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Abstract: Transcribed enhancer maps can reveal nuclear interactions underpinning each cell
type and connect specific cell types to diseases. Using a 5’ single-cell RNA sequencing approach,
we defined transcription start sites of enhancer RNAs and other classes of coding and non-coding
RNAs in human CD4" T cells, revealing cellular heterogeneity and differentiation trajectories.
Integration of these datasets with single-cell chromatin profiles showed that active enhancers
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with bidirectional RNA transcription are highly cell type—specific, and disease heritability is
strongly enriched in these enhancers. The resulting cell type-resolved multimodal atlas of
bidirectionally transcribed enhancers, which we linked with promoters using fine-scale
chromatin contact maps, enabled us to systematically interpret genetic variants associated with a
range of immune-mediated diseases.

One-Sentence Summary: A cell type-resolved, multi-layered atlas of heterogenous CD4* T
cells to pinpoint genetic causes of immune diseases.
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Main Text: Profiling of active enhancers in single cells provides mechanistic insight into cell
type—specific gene regulation and genetic predisposition to human diseases. Enhancers generate
cell type—specific transcriptome by enhancing the expression of target genes at a distance (/-3).
Various approaches have been developed to predict enhancers. The assay for transposase-
accessible chromatin using sequencing (ATAC-seq) identifies accessible chromatin regions that
contain active, inactive, and poised enhancers as well as other types of DNA elements such as
insulators; recent single-nucleus ATAC-seq (snATAC-seq) studies have generated cell type—
resolved maps of accessible chromatin regions (4—7). Chromatin signature profiling showed that
histone 3 lysine 27 acetylation (H3K27ac) can distinguish active enhancers from inactive or
poised enhancers containing only H3 mono-methylated at lysine 4 (H3K4mel), although histone
modifications often span several kilobases (8§). Moreover, 5'-end RNA sequencing methods such
as cap analysis of gene expression (CAGE) and precision run-on 5'-cap sequencing (PRO-CAP)
can identify active enhancers at high resolution (~150 base pair [bp]) by analyzing the
transcription start sites (TSSs) of enhancer RNAs (eRNAs) (3, 9-18). Enhancers with
bidirectional eRNAs are more functional than untranscribed ones (3, 11, 19, 20). However,
despite its importance, we still lack comprehensive maps of eRNAs in cell types that are relevant
to human diseases and traits of interest (217).

CD4" T cells play a pivotal role in orchestrating the immune system, exerting a complex array of
functions such as regulation of B cell antibody class switching, cytotoxic T cell activation,
lymphoid follicle organization, and suppression of autoimmunity (22). The strong associations of
various immune-mediated diseases with class II major histocompatibility complex (MHC),
which is specifically recognized by CD4" T cells, suggest their critical roles in pathogenesis of
these diseases (23). Major canonical CD4" T cells include T helper type 1 (Thl), Th2, Th17, T
follicular helper (Tth), and regulatory T cells (Tregs) (24), but recent single-cell transcriptomics
has revealed a broader spectrum of cell types (25-35). It is increasingly recognized that rare, but
functionally important, CD4" T cell types exist and play key roles in human diseases (36).
However, the heterogeneity of CD4" T cells and how these cell types impact human diseases
remain incompletely characterized.

Genetic variants associated with human diseases are concentrated within functional enhancers
that are active in disease-relevant cell types (/-3, 57, 11, 14, 15, 21, 37—44). Therefore,
integrating data on epigenetic signals at cell type—specific enhancers with large-scale human
genetics data has the potential to systematically elucidate novel molecular pathways
underpinning human diseases. In this study, by leveraging a “cap signature” derived from a 7-
methylguanosine cap present at the bona fide 5" ends of RNAs, we developed ReapTEC (read-
level pre-filtering and transcribed enhancer call) that simultaneously profiles gene expression
and enhancer activity at nucleotide resolution by using 5'-end single-cell RNA-sequencing (5’
scRNA-seq). We applied ReapTEC and snATAC-seq to a total of ~1 million single CD4" T
cells, identifying 62,803 bidirectionally transcribed candidate enhancers (btcEnhs) and 218,508
accessible chromatin regions active across immensely heterogenous CD4" T cells. Furthermore,
by generating fine-scale chromatin contact maps at nucleosome resolution, we reveal the links
between enhancers and promoters in CD4" T cells. Finally, we demonstrate the broad utility of
our cell type—resolved multi-layered human CD4" T cell atlas, as a publicly available resource,
for pinpointing genetic and cellular causes of immune-mediated diseases (Fig. 1A and fig. SIA
and Table S1), which will likely facilitate the further development of innovative biomarkers and
drugs in the future.
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5’ single-cell RNA-seq of human CD4" T cells

Chromium 5’ scRNA-seq showed the same level of gene detection as Chromium 3’
scRNA-seq (fig. S1B). An initial 5' scRNA-seq analysis of circulating bulk CD4" T cells from 3
healthy donors (Table S2) identified many distinct CD4" T cell clusters (Fig. 1, B and C, and
fig. S1C). We also performed cellular indexing of transcriptomes and epitopes by sequencing
(CITE-seq) (45) to profile cell surface expression of ~130 membrane proteins including
CD45RA (Fig. 1D and fig. S1, D to F), which is generally associated with naive T cells (24).
Besides the conventional naive, effector, and regulatory CD4" T cells, clusters included rare
populations of naive-like CD4" T cells highly expressing understudied NSF (cluster 12); CD4* T
cells that express the exhaustion markers T7/GIT, CTLA4, and HAVCR?2 as well as the exhaustion-
associated transcription factors TOX and MAF (cluster 13); and cycling CD4" T cells (cluster 14)
(Fig. 1C). We unbiasedly identified patterns of gene and protein expression across a diverse
continuum of CD4" T cells (Fig. 1, C and D, and fig. S1, C to F). All clusters were present in
all 3 donors (fig. S1G).

We next generated a TSS map of human CD4" T cells using 5’ scRNA-seq. Chromium 5’
scRNA-seq, which employs the template-switching method, is often used to perform immune
repertoire analysis together with transcriptome profiling. Gene expression levels are typically
measured by sequencing the vicinity of TSSs (but not TSSs as such) in read 2, while read 1 (26
bp) is used to obtain cellular barcodes and unique molecular identifiers, except in a few instances
(46—48). Here we obtained a long read 1 (150 bp), sequencing over the template switch oligo
(TSO) to reach the actual 5’ ends of the cloned cDNA fragments (fig. S2A). Substantial
background signals were present in the 5’ sScRNA-seq data, mainly due to strand invasion (fig.
S2B) and premature template switching (49, 50). Nevertheless, by using only reads containing an
unencoded G resulting from the 7-methylguanosine cap of bona fide 5’ ends (fig. S2, C and D)
(51), we confidently mapped exact TSSs (Fig. 1E), as exemplified by 5'-end signals of mRNAs
at the SOCS7 promoter (Fig. 1F and fig. S2B, see Supplementary Text 1).

btcEnhs identified by ReapTEC

eRNA transcription can be used as a proxy for enhancer activity and to delineate the
enhancer architecture at nucleotide resolution (9—12, 14—17, 19, 20). Pseudo-bulk data from 5’
scRNA-seq detected eRNAs in bulk CD4" T cells at a level comparable (: 0.67) to that of native
elongating transcript—cap analysis of gene expression (NET-CAGE) (Fig. 1G), a method to
identify eRNAs with high sensitivity (/0). Although eRNAs are generally not polyadenylated,
they were efficiently captured by oligo(dT) priming in internal A-rich regions, as shown by
multiplexed arrays sequencing (MAS-seq) (fig. S3), which allows accurate long-read sequencing
of full-length cDNA before fragmentation in 5’ sScRNA-seq (52).

We next sought to identify active enhancers de novo on the basis of the presence of
bidirectionally transcribed eRNAs. To call btcEnhs with bidirectional eRNAs using 5’ scRNA-
seq data, we developed the ReapTEC approach, which starts with the identification of TSS
regions. RNA transcription does not typically occur from a single nucleotide position; the 5'-end
signal is observed as peaks of various width (Fig. 1H) (53, 54). Several peak-calling methods
such as Paraclu have been developed to cluster the 5'-end signals (53, 55-57). After peak-calling,
CapFilter further selects genuine peaks on the basis of the percentage of reads with an unencoded
G (56); in more recent methods, a multiple logistic regression classifier was devised to minimize
artifactual peaks (46, 47).
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Unlike these approaches, we first selected only reads with an unencoded G before peak-calling
(i.e., unencoded G filtering at the level of reads, not at the level of peaks), and then simply
merged them to call a high-confidence TSS peak. We next identified divergent TSS peak pairs
(Fig. 1H), which allowed us to identify btcEnhs at high nucleotide resolution with high
sensitivity (fig. S4). Most btcEnhs identified by ReapTEC matched DNase I hypersensitive sites
(DHSs) and H3K27ac and H3K4mel modifications in CD4" T cells (Fig. 11I), indicating that
ReapTEC captures genuine enhancer regions. Without ReapTEC filtering, the overlap rate was
drastically reduced (Fig. 1I), showing the importance of extensive noise reduction.

Transcription and chromatin accessibility at cis-regulatory elements

We performed Chromium Single-Cell Multiome ATAC + Gene Expression on bulk
CD4" T cells to measure chromatin accessibility and 3’ gene expression in parallel; then, we
integrated the obtained data with 5’ scRNA-seq data. Pseudo-bulk chromatin accessibility was
modestly correlated with RNA transcription at gene promoters (correlation coefficient 0.59; fig.
SSA) and distal DHSs (0.42; fig. S5B).

Next, we looked into the cell type specificity of RNA transcription and chromatin accessibility
across diverse CD4" T cell clusters. At the CCL5 (Fig. 1J and fig. S5C) and DTHDI (fig. S5, C
and D) promoters, chromatin accessibility was related to transcription in a cell type—specific
manner across CD4" T cell clusters. However, the GZMA transcript was strongly expressed in
clusters 7, 10, and 13, whereas the GZMA promoter was ubiquitously open (Fig. 1K and fig.
S5C). Cell type—specific RNA transcription was also observed at the promoter and nearby
enhancers of the GPR68 gene, whereas chromatin accessibility in these regions was similar
across different CD4" T cell clusters (Fig. 1L and fig. S5C), showing differences in RNA
transcription vs. chromatin accessibility.

Highly diverse CD4" T cells

We investigated cis-regulatory elements in heterogenous CD4" T cell subsets, including
barely detectable rare populations. To generate comprehensive multimodal single-cell datasets
on gene expression, promoters, enhancers, chromatin accessibility, and membrane proteins (Fig.
1A), we performed extensive 5’ scRNA-seq, Multiome (snATAC-seq + 3’ snRNA-seq), and
CITE-seq on cells from each of 5 representative CD4" T cell groups obtained by fluorescence-
activated cell sorting (58) (FACS; Figs. 1A and 2A): CD4"CD25"* Group A, LAG3" Group B,
Tth Group C, Th1/Th2 Group D, and Th17 Group E (Materials and Methods). On the basis of
CITE-seq protein expression, Group D was further categorized into CXCR3"e"CCR4°¥ Th1
(clusters 0, 1, and 7), CXCR3"°YCCR4"¢" Th2 (clusters 4 and 6), and other cell subsets (Fig. 2A
and fig. S6A to C). Iterative clustering of Th1 and Th2 cells was further performed to identify
additional clusters (Fig. 2A and fig. S6, D and E).

We identified a large number of rare cell populations that constitute < 0.5% of the bulk CD4" T
cells (fig. S6F). For example, CD4"CD25" Group A cells were divided into 13 diverse clusters; 9
of them expressed the Treg master transcription factor FOXP3 (Fig. 2A and fig. S6, G and H).
These Treg cells were further divided into naive (clusters 1, 5, 7) and effector Tregs (clusters 0,
3,9,10, 11, 12) on the basis of CITE-seq surface protein expression (Fig. 2, A and B, and fig.
S6l). scVelo’s velocity estimates (59, 60) well predicted the differentiation from naive Tregs into
effector Tregs (clusters 0, 3, 10) (Fig. 2C). A distinct cluster 9, which was predicted to have
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originated differently from other effector Tregs by velocity estimates (Fig. 2C), highly expressed
the Th17 transcription factor RORC, the immune checkpoint gene LAG3 (61), and GPR25, an
uncharacterized G protein—coupled receptor gene associated with ankylosing spondylitis (62)
(fig. S6H). Group E cells were divided into 13 clusters (Fig. 2A), including RORC"¢" Th17 cells
(cluster 6) and CCR4"CCR6"CCR10" Th22 cells (clusters 0, 1, 7) (Fig. 2, A and D, and fig. S6,
G and J). Velocity estimates predicted that these Th17 and Th22 cells might differentiate from
cluster 8, which expressed relatively high levels of ribosomal protein genes (Table S3). Among
rare cell populations in Group E, we identified uncharacterized RORC™ CD4" T cells that also
express GNLY, GZMA, and GZMK (cluster 11) (Fig. 2A and figs. S6, G and J, and S7).
Granzyme-producing CD4" T cells are rapidly emerging as key players in aging, autoimmunity,
and cancer immunotherapy (63, 64). Cell clusters expressing perforin (PRF[), granzyme (GZM),
or granulysin (GNLY) were present in all CD4" T cell groups (fig. S7). Furthermore, CITE-seq
profiling of ~130 surface proteins on Group A-E CD4" T cells in single cells revealed dynamic
expression of molecules involved in cytokine signaling and immunomodulatory interactions,
which may indicate the potential functional roles of these rare CD4" T cell clusters identified
(fig. S8 and Table S4).

We also used publicly available 5’ scRNA-seq data (with 2 x 150 bp paired-end runs to allow for
TSS analysis) from a COVID-19 study that sequenced memory CD4" T cells (40 COVID-19
patients and 13 healthy donors; Table S2) stimulated with virus-specific peptides (65) (0 h, n =
24,100; 6 h, n=102,970; 24 h, n = 45,367). Upon stimulation, memory CD4" T cells generally
increased gene expression (fig. S9A), giving rise to various cell types and states (fig. S9B). In
addition, 5’ scRNA-seq and Multiome were performed on circulating bulk CD4" T cells
stimulated via CD3/CD28 for 48 h (n = 8,007) (fig. S9C).

Overall, 136 cell clusters with highly diverse and often continuous gene expression profiles were
detected on the basis of single-cell analysis of a total of 962,944 circulating bulk, FACS-sorted,
or stimulated CD4" T cells (Figs. 1A and 2A). We visualized the hierarchical organization of the
gene-expression landscape across the 136 clusters (fig. S10A). Gene expression matrices are
provided in Data S1 and a list of signature genes for these 136 clusters in Table S3. Although
several of these clusters may overlap partly due to the fact that FACS sorting is not completely
exclusive (Supplementary Text 2), analyses at the level of cell groups allowed us to reveal
CD4" T cell heterogeneity and differentiation in detail (Fig. 2A, C and D, and fig. S10B, and
Data S2).

A CD4" T cell type-resolved atlas of cis-regulatory elements

We applied ReapTEC to each of the 136 CD4" T cell clusters identified by our 5’ scRNA-
seq; btcEnhs identified in exons were excluded when they did not overlap with CD4" T cell DHS
(Materials and Methods). In total, we identified 62,803 btcEnhs active across diverse CD4" T
cell populations (Data S3 and S4). These btcEnhs overlapped with ENCODE DHSs and
H3K27ac and H3K4mel modifications, which supports the authenticity of the btcEnhs (Fig. 2E).
The btcEnhs were also enriched for ENCODE3 enhancer-like signatures (2) (fig. S11A), 34% of
which were newly identified in our extensive 5’ scRNA-seq analyses (fig. S11, B to D). About
82% of CD4" T cell btcEnhs were not identified in the FANTOMS project (fig. S11E); thus, our
data considerably expand the catalog of transcribed enhancers. By intersecting btcEnhs with a
massively parallel reporter assay (MPRA) designed to prioritize variants associated with
autoimmune diseases in Jurkat immortalized human CD4" T cell line (66), we found that,
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overall, btcEnhs showed a significant increase in reporter signal (P value < 2.2e-16), indicating
the functionality of btcEnhs (fig. S11F).

