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SUMMARY

Innate lymphoid cell (ILC) development proposes
that ILC precursors (ILCPs) segregate along natural
killer (NK) cell versus helper cell (ILC1, ILC2, ILC3)
pathways, the latter depending on expression of
Id2, Zbtb16, and Gata3. We have developed an Id2-
reporter strain expressing red fluorescent protein
(RFP) in the context of normal Id2 expression to re-
examine ILCP phenotype and function. We show
that bone-marrow ILCPs were heterogeneous and
harbored extensive NK-cell potential in vivo and
in vitro. By multiplexing Id2RFP with Zbtb16CreGFP

and Bcl11btdTomato strains, we made a single-cell
dissection of the ILCP compartment. In contrast
with the current model, we have demonstrated that
Id2+Zbtb16+ ILCPs included multi-potent ILCPs
that retained NK-cell potential. Late-stage ILC2P
and ILC3P compartments could be defined by differ-
ential Zbtb16 and Bcl11b expression. We suggest
a revised model for ILC differentiation that rede-
fines the cell-fate potential of helper-ILC-restricted
Zbtb16+ ILCPs.

INTRODUCTION

Innate lymphoid cells (ILCs) are characterized by their lack of an-

tigen receptors and prompt reaction to signals from infected or

injured tissues. Like T and B lymphocytes from the adaptive im-

mune system, lymphocytes of the innate immune system are

important players in immune responses and tolerance at

mucosal barriers. ILCs have been recently re-classified into

five groups (natural killer cells, NK cells; ILC1s; ILC2s; ILC3s;

and lymphoid tissue inducer [LTi] cells) based on their functional

outputs and expression of key transcription factors (TFs) that

mirror adaptive CD8+ (cluster of differentiation 8+) and CD4+

T cells (reviewed in Vivier et al., 2018). Although both ILC1s

and conventional NK cells express T-box transcription factor
1054 Immunity 50, 1054–1068, April 16, 2019 ª 2019 The Author(s). P
This is an open access article under the CC BY-NC-ND license (http://
(T-bet) and are capable of producing interferon-g (IFN-g) and tu-

mor necrosis factor (TNF), NK cells also express Eomesodermin

(Eomes) and Eomes-dependent perforin and granzymes that

promote granule-dependent cytotoxic functions. ILC2s consist

of cells that express the transcription factor GATA3 and are

potent producers of T helper 2 (Th2)-cell-associated cytokines

such as interleukin (IL)-5, IL-9, and IL-13. ILC3s are heteroge-

neous but uniformly express the transcription factor RORgt

(RAR-related orphan receptor gamma). This group comprises

CCR6+CD4+/� and CD49a+NKp46+/� ILC3 subsets that secrete

Th17-cell-associated cytokines IL-22 or IL-17 upon activation.

LTi cells are related to ILC3s but exert their function during fetal

development through promotion of lymphoid-tissue organogen-

esis (reviewed in Cording et al., 2014).

ILCs share their developmental origins with adaptive lympho-

cytes (reviewed in Zook and Kee, 2016; Serafini et al., 2015). All

ILC subsets are derived from common lymphoid progenitors

(CLPs) in the fetal liver and adult bone marrow (BM). It is pro-

posed that the developmental program of ILCs is similar to that

of T cells, in which CLPs differentiate into specific ILC lineages

by progressive loss of alternative lineage potentials. Multiple

ILC-lineage-restricted progenitors downstream of CLPs have

been identified. The earliest common ILC precursor (CILCP) is

thought to reside in the CD135 (Flt3)�a4b7+ progenitor popula-

tion, which still retains some T cell potential (Yu et al., 2014).

The acquisition of chemokine receptor CXCR6 (C-X-Cmotif che-

mokine receptor 6) was shown to be concurrent with the loss of

T cell potential in these precursors (Possot et al., 2011; Yu et al.,

2014), although CXCR6 is not required for the generation of this

population (Chea et al., 2015). A common helper-ILC progenitor

(CHILP) has been identified using Id2GFP-reporter mice (Klose

et al., 2014). Id2-expressing CHILPs can give rise to all helper

ILCs but fail to differentiate into killer NK cells. A distinct ILC pre-

cursor (ILCP) marked by transient expression of Zbtb16 (encod-

ing promyelocytic leukemia zinc finger [PLZF], a TF previously

associated with NKT-cell development) has also been described

(Constantinides et al., 2014). These Zbtb16+ ILCPs fail to

generate LTi and NK cells but can still generate other helper

ILCs. A phase of multi-lineage priming was shown to occur in

these ILCPs with co-expression of genes for different ILC line-

ages (Ishizuka et al., 2016). It was proposed that the final
ublished by Elsevier Inc.
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commitment to one of the ILC lineages is influenced by external

and internal signals that gradually turn off the alternative devel-

opmental programs. Despite the identification of several devel-

opmental intermediate cells along ILC-differentiation pathways,

the precise stages where specific lineage programs are enabled,

as well as the underlying mechanisms that restrict helper versus

killer lineages, are still poorly understood (Cherrier et al., 2018;

Serafini et al., 2015). This is in part due to the different model sys-

tems used (TF reporters), the varying culture conditions used to

demonstrate ILCP potential, and the lack of a uniform phenotype

to define ILCs that have been generated from ILCPs in vitro or

in vivo.

Several TFs have been shown to be essential for early ILC dif-

ferentiation, including Nfil3, Tox, Tcf7, and Id2, whose expres-

sion is initiated immediately downstream of CLPs (Ishizuka

et al., 2016; Seillet et al., 2016). Loss of these factors differentially

affects the generation of ILC precursors, aswell as that of mature

ILCs (Seehus et al., 2015; Seillet et al., 2016; Xu et al., 2015; Yang

et al., 2015; Yu et al., 2014). Both Id2 and Tox are required for the

organogenesis of lymphoid tissues (Aliahmad et al., 2010; Yo-

kota et al., 1999), indicating their overlapping functions in LTi-cell

development during the fetal period. ID2 belongs to the family of

helix-loop-helix (HLH) proteins that can form heterodimers with E

proteins, thereby preventing their transcriptional activities (Kee,

2009). Inhibitor of DNA-binding (ID) proteins and E proteins

play important roles in determining the cell fate in the immune

system. Id2 is constitutively expressed in all ILC subsets and is

indispensable for their development (Cherrier et al., 2012;

Moro et al., 2010; Satoh-Takayama et al., 2010; Yokota et al.,

1999). ID2 is recognized as a key regulator for establishing the

ILC fate, because loss of EBF1 (early B cell factor 1), a repressor

of ID2, in B cell progenitors leads to the development of ILCs and

T cells (Nechanitzky et al., 2013). These findings argue for the ex-

istence of Id2-expressing lymphoid progenitors with common

T and ILC potential. However, the Id2+ progenitors identified us-

ing previously described Id2-reporter mice have not been shown

to possess potentials for all ILC lineages and in some cases spe-

cifically lacked NK-cell potential (Jackson et al., 2011; Klose

et al., 2014; Yang et al., 2011). These results contrasted with

the fact that ID2 was required for normal NK-cell development

(Yokota et al., 1999; Boos et al., 2007) and had been shown to

be expressed in NK-committed precursors (NKPs) (Carotta

et al., 2011; Rosmaraki et al., 2001), although NKPs and imma-

ture NK cells still developed in Id2–/– mixed-background mice,

presumably due to upregulation of Id3 expression (Boos et al.,

2007). As such, Id2+ CHILPs have been generally considered

as a heterogeneous population that includes progenitors for

ILC1s, ILC2s, and/or ILC3s, but not for conventional NK cells (re-

viewed in Diefenbach et al., 2014; Yang and Bhandoola, 2016).

