK1.1" on TSt4 cells; green frame) were analyzed by flow cytometry.
(Hand 1) Number of B cells (H) and NK/ILC1(I) in G. n = 4. Error bars show means + SD. Results are representative of two independent experiments. *, P < 0.05;
** P < 0.01 (one-way ANOVA with Holm-Sidak post hoc test).
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Figure 2. Different strength of Notch signaling modulates T cell, B cell, and ILC lineage commitment. (A) Overview of the experimental scheme for the
in vitro differentiation of cells isolated from the FL using TSt4 Tet-off DLL1 stromal cells. (B) Differentiation of B cells (green frame), NK/ILC1 (purple frame), DP
T cells (blue frame), and ILC2 (red frame) from CLP cultured for 10 d with TSt4 Tet-off DLL1 cells in the presence of 10 ng/ml IL-7 and different concentrations
of Dox (0-1.0 ng/ml). (C) Percentages and numbers of B cells, NK/ILC1, DP T cells, and ILC2 in B. n = 3. (D) E15 FL CLP were cultured for 10 d with TSt4 Tet-off
DLL1 stromal cells, 0.3 ng/ml IL-7, and the indicated concentrations of Dox (0-1.0 ng/ml). Differentiated cells were then analyzed by flow cytometry. LTi cells
are shown as RORyt*GATA3Y (yellow frame) cells, and ILC3 are shown as RORyt*GATA3™d (aqua frame) cells. (E) The number of LTi/ILC3 in D. n = 4. Error bars
show means + SD. Results are representative of two independent experiments.

affect lymphocyte development in the CLP stage in the FL, fur-
ther experiments are necessary to determine which Notch-DLL
interaction is essential for ILC lineage commitment. To confirm
whether both IL-7 and Notch signaling cooperatively regulate
lymphocyte lineage differentiation, CLPs were cocultured with
TSt4 Tet-off DLL1 under different concentrations of IL-7 and
Dox. The differentiation of each type of lymphocyte lineage
was observed much more clearly when we simultaneously con-
trolled both the concentration of IL-7 and Notch signal strength
(Fig. 4, A and B).

Lymphocyte commitment depends on the duration of

Notch signaling

We next assessed the effect of the duration of Notch signaling
on lymphocyte commitment by adding a high concentration of
Dox at different time points (day 1-9) during the coculture of CLP

Koga et al.
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and TSt4 Tet-off DLLI cells (Fig. 5 A). The presence of Dox from
the initiation of coculture (days 0-1 of coculture) predominantly
induced B cell differentiation (Fig. 5, B and C). In contrast, when
Dox was added later (days 7-8 of coculture), CLP differentiated
predominantly into T cells (Fig. 5, B and C). The differentiation
of ILC2 and NK/ILC1 was clearly observed when Dox was added
on days 2-4 of coculture (Fig. 5, B and C). The differentiation of
both LTi cells and ILC3 was enhanced by a longer duration of
Notch signaling, which also favors T cell differentiation (Fig. 5,
D and E). Similar results were obtained using TSt4 Tet-off DLL4
stromal cells (Fig. S1, A-D). Our data collectively demonstrate
that the concentration of IL-7 combined with the strength and
duration of Notch signaling determine CLP commitment to the
lymphocyte lineage.

CLPs are thought to comprise a heterogeneous population
(Mansson etal., 2010) of cell types, including T- and B-committed
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Figure 3. The differentiation of CLP cultured with TSt4 Tet-off DLL4 cells into distinct types of lymphocytes is dependent on the strength of
Notch signaling. (A) Overview of the experimental scheme for the in vitro differentiation of cells isolated from the FL using TSt4 Tet-off DLL4 stromal cells.
(B) Differentiation of B cells (green frame), NK/ILC1 (purple frame), DP T cells (blue frame), and ILC2 (red frame) from CLP cultured for 10 d with TSt4 Tet-off
DLL1 cells in the presence of 10 ng/ml IL-7 and different concentrations of Dox (0-1.0 ng/ml). (C) Percentages and numbers of B cells, NK/ILC1, DP T cells, and
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Differentiated LTi/ILC3 were then analyzed by flow cytometry. (E) The number of LTi/ILC3 in D. n = 4. Error bars show means + SD. Results are representative
of two independent experiments. (F) Notchl and Notch2 expression in various cell populations determined by flow-cytometric analysis. HSCs and lymphoid-
primed multipotent progenitor (LMPP) are shown as Lin~Sca-1"c-Kit*Flt3-IL-7Ra cells and Lin-Sca-1"c-Kit*Flt3*IL-7Ra" cells, respectively. Gating strategies
for CLP and CHILP are shown in Fig. S2.

progenitors with myeloid potential (Masuda et al., 2005). It is  fraction used in this study did not contain the Lin-c-Kit*IL-7Ra*"
thus possible that the CLP fraction contains ILC2-committed  FIt3~ CHILP population that can differentiate into all ILC subsets
progenitors. In fact, a4f7* ILCPs in the FL have been shown to  (Fig. S2). We also confirmed that these CLPs did not express a.4p7
be a heterogeneous population in a single cell-based analysis (unpublished data). Thus, ILC-committed progenitors were not
(Ishizuka et al., 2016). However, the Lin-c-Kit*IL-7Ra*Flt3* CLP  present in the CLP fraction used in this study.
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Deletion of DLL4 on thymic epithelial cells induces abnormal
expansion of ILC2 in the thymus