Furthermore, using snATAC-seq data from our Multiome experiments, we identified a total of
218,508 ATAC peaks in heterologous CD4"* T cell populations, of which approximately 88%
were located distal to gene promoters (Fig. 2F and Data S4). We further categorized these distal
ATAC (dATAC) peaks into bidirectional, unidirectional, and untranscribed regions (Fig. 2F) by
inferring the RNA transcripts that could be transcribed from each dATAC peak on the basis of
all 5' reads detected in this study.

The enrichment of transcription factor-binding motifs (TFBMs) in the btcEnhs was generally
correlated with that in dATAC peaks, although a group of more strongly enriched TFBMs was
observed in each group (fig. S12A). A much stronger enrichment of the CTCF-binding motif was
observed in dATAC peaks than in btcEnhs (fig. S12A), suggesting that dATAC peaks contain
more chromatin insulator sequences. Among bidirectional, unidirectional, and untranscribed
dATAC peaks, sequence motifs recognized by specific sets of transcription factor families were
enriched to a different degree, with those bound by ETS-related transcription factor families
most strongly enriched in bidirectionally transcribed dATAC peaks (Fig. 2G and Table S5).
Integration of the dATAC peak data with the chromatin immunoprecipitation sequencing (ChIP-
seq) data revealed that the Mediator complex and transcription factors bound most strongly to the
bidirectionally transcribed dATAC peaks, followed by unidirectionally transcribed dATAC
peaks, but very weakly to untranscribed dATAC peaks (Fig. 2H and fig. S12, B and C). A
similar trend was also observed for H3K27ac histone modification (Fig. 2H and fig. S12C),
suggesting the functionality of bidirectionally transcribed enhancers. The intrinsic differences in
the genomic sequences among these dATAC peaks were also supported by the MENTR machine
learning models, which predicted these peaks from the surrounding +100 kb sequences (fig.
S12D) (67). In addition, the btcEnhs and transcribed dATAC peaks were more conserved than
untranscribed dATAC peaks (Fig. 2I).

Analysis of the dynamic pattern of RNA transcription and chromatin accessibility across the 136
cell clusters showed that eRNA expression at btcEnhs was more cell type—specific than mRNA
expression at promoters (Fig. 2J), consistent with the role of btcEnhs in controlling gene
expression in a cell type—specific manner (10, /7). Similarly, chromatin accessibility at the
dATAC peaks was more cell-type specific than that at the proximal ATAC peaks (pATAC
peaks) (Fig. 2J). As we initially observed (Fig. 1K and L), we found higher cell type specificity
for RNA transcription than for chromatin accessibility both at promoters and enhancers (Fig.
2J). These results indicate the importance of capturing eRNAs for better understanding of cell-
type specificity. We also analyzed dynamic eRNA expression of btcEnhs in the differentiation
trajectories predicted by RNA velocity (fig. S13).

CD4" T cell heterogeneity at the TSS level

Accurate analysis of TSSs and btcEnhs from 5’ scRNA-seq data combined with
ReapTEC allows us to investigate cis-regulatory elements such as alternative promoters and
btcEnhs at nucleotide resolution (Fig. 1, E to I). For example, in CD4" T cells activated via
CD3/CD28, a sharp TSS signal was observed for the mRNA encoding the secreted form of 1L.-2
(i.e., the isoform from which the entire signal peptide can be translated), whereas transcription of
this gene starts further downstream in unstimulated cells not secreting IL-2 (fig. S14A). We
comprehensively detected TSS peaks active across 136 diverse human CD4" T cell populations
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and defined 46,108 robustly expressed TSS peaks (with a cutoff of log2CPM > 2 in at least one
cluster) (Data S5). A substantial fraction of these robust TSS peaks were not annotated in the
GENCODE gene model (fig. S14B) or in FANTOMS (fig. S14C). The robust TSS peaks
expressed in the bulk circulating CD4" T cells, including novel ones, strongly overlapped with
ENCODE DHSs as well as H3K27ac and H3 tri-methylated at lysine 4 (H3K4me3)
modifications (2) (fig. S14D).

We clustered bulk circulating CD4" T cells using robustly expressed TSSs, including those
transcribed from alternative promoters and btcEnhs detected by ReapTEC. This step increased
the input information in comparison with conventional gene-level analysis and resulted in a total
of 17 clusters (fig. S14E). Naive CD4" T cells were further clustered into distinct subsets
characterized by specific TSS expression at CISH, ID2, TPR, ARMH1, IFIT1, MX1, and STATI
loci, implying the latent diversity of naive cells (fig. S14F). We also examined cell-to-cell
differences in TSS usage. For example, we found that the short isoform of ARHGAP15 was
predominantly expressed in Th1, Th2, and Th17 cells, whereas the long isoform was broadly
expressed (fig. S14, E to G); the shortest isoform of the DUT gene was expressed only in
MKI67" cycling cells (fig. S14H). A candidate enhancer near CCR7 was transcribed mainly in
naive cells, in which the CCR7 gene is strongly expressed (fig. S14I). By combining 5’ scRNA-
seq data (TSS) with MAS-seq accurate long-read data, we comprehensively identified mRNAs,
IncRNAs, and eRNAs with accurate 5 ends, including 492 de novo transcripts that did not
overlap with the GENCODE gene models in the same directions (Data S6), and measured their
expression levels at a single-cell level. For example, one de novo transcript (MSTRG.3154) near
AL137025.1 was specifically expressed in a subset of CD4" T cells (fig. S14J).

Micro-C analysis of human CD4" T cells

We next sought to identify target promoters of btcEnhs in CD4"* T cells. For this, we
performed Micro-C (68—71), an enhanced chromosome conformation capture method, and
resolved chromatin interactions at nucleosome resolution. We generated ultra-deep Micro-C data
of a total of ~40 billion reads from resting and activated human CD4" T cells (Fig. 1A and Fig.
3, A and B, and Table S6, and Data S7) and detected a total of 103,038 chromatin loops (fig.
S15A, and Table S7, and Data S8). The loops identified in resting and activated cells were the
same in some regions but different in others (Fig. 3, A and B and fig. S15B). These loops
linking btcEnhs to btcEnhs (btcE-btcE), btcEnhs to promoters (btcE-P), and promoters to
promoters (P-P) were highly enriched, confirming the validity of the identified loops (Fig. 3C
and fig. S15C). We found chromatin loops connecting 11,296 btcE-P pairs (Fig. 3D and fig.
S15, D and E). Most frequently, the loops connected btcEnhs with the most proximal genes, but
some connected them with distantly located genes (Fig. 3D); the median distance between these
btcEnhs and promoters was ~10,000 bps (Fig. 3E). Similarly, when Micro-C loops were
intersected with ATAC peaks, dATAC peak—dATAC peak (dA-dA), dATAC peak—promoter
(dA-P), and promoter-promoter (P-P) loops were highly enriched (fig. S15F). Enrichments of
dA-P and dA-dA loops were the strongest when separately analyzed for the bi-directionally
transcribed dATAC peaks (fig. S15F), suggesting that bidirectionally transcribed cis-regulatory
elements have more chromatin interactions than unidirectionally transcribed or untranscribed
ones.

To improve the sensitivity of the detection of fine-scale chromatin interactions centered on gene
promoters, we performed promoter-capture Micro-C (72, 73) on resting CD4" T cells, stimulated
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CD4" T cells, CD25"CD4" T cells, LAG3"CD4" T cells, Tth, and Th17 cells at saturation depth
(fig. S15, G and H, and Table S6, and Data S9). The btcE-P and P-P loops were highly
enriched among these region-captured Micro-C (RCMC) loops (fig. S15I). Differential
chromatin loops were observed in different cell types, implicating that the same gene could be
driven by different sets of enhancers (fig. S15, J and K).

Substantial enrichment of disease heritability in btcEnhs

Large-scale genome-wide association studies (GWASs) have detected a number of
genetic variants associated with many human immune-mediated diseases. However, functional
interpretation remains challenging because the majority of the variants map to non-coding
regions, where active gene regulatory elements are often poorly annotated (38).

Many genetic variants collectively contribute to pathogenesis of complex traits (74). To analyze
contribution of functional annotations to heritability of human diseases, we used the linkage
disequilibrium score regression method (75). Numerous immune-mediated diseases showed
strong enrichment of heritability (40—120 fold) in single nucleotide polymorphisms (SNPs)
mapped to CD4* T cell btcEnh regions, whereas neurological diseases or physical traits did not
(Fig. 4A and fig. S16A and Table S8).

Multiple sclerosis (MS), an immune-mediated disease, showed considerably higher heritability in
btcEnhs than in ENCODE DHSs, histone modifications, or overall ATAC peaks (Fig. 4B and
fig. S16B and Table S8), indicating the importance of active enhancers with bidirectional eRNA
transcription in the pathogenesis of this disease. Among all ATAC peaks, the strongest
enrichment of disease heritability was observed in the bidirectionally transcribed ones, followed
by unidirectionally transcribed ones, and no enrichment was observed in the untranscribed
ATAC peaks (Fig. 4B and fig. S16B), highlighting the importance of identifying bidirectionally
transcribed regions.

Functional interpretation of non-coding risk variants

As GWAS loci often contain dozens of genetic variants in linkage disequilibrium with
the lead SNPs, pinpointing causal variants at cell type—specific btcEnhs can potentially elucidate
the context and mechanisms underlying disease pathogenesis. For this purpose, we collected
trait-associated SNPs (lead SNPs and linked SNPs with R? > 0.8) from GWAS studies on
immune-mediated diseases and COVID-19 and tested their overlap with the 62,803 btcEnhs
annotated here. CD4" T cell btcEnhs contained considerably more (3—9 fold) SNPs associated
with immune-mediated diseases than randomly selected non-trait-associated SNPs of similar
allele frequency and distance to coding regions (Fig. SA). In total, we identified 606 btcEnhs that
harbor SNPs associated with 18 immune-mediated diseases and COVID-19 (76), which we
referred to as disease-relevant btcEnhs (Table S9).

To validate the cis-regulatory effects of the SNPs fine-mapped within the disease-relevant
btcEnhs, we cloned enhancers carrying the reference and alternative alleles into a luciferase
reporter plasmid and transfected the resulting constructs into Jurkat cells. We show that cloned
DNA fragments exhibited enhancer activity that was altered by the risk allele, which might be
associated with creation or disruption of TFBMs (fig. S17, A and B). Among the SNPs fine-
mapped within disease-relevant btcEnhs, 96 SNPs shown in Table S10 are also annotated as
expression-modulating variants (66) that show differences in expression between the reference
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and alternative alleles in MPRA in Jurkat cells. In silico mutagenesis using MENTR predicted
the effects on transcription of enhancers for around 30% of the fine-mapped risk variants (Table
S11), which was substantially enriched over the predicted effects of unfiltered variants (2.8%)

(67).

We next investigated CD4" T cell subsets that may be associated with immune-mediated
diseases by examining the specific patterns of eRNA transcription at disease-relevant btcEnhs.
We generated a heat map of eRNA transcription levels at 606 disease-relevant btcEnhs across
136 CD4" T cell clusters and found that these btcEnhs are often specifically activated in a limited
subset of CD4" T cells (Fig. 5B). Approximately two-thirds of disease-relevant btcEnhs were
activated in subsets of stimulated CD4" T cells (Fig. 5B). When investigating the activation
patterns of several Treg-specific disease-relevant btcEnhs, we found that some were active
mostly in a subset of effector Tregs that highly express LAG3 and GPR25 (Group A, clusters 9
and 12), and others in different effector Tregs (Group A, cluster 3 and 10) or naive Tregs (Group
A, cluster 1 and 5), or a combination thereof (Fig. 5C). These results implicate that specific
CD4" T cell types and states can contribute differentially to different human diseases.

Systematic analysis of immune-mediated disease pathways

We predicted the putative target genes of disease-relevant btcEnhs by combining various
experimental and computational approaches. First, we used the data on chromatin loops derived
from ultra-deep Micro-C and promoter-capture Micro-C in various subsets of CD4" T cells. We
also applied the activity-by-contact (ABC) model (77, 78) which were generated using our
Micro-C, snATAC-seq, and ENCODE histone modification data (Data S10). We further used
25,178 btcE-P links (adjusted P values < 0.05) (fig. S18A), which were inferred by computing
the co-variation of eERNA and mRNA transcription measured across the 136 CD4" T cell clusters
in our 5’ scRNA-seq (Table S12). btcE-P pairs supported by Micro-C loops showed significantly
higher transcriptional co-variation than all possible btcE-P pairs (P value < 2.2e-16) (fig. S18B).
By integrating all these interactions because each approach has its own unique advantage, we
predicted target genes for 550 of the 606 disease-relevant btcEnhs with one or more supporting
lines of evidence (Fig. SD and Table S13). The genes connected to disease-relevant btcEnhs
were highly enriched for pathways related to immune responses and cytokine signaling (fig.
S19A). When the predicted target genes of disease-relevant btcEnhs were analyzed separately for
each disease, we found that, for example, inflammatory bowel disease (IBD) genes and MS
genes were different, indicating potentially different mechanisms of disease etiology (fig. S19, B
to D).

We then performed CRISPR activation (CRISPRa) of selected disease-relevant
btcEnhs in Jurkat cells and examined changes in promoter-level expression using CAGE. We
designed guide RNAs in btcEnh regions. Of the 12 targeted disease-relevant btcEnhs in which
bidirectional eRNA was induced by CRISPRa, 7 had a target gene with elevated mRNA
expression (FDR < 0.05) (Fig. S20), which was a good validation rate in light of other reports
(79, 80). For example, when we activated a btcEnh containing a SNP associated with IBD, an
induction of bidirectional eRNA at this locus was accompanied by specific upregulation of the
IL7R gene (Fig. SE).

Evolutionary landscape of disease-relevant btcEnhs
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Using a multiple alignment of genomes of 24 species (87), we investigated the
evolutionary conservation of btcEnhs. For each of the 62,803 human CD4" T cell btcEnhs, we
identified species that carry orthologous enhancers (Fig. 6A and Table S14). The rate of overlap
with transposable elements was much higher among primate-specific btcEnhs than among
btcEnhs conserved in all mammals (Fig. 6B). We also found that many primate-specific btcEnhs
overlapped with long interspersed nuclear element (LINE) (Fig. 6C). The breakdown of
transposable elements in ATAC peaks showed a slightly different pattern from that in btcEnhs,
especially in human-specific ATAC peaks, where retroposons accounted for about 30% (Fig. 6C
and Table S14).

The proportion of btcEnhs conserved in mammals was higher than that of random genomic
regions (Fig. 6A and fig. S21A). This trend was even stronger for btcEnhs with disease-
associated SNPs than for those without them (Fig. 6D). We found that ~25% of disease-relevant
btcEnhs showed a high degree of sequence similarity between human and mouse (> 90%) (Fig.
6E). For example, a conserved disease-relevant btcEnh located in an ACOXL intron carries SNPs
associated with rheumatoid arthritis and type 1 diabetes. The genomic region surrounding this
btcEnh is also conserved between human and mouse (Fig. 6F and fig. S21B). An enhancer
knockout study in mice showed that this enhancer regulates the expression of the pro-apoptotic
gene BCL2L11 in a context-specific manner (82). We also showed that CRISPRa-mediated
activation of this enhancer resulted in specific upregulation of BCL2L11, but not the closest gene
ACOXL, in Jurkat cells (Fig. 6F). The fact that some of the disease-relevant btcEnhs were
primate-specific (Fig. 6G) indicates the importance of examining enhancer functionality in
appropriate species. A primate-specific disease-relevant btcEnh overlapping with a LINE
element contains IBD-SNPs (rs11150589 and rs12598978). The CRISPRa of this enhancer
identified the integrin family gene /TGAL as the target, which was predicted by the ABC link
(Fig. 6G and Table S13). Integrin molecules were implicated in the pathogenesis of IBD, and a
better understanding of this pathway could provide insight into potential new therapeutic
strategies (83).