Here, we developed an Id2RFP-reporter mouse model and

identified a complex repertoire of Id2-expressing ILC progenitors

that includes common progenitors to both helper- and killer-ILC

lineages. Single-cell transcriptional analysis revealed themarked

heterogeneity of the ILCP population, which harbored subsets

that differentially expressed Zbtb16 and Bcl11b. These ILCP

subsets were then further characterized using mice bearing

combinations of Id2RFP, Zbtb16GFPcre, and Bcl11btdTomato re-

porters. Through in vitro and in vivo assays, we could show

that Zbtb16 expression was associated with loss of ILC3 poten-
tial but not NK-cell potential, whereas Bcl11b expression ap-

peared to identify an ILC2-committed progenitor, independent

of Zbtb16 expression. As such, our results redefine the cell-

fate potential of putative helper-ILC-restricted Zbtb16+ ILCPs

as multi-potent CILCPs. In addition, TF multiplexing provides a

powerful approach to identify the earliest common ILC and

NK-cell progenitors as they emerge from CLPs.

RESULTS

An Id2RFP-Reporter Strain Identifies BM NK and ILC
Progenitors
To facilitate the study of Id2-expressing cells, we generated

Id2RFP-reporter mice that harbor an internal ribosome entry site

monomeric red fluorescent protein (IRES-mRFP) cassette down-

stream of the 30 translated region within exon 2 of the Id2 gene

(Id2RFP) (Figure 1A). As expected, RFP was highly expressed in

all ILC subsets, including splenic NK cells, liver NK cells and

ILC1s, lung ILC2s, and different intestinal ILC3 subsets (Figures

1B and 1C). In contrast, RFP was poorly expressed in splenic

CD4+ and CD8+ T cells and was not detected in B cells (Fig-

ure 1C). This pattern of RFP expression in innate and adaptive

lymphocytes mirrored that of endogenous Id2 mRNA, as shown

by qRT-PCR (Figure 1D). Finally, no obvious differences in ILC

development were noted in Id2RFP/+ or Id2RFP/RFP mice

compared with wild-type (WT) mice (data not shown). Together,

these results demonstrate that Id2RFP mice faithfully report on

Id2 expression within major lymphocyte subsets and that the

Id2RFP allele is functional.

A previous study of NK-cell development used an Id2GFP re-

porter in which the GFP cassette replaced one Id2-encoding

allele (Klose et al., 2014; Rawlins et al., 2009). In this report,

Id2 was not expressed until the refined NK-cell precursor

(rNKP) stage during NK-cell development, and only a small sub-

set of the committed NK-cell progenitors expressed Id2. Using

Id2RFP mice, we observed that the vast majority of rNKP cells

and more than half of the pre-NKP cells expressed RFP (Fig-

ure 1E), whereas BM CLPs were Id2 negative, as shown previ-

ously (Constantinides et al., 2014; Fathman et al., 2011; Ramirez

et al., 2012). These results suggest that early Id2 expression

within the earliest-defined NK cells is associated with emer-

gence of this innate lymphocyte subset from CLPs.

It was previously shown that fractions of pre-NKP and

rNKP cells share phenotypic properties (Zbtb16 and a4b7

expression) with Lin–CD135–a4b7+ lymphoid precursors that

can generate NK cells and all helper ILCs (Constantinides

et al., 2015; Yu et al., 2014). We therefore examined Id2 expres-

sion in BM ILC progenitors from Id2RFP mice. We found that 70%

of Lin–CD117+CD135–a4b7+CD25– BM ILCPs (which we will

refer to as ILCPs) expressed RFP, whereas CLPs and the few

CD135+a4b7+ cells did not (Figure 2A; data not shown). By com-

parison, the subsets of relativelymature ILC2s present in BMand

splenic NK cells also were clearly RFP+ (Constantinides et al.,

2014; Hoyler et al., 2012; Yu et al., 2016), although these subsets

showed reduced RFP fluorescence (Figures 2A–2C).

We next made a side-by-side comparison of the previously

described Id2GFP reporter (Klose et al., 2014; Rawlins et al.,

2009) and our Id2RFP-reporter strains. When comparing GFP

and RFP expression on total BM cells, notable differences
Immunity 50, 1054–1068, April 16, 2019 1055
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Figure 1. Characterization of Id2RFP Reporter Mice

(A) Schematic representation of the genetic modification engineered in Id2RFP-reporter mice.

(B and C) RFP expression in innate lymphoid cells isolated from (B) liver, lung and small intestine (SI), and (C) spleen of C57BL/6 (gray) and Id2RFP (red) mice. Data

are from one experiment representative of two independent experiments.

(D) Quantitative PCR analysis of Id2 expression in precursor andmature cell subsets in Id2RFPmice. Id2 expression has been normalized toHprt expression and to

expression in CLPs. n = 3; error bars represent the standard deviation.

(E) RFP expression in BM lymphoid progenitor cells. Data are from one experiment representative of three independent experiments. Please also see Figure S1.
were observed, with the Id2RFP reporter allowing detection of a

larger fraction of cells with a higher mean fluorescence intensity

(Figure S1A). The improved sensitivity of the Id2RFP reporter over

the Id2GFP reporter was also apparent when comparing Id2

expression (as revealed by GFP or RFP) on gated NK cells,

ILCPs, and pre-NKP cells (Figure S1B). Analysis of Id2GFP 3

Id2RFP double-reporter mice revealed that RFP+ cells co-ex-

pressed GFP, indicating that both reporters were active in the

same cells. Together, these results indicate that our Id2RFP re-

porter provides a highly sensitive tool to characterize Id2-ex-

pressing cells, including BM ILCPs.

We further compared selected cell-surface markers of Id2RFP

ILCPs with mature NK cells, BM CLPs, and BM ILC2s. ILCPs ex-

pressed CD244 (2B4) similarly to CLPs and NK cells, whereas

KLRG1 (killer cell lectin-like receptor G1) expression was
1056 Immunity 50, 1054–1068, April 16, 2019
restricted to NK cells and a subset of BM ILC2s (Figure 2C).

These different subpopulations showed distinct CD117 (c-Kit)

and CD90 (Thy1) expression patterns (Figure 2C).

We next compared transcriptional profiles of Id2RFP ILCPs to

CLPs, ILC2s, and NK cells using qRT-PCR. We confirmed high

amounts of Id2 mRNA in ILCPs, ILC2Ps, and NK cells, whereas

Notch1 and Rag2 transcripts (which are essential for B and T cell

development) were very low in all subsets compared to CLPs

(Figure 2D). Id2RFP ILCPs expressed Il7r at comparable amounts

to CLPs, suggesting a dependence on IL-7 signaling for ILCP

emergence from lymphoid progenitors. Id2RFP ILCPs expressed

Ets1, a key transcription factor for NK and ILC2 development

(Zook et al., 2016; Ramirez et al., 2012; Zook and Kee, 2016),

as well as Gata3, which is required for the generation of ILC2s

and ILC3s (Hoyler et al., 2012; Serafini et al., 2014). The



A D

B

C

Figure 2. Characterization of Id2+ BM ILCPs

(A) Flow cytometry analysis of BM ILC2s, CLPs, and ILC precursors. Data are from one experiment representative of three independent experiments.

(B) Flow cytometry analysis of splenic NK cells.

(C) Flow cytometry analysis of surface markers on CLPs, Id2RFP ILCPs, ILC2s, and splenic NK cells. Data are from one experiment representative of two in-

dependent experiments.