To determine the importance of Notch signaling for commitment
to T cell and ILC2 differentiation in vivo, we examined the thy-
mus of FoxNI-Cre-DII4flox/ex mice, which lack DLL4 expression
on thymic epithelial cells. As expected, T cell development was
impaired in these mice (Fig. 6, A and B). However, we observed
substantial numbers of both B cells and GATA3* ILC2s (Fig. 6, A-C).
The GATA3* ILC2s were capable of producing IL-5 and IL-13 in
response to IL-2 + IL-25, IL-33, and IL-7 + IL-33, but not IL-25 alone
(Fig. 6 D), which are the typical ILC2 cytokine responses. DLL4 is
expressed at high levels on not only epithelial cells (FoxN1* cells)
but also nonepithelial cells (FoxN1- cells), including fibroblasts and
endothelial cells in the thymus. It is thus likely that thymocytes in
FoxNI-Cre-DII4f*/Mx mice were exposed to weak Notch signaling,
resulting in differentiation to B cells and ILC2 but not T cells. These
results indicate that the extent and magnitude of Notch signaling
play a crucial role in the differentiation of ILC2 in vivo as well.

Koga et al.
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KLRG1™ immature ILC2s exist in the fetal mesentery

Parabiosis studies have suggested that ILC2s are derived from
CLPs in the FL but not adult BM in normal, healthy mice, lead-
ing to a question about the site of ILC2 differentiation after the
FL stage. We therefore focused on the differentiation of ILC2s in
the mesentery during the fetal stage because the mesentery con-
tains a large number of ILC2s (Moro et al., 2010). We observed a
GATA3* ILC2 population expressing IL-7Ro and IL-33R (T1/ST2)
as early as E15 (Fig. 7 A and not depicted). Compared with ILC2
in the adult mesentery, ILC2 in the fetal mesentery expressed
higher levels of c-Kit and lower levels of Sca-1 and Thyl.2 and
were negative for KLRG], a maturation marker for ILC2 and
NK cells (Fig. 7 B; Robbins et al., 2002; Huntington et al., 2007).
Although adult ILC2s proliferated and produced IL-5 and IL-13
in response to a combination of IL-2 + IL-25 or IL-33 (Moro et
al., 2010), fetal ILC2s were insensitive to IL-33 (Fig. 7 C), and
acquired IL-33 responsiveness after birth (Fig. 7D). Interestingly,
fetal ILC2s proliferated and produced IL-5 and IL-13 in response
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Figure 5. The duration of Notch signaling determines the differentiation of T cells, B cells, and ILCs. (A) Flow chart of the experiments performed to
investigate the effects of varying the duration of Notch signaling. E15 FL CLPs were cocultured with TSt4 Tet-off DLL1, and Dox was added on day 1, 0, 1, 2,
3,4,5,6,7, 8, or 9. All samples were analyzed on day 10. (B) Differentiation of B cells (green frame), NK/ILC1 (purple frame), DP T cells (blue frame), and ILC2
(red frame) from CLP cultured with TSt4 Tet-off DLL1 cells. Then, 1.0 ng/ml Dox was added on different days, and 10 ng/ml IL-7 was added from day O to day
10. Panels are shown for the indicated days. (C) Percentages and cell numbers from B. n = 4 Results are representative of three independent experiments.
(D) E15 FL CLPs were cultured with TSt4 Tet-off DLL1 stromal cells. Dox (1.0 ng/ml) was added on the indicated days, and 0.3 ng/mlIL-7 was added from day
0 to day 10. After 10 d, differentiated LTi/ILC3 were analyzed by flow cytometry. (E) Numbers of LTi/ILC3 in D. n = 4. Error bars show means + SD. Results are

representative of two independent experiments.

to IL-33 in combination with STATS5 activators such as IL-2,
IL-7, and TSLP (Fig. 7 E), positive regulators for ILC2 functions
(Mjésberg et al., 2012; Kabata et al., 2013). These results suggest
that the STATS pathway is involved in the maturation of ILC2 and
that ILC2s undergo maturation in vivo in the peripheral tissue.

ILCPs and immature ILCs exist in the fetal periphery

Unlike most CD45'Lin~ cells in the adult mesentery, which
are mature IL-7Ra*T1/ST2* ILC2s (Fig. 8 A, red frame), large
numbers of CD45*Lin" cells in the fetal mesentery express IL-7Ra
but not T1/ST2 (Fig. 8 A, blue frame). These LinIL-7Ra*T1/
ST2" cells in the fetal mesentery express a4p7 and low levels of
CD25 and are negative for FIt3 (Fig. 8 B and not depicted). These

