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SUMMARY

Innate lymphoid cells (ILCs) are generated early during ontogeny and persist predominantly as tissue-resi-
dent cells. Here, we examined how ILCs are maintained and renewed within tissues. We generated a single
cell atlas of lung ILC2s and found that 1118r1* ILCs comprise circulating and tissue-resident ILC progenitors
(ILCP) and effector-cells with heterogeneous expression of the transcription factors Tcf7 and Zbtb16, and
CD103. Our analyses revealed a continuous differentiation trajectory from 1118r1* ST2~ ILCPs to I118r
ST2* ILC2s, which was experimentally validated. Upon helminth infection, recruited and BM-derived cells
generated the entire spectrum of ILC2s in parabiotic and shield chimeric mice, consistent with their potential
role in the renewal of tissue ILC2s. Our findings identify local ILCPs and reveal ILCP in situ differentiation and
tissue adaptation as a mechanism of ILC maintenance and phenotypic diversification. Local niches, rather
than progenitor origin, or the developmental window during ontogeny, may dominantly imprint ILC pheno-
types in adult tissues.

INTRODUCTION

Innate lymphoid cells (ILCs) have been identified in many different
tissues where they contribute to immune surveillance, tissue ho-
meostasis and repair, and barrier function. ILCs are found in the
bone marrow, in secondary lymphoid organs, and, most promi-
nently, in non-lymphoid tissues including mucosal barriers. The
size and subset composition of the local pool of ILCs can dramat-
ically vary between organs and is further shaped in response to
environmental challenges. Despite considerable progress in
ILC biology, their local differentiation and adaptation to heteroge-
neous tissue environments remain poorly understood.

ILC progenitors can seed tissues during embryonic develop-
ment (Bando et al., 2015). In many tissues, ILCs expand and
differentiate during the first weeks of life (Saluzzo et al., 2017;
Schneider et al., 2019), after which they persist predominantly
as tissue-resident effector cells. Originally established in parabi-
otic mice (Gasteiger et al., 2015; Huang et al., 2018; Moro et al.,
2016; Peng et al., 2013), this concept is supported by analyses of
human ILCs in transplanted livers and intestines (Cuff et al.,
2016; Weiner et al., 2017). Consistently, a fraction of ILC2s
labeled in the neonatal window persists in adult tissues
(Schneider et al., 2019). Yet, these observations also highlight
that ILCs may also be generated during adult life. ILC progenitors
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are present in human peripheral blood (Lim et al., 2017), and pa-
tients with inflammatory diseases have increased frequencies of
circulating ILCs (for review, see Mazzurana et al., 2018). Local
pools of tissue-ILCs may hence receive input from distant
cellular sources during inflammation, and local changes in ILC
subsets and abundance correlate with a number of inflammatory
diseases (Mazzurana et al., 2018). Although murine ILC2s were
found to traffic between organs during helminth infection (Gas-
teiger et al., 2015; Huang et al., 2018; Ricardo-Gonzalez et al.,
2020), it remains unclear whether these cells have dedicated
specialized functions and whether they are eventually recruited
to replenish the local pool of resident cells. Thus, ILCs detected
in a given tissue may be generated from different cellular sources
and at different times during ontogeny. How the local pools of
ILCs are being maintained and renewed is currently unknown.
In particular, we lack a detailed understanding of the defined
stages of differentiation of tissue ILCs, the phenotype of “imma-
ture” ILCs, as well as the sites and tissue niches where matura-
tion occurs.

To address these questions, we generated a comprehensive
single-cell atlas of ILC populations in the bone marrow (BM)
and neonatal and adult lung at steady state, as well as during hel-
minth infection in wild-type, parabiotic, and shield chimeric mice.
Our findings identify local progenitors of tissue ILCs and highlight
tissue adaptation and in situ differentiation as a mechanism of
ILC maintenance and phenotypic diversification. In addition,
the single-cell RNA sequencing (RNA-seq) datasets (http://
murine-ilc-atlas.ie-freiburg.mpg.de/) represent an interactive
resource for further exploration of ILC biology.

RESULTS

Heterogeneity of ILC2s in Healthy Lung Tissue

To characterize the full phenotypic spectrum of adult lung ILC2s
in an unbiased manner, we fluorescence-activated cell sorting
(FACS)-purified lineage-negative (Lin~) CD45*1I7ra*Thy1*/°¥
NK1.1~ “pan-ILCs” for single-cell RNA sequencing (scRNA-
seq), excluding natural killer (NK) cells and ILC1, but not ILC3,
which are relatively rare in the lung (Figures 1A, 1B, and S1A).
As committed ILC progenitors (ILCPs) and mature tissue ILCs
express lI7ra (Constantinides et al., 2014; Klose et al., 2014),
we expected that this sorting strategy samples the entire differ-
entiation tree of ILC2s including putative early differentiation
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stages. Clustering cells using RacelD3 (Herman et al., 2018)
yielded 12 clusters with >20 cells (Figure 1C). Except for clusters
1, 5, and 11, all cells highly expressed Gata3 and //1rl1 (Figures
1D and 1E), which are markers of mature ILC2s in the lung. We
detected different effector ILC2 sub-types such as cluster 10,
with increased expression of the neutrophil recruiting factor
Cxcl2, 112, KIf2, and Cd69, or cluster 12, with elevated Areg,
Calca, and Csf2 levels (Figures 1D, 1E, and S1B). In addition,
clusters 6 and 7 shared increased expression of Cxcl2, Areg,
1113, 115, and Calca, but were distinct with regard to expression
of Calca and Csf2 versus II12, Cxcl2, and Pdcd1, respectively. Be-
sides these effector-like ILC2s resembling subsets of ST2* nat-
ural ILC2s (nILCs) (Nagashima et al., 2019; Wallrapp et al., 2017),
we identified clusters 1, 5, and 11 characterized by low expres-
sion of Gata3 and //1rl1. Only a small fraction of cells in these
clusters expressed low levels of ILC2 effector genes such as
Cxcl2, Areg, and 1113 or II5. We also detected cells expressing
Rorc and Tbx21 within clusters 5 and 11, respectively (Figure 1E
and S1C), indicating mixed lineage contributions as previously
observed (Wallrapp et al., 2017). Few cells in clusters 1 and 5 ex-
pressed T cell markers Cd3e and Trdc, akin to reported subsets
of murine and human ILCs (Bjoérklund et al., 2016; Robinette
et al., 2015), although a contamination of T cells with decreased
surface CD3e cannot be ruled out (Figure S1A). Interestingly,
cells in clusters 1, 5, and 11 had increased levels of //18r1,
Thy1, Cd7, and Tcf7. The Notch target Tcf7 is expressed in
ILCPs and CD7 in circulating human ILC precursors (Constanti-
nides et al., 2014; Harly et al., 2019; Ishizuka et al., 2016; Lim
et al., 2017). Of note, a subset of cells in clusters 1, 5, and 11 ex-
pressed Zbtb16, a marker of committed ILCPs (Ishizuka et al.,
2016; Klose et al., 2014; Lim et al., 2017), and few of these cells
co-expressed combinations of Rorc, Tbx21, and II17rb, consis-
tent with a mixed lineage-potential (Figure S1C). In addition,
we observed elevated /Igfr1 in clusters 1 and 5, a receptor sug-
gested to be critical for recently identified ILC3-progenitors in
neonatal lung (Oherle et al., 2020).

To investigate if these cells represent early differentiation
stages of tissue ILCs, we analyzed the developmental relation-
ship of lung ILC subsets with StemID2, which connects related
clusters to construct a lineage tree (Figure 1F). This analysis pre-
dicted a differentiation trajectory connecting //18r1*Gata3'"
117r11'° cells (clusters 1, 5, and 11) to ILC2s with increasing levels
of Il1rl1 and intermediate expression of effector cytokines

Figure 1. Heterogeneity of ILC2s in Healthy Adult Lung Tissue and Immature 1118r1* ILCs

(A) Workflow for lung ILC scRNA-seq library preparation.
(B
C
(
(

D
E
of cells in the cluster expressing the gene.

t-SNE maps indicating log2 normalized expression of candidate genes.

