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Single-cell analysis of RORa tracer mouse lung
reveals ILC progenitors and effector ILC2 subsets

Maryam Ghaedi¥?, Zi Yi Shen?@®, Mona Orangi?*@®, Itziar Martinez-Gonzalez*@®), Lisa Wei*, Xiaoxiao Lu>®, Arundhoti Das®, Alireza Heravi-Moussavi*,
Marco A. Marra®’@®, Avinash Bhandoola®®, and Fumio Takei>2®

Lung group 2 innate lymphoid cells (ILC2s) drive allergic inflammation and promote tissue repair. ILC2 development is
dependent on the transcription factor retinoic acid receptor-related orphan receptor (RORa), which is also expressed in
common ILC progenitors. To elucidate the developmental pathways of lung ILC2s, we generated RORa lineage tracer mice
and performed single-cell RNA sequencing, flow cytometry, and functional analyses. In adult mouse lungs, we found an IL-
18Ra*ST2- population different from conventional IL-18Ra"ST2* ILC2s. The former was GATA-3""Tcf7ESFP+Kit*, produced few
cytokines, and differentiated into multiple ILC lineages in vivo and in vitro. In neonatal mouse lungs, three ILC populations
were identified, namely an ILC progenitor population similar to that in adult lungs and two distinct effector ILC2 subsets that
differentially produced type 2 cytokines and amphiregulin. Lung ILC progenitors might actively contribute to ILC-poiesis in

neonatal and inflamed adult lungs. In addition, neonatal lung ILC2s include distinct proinflammatory and tissue-repairing

subsets.

Introduction

The family of innate lymphoid cells (ILCs) includes cytotoxic
natural killer (NK) cells and cytokine-producing ILCs (Eberl
et al., 2015; Klose and Artis, 2016; Diefenbach et al., 2014; Artis
and Spits, 2015; Spits et al., 2013). Cytokine-producing ILCs are
divided into three groups: group 1 (ILCls), group 2 (ILC2s), and
group 3 (ILC3s). ILCs develop from ILC progenitors (ILCPs) in
the bone marrow (BM; Yang et al., 2015; Klose et al., 2014;
Constantinides et al., 2014; Xu et al., 2019; Walker et al., 2019).
These BM progenitors differentiate along the ILC lineage as they
gradually up-regulate the transcription factors TCF-1 (encoded
by Tcf7), TOX (Tox), ID2 (Id2), and PLZF (Zbtbl6; Yu et al., 2016;
Ishizuka et al., 2016; Harly et al., 2018). ILC2-restricted pro-
genitors termed ILC2 progenitors (ILC2Ps) have also been found
in the BM (Halim et al., 2012b; Hoyler et al., 2012). ILC2s actively
develop during the neonatal period and become long-lived
tissue-resident cells in mucosal tissues, including the lung
(Schneider et al., 2019; Ghaedi et al., 2016; Gasteiger et al., 2015).
In mouse lungs, ILC2s can be defined as lineage marker negative
(Lin"), positive for Thyl, IL-7 receptor a (IL-7Ra; CD127), IL-33R
(ST2), and IL-2Ra (CD25). These cytokine receptors are

important stimulatory receptors for ILC2s (Martinez-Gonzalez
et al., 2015, 2016; Van Dyken et al.,, 2016). ILC2s express the
transcription factors GATA3 and retinoic acid receptor-related
orphan receptor (RORay), which are critically required for ILC2
development (Halim et al., 2012b; Wong et al., 2012; Hoyler
et al., 2012; Mjosberg et al., 2012; Yagi et al., 2014; Tindemans
et al., 2014), and are negative for the expression of the tran-
scription factors Eomes, T-bet, and RORyt.

Lung ILC2s are stimulated by inhaled allergens or IL-33, and
they produce large amounts of IL-5 and IL-13, which induce eo-
sinophilic lung inflammation (Halim et al., 2012a). Activated ILC2s
also produce amphiregulin (Monticelli et al., 2011, 2015), IL-4 (Pelly
etal,, 2016), IL-2 (Pelly et al., 2016), IL-9 (Wilhelm et al., 2011), and
IL-10 (Seehus et al., 2017). They express KLRGI (Chiossone and
Vivier, 2017; Taylor et al., 2017), GITR/ligand (Nagashima et al,,
2018; Rauber et al., 2017), and ICOS/ligand (Maazi et al., 2015;
Molofsky et al., 2015; Rauber et al., 2017). These molecules enable
ILC2s to interact with a variety of cell types and participate in a
broad range of immune responses. However, it is unknown
whether a single population of ILC2s produces all these molecules.
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Initially, the ILC2 population was thought to be homoge-
neous. It has been reported that intraperitoneal injection of
IL-25, or helminth infection, induces a population of KLRGIMIL-
25R* ILC2s, termed inflammatory ILC2s, in the lung (Huang
et al,, 2015, 2018). These cells are not lung-resident at resting
state. Instead they migrate from intestinal lamina propria to
peripheral sites including the lung. Single-cell RNA sequencing
(scRNA-seq) analysis of human ILCs in tonsil revealed distinct
subpopulations of ILC3s (Bjorklund et al., 2016), whereas no
heterogeneity among ILC2s was found. Moreover, scRNA-seq
analysis of mouse ILCs in the small intestine divided intestinal
ILC2s into four transcriptional states, designated ILC2a-ILC2d,
based on graded expression of Gata3 and Klrgl (Gury-BenAri
et al.,, 2016). Flow cytometric analysis showed that >90% of in-
testinal ILC2s are KLRG1* and included IL-5*IL-4" cells, whereas
the small KLRG1~ subset included rare IL-57IL-4* cells. In a more
recent study, scRNA-seq analysis was performed on II5* ILC2s
from the lung, gut, fat, and skin as well as Argl* cells from BM
(Ricardo-Gonzalez et al., 2018; Zhu, 2018). All skin and ~10%
lung II5* ILC2s, as well as <5% BM Argl* cells, expressed IL-18Ra,
but not ST2. IL-18 was required for optimal IL-5 and IL-13 pro-
duction and proliferation of skin ILC2s in a model of atopic
dermatitis. In contrast, lung I15* ILC2s upon in vitro stimulation
with IL-18 produced barely detectable amounts of IL-13. In ad-
dition, intradermal injection of IL-18 resulted in minimal IlI3
expression by lung II5* ILC2s. The biological significance of the
IL-18Ra*ST2~ ILC2s in the lung is unknown. Another recent
analysis of human ILC2s in various tissues by mass cytometry
found extensive heterogeneity among individuals and tissue
origins (Simoni et al., 2017). Human peripheral blood ILC2s were
IL-18Ra*, and they produced IL-5 and IL-13 upon stimulation
with IL-18. However, it is unknown whether IL-18Ra is ex-
pressed by a subset of human ILC2s or on previously activated
ILC2s. Although, these studies have shown that the ILC2 popu-
lation can be more complex than previously thought, the func-
tional significance and physiological relevance of ILC2 heterogeneity
remains largely unknown.

Lung ILC2s are known to play an important role in the de-
velopment of allergic inflammation, and ILC2 numbers are ele-
vated in the peripheral blood and sputum of asthma patients
(Smith et al., 2016; Ying et al., 2016). ILC2s are involved in other
lung diseases, including chronic obstructive pulmonary disease
(Silver et al., 2016), fibrosis (Hams et al., 2014), and tumors
(Trabanelli et al., 2017; Chevalier et al., 2017). It is important to
elucidate the complexity of the ILC2 population and the func-
tional properties of stimulated ILC2 subsets, as well as their
development, so that proper subsets are targeted in therapeutic
interventions. To study lung ILC2 heterogeneity, we generated
an ILC(2) lineage tracer mouse model based on the expression of
the transcription factor RORa. Rore is expressed in early ILCPs
(Constantinides et al., 2014; Harly et al., 2018; Ishizuka et al.,
2016; Lim et al., 2017) and mature ILCs (Robinette et al., 2015;
Halim et al., 2012b; Wong et al., 2012; Lo et al., 2016; Hoyler et al.,
2012). Therefore, RORa lineage tracer mice enabled us to iden-
tify ILCPs and mature ILC2s in the lung without relying on their
expression of cell surface markers, specific cytokines, or en-
zymes. To further adopt an unbiased and comprehensive
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approach for studying ILC2 heterogeneity, we analyzed all adult
and neonatal lung CD45'/*Lin!® cells by scRNA-seq and con-
firmed the results by flow cytometric and functional analyses.
ILC2 development starts soon after birth, and neonatal lung
ILC2s are activated by endogenous IL-33 release (Ghaedi et al.,
2016; de Kleer et al., 2016; Saluzzo et al., 2017; Steer et al., 2017).
Therefore, we analyzed both adult and neonatal lungs to gain
insight into ILC2 development and heterogeneity. By this ap-
proach, we have identified ILCPs in both adult and neonatal
lungs, which might actively contribute to the generation of
ILC2s in the neonatal and inflamed adult lungs. We have also
identified effector ILC2 subsets that have distinct functions and
differentiation requirements in neonatal lungs.

