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Gene regulatory elements, such as enhancers, greatly influence cell identity by tuning the transcriptional activity
of specific cell types. Dynamics of enhancer landscape during early human Th17 cell differentiation remains
incompletely understood. Leveraging ATAC-seq-based profiling of chromatin accessibility and comprehensive
analysis of key histone marks, we identified a repertoire of enhancers that potentially exert control over the fate
specification of Th17 cells. We found 23 SNPs associated with autoimmune diseases within Th17-enhancers that
precisely overlapped with the binding sites of transcription factors actively engaged in T-cell functions. Among
the Th17-specific enhancers, we identified an enhancer in the intron of RORA and demonstrated that this
enhancer positively regulates RORA transcription. Moreover, CRISPR-Cas9-mediated deletion of a transcription
factor binding site-rich region within the identified RORA enhancer confirmed its role in regulating RORA
transcription. These findings provide insights into the potential mechanism by which the RORA enhancer or-
chestrates Th17 differentiation.

1. Introduction

Interleukin-17-producing T helper (Th) cells (Th17) play a pivotal
role in the host response to a variety of infections and also contribute to
the pathogenesis of several autoimmune and inflammatory diseases.
Th17 cell differentiation occurs when a naive CD4 ™ T cell is activated in
the presence of an inflammatory milieu containing IL-6 and IL-1f [1].
This differentiation process is initiated by signaling through cytokine
receptors and transcription factors (TFs) that orchestrate gene regula-
tion via gene regulatory elements, such as promoters and enhancers.
These early events are followed by dynamic changes in the epigenetic
landscape of the cells, including alterations in chromatin accessibility
and histone modifications. While the cytokines, signaling intermediates
and transcriptional changes associated with Th17 cell differentiation

have been meticulously elucidated [1-6], our understanding of the
epigenetic regulation of Th17 cell differentiation in humans remains
limited.

Regulatory elements, such as enhancers, regulate gene expression in
cis by bringing TF complexes onto the promoter of specific genes. En-
hancers are cell type specific and dynamically formed during cell
development and differentiation. They are often associated with mono-
methylation of fourth lysine residue on the histone-three tail
(H3K4mel). The active enhancers are further marked by acetylation
marks at 27th lysine of histone-three tail (H3K27ac).

Enhancer landscape of mouse Thl7 cells using histone acetyl-
transferase p300 binding data [7] or TF co-occupancy data has been
reported [8]. Additionally, studies utilizing chromatin accessibility
analysis, in conjunction with histone modification data, have revealed
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gene regulatory networks that govern murine Th17 cell differentiation
[9]. Notably, a proximal enhancer has been shown to promote the
expression of RAR-related Orphan Receptor-yt (RORyt), a key TF in
Th17 cells, during experimental autoimmune encephalomyelitis (EAE),
a mouse model of multiple sclerosis [10]. While the enhancer landscape
of mouse Th17 cells has been studied, the corresponding understanding
of human Th17 cells, particularly during early differentiation stages,
remains unexplored.

A study on chromatin dynamics during hematopoiesis identified
threefold more enhancers than promoters, underscoring the early
establishment of enhancers during lineage commitment [11]. Therefore,
enhancers in terminally differentiated cells are expected to differ from
those of the cells undergoing differentiation [12], highlighting the
importance of studying enhancers during early Th17 cell differentiation.
A comprehensive map of these cell-type-specific regulatory elements
and their interplay with lineage-specific TF networks can provide crit-
ical insights into potential epigenetic alterations that may contribute to
autoimmune disorders by exacerbating the Th17 response.

Remarkably, over 90% of disease associated single nucleotide poly-
morphisms (SNPs) are located within noncoding regulatory regions,
including enhancers [13]. Earlier, we showed that enhancers associated
with human Th1 and Th2 cells overlapped significantly with the auto-
immune disease-associated SNPs [12]. Autoimmune disease-associated
SNPs within enhancers, particularly those that are near binding sites of
TFs, may affect TF binding and gene transcription.

In this study, we identified and studied enhancer elements that shape
the transcriptional landscape of cells polarizing towards Th17 lineage.
Further, we studied the enrichment of autoimmune disease-associated
SNPs within the enhancer elements. We found an enhancer region
near RORA gene that was specific to Th17 cells. RAR-related orphan
receptors RORyt (encoded by RORC) and RORa (encoded by RORA)
contribute to Th17 differentiation [14], and their target genes during the
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process have been characterized [7,15]. However, much less is known
about the contribution of cis-regulatory elements in regulating these
factors. Additionally, using CRISPR-Cas9-mediated deletion of an
enhancer near RORA coupled with functional luciferase assay, we
analyzed the effect of enhancer deletion on the expression of RORA and
IL17A during early human Th17 cell differentiation.