(D) qRT-PCR analysis of TF transcripts in CLPs, Id2RFP ILCPs, ILC2s, and splenic NK cells. Gene expression has been normalized to Actb expression. n = 6; error

bars represent the standard error of the mean; *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. Please also see Figure S1.
transcription factors Tcf7, Tox, and Zbtb16, previously shown to

mark ILC commitment (Constantinides et al., 2014; Seehus et al.,

2015; Yang et al., 2015), were also highly expressed in Id2RFP

ILCPs but were not expressed or expressed at very low amounts

in CLPs, ILC2s, or NK cells (Figure 2D). Taken together, these re-

sults validate our Id2RFP-reporter mouse model that can be used

to interrogate the biological properties of NK-cell progenitors

and ILC progenitors, as well as mature ILC subsets in different

tissues.

Id2+ ILCPs Harbor Common Progenitors to All ILC
Lineages, Including NK Cells
In the current model of ILC development, Lin–CD117+

CD135–a4b7+CD25– ILCPs are considered the earliest ILC pro-

genitors downstream of CLPs (Serafini et al., 2015; Zook and
Kee, 2016), although a fraction of these cells still retain some

T-cell-differentiation potential (Possot et al., 2011). As Id2 func-

tions to block E-protein activity that is essential for T and B cell

development, Id2 up-regulation is generally associated with

the loss of T and B potential and the establishment of ILC fate.

Our findings of Id2RFP expression in a subset of BM ILCPs and

in pre-NKPs (Figures 1E and 2A) led us to ask whether these sub-

sets harbored committed progenitors for helper ILCs and/or

killer NK cells and to assess their potential for other lymphoid

lineages.

We first interrogated the capacity of Id2RFP ILCPs to generate

diverse lymphocyte subsets in vivo. We transferred purified

CLPs or ILCPs into sub-lethally-irradiated Rag2–/–Il2rg–/– recip-

ient mice (Figure 3A). Donor-derived cells were analyzed in

different organs by flow cytometry 5 weeks after transfer. As
Immunity 50, 1054–1068, April 16, 2019 1057
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Figure 3. Id2+ ILCPs Give Rise to All ILC Subsets

(A) Schematic representation of Id2RFP ILCPs adoptive transfer to alymphoid Rag2�/�Il2rg�/� mice.

(B and C) Reconstitution of splenic T, B, and NK cell compartments (B) and ILC compartments (C) in mice adoptively transferred with CLPs or Id2+ ILCPs. n = 2–5;

error bars represent standard error of the mean.

(legend continued on next page)

1058 Immunity 50, 1054–1068, April 16, 2019



expected (Klose et al., 2014; Possot et al., 2011), both CLPs and

Id2RFP ILCPs could give rise to diverse helper-ILC subsets

(including CD49a+ ILC1s, ILC2s, and ILC3s; see Figure S2 for

additional in vivo gating strategies), whereas CLPs could also

give rise to T and B lymphocytes (Figures 3B and 3C). However,

we also clearly detected conventional NK cells (expressing

CD49b and Ly49 inhibitory receptors for major histocompatibility

complex [MHC] class I) after transfer of Id2RFP ILCPs (Figure 3B–

3D). This result demonstrates that BM ILCPs detected using

Id2RFP mice harbored precursors for conventional NK cells at

the population level. In contrast, such NK-cell precursors were

not revealed using the Id2GFP-reporter strain (Klose et al.,

2014). In-vivo-generated NK cells and ILCs appeared functional

because they were capable of producing signature cytokines af-

ter in vitro stimulation (Figure 3E). Our results confirm that Id2RFP

CD135–a4b7+ cells harbor ILC precursors but also identify a pre-

cursor with NK-cell potential within this subset.

Generation of NK cells and ILCs in vivo from Id2RFP ILCPs

might be due to the presence of an NK-cell-committed precur-

sor. Alternatively, a common NK-cell and ILC precursor (CILCP)

that can give rise to both killer NK cells and helper ILCs could

explain these findings. In order to distinguish between these

possibilities, we characterized the in vitro lineage potential of

Id2RFP ILCPs. Previous reports have shown that culturing

lymphoid precursors on OP9 stromal cells that do or do not ex-

press the Notch ligand Delta-like 1 could support T, NK, and

helper ILC differentiation in vitro, depending on the cytokine

milieu (Cherrier et al., 2012; Possot et al., 2011; Wong et al.,

2012). Using bulk culture, we found that Id2RFP ILCPs generated

non-B-cell and non-T-cell populations that included not

only all helper-ILC subsets but also Eomes+ conventional

NK cells (Figures S3A and S3B). In contrast, culture of RFP–

Lin–CD135–a4b7+CD25– cells generated CD3+ T cells on OP9-

DL4 stroma (Figure S3A), consistent with earlier work showing

that acquisition of a4b7 expression by lymphoid progenitors is

associated with loss of B but not T cell potential (Yoshida

et al., 2001; Possot et al., 2011). Finally, in vitro potential from

WT (non-transgenic) and Id2RFP ILCPs were comparable (Fig-

ure S3C), confirming that the modified allele in Id2RFP mice

does not impact ILCP populations.

We further assessed the clonal heterogeneity of cell-fate

potential within Id2RFP ILCPs. Single ILCPs were sorted and

co-cultured with OP9 or OP9-DL4 stromal cells using different

cytokine combinations. The generation of various ILC subsets

was assessed by flow cytometry analysis 2 weeks later. NK cells

were defined as NK1.1+NKp46+Eomes+T-bet+ cells, ILC1s as

NK1.1+NKp46+Eomes–T-bet+ cells, ILC2s as GATA3hiCD25+

ICOS+ cells, and ILC3s as NKp46+/–RORgt+ cells (Figure S3B).

These studies revealed several properties of Id2RFP ILCPs. First,

single-cell cultures of Id2RFP ILCPs invariably gave rise to both

single and mixed colonies of NK cells, ILC1s, ILC2s, and ILC3s

(Figure 3F). This demonstrated that Id2RFP ILCPs were heteroge-

neous and comprised multi-potent (capable of generating two or
(D) Spleen and liver flow cytometry analysis for ILC1s in mice adoptively transferr

three independent experiments.

(E) Cytokine production of ILC subsets in mice reconstituted with Id2RFP ILCPs.

(F) In vitro differentiation of ILCPs on OP9 or OP9-DL4 cells. Cells were cultured f

also see Figures S2 and S3.
more ILC and/or NK-cell progeny) and uni-potent progenitors.

Second, we found fewer colonies containing ILC2s in cultures

with OP9 than in those with OP9-DL4 stromal cells (7.4% versus

28.9%), consistent with previous reports that Notch signaling is

important for ILC2 generation (Wong et al., 2012). There were

also more mixed-lineage ILC colonies generated in the presence

of Notch ligands, suggesting that Notch signaling may be neces-

sary to maintain or promote differentiation of multi-potent ILC

precursors, as has been shown for human ILCPs (Lim et al.,

2017). Third, RORgt+ ILC3s were generated from Id2RFP ILCPs,

although these occurred at low frequency, possibly due to

sub-optimal conditions for ILC3 development or expansion.

Finally, a large subset of Id2RFP ILCPs appeared to have robust

NK-cell-lineage potential, independent of the cytokine milieu

present in the cultures. These appeared mainly as uni-potent

NK-cell precursors, consistent with Id2RFP expression in pre-

NKPs and rNKPs (Figure 1E). Nevertheless, many wells with

mixed ILC lineages also harbored NK cells, indicating the pres-

ence of multi-potent Id2-expressing precursors that can give

rise to both NK cells and ILCs that had not been previously

appreciated (Klose et al., 2014).

