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Multi-transcription factor reporter mice delineate
early precursors to the ILC and LTi lineages

Darshan N. Kasal’2@® and Albert Bendelacl?®

Transcription factor (TF) reporter mice have proved integral to the characterization of murine innate lymphoid cell (ILC)
development and function. Here, we implemented a CRISPR/Cas9-generated combinatorial reporter approach for the
simultaneous resolution of several key TFs throughout ILC development in both the fetal liver and adult bone marrow. We
demonstrate that the Tcf7-expressing early innate lymphoid precursor (EILP) and the common helper ILC precursor (CHILP)
both contain a heterogeneous mixture of specified ILC and lymphoid tissue inducer (LTi) precursors with restricted lineage
potential rather than a shared precursor. Moreover, the earliest specified precursor to the LTi lineage was identified
upstream of these populations, before Tcf7 expression. These findings match dynamic changes in chromatin accessibility
associated with the expression of key TFs (i.e., GATA3 and RORy(t)), highlighting the distinct origins of ILC and LTi lineages at
the epigenetic and functional levels, and provide a revised map for ILC development.

Introduction

Innate lymphoid cells (ILCs) are a diverse lineage classically
divided into ILCI, ILC2, ILC3, lymphoid tissue inducer (LTi) cells,
and natural killer (NK) cells based on developmental origin,
phenotype, and function (Zook and Kee, 2016). Studies identi-
fying restricted precursors provide a basis for the delineation of
ILCs into distinct developmental origins, and transcription fac-
tor (TF) reporter mice have served as critical tools for these
studies (Ishizuka et al., 2016a). LTi precursors (LTiPs) were
identified in the fetal liver (FL) of RORYtEGF? mice (Eberl et al.,
2004; Possot et al., 2011; Sawa et al., 2010). The ILC precursor
(ILCP), which generated ILC1/2/3 but not LTi or NK cells, was
characterized in Zbtbl6ESFPCre mice (Constantinides et al., 2014).
Concurrently, the common helper ILC precursor (CHILP) was
described in ID2ECF? mice and generated ILC1/2/3 and LTi but
not NK cells (Klose et al., 2014). Early work found that a shared
precursor to all ILCs resides downstream of the common lym-
phoid precursor (CLP) within the a4B7* lymphoid precursor
(aLP; Possot et al., 2011; Seillet et al., 2016; Yoshida et al., 2001;
Yu et al., 2014). More recently, however, studies using Tcf75¢F?
mice defined an early innate lymphoid precursor (EILP) that
resides downstream of the aLP as the common precursor to all
ILCs (Fig. S1 A; Harly et al,, 2018; Yang et al., 2015).

Several models have been proposed for ILC development
based on precursor fates; nevertheless, outstanding questions
remain regarding precursor ontogeny, heterogeneity, and hier-
archy. First, neither the CHILP nor the EILP were characterized

in the FL, the dominant source of LTi during ontogeny, and
furthermore, LTi were not distinguished from ILC3 in clonal
cultures (Harly et al., 2018; Klose et al., 2014; Yang et al., 2015).
Second, both the CHILP and EILP are heterogeneous and contain
a Zbtbl6* subpopulation (Harly et al., 2018; Harly et al., 2019;
Klose et al., 2014). Thus, whether these populations contain a
shared precursor to the ILC and LTi lineages (ILC-LTi) or are an
amalgamation of distinct precursors remains unresolved. Fi-
nally, though studies on ILC progenitor fates have prompted
their hierarchical placement, a contemporaneous comparison of
precursor potential has not been conducted.

Recent reports have applied polychromatic reporter mice to
examine bone marrow (BM) ILC progenitors (Harly et al., 2019;
Walker et al., 2019; Xu et al., 2019). To better address the
aforementioned questions, we implemented a multi-TF reporter
strategy to evaluate ILC progenitors in the FL and BM. We es-
tablished a method for site-specific integration using CRISPR/
Cas9-mediated transgenesis that enables the rapid generation
of compatible TF reporter mouse lines expressing distinct re-
porters (Cong et al., 2013). These novel reporters were combined
with preexisting reporters to interrogate ILC developmental
stages. Our studies revealed that both the EILP and CHILP were
heterogeneous mixtures of ILC and LTi lineage progenitors with
restricted lineage potential. Furthermore, we identified a new
early LTi-specified precursor upstream of the EILP, before Tcf7
expression. Chromatin accessibility in FL precursors supports
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the proposed cellular identity for each new ILC and LTi lineage
precursor, and TF motif enrichment across developmental tra-
jectories implicates GATA3 and RORy(t) as major TFs in estab-
lishing ILC and LTi lineage identity, respectively. Together,
these findings warrant a revised map of ILC and LTi lineage
developmental progression and highlight the value of using a
combinatorial TF reporter system for resolving complex devel-
opmental processes.

Results

Generation of novel TF reporter lines

Enhanced characterization of ILC development necessitates the
combined use of reporter lines for the simultaneous resolu-
tion of key TFs. However, because many previously generated
strains used enhanced GFP (EGFP) to report on TF expres-
sion, these lines could not be combined for multi-TF analysis
(Constantinides et al., 2014; Eberl et al., 2004; Klose et al., 2014;
Yang et al., 2015). To overcome this limitation, we employed
CRISPR/Cas9-mediated transgenesis for the rapid generation of
new designer transgenic lines with distinct reporters (Fig. 1;
Cong et al., 2013). TCF1 (Tcf7), RORy(t) (RORy and RORyt iso-
forms, Rorc), and GATA3 (Gata3) were of particular interest for
addressing ILC development; therefore, we generated three
novel reporter lines: Tcf7™Cherry, Rorc™511, and Gata3Citine, An
internal ribosome entry site (IRES)-reporter sequence was in-
serted into the 3’ UTR of each gene; as such, reporter expression
closely reflects mRNA expression (Fig. 1 A; Mohrs et al., 2005).
To confirm the fidelity of each novel TF reporter, we compared
the pattern of reporter expression to previously characterized
EGFP reporter lines, intracellular TF staining, and/or known
population expression. Tc¢f7-mCherry expression in lineage-
negative (Lin~) a4B7* populations in the BM was identical to
Tcf7-EGFP expression in Tcf/ECFP/mCherry mice (Fig. 1 B; Yang
et al,, 2015). To circumvent known issues related to hypomor-
phic expression of RORyt in knock-in knock-out reporters,
we elected to report on both RORy(t) isoforms using a novel
Rorc™v1 reporter (Eberl et al., 2004; Walker et al., 2019; Zhong
et al., 2016). Thymocytes from Rorc™/+ mice displayed dy-
namic reporter expression consistent with RORytESFP/* mice
(Fig. 1 C; Eberl et al., 2004). Intracellular staining for RORY(t) in
the small intestine (SI) lamina propria demonstrated that Rorc-
Thyl.1 expression coincides with protein expression in mature
group 3 ILCs (Fig. 1 D), while FL Rorc-Thyl.1 expression precedes
protein expression, likely reflecting the difference in mRNA and
protein expression kinetics (Fig. 1 E; Mohrs et al., 2005). Nota-
bly, the Rorc-Thyl.1 reporter captures rare thymic NKT17 cells
(Fig. S2 A). Lastly, Citrine expression in Gata3©i*i"e/* reporter
mice brightly marked BM immature ILC2 (Fig. 1 F; Hoyler et al.,
2012). To establish parity with wild-type mice, we evaluated
major hematopoietic cell populations in C57BL/6 and Zbtb16ECFPCre/+
Tcf7mCherry/+RorcThyll/+Gata3Citrine/+ mice. No significant differences
were observed in cell number apart from the expected re-
duction in thymic NKT cells, resulting from a hypomorphic
Zbtbi6 allele, and marginally elevated numbers of liver B cells
in compound heterozygotes (Fig. S2, B-G; Park et al., 2019).
Overall, the novel Tcf7™Cherty, Rorc™11, and Gata3Citne reporters
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reflect TF expression patterns without altering lymphocyte
development.