Results
RORa lineage tracing marks lung ILCs, including ILC2s
We generated RORa lineage tracer mice by crossing Rora-IRES-
Cre (Chou et al., 2013) and R26R-EYFP mice, which have a loxP-
flanked transcription stop sequence followed by the gene
encoding YFP in the ROSA26 locus. In these RORa-YFP mice, cells
expressing Rora during their development should be irreversibly
labeled by YFP. As expected, most (>80%) ILC2s, defined as
LinGATA-3*ST2*Thyl* (Fig. 1 A) or Lin-CD127*Thyl*ST2*CD25*
(Fig. S1 A), were YFP* in naive adult mice. Intranasal IL-33
treatment resulted in the expansion of the YFP* ILC2s. Neonatal
lung ILC2s were also labeled by YFP. Less than 1% of B (CD19*)
and 1.5% T cells (TCRaB/y8*) in adult lungs expressed YFP (Fig.
S1 B). Approximately 9% of TCRaf/y8 NKp46* lung cells were
also YFP*, most of which were NK cells coexpressing Eomes and
T-bet (Fig. SI C). In the BM, ~10% of ILCPs defined by
Lin-Thy1*CDI127*PD-1*a4B7"CD25" (Yu et al., 2016) were YFP* (Fig.
S1D). In contrast, the majority (>70%) of ILC2Ps were YFP*. Small
intestine ILC2s and ILC3s were also labeled by YFP (Fig. S1 E).
The Lin~YFP* cells in adult and neonatal lungs were RORyt"
and included GATA-3MThyl*, GATA-3"°Thyl*, and GATA-
3-Thyl~ cells (Fig. 1 B). The Thyl* cells included ST2*CD25*
ILC2s and a small fraction of ST2"CD25~ cells. The GATA-
3 "Thyl™ cells were negative for the expression of all lymphoid-
associated markers tested (data not shown). The Lin~YFP* cells
in the intestine included GATA-3*RORyt~ ILC2s and GATA-
3°RORyt* ILC3s. ILCIs and NK cells were excluded from the
Lin"YFP* population in our analyses, and RORyt*ILC3s were
scarce in the lung. Hence, these results suggested that
Lin"YFP*GATA-3"°Thy1*ST2-CD25" cells might belong to the ILC
lineage. These cells are further characterized below.

scRNA-seq analysis identifies two ILC2 subsets in adult
RORa-YFP mouse lungs

Not all lung ILC2s were YFP* (Fig. 1 A), and not all lung
Lin~YFP*Thyl* cells expressed ST2 and CD25 (Fig. 1 B) in RORa-
YFP mice. To study the ILC2 lineage in the least biased way
possible, we decided to purify and analyze all CD45!°/*Lin'® cells
(Fig. 2 A) from adult (6-9-wk-old) RORa-YFP mouse lungs by
droplet-based scRNA-seq. We performed unsupervised cluster-
ing of the cells in this dataset using Seurat package (Butler et al.,
2018), which identified 16 distinct clusters (Fig. 2, B and C) based
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Figure 1. ILCs in RORa-YFP mice express YFP. (A)
Lung ILC2s from naive and IL-33-treated adult as well as
neonatal (12-d-old) mice were sequentially gated by
Lin"GATA-3*ST2*Thy1*, and their expression of YFP in
RORa-YFP (black line) and B6 control (filled gray) mice is
shown. (B) Lin~YFP* cells from adult and neonatal lungs
as well as adult small intestine were gated and analyzed
for the expression of GATA-3 and RORyt as well as
GATA-3 and Thyl. Lung Lin"YFP*Thyl* cells were fur-
ther analyzed for the expression of ST2 and CD25. Data
are representative of three or more independent ex-
periments with three or more mice per group in each
experiment.

Adult
Lung

Neonatal
Lung

Adult
Intestine

GATA-3

RORyt " Thyt

on the positive and negative markers of each cellular cluster
compared with all other clusters. The ILC2 cluster was identified
by the expression of ILC2-associated genes, including Areg, I17r,
Rora, and Gata3 (Fig. 2 C and Table S1), and the lack of expression
of stromal, NK/ILC1, B, and T cell genes. The ILC2 cluster was
also evident on the t-distributed stochastic neighbor embedding
(t-SNE) plot based on its expression of Rora, Gata3, and Ilirll (Fig.
S2 A). Stromal, NK, B, and T cell clusters were also identified
(Fig. 2, B and C; and Table S1). Yfp was mostly expressed in the
ILC2, NK, and stromal cell clusters (Fig. S2 A). Yfp* NK and
stromal cell clusters did not express Rora, suggesting that these
cells developed from Rora-positive progenitors.

We first isolated the ILC2 cluster from the dataset (Fig. 2, B
and C). Although the ILC2 cluster minimally contained con-
taminating cells from other lineages, we removed any potential
remaining contaminating from this cluster by filtering out any
cells expressing Cd79a, Cd79b, Msdal, Ebfl, or Pax5 (B cells); cells
expressing Gzma, Gzmb, Eomes, Ncrl, or Prfl (NK/ILCls); cells
expressing Scgb3al (stromal cells); cells coexpressing any TCR
genes and Cd4, Cd8a, or Cd5 (T cells); and cells coexpressing any
TCR genes and Kirkl (NKT cells). Rorc-expressing cells were
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rarely found (Fig. S2 A); hence, we did not filter out these cells.
We then subjected the remaining cells within ILC2 cluster to
further unsupervised clustering, which divided ILC2s into two
subsets (1 and 2), each expressing a distinct set of genes. Subset
1 highly expressed the conventional ILC2-associated genes, in-
cluding Ilirll (ST2; Halim et al., 2012a, 2012b), Tnfrsfi8 (GITR;
Nagashima et al., 2018), Areg (amphiregulin; Monticelli et al.,
2015, 2011; Figs. 2 D and S2 B), and Argl (arginase-1; Bando
et al., 2013; Monticelli et al., 2016; Fig. S2 B). In contrast, sub-
set 2 infrequently expressed Illrll and Tnfrsfl8 and instead had
high expression of Cd7 (CD7), Runx3 (Runx3; Figs. 2 D and S2 C),
Cd2 (CD2), Tcf7 (TCF-1), and Il8rl (IL-18ra; Fig. S2 C). The two
subsets equally expressed Id2, Gata3, Rora, Il7r, Thyl, and YFP
(Fig. 2 E). It is notable that both subsets lacked expression of
Tbx21 and Rorc, excluding the possibility of them being NK/ILCls
or ILC3s.

Adult lung ILC2s are divided into IL-18Ra*ST2~ and
IL-18Ra"ST2* subsets

The two ILC2 subsets detected by scRNA-seq analysis lacked
expression of Tbx21 and Rorc, expressed Thyl, Il7r, and Yfp, and

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20182293

920z Areniged 60 uo 1senb Aq jpd 6228102 Wel/6zS.181/£62281029/€/L1Z/ipd-ajoiie/wal/bio ssaidny//:dpy woy papeojumoq