Koga et al.
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characteristics are similar to those of CHILP or ILCP in the BM and
FL (Constantinidesetal., 2014; Klose et al., 2014). Interestingly, the
majority of Lin TIL-7Ra*T1/ST2" cells were RORyt "PLZF°GATA3!T-
bet", and only a small number of RORyt PLZFMGATA3MT-bet or
RORyt GATA3"T-bet* cells were present (Fig. 8 C). Although
RORYt*PLZF°GATA3T-bet” cells comprised a dominant
population in the fetal mesentery, their numbers were drastically
reduced in the adult mesentery (Fig. 8 D). Lin IL-7Ra*T1/ST2"
cells in the fetal mesentery could be divided into four populations
based on RORyt and CCR9 expression (Fig. 8 E). None of these
four populations produced IFNY, but RORyt*CCR9- cells had the
potential to produce low levels of IL-17A (Fig. 8 F). RORyt*CCR9",
RORYt"CCR9*, and RORYt"CCR9™ cells were IL-131%- cells
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(Fig. 8 F), suggesting that Lin IL-7Ra*T1/ST2- cells contain
immature ILCs. When we cocultured the CCR9- or CCR9* fraction
of Lin"TL-7Ra*T1/ST2" cells with TSt4-DLLI (Fig. 8 G), T-bet* ILCls
(Fig. 8 H, pink frame), GATA3* ILC2s (Fig. 8 H, red frame), and
RORyt* ILC3s (Fig. 8 H, blue frame) but not T cells or B cells were
observed (not depicted), indicating that the Lin IL-7Ra*T1/ST2"
fraction contains committed ILCP. The CCR9 fraction dominantly
differentiated to ILCls and ILC3s, but the CCR9* fraction
expressed both GATA3 and PLZF (not depicted) and preferentially
differentiated to ILC2s (Fig. 8, H and I), suggesting that Lin-
IL-7Ra*T1/ST2-CCR9* cells are committed to ILC2. The CCR9-
fraction could be divided into RORyt* and RORyt™ cells (Fig. 8 E).
Although RORyt*CCR9" cells seemed to be immature ILC3s based
on their IL-17A expression (Fig. 8 F), it is likely that RORyt"CCR9"
cells were ILCPs. To confirm this possibility, RORyt"CCR9" cells
from RORyt%™* mice were sorted and cocultured with TSt4-DLLI.
After 10 d, RORyt"CCR9" cells had differentiated into all ILCs,
including ILCIs (Fig. 8 J, pink frame), ILC2s (Fig. 8 ], red frame),
and ILC3s (Fig. 8 J, blue frame). These data collectively indicate
that Lin“IL-7Ra*T1/ST2~ cells are heterogeneous populations
that include ILC-committed progenitors and immature ILCs.
Similar ILCP populations and immature ILC2s requiring STAT5
stimulation for maturation were also detected in the fetal intestine
and lung (Fig. S3, A and B). It is likely that CLPs differentiate
into CHILP/ILCP in the FL, and CHILF/ILCP then migrate to the
peripheral tissues and change their phenotype to Lin“IL-7Ra*T1/
ST2- cells. Our data suggest that CCR9* cells in the Lin"IL-7Ra*T1/
ST2- fraction are ILC2-committed cells, and it is possible that they
arise from the CCR9~ population in the mesentery.

CD45-CD31" stromal cells support ILC2 differentiation
Tissue-specific stromal cells in the thymus or BM control T or
B cell development, respectively, demonstrating the importance
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of stromal cells in the differentiation of lymphocytes. However,
which stromal cells, if any, support ILC2 differentiation in vivo is
as yet unknown. To identify these stromal cells, total mesenteric
cells were isolated, and single-cell RNA-sequence (scRNA-Seq)
analysis was performed. Mesenteric cells were divided into 20
clusters based on a two-dimensional t-distributed stochastic
neighbor embedding projection on duplicate samples (Fig. 9 A).
We found two clusters (C16 and C17) that express Gata3 (GATA3),
the first of which did not express Cd3e (CD3¢), suggesting that
cluster 16 is the likely candidate of the ILC2 cluster (Fig. 9 B).
We also found clusters that did not express Ptprc (CD45; i.e.,
nonimmune cells) that are candidates for stromal cells: fraction
1 (F1, containing C2 to C4), fraction 2 (F2, containing C6 to C9),
and C5. Specifically, cells in F1 expressed Pecam! (CD31), which
is a general marker for endothelial cells (Fig. 9 C). By flow-
cytometric analysis, mesentery cells were separated into four
populations based on their CD45 and CD31 expression, namely
CD45MCD31- (CD45M), CD45'°CD31- (CD45'°), CD45-CD31- (CD457),
and CD45-CD31* (CD31*; Fig. 9 D). To determine the potential of
each population to support ILC2 differentiation, we cocultured
Lin-IL-7Ra*T1/ST2 ILCP from the fetal mesentery of WT mice
with these four mesenteric populations from Il2rg~/-Rag2~/~
mice to eliminate lymphocyte contamination. All samples, with
or without stromal cells, displayed low numbers of T-bet* cells
and abundant RORyt* cells (Fig. 9, E and F). GATA3* ILC2s were
observed only in cocultures containing CD45-CD31- cells (Fig. 9,
Eand F), suggesting that the differentiation of ILC2 is supported
by the C5 or F2 population.

CD45-CD31 PDGFRa*gp38* mesenchymal cells support ILC2
differentiation and maturation

We next aimed to identify cluster-specific surface markers to
enable separation of the C5 and F2 populations by flow-cytometric
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analysis. Based on the scRNA-Seq data, we first determined that
Pdpn (gp38), which isalymphatic endothelial cell marker known to
be expressed by IL-33-expressing cells in adipose tissue (Jackson-
Jones et al., 2016), was specific to C5 and F2 cells (Fig. 10, A and B).
Furthermore, we identified Pdgfra (PDGFRa), which is a specific
marker for adipocyte precursors and mesenchymal cells (Lee et
al., 2012), to be specific to F2 cells (Fig. 10, A and B). Therefore,
using gp38 and PDGFRa, the CD45-CD31" fraction could be further
subdivided into three fractions: PDGFRa*gp38* (PDGFRa*), PDG
FRa gp38™t (gp38h), and PDGFRagp38- (double negative [DN];
Fig.10 C). Lin"IL-7Ra*T1/ST2" ILCPs from the fetal mesentery were
cocultured with these subpopulations from II2rg~/-Rag2~/~ mice,
and we found that GATA3* ILC2 differentiation was specifically
induced through the support of PDGFRa* cells (Fig. 10, D and E).
Similar results were observed in cocultures using fetal PDGFRa*
cells derived from WT mice (Fig. S4, A-C).