To catalog reporter expression across tissues, we isolated
mature ILCs and reference populations from the novel Tcf7mCherry
and Gata3®i™ine reporters and the previously generated ID2EYFP
reporter. The ID2EYFP reporter is a knock-in knock-out express-
ing enhanced YFP (EYFP), akin to the ID2EG*P reporter used to
characterize the CHILP, aLP, and ILC2 precursor (ILC2P; Hoyler
et al., 2012; Klose et al., 2014; Rawlins et al., 2009; Seillet et al.,
2016; Xu et al,, 2019; Yang et al., 2011). Unsurprisingly, peripheral
T cells expressed substantial levels of Tcf7-mCherry, though some
population-level heterogeneity was observed (Fig. S2 H). Con-
versely, most mature ILCs, apart from SI LTi, expressed low or
negligible levels of Tcf7-mCherry. ID2-EYFP was uniformly ex-
pressed across mature ILC populations (Fig. S2 I). However, NK
cells displayed markedly lower levels of ID2-EYFP compared with
the ILC1/2/3 and LTi. This observation is consistent with the
ID2ECFP reporter and the novel ID2T285P reporter but contrasts
with the recently described Id2R? reporter, where Id2-RFP ex-
pression is equivalent in all ILCs (Hoyler et al., 2012; Walker
et al.,, 2019; Xu et al., 2019). Lastly, Gata3-Citrine expression
was predictably high in lung and SI ILC2, while T cells and all
other ILCs expressed low to intermediate levels (Fig. S2 J; Hoyler
et al., 2012; Zhong et al., 2016). Expectedly, B cells were devoid of
reporter expression in Tcf7™Cherry, ID2EYFP and Gata3Citrine mice.

FL EILPs are transcriptionally heterogeneous

The EILP is the critical stage in which TCF1 expression promotes
ILC lineage fate decisions, and was initially overlooked given its
unexpected placement at a stage of transient IL-7Ra down-
regulation, a marker commonly used to identify mature and
developing ILCs (Harly et al., 2018; Harly et al., 2019; Yang et al.,
2015). To date, the EILP has only been characterized in the BM,
and the existence of an equivalent precursor in the FL has not
been reported. Although the BM EILP is considered multipotent
for all ILC lineages (Fig. S1 A), its ability to generate LTi at a
clonal level remains unresolved, as LTi arise almost exclusively
during the fetal period (Constantinides et al., 2014; Eberl et al.,
2004; Possot et al., 2011; Sawa et al., 2010; Yang et al., 2015). To
this end, we performed intracellular staining for TCF1, PLZF
(zbtbi6), and RORy(t) within embryonic day 15 (E15) FL ILC
progenitors and divided Lin-a4f7*TCF1* cells into non-EILP
(IL-7Ra*) and EILP (IL-7Ra"CD90.2") populations, conforming
to the gating strategy used to identify the BM EILP (Fig. 2 A;
Yang et al., 2015). This result supports the existence of an EILP
within the FL. The non-EILP comprises the previously defined
ILCP and LTiP (Fig. 2 A, lower right panel). A fraction of
PLZF-RORy(t)~ non-EILP expresses low levels of IL-7Ra and is
negative for CD90.2, which may reflect TCF1 expression before
IL-7Ra down-regulation. Surprisingly, we observed substantial
heterogeneity among the EILP. The EILP displayed a remarkably
similar pattern of PLZF and RORY(t) expression compared with
non-EILP cells, mirroring the ILCP and LTiP, respectively (Fig. 2
A, lower left panel). A subset of BM EILP expresses PLZF;
however, RORy(t) expression has not been reported in this
population, ostensibly due to the paucity of RORy(t)* BM cells
(Constantinides et al., 2014; Klose et al., 2014; Walker et al., 2019;
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Figure 1. Generation of the novel TF reporter mice. (A) Design of CRISPR/Cas9 knock-in strategy. (B-F) Representative flow plots of ILC progenitors from a
Tcf7ECFP x Tef7mCheny adult BM (B), thymocytes from a Rorc™1 adult thymus (C), mature ILCs from a Rorc™1 S| lamina propria with Rorc-Thy1.1* cells overlaid in dark
gray and total ILCs in light gray (D), ILC progenitors from a Rorc™ x RORytE6FP E15 FL with RORy(t) intracellular staining (E), and ILC progenitors from Gata3¢tie adult
BM (F). Data are representative of at least two independent experiments (B-F). DN, double negative; DP, double positive; dsDNA, double-strand DNA.

Yang et al., 2015). Given the striking similarities of the PLZF*
EILP and RORy(t)* EILP with the ILCP and LTiP, respectively,
hereafter we refer to the PLZF* EILP as the incipient ILCP
(iILCP), the RORY(t)* EILP as the incipient LTiP (iLTiP), and the
remaining PLZF-RORy(t)~ EILP as the refined EILP (rEILP).
Phenotypic analysis supported the notion that the iLTiP was
more immature than the LTiP. A small fraction of iLTiP express
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CCR6 and CXCR5 but were devoid of CD4 expression, all of
which are markers up-regulated during LTi maturation (Fig. S3
A; Eberl et al., 2004; Ishizuka et al., 2016b; Possot et al., 2011;
Sawa et al., 2010). Furthermore, CCR6, PD-1, a marker correlated
with ILCP maturation, and IL-7Ra were expressed at lower levels
on the iLTiP compared with the LTiP (Fig. S3 B; Mao et al., 2017;
Seillet et al., 2016; Yu et al., 2016). These results suggested that
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Figure 2. Characterization of TF expression in the FL EILP. (A) Intracellular staining for TCF1, PLZF, and RORy(t) TFs in C57BL/6 E15 FL (n = 8).
(B) Representative flow cytometry plots of ILC progenitors from a Zbth16EGFPCreT¢f7mCherryRorcTL1 E15 FL (n = 3). (C) Representative flow cytometry plots of
ILC progenitors from a Zbth16FGFPCreTcf7mChertyRorcThy11 adult BM (n = 3). Associated plots reflect population frequencies; each symbol represents an individual
FL or BM; data are presented as mean + SEM. Data are representative of or pooled from at least two independent experiments.

the iLTiP could represent an early precursor upstream of
the LTiP.

Triple transgenic reporter mice reflect EILP heterogeneity

While TF staining facilitates the simultaneous detection of PLZF,
RORy(t), and TCFI, this method precludes live cell sorting for
functional analysis. By breeding the novel T¢f7mCherty and RorcThyl1
mice with existing Zbtbl6E¢FFC*® mice to generate Zbtbl6ESFPCre
Tcf7=CherryRorc ™1l mice, we successfully recapitulated FL EILP
heterogeneity observed via intracellular staining (Fig. 2 B). We
principally observed Zbtble* and Zbtbi6-Rorc™ cells among adult
BM EILP and non-EILP, consistent with the diminished capacity of
BM precursors to generate ILC3 and LTi (Fig. 2 C; Constantinides
et al., 2014; Klose et al., 2014; Possot et al., 2011). Nevertheless, we
discerned a rare Rorc-Thyl.1™! fraction among the non-EILP (Fig. 2
C, lower right plot). Compared with TCF1 in the FL, Tcf/-mCherry
expression increased with CD90.2 expression in both FL and BM
reporter mice, a facet shared with the Tcf7-EGFP reporter (Fig. 2,
A-C, upper left panels; Harly et al., 2018; Harly et al., 2019; Yang
et al,, 2015). This observation may result from a difference in the
half-life of the reporter versus protein (Mohrs et al., 2005). While
not noted in previous reports, we consistently observed a popu-
lation of TCF1*/Tcf7*IL-7Ra~CD90.2* cells in both the FL and BM
(Fig. 2, A-C, upper right panels; Harly et al., 2018; Harly et al,,
2019; Yang et al., 2015). These cells were predominantly Zbtbi6-
EGFP~, though Rorc-Thyl.1* and double-negative populations were
discernable in the FL and BM, respectively (Fig. S3, C and D).
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Taken together, through the combinatorial use of novel TF re-
porters, we can reconstruct EILP heterogeneity observed via
TF staining.

