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SUMMARY

Innate lymphoid cells (ILCs) play key roles in host
defense, barrier integrity, and homeostasis and
mirror adaptive CD4* T helper (Th) cell subtypes in
both usage of effector molecules and transcription
factors. To better understand the relationship be-
tween ILC subsets and their Th cell counterparts,
we measured genome-wide chromatin accessibility.
We find that chromatin in proximity to effector genes
is selectively accessible in ILCs prior to high-level
transcription upon activation. Accessibility of these
regions is acquired in a stepwise manner during
development and changes little after in vitro or
in vivo activation. Conversely, dramatic chromatin
remodeling occurs in naive CD4* T cells during Th
cell differentiation using a type-2-infection model.
This alteration results in a substantial convergence
of Th2 cells toward ILC2 regulomes. Our data indi-
cate extensive sharing of regulatory circuitry across
the innate and adaptive compartments of the im-
mune system, in spite of their divergent developing
pathways.

INTRODUCTION

The immune system orchestrates host defense through complex
effector networks mediated by an array of lymphocytes,
including conventional T, B, and natural killer (NK) cells, along
with an array of recently recognized innate lymphoid cells
(ILCs) (Artis and Spits, 2015; Diefenbach et al., 2014; Eberl
et al., 2015; Sonnenberg and Artis, 2015). Unlike T and B cells,
which mediate adaptive immunity against pathogenic microbes
in an antigen-specific manner, ILCs respond to invaders
promptly in the absence of somatically rearranged antigen re-
ceptors. Three classes of ILCs are presently recognized and
categorized based on their selective cytokine-production pro-
files, mirroring previously identified CD4" Th cell subsets (Spits
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et al., 2013; Verykokakis et al., 2014). Group 1 ILCs include con-
ventional NK cells, the first identified ILC subset, along with
ILC1s, which lack the cytotoxicity capability of NK cells. Both
of these cells selectively produce interferon (IFN)-v, the key cyto-
kine that defines T helper (Th) 1 cells. Group 2 ILCs (encompass-
ing ILC2) preferentially produce cytokines such as interleukin
(IL)-5, IL-13, and IL-9, originally defined as Th2 cytokines. Finally,
group 3 ILCs are a heterogeneous subset that comprises natural
cytotoxicity receptor (NCR)-positive ILC3s and CD4-positive
ILC3s (also known as lymphoid tissue inducer-like [LTi] cells)
that produce IL-17 and/or IL-22, the namesake cytokines of
Th17 and/or Th22 cells.

Several important issues remain unresolved, including the
regulatory mechanisms underlying ILC development, diversifi-
cation, and terminal differentiation and how these mechanisms
compare to those of Th cell subsets. Like T and B lymphocytes,
ILCs are derived from common lymphoid progenitors (CLPs),
and are further specified by an array of transcription factors
(TFs) (De Obaldia and Bhandoola, 2015; Kang and Malhotra,
2015; Klose and Diefenbach, 2014). The transcriptional regu-
lator inhibitor of DNA binding 2, Id2, for instance, counteracts
the effects of E proteins to limit the development of T and B
lymphocytes. Other TFs, such as Nfil3, Plzf, Tox, Tcf7, and
Runx3, are also involved in the lineage divergence during ILC
development (Serafini et al., 2015). However, consistent with
their selective cytokine production, ILCs also use the same
lineage-determining transcription factors (LDTFs) that drive
cognate T cell-lineage specification (Shih et al., 2014; Spits
et al., 2013). For instance, T-box transcription factors, including
Eomesodermin and T-bet (encoded by Eomes and Tbx21
genes, respectively), are involved in the specification of all
IFN-y producers, whereas Th2 and Th17 master regulators
GATA-binding protein 3 (GATA-3) and retinoic acid receptor-
related orphan receptor yt (RORvt) are essential for the devel-
opment of group 2 and 3 ILCs, respectively. However, the
extent to which the ontogeny of ILCs truly parallels Th cell
specification, especially at the genomic level, remains poorly
understood.

Beyond the assessment of selective cytokine production and
enumeration of LDTFs, the relationships between lineages can
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also be probed with genomic tools. Both microarray and RNA
sequencing have been extensively used to delineate cell-type-
specific transcriptomes (Kim and Lanier, 2013; Shay and Kang,
2013). Recently reported ILC transcriptomes suggest that the
tissue microenvironment also has a substantial impact on gene
expression profiles beyond lineage per se (Robinette et al.,
2015). Thus, defining cell identity by transcriptome requires
careful consideration of the local “environmental” factors and
tissue residency.

Another strategy of determining cell-fate and lineage relation-
ships is to analyze global epigenetic information, which, in
contrast to gene expression, can be more stable and propagate
information over time during development and differentiation
(Bornstein et al., 2014; Lara-Astiaso et al., 2014). Epigenetic
codes, including DNA methylation, histone modifications, and
chromatin accessibility, together construct unique chromatin
landscapes at non-coding regulatory elements (REs), which
contribute to gene expression by permitting or restricting access
of transcriptional machinery to key loci.

It is now appreciated that distinct lineages exhibit thousands
of highly distinctive genomic “switches,” which act in concert
to govern tissue-specific and temporal control of gene expres-
sion. Among epigenomic elements, enhancers are intriguing
due to their ability to control gene expression at a distance and
contribute to lineage specificity (Heinz et al., 2015). Genome-
wide enhancer distribution has been mapped in various lineages
based on the characteristics of chromatin accessibility, histone
modifications, and TF binding. Accumulating data reveal that
the basal epigenomes (prior to cell activation) encode cell-fate
information and are progressively specified in response to devel-
opmental cues and environmental stimuli (Lara-Astiaso et al.,
2014; Stergachis et al., 2014; Vahedi et al., 2012). Recent studies
on macrophages highlight the environmental impact on tissue-
specific chromatin states (Gosselin et al., 2014; Lavin et al.,
2014). However, the contribution of development versus envi-
ronment to the fate of ILC identity has not been systematically
characterized at the genomic level.