Single-Cell Analysis Reveals Potential ILCP
Transcriptional Trajectories
To further understand the molecular basis for the functional het-

erogeneity of Id2RFP ILCPs, we performed single-cell transcrip-

tional analysis by multiplex qRT-PCR. We sorted single ILCPs

and CLPs from the BM of Id2RFP mice and assessed the expres-

sion of 44 genes encoding TFs and surface markers that are

associated with lymphoid-cell development (see Table S1). We

compared these profiles with those derived from BM-resi-

dent ILC2s.

Unsupervised hierarchical clustering analysis revealed that

Id2RFP ILCPs had a distinct gene-expression profile compared

to those of CLPs or ILC2s (Figure 4A). Four distinct clusters could

be identified: cluster 1 and cluster 2 were formed by ILC2s and

CLPs, respectively, whereas Id2RFP ILCPs segregated into

distinct clusters 3 and 4 (Figures 4A and 4B). Transcriptional sig-

natures for cluster 2 included the cell-surfacemarkersCD27, Il7r,

and Itga4, as well as Notch1, Rag2, Bcl11a, Runx1, and Ets1,

which characterize the molecular mechanisms driving CLP dif-

ferentiation into the T and B cell lineages (Figure 4B). ILC-line-

age-specific genes, including Id2, Gata3, Rorc, Tbx21, and

Eomes, were not expressed in cluster 2. In contrast, cluster 1

demonstrated the expected expression signature of ILC2s,

which included several TFs (Id2, Rora, Gata3, and Est1) and

cell surface receptors (Il2ra, Icos, and Il1rl1).

Concerning Id2RFP ILCPs, clusters 3 and 4 expressed the core

ILC TF signature, including Id2,Rora,Gata3, and Ets1, but, unlike

ILC2, also highly expressed Tcf7, Tcf12, and Tox. Id2RFP ILCPs in

clusters 3 and 4 expressed a diversity of cytokine receptors,

including Il18r1 and Il2b (Figure 4B), that are key drivers of NK-

cell development (Hoshino et al., 1999; Suzuki et al., 1997),
ed with CLPs or Id2RFP ILCPs. Data are from one experiment representative of

or 15 days with SCF and IL-7 alone or with IL-33 and/or IL-2 and IL-23. Please
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Figure 4. Zbtb16 Expression Defines Two Subsets of Id2+ ILCPs

(A) Single-cell multiplex qPCR ordered by hierarchical clustering of BM CLPs, Id2+ ILCPs, and ILC2s.

(B) Percentage of single cells expressing genes of interest within CLPs, Id2RFP ILCPs, and ILC2s.

(C) Fluorescence-activated cell sorting (FACS) analysis of TF expression on CLPs, Id2+ ILCPs, ILC2s, and splenic NK cells. Data are from one experiment

representative of two independent experiments.

(D) Generation of Id2RFPZbtb16GFPcre double-reporter mice.

(E) Flow cytometry gating strategy for BM Id2+Zbtb16+ ILCPs. Data are from one experiment representative of three independent experiments.

(legend continued on next page)
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although ILC1 and NK-cell transcription factors Tbx21 and

Eomes were mostly absent. Segregation of ILCPs in cluster 3

from those in cluster 4 was driven by the expression of Il1r1

and Rorc, whereas essentially all cells in cluster 3 expressed

Zbtb16 (encoding PLZF), previously reported to identify ILCPs

(Constantinides et al., 2014). Analysis of GATA3 and PLZF pro-

teins confirmed the differential expression of these TFs in

CLPs, Id2RFP ILCPs, and ILC2s (Figure 4C). Taken together,

the single-cell transcriptional analyses identified two closely

related subsets within Id2RFP ILCPs with markedly different ex-

pressions of transcription factor Zbtb16.

NK Lineage Potential Is Largely Retained in
Id2+Zbtb16+ ILCPs
Zbtb16-expressing cells represented about 75% of the total

ILCP population in our single-cell transcriptional analysis and,

as noted above, 90% of these cells expressed Il2rb and Il18r1

(Figure 4B). Although a previous study showed that PLZF+ BM

progenitors lacked NK potential (Constantinides et al., 2014),

our results suggested that ILCPs expressing both Id2 and

Zbtb16 might generate NK cells given the proper environmental

signals. To address this hypothesis, we intercrossed Id2RFP and

Zbtb16GFPcre strains to generate double-reporter mice (Fig-

ure 4D). Analysis of BM progenitors from Id2RFPZbtb16GFPcre

mice demonstrated that a fraction (ranging from 30% to 80%)

of Id2RFP ILCPs co-expressed Zbtb16-driven GFP (Figure 4E

and 4F). The Id2+Zbtb16– and Id2+Zbtb16+ subsets showed

comparable Id2 expression, whereas Id2+Zbtb16+ cells ex-

pressed higher amounts of a4b7, CD117, CD127, andCD90 (Fig-

ure 4G). Moreover, we confirmed preferential expression of the

inhibitory receptor PD-1 (Seillet et al., 2016; Yu et al., 2016) within

the Id2+Zbtb16+ ILCPs (Figure 4G).

We next compared the capacity of these Zbtb16-expressing

ILCP subsets to further differentiate in vivo. Id2+Zbtb16– and

Id2+Zbtb16+ ILCPs were purified from Id2RFPZbtb16GFPcre mice

and transferred into Rag2–/–Il2rg–/– hosts. Both populations

generated exclusively ILC and NK-cell progeny and lacked

potential for B, T, or myeloid cells. Similar to results previously

reported for Zbtb16+ ILCPs (Constantinides et al., 2014), Id2+

Zbtb16+ ILCPs gave rise to multiple ILC lineages (ILC1, ILC2,

and ILC3) in different tissues (Figure 5A). However, NK cells ex-

pressing inhibitory Ly49 receptors were clearly detected in the

spleen and Eomes+ or CD49b+NK cells were detected in the liver

(Figure 5B), although CD49a+ ILC1s dominated in the latter, as

expected (Constantinides et al., 2014). A similar pattern was

observed after transfer of Zbtb16– ILCPs (Figure 5A and 5B).

Taken together, these results confirm that BM Id2+Zbtb16+

ILCPs can give rise to ILC1s, ILC2s, and ILC3s in vivo (Constan-

tinides et al., 2014) but also demonstrate that Id2+Zbtb16+ ILCPs

retain NK-lineage potential.

We further characterized Id2RFPZbtb16GFPcre progenitors us-

ing clonal assays. Single Id2+Zbtb16+ ILCPs were purified and

cultured on OP9 or OP9-DL4 stromal cells, and the development
(F) GFP expression in CLPs, Id2RFP ILCPs, ILC2s, and splenic NK cells of Id2RFPZ

(n = 7) (bottom).

(G) Flow cytometry analysis of surfacemarker expression on CLPs and Id2+Zbtb1

independent experiments.
of different ILC subsets was determined by flow cytometry as

above. We found that Id2+Zbtb16+ ILCPs generated colonies

of single or mixed ILC lineages (Figure 5C), confirming previous

studies (Constantinides et al., 2014). To our surprise, many sin-

gle-cell cultures of Id2+Zbtb16+ ILCPs also harbored NK cells

(Figure 5C; Table S2). Nearly 80% of the wells derived from Id2+

Zbtb16+ ILCPs contained Eomes+ NK cells, which was compa-

rable to results using unfractionated ILCPs (85.2%) (Figure 3F;

Table S2). In contrast, the percentage of mixed-lineage colonies

derived from Id2+Zbtb16+ ILCPs was lower than that obtained

with total ILCPs (13.9% from Id2+Zbtb16+ ILCPs versus 37.1%

from Id2+ ILCPs), and the frequencies of colonies containing

ILC1s or ILC3s were also reduced, in agreement with a more

restricted lineage potential of Id2+Zbtb16+ ILCPs. Phenotypic

analysis of the NK cells generated from Id2+Zbtb16+ ILCPs

confirmed their cytotoxic potential (Figure 5D).

