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Key Points

• Transcription and enhancer
profiling reveal cell
type–specific regulome
architectures and transcription
factor networks in conventional
and regulatory T cells.

CD41CD251FOXP31 human regulatory T cells (Tregs) are essential for self-tolerance and

immunehomeostasis. Here, we describe the promoterome of CD41CD25highCD45RA1

naı̈ve and CD41CD25highCD45RA–memory Tregs and their CD25– conventional T-cell

(Tconv) counterparts both before and after in vitro expansion by cap analysis of gene

expression (CAGE) adapted to single-molecule sequencing (HeliScopeCAGE). We per-

formed comprehensive comparative digital gene expression analyses and revealed novel

transcription start sites, of which several were validated as alternative promoters of known

genes. For all in vitro expanded subsets, we additionally generated global maps of poised

and active enhancer elementsmarkedbyhistoneH3 lysine 4monomethylation andhistone

H3 lysine27acetylation,describe their cell type–specificmotif signatures, andevaluate the roleof candidate transcription factorsSTAT5,

FOXP3, RUNX1, andETS1 in both Treg- and Tconv-specific enhancer architectures. Network analyses of gene expression data revealed

additional candidate transcription factors contributing to cell type specificity and a transcription factor network in Tregs that is

dominated by FOXP3 interaction partners and targets. In summary,weprovide a comprehensive and easily accessible resource of gene

expression and gene regulation in human Treg and Tconv subpopulations. (Blood. 2014;123(17):e68-e78)

Introduction

Thymus-derived CD41CD251 regulatory T cells (Tregs) are crucial
for themaintenance of peripheral self-tolerance and immune homeo-
stasis by suppressing a wide variety of immune responses.1 Ex-
pression of the transcription factor FOXP3 is indispensable for this
suppressive activity because loss-of-function mutations in the gene
cause lethal autoimmune diseases in mice and humans.2,3 Their
ability to avert unwanted immune reactions after adoptive transfer in
a number of different settings, including autoimmune diseases and
allogeneic hematopoietic stem cell or organ transplantation,4-8 also
renders Tregs highly interesting for clinical application. A pivotal
prerequisite for their clinical use is the possibility to isolate and
expand in vitro a Treg population with stable phenotypic and func-
tional characteristics. In this respect, several groups showed that
Tregs can be reliably identified by their low expression level of the
interleukin-7R alpha chain (IL-7Ra; CD127).9,10 However, we and
others showed that this Treg population is heterogeneous with
respect to several developmental markers, including CD45RA, and
that onlyCD45RA1 naı̈ve Tregs retain high and homogenous FOXP3
expression and remain fully functional during in vitro expansion.11-14

In contrast, CD45RA– Tregs partially downregulate FOXP3 during in

vitro culture, which correlates with a loss of suppressive activity and
a tendency to differentiate into T cells with a proinflammatory
phenotype.13,15,16 These data raise questions about Treg stability,
plasticity, and inherited subset properties and, in view of clinical
applications, demand an in-depth molecular characterization of
regulatory mechanisms. Previous genome-wide studies on human
Tregs and Tconvs described differential FOXP3 binding in activated
Tregs andTconvs and its impact on gene expression.17However,most
of the analyses of transcription factors (TFs) regulating Treg function
were performed only in rodents or restricted to single loci in human
cells, and comprehensive genome-wide studies have not yet been
done.Tobetter understand regulatory networks inhumanCD41T-cell
subpopulations, we applied cap analysis of gene expression (CAGE)
adapted to single-molecule sequencing (HeliScopeCAGE) to
CD41CD25highCD45RA1 naı̈ve and CD41CD25highCD45RA–

memory Tregs and their CD25– conventional T cell (Tconv) counter-
parts both before and after in vitro expansion. In in vitro expanded cells,
we extended the promoter analyses by mapping poised and active en-
hancers (markedbyhistoneH3 lysine 4monomethylation (H3K4me1)
and histone H3 lysine 27 acetylation (H3K27ac), respectively,
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throughout the genome. Enhancers show cell type–specific en-
richment of TF binding motifs, and we highlight the global role of
FOXP3, RUNX1, ETS1, and STAT5 in cell type–specific en-
hancer architecture and gene regulation by chromatin immuno-
precipitation sequencing (ChIP-seq). The integrated analysis of
promoter and enhancer activities identifies subset-specific gene
regulation networks and provides a valuable resource on gene
expression and regulation inTreg and Tconv subsets. Thiswork is part
of the Functional Annotation of Mammalian Genome 5 (FANTOM5)
project. Data downloads, genomic tools, and copublishedmanuscripts
are summarized at http://fantom.gsc.riken.jp/5/.