When we examined the gene expression of the four clusters in F2
(Fig. 9 A),196, 81, 32, and 44 genes were specifically expressed in C6,
C7,C8, and C9 clusters, respectively (Fig. 10 F). Among these genes,
Cxcl12 (CXCL12) was highly expressed in C9, which is a critical
factor for B cell differentiation and is provided by CXCL12-abundant
reticular cells in the BM. A fraction of PDGFRa* cells in the adult
mesentery expressed CXCLI2 as determined by flow-cytometric
analysis (Fig. 10 G). However, both CXCL12*PDGFRa* cells and
CXCL12-PDGFRa* cells supported ILC2 differentiation (unpublished
data), indicating that, unlike B cells, CXCL12 is not involved in the
differentiation of ILC2. We investigated whether PDGFRa* cells
in the mesentery are capable of supporting ILC2 differentiation
from CLP. In coculture experiments, GATA3* ILC2s were induced
from CHILPs but not CLPs, strongly suggesting that CLPs require
environmental factors in the FL and that the terminal differentiation
of ILC2s from CHILP/ILCP occurs with the support of PDGFRa*
cells in the mesentery (Fig. 10 H). Finally, we determined whether
PDGFRo* cells are also able to support ILC2 maturation. Immature
ILC2 in the fetal mesentery were cocultured with three stromal cell
fractions in the adult mesentery, and their cytokine production
abilities in response to IL-33 alone were assessed as a marker of
maturation. As expected, PDGFRa* cells induced IL-5 and IL-13
production from fetal ILC2s (Fig. 10I), and interestingly, gp38™ cells
also induced cytokine production from fetal ILC2s (Fig. 10 I). ILC2
development occurred even in IL-33-deficient mice, indicating that
IL-33 signaling is not necessary for ILC2 development (unpublished
data). However, the high expression level of IL-33 in both PDGFRa*
cells and gp38™ cells suggests that IL-33 might be a candidate foran
accelerator of ILC2 maturation (Fig. 10 J; Jackson-Jones et al., 2016).

Discussion
It is well-known that IL-7 and Notch signaling are essential
for T cell and ILC differentiation. However, it remains poorly

understood how IL-7 and Notch signaling control the fate of CLP
into T cell and ILC lineages. A previous study showed that the
overexpression of Notch intracellular domains in human thy-
mic progenitor cells promotes Lin-"CRTH2*ILC2 differentiation
(Gentek et al., 2013). However, it has been reported that Notch
intracellular domains or constitutive Notch signaling induces T
cell differentiation (Cherrier et al., 2012; Chea et al., 2016). These
seemingly conflicting backgrounds led us to focus on the quan-
tity of environmental factors. In the first half of this study, we
demonstrated that the concentration of IL-7 and strength and
duration of Notch signaling differentially regulate the commit-
ment to T cell, B cell, and ILC lineages from CLP. The abundant
induction of B cells and ILCs in the thymus of epithelial cell-spe-
cific DLL4-deleted mice verified the importance of the quantity
of environmental factors during cell fate determination.

The next step was the elucidation of the mechanism for regu-
lation of lymphocyte differentiation by IL-7 and Notch signaling.
The expression of NFIL3 and TCF-1 is known to be regulated by
IL-7 and Notch signaling, respectively (Yang et al., 2013; Xu et
al., 2015), and the balance between Id2 and the E protein family
such as E2A and EBF is regulated by Notch signaling (Miyazaki et
al., 2017). These facts suggest that the quantity of IL-7 and Notch
signaling properly adjust the expression of transcriptional fac-
tors for lymphocyte differentiation, which should be examined
in future studies.

The site and the source of IL-7 and Notch signaling for ILC2
differentiation remain unclear. Identifying the timing in which
the appropriate IL-7 concentration affects the cell fate decision
is technically difficult because IL-7 is essential for both devel-
opment and survival of many cell lineages. The fact that ILCPs
in the FL can differentiate into ILCs without Notch signaling
in vitro (Constantinides et al., 2014) indicates that appropriate
Notch signaling is required for the CLP to ILCP stage but not
for the post-ILCP stage in the FL. Therefore, we concluded that
the IL-7- and Notch-dependent cell fate decision occurs in the
FL, and ILC-committed progenitors, including ILCPs and CHI
LPs, migrate to the peripheral tissues. IL-7 has been shown to
be produced by mesenchymal cells and epithelial cells in several
tissues (Hara etal., 2012; Liangetal., 2012), and CD45-EpCAM-1-
VCAM-1*ICAM-1* stromal cells in the FL have been reported to
express Notch ligand (Harman et al., 2005). We tried to identify
both IL-7-producing cells and Notch ligand-expressing cells in
the FL; however, there were too many candidate cell populations,
and we could not narrow them down in this study.

In the last half of this study, we focused on ILC2 development
in the peripheral tissues and identified three different stages of
ILC2. The mostimmature population of these three stagesis ILCPs
in the Lin"IL-7Ra*T1/ST2" fraction that differentiate into all ILCs
butnot T and B cells. The Lin-IL-7Ra*T1/ST2- fraction seems to be
a heterogeneous population because some of these cells express

as those shown in A. (C) Proliferative responses and IL-5 and IL-13 cytokine production in response to addition of IL-2 + IL-25 or IL-33 cytokines (10 ng/ml
each) to fetal ILC2 (E17) and adult ILC2. n = 3. (D) Responses of ILC2 isolated from mice of the indicated ages to IL-33 stimulation measured by proliferation
and production of IL-5 and IL-13. Retired indicates mice retired from breeding. n = 5. (E) Effects of the indicated STAT5-activating cytokines (10 ng/ml each) on
IL-33-dependent E17 fetal ILC2 proliferation and IL-5 and IL-13 production. n = 5. Error bars show means + SD. Results are representative of two independent
experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (Student’s t test or one-way ANOVA with Holm-Sidak post hoc test).
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Figure 8. ILCP, CCR9* ILCP, and immature
ILCs exist in the fetal mesentery. (A) Flow-