Representative sorting strategy for Lin"NK1.17lI7ra*Thy1.2*°% “pan”-ILCs from lung.
T-distributed stochastic neighbor embedding (t-SNE) map of single-cell lung ILC transcriptomes clustered with RacelD3.

Candidate gene expression for clusters with at least 20 cells. Color represents Z score of the mean expression across clusters and dot size represents fraction

(F) Lineage inference using StemID2. Node color depicts transcriptome entropy and link color indicates p value of StemID2 links (p < 0.05, STAR Methods).
(G) Pseudo-temporal gene expression profiles (local regression) of representative ILC2 genes (top) and ILC progenitor genes (bottom) along the predicted

trajectory. Color bars indicate cluster identity.

(H and ) Representative FACS analyses of Lin~lI7ra* ILCs in adult lung at steady state. Gating (H) and percentage (I) of 1118r1*ST2"RORyt Kirg1~ ILCs.
(J and K) Fraction of Ki67* (J) and 115" (K) cells within the indicated lung ILC subsets (ICS after incubation with monensin, RORyt* ILCs are not excluded).
(L) FACS analysis of Lin"lI7ra* lung ILCs subdivided into 1118r1*ST2 RORyt Klrg1~, [118r1*ST2*, and 1118r1~ST2* ILCs. Depicted are the mean fluorescence

intensities (MFI) for Tcf7, 1118r1, l117rb, Gata3, ST2, and CD25.

Data in (H)—(L) are representative of 2-3 independent experiments (n = 4-12 mice). Graphs in (I), (J), and (K) depict data as mean + SD, (one-way ANOVA Tukey’s
multiple comparisons test, *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant).

Immunity 53, 775-792, October 13, 2020 777




¢ CellP’ress

(o

Necnatal lung 11181 Zbtb16
g § -1
2o - £ 7]
3 3
€71 ET
2 oA ERYE
€o < o
nrit 3
B :
- R
¢ « - g
5 5
8 - - N
£ o+ £ o1
2 _J 2 - 4
0 ™ 1
I I
E Adult vs neonatal lung 1118r1+ST2"
PLZF Tcf7 c-Kit

Immunity

Neonatal lung cluster
7 4 6129 2 3 5 110

oo [
LN LN 2

3 ®
17rb L]

B
[ 1)
[ 1)
.

3

g
SAES
ooe

Fraction

2
g
3
.

Gata3 RORyt

Merged

40 404
Adult 2 20]
[ 0-
60
60°
404 404
Neonatal 5] 20
o 0-
[ 0 o [ 20 4o [ 0 4o [ ESE) [) 40 6 [ 0 4o 6l 8 20 40" b
-841mmw = 499713 -22823 mww m 112410 -335 mmm m 997745 -1389 mmw = 999028 -51400mm= = 207790 -9986 mmw W 1003978 -24093 mmw m 101908
5 ] RORyt*
' — Pronere
Adult lung s RORytCD103*
Ingr1*sT2: Ao | | RORytCD103-
w
N | PLzFGata3*
o "OA 0 11)4 10 -104 o 104 105 -H.Y’i 0 10! 104 105 »104- o 10A |l75 0 10‘ -10‘ o 104 1& -104 0 10‘
Gata3 Gata3 Icos adf7 PD1 CD25 7o
G H | Human CD127*c-KIT* J Human lung CD127+
BM cluster EOMES T-BET'CRTH2'NKp44- ILCs EOMES T-BET'CRTH2'NKp44- ILCs
14586 372 IL18R1 TCF1
xet{ . PBMC -
& 0 o0 ’
ata.
BM cluster iipt M &
°
) ° o0 18.8 50.7| 0.
IR N 9132£ - 2252501
O e B — T cos
° Fraction i
° 0
e
[ ]
s 1.0 19.9 55.7]
0.5 33 3 BI04 o o
-10° 0 10° 10 10° 0 107 10
. T .
E(?.s GATA3 — -22592—0 = 5421075 i -2012—0 = 123107 ¢
B0 bz — GATA?. CD103
16" 40
304
0 204
~— 118.0 51
[ 7 T i 23 4 !
8 -10 -10 010 10 10 -10 -10 010 10 10 o Y
) ICOs 020 3 020
-3849 mmmm 22505 -1919 mmwm 63291

778 Immunity 53, 775-792, October 13, 2020

(legend on next page)



Immunity

(clusters 9, 8, and 4) and to mature effector clusters (10, 12, 6, 7,
and 2) (Figure 1F). Elevated transcriptome entropy for clusters 1
and 5 suggested a more naive state compared to the other clus-
ters (Grilin et al., 2016). After ordering cells along the trajectory
starting at cluster 5 with the highest expression of known pro-
genitor marker genes, and extending via clusters 11, 9, 8, and
4 toward cluster 10, pseudo-temporal gene expression profiles
were grouped into distinct co-expression modules (Figures
S1D and S1E; STAR Methods). Whereas the Cxcl2-expressing
cluster 10 represents one possible endpoint of the trajectory,
other mature clusters (2, 6, 7, and 12) correspond to alternative
endpoints branching out from cluster 4 (Figure S1F).

Along the trajectory, we observed gradual increases of Gata3,
117r11, Kirg1, and Bcl11b, which have known functions in ILC2 dif-
ferentiation (Califano et al., 2015; Yu et al., 2015). Concomitantly,
expression of //18r1 and Cd7 was decreased along with ILC pro-
genitor genes such as Zbtb16, Tcf7, Maf, and Ikzf2 (Figure 1G)
(Harly et al., 2019; Ishizuka et al., 2016; Seehus et al., 2015).
These inferred gene-expression dynamics suggested that
mature Gata3"/1r11" ILC2s can differentiate from progenitor-
like 1118r1*Gata3"li1r11" ILCs (clusters 1, 5, and 11) in the lung.
FACS analysis confirmed that 1118r1*ST2 RORyt Kirg1~ cells,
hereafter referred to as 1118r1*ST2™ cells, represented ~2% of
Lin~lI7ra* ILCs (Figures 1H and 1l) and were also detected in
lungs of T cell-deficient RAG™~ and TCRB3 '~ mice (Figure S1G
and data not shown). Consistent with the gene signatures pre-
dicted for cluster 11 (Figure 1D), a high fraction of these cells
was positive for the proliferation marker Ki67, suggesting their
capacity for local expansion or self-renewal (Figure 1J).
Together, these observations indicated that [118r1*ST2™ cells
comprise immature differentiation stages of ILC2s that are en-
riched in the lung, where they may undergo local maturation.
Consistently, when we analyzed lung ILC2s by dividing them
into three subsets that were predicted to map successively along
the inferred maturation trajectory (i.e., 118r1*ST27, 1118r1*ST2*,
and 1118r1~ST2* cells), we found that cells decreased Ki67,
I118r1, [117rb, and Tcf7 protein levels along this trajectory, while
gaining expression of CD25, ST2, Gata3, and II5 protein, which
all characterize mature ILC2s in the lung (Figures 1J-1L).

To demonstrate that clustering and trajectory inference were
not driven by proliferation associated programs, we removed
proliferation associated genes prior to analysis (STAR Methods)
and obtained a similar trajectory connecting //18r1*Gata3"lI1r11'
cells to effector-like ILC2s (Figures S1H-S1K). Together, these
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observations suggested that 1118r1*ST2~ cells comprise early
immature differentiation stages of ILC2s that are enriched in
the lung, where they may locally mature.