Methods

Cells

CD41CD25–CD45RA1, CD41CD25–CD45RA–, CD41CD25highCD45RA1,
and CD41CD25highCD45RA– T cells were isolated13 and in vitro expanded as
previously described.18 Jurkat cells (human T-cell leukemia) were cultured as
previously described.19 Collection of blood cells from healthy donors was
performed in compliance with the Declaration of Helsinki. All donors signed
informed consent. The procedure was approved by the local ethical committee
(reference numbers 92-1782 and 09/066b).

RNA preparation

RNA for HeliScopeCAGE and rapid amplification of cDNA ends-
polymerase chain reaction (RACE-PCR) was isolated by using the miRNeasy
RNA isolation kit (Qiagen, Hilden, Germany).

HeliScopeCAGE sequencing and data analysis

HeliScopeCAGE sequencing and sequence alignment were performed as part
of the FANTOM5 project.20 Normalization of individual tag libraries was
done by using the common power-law distribution approach.21 Expression
data for annotated coding or noncoding genes (according to GencodeV10)
were extracted by collecting normalized tag counts in regions2500 to1200
relative to all annotated transcription start sites (TSSs) associatedwith a single
gene ID. Digital gene expression (DGE) analysis of normalized data was
performed by using edgeR22 as further outlined in the supplemental Methods
(available on the BloodWeb site).

39 and 59RACE-PCR

Complementary DNA (cDNA) from the RNA of T-cell subpopulations was
generated with the SMARTer RACE cDNA Amplification Kit (Clontech,
Saint-Germain-en-Laye, France) according to the manufacturers’ instruc-
tions. RACEwas performed by using a gene-specific primer with the samples
specified in Figure 4 and supplemental Figure 3. When no distinct fragment
sizes were observed, the PCR product was diluted and amplifiedwith a nested
gene-specific primer, and single PCR bands were directly sequenced. Primer
sequences are listed in supplemental Table 1.

ChIP-seq and data analysis

ChIP and library construction were done essentially as described23 by using
antibodies against H3K4me1 (Abcam), H3K27ac (Abcam), STAT5 (Santa
Cruz), ETS1 (SantaCruz), RUNX1 (Abcam), and FOXP3 (Novus). Sequence
tags were mapped to the human reference genome (GRCh37/hg19) by using
Bowtie software.24 Downstream analysis of uniquely mapped tags, including
quality control, peak calling, and motif analysis, was performed as described
by using Hypergeometric Optimization of Motif EnRichment (HOMER)
software tools.25 ChIP-seq data are deposited at the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus (GEO) database
(GSE43119). Clonal tags in TF ChIP-seq experiments were removed as
described before.26 A summary of all experiments can be found in supple-
mental Table 2, and a more detailed description of computational analyses is
provided in the supplementalMethods. AUniversity of California Santa Cruz

(UCSC) Genome Browser track hub of the entire data set can be found at
http://www.ag-rehli.de/NGSdata.htm.

De novo motif analyses

Enriched sequence motifs were de novo extracted from regions surrounding
differentially expressed CAGE clusters determined by the edgeR biocon-
ductor software package (P# .01 for pairwise comparisons;2300 to150 bp
from cluster center) using HOMER. For ChIP-seq data sets, enhancers (distal
H3K4me1 and H3K27ac regions, defined as being located at least 1000 bp
away from GencodeV10 annotated TSSs) were extracted by using a fixed
region size of 1 kb for replicate samples (andwith a twofold tag enrichment in
one sample in comparison with the other in case of cell type–specific
enhancers). Motifs were extracted from 1-kb enhancer regions by using
HOMER. A more detailed description of motif analyses is provided in the
supplemental Methods.

Network analysis

We inferred regulatory inputs of genes differentially expressed in the T-cell
subsets by applying a feature selection approach similar to the one used in the
software program Genie327 as outlined in the supplemental Methods. The
networks were constructed from the top 50 TFs defined by the number of target

Figure 1. T-cell isolation and expansion. (A) Sorting strategy for

CD41CD25highCD45RA1 (pRA1Treg), CD41CD25highCD45RA– (pRA–Treg),

CD41CD25–CD45RA1 (pRA1Tconv) and CD41CD25–CD45RA– (pRA–Tconv)

from human peripheral blood mononuclear cells (PBMCs) as described in

“Methods”. (B) Cells were reanalyzed after sorting on the FACSAria.
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genes in each T-cell subset (listed in supplemental Table 3) by using the Search
Tool for the Retrieval of Interacting Genes (STRING) 9.0 database.28

Reporter plasmid construction and purification

The native as well as new CTLA4 and FOXP3 TSSs were amplified from
genomicDNAbyusingPCRprimers listed in supplemental Table 1. ThePCR

fragments were cloned in the pGL4.10 vector (Promega). Plasmids were
isolated and purified by using the EndoFree Plasmid Kit (Qiagen).