Given the combinatorial nature of the novel and existing TF
reporters, we incorporated Gata3Citrine or ID2EYFP reporters with
Zbtbl16CFPCreTcfymCherryRorcThyll mice to gauge the hierarchical
placement of the rEILP, iILCP, and iLTiP through TF expression
patterns. E15 FL rEILP, iILCP, and iLTiP expressed intermediate
levels of Tcf7-mCherry and ID2-EYFP relative to the earliest
precursors (CLP, Flt3* aLP, and F1t3~ aLP) and the later ILCP and
LTiP (Fig. 3, A and B; and Fig. S3, E and F). A fraction of FL aLP
expressed low/intermediate levels of ID2-EYFP compared with
the ILCP and LTiP, in accordance with a previous report (Chea
et al., 2016). Gata3-Citrine expression was higher in both the
iILCP and ILCP compared with the iLTiP and LTiP, respectively,
suggesting that early up-regulation of Gata3 coincides with
Zbtbl6 expression (Fig. 3 C and Fig. S3 G). Tcf7, ID2, and Gata3
expression increases from early to late ILC progenitors,
though expression levels vary in mature ILCs (Fig. S2, H-J;
Constantinides et al., 2014; Harly et al., 2018; Ishizuka et al.,
2016a; Ishizuka et al., 2016b; Seillet et al., 2016; Yu et al.,
2016). In support of a linear maturation program, expression
of Tcf7-mCherry, ID2-EYFP, and Gata3-Citrine all progressively
increased from the rEILP to iILCP to ILCP. Likewise, these re-
porters increased from the iLTiP to the LTiP. The adult BM
displayed comparable Tcf7-mCherry and Gata3-Citrine expres-
sion patterns, though low ID2 expressers were absent from the
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aLP (Fig. 3, D-F; and Fig. S3, H-]). As expected, Tcf7-mCherry
expression decreased while Gata3-Citrine expression increased
as cells matured into ILC2P (Constantinides et al., 2014; Xu
et al., 2019). In summary, the transcriptional states of the rE-
ILP, iILCP, and iLTiP indicate that these precursors may arise
before the ILCP and LTiP in developmental time (Fig. S1 B).

The ilLCP and iLTiP are restricted precursors to the ILCP

and LTiP

To formally determine the cellular potential of the FL rEILP,
iILCP, and iLTiP in comparison with the earlier aLP and the
later ILCP and LTiP, we performed clonal analysis using
Zbtbl6EGFPCreTcf7mCherryRorcThyl-l mice, Precursors were cul-
tured on OP9 stromal cells and assessed for the ability to differ-
entiate into ILC1/2/3 and/or LTi (Fig. 4 and Table S1, A-G). CCR6
identifies LTi in vivo; however, CCR6 proved unreliable in vitro
(unpublished observations). Therefore, we used CD4 as a marker
of LTi potential. While CD4 expression is characteristic of a ma-
jority of LTi (LTi,), ~40% of LTi lack CD4 (LTi,) and are indis-
tinguishable from CD4~ ILC3 in vitro and in vivo; this uncertainty
is acknowledged as ILC3/LTi, (Ishizuka et al., 2016b; Sawa et al.,
2010). Single clones were index sorted from the EILP to facilitate
the unbiased assessment of cell potential. In short, EILP were
sorted based on the minimal set of identifying markers used in
Fig. 2 B (bottom left panel). Following in vitro differentiation,
wells were computationally assigned to a subset (rEILP, iILCP, or
iLTiP) based on Zbtbl6-EGFP and Rorc-Thyl.l expression at the
time of sorting. As expected, the ILCP and LTiP gave rise almost
exclusively to ILC1/2 and ILC3/LTi, or to LTi, and ILC3/LTi,, re-
spectively. The iLTiP were already largely LTi lineage restricted,
displaying a striking bias toward LTi, and ILC3/LTi, akin to the
LTiP (P = 1). The iILCP exhibited a similar differentiation potential
as the ILCP (P = 0.22), generating primarily ILC1/2 and ILC3/LTi,,
with a reduced frequency of ILC2, presumably due to the pre-
mature interruption of Notch signals required for efficient ILC2
differentiation (Ishizuka et al, 2016b). The iLTiP generated a
fraction of ILCl, and the iILCP generated a fraction of LTi, (~11%
each, Table S1, D and F), distinguishing them from their down-
stream counterparts, indicating incomplete lineage commitment
under our culture conditions. Taken as is, evidence from cell
phenotype, transcriptional state, and differentiation potential
are consistent with a model wherein the iILCP and iLTiP arise
upstream of the ILCP and LTiP and have diminished alternate
lineage potential downstream of the common ILC-LTi precursor
(Fig. S1 B).

BM rEILP generate Zbtbl6-EGFP* cells in short-term culture
(Harly et al., 2019). As the FL rEILP appeared to represent a
common ILC-LTi precursor downstream of the aLP, we evalu-
ated its clonal potential with respect to the aLP. Previous work
from our laboratory suggested that the aLP represents the stage
of bifurcation into the ILC and LTi lineages (Ishizuka et al.,
2016b). The rEILP generated ILC1/2 and ILC3/LTi, progeny
similar to the iILCP, with a more pronounced decrease in ILC2
(Fig. 4). Few LTi4 arose from the rEILP, and no mixed ILC and
LTi lineage wells were observed, which stands in contrast to the
Flt3* aLP and Flt3- aLP (Ishizuka et al., 2016b). Thus, the rEILP
likely represents a precursor upstream of the iILCP, before
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expression of the ILC lineage marker Zbtbl6 (Harly et al., 2019).
Taken together, these findings indicate that the ILC-LTi pre-
cursor resides upstream of the EILP (Fig. S1 B).

The CHILP is a heterogeneous mixture of ILC and

LTi progenitors

The CHILP, characterized in the BM by high ID2 expression
upstream of the ILCP, was proposed to be the common ILC-LTi
precursor (Fig. S1 A; Ishizuka et al., 2016b; Klose et al., 2014;
Zook and Kee 2016). However, whether the CHILP is a shared
ILC-LTi precursor or a heterogeneous mixture of ILCP and LTiP
has not been tested. As such, we performed index-based clonal
analysis on the CHILP population isolated from the BM of
Zbtb16ECFPCreID2EYFP mice. Cells were seeded onto OP9 or OP9-
DL1 stroma, as Notch ligand is required for efficient generation
of group 3 ILCs from BM precursors (Possot et al., 2011). The BM
CHILP comprised a mixture of Zbtbl6* ILCP, ICOS*Zbtbl6~ ILC2P,
and Zbtbl6-ID2* cells (Fig. 5 A). The latter subset primarily
generated single wells of ILC1, ILC2, or ILC3/LTio, with a fraction
of multi ILC1/2 and ILC3/LTi, wells arising in cultures with
Notch ligand. (Fig. 5, B and C; and Table S1, H-M). Given the
limited ability of BM ILC progenitors to generate group 3 ILCs
in vitro, we extended our analysis by index sorting the CHILP
from the FL of Zbtbl6ECFPCreID2EYFP mice. The FL CHILP com-
prised Zbtble* ILCP and Zbtbl6-ID2* cells, similar to the BM, in
addition to CCR6-expressing LTiP (Fig. 5 D). FL CHILP subsets
did not generate mixed wells of ILC and LTi on either OP9 or
OP9-DL1 stroma (Fig. 5, E and F; and Table S1, N-S). Thus, in
both the BM and FL the CHILP, like the EILP, represents a
mixture of ILC and LTi lineage progenitors downstream of a
shared ILC-LTi precursor (Fig. S1, A and B).