In this study, we set out to answer a number of questions
related to ILC ontogeny and regulation and their relationships
with cognate adaptive immune cells. Using genomic tools,
we comprehensively identified REs that comprise the line-
age-specific regulome in conjunction with measuring tran-
scriptomes of prototypical ILCs and their progenitors. Our
genome-wide analysis revealed that each ILC lineage pos-
sesses unique open chromatin landscapes and conforms to
the general view of ILC1, ILC2, and ILC3 as distinct lineages.
These features were relatively static after ILC activation,
despite dynamic changes in gene expression, revealing the
poised status of ILCs prior to stimulation. The presence of
lineage-specific REs in ILC precursors indicates that ILC
functionality is pre-determined as the cells diverge into definite
lineages. In contrast, naive T cells exhibit markedly different
chromatin landscapes that change dramatically after activation
and final differentiation. Nonetheless, their regulomes con-
verge with those of ILCs. The substantial overlap of REs be-
tween Th cells and ILCs is striking, given their distinct routes
of development. Together, our data provide mechanistic un-
derpinnings for ILC-lineage commitment, acquisition of poised

functionalities, as well as the relationships between innate and
adaptive compartments.

RESULTS

The Chromatin Landscapes of Innate Lymphocyte
Lineages Reflect Their Distinct Functionalities

ILCs have been categorized into three major groups based on
selective cytokine production that parallel Th cell subsets (Spits
et al., 2013). To better understand the regulatory logic of ILCs,
we globally identified REs in the major types by an assay for
transposase-accessible chromatin using sequencing (ATAC-
seq). This method requires few cells, enabling us to characterize
the regulomes of cells directly isolated ex vivo (Buenrostro et al.,
2013). In parallel, we also assessed transcriptomes by RNA-seq.
We first analyzed five prototypical ILC subsets, including con-
ventional NK cells from spleen and ILC1s from liver (group 1);
ILC2s from small intestine lamina propria (siLP; group 2); and
CD4" (LTi-like ILC3s) and NCR* ILC3s, both from siLP (group
3). These subsets were chosen based on the possibility of distin-
guishing their identity using accepted surface markers (Figures
1A and S1A) and were confirmed by the expression of their
LDTFs (Figure S1B).

We first examined chromatin landscapes of ILC-signature cy-
tokines that were differentially expressed in ILCs (Figures 1B and
S1C-S1E). We found that the lineage-specific chromatin land-
scapes correlated with the recognized functionality of each sub-
set. The distinct patterns of accessibility encompassed not only
promoters but also intragenic and intergenic regions, extending
as far as several kilobases away (highlighted in blue and red,
respectively). These accessible regions included REs previously
characterized in the Ifng, 114/5/13, 1117, and 1122 loci (Figures 1B
and S1D, red triangles; Balasubramani et al., 2010; Wilson
et al., 2009), as well as multiple lineage-specific REs not previ-
ously identified. Most of these REs appear to be putative en-
hancers, as they co-localized with p300 and T-bet binding in
NK cells, the latter being a critical TF known to regulate Ifng (Fig-
ure 1B). Notably, three Ifng-associated REs were specific for NK
cellsand absent in ILC1s (Figure 1B, red arrows), suggesting that
the same locus might be differentially regulated in distinct IFN-vy-
producing cells. On the other hand, an ILC2-specific RE 40 kb
downstream of the Ifng gene showed GATA-3 binding in ILC2s
(Zhong et al., 2016), suggesting the possibility of regulation by
LDTFs, which antagonize alternative cell fates. We also observed
that distinct REs at LDTF loci were accessible even in the
absence of their expression, which may indicate opportunities
for functional plasticity (Figures 1C, S1F, and S1G). For example,
a portion of Rorc and /I17 REs was accessible in ILC2s; this phe-
nomenon may explain previous observations of IL-17 production
in these cells (Huang et al., 2015). In addition, type 3 ILCs have
been reported to express T-bet and produce low levels of IFN-
v (Bernink et al., 2013; Klose et al., 2013; Rankin et al., 2013;
Sciumé et al., 2012); accordingly, our data revealed that a portion
of IFN-y REs, including the promoter and distal T-bet binding
sites, was accessible in NCR* ILC3s but not in CD4* ILC3s.
Taken together, high-resolution profiling of chromatin land-
scapes by ATAC-seq identified lineage-specific REs near genes
that specify ILC functions.
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Figure 1. Identification of Regulatory Elements of Innate Lymphoid Cells
(A) Schematic illustration of experimental design. Five prototypical ILCs from various organs were isolated by flow cytometry for ATAC-seq and RNA-seq analysis.
Listed in the table are ILC-signature genes. All experiments were done in duplicate.
(B and C) Representative examples of normalized ATAC-seq signal profiles in ILCs across type 1 signature genes including (B) /fng and (C) Eomes and Tbx21. (B)

p300 and T-bet ChIP-seq were acquired from NK cells.

Lineage-signature ATAC peaks at promoter and non-promoter regions are highlighted in blue and red, respectively. Red triangles denote known regulatory
elements (Balasubramani et al., 2010; Wilson et al., 2009). Red arrows denote NK cell-specific REs.

See also Experimental Procedures and Figure S1.