Id2, Zbtb16, and Bcl11b Transcripts Define Lineage
Restriction of ILC Progenitors
To better understand the relationship between Id2+Zbtb16– and

Id2+Zbtb16+ ILCP subsets, we performedmultiplex qRT-PCR for

gene-expression analysis of the two populations. Single CLPs,

Id2+Zbtb16– and Id2+Zbtb16+ ILCPs were purified from

Id2RFPZbtb16GFPcre BM and 44 lymphoid genes were examined

as described above. Using unsupervised hierarchical clustering,

we found that Id2+Zbtb16+ ILCPs and Id2+Zbtb16– cells were

closely related but could be distinguished (Figure 6A). As ex-

pected, the expression of Zbtb16 was restricted to Id2+Zbtb16+

ILCPs. The expression of several ILC-related genes, including

Id2, Tox, Tcf7, Gata3, and Rora, gradually increased from Id2+

Zbtb16– to Id2+Zbtb16+ ILCPs. These results implied a close

developmental relationship between the Id2+Zbtb16– and Id2+

Zbtb16+ ILCPs. Accordingly, short-term culture of Id2+Zbtb16–

ILCPs generated a discrete subset of Zbtb16+ cells (Figure 6B)

consistent with previous studies (Constantinides et al., 2014).

In addition to Zbtb16, we identified several genes that were

enriched in Id2+Zbtb16+ ILCPs, including Bcl11b, a TF essential

for ILC2 development (Califano et al., 2015; Yu et al., 2015);Arg1,

a urea cycle enzyme that marks ILC precursors in the fetal gut

and plays a key role in regulating ILC2 functions (Bando et al.,

2015; Monticelli et al., 2016); and Hes1, a downstream target

of Notch signaling (Ohtsuka et al., 1999). Conversely, we found

that Rorc, a pivotal transcription factor for the generation of

ILC3 lineages, as well as Il1r1 and Il2ra, receptor subunits

required for IL-1b and IL-2 signaling, respectively, were prefer-

entially expressed in Id2+Zbtb16– ILCPs.

The reduced frequency of Rorc and Il1r1 transcripts in the

Id2+Zbtb16+ ILCPs led us to speculate that these cells may

have lower ILC3-lineage potential than Id2+Zbtb16– ILCPs. To

test this possibility, we cultured Id2+Zbtb16– and Id2+Zbtb16+

ILCPs on OP9 or OP9-DL4 stromal cells and compared their dif-

ferentiation capacity in vitro. Indeed, few ILC3s were generated

from Id2+Zbtb16+ ILCPs, whereas RORgt+ ILC3s were detected
btb16GFPcre mice (top) and percentage of Zbtb16GFP expression in Id2+ ILCPs

6� and Id2+Zbtb16+ ILCPs. Data are from one experiment representative of two
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Figure 5. Id2+Zbtb16+ ILCPs Retain NK-Cell Potential

(A) Reconstitution of ILC compartments in mice adoptively transferred with Id2+Zbtb16– or Id2+Zbtb16+ ILCPs (n = 4; error bars represent standard error of

the mean).

(B) Spleen and liver FACS analysis for ILC1s in mice adoptively transferred with Id2+Zbtb16– or Id2+Zbtb16+ ILCPs. Data are from one experiment representative

of two independent experiments.

(legend continued on next page)
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in cultures derived from Id2+Zbtb16– ILCPs (Figure 6C) with little

effect of enforced Notch signaling. These RORgt+ ILC3s also ex-

pressed CCR6, a chemokine receptor expressed by LTi cells,

and were NKp46– (Figure 6C). Together, these data demon-

strated that Zbtb16 expression in ILC precursors is associated

with progressive loss of capacity to generate the ILC3 lineage,

especially CCR6+ ILC3s.

The transcription factor Bcl11b was proposed as a global

early ILCP marker that is further up-regulated in ILC2-restricted

precursors and required for ILC2 development (Califano et al.,

2015; Yu et al., 2015). Our single-cell multiplex gene-expres-

sion data revealed that Bcl11b is expressed in a subset of

Id2+ ILCPs and preferentially expressed in Id2+Zbtb16+ ILCPs.

To further explore the function of these different Id2+ ILCPs

subsets, we intercrossed Bcl11btdTomato (Li et al., 2010) and

Id2RFPZbtb16GFPcre mice to generate Id2RFPZbtb16GFPcre

Bcl11btdTomato triple-reporter mice. Analysis of the BM progen-

itor cells from these mice showed that Zbtb16 and Bcl11b

expression divided Id2RFP ILCPs into four discrete subsets:

Zbtb16–Bcl11b–, Zbtb16+Bcl11b–, Zbtb16+Bcl11b+, and

Zbtb16–Bcl11b+ ILCPs (Figure 7A).

We next compared the expression of several cell-surface

markers of BM progenitors or ILC2s among these four subsets.

Although all comparably expressed CD27, CD117, and CD90

(Figure 7B), PD-1 was strictly expressed by Zbtb16+ ILCPs

regardless of Bcl11b expression, and none of the subsets ex-

pressed CD25, which characterizes late-stage ILC2 differentia-

tion. A fraction of Zbtb16–Bcl11b– ILCPs expressed RORgt and

lower amounts of CD27 compared to other subsets (Figure 7C),

in accordance with the transcriptional profile of Id2+Zbtb16–

ILCPs (Figure 6A). To compare the developmental potential

of these four Id2RFP ILCPs subsets, we bulk cultured

purified Zbtb16–Bcl11b–, Zbtb16+Bcl11b–, Zbtb16+Bcl11b+,

and Zbtb16–Bcl11b+ ILCPs on OP9-DL4 stromal cells with cyto-

kines and characterized their progeny. Bcl11b-expressing

ILCPs, regardless of Zbtb16 expression, grew poorly in IL-7

and stem cell factor (SCF) (Figure S3D). When IL-33 was added

to the cultures, robust ILC2 growth was observed (Figures 7D

and 7E), indicating that these cells were highly enriched in ILC2

precursors, consistent with previous reports (Califano et al.,

2015; Yu et al., 2015). In contrast, Zbtb16+Bcl11b– ILCPs could

generate NK cells, ILC1s, and ILC2s but only few ILC3s. Only

Zbtb16–Bcl11b– ILCPs could give rise to all three ILC lineages

(ILC1, ILC2, and ILC3) as well as NK cells (Figures 7D and 7E).

Clonal analyses confirmed these findings (Figure 7F). Thus,

Zbtb16–Bcl11b– ILCPs harbor the earliest BM Id2RFP ILCPs

that can generate all ILC and NK-cell lineages.