cytometric analyses of CD45*Lin~ cells from the
E17 fetal or adult mesentery. Numbers indicate
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low levels of IL-13 or IL-17A. A specific marker for ILC2 progen-
itors in the Lin-IL-7Ra*T1/ST2" fraction is needed to separate
these cytokine-expressing cells, and Arginase-1is a possible can-
didate (Bandoetal., 2015). In the next stage, ILC2 progenitors start
expressing CCR9 in the Lin"IL-7Ra*T1/ST2~ fraction and predom-
inantly develop into ILC2s. The role of CCR9 on these progenitors
is still unclear, but in the adult mouse, most ILC2s in the BM and
small intestine (Hoyler et al., 2012) and a portion of ILC2s in the
mesentery (unpublished data) express CCRY. At the final stage,
ILC2s become positive for T1/ST2 but, interestingly, are notable to
respond to IL-33 alone. We found that IL-33 reactivity is acquired
after birth and that STATS activators play an important role in
this process. There are two possibilities for the source of STAT5
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and progenitors. Whole splenic cells, adult
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respectively. Results are representative of two
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0.01 (Student’s t test).
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activators. First, ILC2s themselves produce STAT5 activators such
as IL-2 and IL-9 after birth. Second, T cells, which are the major
source of IL-2, can provide STAT5 signaling for ILC2 after birth.
In this study, we focused on ILCPs in the peripheral tissues
but did not investigate them in the adult peripheral tissues. How-
ever, c-Kit* ILCPs were reported to exist in adult peripheral tis-
sues such as the lung and gut in a human study (Lim et al., 2017),
suggesting that ILC2s are consistently supplied from peripheral
tissue-derived ILCPs throughout life. However, the role of ILCPs
in the BM remains unclear. several studies have clearly shown
that ILC2 development in the BM starts from HSCs and that pro-
genitors gradationally develop into CLPs, EILPs, a-lymphoid pro-
genitors, CHILPs, ILCPs, and ILC2Ps and finally mature ILC2s. We
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Figure 9. scRNA-Seq analysis identifies stromal cells that support ILC2 development. (A) scRNA-Seq analysis of 3,204 total adult mesenteric cells
combining two experimental results. Each dot indicates an individual cell. Cells are divided into 20 clusters (Cs) by graph-based clustering. The blue circle
indicates F1, and the purple circle indicates F2. (B and C) Gata3 and Cd3e (B), Ptprc, and Pecam1 (C) expression within the scRNA-Seq analysis. The density of
the red color represents the expression level for each gene. (D) Flow-cytometric analysis of cells from the adult mesentery of WT mice for CD45 (ptprc) and
CD31 (pecaml) expression. Results are representative of two independent experiments. (E) ILC differentiation from Lin"IL-7Ra*T1/ST2" ILCP from the E18 fetal
mesentery cocultured with CD45*CD31" (CD45*), CD45'°CD31" (CD45%), CD45-CD31" (CD45°), or CD45-CD31* (CD31*) cells isolated from the adult mesentery
of I12rg~/~Rag2/~ mice. Cells were cocultured for 10 d in the presence of 10 ng/ml IL-7. Indicated cells are pregated for Lin™ cells. n = 3. (F) Cell numbers in E.
Error bars show means + SD. Results are representative of two independent experiments. *, P < 0.05 (one-way ANOVA with Tukey-Kramer post hoc test). tSNE,

t-distributed stochastic neighbor embedding.

do not exclude the existence of this process in the BM, but the
fact that ILC2s in the parabiosis mouse model did not circulate in
the body indicates that progenitors in the BM differentiate into
BM-resident ILC2s. Itis also possible that BM serves as a reservoir
for ILC2s for use in future infections or diseases because a recent
study has also reported that ILC2s egress from BM under IL-33
stimulation (Stier et al., 2018). A recent study has shown that
EILPs in the BM do not require y.-dependent cytokines, includ-
ing IL-7, for their differentiation (Harly et al., 2018), suggesting
that these progenitors are different from FL-derived ILCPs. Many
innate type cells such as y8 T cells, B-1 cells, and tissue-resident
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macrophages are mainly derived from fetal progenitors (Barber
etal., 2011; Ghosn et al., 2012; Ramond et al., 2014; Ginhoux and
Guilliams, 2016). ILC2s in the peripheral tissue seem to also be
derived from fetal progenitors in the steady-state condition.

We identified CD45-CD31"PDGFRa*gp38* mesenchymal cells
in the fetal and adult mesentery as a critical cell population for
ILC2 differentiation. A similar population was also identified in
the intestine and lung, but the percentage and phenotype were
slightly different between each tissue (unpublished data). These
results indicate that PDGFRa*gp38* cells provide an optimal
microenvironment for the terminal differentiation of ILC2s in
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Figure 10. PDGFRa*gp38* mesenchymal cells support ILC2 development in peripheral tissues. (A) Violin plots of PDGFRa and gp38 expression within
the scRNA-Seq clusters shown in Fig. 9 A. The x axis indicates each cluster of F1 and F2, and the y axis indicates the expression level of the indicated gene.
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each peripheral tissue. PDGFRa gp38™ cells seem to cooperate
with PDGFRa*gp38* cells to promote the maturation of ILC2s.
It will be important to determine the specific factors from each
mesenchymal cell population that promote ILC2 differentiation
and maturation. Even though IL-7 and Notch signaling play a
crucial role in ILC differentiation, PDGFRa*gp38* cells do not
support ILC2 differentiation from the CLP stage (Fig. 10 H) and
do not express DIII (DLL1) and DII4 (DLL4) based on scRNA-Seq
analysis (not depicted). Unknown factors other than IL-7 and
DLL derived from mesenchymal cells are likely involved in ILC2
differentiation from ILCPs. Both PDGFRa*gp38* cells and PDG
FRo-gp38" cells express IL-33 (Fig. 10 J), and a previous study
has demonstrated that IL-33*gp38* stromal cells support the acti-
vation of ILC2 and B-1 cells in the fat-associated lymphoid cluster
(Jackson-Jones et al., 2016), suggesting that IL-33 is involved in
the maturation of ILC2s. However, normal ILC2 development can
be observed in IL-33-deficient mice, suggesting that IL-33 can be
replaced with a different factor. Furthermore, although IL-25 is
also an important factor for ILC2 activation, ILC2s are present in
IL-25 and IL-33 double-deficient mice (unpublished data), sug-
gesting that IL-25 is not a substitute factor for ILC2 development.