Expression of I118r1, Tcf7, and Cd7 as well as effector genes
115, 1113, and /l17a has recently been reported for ILC2s in the
skin (Bielecki et al., 2018; Kobayashi et al., 2019; Ricardo-Gon-
zalez et al., 2018), raising the possibility that 1118r1*ST2™ cells
comprise heterogeneous ILC subtypes. To better characterize
1118r1* ILCs across tissues, we integrated our data with lung
and skin single-cell transcriptomes from Ricardo-Gonzalez
et al. (2018) and tested for the presence of discrete progenitor
and effector states (Figure S2A; STAR Methods). We found
that //18r1 expressing lung ILCs largely clustered separately
from mature skin ILC2s expressing ILC2 effector genes (Figures
S2A and S2B). However, a fraction of skin ILCs with increased
Igfir, Tcf7, Zbtb16, and Pdcd1 expression clustered together
with immature //78r1* lung ILCs, suggesting an immature pro-
genitor phenotype (Figures S2A-S2C). It is important to note
that lung and skin-ILCs were sorted as I15-mRNA-reporter” cells
by Ricardo-Gonzalez et al. (2018), and therefore this analysis
may underestimate the frequency of progenitor-like cells. Remi-
niscent of these distinct phenotypes in skin, we detected
CD103*1118r1* cells in the lung, a fraction of which also ex-
pressed cytokines 15, 1113, and l117a upon in vitro re-stimulation
(Figures S2D and S2E). These combined analyses revealed a
previously unappreciated heterogeneity of 1118r1*ST2~ ILC sub-
types in skin and lung.

1118r1*ST2™ ILCs in Neonatal and Adult Lung Share

Similarities with 1118r1* ILC Progenitors in the BM

We next asked how the 1118r1*ST2~ putative ILC2 progenitors
from adult lung compare to known ILC progenitors. ILC2s are
generated in different developmental windows during ontogeny,
and cells emerging during neonatal life can persist in the adult
lung (AL) (Schneider et al., 2019). To test whether corresponding
progenitor populations are present in the neonatal lung (NL), we
sequenced ST2* and ST2~ ILCs from postnatal day 4 (P4) lung
(Figure S3A) and performed clustering analysis (Figures 2A and
2B). Within the ST2™ compartment, cluster 9 exhibits a naive
ILC signature akin to AL clusters 1, 5, and 11, with increased
expression of /18r1, Tcf7, Zbtb16, and Pdcd1, as well as inter-
mediate levels of Gata3 and high expression of //17rb (Figures
2C and 2D), suggesting predominant ILC2 bias. Clusters 4, 6,
7, and 12 shared expression of //78r1 and Tcf7, and resembled

Figure 2. IL18r1*ST2 ILCs in Neonatal and Adult Lung Share Similarities with IL18r1* BM ILCPs
(A-C) t-SNE maps of neonatal lung ILC single-cell transcriptomes highlighting RacelD3 clusters (A) or sorted ST2~ and ST2* ILCs (B), and log2 normalized

expression of representative genes marking putative ILC progenitors (C).

(D) Expression of candidate genes within neonatal lung clusters with at least 10 cells. Color represents Z score of the mean expression across clusters, and dot

size represents fraction of cells in the cluster expressing the gene.

(E) FACS analysis of neonatal (P4) and adult (6-8 weeks) I118r1*ST2~ lung ILCs, represented as t-SNE maps, indicating expression levels for Gata3, RORyt, PLZF,

Tcf7, c-Kit, CD103, and Ki67.

(F) Histograms comparing ILC subsets (PLZF*Gata3*, RORyt CD103~, RORyt CD103", 1118r1~ST2* ILC2s, and RORyt* ILC3) in adult lung for Gata3, Icos,
2437, PD1, CD25, and Il17rb expression levels. Data are representative of 2-3 independent experiments (n = 6-12 mice).

(G) t-SNE map of 1118r1*Icos™ BM ILCs highlighting RacelD3 clusters.

(H) Expression of candidate genes for I118r1*Icos™ BM clusters with at least 10 cells. Color represents Z score of the mean expression across clusters and dot size

represents fraction of cells in the cluster expressing the gene.

(Iand J) FACS analysis of human lung and PB ILCs pre-gated on CD45*Lin"CD127*EOMES ~T-bet CRTH2 NKp44 ~c-KIT™ (I) or c-KIT*'~ ILCs (J). Figures depict
representative staining (I) and t-SNE maps (J) indicating the expression levels of selected markers. Data are representative of 3 independent experiments (n = 2-4

samples each).
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ILC1s or NK cells with expression of Tbx21 (Figure 2D). FACS
analysis  confirmed the  heterogeneity  of  1118r1™"
ST2™ cells and the presence of I118r1*Tcf7* cells that expressed
Zbtb16 (PLZF), c-Kit, PD1, a4B7, and Ki67 to variable degrees in
both NL and AL (Figures 2E, 2F, and S3B-S3D). These cells
shared expression of many genes with 1118r1*lcos* BM ILCs
that we further characterized by scRNA-seq (Figures 2G and
2H) and cells that have recently been defined as Id2* BM ILCPs
(Xu et al., 2019). By integrating our data with published BM ILC
scRNA-seq data (Walker et al., 2019), we confirmed that BM
l118r1*lcos™ cells contain ILCPs with ILC2 bias (Figures S3E-
S3H). Accordingly, cells of 1118r1*lcos™ BM cluster 1 displayed
increased expression of Tcf7, Zbtb16, Pdcd1, and lI17rb (Fig-
ure 2H), reminiscent of NL cluster 9. Although //78r1* NL clusters
lacked expression of Cd3 genes, BM clusters 4 and 5, as well as
AL progenitor clusters 1 and 5, expressed these genes. In addi-
tion, we resolved clusters 2 and 7 with increased Mki67 expres-
sion (Figure 2H). These data confirmed the recently described
phenotypic spectrum of BM ILC progenitors and revealed that
corresponding populations with a similar heterogeneity exist in
NL and AL (Figures 1 and 2A-2F). Circulating human ILC progen-
itors reminiscent of the populations we identified here were
described recently (Lim et al., 2017). The IL7R* ¢c-KIT* bulk pop-
ulation, which possibly include CRTH2™ cells biased toward
ILC2 lineage differentiation (Nagasawa et al., 2019) displays
the transcriptional profile of IL18R1, TCF7, CD7, and ZBTB16
(Lim et al., 2017). Because expression of these genes was not
tested previously at the protein level, we analyzed human ILCs
in peripheral blood and lungs and identified a population of IL7R*
IL18R1*TCF1* (encoded by the TCF7 gene) cells that expressed
GATAS while lacking markers of mature NK cells, ILC1, ILC2, and
ILC3 (i.e., EOMES, T-bet, CRTH2, and NKp44, respectively) (Fig-
ures 2I, 2J and S3I). Again, similar to cells in the murine lung, we
observed graded expression of IL18R1, TCF1, GATAS, c-KIT,
ICOS, and CD108, reminiscent of the described spectrum of mu-
rine 1118r1* ILCs in neonatal and adult lungs and BM ILCPs
(Walker et al., 2019; Xu et al., 2019).

Together, these observations raised the possibility that we
have identified a murine counterpart to ILC progenitors present
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in human lungs, reinforcing the question about the develop-
mental potential of these cells.