https://doi.org/10.1084/jem.20182293

A C S100a4
i Areg
e T mia / nrr
Gzma H,mw 1\1 Mu! “ | Racc
Fcerlg “'N j;u‘f:".r"f.p l U Rampt
Tyrobp ‘ Ji v RN ‘ P T T Rora
Nkg7 i B s"m ol s R d‘u“r.".m‘\, L catas
el [} L I; A LT N For
Kird1 i ™ 1’ Gadd45b
Kire 1 , | ‘15.”1\:5\”’3' e \cer1
Aw112010| ; P 1 i | Igkc
)’E’Cflaf ‘ ; T W RITIHTE 11c2
HIRRRRA LA ‘ IR Lyed
Cd3d | ] (] el Iglc1
Cd3g “m“}\hq ’M. Il\‘l“ \‘ L) I “" { Cd79a
Trac Ak i ", ol ! ‘\]\
Trbo2 ‘ il ,ww\h. Q'HH “llt i gg;‘;b
Cd3e I i I I 11 i Ighm
Ms4a6b /(WS 1 11 I \ Msaar
Cd28 A e R LT T I
Ms4a4b \ ! | | gic
Cdsb1 ‘ ! L]
Trde ‘ i I T I
&‘ AR e M“.J‘y‘n‘pu‘n“.‘.‘l\‘ { ] L]
| |‘1w|'|‘ur mi i
MR ‘ ‘ 1
25 0 25 i o g ) B ettt g g SRR IR
tSNE 1 gy i | ‘
bl Bk, ‘ Wi
E |
\| || \ \I | Ctla2a I NFil3 it el ! — , A
7C—n79$f184_ ‘ | w || @ HIHNWM ! : ! = Jan “V LA H‘ 2 ‘ l\ !l‘
h”l |’ ‘ Ccdc184 | ‘ | ‘ “ Tox ‘| 3l | }‘ 1Ll ‘\ T T e H\‘ | u 0 g Hl \ \‘IH}”“ I
‘ |” i‘\ ] g‘g{é’ Lo ‘ H I 1d2 i (i w‘\u l”l i “I\;: ;‘\" ‘m | l! | e
) S e === TP
LN 18 [ 1 | Lpcat2 M[W Im " l”” Rora HHH e i s
HH \’ FH RnH28 poiftp  [Mldldy o0 ‘
\HI‘HI Gm26802 TEx21 ik . ‘
| Piscr1 0 j ] i 2
'” |u G (o e T 1
»\Hu T - g T
H | Hl\l\llf{f%gt;_ ”1”1 -1
SIS | il TR 11 Iy (ol ARSI I
\l} \ I IHI \w [ H \ gx/czl2 li2ra P gt L TR L SR TRPAITID 0 R L -2
Cl
Il | Wihdet Z‘;gar 2 1 2 3 4 5 6 78910-16
HH H m L H ’| \1 ‘I “ M/ [Kirg7  (Stromal cell) (ILC2) (NK cell) (B cell) (T cell)
“l‘l“\' llirasoro2 AN HH I{! Illlicos
LT \m ($700a11 ”;rm’
als
T shia
i é%‘ib ”IH \ ’III’\ LRI %ftw
(T ca48 Ly6a
il M? g NW! | \M H/l\ i HHHjAre
112
\ \ I\ Ifngr1
HI Runx3<+— 114
ol |H Hn1 [l | 15
i \H\Hi “} e " s
N Becs mw m[uu
Il H|| \H llLgals3 v
1 2

Figure 2. ScRNA-seq analysis of adult RORa-YFP mouse lungs identifies two distinct ILC2 subsets. (A) Gating strategy for the purification of Lin' cells
from adult RORa-YFP mouse lungs for scRNA-seq analysis. (B) t-SNE plot shows distinct clusters within the 4,664 sequenced cells. (C) Heatmap of the
differentially expressed genes by the clusters from B. Top 10 differentially expressed transcripts of the lymphoid lineages are shown. (D) The ILC2 cluster from
B was subjected to further unsupervised clustering that divided the 371 ILC2s into subset 1 (233 cells) and subset 2 (138 cells). Heatmap shows the top 20 genes
that are differentially expressed by the subsets 1and 2. The arrows point to the genes that are mentioned in the text. (E) Heatmap shows the expression of our
selection of ILC(2)-associated genes by subsets 1and 2. This gene list includes the transcription factors, cell surface receptors, and effector cytokines important
for ILC(2) lineage development and function based on the literature. Hence, it includes genes that are equally expressed as well as genes that are differentially
expressed by the two subsets. The differentially expressed genes are shown by black (higher expression on subset 1) and green (higher expression on subset 2)

boxes. The rest of the genes are similarly expressed by the two subsets.

differentially expressed Ilirll and Ili8rl. Hence, we analyzed
T-bet"Lin"YFP*Thy1*CD127*RORyt™ cells in adult Rora-YFP
mouse lungs for IL-18Ra and ST2 expression by flow cytome-
try (Fig. 3 A). These cells were divided into two subsets, namely
the IL-18Ra~ST2* conventional ILC2s and a small IL-18Ra*ST2~
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subset. The IL-18Ra* cells had intermediate expression of GATA-3
and CD25 in comparison with NK cells and ST2* ILC2s (Fig. 3 B).
Both subsets had lower expression of KLRG1 and IL-25R
compared with mesenteric lymph node ILC2s. IL-18Ra*
cells had lower expression of GITR compared with ST2* ILC2s.
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Figure 3. Flow cytometric and functional analyses confirm two distinct adult lung ILC subsets. (A) Tbet~Lin"YFP*Thy1*CD127*RORyt™ cells were
sequentially gated and divided into IL-18Ra*ST2" (green) and IL-18Ra~ST2* (black) subsets in adult RORa-YFP mouse lungs. (B) The expression of GATA-3,
CD25, KLRG, IL-25R, and GITR by lung IL-18Ra* cells (green) and ST2* ILC2s (black) in A are shown. Lung NK cells (NKp46*Eomes*T-bet*; filled gray) and
mesenteric lymph node (MLN) ILC2s (filled red) were used as controls. (C) Lin"YFP*Thy1*CD127+IL-18Ra*ST2" (green) and IL-18Ra"ST2* (black) were analyzed
for the expression of RORyt and T-bet. (D) Lin"YFP*Thy1*CD127* cells were sorted into IL-18Ra* cells (green) and ST2* ILC2s (black) and stimulated for 72 h
with PMA and ionomycin. The amounts of cytokines and chemokines in the culture supernatants were determined. (E) Absolute numbers of IL-18Ra* cells
(green) and ST2* ILC2s (black) gated as in A in naive, IL-18, and papain-treated lungs are shown. (F) Lin"YFP*Thy1*CD127+IL-18Ra* cells (green) and ST2* ILC2s
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(black) were analyzed for intracellular IL-5 and IL-13 in naive, IL-18, and papain-treated lungs. (G) Lin"Thy1*CD127*IL-18Ra" cells (green) and ST2* ILC2s (black)
were analyzed for Tcf7E5P and Kit expression in naive and papain-treated Tcf7E6FP adult mouse lungs. (H) Tbet~Lin-Thy1*CD127*RORyt™ cells were analyzed
for TCF-1and ST2 expression in naive and papain-treated lungs. Data in A-E are representative of three or more independent experiments with three or more
mice per group in each experiment, and data in F and G are representative of two independent experiments with two or more mice per group in each ex-

periment (mean + SEM). *, P < 0.05 by two-tailed Student’s t test.

Lin"YFP*Thy1*CD127*IL-18Ra* cells and ST2* ILC2s were first
analyzed for RORyt and T-bet expression to assess the potential
for ILC1/NK and ILC3 contamination during sort purification
(Fig. 3 C). IL-18Ra* cells included negligible percentages of
RORyt/T-bet-expressing cells. IL-18Ra* cells and ST2* ILC2s
were purified from naive Rora-YFP mouse lungs and stimu-
lated with PMA and ionomycin to test their capacities to pro-
duce cytokines. The culture supernatants were analyzed for
multiple cytokines. The IL-18Ra* cells produced IL-5, albeit in
much lower amounts than ST2* ILC2s (Fig. 3 D). IL-18Ra* cells
also produced small amounts of IL-2, IL-4, and IL-17 and high
amounts of MIP-1a and MIP-1B, whereas IFN-y and TNF-a were
undetectable. We also tested whether IL-18Ra* and ST2* sub-
sets would respond differentially to intranasal IL-18 and the
protease allergen papain treatments. IL-18 treatment increased
the numbers of IL-18Ra* cells, but not ST2* ILC2s (Fig. 3 E).
Papain treatment increased the numbers of both subsets. Nei-
ther IL-18 nor papain induced expression of intracellular IL-5/
IL-13 by IL-18Ra* cells (Fig. 3 F). However, ST2* ILC2s ex-
pressed both these cytokines after papain treatment.

As shown above, the IL-18Ra* subset had lower expression of
GATA-3 and CD25 than ST2* ILC2s and produced very few cy-
tokines, suggesting that they might be immature ILCs. The
scRNA-seq analysis showed that IL-18Ra* cells also expressed
Tcf7, which is expressed by BM ILCPs (Yang et al., 2015; Harly
et al., 2018). Therefore, we analyzed their expression of Tcf7
using Tcf7ECFP mice. A fraction of lung Lin-Thy1*CD127*IL-18Ra*
cells were Tcf7ESFP+ (Fig. 3 G), whereas the ST2* ILC2s were
negative. These IL-18Ra*Tcf7ESFP+ cells expressed Kit and ex-
panded following papain treatments. We also further confirmed
that IL-18Ra* cells, but not ST2* ILC2s, expressed the TCF-
1 protein in naive and papain-treated lungs (Fig. 3 H). These
results indicated that the IL-18Ra* cells belong to the ILC lineage
but are distinct from ST2* ILC2s and other ILCs in the lung.