2. Results

2.1. Chromatin accessibility is dynamic during early human Th17 cell
differentiation

Chromatin accessibility is a key feature regulating gene expression.
To unravel the chromatin accessibility landscape of early differentiating
human Th17 cells, we used Assay for Transposase-Accessible Chromatin
with high-throughput sequencing (ATAC-seq) analysis. Samples were
collected at 0, 2, 4, 24, 48 and 72 h during early Th17 cell development,
as well as control cells activated in the absence of any polarizing cyto-
kines (ThO) (Fig. 1A). Th17 differentiation was confirmed by high levels
of CCR6 surface expression (Fig. 1B) and high IL-17A expression at RNA
(Fig. 1C) and protein (Fig. 1D) levels. After normalization, the ATAC-seq
data showed little variation (Fig. S1A). The biggest difference in chro-
matin openness was observed between early and late time points, both in
activated (ThO0) and Th17 cells. Further, although the ATAC-seq profiles
of the ThO and Th17 cells were close to each other at early time points,
the difference became greater as the cells progressed further through the
differentiation (Fig. S1B). Using an irreproducible discovery rate (IDR)
threshold of 0.05, we found approximately 20,000 peaks at each time
point during Th17 differentiation (Fig. S1C) of which 1618-7278 peaks
were unique to Th17 cells at different time points (Fig. 1E).
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Fig. 1. Identification of Th17-specific enhancers. (A) Overview of experimental design. Created with Biorender.com. (B) Percentage CCR6 positive cells at 72 h of
differentiation in ThO and Th17 cells. (C) IL17 A mRNA expression in ThO and Th17 cells at 72 h. The expression is plotted relative to EF1A. (D) IL-17A secretion in
the culture supernatant in ThO and Th17 cells at 72 h. (B-D) Each dot is an individual biological replicate and the horizontal line shows the mean. Statistical
significance was determined using two-tailed paired t-test. **:p < 0.01, ***:p < 0.001. (E) ATAC-seq open chromatin regions during Th17 differentiation at the
indicated time points. (F) Total enhancers (blue), enhancers containing ATAC-peaks (red) and subset-specific enhancers (green) identified in ThO and Th17 cells at
0.5 and 72 h. (G) Th17-specific enhancers at 0.5 and 72 h, where Th1/Th2 enhancers from Hawkins et al. (2013) have been excluded. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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2.2. Histone profiling coupled with machine learning identifies Th17-
specific enhancers during early human Th17 cell differentiation

To determine the enhancer landscape of early human Th17 cell dif-
ferentiation, we used ChIP-seq to profile H3K4mel, H3K4me3, and
H3K27ac histone marks at 0.5 and 72 h during differentiation (Fig. 1A).
We used a Hidden Markov Model (HMM)-based ChromHMM machine
learning tool [16] to predict the enhancers from the histone modifica-
tion data. The workflow of the analysis is shown in Fig. S2A. Based on
histone modification data, we classified the chromatin into five states:
weak enhancer; strong enhancer; weak promoter; strong promoter; and
heterochromatin (Fig. S2B-C).

We detected 38,861 and 38,735 enhancers in differentiating Th17
cells at 0.5 and 72 h, respectively. Similarly, we observed 36,506 and
43,554 enhancers in ThO cells at 0.5 and 72 h, respectively (Fig. 1F). The
majority of the enhancers were intronic followed by intergenic and
promoter-overlapping enhancers (Fig. S2D). By overlapping ChIP-seq
and ATAC-seq peaks, we found that about a third of the enhancers
had accessible chromatin (Fig. 1F). While only 154 and 184 enhancers
were specific to ThO or Th17 cells, respectively at 0.5 h, the number of
unique enhancers at 72 h was 2020 and 2473 in the two cell types,
respectively (Fig. 1F). To identify Th17-specific enhancers, we excluded
the enhancers we reported earlier in Th1l and Th2 cells [12], and iden-
tified 66 and 1453 enhancers unique to early Th17 cells at 0.5 and 72 h,
respectively, of which 6 and 792, respectively, had open chromatin loci
within them. Clusters of enhancers having high density of transcription
factor binding sites (TFBS), often referred to as super-enhancers (SE),
tend to be more efficient in enhancing the transcription than single
enhancers [17]. Among the 66 and 1453 Th17-specific enhancers at the
two time points, 4 and 130 were part of a SE region, respectively (Fig. 1G
and Table S1). Interestingly, of the 66 and 1453 Th17 enhancers at the
two time points, 3 and 22, respectively, overlapped with the enhancers
active in the cells of human colon biopsy samples from inflammatory
bowel disease (IBD) patients [18], suggesting that these enhancers may
contribute to the pathology. From the GeneHancer database [19], these
Th17-specific enhancers were predicted to interact with 70 and 1631
promoters, respectively (Table S2).