An early Rorc-expressing aLP marks the bifurcation between
ILC and LTi lineages

As both the EILP and the CHILP contain separate precursors
to the ILC and LTi lineages, we examined the upstream aLP
for the presence of an earlier precursor in Zbtbl6EGFFCre
Tcf7mCherryRorcThyl1 mice. A subset of aLP expressed Rorc-Thyl.1
(Rorc* aLP), despite lacking Tcf7-mCherry expression (Fig. 6 A).
This population was absent from the adult BM (Fig. S4 A). The
Rorc* aLP represented the majority of ID2-EYFPLo/I2¢ cells among
the FL aLP (Fig. 6 B and Fig. 3 B). Compared with the iLTiP and
LTiP, the Rorc* aLP expressed less Rorc-Thyl.l and PD-1, while
being low for CCR6 and intermediate for IL-7Ra (Fig. 6 C). We then
examined the ontogeny and immediate potential of the Rorc* aLP.
The iLTiP was detectable as early as E13 alongside the LTiP, and
both increased until E15 (Fig. 6 D). The Rorc* aLP was maximally
present at E13, in greater numbers than either the iLTiP or LTiP,
but decreased by E15, while the Flt3-Rorc™ aLP was detectable as
early as E1l. The phenotype and rapid expansion and contraction
indicated that the Rorc* aLP might precede the iLTiP and LTiP in a
developmental wave during ontogeny. In a short-term in vitro
culture assay, the Rorc* aLP, iLTiP, and LTiP rapidly and almost
exclusively generated Tcf7*Rorc* cells; however, only the iLTiP
and LTiP generated a substantial frequency of LTi, cells by 2 d
(Fig. 6 E). Notably, while both the Flt3-Rorc~ aLP and Rorc* aLP
promptly up-regulated Tcf7-mCherry expression, only a fraction
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Figure 3. TF reporter expression in FL and adult BM ILC progenitors. (A-F) Representative histogram plots of Tcf7-mCherry, ID2-EYFP, and Gata3-Citrine
reporter expression in the indicated ILC progenitors from (A) Zbtb1656FPCreTcf7mCheryRorcThy11 E15 FLs (n = 3), (B) Zbth16ECFPCreTcf7mCheryRorc Ty L D2EYFP E15
FLs (n = 6), (C) Zbtb16FGFPCreTcf7mChertyRorcThY11Gata3Citine 15 FLs (n = 3), (D) Zbtb16ECFPCreTcf7mChery adult BM, (E) Zbth16EGFPCreTcf7mChertyRorcThy1 1| DEYFP
adult BM (n = 3), and (F) Zbtb16EGFPCreTcf7mCherryRorcThyl1Gata3Citine adult BM (n = 3). Associated plots reflect population median fluorescent intensity (MFI);
each symbol represents an individual FL or BM; data are presented as mean + SEM; pairwise comparison P values are presented in Fig. S3, E-J, and were
calculated by one-way ANOVA with Tukey’s multiple comparisons test. Data are representative of or pooled from at least two independent experiments.
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Figure 4. Clonal potential of FL ILC progenitors. Single-cell potential of the indicated ILC progenitors sorted from Zbtb1656FPCreTcf7mCherryRorcThyll E14-E16
FLs onto OP9 stromal cells. Pie charts represent the frequency of single ILC1 (NKL1*ICOS~a4B7-), ILC2 (NKL17ICOS*a4B7-), and ILC3/LTio
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from >20 independent experiments. P values for pie charts were calculated using Chi-Square Test for Independence followed by post-hoc analysis with
Bonferroni correction; comparisons were made against the Flt3* aLP (black), ILCP (blue), and LTiP (orange).

of Flt3-Rorc~ alP expressed Rorc-Thyl.l. These results suggested
that the Rorc* aLP could represent a very early precursor biased
toward the LTi lineage.

We further addressed the clonal potential of the Rorc* aLP
through index-based sorting of the aLP onto OP9 and OP9-DL1
stromal cells, subdividing into Flt3*Rorc~ aLP, Flt3-Rorc™ aLP,
and Rorc* aLP. Regardless of the culture condition, the Rorc* aLP
predominantly generated ILC3/LTi, and LTi,, though the large
fraction of ILC3/LTi, may indicate that additional signals are
required for efficient CD4 expression (Fig. 6 F, Fig. S4 B, and
Table S1, T-Y). Nevertheless, the Rorc* oaLP retained multi-
potentiality similar to the Flt3*Rorc™ and Flt3-Rorc™ aLP. Multi-
potentiality was independent of initial Rorc-Thyl.l expression
level in index-sorted Rorc* aLP (Fig. S4 C). Hierarchical clus-
tering by clonal potential on OP9 stroma revealed that the Rorc*
aLP was more similar to the iLTiP and LTiP than it was to the
Flt3*Rorc™ and Flt3-Rorc™ oLP (Fig. 6 G). Based on these results,
the Rorc* aLP appears to be an early LTi-specified precursor
before LTi lineage restriction.

ATAC-seq reinforces ILC and LTi lineage progression and
reveals differential use of TF modules

To gain further insight into the lineage relationship between the
newly identified FL ILC and LTi lineage intermediates, we pro-
filed their chromatin accessibility landscape using ATAC-seq.

Kasal and Bendelac
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Unsupervised hierarchical clustering separated the progenitors
into roughly three groups. Common precursors (CLP, Flt3*Rorc
aLP, and Flt3-Rorc™ aLP) clustered together away from ILC and
LTi lineage progenitors (Fig. 7 A). Consistent with its transitional
placement, the Rorc* oLP clustered with the iLTiP while ex-
hibiting high correlation with the common aLPs. Notably, ILC
and LTi lineage progenitors did not cleanly separate into two
groups. Though the iILCP and ILCP formed a distinct cluster
separate from the Rorc* aLP and iLTiP, the LTiP clustered with
the ILCP, despite strong correlation with LTi lineage progeni-
tors. Clustering of the LTiP with the ILCP may result from an
oversized influence of principal component 1 on the correlation
analysis that reflects lineage maturation and/or the appearance
of common type 3 signatures in a heterogeneous ILCP (Fig. 7 B;
Ishizuka et al., 2016b). Additionally, the rEILP clustered with the
common precursors away from the iILCP and ILCP, mirroring
the hierarchical clustering based on differentiation potential
(Fig. 6 G).

We then examined chromatin accessibility data tracks near
genes associated with ILC and LTi lineage differentiation.
Though the Rorc* aLP is only specified toward the LTi lineage,
accessibility at the Rorc locus was comparable to that observed in
the iLTiP and LTiP (Fig. 7 C). ILC lineage progenitors, in contrast,
only showed increased accessibility at the Rorc locus within the
ILCP, the stage in which multi-transcriptional priming and ILC1/
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Figure 5. Clonal analysis of the CHILP from adult BM and FL. (A-C) Index gating strategy for the CHILP from Zbtb165GFPCre|D2EYFP adult BM. Pie charts
represent the frequency of single ILC1, ILC2, ILC3/LTig; two or more ILC subsets (multi); LTis; and mixed ILC1/2/3/LTio and LTis (mixILC/LTi) on OP9 (B) and
OP9-DL1(C) stromal cells. (D) Index gating strategy for the CHILP from Zbtb16EGFPCre|D2EYFP E14-E16 FL. (E and F) Pie charts represent the frequency of single
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were calculated using Chi-Square Test for Independence followed by post-hoc analysis with Bonferroni correction; comparisons were made against the ILCP

(blue), ILC2P (green), and LTiP (orange).

2/3 subset differentiation occurs (Ishizuka et al., 2016b). This
pattern of accessibility was mirrored at the IlI7a/Il7f locus (Fig.
S5 A). Increasing accessibility was observed in the II7r locus at
two sites bound by TCF1 (-3.6 kb) and GATA3 (+5.3 kb), tracking
IL-7Ra reexpression (Fig. 7 D; Yang et al., 2013; Zhong et al.,
2016). Similarly, accessibility at a Tcf7 enhancer (-31 kb) pro-
gressively increased before the expression of Tcf7 (Fig. S5 B and
Fig. 3 A). Examination of the Flt3 locus showed that regions
accessible in common precursors were either unchanged or
moderately reduced in accessibility within the Rorc* aLP and
rEILP but were diminished in later progenitors (Fig. 7 E). Taken
together, comparison of the chromatin accessibility landscape
between FL precursors reinforces the hierarchical placement of
each precursor during ILC development (Fig. S1 B).