Transient DNA transfection

Jurkat cells were transfected and treated with phorbolmyristate acetate and
ionomycin as described elsewhere.19 Firefly luciferase activity values were

Figure 2. HeliScopeCAGE-based DGE analysis.

(A) A multidimensional scaling (MDS) plot for replicate

HeliScopeCAGE-based DGE data shows distance of

samples based on tag distribution in expressed genes.

(B) Differential gene expression between pRA1Treg and

the indicated T-cell types. Numbers indicate the number

of significantly upregulated genes in either cell type (5%

false discovery rate cutoff) for each pairwise comparison.

Boxes contain generic gene ontology (GO) terms (color

coding refers to the corresponding cell type, numbers

in parentheses correspond to enrichment q values)

enriched in each differential gene set. A complete list of

all expressed genes and corrected q values for all

relevant pairwise comparisons is provided in supple-

mental Table 3. (C) DGE data for the top 50 signi-

ficantly differentially expressed genes in a pairwise

comparison of pRA1Treg vs pRA1Tconv. Shown are

data for both primary and expanded RA1 cells. (D) A

Treg core signature displaying unsupervised hierarchi-

cal clustering of genes differing highly significantly

in expression between pTreg and pTconv in both

CD45RA1 naı̈ve and CD45RA– memory subpopulations.

eTreg were included in the clustering to visualize

expression changes of core Treg genes after in vitro

expansion. Values were log2 transformed and

normalized to the geometric mean of tag counts in

pTreg and pTconv subpopulations for every gene.
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normalized against Renilla activity and correspond to at least 3 independent
experiments measured in duplicates.

Results

To analyze gene expression and the exact promoter locations of
T-cell subpopulations, we subjected 3 biologic replicates of
highly purified primary (prefix “p”) CD41CD25highCD45RA1

naı̈ve Tregs (pRA1Treg), CD41CD25highCD45RA– memory
Tregs (pRA–Treg), CD41CD25–CD45RA1 naı̈ve Tconvs (pRA1
Tconv), and CD41CD25–CD45RA– memory Tconvs (pRA–Tconv)
to HeliScopeCAGE. Additionally, we in vitro expanded all sub-
populations as previously described13 and also subjected them to
HeliScopeCAGE sequencing (prefix “e”). The sorting strategy with
representative fluorescence-activated cell sorter plots is charted in
Figure 1.

Overall, 11 022 protein-coding and 1168 noncoding genes were
expressed with at least 1 tag per million (see “Methods”) in 1 cell
type. We performed DGE analysis of protein-coding genes by using
edgeR22 for pairwise comparisons between subpopulations. A
multidimensional scaling plot clustered replicates together and
clearly separated Tregs from Tconvs in one dimension and in vitro
expanded from primary cells in the other dimension (Figure 2A).
Results of pairwise comparisons for pRA1Treg (alongwith functional
annotation of differentially regulated genes) are summarized in
Figure 2B. Figure 2C shows a representative DGE analysis with the
top 50 significantly differentially expressed protein-coding genes
betweenpRA1TregandpRA1Tconv.Asexpected,well-characterized
signature genes appeared in the top ranked list, for example, FOXP3,
IL2RA, CTLA4, IKZF2, and CD40LG. Plots of top-regulated genes of
additional pairwise comparisons are displayed in supplemental Figure 1,
and the complete DGE data set, including the statistical evaluation of
differentially expressed protein coding genes, is available in supple-
mental Table 3. We next defined a core pTreg gene signature by
identifyinga set of genes thatwas statistically significantlydifferentially
expressed in both pRA1Treg and pRA1Tconv and in pRA–Treg vs
pRA–Tconv comparisons. In addition, we compared the expression
levels of these 61 core genes in pTreg to those in eTreg (Figure 2D).
This Treg core signature comprises intensively studied Tregmarkers as
well as genes only recently discovered to be essential to foster or restrict
Treg function such asTHEMIS and SATB1.29,30 In addition, the list also
includes several genes less well described in the Treg context such
as LAIR2, METTL7A, and RTKN2 as being upregulated and TCF7
(TCF-1),ANK3,NELL2, and ANXA1 as being downregulated in pTreg
andeTreg. Interestingly, analternative transcript isoformcorresponding
to CAGE promoter 4 of RTKN2 (p4@RTKN2), a gene that was pre-
viously reported to be expressed in lymphocytes,31 showed exclusive
expression in Tregs when compared with all other samples of the
FANTOM5 expression atlas.20