1118r1* ILCs Comprise Immature Cells that Give Rise to
Gata3" ILC2s in the Lung

Consistent with the detection of human ILCPs in peripheral
blood, we have previously observed rare donor-derived cells
among BM ILCPs in parabiotic mice, suggesting that ILCPs,
similar to HSCs, can physiologically traffic and systemically
disperse at low levels in adult mice (Gasteiger et al., 2015; Wright
etal., 2001). Of note, around 30%-40% of [118r1*ST2~ cells were
labeled with intravenously injected anti-CD45 (ivCD45) (Figures
3A and 3B), and expressed genes associated with migration
such as Vim and S1pr1 (cluster 11, Figure 1E), and therefore
could represent cells transiting through the pulmonary circula-
tion. 1I118r1*ST2™ cells were, however, extremely rare in the pe-
ripheral blood but readily detected in the ivCD45" fraction of
the lung (Figure 3C), indicating that they may marginalize and
enrich in lung vasculature. Interestingly, although 1118r1* ILCs
comprised a high fraction of ivCD45* and Ki67"* cells, the major-
ity of them were still ivCD457, indicating their presence in the
lung tissue at steady state (Figures 3D and 3E). Consistent with
their residency in the lung and a minor exchange with circulating
cells, all ivCD4571118r1*ST2~ subtypes were predominantly
host-derived in parabiotic mice (Figure S4A). In addition, when
comparing cells with an ILCP phenotype (I118r1*ST2-CD103~
RORyt™) in lung versus BM, we found that ~20% fate-mapped
positive for 15 in lungs but not in the BM of 115-Cre mice, further
indicating that they were distinct from BM ILC progenitors “in
transit” (Figure 3F). Instead, these data support the idea that
ILCPs gained /5 expression locally and matured toward ILC2s
within the lung tissue.

To directly test their cell-intrinsic differentiation potential, we
purified 1118r1*Icos™ lung ILCs by FACS for in vitro differentiation
assays. In order to deplete cells that may be committed toward
the ILC2 lineage, we additionally sorted ST2™ and ST2 1117rb™
double negative 1118r1*lcos* ILCs from adult lungs and cultured
all three populations on OP9 in the presence of 112, 117, 1113, and
1123 (Figure S4B), conditions that were recently used to expand

Figure 3. 1118r1* ILCs Are Immature Cells that Give Rise to Gata3" ILC2s in the Lung
(A and B) FACS analysis of Ki67 expression and intravenous CD45 label (ivCD45) in 1118r1*ST2 RORyt Kirg1™ and I118r1~ST2* adult lung ILC2s. Representative

gating (A) and percentage of ivCD45" cells within indicated ILC subsets (B).

(C) Number of Lin~lI7ra*l118r1* cells per mL blood in PBMCs (1118r1*ST2" ILCs) and lung (ivCD45*1118r1*ST2 " RORyt Kirg1

ILCs). Graphs in (B) and (C) depict

data as mean + SD (unpaired t test, *p < 0.05, **p < 0.01; **p < 0.001; ***p < 0.0001; ns, not significant).
(D and E) Representative gating (D) and percentage of Ki67* and ivCD45" cells (E) for indicated 1118r1*ST2~ ILC subsets in adult lung. Data are pooled from 3-4

independent experiments (n = 4-16 mice).

(F) Percentage of 1156 fate-mapped (II5FM*) 1118r1*ST2"RORyt~CD103~ ILCs in lung and BM. RORt staining was used to exclude ILC3. Data are pooled from
2-3independent experiments (n = 4-9 mice). Graphs in (E) and (F) depict data as mean + SD (one-way ANOVA Tukey’s multiple comparisons test (E) or unpaired t
test (B, D, and F), **p < 0.001; ****p < 0.0001). Data are pooled from 3-4 independent experiments with a total of n = 8-15 mice).

(G) t-SNE representation of single-cell transcriptomes of lung 1118r1*lcos* ILCs before (“input”) and after culture (“output”) highlighting RacelD3 clusters.

(H) Cluster composition of samples (left) and normalized sample composition of clusters (right, for legend see G).

(I) Expression of candidate genes for input and output populations. Color represents log2 mean expression in the respective cluster and dot size indicates fraction

of cells expressing the gene in the cluster.

(J) Total number of Gata3* ILC2s after culture of indicated lung ILCs for 15 days in the presence of 112, 117, SCF, 1125, and 1133 on OP9-DL1.

(K) FACS analysis of LinlI7ra* lung ILCs on d21 post transfer into sublethally irradiated CD45.2*RAG ~/~yc ™/~ mice. Congenically marked I118r1*ST2~ and
1118r1~ST2* ILCs sorted from lungs of d2 Nb infected mice were cotransferred (2,000 cells each). Data are representative of 2 individual experiments (n = 3 mice).
(L) Total number of Gata3* ILC2 after culture of indicated lung ILCs as in (J). Data in (J) and (L), are pooled from 2 independent experiments with n = 3-4 repeat
wells each.

(M) Indicated lung and BM ILC subsets were sorted as single cells onto OP9-DL1 monolayers and cultured for 19 days. Clonal progeny was analyzed by FACS. Pie
charts indicate distribution of culture output across positive single cell cultures.
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human ILCPs (Lim et al., 2017). After ~21 days, we performed
scRNA-seq of lineage-negative output from these cultures along
with the 1118r1*lcos*ST2 II17rb~ input population. First, we
confirmed that the input population co-clustered with the naive
population from the uninfected lung ILC dataset and expressed
only very low levels of //1ri1 and /I17rb (Figures S4C and S4D).
Next, a combined analysis yielded 8 clusters, of which 5 corre-
sponded to cells harvested from the culture (clusters 1, 2, 3, 4,
and 8) and 3 represent the input population (clusters 5, 6, and
7) (Figures 3G and 3H). Clusters 1 and 2 are marked by the
expression of //5 and high levels of Gata3, /13, and Calca (Fig-
ure 3l) and were thus classified as ILC2s. The majority of cells
differentiating from 1118r1*Icos™ and 1118r1*lcos*ST2 ™ input pop-
ulations gave rise to these ILC2s (95 and 77%, respectively),
whereas only ~15% of cells originating from [118r1*lcos*
ST271117rb™ cells were ILC2s in clusters 1 and 2. Instead,
these cells predominantly (61%) populated clusters 3 and 4,
comprising a mixture of ILC2s and ILC3s with reduced levels
of ILC2-specific gene expression. Approximately 25% of cells
originating from the 1118r1*lcos™ST2 1117rb~ population gave
rise to NK/ILC1 cluster 8 characterized by expression of Cxcr3,
Kirk1, and Gzmc. Furthermore, whereas ILC2s largely reduced
or lost //18r1 and Tcf7 expression, cells in cluster 8 maintained
high expression of these genes (Figure 3G-I). Of note, only a
small fraction of cluster 8 originated from cultured 118r1*lcos*
ST2™ cells (Figure 3H), suggesting that depletion of 1117rb-ex-
pressing cells enriched the fraction of cells with ILC1/NK cell po-
tential. We also assessed the potential of the 1118r1*lcos™ coun-
terparts from the BM in the same conditions. Consistent with
lung ILCs, the majority of 1118r1*lcos*ST2~ BM ILCs gave rise
to ILC2s. In contrast, 1118r1*lcos™ST2 1117rb~ cells from the
BM gave rise to only very few //13 expressing ILC2s (Figures
S4E and S4F). Of interest, the presence of 1118 in these cultures
led to the increased expression of ILC2 effector genes (Figures
S4H and S4l), as recently suggested (Ricardo-Gonzalez et al.,
2018), but did not change the expansion of 1118r1* ILC2s
in vitro (Figure S4J).