The molecular determinants that govern the distinct differ-
entiation of the ILC and LTi lineages are poorly understood. To
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determine the TFs important for ILC and LTi lineage differen-
tiation across the FL developmental trajectory, we identified
statistically enriched TF motifs in ATAC-seq peaks with in-
creased accessibility in each common aLP, ILC, or LTi lineage
progenitor in comparison to the CLP. Peaks were robustly and
predictably enriched for Runt and ETS motifs in both the ILC
and LTi lineages, starting in the common aLPs and progressively
increasing in enrichment along each developmental trajectory
(Fig. 7 F; Ebihara et al., 2015; Mao et al., 2017; Zook et al., 2016).
While the rEILP showed similar enrichment for Runt and ETS
motifs, there was distinguishable motif enrichment for the bZIP
member CEBP, several IRF factors, and myeloid-expressed ETS
factors (i.e., PU.1 and SpiB), consistent with a recent report
demonstrating that this population expresses several of these
factors and retains dendritic cell (DC) potential (Harly et al.,
2019). Binding motifs for TCF1 and other high-mobility group
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Zbtb16ECFPCreTcfymCherryRorcThyLD2EYFP E15 FL (n = 6). Associated plots reflect population MFI. (C) MFI of Rorc-Thyl.1, CCR6, IL-7Rq, and PD-1 on Rorc* aLP,
iLTiP, and LTiP from Zbtb16EGFPCreTcfmCherryRorcT™yll E15 FL (n = 8). (D) Quantification of FIt3~ Rorc™ alP, Rorc* aLP, iLTiP, and LTiP from
Zbtb16EGFPCreTcfymCherryRorcThyL1 FI at E11, E13, and E15. (E) Representative flow plots and histograms of bulk cultured Flt3-Rorc™ alP, Rorc* alLP, iLTiP, and
LTiP from Zbtb16FCFPCreTcf7mCheryRorc Ty E15 FL cultured for 2 d on OP9 stromal cells (n = 3). Adjacent plot reflects CD4* frequency among Rorc*Tcf7* cells.
(F) Single-cell potential of the indicated aLP precursors sorted from Zbtb16EGFPCreTcf7mCheryRorc Tyl E15 FL onto OP9 stromal cells. (G) Hierarchical clustering
dendrogram of ILC progenitor clonal potential on OP9 stromal cells calculated from Pearson correlation. For plots, each symbol represents an individual FL;
data are presented as mean + SEM; and P values were determined by one-way ANOVA with Tukey’s multiple comparisons test. P values for pie charts were
calculated using Chi-Square Test for Independence followed by post-hoc analysis with Bonferroni correction; comparisons were made against the Flt3* Rorc™

aLP (black). Data are pooled from at least two independent experiments. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

family members were comparably enriched in both the ILC and
LTi lineages; motif enrichment followed the known pattern of
Tcf7 expression in these cells (Fig. 3 A). More notable was the
differential enrichment for zinc finger and nuclear receptor TF
motifs between the ILC and LTi lineage, respectively. Whereas
motifs for GATA3 and similar zinc finger family members were
greatly enriched in the ILC lineage, maximally within the ILCP,
the LTi lineage displayed a markedly lower enrichment, mir-
roring Gata3 expression (Fig. 3 C). Conversely, the LTi lineage
was significantly enriched in nuclear receptor motifs compris-
ing the TFs RORy, RORyt, and RORa, while these motifs only
showed enrichment late in ILC lineage development in the ILCP.
In summary, the patterns uncovered through TF motif enrich-
ment analysis provide insight into the shared and distinct usage
of TFs throughout ILC and LTi lineage development.

Discussion
Using a novel combination of CRISPR/Cas9-generated TF re-
porter lines, we have identified and resolved population-level
heterogeneity within FL ILC progenitors. The EILP is present
within the FL and comprises a previously unappreciated mix-
ture of PLZF- and RORy(t)-expressing cells, herein termed the
iILCP and iLTiP, respectively. Although PLZF expression in
the BM EILP has been described before, RORY(t) expression in
the FL EILP was overlooked due to the exclusive focus on the
adult BM (Harly et al., 2018; Harly et al., 2019; Yang et al., 2015).
Functional assessment of precursor potential using the combi-
nation reporter mice revealed that the EILP and CHILP con-
tained discrete precursors to the ILC and LTi lineages. The
sensitivity and deliberate selection of our reporter combination
also enabled the identification of a Rorc* population before Tcf7
expression, marking the earliest known precursor to the LTi
lineage. Analysis of the chromatin accessibility landscape in
precursors reenforces the lineages distinctions reached through
phenotypic, transcriptional, and in vitro clonal analysis and
implicates the differential usage of GATA3 and RORy(t) in the
development of the ILC and LTi lineages, respectively. These
results warranted a revised model for ILC development that
accounts for the newly discovered heterogeneity and places the
common ILC-LTi precursor upstream of its previously assumed
position within the Tcf7* compartment (Fig. S1 B).
Conventional TF staining captures the cellular heterogeneity
present within the FL EILP, yet functional analysis necessitated
the use of TF reporters. Compared with previous reports that
have relied on single TF reporters and surface markers to make
claims about ILC development, the multi-TF reporter system
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enables the simultaneous resolution of several TFs throughout
development while permitting the functional assessment of
lineage potential. Several recent reports have implemented
combinatorial reporters, generated through standard transgenic
methods, to interrogate ILC development in the adult BM (Harly
et al,, 2019; Walker et al., 2019; Xu et al., 2019). The novel ap-
plication of CRISPR/Cas9-mediated transgenesis in this study
stands out as a rapid and flexible method for the generation of
custom reporter lines that can be used to evaluate or discover
cellular complexity.

The EILP and the CHILP were identified in previous reports
using Tcf7ESFP and ID2ESFP mice respectively, and both pre-
cursors were reported to generate restricted ILC subsets (Fig. S1
A; Harly et al., 2018; Klose et al., 2014; Yang et al., 2015). The
observations made herein suggest a different model for ILC
development (Fig. S1 B). Clonal analysis performed with
Zbtbl6ECFPCreTfymCherryRorcThyll mice demonstrates that the FL
EILP is not a precursor to all ILCs but instead contains distinct
intermediates to the ILC and LTi lineages upstream of the ILCP
and LTiP. Our discovery of an iILCP and iLTiP within the EILP
suggested several surprising implications. First, precursors to
the ILC and LTi lineage both transiently down-regulate IL-7Ra
expression (Harly et al., 2018). The consequence of reduced
IL-7Ra expression during ILC and LTi development remains to be
determined. Continuous IL-7Ra expression via transgene only
marginally impairs thymocyte development, potentially by in-
hibiting TCF1 up-regulation, though group 3 ILCs appear un-
perturbed by sustained IL-7Ra expression (Allman et al., 2003;
Yu et al., 2004). Second, the existence of intermediate precursors
to the ILCP and LTiP intermediate for ID2 expression called into
question the identity of the CHILP. Using Zbtbl6ECFFCre]D2EYFP
reporter mice to isolate the Zbtbl6-ID2* fraction of the CHILP, we
provide evidence through index-based clonal analysis that the
CHILP is not a shared ILC-LTi precursor as formerly suggested,
but actually comprises an admixture of restricted precursors in
both the BM and FL, similar to the EILP, and is unlikely to be a
discrete precursor.

Another inference that can be made from EILP heterogeneity
is that the bifurcation of the ILC and LTi must occur earlier in
development. Despite looking like a shared ILC-LTi precursor,
the rEILP appears to represent a stage before the iILCP, pre-
ceding Zbtbl6 expression with negligible LTi potential. This
observation is in line with the recent study that found that a BM-
specified EILP, equivalent to the rEILP here, generated Zbtbi6*
cells in short-term culture (Harly et al., 2019). Instead, we dis-
cerned an earlier multipotent Rorc* aLP in the FL of Zbtb16ECFPCre
Tcf7™CherryRorcThyll mice that was devoid of several maturation
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Figure 7. Chromatin accessibility of FL ILC progenitors. (A) Correlation heatmap for FL ILC progenitor ATAC-seq samples (n = 2). Precursors are cate-
gorized by in vitro clonal potential. (B-E) 3D principal component (PC) analysis of ATAC-seq data. Accessibility coverage tracks at the indicated loci in FL ILC
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progenitors: Rorc (C), Il7r (D), and FIt3 (E). Black arrow heads indicate regions of dynamic chromatin accessibility. (F) Developmental trajectory heatmap of TF
motif enrichment derived from comparing the indicated FL ILC progenitor to the CLP. Motifs were plotted if they exhibited a log;o(P value) < =100 and a signal-
to-noise ratio 21.5 in at least one comparison. Data represents two samples per cell type and were collected across seven independent experiments.

markers, including Tcf7, but was already biased toward LTi
differentiation. Sawa et al. (2010) proposed the existence of two
FL a4PB7*RORYt-EGFP* populations that generated LTi almost
exclusively. RORyt-EGFPMgh cells noted in that study likely
represent the LTiP, while the RORyt-EGFP™¢ cells likely rep-
resent a mixture of both iLTiP and Rorc* aLP, as these two
populations were indistinguishable in the absence of T¢f7 and
IL-7Ra assessment. The absence of Rorc* aLP and diminished
output of LTi from adult BM may result from a failure to up-
regulate ID2 in aLP (Fig. 3 E), as sequential expression of ID2 and
RORy(t) was proposed to facilitate LTi development (Cherrier
et al,, 2012). Taken together, our results suggest a model in
which a shared ILC-LTi precursor within the oLP expresses
Rorc, diminishing ILC lineage potential, followed closely by Tcf7
expression and down-regulation of IL-7Ra giving rise to the
iLTiP. In parallel, Tcf7 and subsequent Zbtbl6 and Gata3 ex-
pression in the iILCP defines the reduction in LTi lineage
potential.