Adult lung IL-18Ra* ILCs can give rise to multiple ILC lineages

We purified Lin-YFP*Thy1*CD127*IL-18Ra*ST2- cells from papain-
treated adult Rora-YFP mouse (CD45.2) lungs. Roro.-YFP mice were
pretreated with intranasal papain to expand these cells and allow
purification of enough numbers. These cells were then transplanted
into lethally irradiated B6.Ly5" (Pep3b) mice (CD45.1). As controls,
we purified all-lymphoid progenitors (ALPs; Inlay et al., 2009) and
ILCPs (Yu et al., 2016) from Rora-YFP mouse BM. While BM ALPs
gave rise to a variety of lymphoid lineages, BM ILCPs and lung IL-
18Ra* ILCs gave rise to ILC2s (Lin-T-bet Thyl*ST2*CDI27*GATA-
3*) and Lin*T-bet*Thyl-CD127-cells in the lung of the recipient mice
(Fig. 4 A). Because the Lin cocktail in this analysis included NKp46,
these cells might be ILCls/NK cells. Therefore, we analyzed the
livers of the recipient mice. BM ALPs gave rise to NKp46*T-bet"Eomes™
ILC1s and Eomes* NK cells (Fig. 4 B). BM ILCPs also gave rise to
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both ILCl1s and a small number of NK cells. Lung IL-18Ra* ILCs
gave rise to ILCls but a barely detectable number of NK cells.
All of the progenitor populations tested also gave rise to
Lin"NKp46- cells in the liver, which might include other ILCs.
BM ILCPs and lung IL-18Ra* ILCs generated comparable
numbers of ILC2s and ILCls (Fig. 4 C). However, lung IL-18Ra*
ILCs generated significantly fewer NK cells.

We also cultured lung IL-18Ra* ILCs purified from papain-
treated adult Rora-YFP mouse lungs on OP9-DL1 (Schmitt and
Zufiiga-Pfliicker, 2002) with IL-7 and stem cell factor (SCF) to
test their differentiation in vitro. BM ILCPs were cultured as
control. After 1 wk, both populations generated three distinct
subsets based on the expression of Thyl and NKp46 (Fig. 4 D). The
Thyl*NKp46~ subset derived from BM ILCPs included ICOS* and
ICOS™ cells, and these ICOS™ cells constituted a half of the BM
ILCP-derived progenies. The Thyl*NKp46~ subset derived from
lung IL-18Ra* ILCs were mostly ICOS*, with very few ICOS- cells.
The ICOS* cells likely included ILC2s, whereas the ICOS- cells
were likely undifferentiated progenitors. The Thyl*NKp46*
subset possibly included ILCls and ILC3s, and Thyl NKp46* were
likely NK cells. To further test the ILC3 potential of lung IL-18Ra*
ILCs, we purified these cells from Rorc(yt)-EGFP*/~ mice and
performed the same in vitro differentiation cultures. The lung IL-
18Ra* ILCs gave rise to Thyl*NKp46*Rorc(yt)-EGFP* ILC3s (Fig. 4 E).
These results showed that lung IL-18Ra* ILCs are similar to BM
ILCPs and have the capacity to differentiate into multiple ILC line-
ages. Hence, we will call them lung ILCPs hereafter.

Lung ILCPs are found in Ragl~/~ mouse lungs

To further confirm that lung IL-18Ra* ILCPs described above
belong to the ILC lineage, we analyzed Ragl~/~ mice. The
Lin~T-bet Thyl*CD127*RORyt IL-18Ra*ST2™ cells with inter-
mediate expression of GATA-3 and CD25 were also found in
Ragl~/~ mouse lungs (Fig. 5, A and B). Similar to the IL-18Ra*
cells from Rora-YFP mice, they produced very small amounts of
IL-5, IL-2, IL-4, IL-17, MIP-1a, and MIP-1B (Fig. 5 C). They also
expanded after intranasal IL-18 and papain treatments (Fig. 5 D)
and were negative for intracellular IL-5/IL-13 (Fig. 5 E).

We purified lung IL-18Ra* ILCs and BM ILCPs from papain-
treated Ragl~/~ mice (CD45.2) and transplanted into irradiated
Pep3b mice. Lin T-bet"Thyl*CD127*Roryt™ cells in the recipient
mouse lungs were gated and analyzed for IL-18Ra and ST2 ex-
pression (Fig. 6 A). Donor-derived cells were found among the ST2*
ILC2s. We also analyzed the livers of the recipient mice. Lung IL-
18Ra* ILCs generated T-bet*Eomes™ ILCls and a very small number
of Eomes* NK cells (Fig. 6 B). Lung IL-18Ra* ILCs and BM ILCPs
generated comparable numbers of ILC2s and ILCls (Fig. 6 C).
However, lung IL-18Ra* ILCs generated significantly fewer NK cells.

We also tested in vitro differentiation of BM ILCPs and lung
IL-18Ra* ILCs from papain-treated Ragl~~ mice. In agreement
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Figure 4. Adult lung IL-18Ra* ILCs have similar differentiation properties as BM ILCPs. BM ALPs (Lin~Flt3*CD127*Ly6D-CD25 Thyl~), ILCPs
(Lin"Thy1*CD127*PD-1*a4B7+CD25), or lung IL-18Ra* ILCs (Lin"YFP*Thy1*CD127+IL-18Ra*ST2") were purified by from papain-treated RORa-YFP mice
(CD45.2*) and injected (2,000 cells per mouse) intravenously into lethally irradiated Pep3b mice (CD45.1*). The tissues of the recipient mice were analyzed 6
wk after transplantation. (A) Donor-derived lung ILC2s were sequentially gated by CD45.1-CD45.2*Lin"T-bet~Thy1*ST2*CD127*GATA-3* (pink gates). The Lin
cocktail in this analysis included anti-CD3e, TCRaf, TCRy$, CD19, NKp46, CD11b, CD1lc, Gr-1, and Ter119. Donor-derived Lin*T-bet* cells were also gated and
analyzed for Thyl and CD127 expression. (B) Donor-derived liver cells were gated by CD45.1-CD45.2*Lin"NKp46* and further divided into T-bet*Eomes™ ILC1s
and T-bet*Eomes* NK cells. The Lin cocktail in this analysis included anti-CD3e, TCRaf, TCRy§, CD19, Gr-1, and Ter119. (C) Absolute numbers of donor-derived
lung ILC2s, liver ILC1s, and NK cells. (D) BM ILCPs or lung IL-18Ra* ILCs were purified as in A, and 1,000 cells each were cultured on OP9-DL1 with IL-7 and SCF
for 1 wk. The progenies were analyzed for Thyl and NKp46 expression. Thyl*NKp46~ cells were further analyzed for ICOS expression. Frequencies of the

Ghaedi et al. Journal of Experimental Medicine
ILC2 heterogeneity and development https://doi.org/10.1084/jem.20182293

920z Areniged 60 uo 1senb Aq jpd 6228102 Wel/6zS.181/£62281029/€/L1Z/ipd-ajoiie/wal/bio ssaidny//:dpy woy papeojumoq


https://doi.org/10.1084/jem.20182293

indicated subsets are shown in pie charts. (E) BM ILCPs or lung Lin-Rorc(yt)-EGFP-Thy1*CD127*IL-18Ra*ST2" cells were purified from papain-treated Rorc(yt)-
EGFP*/~ mice and cultured on OP9-DL1 with IL-7 and SCF for 1 wk. The progenies were analyzed for Thyl and NKp46 expression and Thy1*NKp46* cells were
further analyzed for Rorc(yt)-EGFP expression. Data in A-C are representative of four independent experiments with three or more mice per group in each
experiment, and data in D and E are representative of 10 replicates per experimental group in two independent experiments (mean = SEM). *, P < 0.05 by
two-tailed Student’s t test.