In summary, we conclude that the ILC2 differentiation process
consists of two steps: a lineage commitment step in the FL (step
1) and a terminal differentiation step in the peripheral tissues
(step 2). During step 1, the concentration of IL-7 together with the
strength and duration of Notch signaling coordinately determine
the cell fate decision from CLP to CHILP/ILCP in the FL after step
2. In step 2, committed CHILP/ILCP migrate to the fetal periph-
eral tissues, where CCR9* ILC2-committed ILCPs differentiate
into immature ILC2s. During step 2, mesenteric PDGFRa*gp38*
mesenchymal cells support ILC2 differentiation. Immature ILC2s
unable to respond to IL-33 alone undergo functional maturation
after birth with the aid of IL-33 or STAT5 signaling from PDG
FRo*gp38* and PDGFRagp38™M cells. Our results demonstrate
that PDGFRa*gp38* mesenchymal cells play a crucial role in ILC2
homeostasis, including differentiation, maturation, and mainte-
nance in the periphery.

Materials and methods

Mice

WT C57BL/6N, retired C57BL/6N, and pregnant C57BL/6] mice
were purchased from Charles River Laboratories Japan or CLEA
Japan and maintained under specific pathogen-free conditions
in the animal facility at the RIKEN Center for Integrative Medical

Sciences, Yokohama, Japan. Retired mice are defined as mice
older than 4 mo of age that have been retired from breeding.
I12rg7/-Rag2~/~ mice (stock 4111) were purchased from Taconic
Farms. FoxNI-Cre mice were previously described (Hozumi etal.,
2008). In brief, the P1 artificial chromosome was used to generate
these transgenic mice (clone RPCI21-436p24; Roswell Park Can-
cer Institute). FoxNI-Cre-DII4f1°*/fex mice on a mixed background
(129/Sv x C57BL/6) were obtained by crossing FoxN1-Creand DII-
gflox/flox mice (Hozumi et al., 2008). CXCLI12-GFP knock-in mice
on a C57BL/6 background were previously described (Nagasawa
et al., 1996). RORyt°"”* mice on a C57BL/6 background (Eberl
et al., 2004) were provided by D. Littman of New York Univer-
sity, New York, NY, and S. Fagarasan of the RIKEN Center for
Integrative Medical Sciences. I133°F”* mice on a C57BL/6 back-
ground (Oboki et al., 2010) were provided by S. Nakae (Univer-
sity of Tokyo, Tokyo, Japan). All experiments were approved by
the Institutional Animal Care and Use Committees of the RIKEN
Center for Integrative Medical Sciences and Tokai University
(Tokyo, Japan) and were performed in accordance with institu-
tional guidelines.

Antibodies and reagents
For flow-cytometric analyses, mAbs specific for mouse CD3e
145-2Cl11), CD8a (53-6.7), CD19 (1D3), B220 (RA3-6B2), NKL.1
PK136), CD11b (M1/70), CD1lc (HL3), Gr-1 (RB6-8C5), TER119
TERI119), CD45.1 (A20), CD45.2 (2F1), Sca-1 (E13-161.7), CD25
PCé61), Thyl.2 (53-2.1), Flt3 (A2F10), a4p7 (DATK32), KLRG1
2F1), CCR9 (CW-1.2), CD31 (MEC13.3), GATA3 (L50-823), T-bet
04-46), RORyt (Q31-378), IFN-y (XMG1.2), IL-17A (TC11-18H10),
and fluorochrome-conjugated streptavidin were purchased from
BD. mAbs against mouse Notch1 (HMN1-12), Notch2 (HMN2-35),
CD4 (GK1.5), PDGFRa (ATAS), gp38 (8.1.1), and PLZF (9E12) were
purchased from BioLegend. mAbs against c-Kit (2B8), FceRIa
(MAR-1), IL-7Ra. (A7R34), and IL-13 (eBiol3A) were purchased
from eBioscience. Anti-T1/ST2 (DJ8) was purchased from MD
Biosciences. mAb against mouse CD16/CD32 (2.4G2) was purified
from hybridoma culture supernatants in our laboratory.
Recombinant mIL-2, mIL-7, mIL-25, mIL-33, and mTSLP
were purchased from R&D Systems. A STAT5 inhibitor (CAS
285986-31-4) was purchased from Calbiochem, and Dox was
purchased from Clontech.