ATAC-seq assessment of FL ILC progenitors reinforced the
cellular identity and lineage classification of the newly charac-
terized rEILP, iILCP, Rorc* aLP, and iLTiP. The Rorc* aLP cate-
gorically presented a transitional chromatin accessibility
landscape between common precursors and the more mature
iLTiP and LTiP. ILC lineage and LTi lineage progenitors largely
clustered together apart from two exceptions. First, the rEILP
clustered with common precursors and displayed aspects of al-
ternate lineage potential, including CEBP, IRF8, PU.1, and SpiB
motif enrichment. Harly et al. (2019) found that rEILP from BM
generated DCs in vitro under permissive conditions and estab-
lished TCF1 as the key factor in driving ILC lineage commitment.
Our results indicate that, like BM rEILP, FL rEILP may retain DC
potential, emulating in the ILC lineage the progressive loss of
B cell and then myeloid cell potential observed during thymocyte
development (Allman et al., 2003; Yoshida et al., 2001). Second,
notwithstanding the disparate phenotype, transcriptional state,
and cellular potential of the ILCP and LTiP, clustering of these
precursors revealed that a similar accessibility landscape was
acquired during cellular maturation, and that only a fraction of
accessible regions contributed to their distinct cellular identity.
The similarity may result from the appearance of shared type 3
signatures, as the ILCP contains ILC3-biased cells (Ishizuka et al.,
2016b). Future characterization of the chromatin accessibility
landscape will benefit from the isolation of homogenous pop-
ulations of ILCl, ILC2, and ILC3 precursors. Nevertheless, TF
motif enrichment across the developmental trajectories suggests
a markedly differential usage of GATA3 and RORY(t) in estab-
lishing ILC and LTi lineage cellular identity, respectively.
Moreover, our Gata3®i™ine reporter indicated that expression of
Gata3 in the LTi lineage is delayed when comparing the iLTiP to
the iILCP and does not reach the expression level observed in
the ILCP. Zhong et al. (2020) demonstrated a differential reli-
ance on the TF GATA3 for the development of ILC1/2/3 and LTi
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cells; whereas ILC1/2/3 require GATA3 for development, LTi
develop in the absence of GATA3, albeit while exhibiting
functional defects. The results presented herein highlight the
role GATA3 plays as a defining factor governing the distinct
development of these two lineages.

The model proposed herein conforms with our earlier ob-
servations using single-cell analysis that implicated the aLP as
the point of lineage bifurcation between the ILC and LTi lineage,
based on the generation of mixed colonies (Ishizuka et al.,
2016b). The frequency of mixed colonies was notably low, pos-
sibly resulting from a lack of critical factors necessary for the
overall survival of early multipotent aLPs given that our culture
system supports ample LTi generation. Furthermore, the win-
dow to capture large numbers of ILC-LTi precursors among the
aLP may be earlier than E14-16, as suggested by the early wave
of Rorc* oLP at E13 (Fig. 6 D). In stark contrast to previous
findings and the work presented here, Walker et al. (2019)
generated a novel PLZF'dTomato reporter and observed PLZF-
tdTomato expression in peripheral LTi-like cells and in CD4*
LTiP from the FL (Constantinides et al., 2014; Ishizuka et al.,
2016b). These incongruous findings may be explained by the
design of each Zbtbl6 reporter. The Zbtbl6ECTPCre reporter was
constructed by inserting an IRES-EGFPCre sequence down-
stream of the Zbtbl6 stop codon (Constantinides et al., 2014). The
PLZFtdTomato peporter, on the other hand, was constructed by
inserting a T2A-tdTomato polyA sequence before the Zbtbl6 stop
codon (Walker et al., 2019). While the T2A sequence enables
precise expression of tdTomato during protein translation, the
incorporation of an exogenous polyA bypasses the endogenous
polyA signal sequence and may disrupt any 3’ UTR regulatory
mechanisms that could govern the stability or turnover of
Zbtbl6é mRNA (Mayr, 2017; Park et al., 2019). Altered post-
transcriptional regulation of Zbtbl6é mRNA, potentially result-
ing in exaggerated expression, may explain the observation
that the PLZFtdTomato peporter does not reflect Zbth165GFPCre fate
mapping and known intracellular staining patterns for PLZF in
the LTiP, ILC2P, or mature ILC populations (Constantinides
et al., 2014; Ishizuka et al., 2016b; Klose et al., 2014; Seillet
et al.,, 2016; Zhong et al., 2020).

In summary, our study has highlighted the value of applying
a multi-TF reporter approach, specifically to the dissection of
ILC and LTi lineage progression. Moreover, we have identified
several unappreciated precursors along both the ILC and LTi
development pathways. Delineation of these early intermediates
will facilitate the molecular interrogation of factors and mech-
anisms that govern ILC development and lineage progression.

Materials and methods

Mice

Zbtb16ECFPCre mice were generated as previously described
(Constantinides et al., 2014). ID2EY*P mice were a gift from Ananda
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Goldrath (University of California, San Diego, La Jolla, CA) and
were described previously (Yang et al., 2011). RORytES? mice
were described previously (Eberl et al., 2004). Tcf7ESF? mice were
a gift from Avinash Bhandoola (National Institutes of Health,
Bethesda, MD) and were described previously (Yang et al., 2015).
C57BL/6] mice were maintained in-house. For FL experiments,
the morning after timed pregnancy setup was considered as EO.
All mice were maintained on the C57BL/6] background and were
bred and housed in the specific pathogen-free facility at the
University of Chicago. Experiments were conducted under the
guidelines of the University of Chicago Institutional Animal Care
and Use Committee.

Generation of reporter mice

TcfmCherry, Rorc™ll and Gata3®r"e mice were generated via
CRISPR/Cas9-mediated insertion. Guide sites targeting the
3’ UTR of each gene were designed using the Broad Institute or
IDT design tools. Regions flanking the cut site were amplified to
generate 1-kb and 3-kb asymmetric homology arms. Homology
arms were cloned into a pUC19 vector along with a minimal IRES
sequence and reporter sequence using NEB Hi-Fi DNA Assembly
Master Mix (NEB). The vector was amplified, purified with the
Thermo Purelink HiPure Plasmid Filter Kit (ThermoFisher), and
the sequence was verified by Sanger sequencing. Alt-R CRISPR-
Cas9 crRNA, tracrRNA, and Cas9 nuclease were purchased from
IDT. The following sequences were used for crRNA: 5'-CGACCT
GAGAATGTTGGTGC-3' (Tcf7), 5'-GTCCTACAAGGCAAGCCTAG-3'
(Rorc), and 5'-GGAGGAACTCTTCGCACACT-3' (Gata3). For mi-
croinjections, gRNA was assembled with crRNA and tracrRNA
according to the manufacturer’s instructions and added to the final
injection mix at 20 ng/pl along with 50 ng/ul Cas9 nuclease and
12.5 ng/pl plasmid in embryo-grade water. Mixes were injected
into the nuclei of C57BL/6] embryos. Successful integrations were
determined by targeting PCR using two primer sets that generate a
product spanning the insert out beyond the homology arms,
which was sequence verified.

Preparation of cell suspensions

FLs were passed through a 70-um cell strainer and resuspended
in FACS buffer (1x HBSS [Gibco], 0.25% BSA [Millipore-Sigmal],
50 ng/ml DNase, and 5 mM sodium azide [Millipore-Sigma]).
BM was collected from the femur, tibia, and ilium (six bones in
total), crushed with the syringe plunger flange, passed through a
70-pm cell strainer, and resuspended in FACS buffer. Spleens
and thymi were prepared in the same manner as FLs. Adult
livers were passed through a 70-ym cell strainer and re-
suspended in FACS buffer. Fat was removed by centrifugation
in 0.45% Percoll (Millipore-Sigma). RBCs were removed with
1x RBC lysis buffer (ThermoFisher). The lung was perfused with
1x PBS (Corning), chopped into small pieces, and digested by
shaking (250 rpm) at 37°C for 15 min in RPMI (Hyclone) with
650 U/ml collagenase A (Roche) and 0.01% DNase (Millipore-
Sigma). The SI lamina propria was prepared by removing Pey-
er’s patches, washing out intestinal contents with ice-cold 1x
PBS, and cutting length- and widthwise into small pieces. In-
traepithelial lymphocytes were removed by two 37°C 15-min
shakes (250 rpm) in RPMI with 5 mM EDTA (ThermoFisher)

Kasal and Bendelac

Multi-reporter mice delineate ILC and LTi lineages

and 1% FBS (Atlanta Biologicals), and lamina propria was di-
gested by shaking (250 rpm) at 37°C for 30 min in RPMI with
20% FBS, 0.5 mg/ml collagenase A, and 0.17 mg/ml DNase. Di-
gests for the lung and lamina propria were passed through
70-pm or 100-um cell strainers, respectively, followed by fat re-
moval and RBC lysis as above.