Since Tregs are intensively studied for future clinical applica-
tions, we were particularly interested in the differential expression of
Treg-specific effector molecules. The genesCTLA4, IL2RA (CD25),
TGFB1, TIGIT, and TNFRSF10B were expressed in all Treg pop-
ulations (Figure 3A). In contrast, several geneswere not expressed in
pRA1Treg but were upregulated in pRA–Treg, namely TNFRSF18
(GITR), LAG3, GZMA, IL10, FGL2, and ENTPD1 (CD39). In-
terestingly, eRA1Treg resembled pRA1Treg in many respects
except for their higher expression ofGITR, LGAS1, and IL2RA. Only
a few genes were expressed exclusively in eRA–Treg, namely

TNFSF11,NRP1,EBI3 (IL-35 subunit), andGZMB. However, since
this population shows heterogeneity,15,16 unequivocal identification
of the cells expressing these effector genes is not possible. Another
crucial factor in adoptive T-cell therapy is the potential ability of the
cells to home to specific locations in the host.32 Transcripts encoding
CCR2, CCR5, and CCR8 that mediate migration to inflamed tissues
as well as the skin-, mucosa-, liver- and intestine-homing receptors
CCR10, CXCR6, and CCR9 were not expressed in pRA1Treg, but
were present in pRA–Treg (Figure 3B). Notably, eRA1Treg re-
sembled pRA–Treg cells more than pRA1Treg with regard to their
CCR expression with the exception of CCR6,CCR9, andCCR10. In
contrast to pTreg populations, eTregs do not express CXCR5,
encoding a receptor described for homing to B-cell follicles and
germinal centers. Recent publications suggest that Tregs express
specific TFs of other T-cell lineages that drive specialized gene
expression programs in order to suppress the corresponding T helper
(Th) cell–associated inflammation.33-35 We therefore investigated
whether such TFs are already expressed in pTregs and whether their
expression changes upon invitro expansion. In contrast to pRA1Treg,
pRA–Treg expressed TFs of other T-cell lineages, albeit at low
levels, as shown in Figure 3C exemplarily for MAF, TBX21, and
RORC. The Th2 TF genes AHR, PRDM1, and GATA3 were
expressed in both Treg populations but to a higher degree in
pRA–Tregs. Of note, upon in vitro expansion, eRA1Tregs upreg-
ulate the Th1 and Th2 TF genes TBX21 and MAF, respectively.
However, the highest expression of Th2-associated TFs was
observed in eRA–Tregs.

Finally, DGEwas also performed for noncoding genes.Among the
most significantly upregulated transcripts in RA1Tregs compared

Figure 3. Effector molecule, homing receptor, and TF expression in T-cell

subpopulations. Normalized gene expression data (log2 transformed) of (A) Treg

effector molecules, (B) genes involved in homing, and (C) TFs. Data are presented

as a heatmap with yellow, blue, and red representing low, intermediate, and high

expression, respectively.
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Figure 4. Novel CAGE clusters. (A) Histograms

for genomic distance distributions of H3K27ac (top

panels) and H3K4me1 tag counts (bottom panels)

are shown for eRA1Treg centered across expres-

sion-binned CAGE clusters across a 5-kb genomic

interval contingent on their location relative to

annotatedTSSs.CAGEclusters represent amerge

of all T-cell subpopulations, and clusters with

no associated CAGE tags in Tregs (none) were

separated from the expressed ones, which were

ranked according to CAGE cluster activity and

binned into 5 equal-sized groups (quintiles). Ex-

pression bins are color coded as indicated. The

average H3K27ac deposition peaks at the nucle-

osome immediately downstream of theCAGE cluster

and shows a dip just upstream of CAGE clusters,

indicating a nucleosome-free region. The aver-

age H3K4me1 deposition is broader. Marking of

the nucleosome immediately downstream of the

CAGE cluster decreases with increased TSS ac-

tivity (as indicated by the red arrow), reflecting the

higher degree of H3K4 methylation (trimethylation;