~ o~~~ o~ —~

Preparation of cell suspensions
FL and thymus samples were mechanically dissociated by passage
through 70-um filters. Cells were suspended in HBSS (Thermo

numbers in D. n = 3-8. Data were combined from two experiments. (F) Venn diagram of clusters 6 to 9 from the scRNA-Seq analysis in Fig. 9 A. Values were
calculated using the differential gene expression levels for each cluster compared with all other cells to give a percent expression value. Only cells with a value
over the 0.25 cutoff were retained. The p-value for each gene expression level was calculated using Student’s t test analysis. The values indicate the numbers of
genes highly expressed in each cluster. (G) CXCL12 (GFP) expression in PDGFRa*gp38* cells from the adult mesentery of CXCLI2-GFPknock-in mice. Indicated
cells are pregated for CD45-CD31" cells. (H) ILC2 differentiation from CLP or CHILP derived from the E15 FL and cultured for 12 d in the presence of 10 ng/ml
IL-7" or IL-7*DGFRa*gp38* cells (PDGFRa*) isolated from WT mouse adult mesentery. Indicated cells are pregated for Lin™ cells. (1) IL-5 and IL-13 intracellular
staining of cells derived from Lin“IL-7Ra*T1/ST2* immature ILC2 from the E18 fetal mesentery. Immature ILC2 were cultured for 7 d in the presence of 10 ng/ml
IL-33 and CD45-CD31* (CD31*), CD45-CD31-PDGFRa*gp38* (PDGFRa*), CD45-CD31-PDGFRa gp38" (gp38"), or CD45-CD31-PDGFRa gp38- (DN) cells isolated
from WT mouse adult mesentery. Indicated cells are pregated for CD45.2* cells. (J) IL-33 (GFP) expression of PDGFRa* cells and gp38" cells isolated from adult
IL-336FP/+ and IL-33*/*mice. Histogram (left) showing GFP expression for the indicated cells. Error bars show means + SD. Results are representative of two
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (one-way ANOVA with Tukey-Kramer post hoc test). tSNE, t-distributed
stochastic neighbor embedding.
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Fisher Scientific) containing 2% FBS (Japan Bioserum) and 0.1%
NaHCO;. Adult ILC2 and stromal cells were isolated from the
mesentery as previously described (Moro et al., 2015). To isolate
Lin-IL-7Ra*T1/ST2" cells, ILC2, and stromal cells from the fetal
mesentery, fetal mesenteries were harvested using fine-tipped
tweezers under a stereomicroscope, and cells were isolated using
amethod similar to that used for the ILC2 in the adult mesentery.
Fetal intestine and lung cells were isolated using Liberase high
dispase (Roche) and Liberase thermolysin (Roche), respectively.

Flow-cytometric analysis

Cells were isolated as described above and suspended in HBSS
containing 2% FBS and 0.2% sodium azide. Cell suspensions
were incubated with 50 pl of purified mAbs against mouse
CD16/CD32 (2 pg/ml) and fluorochrome-conjugated antibodies
for 20 min on ice. Before flow-cytometric analysis, cells were
suspended in 0.5 pg/ml propidium iodide solution to distin-
guish between live and dead cells. For intracellular staining,
cells were fixed and permeabilized with a Foxp3 Staining Set
(eBioscience) or IntraPrep Permeabilization Reagent (Beckman
Coulter) according to the manufacturer’s protocols. Cells were
analyzed using a FACSCalibur, FACSAria ITu, or FACSAria III (BD)
and sorted using a FACSAria ITu or FACSAria III. All data were
analyzed using Flow]Jo software (TreeStar). Within each experi-
ment, we used several types of lineage markers. To clearly pres-
ent the gating strategies, the lineage markers and pregating lists
are provided in Table S1.

Sorting of progenitors

E15 FL cells were isolated as described above and incubated with
500 pl purified mAb against mouse CD16/CD32 (2 pg/ml) and
appropriate concentrations of biotin-conjugated mAbs against
CD3e¢, B220, CD11b, Gr-1, and TER119 for 20 min. Cells were then
washed and incubated with 100-500 pl streptavidin microbeads
(Miltenyi Biotec) for 20 min, and lineage-negative cells were
enriched using autoMACS (Miltenyi Biotec). For the detection of
CLP and CHILBP, cells were stained with 500 pl of a solution con-
taining appropriate concentrations of mAbs against Sca-1, c-Kit,
IL-7Ra, Flt3, a4f7, and CD25 followed by incubation with 500 pl
streptavidin. The gating strategies for Lin-Sca-1'"c-Kit*IL-7Ra*"
Flt3* CLP and Lin-c-Kit*IL-7Ra*a47*F1t3-CD25~ CHILP are pro-
vided in Fig. §2. To sort Lin-IL-7Ra*T1/ST2~ ILCP or ILC2 from
the fetal mesentery, E18 fetal mesenteric cells were isolated as
described above and stained with mAbs against the lineage mark-
ers, T1/ST2, IL-7Ra, and streptavidin.

In vitro differentiation assays

TSt4 and TSt4-DLLI stromal cells were provided by H. Kawamoto
(Kyoto University, Kyoto, Japan) and were described previously
(Watanabe et al., 1992; Miyazaki et al., 2005). To establish the
TSt4 Tet-off DLLI and TSt4 Tet-off DLL4 systems, the DLLI or
DLL4 gene under the control of a TetO-CMV promoter in a mod-
ified TetR expression vector was transfected into TSt4 stromal
cells using a lentiviral vector. GFP* transfected cells were sorted
and cultured in 24-well plates for 2 d before the coculture exper-
iments were initiated, and when used, Dox was added 1 d before
the initiation of cocultures. FL-derived CLP cells (100 cells) were

Koga et al.
PDGFRa*gp38* cells support ILC2 development

seeded in the presence of TSt4, TSt4-DLLI1, TSt4 Tet-off DLLI, or
TSt4 Tet-off DLL4 cells with various IL-7 concentrations or 10
ng/ml IL-7 with various concentrations of Dox for 9-10 d. Fetal
mesentery-derived Lin"IL-7Ra*T1/ST2-CCR9* or LinIL-7Ra*T1/
ST2-CCRY" cells (80 cells) and Lin IL-7Ra*T1/ST2 RORYt"CCR9"
cells (150-500 cells) were cocultured with TSt4 or TSt4-DLLI
cells in the presence of 10 ng/ml IL-7 for 10 d.