Discussion

Although 3’ scRNA-seq is widely used as a major tool for single-cell gene expression
analysis, our data demonstrated the strength of 5’ scRNA-seq. Combining ReapTEC with 5’ (but
not 3') scRNA-seq enabled accurate TSS analysis of mRNAs, IncRNAs, and eRNAs, making it
possible to study the expression of not only genes but also btcEnhs. We also performed
snATAC-seq using Multiome in diverse CD4" T cells to identify accessible chromatin regions.
The observation that heritability of immune-mediated diseases was substantially higher in
btcEnhs than in accessible chromatin regions supports the importance of active enhancers with
bidirectional eRNA transcription. This is in line with previous studies showing that eERNAs are
robust predictors of active enhancers and can precisely delineate functional enhancers at high
nucleotide resolution (3, /1, 19, 20). It is noteworthy that cell-type specificity was higher for
eRNA transcription than for chromatin accessibility, indicating the importance of capturing
eRNAs to better understand cellular diversity.

Our present study provides a platform for integrating and elucidating CD4" T cell diversity and
genetic risk of immune-mediated diseases. The CD4" T cell type-resolved atlas of TSSs, 62,803
btcEnhs, and 218,508 ATAC peaks active across 962,944 cells and 136 cell clusters provides a
rich resource publicly available at the Human Cell Atlas. We identified many rare and
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uncharacterized cell types, including GPR25-expressing Tregs. By integrating these data with
large-scale human genetics data, we showed the utility of our transcribed enhancer atlas in
pinpointing regulatory genetic variation associated with human diseases, and further revealed
many rare and understudied cell types that contribute to a wide range of immune-mediated
diseases. Thus, our multimodal atlas provides many insights into the molecular pathways
underpinning human diseases and can help address variant-to-function challenges, which has
hindered the translational application of GWAS studies.

There are several inherent limitations to our current study. First, eRNAs are generally expressed
at low levels, limiting detection sensitivity. Therefore, btcEnhs were identified by performing
pseudo-bulk analysis of a large number of single cells that fall into the same cluster. In contrast,
snATAC-seq has good sensitivity in identifying accessible chromatin regions. Although our 5’
scRNA-seq approach and existing bulk/single-cell approaches to predict enhancers are
complementary, they are also different, with each having their own unique advantages. Hence,
by combining several synergetic and complementary approaches, such as 5" scRNA-seq and
snATAC-seq, we can not only identify functional enhancers with high accuracy but also map
other types of gene regulatory elements and their states. Second, we profiled circulating CD4" T
cells from a limited number of healthy donors but established our atlas by repeatedly sampling
large volumes of blood and further added publicly available 5" scRNA-seq data on stimulated
effector memory CD4" T cells from dozens of donors. While circulating CD4* T cells were a
good starting point owing to considerable prior knowledge, future studies should be expanded to
profiling tissue-resident CD4" T cells in health and disease as well as other cell types and tissues.
Third, we did not identify the exact transcription factors that bind to disease-relevant btcEnh or
how disease variants alter the binding of the transcription factors. Further studies using base
editing will help reveal the molecular functions of disease variants.

We anticipate that our publicly available CD4" T cell atlas will be a useful resource to facilitate
further in-depth understanding of the human immune system, including its evolutionary
similarities to and differences from those of other mammals. The functionality of disease-
relevant enhancers conserved in mammals can be potentially tested in enhancer-knockout mice
in vivo (82, 84), whereas primate-specific enhancers can be studied using in vitro model systems
such as organoids. Further functional validation experiments will shed light on new clinically
relevant biomarkers and therapeutic targets, paving the way towards the development of
innovative medicines.

Methods Summary

All experiments using human samples were approved by the ethical review committee of
RIKEN [approval no. H30-9(13)]. Written informed consent was obtained from all donors. CD4*
T cells were isolated by the immunomagnetic negative selection method. Stained CD4" T cells
were sorted using a FACSAria ITu Cell Sorter (BD Biosciences). Human CD4* T cells and
FACS-sorted heterogenous populations were processed with a Chromium Next GEM Single Cell
5" kit (10x Genomics). Libraries were sequenced on an Illumina NovaSeq 6000 sequencing
platform using 2 x 150 bp paired-end sequencing. Multiome assay (10x Genomics) was
performed according to the manufacturer’s instructions. Multiome libraries were pooled and
sequenced as above with 10 cycles for i7 index and 24 cycles for 15 index. Micro-C libraries
were generated using a Dovetail Micro-C Kit (Cantata Bio, Cat#21006) and were sequenced on
an I[llumina NovaSeq 6000 platform using 2 % 150 bp paired-end sequencing. A 130-base single-
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guide RNA (sgRNA) harboring an MS2 stem—loop sequence was transfected into CRISPRa-
Jurkat cells expressing dCas9-VP64 and MS2 P65 HSFI1. Transfected cells were subjected to
CAGE assay. Chromium scRNA-seq, snRNA-seq, and CITE-seq data were processed using Cell
Ranger Software version 5.0.1 (10x Genomics) (85) and R package Seurat version 5 (4.9.9.9067)
(86). Multiome data were processed by Cell Ranger ARC version 2.0.0 (10x Genomics), Seurat
version 5 (4.9.9.9067) (86), and Signac version 1.10.0 (87). scRNA-seq, snRNA-seq, and
Multiome 3’ snRNA-seq data were integrated using canonical correlation analysis. sSnATAC
peaks were identified from fragment files of each cluster using MACS2 version 2.2.6 with
default settings as implemented in Signac version 1.10.0 (87). For ReapTEC, paired-end reads
were mapped again using STAR (STARsolo) (88) to obtain reads with unencoded G, which was
tagged as a soft-clipped G by STARsolo. Reads were deduplicated, and those with the barcodes
of each cell type were extracted. A count file was generated for each transcription start site (TSS)
using the “bamToBed” function in BEDTools version 2.30.0 (89). TSS peaks were generated by
merging TSSs located within 10 bp of each other. To identify btcEnhs, TSS peak pairs were
detected using scripts provided at
https://github.com/anderssonrobin/enhancers/blob/master/scripts/bidir_enhancers (//) with
minor modifications. Micro-C data were processed with the dovetail tools pipeline (Cantata
Bio). Chromatin loop contacts were identified by the HICCUPS algorithm (90) using the Juicer
Tools package version 2.20.0 and the scale-space representation algorithm using the Mustache
package (91). Loops were called at a 1-kb resolution with SCALE-normalized contact matrices
for HICCUPS and with ICE-normalized contact matrices for Mustache, and were filtered for an
FDR < 0.05. The assessment of the links between human genetics findings and information on
CD4" T cell btcEnhs was based on (i) the enrichment of variants significantly associated with
each disease (lead SNPs and linked SNPs with R? > 0.8) in the btcEnh regions, which was
calculated using GREGOR (92), and (ii) LD score regression to evaluate the enrichment of
heritability of immune-mediated diseases in btcEnhs, which was computed using ldsc software
(v1.0) (75).
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Fig. 1. Identification of bidirectionally transcribed enhancers using 5’ scRNA-seq. (A)
Overview of assays performed in this study. The number of libraries generated in each assay is
shown for each CD4" T cell subset or condition. TSS, transcription start site. (B) Uniform
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manifold approximation and projection (UMAP) and clustering analysis of single-cell data
obtained by integrating 5' scRNA-seq, 5’ snRNA-seq, and Multiome (3’ snRNA-seq and
snATAC-seq) data. (C and D) Violin plots of the expression of the signature genes (C) and
proteins (D). (E) Pie charts for the fractions of reads (read 1) mapping to different classes of
genomic regions in 5’ sScRNA-seq of circulating bulk CD4" T cells. A TSS is defined as a +300-
bp region around the 5’ ends of a transcript (GENCODE v39). Unencoded G reads, reads starting
with an unencoded G, which is soft-clipped in read 1. (F) UCSC Genome Browser view of
pseudo-bulk 5’ scRNA-seq data for circulating bulk CD4" T cells at the SOCS7 locus. Red, plus
strand; blue, minus strand. (G) The RNA levels of bulk CD4" T cell enhancers (defined by
CAGE and NET-CAGE) in pseudo-bulk 5" scRNA-seq plotted against those in NET-CAGE. (H)
Schematic representation of the read-level pre-filtering and transcribed enhancer call (ReapTEC)
approach. Only the reads that started with an unencoded G were retained for downstream
analyses. This pre-filtering ensured a highly accurate TSS peak call. On the basis of high-
confidence TSS peaks, divergent TSS peak pairs were identified to define bidirectionally
transcribed candidate enhancer (btcEnh) regions. (I) Heat maps of DNase [-hypersensitive sites
(DHS), histone 3 lysine 27 acetylation (H3K27ac), and histone 3 lysine 4 mono-methylation
(H3K4mel) signals in CD4" T cells (ENCODE datasets) +2 kb around the btcEnh midpoints
identified by 5’ scRNA-seq without (-) or with (+) ReapTEC in the Treg cluster 11 of circulating
bulk CD4" T cells. (J-L) Genome browser views at CCL5 (J), GZMA (K), and GPR68 (L) loci
comparing chromatin accessibility (snATAC-seq) and TSS signals (5’ scRNA-seq).

Fig. 2. An atlas of candidate enhancers across diverse human CD4" T cells. (A) Clustering
analyses of scRNA-seq data. From the Group D cell clusters, Thl cells (clusters 0,1,7) and Th2
cells (clusters 4 and 6) were extracted and re-clustered. Gating strategy to sort each fraction is
also shown. n, the number of cells. (B) UMAP plot based on surface protein expression and
colored by assigned cell types. (C) Velocity estimates projected onto the UMAP of Group A. (D)
Expression of CCR10 (top) and velocity estimates (bottom) projected onto the UMAP of Group
E. (E) Heat maps of DHS, H3K27ac, and H3K4mel signals +2 kb around the btcEnh midpoints
(n =62,803), shown as in Fig. 11. (F) Pie chart categorizing snATAC-seq peaks into peaks
located within £300 bp around the 5’ end of the transcript (GENCODE v39) (proximal ATAC
[pPATAC] peaks) and peaks located outside the region (distal ATAC [dATAC] peaks). pATAC
and dATAC peaks were further categorized into transcribed and untranscribed peaks. (G)
Heatmap of the scaled z-scores of transcription factor—binding motif (TFBM) enrichment
(—logio[E values]) in different categories of dATAC peaks. Each column corresponds to one
sequence motif, and a total of 150 TFBMs that meet a cutoff of —logio(£ values) > 100 in at least
one category are shown. (H) Enrichment of the Mediator complex and transcription factor
bindings and H3K27ac histone modification in bidirectionally and unidirectionally transcribed
dATAC peaks relative to untranscribed dATAC peaks. *P < 2.2e-16, Fisher’s exact test. (I) Box
plots of the distribution of phastCons score for btcEnhs (n = 62,803), transcribed dATAC peaks
(n=103,558), and untranscribed dATAC peaks (n = 88,637). **P < 0.005, ***P <2.2e-16,
Mann-Whitney U test. (J) Cumulative distribution function of cell-type specificity scores of
transcription levels at promoters and btcEnhs and those of chromatin accessibility at pATAC and
dATAC peaks (P < 2.2e-16, Mann-Whitney U test).

Fig. 3. Chromatin contact map in human CD4" T cells at single-nucleosome resolution. (A
and B) Micro-C chromatin contact maps at the CCR7 locus (A) and the MAF locus (B) in resting
(upper right triangles) and activated CD4" T cells (lower left triangles). Loops are shown under
the maps. (C) Bar plots of the enrichment of Micro-C loops linking the indicated genomic
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regions over the shuffled control loops. (D) Histogram of the distance rank of the genes linked to
btcEnhs, where genes are ranked according to the closest TSS to a given btcEnh. btcE-P pairs,
btcEnh—promoter pairs. (E) Distribution of btcE-P genomic distances.

Fig. 4. Considerable enrichment of disease heritability in btcEnhs. (A) Heritability
enrichment estimates for 62,803 btcEnhs. Linkage disequilibrium score regression analysis was
performed using GWAS summary statistics. MS, multiple sclerosis; T1D, type 1 diabetes; RA,
rheumatoid arthritis; SLE, systemic lupus erythematosus; PBC, primary biliary cholangitis; AD,
atopic dermatitis; AS, ankylosing spondylitis; IBD, inflammatory bowel disease; UC, ulcerative
colitis; COVID B2, COVID-19 hospitalization vs. population (9,986 vs. 1,877,672);
COVID_A2, severe respiratory COVID-19 vs. population (5,101 vs. 1,383,241); COVID_C2,
COVID-19 vs. population (38,984 vs. 1,644,784); COVID B1, COVID-19 hospitalization vs.
COVID-19 without hospitalization (4,829 vs 11,816); T2D, type 2 diabetes; BMI, body mass
index. (B) Enrichment of multiple sclerosis heritability in different classes of genomic regions.
Enrichment of heritability was higher in bidirectionally transcribed regions, such as btcEnhs
identified by 5’ scRNA-seq and bidirectionally transcribed dATAC peaks, than in the other
indicated cis-regulatory regions. All data are mean =+ s.e.

Fig. 5. Systematic interpretation of cellular and molecular functions of variants associated
with immune-mediated diseases. (A) Fold enrichment of the number of disease-associated
single nucleotide polymorphisms (GWAS-SNPs) that overlap with CD4* T cell btcEnhs over
that of random SNPs. SS, Sjogren’s syndrome; AA, alopecia areata; AD, atopic dermatitis; PSC,
primary sclerosing cholangitis; JIA, juvenile idiopathic arthritis; SSc, systemic sclerosis; Critical,
COVID-19 critical illness; BD, Behget’s disease; BiPolar, bipolar disorder; TG, triglyceride;
13snps, 13 COVID-19-associated SNPs; Hospital, COVID-19 hospitalization; Education,
educational attainment; HDL, high-density lipoprotein cholesterol; OA, osteoarthritis; LDL, low-
density lipoprotein cholesterol; FBG, fasting blood glucose; Reported, reported COVID-19
infection; other abbreviations are as in Fig. 4A. (B) Heat map of scored expression of 606
btcEnhs that overlap with SNPs associated with immune-mediated diseases. Dotted-line box
highlights btcEnhs activated in stimulated memory CD4" T cells. (C) Heat map of scored
expression of Treg btcEnhs highlighted in red-line boxes in (B) among the FOXP3" clusters of
Group A CD4" T cells. (D) Number of disease-relevant btcEnhs with predicted target genes (v
axis) per combination of tools (x axis). The pie chart shows the breakdown of btcEnhs by the
number of lines of evidence (LE) that contributed to target gene prediction. RCMC, region-
capture Micro-C; ABC model, activity-by-contact model. (E) UCSC Genome Browser view of
CAGE TSS signals showing upregulation of /L7R mRNA by CRISPR activation (CRISPRa) of a
disease-relevant btcEnh (chr5:35830423-35831044). RCMC loops from the /L7R promoter are
shown. Zoomed-in view of the btcEnh region on the bottom left corner shows bidirectionally
transcribed enhancer RNAs reproducibly induced by CRISPRa. Red, plus strand; blue, minus
strand. Scatter plots of the global comparison of transcription at btcEnhs (n = 62,803) (left) and
promoters (n = 90,565) (right) between CRISPRa and controls. Red dots indicate expression
levels of the btcEnh (left) and the target /L7R promoter (right).