me3) associated with highly active promoters. Of

note, CAGE clusters distal from annotated pro-

moters do show the highest H3K4me1 deposition

at the nucleosome immediately downstream of

the TSS, suggesting that many of them may rep-

resent enhancers. (B-C) 59-RACE confirms the

presence of spliced transcripts from novel CAGE

TSSs. UCSC browser graphics are shown for the

indicated genomic positions, including H3K27ac

signal of expanded populations, GencodeV10

gene annotation, and CAGE signals for all 8 T-cell

subpopulations. In the bottom of each panel,

results from 59-RACE-PCR of the indicated cell

types are aligned (only products representing

novel TSSs are shown). Numbers of sequenced

clones are indicated in brackets. (D) Relative

luciferase activity (RLU) of promoter construct

for the annotated (prom) and novel FOXP3

and CTLA4 TSSs (new TSS) in unstimulated

and phorbolmyristate acetate/ionomycin-stimulated

(stim) Jurkat T cells.
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with RA1Tconv populations isCTC-231011.1, the host transcript for
mir146a, a micro RNA that is involved in Treg-mediated control of
Th1 responses in the murine system36 (supplemental Figure 2). In
addition, we identified several uncharacterized noncoding genes
that are differentially expressed between subsets and might be
involved in subset-specific function (summarized in supplemental
Table 4).

CAGE clusters not annotated to known promoters could rep-
resent promoters of new genes, alternative promoters of known
genes, or TSSs of enhancer RNAs.37-39 As shown in Figure 4A, the
average distribution of H3K27ac and H3K4me1 (two histone
modifications that demarcate open chromatin around promoters
and enhancers) relative to CAGE-cluster centers close to known
T-cell–expressed promoters correlated with CAGE expression
levels. Interestingly, nonannotated clusters (distal to GencodeV10
promoters) displayed a similar correlation, which strongly indicates
functionality for a large fraction of genomic elements associated with
such CAGE peaks. The different distribution of H3K4me1 signals
downstream of CAGE TSSs suggests that distal nonannotated
clusters may contain a large fraction of transcribed enhancers
(Figure 4A). To highlight the potency of HeliScopeCAGE to detect
novel promoters in T cells, we performed 59-RACE-PCR for
several selected samples in which annotated promoter and CAGE
TSSs differed (Figure 4B and supplemental Figure 3A). In addition
to the Treg-specific TSS for RTKN2 mentioned above, we found
a second Treg-exclusive nonannotated upstream TSS producing a
splicedRNA (supplemental Figure 3B). Interestingly, novel CAGE
TSSs were also found at the well-studied Treg signature genes
CTLA4 and FOXP3 (Figure 4C). The Treg-specific TSS upstream
of CTLA4 yielded inter alia transcripts that extended into the
annotated CTLA4 gene and could potentially encode for a novel
CTLA4 isoform. Additional evidence from 39- and 59-RACE-PCR
of the CTLA4 upstream TSSs are displayed in supplemental
Figure 3C. At the FOXP3 locus, a conserved cluster of additional
Treg-specific TSSs was found approximately 1 kb upstream of the
annotated FOXP3 promoter. 59-RACE from the native FOXP3
promoter/59-untranslated region confirmed spliced transcripts ex-
tending to this novel upstream TSS cluster. Reporter assays using
upstream sequences of the alternativeFOXP3TSS but not the novel
CTLA4 TSS showed high luciferase activity when transfected in
Jurkat cells, suggesting general activity of the newly discovered
FOXP3 TSS with the capacity to increase transcription after
stimulation (Figure 4D). In summary, these results demonstrate that
nonannotatedCAGEclusters inT cells can indeed represent functional
promoters. Intriguingly, we also identified TSSs with Treg-exclusive
expression as well as new TSSs in proximity to well-studied key Treg
genes.