Flow cytometry

Single-cell suspensions were incubated with BD FcBlock for
15 min on ice. All FL cells were lineage depleted with CD3e,
CDllc, CD19, GR-1, NK1.1, TCRp, and Ter119, while BM depletions
additionally contained B220, CD4, CD8a, and CDIllb. Lineage
antibodies conjugated to APC-Cy7 or Biotin were incubated with
cells for 30 min on ice, then subsequently incubated with anti-
Cy7 or anti-streptavidin microbeads (Miltenyi Biotec) for
an additional 30 min. Bead-bound cells were depleted with an
autoMACS (Miltenyi Biotec) using the depletion-sensitive pro-
gram. The following fluorochrome- or biotin-conjugated anti-
bodies were used: a4p7 (DATK32), CCR6 (29-2L17), CDl1c (N418),
CD19 (6D5), CD90.2 (Thy-1.2; 53-2.1), CD127 (IL-7Ra; A7R34),
CXCR5 (L138D7), GR-1 (RB6-8C5), ICOS (C398.4A), PD-1
(29F.1A12), Terl19 (TER-119), mouse IgGl -chain (MGI-45),
mouse IgG2a k-chain (MG2a-53), and rat IgG2b «-chain (RTK45-
30; all from BioLegend); B220 (RA3-6B2), CD3e (145-2Cl1), CD4
(GK1.5), CD8a (53-6.7), CD11b (M1/70), Flt3 (A2F10.1), NK1.1
(PK136), TCRB (H57-597), Thyl.l (OX-7), RORyt (Q31-378), and
PLZF (R17-809; all from BD Biosciences); TCF1 (Cell Signaling
Technologies); and polyclonal goat a-Rb IgG (Abcam). To ex-
clude dead cells, Zombie NIR Fixable Viability Dye (BioLegend)
was added to live cells. Intracellular staining was performed
using the Foxp3 Transcription Factor Staining Buffer Kit
(ThermoFisher) according to the manufacturer’s instructions.
Cells were blocked with unlabeled isotype-matched antibody
(above) and negative controls were prepared using 20-fold ex-
cess unlabeled antibody to the TF (cold competitor). Samples
were acquired on a four-laser LSRII (BD Biosciences) or sorted
on a FACSAriall or FACSAria Fusion (BD Biosciences) and ana-
lyzed using Flow]Jo software (TreeStar). Unless otherwise indi-
cated, cell populations were lineage negative and identified
as follows: ILC2P (a4P7*IL-7Ra*CD90.2*ICOS*Zbtbl6™), ILCP
(04B7*IL-7Ro*CCR6-Zbtbl6* or a4B7'IL-7Ra*CCR6 Tcf7*Zbtbl6*),
LTiP (a4B7*IL-7Ra*CCR6*Zbtbl6™ or a4B7IL-7Ra*CCR6* Tcf7*Zbtbl6
Rorc*), ilLCP (a4B7*IL-7Ro-CD90.2-Tcf7*Zbtbl6 Rorc™), iLTiP (a4B7*
IL-7Ra-CD90.2-Tcf7*Zbtbl6Rorc*), rEILP (a4B7*IL-7Ra~CD90.2 Tcf7*
Zbtbl6 Rorc™), Rorc* oLP (a4B7*IL-7Ra* CD90.2-PDI-Tcf7 Zbtbl6
Rorc*), Flt3~ oLP (a4B7*IL-7Ro*CD90.2-PD1-Flt3~Tcf7-Zbtbl6™), Flt3*
aLP (a4B7*IL-7Ra*CD90.2-PD1-Flt3*Tcf7 Zbthi6 ), CLP (a4P7-IL-7Ra*
CD90.2-PDI1-Flt3*), and CHILP (a4B7'1L-7Ra*ID2+CD25 Flt3-).

OP9 and OP9-DL1 stromal cell culture

Stocks of OP9 and OP9-DL1 stromal cells were a gift from J.C.
Zufiiga-Pfliicker (University of Toronto, Toronto, Canada). All
experiments were performed in Opti-MEM with GlutaMAX
(Gibco) containing heat-inactivated 10% FBS, 1% penicillin-
streptomycin (Gibco), and 60 uM 2-mercaptoethanol (Milli-
pore-Sigma) and were maintained in a 37°C incubator
(ThermoFisher) with 5% CO,. Stromal cells were plated at a
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density of 10,000 cells per well of a 96-well plate, allowed to
grow overnight, and then irradiated (1500 rad). Before sorting
lymphocytes, the media was replaced and supplemented with
murine stem cell factor (25 ng/ml; BioLegend), IL-7 (25 ng/ml;
BioLegend), and IL-2 (25 ng/ml; BioLegend). FL cells were lineage
depleted as described, stained, and single cells were sorted.
Cultures were analyzed after 6 d, and colonies with five or more
CD45* cells were considered. Cell populations were defined as
follows for single-cell cultures: ILC1 (NKL1*ICOS-a4p7-), ILC2
(NK1.1ICOS*a4p7"), ILC3/LTi, (NK1.1-ICOS*/~a4p7+CD4"), and/
or LTi, (NKL1ICOS*/~a4f7+CD4*). Wells were categorized as
LTi, if >8% of NK1.1-ICOS*/~a4p7* cells were CD4*; no frequency
was used to categorize ILCI, ILC2, or ILC3/LTi,. Early T cells were
identified in OP9-DL1 cultures by high expression of CD25. For
bulk cultures, stromal cells were plate at a density of 24,000 cells
per well of a 48-well plate, grown overnight, and irradiated as
above. Media was replaced and supplemented with stem cell
factor (25 ng/ml), IL-7 (25 ng/ml), IL-2 (25 ng/ml), and Flt3-L
(25 ng/ml; BioLegend). Cells were sorted, and 500 cells of each
precursor population were plated and allowed to grow for 48 h
before analysis. CD45* cell populations were defined as follows
for bulk cell cultures: ILC1 (NKL1*ICOS-), ILC2 (NK1.1-ICOS*),
ILC3/LTi, (NKL1-ICOS Rorc-Thyl.1*CD4"), and/or LTi, (NKL1-ICOS™
Rorc-Thyl.1*CD4*).

ATAC-seq sample preparation

ATAC-seq was performed as described in the published Omni-
ATAC protocol (Corces et al., 2017). Briefly, 5,000-10,000 cells
were sorted into FACS buffer and washed twice with 1 ml ice-
cold ATAC-seq resuspension buffer (RSB; 10 mM Tris, pH 7.4
[Invitrogen], 10 mM NaCl [Millipore-Sigma], 3 mM MgCl,
[Millipore-Sigma]) by centrifugation at 0.5 xg for 5 min at 4°C.
After centrifugation, the supernatant was carefully removed to
avoid the cell pellet, which was then gently resuspended in 50 pl
ATAC-seq RSB containing 0.1% NP-40 (Roche), 0.1% Tween-20
(Millipore-Sigma), and 0.1% digitonin (Millipore-Sigma). The
lysis reaction was incubated on ice for 3 min, 1 ml ATAC-seq RSB
containing 0.1% Tween-20 was added, and the nuclei were
centrifuged at 0.5 xg for 10 min at 4°C. The supernatant was
subsequently removed, and the pelleted nuclei were gently re-
suspended in 50 ul transposition mix (25 pl 2x Tagment DNA
buffer [Illumina)], 2.5 pl Tn5 transposase [Illumina], 16.5 pl 1x
PBS, 0.5 pl 1% digitonin, 0.5 pl 1% Tween-20, and 5 pl water).
Transposition reactions were incubated for 30 min in a 37°C
water bath. Zymo DNA Clean and Concentrator kits were used to
clean up the transposition reactions, and libraries were prepared
as previously described (Buenrostro et al., 2015a). Libraries were
sequenced by 50 bp single-end, dual-index sequencing on an
Mumina HiSeq 4000.