Global Views of ILC Chromatin Landscapes Reveal
Differential Regulomes

Next, we sought to obtain a global picture of ILC regulomes
by analyzing accessible REs genome-wide. Among a total of
82,305 accessible REs merged from five prototypical ILCs,
about a quarter were common to all subsets, whereas the major-
ity (75%) of the regions were either unique to a single cell type or
shared by a subset of ILCs (here termed variable regions) (Fig-
ures 2A and 2B). As expected, differential RE accessibility was
correlated with selective gene expression in ILC subsets (Fig-
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ure S2A). Analyzing the genomic distribution of ILC REs revealed
that promoters (REs within +1 kb of transcription start sites) were
preferentially enriched among common REs (30%) but were
depleted from variable REs (5%) (Figure 2C). This observation
suggests that the divergence of ILC chromatin landscapes ap-
pears to be primarily shaped by distal REs.

For each lineage, we defined ATAC-accessible regions that
are not ubiquitously accessible in all lineages as their “signature
REs,” which differ from “specific REs,” which are exclusively
accessible in only one lineage.
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(A and B) Comparison of global ATAC peaks in prototypical ILCs. (A) Venn diagram demonstrating percentages of ATAC peaks that are commonly or differentially
present in ILCs. The total number of ATAC peaks in each ILC subset is indicated with the annotation. (B) Heatmap showing signal intensity (reads per million

mapped reads by log2) of each ATAC peak.

(C) Pie charts illustrating the distribution of ATAC peaks across the genome (promoter, +1 kb of transcription start sites [TSSs], and intragenic or intergenic

regions). p value is determined by using Fisher’s exact test.

(D) Heatmap showing relative enrichment of TF motifs among ILC-signature REs. LDTFs are highlighted in red.

(E) Scatterplot showing the relationships for Pearson correlations of transcriptomes and regulomes between pairs of ILC subsets. Log2-transformed tag counts
averaged from replicates were used for Pearson correlation analysis with thresholds of 1 FPKM and 1 reads per million reads (RPM) for RNA-seq and ATAC-seq
datasets, respectively. The blue line denotes the linear regression line derived from all data points in the plot. The gray area denotes 95% confidence limits of

linear regression.
See also Experimental Procedures, Figure S2, and Table S1.

Cell 165, 1120-1133, May 19, 2016 1123



We next investigated potential TFs that could target ILC regu-
lomes by searching for the enrichment of consensus TF motifs
within signature REs. We found that target motifs for recognized
LDTFs were differentially enriched among each ILC type, consis-
tent with their known roles in driving ILC development (Figure 2D,
highlighted in red). For instance, the T-box motif, which is shared
by T-bet and Eomes, was prominent in group 1 ILC regulomes
and depleted from those of ILC2s and ILC3s. Conversely,
GATA-3 and RORyt motifs were enriched in group 2 and 3
ILCs, respectively. In addition to known LDTFs, we also identified
other TFs potentially important for ILC specification that mirrored
the enrichment pattern of known LDTFs (Figure 2D). For instance,
the enrichment of Runx motifs in group 1 and 3 ILCs supports the
very recent evidence of the essential role of Runx family members
in their development (Ebihara et al., 2015). Because TFs
belonging to a given family share the same motifs, we further
filtered potential regulators based on their expression to identify
both shared and unique regulatory networking modules for each
ILC subset (Figure S2B). This analysis also recapitulated the
fact that the TFs previously associated with NK cell development
and/or function such as Ets and IRF family members (highlighted
in the light red box) contribute to ILC regulation (Barton et al.,
1998; Lohoff et al., 2000). In addition, NF-kB family members
were identified in group 2 and 3 ILC regulatory networks (high-
lighted in the light blue box), correlated with the importance of
IL-1B and IL-25/IL-33 functions in these subsets. Overall, these
data point to distinctive regulomes that may reflect occupancy
of key TFs contributing to ILC functionality and identity.

Having established the distinctive regulomes in ILCs, we next
sought to determine how regulomes compared with transcrip-
tomes in discerning ILC-lineage identity. Our data indicate that
comparisons of accessible chromatin landscapes of different
ILC groups reveal greater differences (Pearson correlation r =
0.62-0.78) than comparisons of expression profiles (Pearson
correlation r = 0.79-0.91) (Figures 2E and S2C). Specifically,
ILC transcriptomes revealed the highest similarity among group
1 cells (NK and ILC1) and group 3 cells (CD4" and NCR* ILC3)
(Figure S2C, top). In addition, cells residing in the same tissue
(intestinal ILC2 and group 3 ILC) also displayed high similarity.
However, the comparison of regulomes provided a rather
different view (Figure S2C, bottom). The differences among sub-
sets in the same ILC group were more pronounced, and similar-
ities of ILC2s and ILC3s were less obvious. In particular,
comparing the regulomes of ILC2 and ILC3 subsets suggests
that these cell types are more distinct than expected based on
the similarities of their transcriptomes (Figure 2E).

ILC Regulomes Are Primed Prior to Activation

An important feature of ILCs is their ability to quickly respond to
external cues and rapidly induce transcription and protein syn-
thesis of effector genes to mediate host defense. Whether this
process involves the rapid acquisition of new enhancers or utili-
zation of pre-existing poised enhancers has not been deter-
mined. To understand the dynamics of enhancer landscapes
and their impact on ILC activation, we stimulated NK, ILC2,
and NCR* ILC3 cells with relevant cytokines for 4-6 hr and
compared the changes in transcriptomes and regulomes with
their resting state (Figures 3A and 3B). We observed more genes
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were downregulated than those that were upregulated in NK and
NCR™* ILC3 cells (>2-fold change, p < 0.05) upon stimulation,
whereas similar numbers were up- and downregulated in ILC2
cells (Figure 3B, left). We also observed concordant changes in
the number of ATAC-accessible sites that were accessible
before and after stimulation (Figure 3B, right). This observation
suggests that the dynamic changes of transcriptomes and regu-
lomes might be well correlated. However, further global correla-
tion analysis indicated that this was only partly true (Figures 3C
and S3A). For instance, the transcriptomes of stimulated ILC2
and NCR* ILC3 cells were more similar to each other than those
of unstimulated cells (Figure 3C). In contrast, assessment of their
respective regulomes revealed that the distinctive REs were rela-
tively stable, congruent with subset identity.