These data suggested that 1118r1* lung and BM ILCs predom-
inantly differentiated into Gata3"1113* ILC2. This bias toward
ILC2s was evident under culture conditions that were recently
shown to expand ILC progenitors (Lim et al., 2017) in the absence
of alarmins 1125 and 1133, known to enforce ILC2 development. In
order to test the expansion potential under such ILC2-activating
conditions, we cultured [118r1*ST2~ and 1118r1~ST2* ILC2s from
lung in the presence of 1125 and 1133 and found that both popula-
tions generated similar numbers of Gata3" ILCs as ST2* cells
(Figure 3J). To test the differentiation potential in vivo, we acti-
vated the ILC2 compartment through infection with the parasitic
helminth Nippostrongylus brasiliensis (Nb), which induces the
local expansion of ILC2s. To this end, we sort-purified 1118r1*"
ST2™ and 1118r1~ST2" ILCs from lungs 2 days (d) post infection
(p.i.) and co-transferred cells at a 1:1 ratio into sublethally irradi-
ated RAGyc ™/~ hosts, as previously established (Ghaedi et al.,
2020; Xu et al., 2019). Three weeks after transfer, we found that
I118r1*ST2™ cells partly gave rise to [118r1*ST2, 1118r1*ST2",
and 1118r1~ST2* ILC2s, consistent with the idea that these cells
can differentiate into mature ILC2s (Figure 3K). Transferred
I118r1~ST2* ILC2s, in contrast, only generated 1118r1~ST2* prog-
eny, suggesting that 1118r1* cells represent early stages on the
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differentiation trajectory that are not readily generated from
more mature cells in lymphopenic recipients.

Notably, 1118r1* cells are a mixture of Ccr6"RORyt" ILC3s (Fig-
ure S4K) as well as Ccr6 RORyt™ immature cells with NK/ILCA
and ILC2 potential, as suggested by the differentiation of these
cells in vitro and in vivo, upon transfer (Figures S4K-S4M). There-
fore, only a fraction of the sorted I118r1* subsets likely repre-
sented cells with ILC2 fate. To enrich for these cells, we sorted
II18r1*ST2 II5FM™* cells for culture in the presence of 1125 and
1133, yielding many more Gata3™ ILC2s than culture of ST2* cells,
highlighting the unique expansion potential of these immature
lung ILCs (Figure 3L). Consistently, transfer of Ccr6™ cells (i.e.,
RORyt-depleted and ILCP-enriched cells) engrafted better and
generated more ILC2s as compared to ST2* mature ILC2s in vivo
(Figure S4M). To compare the clonal developmental potential of
lung 1118r1*ST2~ subsets and BM ILCPs, we performed single-
cell cultures in 112, 117, and SCF in the presence of 125 and 1I133.
Intriguingly, we found that both 1118r1*ST2-CD103 Ccr6~ lung
and BM ILCPs gave rise to ILC2 or ILC1/NK cells or multiple lin-
eages (Figure 3M). CD103* and ST2* cells, in contrast, preferen-
tially generated ILC2s, and ILC3s were undetectable under these
type-2 polarizing conditions. Together, these data demonstrate
that similar to the BM, the lung hosts a spectrum of immature
cells with mixed lineage ILC potentials, including cells that are
primed for ILC2 fate.

Emergence of ILC2 Subset Heterogeneity during

N. brasiliensis Infection

Next, we investigated how the spectrum of phenotypic states of
lung ILC2s and their differentiation trajectories change upon
immune challenge. Infection with Nb causes local expansion of
tissue-resident ILC2s during the acute phase of infection (Fig-
ure 4A), and around d15 postinfection (p.i.), in the tissue-repair
phase, a fraction of lung ILC2s has emerged from cells recruited
through the blood circulation (Gasteiger et al., 2015; Huang et al.,
2018). During inflammation, ILCs exit from the small intestine
(Huang et al., 2018), the lung (Ricardo-Gonzalez et al., 2020),
and the BM (Stier et al., 2018) into the peripheral blood, and,
hence, ILCs of different origins can traffic to the lung during
infection to extend the local spectrum of phenotypes and func-
tions. In order to dissect the heterogeneity of lung ILC2s upon
immune challenge, “pan-ILCs” were sequenced at different
time points p.i. along with “pan-ILCs” from the peripheral blood
and ivCD45" ILCs from the lung vasculature (Figure 4B). After
combining with the uninfected lung data (Figure 1) and removal
of NK cell and macrophage contaminations, we inferred ILC2
sub-types using RacelD3 (Figure 4C). Our analysis highlights
the dynamic emergence of ILC heterogeneity and specialization
over time (Figures 4D and S5A). For example, cells from the un-
infected condition contributed mainly to clusters 9, 11, 12, and
20 and //718r1* immature ILCs from the uninfected condition pre-
dominantly mapped to cluster 12 (Figures 4E, S5B, and S5C).
ILC2s derived from d4 p.i. expressed high levels of Calca,
Csf2, and Cxcl2 and resided in clusters 4 or 10 together with a
subset of ILC2s from the uninfected condition. However, ILC2s
became more specialized during infection, exemplified by clus-
ter 23 comprising almost exclusively d4 cells (Figures 4E and
S5B), with marked expression increase of Csf2, Cxcl2, Cxcl1,
and /I5, which promote neutrophil and eosinophil recruitment,
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two myeloid subsets that expand in tissues early during helminth
infection (Motran et al., 2018). Similarly, ILC2s isolated at d15 p.i.
comprised a variety of different effector subsets, e.g., cluster 14
with high expression of MHCIlI complex genes Cd74, H2-Ab1,
and H2-Aa (Oliphant et al., 2014; Symowski and Voehringer,
2019) and genes associated with T cell regulation such as
II1r2, Ctla4, and Furin, or clusters 16 and 17, expressing high
levels of 115, 1113, Cxcl2, and Areg (Figures 4E and S5B).

ILCs isolated on d7 and d10 p.i. contributed predominantly to
clusters 2, 5, and 15, exhibiting enhanced expression of Vim and
decreased expression of //1rl1. Clusters 2 and 15 additionally
had increased Kirg1 expression (Figure 4E). We performed
ivCD45 labeling to identify ILC2s that circulate through the lung
during infection (Huang et al., 2018; Ricardo-Gonzalez et al.,
2020) and sequenced ivCD45* cells on d10 p.i. when their fre-
quency peaked at ~10% of all lung ILC2s (Figure 4F). IvCD45*
ILC2s clustered mainly with d7 and d10 ILCs (clusters 2 and 15)
and few ivCD45" cells also clustered with mature effector ILC2s
(e.g., clusters 6, 7, and 23). In contrast, blood ILC2s sorted on
d15 p.i., when the wave of tissue-exiting ivCD45™" cells has largely
ceded, constitute a separate cluster (cluster 1) with high expres-
sion of Vim, Kirg1, 102, Kif2, and S1pr1, and have only minor con-
tributions to clusters 2 and 3 (Figures 4D, 4E, and S5B). Among
them we detected a tiny population of cells expressing //18r1,
Icos, Tcf7, and low levels of //7rl1, consistent with the idea that
1118r1*ST2~ cells may traffic to the lungs where they enrich in the
lung vasculature and in the tissue (Figures 3A-3C, S5D, and S5E).

We validated the dynamic regulation of selected markers,
including PD1, MHCII, lI1r2, Ctla4, and CD25, on the protein level
during the course of infection by flow cytometry, suggesting a
close correlation of MRNA and protein levels for most genes (Fig-
ure 4G). Consistently, our analyses confirmed the regulated
co-expression of 111r2, PD1, and MHCII during late stages of
infection (Figure S5F). Furthermore, we could validate the dy-
namic emergence of heterogeneous lI5-expressing ILC2s, co-
expressing 113 and/or PD1, resembling cluster 23 at d4 and
clusters 16 and 17 at d10/d15 p.i. (Figure 4H).