DISCUSSION

Using a highly sensitive Id2RFP-reporter mouse model, we have

characterized heterogeneous progenitor populations in adult

BM that include ILCPs and NK-cell-restricted precursors
(C) In vitro differentiation of Id2+Zbtb16+ ILCPs onOP9 or OP9-DL4 cells. Cells we

(D) Analysis of perforin and granzyme B expression in NK cells derived from bulk c

with SCF and IL-7 and supplemented for 1 daywith IL-12 and IL-15. Data are from

technical triplicates.
(NKPs). These Id2RFP ILCPs are comprised of both multi-potent

(giving rise to multiple ILC lineages, including conventional

NK cells) and uni-potent precursors, with potential for a single

ILC group or for conventional NK cells. By multiplexing our

Id2RFP reporter with existing TF reporters (Zbtb16GFPcre and

Bcl11btdTomato), we could simultaneously assess the impact of

three key transcription factors (Id2, Zbtb16, and Bcl11b) to ILC

development and uncover the substantial phenotypic and func-

tional heterogeneity of Id2RFP ILCPs. Through single-cell qPCR

analysis and in vitro clonal assays, we could redefine the earliest

common ILCPs downstream of the common lymphoid progeni-

tor and clarify the contribution of several TFs at the different

stages of ILC development. Based on these results, we propose

a revised scheme of murine BM ILC and NK-cell differentiation

that markedly contrasts with the current helper versus killer

model (Figure S4).

The Id2RFP reporter used in this study provided a key tool to

dissect ILCP diversity due to robust and distinct fluorescence

properties. Compared with the previously described Id2GFP

mice used to identify CHILPs (Klose et al. 2014), our Id2RFP re-

porter has brighter fluorescence, which allowed for the identifi-

cation of a larger fraction of Id2-expressing cells in the BM.

Because RFP can be spectrally separated from GFP, YFP, and

tdTomato fluorochromes using standard flow cytometers, we

could take advantage of multiplexed fluorescent reporters to

isolate distinct ILCP subpopulations that differentially expressed

three key transcription factors required for ILC development.

This allowed us to perform an in-depth phenotypic, transcrip-

tomic, and functional analysis of Id2RFP ILCP subsets both in vivo

and in vitro. Importantly, we used standardized and widely

accepted criteria for identifying mature ILC subsets derived

from these different ILCPs. This was a critical issue because pre-

vious reports have not always used the same defining markers

for NK cells and ILC progeny of ILCPs (Constantinides et al.,

2014; Klose et al., 2014), leading to some question about the

precursor-product relationship of ILCPs with mature ILC and

NK cells.

Based on studies using Id2GFP mice, Klose et al. (2014) identi-

fied an ILCP population (CHILPs) that could give rise in vitro and

in vivo to several ILC subsets (Eomes– ILC1, ILC2, and ILC3) but

not to conventional Eomes+ NK cells. The authors proposed a

killer versus helper model of ILC and NK-cell development

from CLPs in which NK cells emerge prior to the Id2+ CHILP

stage, although other ILC subsets are CHILP derived. The

authors also suggested that early NK-cell development was

relatively Id2 independent because only low amounts of GFP

were detected in NKPs from Id2GFP mice (Klose et al., 2014).

In contrast, we have provided evidence for Id2-expressing

lymphoid progenitors in Id2RFP mice with potential for all ILC lin-

eages, including NK cells. These differences may be explained

by the better discrimination of these rare cells in Id2RFP mice, al-

lowing for isolation of multi-potent ILCPs and NKPs. Single-cell

assays demonstrate that ILCPs can generate both conventional
re cultured during 15 days with SCF and IL-7 or with IL-33 and/or IL-2 and IL-23.

ulture of 200 Id2+Zbtb16+ ILCPs. Cells were cultured during 7 days on OP9 cells

one experiment representative of two independent experiments, each including
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Figure 6. Id2+Zbtb16+ ILCPs Derive from Id2+Zbtb16– Cells with Loss of ILC3 Potential

(A) Single-cell multiplex qPCR ordered by hierarchical clustering of BM CLPs and Id2+Zbtb16– and Id2+Zbtb16+ ILCPs.

(B) RFP and GFP expression on Id2+Zbtb16– ILCPs cultured for 48 h on OP9 cells with SCF and IL-7. Data are from one experiment representative of three

independent experiments.

(C) Flow cytometry analysis for ILC3s after culture of Id2+Zbtb16– ILCPs and Id2+Zbtb16+ ILCPs or 7 days on OP9 or OP9-DL4 cells with SCF and IL-7. Data are

from one experiment representative of two independent experiments, each including technical duplicates.

(D) Percentage of ILC3s among CD45+ cells after 7 days’ culture of Id2+Zbtb16– and Id2+Zbtb16+ ILCPs on OP9 or OP9-DL4 cells with SCF and IL-7. n = 3 or 4;

error bars represent standard error of the mean; *p < 0.1, **p < 0.05, Mann-Whitney U test.
Eomes+ NK cells and different ILC subsets, providing evidence

for a common ILC and NK-cell progenitor that expresses Id2.

Our results argue against the notion of separate ‘‘branches’’ of
1064 Immunity 50, 1054–1068, April 16, 2019
killer-NK-cell and helper-ILC development that are Id2 indepen-

dent and Id2 dependent, respectively. Rather, we envisage a

model of Id2-mediated suppression of adaptive B and T cell



Figure 7. Bcl11b Marks Emergence of an ILC2-Restricted Precursor

(A) Flow cytometry characterization of Lin–CD127+CD25–ICOS–CD117+CD135–a4b7
+ cells from Id2RFPZbtb16GFPcreBcl11btdTomato mice.

(B) Flow cytometry analysis of surface marker and transcription factor expression on Id2RFP ILCPs according to their expression of Zbtb16 and Bcl11b.

(legend continued on next page)
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development from CLPs that is associated with emergence of

CILCPs and NK-cell precursors (Figure S4). This revised model

places committed NK-cell progenitors (Fathman et al. 2011;

Rosmaraki et al., 2001) downstream of CILCPs.

Previous studies using Zbtb16GFPCre reporter mice identify a

PLZF+ ILCP (Constantinides et al., 2014) that shows a pheno-

typic and functional overlap with Id2+ CHILPs (Klose et al.,

2014). Zbtb16+ ILCPs could give rise to ILC1s, ILC2s, and

NKp46+ ILC3s but not to conventional NK cells or CD4+ LTi-

like ILC3s. A model has been proposed whereby PLZF expres-

sion in ILCPs was associated with reduced generation of NK

cells and CCR6+ CD4+ ILC3s. It was therefore of great interest

to better understand the complexity of these different ILCP pop-

ulations through analysis of Id2RFPZbtb16CreGFP double-reporter

mice. As expected (Constantinides et al., 2014), we found that

Id2+Zbtb16+ ILCPs could robustly generate ILC1 and ILC2 sub-

sets and showed strongly reduced potential for CCR6+ ILC3s

(LTi-like ILC3s). Moreover, we found that Id2+Zbtb16+ ILCPs

gave rise to conventional NK cells both in vitro and in vivo,

suggesting that these precursors retained substantial NK-cell-

lineage potential. Generation of Eomes+ NK-cell-containing

clones was obtained from Id2+Zbtb16+ ILCPs, and these cells

harbored Eomes-dependent cytotoxic molecules (perforin and

granzyme B) after growth in vitro. Importantly, NK cells derived

from Id2+Zbtb16+ ILCPs in vivo expressed markers of mature

conventional NK cells (Ly49 receptors, CD49b) that were not ex-

pressed by ILC1s. These results indicate that PLZF expression in

ILCPs is compatible with conventional NK-cell development, in

contrast with the current models (Diefenbach et al., 2014; Con-

stantinides et al., 2014). It is possible that NK-cell progeny

from Zbtb16+ ILCPs were not detected because Eomes staining

was not performed in the previous study (Constantinides et al.,

2014). The molecular mechanisms that promote NK-cell devel-

opment from ILCPs remain unclear, although it is interesting to

speculate that this process might be controlled in an analogous

fashion to that which operates during intrathymic CD8-lineage

determination (via cytokine-driven survival and expansion)

(Cherrier et al., 2018).