We next explored the dynamics of REs near cytokine loci
that are rapidly induced upon stimulation (Figures 3D, S3B,
and S3C). We found that even though transcript abundance
increased dramatically, the chromatin landscapes of the Ifng,
type 2 cytokine, and //22 loci changed little after activation. To
further evaluate enhancer activity, we also investigated the dy-
namics of p300 binding and H3K27 acetylation levels in stimulated
NK cells by chromatin immunoprecipitation sequencing (ChlP-
seq) (Figure 3D). We found that most /fng enhancers identified
by ATAC-seq were pre-bound by p300 (12 of 13 sites) and were
also H3K27 acetylated (7 of 13 sites) prior to activation. Upon stim-
ulation, these sites exhibited enhanced p300 binding as well as
increased H3K27 acetylation, whereas ATAC signals remained
unchanged. The observed dynamic enhancer activity was con-
sistent with enhanced cytokine production from the locus. This
suggests that chromatin landscapes of stimulation-responsive
elements are pre-determined before the cell is activated.

ILC Enhancer Landscapes Diverge Early in Development
Our finding that the enhancer landscapes of terminally differen-
tiated ILCs are poised prior to cytokine stimulation raises
the question of when these lineage-signature landmarks were
initially established during development. To answer this, we pro-
filed regulomes of developing ILCs, including immature NK (iNK),
NK precursor (NKp), and ILC2 precursor (ILC2p) cells from bone
marrow, and compared them with hematopoietic stem cells
(HSCs), multipotent progenitor cells (MPPs), and common
lymphoid progenitor cells (CLPs) (Figures 4A and S4A). The
designation of NKp refers to lin~CD122" cells enriched for cells
committed to the NK fate (Chiossone et al., 2009; Constantinides
et al., 2014; Fathman et al., 2011; Hoyler et al., 2012; Rosmaraki
etal., 2001). Comparison of these cells revealed stepwise loss of
HSC-signature REs and acquisition of ILC-signature REs during
ILC development (Figures 4B and S4B). The loss of ~50% of the
HSC-signature REs had already occurred in MPPs, with a further
~10% loss in CLPs and 20% loss in ILC precursors (NKp and
ILC2p). Conversely, only 25%-30% of ILC-signature features
were present in early progenitors (HSCs, MPPs, and CLPs),
whereas another ~30% of these features were acquired as
CLPs developed to NKp or ILC2p cells (Figure 4B). Of note, the
later step involved minimum loss of HSC-signature REs. In
aggregate, these data indicate that the regulatory landscapes
of ILC precursors are at states that adopt ILC subset-signature
chromatin landscapes while retaining progenitor features.
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(A) Experimental designs for ILC stimulation. NK cells were treated with IL-2 (1,000 U/ml) and IL-12 (10 ng/ml) for 6 hr; ILC2 cells were treated with IL-25 (50 ng/ml)
and IL-33 (50 ng/ml) for 4 hr; and NCR™" ILC3 cells were treated with IL-23 (50 ng/ml) for 4 hr.
(B) Changes in gene expression or chromatin accessibility upon ILC stimulation. Left: number of genes changing expression over 2-fold (p < 0.05) after stim-

ulation. Right: number of peaks gained (orange) or lost (blue) after stimulation.

(C) Dendrogram showing hierarchical clustering analysis of ILC gene expression and chromatin accessibility before (black) and after (red) stimulation.
(D) Genome track view of the Ifng locus showing RNA-seq, ATAC-seq, H3K27 acetylation, and p300 binding for stimulated and non-stimulated NK cells.

See also Experimental Procedures, Figure S3, and Table S1.

Next, we compared the global views of ILC-lineage identity
defined by regulomes versus transcriptomes. Hierarchical clus-
tering of either genome-wide gene expression or chromatin
accessibility of ten cell types revealed relationships between
bone marrow progenitors (HSCs, CLPs, and MPPs) as well as
peripheral mature ILCs (Figure 4C). However, assessment of
transcriptomes revealed a different picture of NKp and ILC2p
cells than regulomes. The transcriptomes of bone marrow
ILC2p and NKp cells are highly correlated with each other and
cluster with early progenitors (Figures 4C and S4C, left). On the
other hand, comparison of regulomes clustered bone marrow
ILC2p cells with differentiated gut ILC2s (Figures 4C and S4C,
right). Similarly, bone marrow NKp and iNK cells clustered with
mature, splenic NK cells and ILC1s. One explanation for this dif-
ference is that ILC regulomes were established prior to terminal
differentiation. To test this possibility, we examined the acces-
sible chromatin landscapes of ILC-signature genes such as
Ifng and Th2 cytokines. Indeed, the majority of lineage-signature
REs were already accessible at precursor stages (Figures 4D
and 4E), supporting our hypothesis.

To further understand how ILC regulomes are formed during
development and how relevant they are to ILC function, we

compared REs among mature ILCs (NK and ILC2), ILC precur-
sors (NKp and ILC2p), and CLPs (Figures 5A and 5B). We first
identified REs gained and lost during ILC development,
dividing them into early and late events (categories A and B
for gained REs; categories C and D for lost REs). REs that
were gained during ILC development were enriched for the
motifs of specific LDTFs. In contrast, REs that were lost during
ILC specification were enriched for motifs of early progenitor
and myeloid-associated TFs, such as Pu.1 and Spi-B. Remark-
ably, the transitioning REs, specifically accessible only in pre-
cursors, were enriched with motifs of both T-box and GATA
families. This observation suggests the existence of a plastic
stage prior to final differentiation in which titration of the level
of these two TF families could determine differentiated cell
identity.