Fig. 6. Evolution of disease-relevant btcEnhs. (A) Pie charts of the evolutionary conservation
of CD4" T cell btcEnhs. (B) Bar plots of the fractions of mammalian-conserved btcEnhs (n =
9,183) and primate-specific btcEnhs (n = 11,181) that overlap with transposable elements. ***P
< 2.2e-16, Fisher’s exact test. (C) Proportions of mammalian btcEnhs and ATAC peaks
overlapping with various types of transposable elements. (D) Conservation of CDSs (n =
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62,803), btcEnhs with (n = 606) or without (n = 62,197) GWAS-SNPs, and random genomic
regions (n = 62,803). (E) Frequency distribution of 606 disease-associated btcEnhs categorized
by sequence conservation between human and mouse. (F) UCSC Genome Browser view of the
CAGE data at the ACOXL and BCL2L11 loci showing activation of the BCL2L11 promoter via
CRISPRa-mediated activation of the mammalian-conserved btcEnh (chr2:110858277—
110859299) that contains SNPs associated with RA and T1D. Zoomed-in view of the btcEnh
region shows bidirectional enhancer RNAs reproducibly induced by CRISPRa. Red, plus strand,
blue, minus strand. (G) UCSC Genome Browser view of an example of a primate-specific
btcEnh overlapping with a LINE transposable element located ~1.5 kb upstream of /TGAL. This
btcEnh harbors SNPs associated with IBD. Activation of this enhancer via CRISPRa results in
the induction of the /TGAL promoter. Red, plus strand; blue, minus strand.
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Materials and Methods

Subhead

Ethics statement

All experiments using human samples were approved by the ethical review committee of
RIKEN [approval no. H30-9(13)], and were performed in accordance with the relevant
guidelines and regulations. Written informed consent was obtained from all healthy donors.

Human CD4" T cell isolation and flow cytometry

Blood samples were collected into vacuum tubes (Venoject 11, Terumo, Cat#VP-H100K).
CD4" T cells were isolated by the immunomagnetic negative selection method using the
MACSxpress® Whole Blood CD4 T Cell Isolation Kit, human (Miltenyi Biotec, Cat#130-098-
195). Contaminating red blood cells were lysed with ACK Lysing Buffer (Thermo Fisher
Scientific, Cat#A1049201). Cells were pelleted and washed twice with washing buffer: PBS
(Invitrogen, Cat#10010049) supplemented with 1% FBS (Biowest, Cat#S1400-500) and 1 mM
EDTA (Invitrogen, Cat#15575020). Isolated CD4"* T cells were resuspended in 100 pul of
washing buffer, then 20 pul of human Fc receptor binding inhibitor (Thermo Fisher Scientific,
Cat#14-9161-73) was added and the cells were incubated on ice for 10 min. Cells were pelleted
and washed once with 1 ml of washing buffer and resuspended in 103.25 pl of an antibody
cocktail and incubated for 20 min on ice. The cocktail contained 50 pl of Brilliant Stain Buffer
(BD Biosciences, Cat#563794) supplemented with fluorochrome-conjugated antibodies: 5 pl
CD25 (clone BC96, AF488, BioLegend, Cat#302616), 20 ul LAG-3 (polyclonal, PE, R&D,
Cat#FAB2319P), 5 ul CXCRS5 (CD185) (clone RF8B2, PerCP-Cy5.5, BD Biosciences,
Cat#562781), 0.75 ul CD3 (clone UCHT1, PE-Cy7, BioLegend, Cat#300420), 2.5 ul CD196
(CCRO6) (clone 11A9, APC, BD Biosciences, Cat#560619), 1 ul CD45RA (clone HI100, APC-
Cy7, BioLegend, Cat#304128), 5 ul CD183 (clone 1C6/CXCR3, BV421, BD Biosciences,
Cat#562558), 1 ul CD4 (clone RPA-T4, BV510, BD Biosciences, Cat#740161), 5 ul CD194
(CCR4) (clone L291H4, BV605, BioLegend, Cat#359418), 7.5 ul CD197 (CCR7) (clone
G043H7, BV711, BioLegend, Cat#353228), and 0.5 ul CD8 (clone RPA-T8, PE-CF594, BD
Biosciences, Cat#562282). Stained cells were washed twice with 1 ml of washing buffer and
were resuspended at 1.0 x 107 cells/ml in basic sort buffer (1x HBSS[-] without Phenol Red
[Fujifilm Wako Pure Chemicals Corporation, Cat#085-09355], 1% FBS, 1| mM EDTA
[Invitrogen, Cat#15575020], 25 mM HEPES [Invitrogen, Cat#15630080]). Cells were then
passed through a 35-um strainer (Falcon, Cat#352235) to remove debris. Fluorescence data were
acquired by using a FACSAria ITu Cell Sorter (BD Biosciences). CD3*CD4"CD8"
CCR7'CD45RA™ T cells were defined as naive T cells. Sorted cells were collected in 1 ml of
basic sort buffer, washed twice with 500 pl of 1x PBS supplemented with 0.1% BSA
(Invitrogen, Cat#AM2618), and finally resuspended in the same buffer at 1.0 x 10° cells/ml.

CD4* T cell o The number
Surface marker staining for flow cytometry of cells
groups
analyzed
Group A CD3"CD4"CD8 CD25" cells, including Tregs 128,748
Group B CD3"CD4'CD8 CD25 LAG3" non-naive T cells 60,746
+ + - - + -
Group C CD3"CD4 CDS‘CD25‘ CXCRS5" non-naive T cells, 95248
including Tth cells
Group D CD3"CD4"CD8 CD25 CCR6 CXCR5 non-naive T cells, 184,909




including Th1 and Th2 cells

CD3"CD4"CD8 CD25 CCR6"CXCR5 CXCR3™ non-naive
Group E T cells, 117,362
including Th17 cells

Isolation of nuclei for Multiome assay and 5’ single-nucleus RNA-seq

Nuclei were isolated according to the manufacturer’s instructions for the “Low Cell Input
Nuclei Isolation” protocol (https://cdn.10xgenomics.com/image/upload/v1660261285/support-
documents/CG000365_DemonstratedProtocol Nucleilsolation ATAC _GEX Sequencing RevC
-pdf) with minor modifications. Nuclei were prepared either on ice or in a centrifuge at 4°C.
Each centrifugation step was carried out for 5 min at 500 xg. Approximately 100,000 cells were
washed in ice-cold 1% FBS in PBS, centrifuged, and then resuspended in 100 pl of lysis buffer
(0.01% digitonin [Thermo Fisher Scientific, Cat#BN2006], 0.1% NP-40 [Sigma—Aldrich,
Cat#NP40S-100ML], 0.1% Tween-20 [Bio—Rad, Cat#1662404], 10 mM Tris-HCI, pH 7.4
[Sigma—Aldrich, Cat#T2194], 10 mM NaCl [Nacalai Tesque, Cat#06900-14], 3 mM MgCl»
[Nippon Gene, Cat#310-90361], 1% BSA [Miltenyi Biotec, Cat#130-091-376], 1 mM DTT
[Invitrogen, Cat#Y00147], and 1 U/ul RNase inhibitor [Sigma—Aldrich, Cat#3335402001] in
nuclease-free water). The cells were incubated on ice for 1 min, and 400 pl of wash buffer (0.1%
Tween-20, 10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 3 mM MgCl,, 1% BSA, 1 mM DTT, and 1
U/ul RNase inhibitor in nuclease-free water) was added. The cells were centrifuged, the
supernatant (495 ul) was removed, and 45 pl of 1x Nuclei Buffer supplemented with 1 mM DTT
and 1 U/ul RNase inhibitor in nuclease-free water was added to the pellet without pipetting. The
sample was centrifuged, and the nuclei were resuspended in 1% Nuclei Buffer, and were proceed
to Multiome assays or 5’ snRNA-seq assays.

Single-cell RNA sequencing and single-nucleus RNA sequencing

Human CD4" T cells and FACS-sorted heterogenous populations were processed with
Chromium Next GEM Single Cell 5’ and 3’ kits (10x Genomics). In brief, cell suspensions were
loaded onto a Chromium single-cell controller (10x Genomics) to generate single-cell gel bead-
in-emulsions (GEMs). Reverse transcription was performed in GEMs, generating cDNA tagged
with a cell barcode and a unique molecular index (UMI), followed by barcoded cDNA
amplification and library construction. The version of the kit for each sample is listed in Table
S1. Libraries were sequenced on an [llumina NovaSeq 6000 sequencing platform using paired-
end, dual-index sequencing with 150 cycles for read 1 and 150 cycles for read 2.

Multiome assay

Human CD4" T cells and FACS-sorted heterogenous populations were collected as
described in the ‘Human CD4" T cell isolation and flow cytometry’ subsection. Part of resting
CD4" T cells were kept in culture without any beads for 24 h and then stimulated with
Immunocult Human CD3/CD28 T cell activator Dynabeads (Veritas, Cat#10991) for 48 h.
Multiome assay was performed according to the manufacturer’s instructions
(https://cdn.10xgenomics.com/image/upload/v1666737555/support-
documents/CG000338 ChromiumNextGEM_ Multiome ATAC GEX User Guide RevF.pdf).
In brief, transposition was performed in a 10 pl reaction mixture at 37°C for 60 min, targeting up
to 10,000 nuclei. Subsequently, nuclei were loaded onto a Chromium Chip J (10x Genomics,
Cat# 2000264) for GEM generation and barcoding. The post-GEM cleanup was followed by a
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pre-amplification step. Subsequently, each sample was divided into two fractions: one was
allocated for the generation of a 3" snRNA-seq library, and the other for a snATAC-seq library.
To enable multiplexing, both libraries were indexed using the Chromium i7 Sample Index N
from the Set A kit (10x Genomics, Cat#3000262) for 3’ snRNA-seq and the Chromium 17
Sample Index TT from the Set A kit (10x Genomics, Cat#3000431) for snATAC-seq. Finally,
both libraries were pooled and sequenced on an Illumina NovaSeq 6000 platform using paired-
end, dual-index sequencing with 150 cycles for read 1, 10 cycles for i7 index, 24 cycles for 15
index, and 150 cycles for read 2.

CITE-seq

We stained 5.0 x 10° circulating bulk CD4" T cells and FACS-sorted heterogenous
subpopulations with TotalSeq™-C Universal Cocktail, V1.0 (BioLegend, Cat#399905). In brief,
cells were blocked with 2.5 ul of Human TruStain FcX™ blocking reagent (BioLegend,
Cat#422301) diluted in 22.5 pl of Cell Staining Buffer (BioLegend, Cat#420201) for 10 min at
4°C. The antibody cocktail (25 pl) was added, and cells were incubated for 30 min at 4°C. Cells
were washed 3 times with Cell Staining Buffer, filtered through a 40-um Flowmi™ Cell Strainer
(Bel-Art, H-B Instrument, Cat#H13680-0040), and resuspended at 1.0 x 10° cells/ml in 1x PBS
with 0.04% BSA (Invitrogen, Cat#AM2618). Cells were loaded onto a Chromium Next GEM
Chip K or Chip N (10x Genomics, Cat#1000286 or Cat#1000375) using the V(D)J kit (v2) (10x
Genomics, Cat#1000263 or Cat#1000356). Libraries were constructed according to the
manufacturer’s instructions and were sequenced on an Illumina NovaSeq 6000 sequencing
platform using paired-end, dual-index sequencing with 150 cycles for read 1, 10 cycles for i7
index, 10 cycles for i5 index, and 150 cycles for read 2.

5" MAS-seq assay

MAS-seq library was prepared according to the manufacturer’s instructions
(https://www.pacb.com/wp-content/uploads/Procedure-checklist-preparing-MAS-Seq-libraries-
using-MAS-Seq-for-10x-single-cell-3-kit.pdf) with minor modifications to adapt it to 5’ scCRNA-
seq cDNA. In brief, 5’ scRNA-seq cDNAs (15 ng each) from bulk CD4" T cells (average length,
1,473 bp) or CD4*CD25" T cells (1,432 bp) were used as inputs. To remove TSO priming
artifacts, TSO PCR was performed with Fwd Primer (AAO272,
CTACACGACGCTCTTCCGAT*C*T) and Rev Primer (AAO273,
/5Bi0sg/lUAUAAGCAGTGGTATCAACGCAG*A*G) (* within the DNA sequence means an
internal phosphorothioate bond). These primers were adopted from the original manuscript (52)
instead of the MAS capture primers from the kit. After cleanup with 1.5 SMRTbell beads, and
DNA fragments containing TSO artifacts were removed using MAS capture beads. Purified
cDNA (50 pg) was used in 16 parallel amplification reactions with MAS primers to generate
cDNAs containing orientation-specific MAS segmentation adapter sequences. After cleanup with
1.5x SMRTbell beads, amplified cDNAs were treated with MAS enzyme to create single-
stranded extensions. MAS adapters and MAS ligase were added to concatenate cDNAs into a
directional-linear array. After cleanup, DNA damage repair and nuclease treatment were
performed, followed by another cleanup (both with 1.2x SMRTbell beads), and SMRTbell
libraries were eluted in elution buffer. MAS-seq libraries were subjected to standard CCS library
preparation and were subsequently sequenced on a PacBio Sequel Ile system.

Micro-C and region capture Micro-C assays



Resting CD4" T cells were collected as described in the ‘Human CD4" T cell isolation and
flow cytometry’ subsection. Part of these cells were kept in culture without any beads for 24 h
and then stimulated with Immunocult Human CD3/CD28 T cell activator Dynabeads (Veritas,
Cat#10991) for 24 h. Activated CD4" T cells (1.0 x 10°) were then collected as a pellet and snap-
frozen at —80°C. Micro-C libraries were prepared using a Dovetail Micro-C Kit (Cantata Bio,
Cat#21006) according to the manufacturer’s instructions (https://dovetailgenomics.com/dovetail-
micro-c-kit-user-guide-version-1-0/). In brief, chromatin was crosslinked using a combination of
disuccinimidyl glutarate (Thermo Fisher Scientific, Cat#A35392) and 37% formaldehyde
(Sigma—Aldrich, Cat#252549). The crosslinked chromatin was then digested in situ with
micrococcal nuclease (MNase), whose concentration was determined by titration for each batch
of crosslinked cells. After digestion, chromatin fragments were extracted by lysing the cells with
SDS and were then bound to Chromatin Capture Beads. The chromatin ends were repaired,
ligated using biotinylated bridge adapters, and the ends containing the adapters were proximity
ligated. The crosslinks were then reversed and associated proteins were degraded. The resulting
DNA was purified and converted to a sequencing library using adaptors compatible with
[llumina sequencing. Micro-C libraries were sequenced on an I[llumina NovaSeq 6000 platform
using paired-end, single-index sequencing with 150 cycles for read 1, 8 cycles for 17 index, and
150 cycles for read 2. RCMC libraries were prepared using a Dovetail Target Enrichment Kit
(Cantata Bio, human pan promoter panel, Cat#25013) according to the manufacturer’s
instructions (Cantata Bio, https://dovetailgenomics.com/wp-
content/uploads/securepdfs/2022/07/Dovetail®-Target-Enrichment-User-Guide-Version-
1.0.pdf). This step included hybridization of a biotin-labeled promoter probe panel with the
Micro-C library pool, conducted at 70°C for 16 h. Hybridized targets were captured on and
enriched with streptavidin beads, and a post-capture PCR was performed to assess the quality of
the library. RCMC libraries were sequenced on an Illumina NovaSeq 6000 platform using
paired-end, single-index sequencing with 250 cycles for read1, 8 cycles for i7 index, and 250
cycles for read 2.

CRISPR activation (CRISPRa) analysis

Jurkat cells (a human T lymphocyte cell line, RCB0806) were obtained from the RIKEN
BRC. dCas9-VP64 GFP (plasmid 61422; Addgene) and Lenti MS2 P65 HSF1 2A puro
(plasmid 118699; Addgene) were gifts from F. Zhang and C. Vakoc, respectively. CRISPRa-
Jurkat cell line stably expressing dCas9-VP64 and MS2 P65 HSF1 was established by lentiviral
transduction and subsequent selection of GFP-expressing puromycin-resistant cells. Protospacer
adjacent motif (PAM) sequence for each btcEnh region was designed using Custom Alt-R™
CRISPR-Cas9 guide RNA design tool
(https://sg.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE) and are listed in Table
S15. A 130-base single-guide RNA (sgRNA) harboring an MS2 stem—loop sequence was
synthesized by IDT with 2'-O-methyl-modified phosphorothioate modifications at three bases at
each 5" and 3’ end. Non-targeting control sgRNA or targeting sgRNA (100 nM) was transfected
to CRISPRa-Jurkat cells using DharmaFECT 4 (Horizon Discovery, Cat#T-2004). Transfected
cells were incubated for 48 h and subjected to CAGE assay with 3 technical replicates per
experiment. Total RNA was extracted with an miRNeasy Mini kit (Qiagen, Cat#217004) and
digested on column with DNase I from an RNase-free DNase set (Qiagen, Cat#79254). CAGE
libraries were generated from total RNA (1 pg) as previously described (LQ-ssCAGE, (94)) with
minor modifications, and were sequenced on an [llumina NovaSeq 6000 platform using paired-
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end, dual-index sequencing with 150 cycles for read 1, 8 cycles for 17 index, 8 cycles for 15
index, and 150 cycles for read 2.