with results obtained with Rora-YFP mice, the Thyl*NKp46~ were mostly ICOS*, with some ICOS- cells. More than half of the
subset derived from BM ILCPs included ICOS* and ICOS™ cells Thyl*NKp46~ cells derived from lung IL-18Ra* ILCs were ST2*
(Fig. 6 D), and these ICOS~ cells constituted >90% of the prog-  (Fig. 6 E, top). When IL-18 was added to the culture, it increased
enies. The Thyl*NKp46~ subset derived from lung IL-18Ra* ILCs  the proliferation and differentiation of lung IL-18Ra* ILCs. These
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Figure 5. IL-18Ra* ILCs with similar properties are found in Ragl~/~ mouse lungs. (A) Lin"Tbet"Thy1*CD127*RORyt~ cells in adult Ragl~/~ mouse lungs
were sequentially gated and divided into IL-18Ra*ST2~ (green) and IL-18Ra"ST2* (black) subsets. (B) Expression of GATA-3 and CD25 by lung IL-18Ra* ILCs
(green) and ST2* ILC2s (black) in A as well as lung NK cells (NKp46*Eomes*Tbet*; filled gray) is shown. (C) Lin"Thy1*CD127* cells from RagI~/~ mouse lungs
were sorted into IL-18Ra* ILCs (green) and ST2* ILC2s (black) and stimulated for 72 h with PMA and ionomycin. The amounts of cytokines and chemokines in
the culture supernatants were determined. (D) Absolute numbers of IL-18Ra* ILCs (green) and ST2* ILC2s (black) gated as in A in naive, IL-18, and papain-
treated lungs are shown in bar graphs. (E) Lin"Thy1*CD127*IL-18Ra* ILCs (green) and ST2* ILC2s (black) were analyzed for intracellular IL-5 and IL-13 ex-
pression in naive, IL-18, and papain-treated lungs. Data are representative of five or more independent experiments with four or more mice per group in each
experiment (mean + SEM). **, P < 0.01; ***, P < 0.001 by two-tailed Student’s t test.
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Figure 6. IL-18Ra* ILCs in adult Ragl~/- mouse lungs have ILCP properties. BM ILCPs or lung Lin"Thy1*CD127+IL-18Ra*ST2" cells were purified from
papain-treated Ragl~~ mice (CD45.2) and injected (4,000 cells per mouse) intravenously into lethally irradiated Pep3b mice. The tissues of the recipient mice
were analyzed 6 wk after transplantation. (A) Lung Lin"T-bet~Thy1*CD127*Roryt™ cells were sequentially gated, and IL-18Ra* and ST2* subsets were analyzed
for donor-derived CD45.1-CD45.2* cells. (B) Liver T-bet*Eomes™ and T-bet*Eomes* cells were gated for donor-derived ILC1s and NK cells. (C) Absolute
numbers of donor-derived lung ILC2s, liver ILC1s, and NK cells. (D) BM ILCPs or lung IL-18Ra* ILCs were purified as in A, and 1,000 cells each were cultured as
in Fig. 4 D. The progenies were analyzed for Thyl and NKp46 expression. Thyl*NKp46~ cells were further analyzed for ICOS expression. Frequencies of the
indicated subsets are shown in pie charts. (E) Lung IL-18Ra* ILCs were cultured without or with IL-18 cultured as in Fig. 4 D. The Thyl*NKp46~ cells were
further analyzed for ST2 expression. The absolute numbers of the indicated subsets in each condition are shown in bar graphs. Data in A-C are representative
of four or more independent experiments with four or more mice per group in each experiment, data in D are representative of 215 replicates per experimental
group in two independent experiments, and data in E are representative of five or more replicates per experimental group in one experiment (mean + SEM). *, P
< 0.05; **, P < 0.01 by two-tailed Student’s t test. ns, not significant.

results indicated that the Ragl~/~ mouse lung IL-18Ra* ILCs were
comparable to the Rora-YFP mouse lung ILCPs.

epithelium (de Kleer et al., 2016; Saluzzo et al., 2017; Steer et al.,
2017). To analyze the development and complexity of neonatal
lung ILC2s, we analyzed all CD45'/*Lin® lung cells (Fig. 7 A)

Identification of two activated ILC2 subsets in neonatal from neonatal (12-d-old) RORa-YFP mice by scRNA-seq. Unsu-

RORa-YFP mouse lungs by scRNA-seq analysis
Lung ILC2s vigorously develop in the neonatal period and be-
come activated due to the spontaneous release of IL-33 from
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pervised clustering revealed 17 distinct clusters, including B, NK,
and T cells and ILC2s (Fig. 7, B and C; and Table S2). The ILC2
clusters were identified by their differential expression of ILC2-
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associated genes, including Argl, Il13, Areg, Gata3, and Ilirll. The
ILC2 clusters were also evident on the t-SNE plot based on their
expression of Rora, Gata3, Il7r, Ilirll, Areg, Argl, I15, and I3 (Fig.
S3 A). We isolated and combined the ILC2 clusters and removed
any potential remaining contaminating cells as indicated pre-
viously. We then analyzed differentially expressed genes by
neonatal and naive adult ILC2s. Consistent with previous reports
(de Kleer et al., 2016; Saluzzo et al., 2017; Steer et al., 2017), our
analysis confirmed that neonatal ILC2s have an activated profile
with higher expression of Argl, Ili3, 115, and Klrgl than adult ILC2s
(Fig. S3 B).

Further unsupervised clustering of the neonatal ILC2s divided
them into two subsets (1 and 2), each expressing a distinct set of
genes (Fig. 7 D). Subset 1 mainly included ILC2s with high ex-
pression of I5, Il13, Argl, and Klrgl, whereas subset 2 was highly
enriched in Areg- and Icos-expressing ILC2s. A complete analysis
of the transcripts that were differentially expressed between
these two subsets indicated that the II5/Il13-expressing subset
also had slightly higher expression of the activation marker Cd69
(Fig. S4 A), whereas the Areg/Icos-expressing subset had slightly
higher expression of II7r and Kit (Fig. S4 B). The two subsets
equally expressed Id2, Gata3, Thyl, and Ilirll (Fig. 7 E).

Trajectory analysis revealed ILCPs and confirmed two
activated ILC2 subsets in neonatal lungs
To examine the developmental relationship between the two
activated neonatal ILC2 subsets above, individual neonatal ILC2s
were positioned along a differentiation trajectory according to
the virtual progression of their transcriptome (Fig. 8 A; Trapnell
etal., 2014; Trapnell, 2015). This analysis placed individual ILC2s
into five different states. State 1 was enriched for cells ex-
pressing ILCP-associated genes, including Il7r, Kit, Tcf7 (Yang
et al.,, 2015; De Obaldia and Bhandoola, 2015), Tox (Seehus
et al., 2015), and Zbtblé (Constantinides et al., 2014), and low
expression of the mature ILC2-associated genes, including Ilirll,
Areg, 115, 113, Argl, and Klrgl (Fig. 8, A and B; and Fig. S5, A and B),
suggesting that these cells might be ILCPs in neonatal lungs.
Analyses of the genes differentially expressed along cell fate
progression from state 1 to states 4 and 5 revealed progressive
down-regulation of the ILCP-associated genes Tcf7 (Yang et al.,
2015), Tox (Seehus et al., 2015), and Runx3 (Ebihara et al., 2015)
as well as Il18r1 (Figs. 8 C and S5 C). Mature ILC2-associated
genes Ilirll, Areg, Argl, II5, Il13, and Klrgl showed up-regulation
along their cell fate progression. State 1 progenitor cells ap-
peared to differentiate into two distinct ILC2 effector subsets
(states 4 and 5; Fig. 8, A and B; and Fig. S5, A and B). State 4 was
enriched for cells expressing II5, Ili3, Argl, and Klrgl, whereas
state 5 was enriched for cells expressing Areg and Icos. State
2 seemed to be a transitional state connecting progenitors to the
mature cells in states 4 and 5. State 3 did not have any distinctive
features compared with states 4 and 5 (Fig. S5 A). These results
suggested that ILCPs exist in the neonatal lung and gradually
differentiate into two alternative effector fates, namely I15/1113/
Klrgl-expressing proinflammatory and Areg/Icos-expressing
tissue-repairing ILC2s.

To transcriptionally compare neonatal ILCP and effector ILC2
subsets, we isolated and combined the cells within the specific
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states 1, 4, and 5 (Fig. 8, A and B; and Fig. S5, A and B). We then
subjected these cells to unsupervised clustering using Seurat
package. In agreement with our trajectory analysis, the cells
were divided into three distinct subsets (Fig. 8 D). The first
subset had an ILCP signature with high expression of Tcf7, Il18r],
Kit, and Runx3. The other two subsets included II5/Il13/Argl/
Klrgl-expressing proinflammatory and Areg/Icos-expressing
tissue-repairing ILC2s. It is notable that all three subsets lacked
expression of Tbx21 and Rorc, excluding the possibility of them
being NK/ILCls or ILC3s (Fig. S5 D).

ILCPs are found in neonatal mouse lungs

The scRNA-seq analyses above suggested that a population of
Tcf7-expressing ILCPs can be found in neonatal lungs. To
further study neonatal lung ILCPs, we performed flow cyto-
metric analyses of neonatal (12-d-old) lungs and adult
BM as well as neonatal BM of Tcf7E¢*P mice (Fig. 9 A).
Lin~Thy1*CD127* cells were divided into two subsets based on
the expression of ST2. ST2- cells highly expressed Tcf7ECF? and
included IL-18Ra*Kit* cells. ST2* ILC2s were Tcf7ESFP negative
and mostly IL-18Ra negative. In the adult BM, ILCPs
(Lin~Thy1*CD127*Tcf7ESFP+ST2") were mostly IL-18Ra and Kit
positive. In contrast, ST2* ILC2Ps were Tcf7°FP-IL-18Ra Kit™. In
the neonatal BM, only very small numbers of Lin-Thy1*CD127*
cells were found. These results showed that neonatal lung ILCPs
are similar to BM ILCPs. In addition, neonatal lung ILCPs seemed
very similar to the adult lung ILCPs described above in their
expression of Tcf7ESFP, IL-18Ra, and Kit. To test the progenitor
capacity of these neonatal lung ILCPs, we cultured them on OP9
with IL-7 and SCF. BM ILCPs were used as control. After 1 wk,
both populations generated two distinct subsets based on ICOS
and NKL1 expression (Fig. 9 B). ICOS* cells most likely include
ILC2s, whereas NK1.1* cells might include NK cells/ILC1s/ILC3s.
These results indicated that neonatal lung ILCPs have the ca-
pacity to differentiate into multiple ILC lineages, similar to adult
lung ILCPs.