Recent studies demonstrated the possibility of identifying regulator
TFs by epigenetic “fingerprinting” of cell type–specific enhancers.23

Hence, we initially analyzed active enhancer candidates characterized
by promoter-distal enrichment of H3K27ac in eRA1Treg and ex-
pandedCD41CD25–Tconv (eTconv), inwhich the freshly sorted cells
naturally mainly contain naı̈ve T cells (.90%). This identified 6822
and 7112 promoter-distal and putative enhancer regions, respectively.
De novo motif analysis of candidate enhancers yielded a broad panel
of highly enriched DNA sequences frequently similar to known TF
consensus motifs (supplemental Figure 4). In addition to analyzing
complete enhancer sets, we also determined motif fingerprints in
eRA1Treg- and eTconv-specific candidate enhancers (twofold
difference in H3K27ac signal). eTconv candidate enhancers (4531
regions) were clearly dominated by an ETS, RUNX, and IRF motif
signature, whereas eRA1Treg candidate enhancers (3962 regions)

were less enriched inRUNXmotifs but showed specific enrichment
for KLF, FOX, and STAT5 motifs (Figure 5A). Many TFs corres-
ponding to the extracted de novo motifs were shown to play crucial
roles in Treg development and function, but the global association
of these factors with enhancer landscapes in human Tregs has not
been studied before. To confirm the in silico-derived motif sig-
natures, we generated TF-binding data by using ChIP-seq for the
possible regulatorsETS1,RUNX1,STAT5, andFOXP3 in eRA1Treg
and eTconv. Figure 5B shows a representative 60-kb region of the
IL2RA gene in which a large fraction of TF binding events is subset
specific. The global distribution of binding sites is illustrated in
supplemental Figure 5, and the proportion of subset-specific binding
sites is provided in Figure 5C.We then evaluated the ChIP-seq signal
strengths of TFs in the cell type–specific enhancers. First, we merged
both eRA1Treg- and eTconv-derived peaks of the corresponding
TF and overlapped the merged set with the respective cell
type–specific enhancers. We then counted the TF ChIP-seq reads
in the overlapping regions. In line with the observed over-
representation of motifs in specific enhancers, we indeed observed
an enrichment of STAT5 ChIP-seq signal in eRA1Treg-specific
enhancers (Figure 5D). In contrast, ETS1 andRUNX1ChIP-seq tags
were both highly enriched in eTconv enhancers, which parallels
their motif distribution. Interestingly, FOXP3 ChIP-seq signals
were equally enriched in FOXP3 binding sites overlapping with
eRA1Treg- and eTconv-specific enhancers. Taken together, we
identified candidate enhancers in eRA1Treg and eTconv and could
identify the key regulators ETS1, STAT5, RUNX1, and FOXP3
participating in cell type–specific enhancer landscapes based on their
de novo motif signatures.

Next, we extended the histone profiling to characterize en-
hancer elements in all subpopulations. We generated additional
maps of H3K4me1 and H3K27ac for eRA1Treg, eRA–Treg,
eRA1Tconv, and eRA–Tconv from two independent donors that
were also used for CAGE profiling. We then isolated distal cell
type–specific regions for H3K4me1 and H3K27ac in pairwise
comparisons and investigated their correlation with the expression
of adjacent genes. As shown in the bubble plot representations in
Figure 6A, subset-specific enhancers were significantly associated
with higher tag counts in neighboring CAGE clusters of the same cell
type (P , .001, Wilcoxon signed rank test), suggesting that these
regions indeed represent good candidates for subset-specific enhancer.
Wedetected similar correlations even inhighly similar populations (eg,
eRA1Treg vs eRA–Treg) (supplemental Figure 6), resembling
observations for closely related monocyte subpopulations40 and
confirming the positive correlation of enhancer regions with gene
expression. These data sets provide the most comprehensive
candidate enhancer maps of human CD41 T-cell subpopulations
so far. To facilitate easy access to both HeliScopeCAGE and all
ChIP-seq data sets, we generated a UCSC browser track hub that can
be found at www.ag-rehli.de/NGSdata.htm.

Having determined subset-specific cis-regulatory regions from
CAGE clusters as well as from H3K4me1/H3K27ac enhancers, we
systematically determined their motif composition to deduce possible
regulators.Different cis-regulatory elements (CAGE-TSSs,H3K4me1-
poised or H3K27ac-active enhancers) showed similar but nonidentical
motif compositions (supplemental Figure 7).We combined nonredun-
dant sets of significantly enriched motifs for cis-regulatory regions of
eRA1Treg versus eRA1Tconv subpopulations and matched these
with differentially expressed candidate TFs (Figure 6B). We observed
cell type–specific overrepresentation of JUN, STAT, PAX, NFE,
KLF, and forkhead motifs in eRA1Treg and E2F, CREB, TCF,
GTF, and helix-loop-helix (HLH) motifs in eRA1Tconv. Notably,
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Figure 5. Cell type–specific enhancers. (A) Motif