Total and nascent RNA purification from CD4" T cells

We used the procedure described previously (/0) with minor modifications. Cells (~1.0 x
107) were pelleted and lysed with 1.6 ml of Nuclei EZ Lysis Buffer (Sigma—Aldrich,
Cat#NUC101) supplemented with 25 uM a-amanitin (Fujifilm Wako Pure Chemical
Corporation, Cat#010-22961), 1x cOmplete Protease Inhibitor Cocktail (Sigma—Aldrich,
Cat#04693116001), and SUPERase*IN RNase Inhibitor (200 units; Thermo Fisher Scientific,
Cat#AM2696) and were incubated on ice for 5 min. Lysate (200 pl) was mixed with 700 pl of
QIAzol (Qiagen, Cat#79306) for total RNA extraction. The remaining lysate (1.4 ml) was
centrifuged at 2,000 xg for 5 min at 4°C. The nuclear pellet was rinsed with 1 ml of ice-cold 1x
D-PBS (Fujifilm Wako Pure Chemical Corporation, Cat#045-29795), resuspended in 200 pl of
nuclei lysis buffer (20 mM HEPES, pH 7.5 [Nacalai Tesque, Cat#17557-94], 300 mM NaCl
[Nacalai Tesque, Cat#06900-14], 1% TERGITOL solution Type NP-40 [Sigma—Aldrich,
Cat#NP40S-100ML], 2 M urea [Fujifilm Wako Pure Chemical Corporation, Cat#219-00175],
0.2 mM EDTA [Fujifilm Wako Pure Chemical Corporation, Cat#346-01971], 1 mM
dithiothreitol [Fujifilm Wako Pure Chemical Corporation, Cat#048-29224], 25 uM a-amanitin,
1x cOmplete Protease Inhibitor Cocktail and SUPERase*IN RNase Inhibitor [200 units]), and
incubated for 10 min on ice. The suspension was centrifuged at 3,000 xg for 4 min at 4°C. The
insoluble nuclear fraction was rinsed once with 100 ul of nuclei lysis buffer and was centrifuged
at 3,000 xg for 5 min at 4°C. The pellets were treated with 50 pl (50 units) of DNase I (Thermo
Fisher Scientific, Cat#AM?2224), 1x DNase I Buffer (Thermo Fisher Scientific, CatF AM2224),
and SUPERase*IN RNase Inhibitor (20 units) for 30 min at 37°C with pipetting up and down
several times. The lysate was mixed with 700 pl of QIAzol and was used for nascent RNA
extraction. Total and nascent RNA were extracted with an miRNeasy Mini kit (Qiagen,
Cat#217004). On-column DNase I digestion was carried out with an RNase-free DNase set
(Qiagen, Cat#79254).

CAGE and NET-CAGE library preparation and sequencing for bulk CD4* T cells

Using total or nascent RNA (70450 ng) obtained from bulk CD4" T cells, CAGE and
NET-CAGE libraries were generated as previously described (95) with the following
modifications for low-input analysis. After cDNA library construction, cDNAs derived from
rRNAs were removed with ZapR (SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input
Mammalian, Takara Bio, Cat#634413). The samples were cleaned up with 1.2x AMpure XP
Beads (Beckman Coulter, Cat#A63881) and eluted with 52 pl of HO. Amplification was
performed in a reaction mixture (50 pl) containing 22 pl of the library, 1 ul of Tks Gflex DNA
polymerase (1.25 units, Takara Bio, Cat#R060A), 25 ul of 2x Gflex PCR Buffer (Mg?"/dNTR
plus), 1 pl of forward PCR primer (10 uM), and 1 pl of reverse PCR index primer (10 pM). PCR
conditions were as follows: 94°C for 1 min, 8 or 9 cycles of (98°C for 10 s, 55°C for 30 s), and
68°C for 2 min. The sample was cleaned up with 1.8x and then with 0.9x AMpure XP Beads.
CAGE and NET-CAGE libraries were sequenced on an Illumina NextSeq 500 platform using
single-end, single-index sequencing with 75 cycles for read 1 and 8 cycles for 17 index.

Luciferase assay



Luciferase reporter assays were performed as previously described (96). DNA fragments
(100 bp) containing reference or alternative alleles of single nucleotide polymorphisms (SNPs)
rs7441808 and rs117605225 were inserted into the multiple cloning sites of the pGL4.24 vector
plasmid (Promega, Cat#E8421) containing the /uc2P gene under the control of a minimal
promoter. The pGL4.74 vector (Promega, Cat#6921) containing #R/uc gene was used as an
internal control to normalize for transfection efficiency. The plasmids were transfected into
Jurkat E6-1 cells (ATCC) using P3000 reagent (2 ul/ug DNA) and Lipofectamine 3000 reagent
(1.5 pl/pg DNA; Invitrogen, Cat#L.3000001). Luciferase activity was measured 24 h after
transfection with a Dual-Luciferase Reporter Assay System (Promega, Cat#E1910) using a
Tristar 3 plate reader (Berthold Technologies). The list shows oligos used to construct plasmids.

SNP Name of oligo Sequence (5'—3")
(Alt./R
ef.)
rs7441 | rs7441808 A CTAGGGCAATTAGGCATTGAAATTTGACTATTTACCTTAGGGACTCCTCTGGGTATGT
808 GAAGAATTCCCCTGTTTTGCTCAGGATGTGGGCAGATGAGGAAGTA
(G/A) | 157441808 _A _co | AGCTTACTTCCTCATCTGCCCACATCCTGAGCAAAACAGGGGAATTCTTCACATACC
mplementary CAGAGGAGTCCCTAAGGTAAATAGTCAAATTTCAATGCCTAATTGCC
rs7441808_G CTAGGGCAATTAGGCATTGAAATTTGACTATTTACCTTAGGGACTCCTCTGGGTGTGT
GAAGAATTCCCCTGTTTTGCTCAGGATGTGGGCAGATGAGGAAGTA
1s7441808 G co | AGCTTACTTCCTCATCTGCCCACATCCTGAGCAAAACAGGGGAATTCTTCACACACC
mplementary CAGAGGAGTCCCTAAGGTAAATAGTCAAATTTCAATGCCTAATTGCC
rs1176 | rs117605225 T CTAGTGACAGATGGTGTGAAACCACACGGTAGCTTGGCAGTATGGGGCGGCTGCTGC
05225 TTAGTCACTCCTAACTCAGGAACCTAGTATTGAAACTTGAACAGCCT
(G/T) | 15117605225 T ¢ | AGCTAGGCTGTTCAAGTTTCAATACTAGGTTCCTGAGTTAGGAGTGACTAAGCAGCA

omplementary

GCCGCCCCATACTGCCAAGCTACCGTGTGGTTTCACACCATCTGTCA

15117605225 G

CTAGTGACAGATGGTGTGAAACCACACGGTAGCTTGGCAGTATGGGGCGGCTGCGG
CTTAGTCACTCCTAACTCAGGAACCTAGTATTGAAACTTGAACAGCCT

1s117605225 G_
complementary

AGCTAGGCTGTTCAAGTTTCAATACTAGGTTCCTGAGTTAGGAGTGACTAAGCCGCA
GCCGCCCCATACTGCCAAGCTACCGTGTGGTTTCACACCATCTGTCA

Quality control and primary processing of 5’ and 3’ scRNA-seq data

Cell Ranger Software version 5.0.1 (10x Genomics) was used to process 5’ and 3’
Chromium scRNA-seq data (85). Reads were aligned to the Cell Ranger GRCh38 reference
genome (refdata-gex-GRCh38-2020-A, 10x Genomics), and raw gene expression matrices were
generated using the “cellranger count” function without the “—include-introns” option. The 5’
scRNA-seq data were analyzed using R package Seurat version 5 (4.9.9.9067) (86) as follows.
Genes expressed in three or more cells were retained. Doublets were predicted and filtered using
R package scDblFinder version 1.14.0 (97). Singlets were retained for downstream analysis.
Cells expressing fewer than 200 genes and those with more than 10% of all transcripts derived
from the mitochondrial genome were excluded.

Initial processing of 5’ snRNA-seq data

Reads were aligned to the Cell Ranger GRCh38 reference genome (refdata-gex-GRCh38-
2020-A, 10x Genomics), and raw gene expression matrices were generated using the “cellranger
count” function with the “~include-introns” option in Cell Ranger version 5.0.1. Ambient RNA
prediction and filtering were performed using R package SoupX version 1.6.2 (98) with an
automatic estimation of the contamination rate implemented in “autoEstCout”. When the
automatic estimation failed, the contamination rate was estimated from the results of replicate or
identical donor samples. The contamination rate in each analysis is listed in Table S1. Other




primary processes were performed as in the ‘Quality control and primary processing of 5’ and 3’
scRNA-seq data’ subsection.

Initial processing of Multiome data

Raw sequencing data were converted to FASTQ files using the “cellranger-arc mkfast”
function in Cell Ranger ARC version 2.0.0 (10x Genomics) and bel2fastq v2.19.0.316 (Illumina)
for snATAC-seq and for 3’ snRNA-seq, respectively. Reads were aligned to the Cell Ranger
GRCh38 reference genome (refdata-cellranger-arc-GRCh38-2020-A-2.0.0, 10x Genomics) and
quantified using the “cellranger-arc count” function following the 10x Genomics guidelines.
Ambient RNA was removed using SoupX version 1.6.2. Seurat version 5 (4.9.9.9067) (86) and
Signac version 1.10.0 (87) were used to perform quality control on the data according to the
tutorial (https://stuartlab.org/signac/articles/pbmc_multiomic). Doublets, apoptotic cells, and
low-count cells were identified and excluded from the downstream analysis. Doublets were
predicted and filtered using scDblFinder version 1.14.0 (97). Apoptotic cells were identified as
those having > 20% of mitochondrial gene transcripts. Low-count cells were identified as those
having gene counts <200 or ATAC read counts < 1,000). Cells with low-quality ATAC reads—
defined as those with a nucleosome signal > 2 or transcription start site (TSS) enrichment < 1—
were also excluded.

Integration of 5’ scRNA-seq, snRNA-seq, and Multiome data across donors

The filtered gene-barcode matrix for each sample was aligned into an integrated and
unbatched dataset across all donors using Seurat version 5 (4.9.9.9067) (86). In brief, data were
normalized using the “NormalizeData” function: the UMI count for each gene from each cell
was divided by the total UMI counts for the cell, multiplied by 10,000 (a scale factor) and log-
transformed. Highly variable genes were identified using the “FindVariableGenes” function with
default parameters. A linear transformation was applied as a standard pre-processing step using
the “ScaleData” function. Principal component analysis for dimensionality reduction was
performed using the “RunPCA” function. The scRNA-seq, snRNA-seq, and Multiome 3’
snRNA-seq data were integrated using canonical correlation analysis with the “IntegrateLayers”
function. Finally, cells were clustered using the “FindNeighbors” and “FindClusters” functions.
Uniform manifold approximation and projection (UMAP) visualizations were generated using
the “RunUMAP” function. Differential expression was analyzed using the “FindAllMarkers”
function, and statistical significance was estimated using the Wilcoxon rank sum test.
Differentially expressed signature genes were defined as those expressed in at least 25% of the
cells within one cluster at a minimum log fold change of 0.25. Signature genes for each cluster
are listed in Table S3.

snATAC peak calling
snATAC peaks were identified from fragment files of each cluster identified as described in
the ‘Integration of 5’ scRNA-seq, snRNA-seq, and Multiome data across donors’ subsection

using MACS?2 version 2.2.6 with default settings as implemented in the “CallPeaks” function in
Signac version 1.10.0 (87).

Processing of publicly available 5’ scRNA-seq data
We retrieved 5’ scRNA-seq data for human memory CD4" T cells stimulated with viral
antigens (65) from the Gene Expression Omnibus database (accession number GSE152522). For



each FASTQ file, quality control and processing were performed as described above. Among
human memory CD4" T cells (65), we analyzed activation marker (CD38, HLA-DR, PD-1)-
positive cells sorted ex vivo (0 h), CD154°CD69" cells sorted following 6 h stimulation with
virus-specific peptide megapools (SARS-CoV-2, coronavirus, human parainfluenza, human
metapneumovirus, or influenza), and CD137*CD69" cells sorted following 24 h stimulation with
SARS-CoV-2-specific peptide megapools. 5" scRNA-seq data at each time point (0, 6, and 24 h)
were integrated using Harmony version 1.0.3 (99) in the “IntegrateLayers” function in Seurat
version 5 (4.9.9.9067) (86).

Processing 5’ CITE-seq data

Reads were aligned to the Cell Ranger GRCh38 reference genome (refdata-gex-GRCh38-
2020-A, 10x Genomics), and raw gene expression matrices and protein expression matrices were
generated using the “cellranger count” function without the “—~include-introns” option in Cell
Ranger version 5.0.1. Seurat objects were generated according to the Seurat tutorial
(https://satijalab.org/seurat/archive/v3.1/multimodal_vignette.html). Protein levels in single cells
were normalized using the centered-log ratio transform implemented in Seurat. Data were
integrated using corresponding 5’ scRNA-seq data as described in the ‘Integration of 5" scRNA-
seq, snRNA-seq, and Multiome data across donors’ subsection.