Next, we analyzed the expression level of genes in proximity
to differentially accessible REs (Figures 5C and 5D). As ex-
pected, we found that the genes associated with regions that
only became accessible at the final developmental stage (cate-
gory A) were also induced late. However, the genes with REs
in ILC precursor cells (category B) showed an expression trend
similar to category A, suggesting that REs of these genes were

Cell 165, 1120-1133, May 19, 2016 1125



Bone Marrow

HSC MPP

CLP V

8

S/ 128)
-16723

+9409
2923

O

O 29831 O 29300 O
~14075 -13553
w& ILC2p ILC2
+: gained ATAC peaks 763 O e > O
—: lost ATAC peaks 12293
B c
100+ -1
00 00 Hierarchical Clustering
29
75 75 (f o) Gene expression Chromatin accessibility
50 50 E §
i == ILC2p ILC2
b «Q \
25 25 = NKp ILC2p
I I I =7 NK NCR*ILC3
0 o
T 22 22 T jl- i- iNK CD4*ILC3
Q
Q‘% $ (e e\l- Sl MPP NK :l—
10 00 4|_E HSC iNK
CLP NKp
75 L7s = N
5 % _|: NCR*ILC3 CLP
so Lo o = CD4'ILC3 MPP
23 L Lc2 HSC
254 25 £ 3 I s T T T
I I I L= 150 100 50 O 0 400 800
0 FO =
R 2 R
L @2 RIS
D E
H—h H L] H——HHHHH H
Ifng 4 1113 Rad50 15
HSC e i il - - & T P -~ A -
MPP | B
CLP .
NKp
iNK
NK
ILC2p e o J._ = . . o LA J AT | 1 T J..l l Ll
ILC2 1 | | |

Figure 4. Distinctive ILC Enhancer Landscapes Diverge in Development

(A) Schematic diagram of the ILC developmental stages evaluated by ATAC-seq and RNA-seq. The numbers of ATAC peaks gained or lost during transition
determined by the PAPST program (Bible et al., 2015) are shown in red and blue, respectively, along the arrows.

(B) Bar plot illustrating progressive loss of HSC signature (yellow) and reciprocal gain of mature lineage signature (blue) for NK (top) or ILC2 (bottom) during ILC

development.

(C) Dendrogram showing hierarchical clustering analysis of ILC gene expression (left) and chromatin accessibility (right) of developing ILCs. Log2-transformed tag
counts averaged from replicates were used for calculation of Euclidean distances between two cell types with thresholds of 1 FPKM and 1 RPM for RNA-seq and
ATAC-seq datasets, respectively, and were further clustered by the hclust program in R using the ward method.

(D and E) Genome track view of the Ifng and Th2 loci showing early establishment of divergent chromatin landscapes during ILC development.

See also Experimental Procedures, Figure S4, and Table S1.

pre-deposited prior to terminal differentiation. Similarly, among
the genes upregulated at the final differentiation stages, over
half possessed pre-established REs (Figures 5E, 5F, and S5).
These results reinforce the notion that lineage-specific chro-
matin landscapes diverge early during ILC development.

1126 Cell 165, 1120-1133, May 19, 2016

Relationships between Innate and Adaptive Lymphoid
Cells

ILC nomenclature was originally proposed on the basis of
effector functions and LDTF expression reflecting cognate
T cell subsets. However, unlike ILCs initiating both development
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and differentiation in bone marrow, T cells develop in the thymus
and then further differentiate upon stimulation. To understand the
relationships between ILC and T cell regulomes, we performed
ATAC-seq on ex vivo isolated T cells in healthy mice, including
naive and memory CD8" T cells from bone marrow and naive
CD4* T cells from spleen. For memory/effector CD4* T cells,
we isolated Th17 (GFP*) cells from the intestine of 1117-GFP
mice, using CCR6"CD25~, CCR6 CD25*, and CCR6 CD25"
CD4* T cells as controls.

To systematically compare the regulatory landscapes of
different lineages, we performed hierarchical clustering on
ATAC-seq similarity of in-house and published ATAC-seq (Fig-
ure 6). The latter dataset includes macrophages, microglia,
and dendritic cells, as well as NK cells. This analysis revealed
several features that suggest how regulomes can be useful for
exploring cell identity. First, the analysis recapitulated our previ-
ous findings of the similarity between ILC precursors and their
differentiated progeny (Figure 4C). Second, the analysis illus-
trated the relatively low impact of environment in determining
characteristic regulomes of type 1 ILCs in different tissues (liver,

Tnfrsf1b
Tnfsf11

Landscapes Converge upon
Infection

Given the clustering of T cells and ILCs
in healthy hosts, we next compared their
chromatin landscapes following infection. Naive CD4* T cells
require potent polarizing stimuli for effector differentiation;
however, the similarity of effector ILC and Th cell transcrip-
tomes and regulomes has not been assessed. To resolve this
issue, we sought to obtain ILCs and T cells subjected to the
same environment by infecting mice with Nippostrongylus
brasiliensis, a parasitic nematode provoking a Th2-dominant
immune response (Finkelman et al., 2004). Both ILC2 and
Th2 cells were enriched in lungs after 10 days of infection
and then isolated for ATAC-seq and RNA-seq analysis (Fig-
ure 7A). By comparing REs of Th2-related genes (//4, 1I5, 119,
1170, and /I13) in N. brasiliensis-infected ILC2 and Th2 cells,
we were struck by the similarities of the chromatin landscapes
between these two cells, in spite of their differences prior to
infection (Figure 7B). Notably, the majority of these REs were
generated de novo in N. brasiliensis-infected Th2 cells com-
pared to ILCs in which more modest changes were evident
upon infection. Genome-wide analysis of accessible REs in
N. brasiliensis-induced Th2 cells revealed that these cells lost
over half of naive signature REs and two-thirds of Th2 REs
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Figure 6. Relationships between Innate and
Adaptive Cell Regulomes