composition of cell type–specific active enhancers

in eRA1Treg compared with eTconv. Shown are

extracted de novo motifs, their hypergeometric P

value, and the best matching known motif families

(with the similarity score to the best matching

known motif in parentheses). (B) An overview of the

produced ChIP-seq data are illustrated by a UCSC

genome browser graph (http://genome.ucsc.edu/)

of a 60-kb region of the IL2RA promoter. (C) Venn

diagrams for genome-wide TF binding events of

ETS1, FOXP3, RUNX1, and STAT5 in eRA1Treg

and eTconv. (D) ChIP-seq signal strength of

STAT5, FOXP3, ETS1, and RUNX1 in eRA1

Treg- and eTconv-specific active H3K27ac-marked

enhancer candidates.
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many specific signature motifs had a corresponding regulated TF
candidate—JUNB/FOSL2 (JUN motif), BATF (PAX/ATF motif),
BACH1 (NFEmotif),KLF2/3/7/19 (KLFmotif),MAF (MAFmotif),
FOXP3 (FOXandFOXPmotif)—in the eRA1Treg set andE2F1/7/8
(E2F motif), CREB2L (CREB motif), TCF7/19 (TCF motif) and
ARNTL/AHR/MXD3/ID2 (potentially binding bHLH motif) for the
eRA1Tconv set of motifs. Notably, not all motifs are expected to
correlate with differential expression of a TF since the activities
of some TFs are regulated by messenger RNA stability, protein
degradation, or posttranslational modifications such as acetylation or
phosphorylation (eg, STAT and nuclear factor kB proteins). As an

alternative approach to identifying regulators that are most important
in describing the expression pattern of subset-specific target genes,we
used a regularized random forest-based regression analysis.27 Here,
TFs are selected on the basis of differential gene expression data that
are predicted to be the most important in describing the differential
expression pattern of target genes. Networks (based on the STRING
database of known and predicted protein interactions)28 of the top TFs
relevant for T-cell subsets (relative to the indicated counterparts) are
shown in Figure 6C and supplemental Figure 8 and highlight the
presence of Treg- and Tconv-specific regulatory inputs. In line with
previouswork, the pTreg and eTregnetworks includedFOXP3 aswell

Figure 6. Correlation of cell type–specific en-

hancers to gene expression and potential regula-

tors of T-cell subsets. (A) Bubble plot representations

of CAGE TSS activity around eRA1Treg vs eRA1

Tconv enhancer candidate regions showing at least

twofold different H3K27ac or H3K4me1 signals. The

bubble plots encode 3 quantitative parameters per

CAGE cluster: distance from the putative enhancer,

log10 fold change in CAGE cluster tag count between

eRA1Treg and eRA1Tconv (y-axis), and the absolute

CAGE cluster tag count of the T-cell subset with the

highest expression level (bubble diameter). There is

a clear bias for the putative enhancer elements to

associate with CAGE clusters upregulated in the

corresponding cell type (P , .001, Wilcoxon signed

rank test). (B) A nonredundant combined set of de novo

motifs from CAGE clusters and candidate enhancers in

eRA1Treg vs eRA1Tconv. Shown are motifs with high

similarity to known TF motifs. Absolute tag counts (log2

transformed) of differentially expressed TFs matching

a de novo motif are presented as colored boxes with

yellow, blue, and red representing low, intermediate,

and high expression, respectively. (C) STRING-based

networks (confidence views) of the top TFs pre-

dicted to have the strongest regulatory input in

human Treg subsets compared with their Tconv counter-

parts (additional networks are shown in supplemental

Figure 8). Only connected edges are included. Complete

TF lists are provided in supplemental Table 5. Direct

interaction partners or targets of FOXP3 are marked as

indicated.
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as several direct FOXP3 interaction partners41 or targets and also novel
candidate regulators. In line with the stable expression of core Treg
genes in pTreg and eTreg, the top regulators predicted to control
differentially expressed genes in primary vs expanded cells do not
include FOXP3 (supplemental Figure 8B).

Discussion

Using state-of-the-art sequencing technologies, this study provides
insights into the regulatory landscapes of humanT-cell subpopulations
in an unprecedented depth. In addition to primary naı̈ve and memory
CD41 Tregs and Tconvs, we also characterized ex vivo expanded
T cells, which represent clinically important cell products.