Differentiation Trajectories of Lung ILC2s during

N. brasiliensis Infection

We then investigated the differentiation dynamics of ILC2 subsets
during Nb infection. Initially, we highlighted the position of cells
from the early part of uninfected lung trajectory (uninfected lung
clusters 1,5, 11,9, and 8 in Figure 1) in the combined dataset (Fig-

Immunity

ure 5A). Cells of the uninfected lung cluster 1 were largely localized
to cluster 12, which was dominated by cells from the uninfected
condition (Figure S6A). In contrast, the majority of cells from unin-
fected lung clusters 5, 11, and 9, representing early ILC2 differen-
tiation stages, mixed with cells isolated during infection in clusters
2 and 5 (Figure 5A), raising the question of whether these cells may
undergo dynamic differentiation and give rise to mature effector
ILC2s during Nb infection. We applied StemID2 to infer potential
trajectories starting from //78r1* immature ILCs in either cluster
5 or 12 and ending in mature ILC2 effector clusters such as cluster
16 or 23 (Figure 5B). A large fraction of immature uninfected lung
cells localized to clusters 2 and 8, suggesting that differentiating
immature //18r1* ILCs transition through these stages. From clus-
ter 8, the trajectory branched out, potentially terminating in early
(d4) or late (d15) effector clusters 23 or 16, respectively (Figure 5B).
Because the link between clusters 12 and 5 was populated well
with intermediate single-cell transcriptomes (Figure S6B), we
chose cluster 12 as a starting point, traversing cluster 5. Along
both trajectories, we detected increased expression of Arg1,
Klrg1, Gata3, ll1rl1, and effector cytokines, as well as decreased
levels of ILC progenitor genes (Figure 5C). Of note, we detected
cells expressing //18r1 and Tcf7 also within mature ILC2 compart-
ments, albeit at reduced levels and frequencies compared to the
progenitor cluster 12 (Figures 4E and S6C). The cluster composi-
tion along the trajectory suggested the presence of alternative
starting points. Cluster 2 or 15, marked by a high contribution of
potentially infiltrating ivCD45" cells (Figure 5B), may represent
such alternative starting points for the in situ differentiation into
mature nILC2 effector cells, consistent with the observation that
both recruited and resident cells can contribute to lung ILC2s (Fig-
ure S6D) (Gasteiger et al., 2015; Huang et al., 2018).

These observations suggested that lung ILC2s can differen-
tiate from an //18r1* Tcf7* immature population during Nb infec-
tion. We found that I118r1*ST2~ cells were maintained during Nb
infection while the proportion of ivCD45™ cells among them
gradually increased, consistent with the local expansion of these
cellsinthe lung tissue (Figure 5D). At the same time, we observed
a dramatic increase in highly proliferative 1118r1*ST2* cells over
the course of infection (Figure 5E), which we characterized as dif-
ferentiation intermediates along an expression gradient of Tcf7
and Gata3 and that were generated in vivo from transfers of
I18r1*ST2~ immature cells (Figure 3K). Consistently, we
observed the increase of ST2, 115, 1113, and Ki67 within 1118r1*
lung ILC2s over the course of infection (Figure 5F).

Figure 4. Emerging Heterogeneity of Lung ILC2s during Nippostrongylus brasiliensis Infection
(A) FACS analysis of the fraction of Lin~Gata3* ILC2s among live CD45™ cells (left) and of Ki67* cells among Lin~Gata3* ILC2s (right) in Nb infected lungs. Data are
pooled from 3 independent experiments with a total of n = 12-16 mice per time point.

(B) Sequenced samples at the respective time points during Nb infection.

(C) t-SNE map of combined Nb infection time course and uninfected lung data (cf. Figure 1) highlighting RacelD3 clusters.
(D) Overlay of t-SNE map from (C) with pie charts indicating normalized sample contribution to clusters.

(E) Expression of candidate genes for ILC subsets for inferred time-course clusters with at least 20 cells (left) or the respective sample (right). Color represents Z
score of the mean expression across clusters/samples and dot size represents fraction of cells positive for the gene in the cluster/sample.

(F) Time course FACS analysis of the fraction of ivCD45" ILC2s in Nb infected lungs. FACS data are pooled from 2-3 independent experiments with n = 6-12 mice
per time point.

(G) Time course FACS analysis of lI7ra* ILCs in Nb infected lungs (black) compared with fractions of RNA expressing cells of time course dataset (red). FACS data
are pooled from 2-3 independent experiments with n = 6-9 mice per time point.

(H) Time course FACS analysis of Nb infected lungs. Expression of indicated markers represented as t-SNE maps for 115* ILCs. Intracellular staining (ICS) after
incubation with PMA, ionomycin, and monensin. Data are pooled from 5 mice for each time point and merged from equal numbers of Lin~lI7ra* ILCs. Graphs in (A)
and (F) depict data as mean + SD (one-way ANOVA Tukey’s multiple comparisons test, ***p < 0.001; ***p < 0.0001).
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Recruited Cells Contribute to the Entire Phenotypic
Spectrum of Lung ILC2s during N. brasiliensis Infection
A major open question is how cells recruited during inflammation
contribute to the local pool of tissue ILCs, particularly, whether
these cells retain specific phenotypes and functions or adapt to
their new tissue-environment. To address this question, we
analyzed infiltrating versus resident ILC2s from lungs of Nb-in-
fected parabiotic mice. Here, two mice establish a common blood
circulation, and infiltrated donor-derived cells can be identified
through allogeneic markers. Parabionts were infected with Nb,
and similar numbers of donor and host ILC2s were sorted for
scRNA-seq on d15 p.i., a time point when donor-derived, i.e., re-
cruited, ILC2s represent ~10%-15% of all lung ILC2s (Gasteiger
etal.,2015; Huang etal., 2018). After RacelD3 analysis (Figure 6A),
clusters were examined for their normalized host and donor con-
tributions. Remarkably, all inferred clusters showed contribution
of both host- and donor-derived cells (Figure 6B), with few differ-
entially expressed genes between donor and host cells of the
same cluster (Figure 6C). This observation demonstrated that
cells recruited into the lung post parabiotic surgery contribute to
all subpopulations that can be discriminated by unbiased
scRNA-seq analysis at late stages of Nb infection.

Consistent with the idea of in situ differentiation of recruited
cells from immature ILC2s, we found that some clusters were
significantly enriched either for donor cells (clusters 3, 4, 5, 11,
and 17) or host cells (cluster 1, 6, 7, 12, 13, and 15) (Figures 6B
and S7A). Whereas the former exhibited the signature of imma-
ture ILC2s with high levels of 1/18r1, Tcf7, and Cd7, and low levels
of Gata3 and /l1rl1 (clusters 4, 11, and 17), the latter showed
expression of Calca and cells of clusters 12 and 13 additionally
increased expression of Cxcl2, Areg, and II5 (Figures 6D, 6E,
and S7B). Thus, donor-derived cells are enriched in early differ-
entiation stages. To further test this, we mapped the position of
the donor- and host-enriched parabiosis clusters along the in-
ferred trajectory of the time course data (Figure 5B; STAR
Methods). The //18r1* donor-dominated clusters 4, 11, and 17
of the parabiosis dataset had indeed the highest similarity to
cells of time course cluster 12, marking one of our inferred origins
of ILC2 differentiation during Nb infection. Conversely, clusters
enriched for host-derived cells predominantly exhibited highest
similarities with the terminal clusters of the inferred trajectories
from the time course data (Figures 6F and S7C).

These results demonstrated that donor-derived recruited cells
populate all clusters while being enriched in immature 1118r1*
ST2 ILCs, consistent with their in situ differentiation and their

Immunity

potential role in the renewal of tissue ILC2s. Importantly, our an-
alyses revealed that ILCs recruited into the adult lung can
generate the entire spectrum of tissue ILC2s based on their sin-
gle cell transcriptomes.