Dendrogram showing unbiased hierarchical clus-
tering analysis of lineage relationships based on
37 in-house and 8 previous published ATAC-seq
data. Categories of cell types and tissue location
from which the cells were harvested are indicated
on the right and colored accordingly. The distance
on the scale implies the dissimilarity (1 — Pearson
correlation coefficient) between two individual
subjects. Log2-transformed tag counts were used
for calculation of dissimilarity between two cell
types with a threshold of 1 RPM. BM, bone
marrow.

See also Supplemental Experimental Procedures.
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were newly acquired (Figure 7C). Among these Th2-acquired
REs, over 70% were also detectable in ILC2s, demonstrating
that Th2 cells gained a large portion of ILC2 regulomes upon
infection. Consistently, pairwise comparison of gene expres-
sion among type 2 subsets, including ILC2p from bone
marrow, ILC2 from small intestine, and both ILC2 and Th2 cells
from lung of N. brasiliensis-infected mice, revealed minimal
expression difference between N. brasiliensis-infected ILC2
and Th2 cells (Figure 7D). In contrast, the maximum difference
in gene expression was observed between Th2 cells and naive
CD4™* T cells. Hierarchical clustering emphasized the difference
between the pre-established ILC and naive CD4" T cell regu-
lomes, although infection led to a convergence of circuitry
(Figure 7E). To better define the basis of the convergence,
we performed gene ontology analysis using GREAT (Genomic
Regions Enrichment of Annotations Tool) (Ashburner et al.,
2000; MclLean et al, 2010) to identify genes that shared
ATAC accessibility in infected Th2 and ILC2 cells. Comparison
of accessible peaks present in both cell types relative to the
background of the whole genome revealed significant enrich-
ment for several immune response-related molecular functions.
An additional explanation for the convergence of Th2 and ILC2
regulomes might be similar changes in metabolic state; how-
ever, we found no significant enrichment in general metabolism
or cell-cycle terms (Figure S6). Therefore, the environmental
impact of infection was able to synchronize gene regulation
in ILC2 and Th2 cells, despite the greater impact on the latter.
This implies substantial overlap of their regulatory networks
even though they were established through distinct routes.
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DISCUSSION

Early progenitors

In the present study, we sought to gain
insight into the biology of ILCs by
characterizing regulomes for the proto-
typic subsets and determining their
roles in gene expression. Our data
reveal how ILC regulomes “mature”
progressively during development such
that many key loci are primed prior to
terminal differentiation. As a conse-
quence, these loci are only moderately
impacted by stimulation in vitro and
in vivo. This contrasts with CD4* Th cells, which undergo
dramatic chromatin remodeling upon activation. However,
during the course of infection, the regulomes of CD4*
T cells and ILCs closely approximate one another, arguing
for substantial sharing of mechanisms underlying regulation
of lineage-specific functions.

*  Lara-Astiaso et al. Science 2014
** Lavin etal. Cell 2014
*x* Bornstein et al. Molecular Cell 2014

Genomic Views of ILC Classification

With the expanding recognition of innate lymphocyte subsets,
a classification of ILCs was proposed based on their analogy
with CD4* Th cell subsets. However, the precise distinctions
between conventional NK cells and ILC1s have been unclear
and the heterogeneity of ILC3s has challenged simple classifi-
cation. The identification of ILC3s expressing T-bet and the
overlapping roles of LDTFs in ILC differentiation further compli-
cate the picture (Tindemans et al., 2014). Although the present
classification posits that ILCs such as T helper cells are spec-
ified to distinct “lineages,” the ability to comprehensively map
the regulatory landscape of ILCs raises the question of how
the current functional classification compares to a genomic
perspective. The five recognized major subsets of ILCs, con-
ventional NK, ILC1, ILC2, NCR* ILC3, and CD4* ILC3 cells,
can be discerned by chromatin landscapes since they cluster
in three main groups, although differences between NK and
ILC1 cells and ILC3s are also apparent. The mechanisms es-
tablishing the similarities and differences in chromatin land-
scapes will be important to discern in the future, and the
comprehensive regulomes defined in the current work will facil-
itate this endeavor.
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Underpinnings of Rapid Effector Responses in ILCs

A general characteristic of ILCs is their rapid and selective re-
sponses to infection. Locksley and colleagues first recognized
the accessibility of the Ifng promoter in NK cells, as measured
by histone acetylation (Stetson et al., 2003). Consistently, our
global analysis revealed that the REs of effector gene loci were
accessible in resting ILCs and changed little following activation,
despite the increase of enhancer activity measured by p300
and histone acetylation. A striking finding of our work is that
most of these REs are pre-formed in ILC precursors and become
accessible in a stepwise manner during development. It should
be noted that chromatin accessibility detected by ATAC-seq
includes promoters, silencers, and insulators as well as en-
hancers; however, we would argue that a significant proportion
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ATAC peaks in NK cells are bound by
p300, a useful proxy for enhancer activity
in previous studies (Visel et al., 2009)
despite its functional redundancy with
other co-activators (e.g., CREB-binding
protein, Pcaf).
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Environment versus Ontogeny of