Previous studies suggested that human CD41CD25high Tregs
comprise a heterogeneous cell population, with CD45RA– memory
Tregs expressing TFs and cytokines characteristic of nonregulatory
proinflammatory T-cell lineages, a feature not observed inCD45RA1

naı̈ve Tregs.12,13,15,16,42 In addition, several murine Treg populations
displayed a specific gene expression profile ex vivo, depending on
their tissue origin and homing receptor repertoire.43,44 Prompted by
these observations, we studied differences in the expression of
effector molecules, homing receptors, and TFs between naı̈ve and
memory Treg subpopulations and in particular between primary and
expanded cell populations.Notably, eRA1Treg,which retain a stable
Treg phenotype even after extensive in vitro expansion,13 do not
dramatically change their Treg-specific effector molecule repertoire.
Furthermore, TF networks controlling genes up- or downregulated by
ex vivo culture do not involve the Treg master TF FOXP3. Expanded
RA1Treg, however, alter the expression of several homing receptors,
such as CCR2, CCR5, CCR8, CCR10, CXCR6, CCR9, or CXCR5.
These changes are likely to influence not only the migratory
properties of transferred eTreg but also their further developmental
fate. The detailed CAGE expression data also allowed us to refine the
core signature of human Tregs, which includes well-known key Treg
genes and also novel candidate genes such as LAIR2,METTL7A, and
RTKN2 that share the unique Treg signature expression pattern but
have a yet unknown role in Treg biology.

In line with recent comprehensive CAGE and RNA sequencing
studies that identified tens of thousands of novel TSSs that represent
promoters of functional protein coding and noncoding transcripts,20,37

our data provide a rich source for discovering novel and/or alternative
promoters, as exemplified by CTLA4 and FOXP3 in this study.
Although their biologic significance needs to be evaluated, both
alternative TSSs were expressed specifically in Tregs, which is in
linewith the previously observed Treg-specific hypomethylation of
these regions.19

Even more regulatory input is thought to originate from
enhancers, which display greater diversity than promoters. These
regulatory elements are distributed across the genome in a cell
type–specific manner and are designated by the deposition of
H3K4me1 and H3K27ac.45-47 By comparative analysis of H3K27ac
and H3K4me1 patterns, we were able to identify numerous candidate
enhancers in eTreg and eTconv. Computational analysis of enhancers
allowed us to extract sequences that matched consensus-binding
motifs of TFs known to be essential for Treg and Tconv function.
In comparisons between eRA1Treg and eTconv, these included
forkhead, ETS, STAT, IRF, JUN/AP1, KLF, and RUNX motifs.
STAT5 was shown to bind and directly regulate expression of the
Foxp3 gene in mice, a finding that was also suggested for human

Tregs by indirect evidence.48,49 In addition, ETS1 and RUNX
proteins were also described to regulate Treg gene expression in
mice and humans.50-53 Validating the computational predictions,
we observed increased binding of ETS1, RUNX1, and STAT5 to
either eRA1Treg- or eTconv-specific enhancers in correspon-
dence to their motif distribution. At least in ex vivo expanded cells,
RUNX1 and ETS1 were more frequently associated with eTconv
enhancers than eRA1Treg enhancers, which is in contrast to
their established significance in Treg development and function.
Interestingly, in eTregs, FOXP3 occupies eRA1Treg-specific
enhancers and also potential enhancers in eTconv, raising the
possibility that FOXP3 negatively regulates the expression of
Tconv-associated genes through distal regulatory elements. This
observation is in line with a recent report showing that FOXP3 in
Tregs is recruited to Treg- and Tconv-shared preexisting DNase-
accessible sites to exert its lineage-specifying functions.26 In
addition to candidate regulators derived from motif analyses, we
also predicted subset-specific TF networks solely on the basis of
DGE data. Notably, many TFs that are predicted to provide
regulatory input in Tregs are either part of the FOXP3 protein
complexes identified in a recent study,41 or likely targets of FOXP3
with binding sites either at the proximal promoter or at distal
elements, confirming the central role of this factor in specifying the
Treg-specific gene expression program.

In summary, we generated the most comprehensive dataset so
far on TSS location, gene expression, TF binding, and enhancer
profiling of human CD41 T-cell subpopulations. These integrated
genome-wide data provide a unique resource for studies on human
T-cell differentiation and, in particular, for advancing the use of
clinical T-cell products. As a whole, these data might prove helpful
in elucidating drug-specific mechanisms and effects, such as those
that modulate signaling pathways or the epigenetic status of T cells.
For instance, with global maps of histone acetylation as presented
here, the impact of different histone deacetylase inhibitors on the
acetylation status of immunologically relevant genes in Tregs and
Tconvs can be studied. This will help improve in vitro expansion
strategies and, hence, the therapeutic potential of human Treg
products.
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