Distinct effector ILC2 subsets in neonatal mouse lungs

The scRNA-seq analyses above showed two subsets of activated
ILC2s with equal expression of Ilirll and Thyl. The two subsets
differentially expressed Klrgl and Icos. Accordingly, we could
divide the neonatal B6 lung ILC2s (Lin~ST2*Thyl*CD127*) into
two subsets based on the expression of KLRG1 and ICOS by flow
cytometry (Fig. 10 A). In agreement with their gene expression
profile (Fig. S4 B), the KLRGI-ICOS* subset had slightly higher
expression of CD127. We purified the neonatal KLRG1*ICOS™ and
KLRGI1ICOS* subsets as well as KLRG1*ICOS* and KLRG1"ICOS~
cells and stimulated them in vitro using a combination of IL-33
and IL-7 (Fig. 10 B). After the indicated time points, the
KLRGI*ICOS- cells produced much higher amounts of IL-5 and
IL-13 compared with other subsets and minimally produced
amphiregulin. The KLRG1"ICOS* cells produced the highest
amount of amphiregulin and did not produce much IL-5 and IL-
13. These findings indicated that KLRG1 and ICOS expression
distinguishes two functionally distinct effector subsets of
neonatal ILC2s, namely IL-5/IL-13 cytokine-producing and
amphiregulin-producing ILC2s. To determine whether IL-33,
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Figure 7. scRNA-seq analysis identifies two distinct ILC2 subsets in neonatal mouse lungs. (A) Gating strategy for purification of Lin'® cells from 12-d-old

neonatal RORa-YFP mouse lungs for scRNA-seq analysis. (B) t-SNE plot shows

distinct clusters within the 21,256 sequenced cells. (C) Heatmap of the dif-

ferentially expressed genes by the clusters from B. Top 10 differentially expressed transcripts of the lymphoid lineages are shown. (D) The ILC2 clusters from B
were combined and subjected to further unsupervised clustering, which divided the 600 ILC2s into subset 1 (293 cells) and subset 2 (307 cells). Heatmap shows
top 20 genes that are differentially expressed by the subsets 1 and 2. The arrows point to the genes that are mentioned in the text. (E) Heatmap shows the

expression our selection of ILC(2)-associated genes by the subsets 1and 2. The di

fferentially expressed genes are shown by red (higher expression on subset 1)

and purple (higher expression on subset 2) boxes. The rest of the genes are similarly expressed by the two subsets.

which is spontaneously released in neonatal mouse lungs (de
Kleer et al., 2016; Saluzzo et al., 2017; Steer et al., 2017), is
driving the divergence of these two effector subsets, we ana-
lyzed I133/~ mouse lungs. Neonatal mouse lung KLRG1* ILC2s
were substantially reduced in these mice (Fig. 10 C), indicating
that this subset is dependent on IL-33 signaling. However,
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ICOS* ILC2s were not affected and are presumably driven by
other factors. In naive adult mouse lungs, ILC2s had low ex-
pression of KLRG1 and ICOS and up-regulated both after papain
treatments. Unlike neonatal ILC2s, the divergence between
KLRG1 and ICOS was not clear. However, adult papain-induced
KLRGI* ILC2s were also substantially reduced in 1133~/ mice,
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A single-cell trajectory was constructed from the neonatal ILC2 dataset in Fig. 4 D using the Monocle package, and neonatal ILC2s were ordered in pseudotime
along a tree-like differentiation trajectory. Five distinct segments or states of the trajectory were identified. (B) Heatmap of the expression of ILC2-associated
genes in the indicated states in A. (C) Changes in the expression of the indicated ILC2-associated genes along cell fate progression in pseudotime, from state
1to states 4 and 5 in A. (D) The cells from states 1, 4, and 5 were combined and subjected to further unsupervised clustering using Seurat package, which
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Figure 9. ILCPs are found in neonatal mouse lungs. (A) Lin-Thy1*CD127* cells from neonatal (12-d-old) lung, adult, and neonatal (12-d-old) BM from
Tcf75¢FP mice were sequentially gated and divided into Tcf756FP+ST2- (green) and Tcf75eFP-ST2* (black) subsets and analyzed for the expression of IL-18Ra and
Kit. (B) BM ILCPs defined by Lin~Thy1*CD127*Tcf7E6FP+ST2- (IL-18Ra*Kit*) and lung ILCPs defined by Lin"Thy1*CD127*Tcf7E6FP+ST2-IL-18Ra*Kit* were cul-
tured on OP9 with IL-7 and SCF for 1 wk. The progenies were analyzed for ICOS and NK1.1 expression, and the frequencies of the indicated subsets are shown
in pie charts. Data in A are representative of two independent experiments with two or more mice per group in each experiment, and data in B are repre-

sentative of three replicates per experimental group in one experiment.

whereas the ICOS* ILC2s were unaffected. These results sug-
gested that the two subsets of ILC2s in neonatal lungs are
activation-induced effector cells with distinct functions. The
KLRG1* subset is induced by IL-33, whereas the activation
signal that induces ICOS* subset remains to be elucidated.

Discussion

In this study, we generated a lineage tracer mouse model that
marks ILCs with YFP, based on the expression of RORa. By
scRNA-seq and flow cytometry, we found Lin T-bet"YFP*
CD127*Thy1*RORyt IL-18Ra*ST2- cells in adult lungs with in-
termediate GATA-3 expression. These cells expressed Tcf7 and
Kit in Tcf7ECFP mice. The IL-18Ra* population was also found in
Ragl™/~ mice, confirming that it belongs to the ILC lineage. Un-
like conventional ILC2s, IL-18Ra* cells were CD25°GITR". They
were also KLRGIPIL-25R", excluding the possibility of them
being inflammatory ILC2s (Huang et al., 2015, 2018). Similar to
BM ILCPs (Halim et al., 2012b), lung IL-18Ra* cells produced

Ghaedi et al.
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small amounts of ILC2-associated cytokines. Interestingly, they
proliferated after intranasal administration of IL-18 or papain
but did not express IL-5 or IL-13. These cells could differentiate
into multiple ILC lineages in transplanted mice and in vitro
differentiation cultures. Also, their proliferation in culture was
enhanced in the presence of IL-18. Therefore, lung IL-18Ra" cells
are likely IL-18 responsive ILCPs. Our analysis of neonatal mice
also revealed Tcf7-expressing ILCPs, which expressed IL-18Ra
and Kit similar to adult lung ILCPs. Lung ILCPs are similar to BM
ILCPs, as they are Lin-Thyl*CD127*Tcf7ECFP*ST2-IL-18Ra*Kit*.
Lung ILCPs were more frequent in neonatal lungs than BM,
suggesting that neonatal lung tissue might provide an important
niche for the development of lung ILC2s. The lung ILCPs in our
study are similar to systemic human ILC precursors, as they both
expressed the ILCP-associated transcription factor genes Tcf7
and Runx3 as well as Cd2, Cd7, and Ili8r1 (Lim et al., 2017). The
expression of IL-18Ra by ILCPs may be functionally important,
as it enables them to sense IL-18 induced by tissue inflammation.
It has also been reported that hematopoietic stem cells, common
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Figure 10. Flow cytometric and functional analysis shows distinct effector ILC2 subsets in neonatal mouse lungs. (A) Lin"ST2*Thy1*CD127* ILC2s from
12-d-old B6 mouse lungs were analyzed for KLRG1 and ICOS expression. The expression of ST2 and CD127 by the KLRG1*ICOS™ (red) and KLRG1-ICOS* (purple)
subsets were overlapped in dot plot. (B) Neonatal ILC2s were divided into four subsets based on KLRG1 and ICOS expression, purified, and cultured for the
indicated number of hours with IL-33 and IL-7 (1 ng/ml each for cytokine and 10 ng/ml for amphiregulin analysis). The amounts of IL-5, IL-13, and amphiregulin
in the culture supernatants were determined by ELISA. (C) ILC2s from neonatal, naive, and papain-treated WT and I[33~~ mouse lungs were analyzed for
KLRG1 and ICOS expression. The frequencies of KLRG1*, ICOS*, and KLRG1"ICOS"~ subsets are shown in bar graphs. Data are representative of three to five
independent experiments with >12 mice per group (mean + SEM). *, P < 0.05; **, P < 0.0, ***, P < 0.001; ****, P < 0.0001 by two-tailed Student’s t test.

lymphoid progenitors, and early thymic progenitors express IL-
18Ra (Gandhapudi et al., 2015). IL-18 plus IL-7 promotes the
expansion of hematopoietic stem cells and common lymphoid
progenitors, and IL-18 alone can promote differentiation of early
thymic progenitors into double-negative stage 3 in vitro.