FL-derived CLP (100-200 cells), CHILP (200-300 cells), fetal
mesentery-derived LinIL-7Ra*T1/ST2- ILCP (150-300 cells),
and fetal mesentery-derived Lin-IL-7Ra*T1/ST2* ILC2 (150-300
cells) were also cocultured with fetal or adult mesentery-derived
primary cells (5,000-25,000 cells) in the presence of 10 ng/ml
IL-7 for 9-12 d or 10 ng/ml IL-33 for 4-6 d in 96-well flat-bot-
tom plates. Cells were cultured in RPMI-1640 (Sigma-Aldrich)
containing 10% FBS (Japan Bioserum), 10 mM Hepes (Sigma-Al-
drich), 100 uM nonessential amino acids (Sigma-Aldrich), 1 mM
sodium pyruvate (Gibco), 100 U/ml penicillin (Gibco), 100 pg/ml
streptomycin (Gibco), and 50 pM 2-mercaptoethanol (Gibco) at
37°C under 5% CO,.

ILC2 proliferation and cytokine production assays

Purified fetal ILC2 or adult ILC2 from mesenteries and adult
ILC2 from thymus were cultured at 500 and 3,000 cells per well,
respectively, in 96-well round-bottom plates. The culture medium
used was 200 pl RPMI-1640 containing 10% FBS, 10 mM Hepes,
100 uM nonessential amino acids, 1 mM sodium pyruvate, 100
U/ml penicillin, 100 pg/ml streptomycin, and 50 uM 2-mercap-
toethanol, and the cells were cultured at 37°C under 5% CO, We
added 10 ng/ml mIL-2, mIL-7, mTSLP, mIL-25, or mIL-33 to the
medium. After 6 d, supernatants were collected, and the amounts
of IL-5 and IL-13 were measured using Quantikine ELISA kits or
DuoSet ELISA Development kits (R&D Systems) according to the
manufacturer’s protocols. The total numbers of cells were counted
usingahemocytometer. The cytokine production of total cells was
expressed as the concentration (ng/ml) and, fora single cell, as the
absolute amount (pg cytokine/cell). To determine the potential for
cytokine production, cells were cultured at 5 x 10° cells per well in
24-well flat-bottom plates with 50 ng/ml PMA (Sigma-Aldrich), 1
pg/ml ionomycin (Sigma-Aldrich), and 3 pg/ml brefeldin A solu-
tion (eBioscience). After 3 h of culture, we collected each cell,
performed intracellular staining, and analyzed by flow cytometry.

Single-cell library construction, sequencing, and analyses

Single-cell encapsulation and library construction were per-
formed with the Chromium Controller with the Chromium
Single Cell 3' v2 Reagents kit (10x Genomics) according to the
manufacturer’s protocols. Cells were loaded onto the Chromium
Controller in 10% FCS RPMI Complete medium. Libraries were
sequenced on a HiSeq 2,500 instrument (Illumina) and processed
with Cell Ranger. An advanced clustering algorithm was per-
formed using Seurat (Satija etal., 2015) on the duplicate samples,
which contained 1,516 and 1,679 cells, respectively. Violin plots
were generated to determine clear outliers noted by their high
gene numbers (unpublished data), which were treated as multi-
plets and excluded from further analysis. Specifically, cells with
200-3,000 genes with <8,000 total transcripts were selected as
single cells. Potential dead cells (cells with >0.5% mitochondrial
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genes) were further filtered out. PCA analysis on combined rep-
licates showed very good clustering overlap (unpublished data).
Therefore, these were treated as one sample in all other analyses.
Highly variable genes were detected using the MeanVarplot com-
mand in Seurat. These analyses resulted in 2,475 cells containing
at least one highly expressed gene. Twenty PCs were generated
from these selected cells and then used to project each individ-
ual cell onto a single two-dimensional map using t-distributed
stochastic neighbor embedding (Macosko et al., 2015), which
resulted in 20 distinct clusters. A highly expressed marker spe-
cific for each cluster was then identified.

Data accession
The scRNA-Seq data were deposited in NCBI GEO with the acces-
sion no. GSE102665.

Statistical analysis

Data presented as the means + SD were analyzed using Prism
6 (GraphPad Software). A Student’s t test was used to deter-
mine statistically significant differences between two groups.
One-way ANOVA with the Holm-Sidak post hoc test or one-way
ANOVA with the Tukey-Kramer post hoc test was used to deter-
mine statistically significant differences between two or more
groups. All reported p-values were calculated using parametric
two-tailed tests unless otherwise stated.

Online supplemental material

Fig. S1shows differentiated T cells, B cells, and ILCs after coculture
of CLP with TSt4 and TSt4-DLL4 cells under different durations of
Notch signaling. Fig. S2 presents the gating strategy for the detec-
tion of CLP and CHILP. Fig. S3 describes distribution and cytokine
production of ILCP and ILC2 in the fetal intestine and lung. Fig.
S4 presents ILC2 differentiation from Lin-IL-7Ra*T1/ST2" cells
cocultured with PDGFRa*gp38* mesenchymal cells in the fetal
mesentery. Table S1 shows list of lineage markers of each figure.
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