By multiplexing Id2, Zbtb16, and Bcl11b reporters, we could

confirm previous reports that identified early Bcl11b expres-

sion and ILC2 differentiation (Califano et al., 2015; Yu et al.,

2015). The precise stage at which up-regulation of Bcl11b

occurs to commit ILCPs to the ILC2 fate was not known.

By studying Id2RFPZbtb16GFPcreBcl11btdTomato triple-reporter

mice, we could demonstrate complexity in the ILCP compart-

ment that raised additional questions concerning the progres-

sive stages of ILC differentiation. We found that Bcl11b

expression was enriched for ILC2 fate in Id2+ ILCPs but

that this process appeared independent of Zbtb16 expression.

A sequential model of ILC2 differentiation (Zbtb16+Bcl11b– /

Zbtb16+Bcl11b+ / Zbtb16–Bcl11b+) would accommodate the
(C) Flow cytometry analysis of RORgt and CD27 expression on Id2RFP ILCPs acco

representative of two independent experiments.

(D) Flow cytometry analysis for mature ILCs after bulk culture of Id2+Zbtb16–Bcl1

for 7 days on OP9 cells with SCF, IL-7, and IL-33. Data are from one experiment

(E) Percentage of mature ILC subsets among CD45+ cells for (D).

(F) In vitro differentiation of single Id2+Zbtb16–Bcl11b–, Id2+Zbtb16+Bcl11b–, Id

cultured during 15 days with SCF, IL-7, and IL-33. Please also see Figure S3.
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data and be consistent with previous fate-mapping studies

(Constantinides et al., 2014), although Zbtb16-independent

pathways may also exist. Further studies will be required to

understand the inter-relationships between PLZF- and

BCL11B-dependent ILC differentiation.

Analysis of Id2RFPZbtb16GFPcreBcl11btdTomato mice also

demonstrated that in ILC3s, especially CCR6+ ILC3s (LTi-like

cells), differentiation was highly enriched in Id2+Zbtb16–Bcl11b–

ILCPs. In contrast, expression of either Zbtb16 or Bcl11b was

associated with loss of ILC3 potential. As such, our results sug-

gest that ILC3 emergence from Id2+ ILCPs may represent one of

the earliest branch points in ILC development, which separates

ILC3 (via up-regulation of Rorc) from ILC1, ILC2, or NK-cell (via

up-regulation of Zbtb16) pathways, which was also observed

during fetal ILC differentiation (Ishizuka et al., 2016). Under-

standing the signals that instruct expression of these critical

TFs should shed light on how these unique innate effector cells

are generated and may lead to approaches that can promote

their development in diverse disease settings.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD3 BioLegend Cat# 100241; RRID: AB_2563945

Anti-mouse CD19 BD Biosciences Cat# 563333; RRID: AB_2738141

Anti-mouse NKp46 eBiosciences Cat# 12-3351-82; RRID: AB_1210743

Anti-mouse NK1.1 BioLegend Cat# 108724; RRID: AB_830871

Anti-mouse CD49a BD Biosciences Cat# 562115; RRID: AB_11153117

Anti-mouse CD49b BioLegend Cat# 108912; RRID: AB_492880

Anti-mouse CD4 BD Biosciences Cat# 553047; RRID: AB_394583

Anti-mouse ICOS BioLegend Cat# 313524; RRID: AB_2562545

Anti-mouse T1/ST2 BD Biosciences Cat# 566312; RRID: AB_2744490

Anti-mouse CD90 BD Biosciences Cat# 564365; RRID: AB_2734760

Anti-mouse CD127 eBiosciences Cat# 25-1271-82; RRID: AB_469649

Anti-mouse CD25 eBiosciences Cat# 12-0251-82; RRID: AB_465607

Anti-mouse CD27 BD Biosciences Cat# 561245; RRID: AB_10611853

Anti-mouse CD244 BD Biosciences Cat# 553306; RRID: AB_394770

Anti-mouse CD117 BD Biosciences Cat# 563160; RRID: AB_2722510

Anti-mouse Sca1 eBiosciences Cat# 56-5981-82; RRID: AB_657836

Anti-mouse CD135 eBiosciences Cat# 46-1351-82; RRID: AB_10733393

Anti-mouse CD122 eBiosciences Cat# 48-1222-82; RRID: AB_2016697

Anti-mouse ɑ4b7 eBiosciences Cat# 17-5887-80; RRID: AB_1210578

Anti-mouse KLRG1 eBiosciences Cat# 17-5893-82; RRID: AB_469469

Anti-mouse Ly49G2 eBiosciences Cat# 46-5781-82; RRID: AB_1834437

Anti-human/mouse GATA3 eBiosciences Cat# 46-9966-42; RRID: AB_10804487

Anti-mouse PLZF BD Biosciences Cat# 563490; RRID: AB_2738238

Anti-mouse PD1 BioLegend Cat# 135223; RRID: AB_2563522

Anti-mouse Perforin eBiosciences Cat# 12-9392-82; RRID: AB_466243

Anti-human/mouse Granzyme BioLegend Cat# 515408; RRID: AB_2562196

Anti-mouse RORgt BD Biosciences Cat# 562684; RRID: AB_2651150

Anti-mouse CCR6 BioLegend Cat# 129819; RRID: AB_2562513

Anti-mouse EOMES eBiosciences Cat# 50-4875-82; RRID: AB_2574227

Anti-mouse TBET eBiosciences Cat# 25-5825-82; RRID: AB_11042699

Anti-mouse IFNg BD Biosciences Cat# 557724; RRID: AB_396832

Anti-mouse IL-5 eBiosciences Cat# 12-7052-82; RRID: AB_763587

Anti-mouse IL-22 eBiosciences Cat# 12-7221-82; RRID: AB_10597428

FcR Blocking Reagent, mouse Miltenyi Biotec Cat# 130-092-575

Chemicals, Peptides, and Recombinant Proteins

Streptavidin BD Biosciences Cat# 554063

Fixable viability dye eBiosciences Cat# 65-0866-18

Anti-Biotin MicroBeads UltraPure Miltenyi Biotec Cat# 130-105-637

Percoll GE Healthcare Cat# 17-0891-01

Liberase TL Research Grade Roche Cat# 05401020001

DNAse I Roche Cat# 10104159001

Penicillin-Streptomycin (5,000 U/mL) Thermo Fischer Cat# 15070-063

2-Mercaptoethanol Thermo Fischer Cat# 31350-010

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Opti-MEM Reduced Serum Medium,

GlutaMAX Supplement

Thermo Fischer Cat# 51985034

Mouse IL-7, research grade Miltenyi Biotec Cat# 130-094-066

Mouse IL-33, research grade Miltenyi Biotec Cat# 130-112-961

Mouse SCF, premium grade Miltenyi Biotec Cat# 130-101-693

Mouse IL-23, research grade Miltenyi Biotec Cat# 130-096-676

Mouse IL-2, research grade Miltenyi Biotec Cat# 130-094-055

Experimental Models: Cell Lines

Mouse: OP9 Institut Pasteur Cat# CRL-2749

Mouse: OP9-DL4 Institut Pasteur N/A

Experimental Models: Organisms/Strains

Mouse: Zbtb16GFPcre U. Chicago Constantinides et al., 2014

Mouse: Bcl11btdTomato Sanger Institute Li et al., 2010

Mouse: Rag2�/� Il2rg�/� Institut Pasteur Colucci et al., 1999

Mouse: Id2RFP Institut Pasteur N/A

Mouse: C57BL6/J Institut Pasteur N/A

Mouse: Id2GFP Charité Berlin Rawlins et al., 2009

Oligonucleotides

Taqman gene primers for Biomark analysis This paper See Table S1

Software and Algorithms

Flow Jo_v10 FlowJo https://www.flowjo.com/

Prism 7 Prism-Graphpad https://www.graphpad.com
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, James

Di Santo (james.di-santo@pasteur.fr).