ILC Subsets

ILCs are important for barrier function,
where they are exposed to diverse exog-
enous and endogenous environmental
stimuli; consequently, ILCs exhibit distinct functionalities in
different tissues. This correlates well with the recently reported
distinctive transcriptomes of intestinal ILCs (Robinette et al.,
2015). In other innate cells, such as macrophages, environment
also controls both gene expression and enhancers to define tis-
sue-specific macrophage identities (Gosselin et al., 2014; Lavin
et al., 2014). In view of these previous observations, we were
struck by the contrast in viewing ILC identity by transcriptomes
versus regulomes. ILC regulomes appear to be less sensitive
to tissue localization and primarily reflect lineage relationships.
In particular, regulomes define the lineage segregation between
ILC2s and ILC3s better than transcriptome analyses. Also, com-
parison of transcriptomes revealed similarities between ILC2
and NK precursors, whereas inspection of regulomes revealed
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more similarities between precursors and their offspring. Under-
standing the factors that establish chromatin landscapes will be
revealing; presumably, this is the consequence of the action of
TFs that are either induced or activated during development. A
better understanding of the regulatory logic of these develop-
mental circuits will be important in elucidating the creation of
these landscapes.

Mechanisms Allowing ILC Plasticity

Although selective cytokine production is a major feature of the
current classification of ILCs, substantial phenotypic plasticity
has recently become evident (Bernink et al., 2013; Cella et al.,
2009; Huang et al., 2015; Kearley et al., 2015; Klose et al.,
2013; Serafini et al., 2015). Signature cytokine loci are most
accessible in the expected subsets. However, it is clear that
there are elements that are broadly accessible in all subsets.
For instance, CNS-22, an element previously shown to be
involved in activation-specific IFN-y induction in T cells (Balasu-
bramani et al., 2014), was accessible in all ILCs, including those
not making this cytokine. Perhaps such elements represent
“seed” enhancers (Factor et al., 2014), which have permissive
actions on the general organization of the locus and precede se-
lective, high-level IFN-y expression. Even more notable is that
the broad accessibility of loci encoding LDTFs across ILCs pro-
vides a mechanism for phenotypic flexibility in the context of
permitting rapid responses. Alternatively, the accessibility of
loci encoding LDTFs provides opportunities for cross-regulation.
Taken together, the data make clear that despite mechanisms al-
lowing selective cytokine production, multiple means exist to
allow plasticity and flexible expression of effector genes.

T Cells and ILCs: Regulomes Converge following
Infection

The existing classification of ILCs and T helper cells implies func-
tional relationships between them. However, the extent to which
they truly share mechanisms to regulate common batteries of
effector genes remains an important question that has not
been previously examined. In principle, this question can be ad-
dressed both in terms of development (ontogeny) and evolution
(phylogeny). From the view of development, our data indicate
that ILCs are instructed in the bone marrow and undergo a step-
wise process of specification. The unbiased view of the regu-
lomes of naive CD4" T cells would lead one to believe that they
are distinct from ILCs, suggesting that their ability to acquire
effector functions might involve mechanisms rather distinct
from ILCs. This is consistent with a reasonably clear distinction
between ILC and T cell development (Shih et al., 2014). Nonethe-
less, following infection, the regulomes of ILCs and T cells
approximate each other to a remarkable degree. This suggests
that mechanisms underlying selective effector gene expression
are shared between T cells and ILCs and may be evolutionarily
ancient. Although we know relatively little about the evolution
of lymphocytes, the existence of two distinct modes of anti-
gen-specific recognition in lymphocytes in vertebrate evolution
(Hirano et al., 2011) could suggest that “innate” lymphoid cells
may have preceded T cells evolutionarily (Serafini et al., 2015).
Precisely why T cell development is associated with the absence
of a pre-primed or poised regulome is not clear; however, this
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clearly allows for more room to control the system in which
massive clonal expansion occurs along with acquisition of
effector functions, rather than pre-existing functionalities during
infection.

Conclusion

The discovery of diverse, functionally specialized ILC subsets
represents a major advance in our knowledge of how the im-
mune system copes with infection, inflammation, tissue repair,
and metabolic homeostasis. The apparent functional symmetry
of the innate and adaptive systems makes efforts to understand
the molecular relationship between ILCs and T cells of great in-
terest. Our elucidation of the regulomes of ILCs and T cells pro-
vides insights into the genomic mechanisms that specify func-
tions of different lineages. Deciphering the precise nature of
circuits that shape the regulomes of ILC and T cells is an exciting
area for future work.

EXPERIMENTAL PROCEDURES

Mice

Female wild-type C57BL/6J, Foxp3-GFP, and I117-GFP mice (6-12 weeks old)
were purchased from the Jackson Laboratory. All animal studies were per-
formed according to NIH guidelines for the use and care of live animals and
were approved by the Institutional Animal Care and Use Committee of the Na-
tional Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS).

Cell Isolation

NK cells were isolated from spleen and liver; ILC1 cells were isolated from liver;
I117-GFP* Th17, ILC2s, CD4" ILC3, and NCR* ILC3 cells were isolated from
siLP; HSCs and CLP, NKp, immature NK, and ILC2p cells were isolated
from bone marrow; and N. brasiliensis-induced ILC2 and Th2 cells were iso-
lated from lung. Cells from bone marrow, liver, and spleen were obtained by
mechanical disruption. Cells from lung were isolated after incubating lung frag-
ments with 0.5 mg/ml Liberase TL (Roche) for 1 hr followed by purification with
40% Percoll (GE Healthcare) (Meylan et al., 2014). Cells from siLP were iso-
lated after incubating fine-cut intestine in HBSS with 0.5 mg/ml DNase |
(Roche) and 0.25 mg/ml Liberase TL followed by filtering with a 100-um cell
strainer and purification with 40% Percoll (Sciumé et al., 2012). Isolated cells
were further sorted as described previously. See Supplemental Experimental
Procedures for the antibodies used.