ATAC-seq analysis

ATAC-seq reads were aligned to the mouse genome (mm10) with
Bowtie, and duplicate reads were removed using Picard Tools. A
pooled bam file was generated from all samples, including rep-
licates (n = 2), and peaks were called on the pooled bam file with
MACS2 to control for type I error (Lun and Smyth, 2014). Called
peaks were filtered through a modified blacklist, and mitochondrial
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and Y chromosome peaks were removed (n = 214,321; Buenrostro
et al., 2015b). ATAC-seq read counts for all samples, including
replicates, were determined via bedtools multiBamCov, and peaks
with low read counts were removed (n = 122,250). Quantile nor-
malization, GC content normalization, and peak length normali-
zation were performed using the CQN R package (Corces et al.,
2016). Peaks were filtered to select for the top peaks (n = 100,000)
with the highest variance. Heatmap generation and principal
component analysis were performed on normalized data. Gener-
ation of normalized bigWig files for data visualization was per-
formed by first generating normalized bedGraph files with
bedtools genomecov, where the sum of reads within peaks asso-
ciated with transcription start sites was used as a scaling factor,
followed by file conversion using the University of California,
Santa Cruz, bedGraphToBigWig program. Motif enrichment
analysis was performed using HOMER (Heinz et al., 2015). The R
package Gviz was used for coverage track visualization.

Statistical analysis

Single-cell indexing, Chi-Square Test for Independence followed
by post-hoc analysis with Bonferroni correction, hierarchical
clustering by Pearson correlation as the distance metric, heat-
map generation, and principal component analysis were all
performed in R. One-way ANOVA with Tukey’s multiple com-
parisons test and multiple t tests controlling for false discovery
rate were performed in GraphPad Prism 8.

Accession code
For ATAC-seq data, see GEO accession no. GSE150763.

Online supplemental material

Fig. S1 provides a current and revised model of ILC development.
Fig. S2 shows phenotyping of the novel TF reporters. Fig. S3
shows the evaluation of ILC maturation markers and statistical
analysis for Fig. 3. Fig. S4 provides additional analysis of the
Rorc* aLP. Fig. S5 displays chromatin accessibility coverage
tracks at IlI7a/Il17f and Tcf7 loci. Table S1 provides granular in-
formation for pie charts of cell potential in Figs. 4, 5, and 6.
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Figure S1.  Current and revised models for ILC development. (A) In the current model, CLP give rise to alP, gaining a4B7 expression and progressively
losing Flt3. The EILP, identified by Tcf7 expression and the lack of IL-7Rq, arises downstream of the aLP generating all known ILC subsets. The CHILP, identified
by high ID2 expression, is downstream of the EILP generating ILC and LTi lineage cells. The ILCP, identified by Zbtb16 expression, and LTiP, identified by Rorc,
both arise from the CHILP and generate ILC1/2/3 or LTi, respectively. (B) In the revised model, CLP give rise to aLP, gaining a4B7 expression and progressively
losing Flt3. Bifurcation into the ILC and LTi lineage occurs within the aLP stage and is marked by low expression of ID2 and the early expression of Rorc within
the aLP. Expression of ID2 increases to intermediate levels as cells mature, coinciding with the transient down-regulation of IL-7Ra expression. Expression of
Zbtb16 in the ilLCP and further up-regulation of Rorc in the iLTiP along with differential Gata3 up-regulation mark the restriction of cellular potential. High
expression of ID2 and augmented Gata3 expression coincides with IL-7Ra reexpression as cells further differentiate toward the ILCP and LTiP.
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Figure S2. Immune phenotyping of Tcf7mChery, Rorc™y1, Gata3Citrine, and ID2EYFP reporters. (A-G) Expression of Rorc-Thyl.1in thymic NKT cells from
Zbtb16F6FPCreRorcTY11 adult mice. Cell numbers from adult C57BL/6 and Zbth16FGFPCre/+Tcf7mCherry/+RorcThyll/+Gata3Citrine/+ mice taken from the thymus (Thy;
B), spleen (Spl; C), liver (Liv; D), SI (E), lung (F), and BM (G; n = 5). Each symbol represents an individual mouse; data are presented as mean + SEM. Q-values
were calculated with multiple t tests controlling for false discovery rate. (H-J) Reporter MFI and frequency of reporter positive cells in the indicated pop-
ulations from select tissues of Zbtb16EGFPCreTcf7mCherry (H), Zhth16EGFPCreTcf7mCherty| D2EYFP (1), and Zbtb16EGFPCreTcf7mCherryGata3Citine (]) adult mice (n = 3). Each
symbol represents an individual mouse. Data are representative of (A) or pooled from (B-J) at least two independent experiments. *, Q < 0.05; ****, Q <
0.0001. ETP, early thymic precursor; DN, double negative; ISP, immature single positive; DP, double positive; SP, single positive.
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Figure S3. Analysis of ILC and LTi maturation markers on ilLCP and iLTiP. (A) Representative flow cytometry plots of the EILP from a C57BL/6 E15 FL
stained for the indicated surface markers and intracellular RORy(t) (n = 4). (B) MFI of CCR6, PD-1, and IL-7Ra on the iLTiP, LTiP, ilLCP, and ILCP from a
Zbtb16ECFPCreTfymCherryRorcThyL1E15 FL (n = 7). Each symbol represents an individual FL; data are presented as mean + SEM. (C) Representative flow cytometry
plots of ILC progenitors from a Zbtb16FGFPCreTcf7mCheryRorc™y11 E15 FL (n = 3). (D) Representative flow cytometry plots of ILC progenitors from a
Zbtb16EGFPCreTcf7mCherryRorcThy1 adult BM (n = 3). Associated plots reflect population frequencies; each symbol represents an individual FL or BM; data are
presented as mean + SEM. (E-) Pairwise comparisons of Tcf7-mCherry, ID2-EYFP, and Gata3-Citrine reporter expression MFI from Fig. 3 plots for FL (E-G) and
BM (H-]) precursors. Circle size and color denote level of significance. Data are representative of (A) or pooled from (B-]) at least two independent ex-
periments. Pairwise comparison P values were calculated by one-way ANOVA with Tukey’s multiple comparisons test *, P < 0.05; **, P < 0.01; ***, P < 0.001;
***¥ P < 0.0001; ns, not significant.
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Figure S4. Analysis of Rorc* aLP. (A) Representative flow cytometry plot of alLP from Zbtb165GFPCreTcf7mCherryRorcThyL1 adult BM (n = 3). Associated plot
reflects population frequencies; each symbol represents an individual BM; data are presented as mean + SEM. (B) Single-cell potential of the indicated aLP
precursors sorted from Zbtb16FGFPCreTcf7mChertyRorc Tyl E15 FL onto OP9-DLI stromal cells. Early T cells were identified in OP9-DL1 cultures by high ex-
pression of CD25%; T cell-only wells were excluded from charts, while ILC+T cell wells were included with the appropriate ILC. (C) Normalized Rorc-Thy1.1 MFI
of index-sorted single Rorc* aLP categorized by in vitro potential on OP9 and OP9-DL1. Data were normalized by experiment to average LTiP Rorc-Thyl.1 MFI;
data are presented as mean + SEM; and P values were determined by one-way ANOVA with Tukey’s multiple comparisons test. Data are pooled from two (A
and B) or four (C) independent experiments. P values for pie charts were calculated using Chi-Square Test for Independence followed by post-hoc analysis with
Bonferroni correction; comparisons were made against the Flt3* Rorc™ alLP (black). *, P < 0.05.
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Figure S5. Chromatin accessibility profiles of FL ILC progenitors. (A and B) Accessibility coverage tracks at the (A) Il17a/Il17f and (B) Tcf7 loci in FL ILC
progenitors. Black arrow heads indicate regions of dynamic chromatin accessibility. Data represents two samples per cell type and were collected across seven

independent experiments.

Table S1 is provided as a Word document and gives granular information for pie charts of cell potential in Figs. 4-6.
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