2.3. Th17-specific enhancers were associated with increased expression of
neighboring genes

To study enhancer-gene associations, we analyzed the expression of
genes near the Th17-specific enhancers during early Th17 differentia-
tion using RNA-seq data from our earlier study [20]. While only four
genes (ITGA1, NUDCD1, FBX015, and FRY) were differentially expressed
(DE) among the genes in the vicinity of the enhancers identified at 0.5 h,
there were 155 DE genes in the vicinity of the 72 h enhancers (Fig. 2).
Interestingly, 140 of the 155 genes were upregulated during early Th17
cell differentiation, indicating that the enhancers were more often
associated with upregulation than downregulation of the transcription.

2.4. Th17-cell-associated TFs were enriched within the enhancers

Next, we tested the enrichment of 658 TFBS motifs corresponding to
the TFs expressed in Th17 cells [20] within the Th17-specific enhancers
at the two time points: 257 and 445 TFBS were enriched within 0.5 and
72 h enhancers, respectively (Table S3). The high degree of TFBS
enrichment indicates that these enhancers are transcriptionally active
TFBS-rich regions. Interestingly, TFBS for STAT3, RORyt and RORx were
enriched only within 72 h enhancers but not within 0.5 h enhancers.

2.5. Autoimmune disease—associated SNPs were enriched near Th17-
specific enhancers

We determined if disease-associated SNPs were enriched near Th17-
specific enhancers. We used the snpEnrichR tool to examine 11
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Fig. 2. Enhancers were more often associated with upregulation than down-
regulation of transcription. The heatmap shows the expression of genes near
Th17-specific enhancers under Th17 conditions. The expression data are taken
from Tuomela et al. (2016). The color indicates the LogFC between ThO and
Th17 at the respective times.

autoimmune diseases and three non-autoimmune diseases, Alzheimer's
disease, age-related macular degeneration and urinary incontinence as
controls (Table 1). Autoimmune disease-associated SNPs were not
enriched near early (0.5 h) Th17-specific enhancers, but the SNPs for
ankylosing spondylitis, Crohn's disease, multiple sclerosis, polyendo-
crine syndromes, rheumatoid arthritis, systemic lupus erythematosus,
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Table 1
SNPs associated with autoimmune diseases near Th17-specific enhancers are
enriched.

Disease Total Th17 enhancers 0.5 h Th17 enhancers 72 h
SNPs B .
Overlapping p- Overlapping p-value
SNPs value  SNPs

Ankylosing 6736 2 0.77 36 0.013
spondylitis
(AS)

Celiac disease 1931 2 0.67 14 0.072
(CD)

Crohn's disease 11,197 0 1 64 0.009
(CR)

IgA deficiency 711 0 1 0 1
(IGA)

Multiple sclerosis 14,733 0 1 61 0.009
(MS)

Primary biliary 2317 0 1 7 0.112
cholangitis
(PBC)

Polyendocrine 9793 1 0.84 45 0.009
syndrome (PS)

Rheumatoid 11,832 3 0.77 68 <0.001
arthritis (RA)

Systemic lupus 6739 0 1 26 0.047
erythematosus
(SLE)

Type 1 diabetes 4513 0 1 14 0.112
(T1D)

Ulcerative colitis 9445 0 1 42 0.009
Uo)

Urinary
incontinence
(un 117 0 1 0 1

Alzheimer's
disease (AD) 29,775 0 1 56 0.364

Age-related
macular
degeneration
(AMD) 14,882 0 1 26 0.509

Table 2
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and ulcerative colitis were enriched near late (72 h) Th17-specific en-
hancers. In contrast, SNPs associated with any of the non-autoimmune
diseases were not enriched near Th17 specific enhancers at the two
time points.