In Vitro Stimulation

All cells were stimulated in RPMI medium with 10% (vol/vol) FCS (Invitrogen),
2 mM glutamine (Invitrogen), 100 IU/ml penicillin (Invitrogen), 0.1 mg/ml strepto-
mycin (Invitrogen), 20 mM HEPES buffer (pH 7.2-7.5) (Invitrogen), and 2 mM
B-mercaptoethanol (Sigma-Aldrich). NK cells were treated with 1,000 U/ml
IL-2 and 10 ng/ml IL-12 (R&D Systems) for 6 hr; ILC2 cells were treated with
50 ng/ml IL-25 (BioLegend) and 50 ng/ml IL-33 (BioLegend) for 4 hr; and NCR*
ILC83 cells were treated with IL-23 (50 ng/ml; R&D Systems) for 4 hr.

In Vivo ILC2 and Th2 Induction

Mice of at least 8 weeks of age were infected with 500 infective third-stage
N. brasiliensis by subcutaneous injection. Cells from lungs were isolated after
10 days of infection. Staining and sorting strategy of Th2 and ILC2 cells were
as described in Figure 7.

RNA-Seq

RNA-seq was performed as described previously with slight modification
(Hirahara et al., 2015). Total RNA was prepared from approximately 30,000-
50,000 cells by using TRIzol following the manufacturer’s protocol (Life Tech-
nologies). Total RNA was subsequently processed to generate an mRNA-seq
library using a TruSeq SR mRNA sample prep kit (FC-122-1001; lllumina). The
libraries were sequenced for 50 cycles (single read) with a HiSeq 2000 or HiSeq



2500 (lllumina). Raw sequencing data were processed with CASAVA 1.8.2
(Mumina; Bentley et al., 2008) to generate FastQ files.

RNA-Seq Analysis

Sequence reads were mapped onto mouse genome build mm9 using TopHat
2.1.0 (Trapnell et al., 2012). Gene expression values (FPKM; fragments per
kilobase exon per million mapped reads) were calculated with Cufflinks 2.2.1
(Trapnell et al., 2012). BigWig tracks were generated from Bam files and con-
verted into bedGraph format using bedtools (Quinlan and Hall, 2010). These
were further reformatted with the UCSC tool bedGraphToBigWig. The differen-
tial gene expression was determined by DEseq using 2-fold change, with
p value <0.05 as threshold (Anders and Huber, 2010). Downstream analyses
and heatmaps were performed with R 3.0.1 (R Core Team, 2014) and custom
R programs.

See also Supplemental Experimental Procedures.

ATAC-Seq

ATAC-seq was performed according to a published protocol (Buenrostro
et al.,, 2013) with minor modification. Fifty thousand cells were pelleted
and washed with 50 ul 1x PBS, followed by treatment with 50 pl lysis buffer
(10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 3 mM MgCl,, 0.1% IGEPAL
CA-630). After pelleting the nuclei by centrifuging at 500 x g for 10 min,
the pellets were re-suspended in a 40-ul transposition reaction with 2 pl
Tn5 transposase (FC-121-1030; lllumina) to tag and fragmentalize acces-
sible chromatin. The reaction was incubated at 37°C with shaking at
300 rpm for 30 min. The fragmentalized DNAs were then purified using a
QIAGEN MinElute kit and amplified with 10 or 11 cycles of PCR based on
the amplification curve. Once the libraries were purified using a QIAGEN
PCR cleanup kit, they were further sequenced for 50 cycles (paired-end
reads) on a HiSeq 2500.

ATAC-Seq Analysis

ATAC-seq reads from two biological replicates for each sample were mapped
to the mouse genome (mMm9 assembly) using Bowtie 0.12.8 (Langmead et al.,
2009). In all cases, redundant reads were removed using FastUniqg (Xu et al.,
2012), and customized Python scripts were used to calculate the fragment
length of each pair of uniquely mapped paired-end (PE) reads. The fragment
sizes distribute similar to previously published data (data not shown). Only
one mapped read to each unique region of the genome that was less than
175 bp was kept and used in peak calling. Regions of open chromatin were
identified by MACS (version 1.4.2) (Zhang et al., 2008) using a p-value
threshold of 1 x 1075, Only regions called in both replicates were used in
downstream analysis. Peak intensities (“tags” column) were normalized as
tags per 10 million reads (RP10M) in the original library. Downstream analysis
and heatmap generation were performed with the Hypergeometric Optimiza-
tion of Motif EnRichment program (HOMER) version 4.8 (Heinz et al., 2010)
and R 3.0.1 (R Core Team, 2014).

See also Supplemental Experimental Procedures.

Chromatin Immunoprecipitation Sequencing

ChIP-seq was performed using ex vivo purified NK cells without or with cyto-
kine stimulation. At least 10 million cells were used for transcription factor
ChlP, and 2 million cells were used for histone mark ChIP. After chemically
cross-linking cells, chromatin was fragmented by sonication and immunopre-
cipitated by anti-H3K27Ac (ab4729; Abcam), anti-p300 (sc585; Santa Cruz), or
anti-T-bet (sc21003; Santa Cruz). After recovering purified DNA, 10 ng or
more of DNA was used to generate libraries according to the vendor’s manual
for the lllumina platform (E6240S/L; New England BioLabs). lllumina HiSeq
2500 (H3K27Ac, T-bet) or Genome Analyzer Il (p300) was used for 50-cycle
single-read sequencing. SICER (K27Ac; Zang et al., 2009) or MACS 1.4.2
(T-bet, p300) was used for peak calling using the reference genome mm9.
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