BM-Derived ILCs Give Rise to the Full Phenotypic
Spectrum of ILC2s in the Adult Lung

We demonstrated that ILCs entering from the circulation give rise
to all subtypes of tissue ILC2s during Nb infection (Figure 6B).
However, the infiltrating cells can originate from different sour-
ces, including the BM (Constantinides et al., 2014; Klose et al.,
2014; Stier et al., 2018), a circulating ILCP (Lim et al., 2017), or
cells exiting from inflamed tissues (Huang et al., 2018; Ricardo-
Gonzalez et al., 2020). These observations raise the possibility
that cells from different origins give rise to limited specialized
subsets of ILCs, and only together compose the full spectrum
of tissue ILCs. Therefore, we investigated whether cells origi-
nating from a defined source contribute to specialized subsets,
or whether they can reconstitute the full phenotypic spectrum
of lung ILC2s. To this end, we adapted a shield chimera model
(Gentek et al., 2018), where partial BM chimerism was estab-
lished through transfer of BM after local irradiation of the hind
legs (Figure 7A). Most of the body, including the lung, was
shielded from the irradiation to avoid perturbation of the host tis-
sue and immune cells. This procedure led to partial chimerism of
BM-dependent cells of the myeloid and lymphoid lineages (e.qg.,
NK cells), whereas very few ILC2s were detectable in the lung
(Figure 7B). In contrast, ILC2s readily emerged from engrafted
BM when shield chimeras were generated during the neonatal
time window (data not shown), consistent with the local expan-
sion of lung ILC2s during that time of ontogeny (Huang et al.,
2018; Saluzzo et al., 2017; Schneider et al., 2019).

To test the differentiation potential of BM-derived cells in adult
mice, adult shield chimeras were infected with Nb, and donor
and host ILCs were sequenced on d15 p.i. (Figure 7A). Donor
derived cells comprised ~5%-8% of lung ILCs (data not shown).
Similar to our observations in parabiotic mice, all inferred clus-
ters comprised both host and donor-derived cells (Figures 7C—
7E). Again, we detected donor-enriched clusters with immature
ILC2 signature expressing //18r1, Tcf7, and Zbtb16 (clusters 16
and 17) (Figures 7E, 7F, S7D, and S7E). Within-cluster compari-
son revealed reduced levels of Ccr2, Ctla2a, Cxcl2, and Areg,
and higher levels of Lmo4, Icos, and /I17rb in donor versus
host-derived cells (Figure 7G). These small, but consistent, dif-
ferences suggested that donor-derived cells carry a signature

Figure 5. Differentiation Trajectories of Lung ILC2s during Nippostrongylus brasiliensis Infection
(A) t-SNE maps showing the distribution of uninfected lung immature clusters (cf. Figure 1) within the combined dataset (top) and pie charts of the distributions

(bottom) (cf. Figure 4C).

(B) StemID2 lineage inference and normalized sample contribution to clusters depicted as pie-charts. Link color indicates p value of StemID2 links (p < 0.05, STAR

Methods).

(C) Pseudo-temporal gene expression profiles (local regression) along depicted trajectories. Color bars indicate cluster and sample identity, respectively, of cells

ordered along the depicted trajectory by StemID2.
(D) Time course analysis for the percentage of 1118r1*ST2 RORyt Klirg1
tions (right).

ILCs (left), and the comparison of ivCD45-labeled and ivCD45-unlabeled frac-

(E) Time course analysis for the percentage of 1118r1*ST2* (left) and 1118r1~ST2* (right) ILC2s. Data in (D) and (E) are representative of 2 independent experiments
with n = 4-6 mice per time point. Graphs depict data as mean + SD (one-way ANOVA Tukey’s multiple comparisons test, *p < 0.05, *p < 0.01; ***p < 0.001;
****p < 0.0001).

(F) Time course FACS analysis of Nb-infected lungs. Expression of indicated markers represented as t-SNE maps for 1118r1* ILCs. ICS after incubation with PMA,
ionomycin, and monensin. Data are pooled from 5 mice for each time point and merged from equal numbers of Lin~lI7ra* ILCs.
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of less mature and migrating cells, consistent with their potential
recruitment into the lung during infection. Our analyses did, how-
ever, not directly test this recruitment during infection, and
donor-derived ILC2s could also differentiate from BM-derived
cells that have migrated to tissues before infection. Consistent
with both of these possibilities, our data established that the
adult bone marrow is a source of ILC2s, which can traffic to
the lung and can generate the full spectrum of ILC2 subsets
and differentiation stages in the lung during infection.

DISCUSSION

Here, we examined how ILCs are maintained and regenerated in
the adult organism and provide evidence that differentiation and
maturation of ILC2s from immature progenitors occurs within the
adult lung. We analyzed the full spectrum of lung ILC2s at single-
cell resolution and identified a heterogeneous population of
II18r1* tissue-associated ILCs that express Tcf7 and Zbtb16
and low amounts of Gata3, ST2, and ILC2 effector molecules.
We derived a continuous differentiation trajectory and validated
the potential of 1118r1*Tcf7* cells to differentiate into Gata3™
ILC2s. Furthermore, single-cell transcriptome comparisons of
ILC populations in the BM, neonatal, and adult lung at steady
state, as well as over the course of helminth infection in wild-
type, parabiotic, and shield chimeric mice support the idea
that core programs of ILC2 differentiation are recapitulated dur-
ing ontogeny as well as inflammatory challenge.

Systemic ILC progenitors in men exhibit a transcriptional pro-
file reminiscent of 1118r1* ILCPs in murine lung (Ghaedi et al.,
2020; Lim et al., 2017). We confirmed that these cells are present
in human lung tissue and can be further characterized by IL18R1
and TCF1 expression. Our findings suggest that 1118r1* lung
ILCPs represent the murine counterpart of human tissue ILCPs
and thereby open new avenues to investigate how the local dif-
ferentiation of tissue ILCs may contribute to inflammatory dis-
eases (Mazzurana et al., 2018).

1118 is best known as a myeloid-derived cytokine that can acti-
vate lymphocytes, including ILC2s (Ricardo-Gonzalez et al.,
2018). 1118 may, however, have additional functions and 1118r1
should not be considered an exclusive marker of effector cells,
because it is also expressed by BM hematopoietic stem cells
(HSCs), common lymphoid progenitors, BM, and circulating
ILCPs, (Lim et al., 2017; Seillet et al., 2016; Silberstein et al.,
2016; Xu et al., 2019). Local production of 1118 regulates the turn-
over of HSCs in their niche (Silberstein et al., 2016). Future studies
should therefore investigate the niches of 1118r1* ILC progenitors,
as well as the potential functions of 1118 in regulating progenitor-
like ILCs during homeostasis versus inflammatory challenge.

Immunity

1118r1* ILCs were virtually absent from peripheral blood of unin-
fected mice, but enriched in the lung vasculature, which harbors
many leukocytes that marginate from the blood stream, enrich
at the endothelium, and extravasate upon local inflammation (An-
derson et al., 2014; Barletta et al., 2012; Yipp et al., 2017). It is
therefore conceivable that the vasculature may similarly serve
asalocal reservoir or niche for subsets of 1118r1* ILCs. Alarge frac-
tion of 1118r1* ILCs was nevertheless ivCD45~, confirming their
presence in the lung parenchyma. In addition, analysis of parabi-
otic mice suggested that these cells are resident or exchange only
very slowly in the lung tissue. Importantly, lung-resident and BM
ILCPs share core similarities. However, BM ILCPs were negative
for /5 and /I5-fatemap label, while corresponding populations in
the lung had intermediate levels of both, consistent with the idea
that these cells receive local signals driving their maturation within
the tissue. The lung has been proposed as a reservoir of HSCs (Le-
frangais et al., 2017) and may provide niches for the local differen-
tiation of progenitors. Consistent with local differentiation, pulmo-
nary 1118r1™* cells were highly proliferative in uninfected tissue (in
striking contrast to BM ILCPs or mature tissue ILCs) and gave
risetoll18r1*ST2, 118r1*ST2*, and I118r1~ ST2* ILCs in recipient
lungs upon transfer. Transplanted mature ST2* cells, however, did
not generate 1118r1"ST2~ or 1118r1"ST2* populations, suggesting
that they are further downstream of a differentiation cascade, or
that they cannot access the niche of immature ILCs in the lung.