The IL-18Ra* cells in our study are very similar to the lung
ST2-IL-18Ra*Il5" cells reported previously (Ricardo-Gonzalez
et al., 2018), which were considered functionally similar to
skin ILC2s. However, lung IL-18Ra*ST2" cells significantly differ
from skin IL-18Ra*ST2~ ILC2s in their response to IL-18. The
former proliferated but did not produce type 2 cytokines upon
IL-18 stimulation, whereas the latter produced these cytokines.

Ghaedi et al.
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It should also be noted that the use of the RORa lineage tracer
mice in our study, unlike the II5 reporter mice, enabled us to
capture all IL-18Ra* ILCs in the lung regardless of their basal
activation status.

Our analysis of neonatal mice also revealed two distinct ILC2
subsets differing in their gene expression profiles: Klrgl/Il5/Il13-
and Icos/Areg-expressing subsets. Accordingly, we could divide
neonatal ILC2s into two functionally distinct effector subsets
based on the expression of KLRG1 and ICOS. The KLRG1* subset
produced large amounts of IL-5 and IL-13, but not amphiregulin,
whereas the ICOS* subset produced higher amounts of am-
phiregulin and lower amounts of IL-5 and IL-13 compared with
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the KLRG1* subset. Considering that neonatal ILC2s are activated
by the spontaneous release of IL-33 during this period (de Kleer
et al., 2016; Steer et al., 2017; Saluzzo et al., 2017), these results
suggested that activated ILC2s diverge into two distinct effector
fates of proinflammatory IL-5/IL-13 producer and tissue-
repairing amphiregulin-producer ILC2s. Our analysis of the
1133~/ mice showed that the KLRGI* cytokine-producing ILC2s
are dependent on IL-33 for their differentiation, but not the
ICOS* amphiregulin-producing ILC2s. Intranasal papain treat-
ment of adult mice induced up-regulation of both KLRG1 and
ICOS on lung ILC2s, but the divergence between the two subsets
was less clear. It has been reported that some degree of heter-
ogeneity exists in adult lung ILC2s with regard to cytokine
and amphiregulin production after intraperitoneal IL-33 in-
jections (Monticelli et al., 2015). However, the phenotypic
properties of the proinflammatory cytokine-producing ILC2s
versus amphiregulin-producing ones in adulthood remain to be
elucidated.

The putative proinflammatory KLRG1* ILC2s have high ex-
pression of Argl encoding arginase-1 (Argl), which is required
for the cytokine production by ILC2s (Monticelli et al., 2016).
KLRG], an immunoreceptor tyrosine-based inhibition motif-
bearing inhibitory receptor for E-cadherin, is a marker for
highly activated ILC2s and acts as an immune checkpoint
(Chiossone and Vivier, 2017; Taylor et al., 2017). On the other
hand, the putative tissue-repairing ILC2s have high expression
of ICOS. The ICOS-ligand interaction promotes survival and
cytokine production of adult ILC2s after intranasal IL-33 ad-
ministration (Maazi et al., 2015). In our study, ICOS is specifi-
cally expressed by amphiregulin-producing neonatal ILC2s. The
tissue-repairing ILC2s have high expression of Tnfaip3, Perl, and
Irf2bp2. Tnfaip3 and Perl encode ubiquitin-modifying enzyme
A20 and period circadian regulator 1, respectively, which are
known to inhibit NF-xB (Matmati et al., 2011; Sugimoto et al.,
2014). Irf2bp2 encodes interferon regulatory factor 2-binding
protein 2, which inhibits NFAT signaling and also acts as an
activator of vascular endothelial growth factor A expression in
muscle cells (Teng et al., 2010; Carneiro et al., 2011). Therefore,
the high expression of these genes suggests that NF-«B and
NFAT signaling and cytokine production might be actively in-
hibited in amphiregulin-producing ILC2s. The tissue-repairing
ILC2s also had high expression of Stab2 encoding stabilin-2. The
scavenger receptor stabilin-2 binds to hyaluronic acid and other
glycosaminoglycans (Harris et al, 2007; Schledzewski et al.,
2011; Harris and Weigel, 2008), which are up-regulated in the
extracellular matrix during inflammation, and has to be taken
up and degraded before the original matrix can be restored. The
role of stabilin-2 in promoting the tissue-repairing phenotype
and function of tissue-repairing ILC2s remains to be elucidated.

ILC2s are mostly generated during the postnatal period and
persist into adulthood (Schneider et al., 2019; Ghaedi et al., 2016;
Gasteiger et al., 2015). We have identified an ILCP population in
the neonatal mouse lungs that has higher frequencies compared
with neonatal BM, suggesting that neonatal lung ILCPs might be
a major source of lung ILC2s. Our scRNA-seq analysis suggested
that neonatal lung ILC2s, derived from lung ILCPs, diverged
into distinct proinflammatory and tissue-repairing fates upon
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activation. We believe that the two effector ILC2 subsets are
induced by activation partly due to the spontaneous release of
IL-33 in neonatal lungs (de Kleer et al., 2016; Saluzzo et al., 2017;
Steer et al., 2017). As naive adult mouse lung ILC2s are not
activated and are KLRGI®ICOSY, it is unclear whether a par-
ticular subset (e.g., KLRG1*, ICOS*, or KLRGI"ICOS") of neo-
natal ILC2s preferentially persists into adulthood. Lung ILCPs
also exist in a low frequency in adult mice, and their contri-
bution to ILC-poiesis in steady state is most likely limited.
However, under inflammatory conditions, these lung ILCPs
likely expand by inflammation-induced IL-18 and might ac-
tively contribute to the generation of ILCs.

Materials and methods

Mice

C57BL/6 (B6), B6.Ragl/~, and albino B6é breeder mice were
purchased from Jackson Laboratory. B6.I133*/~ mice were pur-
chased from KOMP. RORa-IRES-Cre mice were rederived by
in vitro fertilization of albino C57BL6 mouse eggs with sperm
from RORa-IRES-Cre mice (Chou et al., 2013) obtained from the
Salk Institute for Biological Studies (La Jolla, CA). RORa-YFP
mice were generated by crossing RORa-IRES-Cre (Chou et al.,
2013) mice with B6.129X1-Gt(ROSA)26Sortmi(EYFP)Cos/] from
Jackson Laboratory. The mice were backcrossed three times to
B6 background. All mice were maintained in the British Co-
lumbia Cancer Research Centre animal facility under specific
pathogen-free conditions. The use of these mice was approved
by the animal committee of the University of British Columbia
and in accordance with the guidelines of the Canadian Council
on Animal Care. B6.Tcf7EF? mice (Yang et al., 2015) were kept in
a National Institutes of Health animal facility, and their use was
approved by the relevant National Institutes of Health animal
care and use committees. For WT controls, the pups from C57BL/6
(B6) breeding colonies were used with the exception of B6.1133~/~
mice, for which WT littermates were used. Adult mice 4-10 wk of
age and 12-d-old neonatal mice of both sexes were used.

Primary leukocyte preparation
Lung tissue was minced and fragments were digested in 5 ml
DMEM containing collagenase IV (142.5 U/ml; 17104019; Thermo
Fisher) and DNase I (118,050 U/ml, 9003-98-9; Sigma-Aldrich)
for 25 min at 37°C on a shaker (150 rpm). The single-cell sus-
pension was filtered through a 70-um cell strainer and washed
once with 5 ml DMEM containing 10% FBS, penicillin-
streptomycin (100 U/ml), and 50 mM 2-mercaptoethanol. Leu-
kocytes were enriched by centrifugation (10 min, 650 xg) on a
36% Percoll gradient (P4937; Sigma-Aldrich), and RBCs were
lysed by ammonium chloride solution. Single-cell suspensions
were prepared from small intestine in the same way.