Read-level pre-filtering and transcribed enhancer call (ReapTEC)
The ReapTEC method can be applied to 5" RNA sequencing data. ReapTEC for 5" scRNA-
seq and 5’ snRNA-seq data consists of the following 13 steps.
1. A count matrix was generated using Cell Ranger version 5.0.1 as described above.
2. A list of filtered cell barcodes was created.
$ zcat filtered feature bc matrix/barcodes.tsv.gz | sed -e 's/-1//g' > Samplel whitelist.txt
3. The FASTQ files were mapped using STARsolo implemented in STAR version 2.7.10b (88)
(hg38; GENCODE version 39 [‘primary assembly’] (/00)).
$ STAR --runThreadN 12 --genomeDir index/ --readFilesIn Samplel S1 R1 001.fastq.gz
Samplel S1 R2 001.fastq.gz --soloCBwhitelist Sample1 whitelist.txt --soloBarcodeMate 1
--clipSpNbases 39 0 --readFilesCommand zcat --soloType CB_UMI_Simple --soloCBstart 1
--soloCBlen 16 --soloUMIstart 17 --soloUMIlen 10 --soloStrand Reverse --
outFileNamePrefix Samplel --outSAMtype BAM SortedByCoordinate --
soloCBmatchWLtype IMM_multi Nbase pseudocounts --soloUMIdedup
IMM _Directional UMItools \
--outSAMattributes NH HI nM AS CR UR CB UB GX GN sS sQ sM
4. Only read 1 reads were extracted from uniquely mapped reads using SAMtools version
1.16.1 (101).
$ samtools view -@ 12 -hbf 64 -q 255 Samplel Aligned.sortedByCoord.out.bam >
Samplel unique R1.bam
5. Read 1 5" scRNA-seq reads with an unencoded G (which is tagged as a soft-clipped G by
STARSsolo (88)) were extracted from BAM files using SAMtools version 1.16.1 (/01) as
follows.
$ samtools view -@ 12 -H Samplel unique R1.bam > Samplel header.sam
$ samtools view -@ 12 -F 16 Samplel unique R1.bam | awk -F "\t' 'BEGIN {OFS="\t"}
{BASE = substr($10, 40, 1); if ($6 ~ /40S[0-9]/ && BASE =="G") {print $0}}' >
Samplel SoftclipG_F.sam
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$ samtools view -@ 12 -f 16 Samplel unique R1.bam | awk -F "\t' 'BEGIN {OFS="\t"}
{ ALT = substr($10, length($10)-39, 1); if (§6 ~ /[0-9]M40S$/ && ALT =="C") {print
$0}}' > Samplel SoftclipG_R.sam
$ cat Samplel header.sam Samplel SoftclipG_F.sam Samplel SoftclipG R.sam | samtools
sort -@ 12 -O bam -o SoftclipG_Samplel.bam
6. Duplicated reads were removed using UMI-tools version 1.1.2 (102).
$ umi_tools dedup --per-cell -I SoftclipG_Samplel.bam --extract-umi-method=tag --umi-
tag=UR --cell-tag=CR -S SoftclipG_Samplel deduplicated.bam
7. Reads with cell barcodes corresponding to the list created in step 2 were extracted.
$ awk '{print "CB:Z:"$1}' Samplel whitelist.txt > Samplel cell barcode.txt
$ samtools view -@ 12 -H SoftclipG_Samplel deduplicated.bam > SAM_header
$ samtools view -@ 12 SoftclipG_Samplel deduplicated.bam | LC_ALL=C grep -F -f
Samplel cell barcode.txt > filtered SAM body
$ cat SAM_header filtered SAM_body > filtered.sam
$ samtools view -@ 12 -b filtered.sam > SoftclipG_Samplel _filtered.bam
8. A count file was generated for each TSS using the “bamToBed” function in BEDTools
version 2.30.0 (89).
$ samtools view -@ 12 SoftclipG_Samplel filtered.bam | awk 'BEGIN{OFS="\t"} {print
$23}'> Samplel cell barcode tmp.txt
$ bamToBed -i SoftclipG_Samplel filtered.bam | paste — Samplel cell barcode tmp.txt |
awk 'BEGIN {OFS="\t"} { if($6=="+"){print $1, $2, $2+1,".", §7, $6} else {print $1, $3-1,
$3,".", 87,%6}}" | sort -k1,1 -k2,2n -k6,6 | bedtools groupby -g 1,2,3,4,5,6 -c 1 -0 count | awk
'BEGIN{OFS="\t"} {if ($1 ~ /chr/) print $1, $2, $3, $5, $7, $6}° >
Samplel.CTSS.fwd.rev.cell.barcode.bed
9. Bidirectionally transcribed candidate enhancers (btcEnhs) were identified.
TSS peaks were generated by merging TSSs located within 10 bp of each other. To identify
btcEnhs, TSS peak pairs were detected using scripts provided at
https://github.com/anderssonrobin/enhancers/blob/master/scripts/bidir_enhancers (//) with
minor modifications. The definition of bidirectionally transcribed regions was based on TSS
peaks supported by at least one read. The directionality score was calculated as previously
described (/7) and was set to a default of 0.8. The TSS regions (+300 bp) of protein-coding
transcripts (GRCh38; GENCODE version 39 [ ‘primary assembly’] (/00)) were masked for
negative filtering of bidirectionally transcribed regions. btcEnhs located in exonic regions and
not overlapping with ENCODE CD4" T cell DNase I hypersensitive sites (DHSs) listed in Table
S16 were excluded.
10. (Optional) To identify btcEnhs from clusters defined by Seurat or other methods, the cell
barcodes for each cluster were first obtained by using R.
> Cluster0_object <- subset(Seurat_object, idents = 0)
> Cluster0_cell barcode <- colnames(Cluster0_object@assaysSRNA@counts)
> write.table(Cluster0 cell barcode, "Cluster0 cell barcode.txt", sep="\t", col.names=F,
row.names=F, quote=F)
11. (Optional) A count file for each TSS in each cluster was generated, and step 9 was repeated.
$ grep Samplel1.CTSS.fwd.rev.cell.barcode.bed -f Cluster0 cell barcode.txt >
Samplel cluster0.CTSS.fwd.rev.cell.barcode.bed
12. (Optional) Coverage at single-base-pair resolution was calculated with the “genomecov”
function in BEDTools version 2.30.0 (89) using the count file for each TSS generated in step
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8. The resultant forward and reverse bedGraph files were converted into bigwig files using
the UCSC software bedGraphtobigWig (103).

Promoters were defined as TSSs of protein-coding transcripts +£300 bp (hg38; GENCODE
version 39 [‘primary assembly’] (/00). Reads mapped to the promoters, btcEnhs, and ATAC
peaks were counted in a strand-specific manner using the UCSC software
bigWigAverageOverBed (/03). Count normalization was based on counts per million
(CPM). When count was converted to logoCPM, a prior count of 0.25 was added to the raw
counts. Directionality of TSS at ATAC peaks was defined as follows: D = (F — R)/(F' + R); F,
forward strand transcript count; R, reverse strand transcript count; |D| < 0.8 was defined as an
indicator of bidirectional transcription.

13. (Optional) TSS peak—based single-cell analysis. Using the count file created in step 8, the 5’
ends of transcripts were counted at the single-cell level for each robust TSS peak generated
in step 9 (with a cutoff of logoCPM > 2 in at least one cluster) and a TSS peak—based count
matrix was created. Robust TSS peaks were named according to the nearest known transcript
and numbered in ascending order from upstream to downstream of the transcript. TSS peak—
based count matrices were used as input files for Seurat and were pre-processed as in
‘Quality control and primary processing of 5’ and 3’ scRNA-seq data’ and ‘Primary
processing of 5’ snRNA-seq data’ sections. TSS peaks of T cell receptor—related transcripts
were excluded in this analysis. Data integration and batch collection were performed using
Harmony version 1.0.3 (99) in the “IntegrateLayers” function implemented in Seurat version
5(4.9.9.9067) (86).

The ReapTEC script to identify btcEnhs from 5’ RNA sequencing data is available at

https://github.com/Murakawal.ab/ReapTEC.

RNA velocity

Cell Ranger BAM files were processed with Velocyto version 0.17.17 (59) using the Cell
Ranger GRCh38 reference genome (refdata-gex-GRCh38-2020-A, 10x Genomics). Output files
were loaded into scVelo version 0.2.5 (https://scvelo.readthedocs.io) (60) in the Python 3.9.13
environment by using the default parameters and merged with the gene-expression anndata
object from Seurat.

5’ MAS-seq data processing

High-Fidelity (HiFi) reads were generated using CCS software version 6.3.0
(https://ccs.how) with default parameters. HiFi BAM files were processed using SMRT Link
version 12 according to the guide (https://www.pacb.com/wp-
content/uploads/SMRT Link MAS-Seq_troubleshooting v12.0.pdf) to adapt to the 10x
Genomics 5' kit. We had the UMI+TSO trimmed together as a 23-bp component with the 16B-
23U-T design. Reads with unencoded G at the 5’ ends were extracted from the
scisoseq.mapped.bam file. Transcripts were assembled de novo using filtered
scisoseq.mapped.bam files of circulating bulk CD4" T cells and CD4"CD25"* T cells. Stringtie2
version 2.2.1 (104) was used to assemble and merge transcripts for individual samples from each
dataset with the --fr, -G, and -L options. Transcripts not overlapping with the GENCODE gene
models (hg38; GENCODE version 39 [‘primary assembly’] (/00)) were defined as de novo
transcripts.

CAGE and NET-CAGE data analysis
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Adapters were trimmed with Trimmomatic version 0.39 (/05). Reads were aligned to
human rDNA complete repeating unit (U13369.1) using STAR version 2.7.10b (88). Reads that
did not align to human rDNA were mapped to the human reference genome (hg38; GENCODE
version 39 [‘primary assembly’] (/00)). Uniquely mapped read 1 reads with an unencoded G
were extracted from BAM files using SAMtools version 1.16.1 (/01). A count file for each TSS
was generated from the filtered BAM file. Coverage at single-base-pair resolution was calculated
with the “genomecov” function in BEDTools version 2.30.0 (89). The resultant forward and
reverse bedGraph files were converted into bigwig files using the UCSC software
bedGraphtobigWig (/03). Promoters were defined as TSSs of protein-coding transcripts =300 bp
(hg38; GENCODE version 39 [‘primary assembly’] (/00)), as in the mask file used in the
enhancer analysis. Reads mapped to the promoters and btcEnhs identified in this study were
counted in a strand-specific manner using the UCSC software bigWigAverageOverBed (103).
Count normalization was based on CPM. When count was converted to logoCPM, a prior count
of 0.25 was added to the raw counts. Differential expression was analyzed using the “exactTest”
function in R package edgeR version 3.42.4 (106). Differential promoters were analyzed with the
“filterByExpr” function in edgeR.

Cell-type specificity score

The cell-type specificity score of promoters and btcEnhs was calculated from the transcript
level (CPM) using entropy as previously described (/0). Promoters and btcEnh with less than 10
mapped reads were excluded. The cell-type specificity score of ATAC peaks was calculated
from chromatin accessibility (fragments per million, FPM). FPM was calculated by counting the
number of fragments overlapping with each ATAC peak across the 136 CD4" T cell clusters and
normalized to the total number of fragments in each cluster.

entropy (x)

Specificity score (x) =1 —
pectficity log;In]

n
X:
Entropy (x) = — z pi xlogy[pilipi = s
=) i=1%i
x; represents the transcript level (CPM) at the promoter or btcEnh or represents the
chromatin accessibility level (FPM) at the ATAC peaks in the CD4" T cell cluster i, and n
represents the number of CD4" T cell clusters. The specificity score was defined to range
between 0 and 1, where 0 means non-specific and 1 means cell type—specific.

Metagene analysis of the chromatin state of btcEnhs

Publicly available data for DHS (accession number ENCFF121ZZH), H3K27ac
(ENCFF018YIU), H3K4mel (ENCFF860QIV), and H3K4me3 (ENCFF610SPR) histone
modifications were retrieved from the ENCODE database
(https://www.encodeproject.org/search/?type=Experiment&control_type!=*&status=released&p
erturbed=false) (2, 107). Bigwig files containing read-depth normalized signals and signal P
values were used for the analysis of DHS and histone modifications, respectively. Metagene
analysis was performed using deepTools version 3.5.2 (/08). DHS and histone modification
values per btcEnh region were aggregated using the “computeMatrix” function: computeMatrix
reference-point --referencePoint center -S <bigwig file> -R <bed file> -a 2000 -b 2000 -o
<output file> -p 8 -bs 10. Heatmaps of aggregated values were created using the “plotHeatmap”
function: plotHeatmap -m <matrix file from the computeMatrix tool> -out <output file> --
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colorMap <color> --whatToShow 'heatmap and colorbar' --dpi 100 --sortRegions keep --
plotFileFormat pdf.

Mapping, pairing Micro-C contacts, and building contact maps

Micro-C raw data were processed with the dovetail tools pipeline (https://micro-
c.readthedocs.io/en/latest/), which was provided for the analysis of Micro-C libraries using the
Dovetail Micro-C Kit. In brief, reads were mapped to the human reference assembly hg38 using
BWA-MEM with flags -5SP (http://bio-bwa.sourceforge.net/) (/09). Alignments were parsed
and pairs were classified using the pairtools package (https:/github.com/mirnylab/pairtools) to
generate 4DN-compliant pairs files. Pairs with multiple hits, mapping quality score (MAPQ) <
30, singleton, dangling end, or self-circle, and PCR duplicates were removed. Pairs classified as
uniquely mapped or rescued chimeras with MAPQ > 30 on both sides were aggregated into
contact matrices in the cooler format using the cooler package
(https://github.com/open2c/cooler) at 1 kb. Output files containing all valid pairs were used for
downstream analyses such as loop calling. 4DN-compliant pairs files were also converted to HIC
files using the Juicer Tools package (https://github.com/aidenlab/juicer) (90). Contact matrices
were balanced by using SCALE normalization in HIC files. Contact maps were visualized along
with genomic annotations using CoolBox version 0.3.7 (110)
(https://gangcaolab.github.io/CoolBox/quick start APIL.html).

Detection of chromatin loop contacts

Chromatin loop contacts in this study were identified by the HICCUPS algorithm (90) using
the Juicer Tools package version 2.20.0 (https://github.com/aidenlab/juicer) and the scale-space
representation algorithm (97) using the Mustache package (https://github.com/ay-lab/mustache).
Loops were called at a 1-kb resolution with SCALE-normalized contact matrices for HICCUPS
and with ICE-normalized contact matrices for Mustache, and were filtered for an FDR < 0.05.
Micro-C loops were merged using the “mergebedpe” function in R package hictoolsr version
1.1.2 (https://github.com/EricSDavis/hictoolsr). To classify anchors as promoters, btcEnhs, or
ATAC peaks, anchor locations were compared with the corresponding chromatin features as
follows. Promoters were defined as TSSs £800 bp of protein-coding transcripts (hg38;
GENCODE version 39 [‘primary assembly’] (86)), which were longer regions than those in the
mask file used in the enhancer analysis. btcEnhs and ATAC peaks were also defined as regions
extended by £500 bp from the original regions used for anchor classification. Enrichment was
calculated by comparison to shuffled loops.

Chromatin interaction analysis for region capture Micro-C (RCMC)

Interaction calling and significance thresholding for RCMC was based on the workflow
developed by Dovetail Genomics (https://dovetail-
capture.readthedocs.io/en/latest/interactions.html) and the CHiCAGO tool (/7). The input files
for the CHiICAGO tool were the pairs files, which were produced according to the same method
as for the Micro-C contact map. Replicates were merged. CHiCAGO requires two sets of
genomic intervals as inputs: Bait Fragments (BF) - fragments overlapping with baits, and Other
End Fragments (OEF) - all other genomic fragments to be included in the analysis. The BF was
provided by Dovetail Genomics
(https://s3.amazonaws.com/dovetail.pub/capture/human/h_baits v1.0.bed), and the OEF was
generated by binning the genome with a window size of 1 kb outside the bait regions. Significant
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interactions were called using CHiICAGO (/11) with default parameters at 1-kb resolution and
were defined as those with a CHICAGO score of > 5 per condition. RCMC interactions were
merged using makePeakMatrix.R implemented in the CHiCAGO tool.

Activity-by-contact (ABC) models

We calculated the ABC scores (77, 78) using the pipeline provided by the authors (version
0.2.2, https://github.com/broadinstitute/ ABC-Enhancer-Gene-Prediction) to predict enhancer—
gene connections in resting and activated CD4" T cells on the basis of chromatin accessibility
(original pseudo-bulk snATAC-seq data from single-cell experiments), histone modifications
(public H3K27ac ChIP-seq, ENCODE ENCFF484WXU for resting CD4" T cells and
ENCFF878VZI and ENCFF0560H] for activated CD4"* T cells), gene expression profile
(original pseudo-bulk RNA-seq data from single-cell experiments), and chromatin contact map
(original Micro-C data). We conducted ABC modeling with default parameters provided by the
authors (77). First, we called peaks in the chromatin accessibility dataset using MACS2 with a P
value cut-off of 0.1. Second, we counted chromatin accessibility reads in each peak and retained
the top 150,000 peaks with the highest read counts for the genome-wide peak calls, and we
named the resulting set of regions candidate elements. Third, we calculated candidate element—
promoter contacts using a Micro-C contact map with 1-kb resolution and SCALE normalization.
Finally, we computed the ABC score for each candidate element—gene pair.

Co-variation of btcEnhs and promoters

Spearman correlation tests were performed between the logoCPM expression of eRNA and
mRNA in btcEnh—promoter pairs across 136 CD4" T cell clusters. btcEnhs with a cutoff of
logo2CPM > 0 in at least one cluster and promoters with a cutoff of logo2CPM > 2 in at least one
cluster were used. Promoters were defined as protein-coding gene transcript TSSs £300 bp and
were the same as in the mask file used in the enhancer analysis. All btcEnh—promoter pairs
within 1 Mb from the midpoint of each btcEnhs were calculated. The P values were corrected
using the Holm’s method and the adjusted P value cut-off (< 0.05) was set to define significantly
correlated btcEnh—promoter pairs.