METHOD DETAILS

Mice
Mice were bred in dedicated facilities of the Institut Pasteur. Id2RFP mice were generated by genOway (Lyon, FR) by insertion of an

IRES-mRFP cassette downstream of the STOP codon in 30 UTR region of Id2 exon 2 using homologous recombination in C57BL/6

ESCs. Correctly targeted ESCsweremicroinjected into Balb/c blastocysts to generate chimeric mice and germline transmission was

verified after breeding with C57BL/6 females. Zbtb16GFPcre (Constantinides et al., 2014), Bcl11btdTomato (Li et al., 2010), Id2GFP (Raw-

lins et al., 2009) and Rag2�/�Il2rg�/� mice (Colucci et al., 1999) were on the C57BL/6 background. Procedures involving mice were

previously approved by local Animal Ethics Committees and registered with the French authorities.

Cell Isolation
Lymphocyte preparations from spleen and LNs were prepared using 70 mm strainers. BM cells were collected by either flushing or

crushing bones. Lungs were minced and incubated 30 min at 37oC with agitation in HBSS with 5mM EDTA, 10mM HEPES and 5%

FBS followed by 1 hr digestion with collagenase D (5 mg/ml; Roche) and DNase I (0.1 mg/ml; Roche) in RPMI, 5% FBS with 10 mM

HEPES. Sequentially cells were purified by centrifugation 30 min at 2400 rpm in 40/80 Percoll (Sigma) gradient. Small intestines were

cut, washed with PBS 13 5 mM EDTA 15 min at 37oC with agitation. IELs were removed using a 100 mm cell strainer, the remaining

pieces were digested 30 min at 37oC with agitation in RPMI with 10 mM HEPES and 5% FBS, collagenase D (5mg/ml; Roche) and

DNase I (0.1 mg/ml; Roche). Sequentially cells were purified by centrifugation 30 min at 2400 rpm in 40/80 Percoll gradient. Livers

were smashed and cells were purified by centrifugation 30 min at 2400 rpm in 35% Percoll.

Flow Cytometric Analysis
Cells were stained for surface markers for 30 min at 4�C, except for CCR6 (37�C for 15 min then at 4�C for 15 min). Transcription

factors were analyzed after cell fixation in either 4% PFA in PBS (20 min at 4�C) or using a commercial fixative according to manu-

facturer’s instructions (eBioscience). Antibodies used in this study are listed in the Key Resources Table. Labeled cells were analyzed

using a Fortessa flow cytometer (BD Biosciences) or sorted using a FACSAria III. The data were analyzed with FlowJo software.
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Cell Culture
Cells were cultured using flat-bottom 96-well plates previously coated with 1000 OP9 or OP9-DL4 stromal cells in 10% FCS, 50 U

penicillin (Invitrogen), 50 mg/mL streptomycin (Invitrogen), 50 mM b-mercaptoethanol (Invitrogen). Stem Cell Factor (20 ng/mL), IL-7

(20 ng/mL), IL-33 (10 ng/mL), IL-23 (10 ng/mL), IL-2 (10 ng/mL), IL-15 (10 ng/mL) or IL-12 (10 ng/mL) were added in the mediumwhen

specified. Half of the medium was removed and replaced by fresh medium every 3 days. Visible clones were analyzed by flow cy-

tometry after 10-14 days.

In Vivo Adoptive Transfer
After dissection of femur, tibia, and pelvis, the bones were crushed, and cell suspensions were filtered through 100uM sieves

before red cell depletion. Lin+ cells were depleted using biotin-coupled antibodies and anti-Biotin MicroBeads (Miltenyi Biotec), in

accordance with the manufacturer’s indications. Lineage cocktail included TCRb, TCRgd, CD3ε, CD8, CD19, B220, NK1.1,

CD11b, CD11c, Gr-1, CD115 and Ter119 (for clone details, see Table S3). Sorted lymphoid progenitors (CLP, ILCP subsets) were

retro-orbitally injected into sub-lethally irradiated 5-week-oldRag2–/–Il2rg–/– mice. 800 ILCPs (unfractionated Id2+, Id2+Zbtb16+, Id2+-

Zbtb16–) or 2000 CLP were injected into each recipient. After 5 weeks, recipient mice were sacrificed and organs were collected for

analysis.

Biomarker Analysis and qRT-PCR
For Biomark analysis, cells were sorted in 96-well qPCR plates in 10 ml of the Cells Direct One-Step qRT-PCR Kit (Thermo Fisher

Scientific), containing a mix of diluted primers (0.053 final concentration; see Table S1). Pre-amplified cDNA was obtained after

reverse transcription and pre-amplification, and was diluted 1:5 in TE Buffer, pH 8 (Ambion). Sample mix was prepared as follows:

diluted cDNA (2.9 ml), Sample Loading Reagent (0.29 ml, Fluidigm), TaqMan Universal PCR Master Mix (3.3 ml, Applied Biosystems).

Assay mix was as follows: Assay Loading Reagent (2.5 ml, Fluidigm), TaqMan (2.5 ml, Applied Biosystems). A 48.48 dynamic array

integrated fluidic circuit (IFC; Fluidigm) was primedwith control line fluid, and the chip was loadedwith assays (TaqMan) and samples

using an HX IFC controller (Fluidigm). The experiments were run on a Biomark HD (Fluidigm) for amplification and detection (20 at
50�C, 100 at 95�C, 40 cycles: 150 0 at 95�C, 600 0 at 60�C). Heatmaps of two-dimensional hierarchical clustering analysis were performed

by Qlucore Omics Explorer software. For qRT-PCR, cells were sorted in RLT Buffer (QIAGEN), RNA was obtained with the RNeasy

Micro Kit (QIAGEN), and cDNAwas obtained using SuperScript III Reverse Transcriptase (Invitrogen). A 7300 Real-Time PCR System

(Applied Biosystems) and Solaris primers (GE Dharmacon) were used.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistic tests were performed using Prism software. Variance equality was tested using an F-test. Samples were there analyzed us-

ing Student’s t tests or Mann-Whitney U tests (for samples that did not follow a normal distribution) as indicated.
Immunity 50, 1054–1068.e1–e3, April 16, 2019 e3


	An Id2RFP-Reporter Mouse Redefines Innate Lymphoid Cell Precursor Potentials
	Introduction
	Results
	An Id2RFP-Reporter Strain Identifies BM NK and ILC Progenitors
	Id2+ ILCPs Harbor Common Progenitors to All ILC Lineages, Including NK Cells
	Single-Cell Analysis Reveals Potential ILCP Transcriptional Trajectories
	NK Lineage Potential Is Largely Retained in Id2+Zbtb16+ ILCPs
	Id2, Zbtb16, and Bcl11b Transcripts Define Lineage Restriction of ILC Progenitors

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Method Details
	Mice
	Cell Isolation
	Flow Cytometric Analysis
	Cell Culture
	In Vivo Adoptive Transfer
	Biomarker Analysis and qRT-PCR

	Quantification and Statistical Analysis