For BM cells, tibia, femur, and pelvic bones were crushed in
10 ml PBS containing 2% FBS and penicillin-streptomycin (100
U/ml), and the single-cell suspension was filtered through a 70-
pm cell strainer and washed once with 5 ml of the same media.
This was followed by RBC lysis by ammonium chloride. Liver
tissues were processed as indicated previously (Romera-
Herndndez et al., 2019).
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Antibodies and flow cytometry

Single-cell suspensions were incubated with anti-mouse CD16/
32 antibody (clone 2.4G2). eFluor 450-conjugated Lin-antibody
cocktail contained anti-CD3e (145-2C11; RRID: AB_10735092),
TCRaB (H57-597; AB_11039532), TCRyS (GL3; AB_2574071),
NKp46 (29A1.4; AB_10557245), CD19 (1D3; AB_2734905), CD11b
(M1/70; AB_1582236), CD11c (N418; AB_1548654), Gr-1 (RB6-8C5;
AB_1548788), and Terl19 (TER-119; AB_1518808). For BM, anti-
CD45R/B220 (RA3-6B2; AB_1548761) was added to the Lin
cocktail. For intestine, anti-NKp46 was removed from the Lin
cocktail. For intracellular transcription factor staining, PerCP-
eFluor 710-anti-EOMES (Danllmag; AB_10609215), Pecy7-anti-
T-bet (4B10; AB_11042699), eFluor 660- or PE-anti-GATA-3
(TWAJ; AB_10596663 or AB_1963600), PE-anti-ROR gamma (t)
(B2D; AB_10805392), and Foxp3/transcription staining buffer
set (00-5523-00; Thermo Fisher) were used. The rest of the
antibodies used in this study were eFluor 450-anti-NK1.1 (PK136;
AB_2043877), V500-anti-CD45 (30-F11; AB_10697046), APC-
anti-LPAM-1 (Integrin a4P7; DATK32; AB_10730607), PerCP-
eFluor 710- or APC-anti-IL-33R (STZ; RMST2-2; AB_2573883 or
AB_2573301), FITC-anti-T1/ST2 (DJ8; AB_947549), PerCP-eFluor
710-anti-CD218a (IL-18Ra; P3TUNYA; AB_2573764), Brilliant
Violet 605-anti-CD90.2 (Thyl.2; 53-2.1; AB_11203724), Alexa
Fluor 700- or PE or Pecy7-anti-CD127 (A7R34; AB_657611 or
AB_465844 or AB_469649), PerCP-eFluor 710-anti-PD-1 (J43;
AB_11150055), Brilliant Violet 711-anti-KLRG1 (2F1; AB_2738542),
and PE-anti CD278 (ICOS; 7E.17G9; AB_466273).

For the detection of YFP along with intracellular transcrip-
tion factors from RORa-YFP mouse tissues, single-cell suspen-
sions were stained for cell surface markers and viability dye
(65-0865-18; Thermo Fisher), followed by a prefixation step
with 0.5% paraformaldehyde, washed with 5 ml PBS containing
2% FBS, and stained for the intranuclear transcription factors
per the manufacturer’s instructions. Flow cytometry analysis
was performed on a BD Fortessa flow cytometer and FACSDiva
software (BD Biosciences). Flow cytometry data were analyzed
using FlowJo 8.7 (Tree Star).

scRNA-seq

Adult and neonatal (12-d-old) RORa-YFP mouse lungs were
processed and single cell suspensions were stained with viability
dye (65-0865-18; Thermo Fisher), anti-CD45, and Lin-cocktail
antibodies as above. Viable CD45"/*Linl°YFP- and YFP* cells
were purified at 2:1 ratio. For the neonatal sample, FITC-anti-
CD8 (53-6.7; AB_464915) was added as a Lin antibody. Purified
cells were loaded on the Chromium Single Cell Controller (10X
Genomics), and libraries were prepared using the Chromium
Single Cell 3’ Reagents Kits (v2 chemistry; 10X Genomics), ac-
cording to the manufacturer’s protocol. The obtained libraries
were sequenced on a NextSeq 500 (Illumina). Cell Ranger soft-
ware (v2.0.1; 10X Genomics) was used to perform demultiplex-
ing, alignment, counting as well as initial clustering, and
differential gene expression analysis. The reads were aligned to
the mm10 genome, with the genome reannotated to include YFP,
TCR, and immunoglobulin genes. scRNA-seq analysis was per-
formed using Seurat package (Butler et al., 2018; version 2.1.0)
in R (version 3.4.2; R Core Team, 2017). The data were
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normalized and scaled to remove unwanted sources of variation
according to Seurat package criteria. Seurat’s RunPCA function
was used to perform linear dimensional reduction, and the first
19 principal components were used for further analysis. For the
analysis of only ILC2s, 15 principal components were used for
further analysis. Seurat’s FindClusters and RunTSNE functions
were used to identify the cell clusters and visualize them. A
range of resolutions was tested, and a resolution of 0.6 was used.
Before unsupervised clustering of ILC2 barcodes, B cells ex-
pressing Cd79a, Cd79b, Ms4al, Ebfl, or Pax5; NK cells expressing
Gzma, Gzmb, Eomes, Ncrl, or Prfl; stromal cells expressing Scgb3al;
T cells coexpressing any TCR genes and Cd4, Cd8a, or Cd5; and
NKT cells coexpressing any TCR genes and Klrkl were filtered
out. Seurat’s FindMarkers function was used to find differen-
tially expressed genes among clusters/subsets. The FindMarkers
functions were performed two times for adult and neonatal ILC2
subsets, once with only assessing genes that are present in at
least 20% of the cells in either of the subsets. The second time,
this criterion was removed and all the genes that were differ-
entially expressed between subsets were determined. Wilcoxon
rank-sum tests were used to determine the significance of the
differential expression. Single-cell trajectory was constructed
using the Monocle package (Trapnell et al., 2014; version 2.6.1)
in R. State 1 was manually selected as the root of the neonatal
ILC2 differentiation trajectory based on the similar gene ex-
pression profile of this state to BM ILCPs (Yang et al., 2015;
Constantinides et al., 2014; Seehus et al., 2015).

Accession code
The GEO accession number for the scRNA-seq data is GSE122762.

In vivo stimulation
Mice were anesthetized by isoflurane inhalation first. Intranasal
administrations of recombinant mouse IL-33 (0.25 pg, 580508;
BioLegend) or papain (25 pg, 76216; Sigma-Aldrich) in 40 ul PBS
were performed on days 0, 1, and 2. Lungs were collected and
analyzed on day 5.

Transplantation

B6.Ly5% (CD45.1) mice were lethally irradiated with 10 Gy and
intravenously transplanted with indicated progenitors. Each
irradiated mouse also received ~5 x 10° helper BM cells from
lymphocyte-deficient nonobese diabetic SCID Il2rg~/~ (CD45.1)
mice. Drinking water was supplemented with ciprofloxacin and
hydrochloric acid for the duration of the experiment.

In vitro culture

For each in vitro culture, lung cells were prepared from 12 to 20
mice. ILC2s and other cell populations were sorted by a BD
FACSARIA III or FUSION. Purified adult ILC2s (500 cells) were
cultured in 200 pl of RPMI1640 containing 10% FBS, penicillin-
streptomycin (100 U/ml), and 50 mM 2-mercaptoethanol with
PMA (30 ng/ml) and ionomycin (500 ng/ml). Bio-Plex Pro
Mouse Cytokine 23-plex Assay (m60009rdpd; Bio-Rad), Bio-
Plex 100 instrument, and Bio-Plex Manager 6.0 software (Bio-
Rad) were used to determine the respective chemokines and
cytokines. Purified neonatal ILC2s (1,000 cells) were cultured in
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the same way with 1 or 10 ng/ml of IL-33 (580508; BioLegend)
and IL-7 (PMCO0071; Thermo Fisher) each. IL-5 (AB_2574980),
IL-13 (AB_2575028), and amphiregulin (DY989; R&D Systems)
ELISA kits were used.

For in vitro culture, 1,000 BM or lung ILCPs were purified
and cultured in 24-well plates on confluent OP9-DL1 (Schmitt
and Zufiiga-Pfliicker, 2002) or OP9 stromal layer in a-MEM
containing 20% FBS, penicillin-streptomycin (100 U/ml),
50 mM 2-mercaptoethanol, SCF (30 ng/ml), and IL-7 (30 ng/ml)
+ IL-18 (10 ng/ml) as indicated. CD45* cells were analyzed after
1 wk.

Statistics

Data were analyzed using GraphPad Prism 7 (GraphPad Soft-
ware). Two-tailed Student’s t or Mann-Whitney unpaired test
was used to determine the statistical significance. *, P < 0.05; **,
P < 0.0L; ** P < 0.001; and *** P < 0.0001 were considered
significant.

Online supplemental material

Fig. S1 shows YFP expression in lymphocyte populations in the
lung, BM, and intestine from RORa-YFP mice. Fig. S2 shows
gene expression profiles of adult lung ILC2 cluster and subsets
1and 2. Fig. S3 shows gene expression profiles of neonatal ILC2s.
Fig. S4 shows differential gene expression analysis of the neo-
natal lung ILC2s subsets 1 and 2. Fig. S5 shows differential gene
expression analysis of the neonatal lung ILC2 states defined by
trajectory analysis. Table S1 shows the top 20 highly expressed
genes (P < 0.01) by each cluster in the adult dataset in Fig. 2, B
and C. Table S2 shows the top 20 highly expressed genes (P <
0.01) by each cluster in the neonatal dataset in Fig. 7, B and C.
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