Prediction of CD4" T cell btcEnhs and chromatin accessibilities based on DNA
sequence patterns

We trained MENTR machine learning models (67) to assess the dependence of CD4" T cell
btcEnhs and accessibilities on DNA sequences. Briefly, the machine learning models predict the
enhancer on-off or chromatin accessibility patterns from the +100 kb DNA sequences
(GRCh38). The models leveraged 2,002 epigenetic features predicted from DNA sequences by
the pre-trained deep learning models (//2). The prediction tasks are listed in Table S11. We
trained these models using all autosomes except chromosome 8 (20% was used for early
stopping) and tested the accuracy using chromosome 8. The detailed procedures and parameters
are described in our previous paper (67). After training, we predicted the effects of mutations in
the variants on overlapping cis-regulatory elements. On the basis of the previous evaluation (67),
we set a permissive threshold (absolute in silico mutation effects of 0.05) achieving 80%
concordance, and a robust threshold (absolute in silico mutation effects of 0.1) achieving 90%
concordance.

URLs:

14



https://www.encodeproject.org/filessGRCh38 no_alt analysis set GCA 000001405.15/@
(@download/GRCh38 no_alt analysis set GCA 000001405.15.fasta.gz (fasta file for MENTR
training) (67)

https://github.com/FunctionLab/ExPecto/blob/447737793d8d21e50e82379feca44fb9465fdc
79/download_resources.sh (pre-trained deep learning model to predict 2,002 epigenetic features)
(112)

Integration of CD4" T cell btcEnhs with human genetics

The links between human genetics findings and information on CD4" T cell btcEnhs were
assessed on the basis of (i) significant variants from genome-wide association studies (GWASs)
and (ii) non-significant polygenic signals (//3). In approach (i), the enrichment of variants
associated with each disease in the btcEnh regions identified here was evaluated using GREGOR
(92). The lead SNPs with the highest association significance were obtained, and then SNPs in
strong linkage disequilibrium (LD) (R? > 0.8) were added using the 1000 Genomes CEU
reference population (//4). The European LD structure was used because most of the GWAS
data on immune-mediated diseases and COVID-19 were generated in European populations.
Allele frequencies of variants and distance between variants and coding regions were considered
to compute the target and background overlaps of variants in the given btcEnh regions. In
approach (ii), LD score regression was performed by using ldsc software (v1.0) (75) to evaluate
the enrichment of heritability of immune-mediated diseases in btcEnhs. The degree of polygenic
signal enrichment was computed by conditioning on the European full baseline model described
in Finucane ef al. (75), which contains coding, intronic, enhancer (defined differently here), and
untranslated regions, promoters, histone marks, open chromatin regions. Summary statistics (62,
75, 115—119) are listed in Table S17.

ChIP-seq enrichment and motif analysis

ChIP-seq enrichment analyses were performed using ChIP-Atlas (https://chip-
atlas.org/enrichment analysis) (/20, 121). The regions obtained by extending £500 bp from the
midpoint of each dATAC peak were used as inputs to ChIP-Atlas. The data used to generate the
bar graphs for ChIP-seq enrichment of BRD4, CEBPB, CREBBP, ETS1, and H3K27ac in Figure
2H are SRX6913099, SRX10212070, SRX017698, SRX7894794, and SRX1127401,
respectively. Motif scanning analysis for btcEnhs harboring SNPs associated with immune-
mediated diseases was performed using FIMO version 5.5.4 (122). The motifs (Homo sapiens)
were obtained from JASPAR 2022 (/23). Motif enrichment analysis for btcEnhs and ATAC
peaks was performed using AME implemented in MEME Suite version 5.5.4 (/24). These
regions were compared to shuffled input sequences.

$ ame --verbose 1 --oc . --scoring avg --method fisher --hit-lo-fraction 0.25 --evalue-report-
threshold 949.0 --control --shuffle-- --kmer 2 <sequence file> <motif file>

Conservation analysis

The conservation of btcEnhs and ATAC peaks was estimated from a multiple genome
alignment, “Multiz30way”
(https://hgdownload.soe.ucsc.edu/goldenPath/hg38/multiz30way/maf/). Multiz30 contains
genomes of 27 primates, mouse, dog, and armadillo. To use only the genomes with syntenic
alignment, we excluded the genomes of 6 primates (proboscis monkey, golden snub, black snub,
tarsier, black lemur, and Sclater’s lemur) represented by “reciprocal best” alignments. To
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evaluate sequence conservation in the genomes of 24 species, the lengths of the regions aligned
to each human btcEnh or ATAC peak were calculated. A species was postulated to carry an
enhancer orthologous to a human btcEnh or ATAC peak if the aligned length of the non-human
sequence was more than 50% of the length of the human sequence. PhastCons conserved
elements (/25) were downloaded from the UCSC Genome Browser
(http://hgdownload.cse.ucsc.edu/goldenPath/hg38/phastCons100way/). The evolutionary
conservation analysis also included randomly selected protein-coding sequences (CDSs) and
genomic regions (62,803 regions of each type), both with the same length distribution as the
btcEnhs. Using BEDTools shuffle (§9), CDSs were selected from among those annotated with
GENCODE version 39 (1/00), and random genomic regions were selected from the whole
genomes. Promoter regions masked in the enhancer analysis were excluded from both selections;
telomeric and centromeric regions (UCSC Table Browser) were also excluded from the selection
of random genomic regions.

Intersection between enhancers and transposable genetic elements
To investigate the intersection between btcEnhs (or ATAC peaks) and transposable genetic
elements (transposons), the human genome assembly, GRCh38, was masked using
RepeatMasker 4.1.1 (126) with the ‘-s -no_is’ option. As an input, we used the repeat library
provided in Dfam (version 3.2) (/27). A btcEnh (or ATAC peak) was considered to intersect
with an annotated repeat if more than 50% of its length overlapped with the repeat.
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Supplementary Text 1

To analyze the 5’ ends of RNAs, various approaches have been developed (/28) on the basis
of the cap trapper (129, 130), oligo-capping (/317) and template switching (/32). For example,
cap analysis of gene expression (CAGE) employs the cap trapper; Adiconis et al. (50) showed

that this is the best method for identifying the 5" ends of Fig. S2A
mRNAs. Native elongating transcript-CAGE (NET-
CAGE) (10) (relies on cap trapper) and PRO-cap (9) | ------
(relies on oligo-capping) capture the 5’ ends of nascent

5’ scRNA-seq
(10x Genomics)

polyA tail
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technology to detect transcript 5’ ends by using the C1™

microfluidic system (Fluidigm), although with limited Fragmentation
throughput (/34); the development of more scalable Library preparation
methods is warranted to dissect many cell types and states Read 1.(150 bp)

under diverse conditions. Droplet barcoding of single = —

cells enables single-cell transcriptomics of a large number Read 2

of cells in a high-throughput manner (7335, 136). 10x l

Genomics Chromium is one of the most widely used Read ™~ @ygnooded G

single-cell expression profiling platforms that use
droplet-based single-cell RNA-sequencing (scRNA-seq).

TSS

The 10x 5" GEM scRNA-seq (10x Genomics) used in this study employs the template switching
method (fig. S2A). Any 5’-end RNA sequencing data contain background noise reads that do not
originate from the actual transcription start sites (TSSs), and removal of such noise signals is

necessary to detect, with high accuracy, eRNAs expressed at very low
levels (see Main Text).

We found that 82.1% of the 5" ends of read 1 in 5’ scRNA-seq
were mapped to TSS regions (Fig. 1E). This indicates the presence of
background signals in the 5’ scRNA-seq data due to premature template
switching and strand invasion (49, 50). To overcome this issue, we took
advantage of an unencoded guanosine (G) derived from a 5’ cap added
to the beginning of RNA transcripts post-transcriptionally. Generally,
eukaryotic RNAs transcribed by RNA polymerase II possess a 5'-end
N7 methylguanosine (m7G) cap (/37). This cap is reverse transcribed
to a cytosine (C), which is then converted to an unencoded G in the
final sequenced reads (51, 54, 56, 138) (fig. S2A). Reanalysis of 5’
RNA sequencing data for the capped ERCC (External RNA Controls
Consortium) RNA molecules (50), which are often used as spike-in
mixes to accurately estimate transcript abundances, showed that most
genuine TSS reads had a single unencoded G, whereas noise reads
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derived from non-TSS regions perfectly matched the reference sequences in both the template
switching—based method and CAGE (fig. S2, C and D).
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Capped ERCC - _ a8 4N
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The use of only 5’ scRNA-seq reads with an unencoded G for read 1 increased the
proportion of reads mapped to TSS regions from 82.1% to 98.1% (Fig. 1E). Merely taking reads
that started with a G (regardless of its presence in the genome) resulted in insufficient
enrichment (88.3%) of reads mapped to TSS regions (Fig. 1E). Because the oligo-capping
method removes caps with tobacco acid pyrophosphatase (TAP), cap structures are absent during
reverse transcription. Accordingly, most reads produced by this method did not start with

unencoded G (fig. S2, C and D). When we used RNAs treated with TAP as an input for CAGE,

the amount of cDNA was reduced to
10% (Supplementary Text 1 Fig.
1). Overall, filtering based on
unencoded G information allowed
accurate detection of the 5’ ends of
transcripts by removing false
positives in the template switching
method and CAGE.

Supplementary Text 1 Fig. 1
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Supplementary Text 2

Evaluation of batch effects in our 5’ scRNA-seq data

To evaluate the extent of batch effects in our experiments, we compared 5’ scRNA-seq
data between technical replicates prepared using different 10x Chromium chips and wells for
Group E CD4" T cells isolated from the same donor on the same day. The data overlapped well
without prior use of Harmony (“unintegrated” analysis), indicating that the batch effects were
almost negligible (Supplementary Text 2 Fig. 1). The same trend was also observed for Groups
A to D (Supplementary Text 2 Fig. 2). Biological replicates of 5" scRNA-seq data generated for
Group E CD4" T cells isolated from the same donor on different days also showed good overlap
without the use of Harmony (Supplementary Text 2 Fig. 1). These results suggest that batch
effects were virtually negligible for 5’ scRNA-seq data from the same donor, even if the
experiments were performed on different days.

Supplementary Text 2 Fig. 1
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Merging CD4" T cell data from Groups A to E

To investigate how the data on CD4" T cells from different groups can be merged, we
merged 5’ scRNA-seq data on Groups C to E of CD4" T cells isolated from the same donor on
the same day without prior use of Harmony, as batch effects were expected to be negligible, as
described above. Most cells in Groups C to E were plotted in different spaces, but some were
plotted in overlapping spaces (Supplementary Text 2 Fig. 3).

It is noteworthy that Groups C to E contained a fraction of CD4" T cells that were
overlapping at the transcriptome level. This may be because sorting CD4" T cells into Groups C
to E by expression of the membrane proteins CCR6, CXCRS5, and CXCR3 did not completely
separate them into distinct populations. This may be, at least in part, related to the continuum of
helper T cells that has been well documented in many studies (25-35).

We then evaluated the performance of Harmony in our datasets on heterogeneous CD4*
T cells. When the data were merged using Harmony (“Harmony integration”), CD4* T cells in
Groups C to E were almost perfectly aligned (Supplementary Text 2 Fig. 4), even though the
majority of the cells were functionally distinct. This result indicates that merging all data from
different groups using Harmony can remove even biological differences in this study. We
assume that this complication is likely due to the fact that we were distinguishing between very
similar cell types within CD4" T cells rather than between different cell types such as neurons,
hepatocytes and T cells.

Integration of 5’ scRNA-seq and Multiome data

To directly compare eRNA transcription and chromatin accessibility, we merged 5’
scRNA-seq data from different donors and Multiome (3’ snRNA-seq) data. Harmony failed to
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fully align the 5’ scRNA-seq and Multiome data, but they were successfully aligned by CCA
(Supplementary Text 2 Fig. 5) as previously reported by the Regev group (/39). Thus, we used
CCA integration to merge 5’ scRNA-seq and Multiome data on CD4" T cells in each group.