Our dataraise the possibility that tissue ILCPs may locally self-
renew, but also indicate that they can receive input from circu-
lating cells. First, we observed a small but significant donor
contribution in the ivCD45*1118r1"CD103" subset in parabiotic
mice. Second, we found that 1118r1*Tcf7" immature cells are
generated from donor BM in shield chimeras. Third, donor-pop-
ulations in infected parabiotic and shield chimeric mice were en-
riched with 1118r1*Tcf7* immature cells. Therefore, tissue ILCPs
may receive low-grade influx from systemic counterparts.
Increased competitive fitness of these cells may favor their
contribution during aging or when the local tissue niches are re-
organized (e.g., upon regeneration of the ILC pool after infec-
tion). Such a model may explain why the frequency of donor-
derived ILC2s is low early on, but gradually increases several
months after parabiotic surgery or in the reconstitution phase
p.i. (Gasteiger et al., 2015; Huang et al., 2018; Ricardo-Gonzalez
et al., 2020; Schneider et al., 2019). Despite a burst of ivCD45*
migrating inflammatory cells in the acute phase of helminth infec-
tion, these studies consistently showed that the majority of ILC2s
were derived from tissue-resident cells around 2 weeks p.i. Here,
we provide evidence for the in situ differentiation of ILCs from
resident progenitors, highlighting a mechanism for the local, tis-
sue-autonomous maintenance of ILCs in the adult organism.

Figure 6. Recruited Cells Contribute to the Entire Phenotypic Spectrum of Lung ILC2s during Nippostrongylus brasiliensis Infection
(A) t-SNE map of cells derived from parabiotic mice at d15 p.i. highlighting RacelD3 clusters.
(B) StemID2 lineage inference and normalized donor and host contribution to clusters depicted as pie charts. Link color indicates p value of StemID2 links (p <

0.05, STAR Methods).

(C) Differentially expressed genes (p < 0.05, STAR Methods) between donor and host cells within the depicted clusters.

(D) t-SNE maps indicating log2 normalized expression of candidate genes in the parabiosis data.

(E) Expression of representative candidate genes for ILC subsets in parabiosis clusters with at least 20 cells. Color represents Z score of the mean expression
across clusters, and dot size represents fraction of cells expressing the gene in the cluster.

(F) t-SNE map of parabiosis data showing normalized weights of indicated parabiosis cluster medoids for cells within the Nb time course data (cf. Figure 4) as

computed by cluster mapping (STAR Methods).
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Figure 7. Bone Marrow-Derived ILCs Give Rise to the Full Phenotypic Spectrum of ILC2s in the Adult Lung

(A) Nb infection of the shield chimera model.

(B) Frequency of donor-derived cells from transferred bone marrow (BM).

(C and D) t-SNE map of ILCs from shield chimeric mice isolated at d15 p.i. highlighting RacelD3 clusters (C) and donor or host origin for each cell (D).

(E) StemID2 lineage inference and normalized donor and host contribution to clusters depicted as pie-charts. Link color indicates p value of StemID2 links (p <

0.05, STAR Methods).

(F) Expression of candidate genes for ILC subsets in the shield chimera clusters with at least 10 cells. Color represents Z score of the mean expression across
clusters, and dot size represents fraction of cells expressing the gene in the cluster.
(G) Differentially expressed genes (p < 0.05, STAR Methods) between donor and host cells within the depicted clusters.
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Importantly, we found that tissue ILCPs feature a phenotypic
spectrum and mixed-lineage potential similar to the BM ILCP
compartment. This heterogeneity may enable local “ILC-poie-
sis” to flexibly respond and generate the desired output upon
distinct immune challenges.

Patients with inflammatory diseases such as psoriasis, hepatic
fibrosis, or inflammatory bowel disease have elevated numbers
of disease-associated ILCs in the blood. A major open question
is how cells recruited during inflammation may contribute to the
pool of tissue-resident cells. The extent to which local immune
cells that have been generated early during ontogeny can be re-
plenished in the adult organism has also been discussed for
macrophages, representing prototypic tissue-resident cells
(Ginhoux and Guilliams, 2016; Mass et al., 2016). Here, we found
that adult BM cells recruited into the adult lung can generate the
full spectrum of lung-resident ILC2 subsets upon helminth infec-
tion. Our analysis revealed that ILCs differentiating in the adult
organism can locally adopt the phenotypes of ILCs that have
been suggested to emerge in distinct waves during ontogeny
(Popescu et al., 2019; Schneider et al., 2019). Therefore, local tis-
sue niches, rather than progenitor origin, may dominantly imprint
ILC phenotypes. Together, our work highlights the local differen-
tiation of immature ILCs as a mechanism of maintenance,
phenotypic diversification, and local adaptation of tissue ILCs.

Limitations of Study

One limitation in the study of ILCPs is the lack of conditional,
stage-specific fate-mapping models to delineate the actual
contribution of BM or tissue ILCPs during homeostasis orimmune
challenges in the adult organism. Moreover, we lack examples of
conditions in which ILCPs are essential to maintain or regenerate a
functional ILC pool. We speculate that ILCPs may have such crit-
ical roles upon depletion of ILCs, as documented in mice and men
during different types of infection and environmental challenges
(Kloverpris et al., 2016; Ng et al., 2018). It will be interesting to
test whether local depletion and regeneration of ILC2s occurs dur-
ing lung diseases as well. We are aware that our work highlights
the tissue adaptation and differentiation potential of BM-derived
ILCs in adult lungs but does not deconvolute potential contribu-
tions of other circulating cells. Future work should address if in-
flammatory ILC2s are a transient effector population or if (and
how) they actually contribute to lung ILC2s once acute infection
has resolved. Here, we mapped the heterogeneity of lung ILC2s
and highlight multiple subsets that are dynamically emerging dur-
ing infection, including, e.g., effector subsets expressing different
combinations of cytokines and chemokines (115/112/Cxcl2/Csf2
versus 15/1113/Areg) or molecules involved in regulatory functions
(Pd1, Ctla4, lI1r2, and MHCII) and highly proliferative [118r1* and/
or CD103" states. Although functional validation of these popula-
tions was beyond the scope of this study, our interactive cell atlas
(http://murine-ilc-atlas.ie-freiburg.mpg.de/) provides a resource
for future studies testing subset-specific functions of ILC2s.

STARxMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
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o RESOURCE AVAILABILITY
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O Materials Availability
O Accession Codes, Code and Data Availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Mice
e METHOD DETAILS
O Parabiosis
Shield chimeras
ivCD45 labeling and murine cell isolation
Helminth Infection
Human samples and cell isolation
Antibody staining for sorting and flow cytometric
analysis
Adoptive cell transfer
Cell culture of sorted ILCs subsets
Preparation of OP9/OP9-DL1 feeder cell layer
Single cell sorting, single-cell RNA amplification and li-
brary preparation of ILCs

OO0 O0OO0O0

O O OO0

O Quantification of transcript abundance

O Clustering

O Cell-cycle Scoring

O Lineage inference, pseudo-temporal ordering
and SOM

O KEGG/GO pathway enrichment

O Fraction dot plot

O Normalization of pie charts

O Dataset integration

O Cluster mapping: Inferring transcriptome similarities

between two scRNA-seq datasets based on cluster
annotation
® QUANTIFICATION AND STATISTICAL ANALYSIS
O Differential expression analysis
O Enrichment scores
o ADDITIONAL RESOURCES
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