Supplementary Text 2 Fig. 2
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Supplementary Text 2 Fig. 3
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Fig. S1. Transcriptomic and proteomic characterization of distinct cell clusters identified in
circulating bulk CD4" T cells. (A) Schematic overview of the study design. scRNA-seq, single-
cell RNA sequencing; ReapTEC, read-level pre-filtering and transcribed enhancer call; FACS,
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fluorescence-activated cell sorting; Treg, regulatory T cell; Th, T helper; Tth, T follicular helper;
mRNA, messenger RNA; IncRNA, long non-coding RNA; TSS, transcription start site; btcEnh,
bidirectionally transcribed candidate enhancer; GWAS, genome-wide association study; RCMC,
region-capture Micro-C. (B) Plots of the median number of genes per cell analyzed by 3’ and 5’
scRNA-seq in circulating bulk CD4* T cells from the same donor. (C) Estimated density of
expression overlaid on the uniform manifold approximation and projections (UMAPs) for
signature genes in circulating bulk CD4" T cells. (D) Cell surface protein expression projected
on the UMAPs. (E) mRNA levels and corresponding surface protein levels projected on the
UMAPs. (F) Heat map of normalized expression levels of surface proteins for the 15 clusters in
circulating bulk CD4* T cells. Each column corresponds to one cellular indexing of
transcriptomes and epitopes by sequencing (CITE-seq) antibody (n = 131). (G) Proportion of
cells from each donor in each cluster.
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Fig. S2. Read-level pre-filtering based on unencoded guanosine (G). (A) Schematic overview
of TSS mapping using 5’ scRNA-seq (10x Genomics). We sequenced libraries beyond the
template-switching oligo (TSO) with a 150-base read 1, and reached the actual TSSs. A
guanosine (G) represents a 7-methylguanosine cap. The cap is reverse transcribed to a cytosine
(C), which is then converted to a G in the final sequenced reads. Therefore, 5’ ends of sequenced
reads derived from capped RNAs contain an additional G, which is not encoded in the reference
genome (unencoded G) and enables us to distinguish reads with a genuine TSS from noise reads.
(B) UCSC Genome Browser view of pseudo-bulk 5’ scRNA-seq data for circulating bulk CD4*
T cells at the SOCS7 locus. The panel shows 5'-end signals derived from all uniquely mapped
reads (top), reads starting with a G (middle), and reads starting with an unencoded G (bottom).
Upper case, the reference genome; lower case, aligned reads (read 1); unencoded G is shaded.
Red, plus strand; blue, minus strand. Reads that mapped to the minus strand of the gene model
started with sequences that were complementary to the template-switching oligo (TSO),
indicating that these reads were likely artifacts from TSO priming, an example of which is
shown. (C) Schematic overview of three methods (cap trapper, template switching, oligo-
capping) to detect the 5" ends of capped ERCC (External RNA Controls Consortium) RNA
molecules (50). Pink, TSS reads, i.e. reads mapping to the 5’ ends of ERCC RNA molecules;
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blue, reads derived from the gene body and not mapping to the 5’ ends of ERCC RNA
molecules. (D) Illustration of the mapping statuses of the read 1 5’ ends (top). M, perfect match
to the reference sequence; S1, one soft-clipped G or H (representing A, T, or C); S2, two soft-
clipped bases. Bar graphs show the proportions of reads (read 1) with different mapping statuses
of 5" ends and are based on capped ERCC data (cap trapper: GSM2772304, GSM2772306;
template switching: GSM2772309, GSM2772310; oligo-capping: GSM2772313). Number of
reads mapped (from left to right): 140,451; 177,615; 182,153 to TSS regions, and 3,190; 5,946;
35,947 to gene bodies. Most reads mapped to TSS regions start with a single unencoded G in the
cap trapper and template-switching methods, but not in the oligo-capping method, where the cap
is removed prior to library construction.
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Fig. S3. MAS-seq indicates extensive oligo(dT) priming in internal A-rich regions. (A)
Length distribution of the segmented reads (S-reads) obtained by MAS-seq. (B) Distribution of
sequence quality (phred) scores for S-reads. (C) Visualization of 5' MAS-seq and snATAC-seq
data at ENCODE candidate enhancers located in the intergenic regions of chromosome 17. 5’
MAS-seq full-length reads with an unencoded G are shown. Uppercase, 3’ ends of aligned reads;
lowercase, the reference genome. dELS, distal enhancer-like signatures. (D) Nucleotide
preferences near the 3’ ends of aligned reads. TES, transcription end site.
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Fig. S4. ReapTEC identifies bidirectionally transcribed enhancers with high sensitivity and
at high nucleotide resolution. (A) Distribution of directionality scores of distal transcribed cis-
regulatory elements (tCREs) identified in circulating bulk CD4* T cells by SCAFE (46). (B) Bar
plots of the number of bidirectionally transcribed regions detected in circulating bulk CD4" T
cells by ReapTEC and SCAFE. (C) Length distribution of bidirectionally transcribed candidate
cis-regulatory regions detected by ReapTEC (median length of 202 bp) and SCAFE (median
length of 501 bp). (D) Distribution of the expression levels of transcribed regions detected by
ReapTEC (btcEnhs, red) and SCAFE (all distal tCREs, blue). ReapTEC identified even btcEnhs
expressed at low levels with high sensitivity. (E) Examples of tag clusters (TC) and btcEnhs
identified by ReapTEC and distal tCREs (D-CREs) identified by SCAFE at an intergenic region
of chromosome 17. Red, plus strand; blue, minus strand.
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Fig. S5. snATAC-seq in human circulating CD4"* T cells. (A and B) Density scatter plots of
chromatin accessibility in snATAC-seq (x axis) and expression level in 5'scRNA-seq (y axis) at
DNase hypersensitive sites (ENCODE accession: ENCFF707MRS) overlapping with £300-bp
regions around the TSSs of coding transcripts (GENCODE v39) (A) and at distal DNase
hypersensitive sites outside the TSS regions (B). Cells from the same donor were used for
snATAC-seq and 5’ scRNA-seq. FPM, fragment per million; CPM, count per million. (C)
UMAPs of the levels of gene expression (CCLS5, GZMA, GPR68, and DTHD]) in circulating
bulk CD4" T cells. Distinct clusters detected by the Seurat package are projected on the UMAP
(top) in different colors. (D) Visualization of snATAC-seq peaks at the DTHD locus showing
the cluster—specific chromatin accessibility in circulating bulk CD4" T cells. Distinct clusters
detected by the Seurat (86) and Signac packages (87) are shown in different colors.
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Fig. S6. 5'scRNA-seq analysis of various CD4" T cell subsets. (A) mRNA levels and
corresponding cell surface protein levels projected on UMAPs. CXCR3 and CCR4 are signature
genes of Th1 and Th2 cells, respectively. (B) Scatter plot of CXCR3 and CCR4 surface protein
expression levels for cells in clusters 0 and 4 in Group D. Dashed lines, the cutoff to classify the
cells into Th1 and Th2. (C) UMAPs of cells classified by CXCR3 and CCR4 surface protein
levels (using cutoffs defined in (B)). (D and E) Violin plots of mRNA levels of the signature
genes in each cluster of Thl-like cells (D) (clusters 0, 1, and 7 in Group D) and Th2-like cells
(E) (clusters 4 and 6 in Group D). (F) Distribution of the percentage of each cluster relative to
the bulk CD4" T cells. (G) Violin plots of the mRNA levels of the signature genes in each cluster
in Groups A, D, and E. (H) UMAPs of the levels of the FOXP3, RORC, LAG3, and GPR25
genes in Group A CD4" T cells. (I) Scatter plot of IL7R and PTPRCra surface protein expression
levels used to classify cells in clusters 1 and 9 of Group A into naive and effector Tregs. Dashed
lines, the cutoff used classify the cells. (J) UMAPs of the levels of the FOXP3, RORC, LAG3,
and GPR25 genes in Group E CD4" T cells.
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Fig. S7. Single-cell expression profiling of granzyme-related genes in heterogeneous CD4" T
cells. mRNA levels of perforin (PRF'1), granulysin (GNLY), and granzymes (all other genes) in
circulating bulk CD4" T cells and 5 groups of CD4" T cells.

31



-
9

Clusters1 57 6124 28100113

Tre o Tre
(na‘fvge) Cycling (effec?or)

Group D

Clusters13127 1023 4106118 9 5
Th1 Th2

Fig. S8. CITE-seq profiling of surface proteins involved in cytokine signaling and
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per each subset) associated with the R-HAS-198933 (Immunoregulatory interactions between a
Lymphoid and a non-Lymphoid cell), hsa04060 (Cytokine-cytokine receptor interaction), and R-
HAS-1280215 (Cytokine Signaling in Immune system) pathways.
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Fig. S9. Transcriptional diversity in stimulated CD4" T cells. (A) Distribution of the number
of genes detected in 5’ scRNA-seq analysis (65) of memory CD4" T cells before and after
stimulation. ***P <2 .2e-16, Wilcoxon rank sum test. (B and C) Top, UMAPs of distinct clusters
detected by the Seurat package. Bottom, violin plots of the mRNA levels of the signature genes
in each cluster.
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Fig. S10. Hierarchical organization of the transcriptomic landscape across 136 CD4" T cell
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promoter expression levels (n = 90,565). (B) Velocity estimates projected onto UMAPs.
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Fig. S11. Genomic features of btcEnhs in CD4" T cells. (A) Bar plots of the enrichment of
ENCODE3 candidate cis-regulatory elements (cCREs) in btcEnhs compared to shuffled control
genomic regions of the same size distribution as that of the btcEnh regions. (B) Bar plots of the
fraction of btcEnhs that overlap with different classes of ENCODE3 cCREs (2). dELS, distal
enhancer-like signatures; pELS, proximal enhancer-like signatures; PLS, promoter-like
signatures; DNase, DNase [-hypersensitive sites. (C) Bar plots showing the number of known or
novel btcEnhs that overlap with annotated sequences of different classes. The btcEnhs that
overlap with ENCODE3 cCREs and the novel btcEnhs that do not overlap with ENCODE3
cCREs showed a similar genomic distribution. (D) Box plots of the distribution of maximum
expression levels at btcEnhs among all 136 CD4" T cell clusters. Novel btcEnhs that do not
overlap with ENCODE3 cCREs were also shown to express eRNAs in our 5’ scRNA-seq
analysis of heterogeneous CD4" T cells, albeit slightly weaker in general than btcEnhs that
overlap with ENCODE3 cCREs. (E) Pie chart of the btcEnhs included and not included in the
FANTOMS enhancer atlas. (F) Cumulative distribution function of MPRA expression fold
change (log2) against normalized plasmid tag counts for btcEnhs (red) and all fragments tested in
the previous study (black) (66).
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Fig. S12. Sequence features in different categories of distal ATAC peaks. (A) Scatter plot of
the logarithms of E values for enrichment of transcription factor—binding motifs (TFBMs) in
dATAC peaks and btcEnhs. TFBMs recognized by different transcription factor families are
shown in different colors. (B) Volcano plot showing higher enrichment of transcription factor
bindings in bidirectionally transcribed dATAC peaks compared to untranscribed dATAC peaks.
(C) Enrichment of BRD4 binding and H3K27ac histone modification in bidirectionally or
unidirectionally transcribed dATAC peaks (classified by different transcription levels) relative to
untranscribed dATAC peaks. *P < 2.2e-16, Fisher’s exact test. (D) Bar plots of the prediction
accuracy (AUROC) of MENTR machine learning model (67) trained with bidirectionally or
unidirectionally transcribed dATAC peaks (latter with at least 10 read counts) vs. untranscribed
dATAC peaks. AUROC, area under receiver operating characteristic curve; CI, confidence
interval.
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Fig. S13. eRNA expression dynamics in the differentiation trajectories. Heatmaps of scored

eRNA expression of dynamically activated btcEnhs at a minimum log fold change of 3 and with
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Fig. S14. CD4" T cell heterogeneity at the TSS level. (A) UCSC Genome Browser view of 5’
scRNA-seq data at the /L2 locus. CPM, counts per million. (B and C) Box plots of the
distribution of maximum expression levels at robust TSS peaks among all 136 CD4" T cell
clusters. (B) Robust TSS peaks overlapping (FANTOMYS) or not (Novel) with the FANTOMS
peaks. (C) Robust TSS peaks located within £300-bp regions around the 5’ ends of transcripts
(GENCODE) and robust TSS peaks not overlapping with the annotated TSS regions (Novel). (D)
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Heat maps of DHS, histone 3 lysine 27 acetylation (H3K27ac), and histone 3 lysine 4 tri-
methylation (H3K4me3) signals (ENCODE CD4" T cell datasets) =2 kb around the robust TSS
peaks or robust novel peaks not overlapping with the annotated TSS regions in bulk CD4* T
cells. (E) UMAP and TSS-based clustering analysis of a single-cell dataset combining 5’ scRNA-
seq and 5’ snRNA-seq datasets. (F) Violin plots of the expression of the signature promoters in
17 clusters identified in (E). (G and H) Examples of alternative promoter usage in circulating
bulk CD4" T cells at the ARHGAP15 (G) and DUT loci (H). UMAPs show the levels of mRNAs
transcribed from each promoter. (I) UMAPs of levels of mRNAs from the CCR7 promoter (left)
and of enhancer RNA (eRNA) in btcEnhs located upstream of CCR7. (J) Left, UCSC Genome
Browser views of the assembly of de novo transcripts defined by MAS-seq. The promoter region
for these transcripts has a DHS peak and the H3K27ac and H3K4me3 histone modifications.
These transcripts were also detected by publicly available RNA-seq data (ENCODE:
ENCSRO033XWU), but it was difficult to identify transcript models using only this data. Y axes:
read-depth normalized signal for DHS, signal P values for modifications, and counts for RNA-
seq. Right, UMAPs of the levels of de novo transcripts in circulating bulk CD4" T cells.
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Fig. S15. Fine-scale Micro-C and region-capture Micro-C chromatin contact maps. (A)
Venn diagram of the number of loops called by HICCUPS and Mustache. In total, 103,038
Micro-C loops were detected in this study. (B) Venn diagram of the number of loops detected by
Mustache in resting and activated CD4" T cells. (C) Pie chart of the Micro-C loop categories.
btcE, btcEnh; P, promoter; O, others. (D) Histogram of the number of linked promoters per
btcEnh. (E) Histogram of the number of linked btcEnhs per promoter. (F) Enrichment of Micro-
C loops was analyzed as in Fig. 3C but separately for bidirectionally and unidirectionally

41



transcribed distal ATAC (dATAC) peaks, and for untranscribed dATAC peaks. (G) Number of
raw reads for each region capture Micro-C (RCMC) experiment. (H) Bar plots of the number of
cis-loops within 1 Mb genomic distance. (I) Bar plots of the enrichment of RCMC loops linking
the indicated genomic regions over the shuffled control loops. btcE, btcEnh; P, promoter; O,
others. (J and K) Examples of RCMC loops at the STAT3 (J) and STAT4 (K) loci showing the
differences in chromatin contacts among CD4" T cell populations.
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Fig. S16. Enrichment of disease heritability in bidirectionally transcribed enhancers. (A)
Heritability coefficients for 62,803 btcEnhs in CD4" T cells. Linkage disequilibrium score
regression analysis was performed using GWAS summary statistics for complex traits and
immune-mediated diseases. MS, multiple sclerosis; T1D, type 1 diabetes; RA, rheumatoid
arthritis; SLE, systemic lupus erythematosus; PBC, primary biliary cholangitis; AD, atopic
dermatitis; AS, ankylosing spondylitis; IBD, inflammatory bowel disease; UC, ulcerative colitis;
COVID B2, COVID-19 hospitalization vs. population (9,986 vs. 1,877,672); COVID A2,
severe respiratory COVID-19 vs. population (5,101 vs. 1,383,241); COVID_C2, COVID-19 vs.
population (38,984 vs. 1,644,784); COVID_B1, COVID-19 hospitalization vs. COVID-19
without hospitalization (4,829 vs. 11,816); T2D, type 2 diabetes; BMI, body mass index. (B)
Heritability coefficients for multiple sclerosis in different classes of genomic regions. The
coefficients were higher in bidirectionally transcribed regions, such as the btcEnhs identified by
5" scRNA-seq and bidirectionally transcribed dATAC peaks, than in the other indicated cis-
regulatory regions. All data are mean =+ s.e.
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Fig. S17. Examples of disease SNPs fine-mapped within btcEnhs. UCSC Genome Browser
views of (A) a mammalian-conserved btcEnh (chr4:26088516-26089113) harboring the RA and
T1D SNP rs7441808 and (B) a btcEnh (chr4:77586770—77587541) harboring the RA SNP
rs117605225. Y axes: read depth—normalized signal for DHSs, and signal P values for histone
modifications. The alternative (risk) G allele of rs7441808 creates a stronger transcription factor
motif (A). The alternative (protective) G allele of rs117605225 disrupts the transcription factor
motif (B). Bar plots of luciferase activity in Jurkat cells transfected with pGL4.24 vectors
carrying enhancers (Ref., reference alleles; Alt., alternative alleles); mock transfection was used
for normalization. Data are mean + s.d. from 12 replicates. *P < 0.1, **P < (.05, ***P < (.001,

Welch’s #-test.
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Fig. S18. Prediction of target genes of btcEnhs. (A) Histogram of Spearman correlation
coefficients for btcEnh—promoter (EP) co-variation. In total, 25,178 pairs of positively correlated
btcEnhs and promoters were identified (adjusted P values < 0.05). The Holm’s method was used
to correct for multiple comparisons. Promoters are defined as +300-bp regions around the TSSs
of coding transcripts (GENCODE v39). (B) Cumulative distribution function of Spearman
correlation coefficients of all btcE-P pairs (blue) and btcE-P pairs supported by Micro-C (red).
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Fig. S19. Human disease pathways. (A) Metascape enrichment network. Visualization depicts
the intra-cluster and inter-cluster similarities of enriched terms for the predicted target genes of
disease-relevant btcEnhs. (B) Venn diagram showing target genes of multiple sclerosis (MS)-
relevant btcEnhs and inflammatory bowel disease (IBD)-relevant btcEnhs predicted by Micro-C.
(C and D) Metascape enrichment network for target genes of MS-relevant btcEnhs (C) and IBD-
relevant btcEnhs (D) predicted by Micro-C, RCMC, ABC model or transcriptional co-variation.
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Fig. S20. CRISPR/Cas9-based target gene identification and validation. Scatter plots of the
global comparison of expression at btcEnhs (n = 62,803) (left) and promoters (n = 90,565) (right)
between CRISPR activation (CRISPRa) and controls. Data for 10 disease-relevant btcEnhs
targeted by CRISPRa are shown. Red dots, significant activation of btcEnhs (left) mediated by
CRISPR and their target promoters (right) (FDR < 0.05).
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Fig. S21. Evolution of CD4" T cell btcEnhs. (A) Pie charts of the evolutionary conserved
random protein-coding sequences and random genomic sequences. (B) UCSC Genome Browser
view of the mouse Acox/ and Bcl211 loci corresponding to the human region shown in Fig. 6F.
The genomic region containing the btcEnh is syntenic between human and mouse. In an
enhancer knock-out mouse, this region has been shown to be a Bcl2/11 (Bim) enhancer; it
enforces proper apoptosis induction in thymic negative selection (82).
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Table S12. (separate file)
Summary of btcEnh-promoter co-variation.
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List of disease-relevant btcEnhs and their candidate target genes.
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Data S1. (separate file)
Promoter-level gene expression (log2CPM) across 136 CD4" T cell clusters.

Data S2. (separate file)
RDS files of single-cell analyses.

Data S3. (separate file)
btcEnh expression levels (logo2CPM) across 136 CD4" T cell clusters.
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