2.6. Regulatory SNPs within Th17-specific enhancers coincide with the
TFBS of Th17-related TFs

A SNP occurring at TFBS can influence TF binding and thereby
impact the transcription; such SNPs are often referred to as regulatory
SNPs (rSNPs). Motivated by the observed enrichment of SNPs associated
with autoimmune diseases in proximity to Th17-specific enhancers, we
sought to ascertain whether these SNPs are situated within Th17 en-
hancers and whether they indeed coincide with a TFBS. To establish this
overlap between a SNP and a TFBS, we set a proximity criterion of 15 bp
between them.

Among the array of Th17-specific enhancers scrutinized, we identi-
fied 42 enhancers harbouring one or more rSNPs, totalling 104 rSNPs
across these 42 enhancers (Table S4). Notably, within this set, 16 en-
hancers harbored 23 rSNPs that overlapped with a TFBS as observed in
the ChIP-seq data for the respective transcription factor in T cells
(Table 2, Table S4). The majority of these 23 rSNPs were located within
late (72 h) enhancers, except for two rSNPs, rs1018326 and rs11678160,
found within early (0.5 h) enhancers (Table S4). Notably, NFATCI,
BATF, TBET, GATA3, HIC1, and STAT factors were the most prevalent
TFs whose binding sites overlapped with rfSNPs within Th17-specific
enhancers (Table 2).

These 16 enhancers were in close proximity to genes implicated in T-
cell function and autoimmunity, such as CTLA4, CCL2, SLC30A7 (also
known as Zinc transporter 7), and SLC15A4, an amino acid transporter
crucial for interferon production [21]. Conversely, certain enhancer loci
were near genes that have not been previously associated with T-cell
function or autoimmunity, such as LINC01934 and LINC00423.

We also tested if these 104 rSNPs have any cis or trans expression
quantitative trait loci (eQTL) effects on gene expression in blood,
leveraging the data from the eQTLGen consortium (https://eqtlgen.
org/cis-eqtls.html) [22]. While 96 of the 104 rSNPs showed significant
(FDR < 0.05) cis-eQTL effect on the expression of one or more of 135
genes (Table S5), the trans-eQTL effects were identified for only six
rSNPs, impacting 35 genes. Notably, rs1003342 had a positive trans-
eQTL effect on 20 genes, including CCR7, and a negative eQTL effect on

Th17-specific enhancers containing disease-associated SNPs, which overlap the binding sites for TFs in ChIP-seq studies in T cells. Abbreviated disease name has been

shown in the “diseases” column. For full name please see Table 1.

Enhancer locus Target gene SNP name ref alts position diseases Overlapping TFs
chr1:100,946,801-100,961,200 SLC30A7 r$3903905 G CT, chr1:100,955,401 MS; UC GATA3
rs17525451 A G, chr1:100,956,853 MS; UC BATF; NFATC1; STAT4
chr2: 181,142,001-181,154,600 LINC01934/ ITGA4 151018326 T A,C,G, chr2:181,143,073 RA;AS;CD NFATC1
chr2:203,840,001-203,844,600 CTLA4 rs13033315 A G,T, chr2:20,3842,142 CD; RA; T1D STAT6
rs231799 C AG,T, chr2:203,842,694 RA GABPA
1511571304 T A,C, chr2:203,844,053 CD; RA; T1D NFATC1
chr2: 217,778,801-217,782,200 DIRC3 1511678160 A G, chr2:217,780,257 RA BATF
chr5:150,779,401-150,792,600 SMIM3 1576767593 C A, chr5:150,790,281 AS; CR; PS; RA; UC STAT3; STAT4
chr5:151,057,201-151,080,600 TNIP1 1$2233287 G A, chr5:151,060,536 RA GATA3
1573272818 T C, chr5:151,065,282 RA GATA3; TCF7
chr6:208,25,801-20,829,200 CDKAL1 1s4395717 C A,G, chr6:20,826,050 MS ETS1; FLI1
chr6:167,031,001-167,032,200 FGFR10P 1$2282859 T C,G, chr6:167,031,651 T1D HIC1
chr10:62,742,001-62,743,800 ADO 15224062 T GC,G, chr10:62,743,036 CR; MS NFATC1
chr12:128,801,601-128,803,000 SLC15A4 154760592 G A,C,T, chr12:128,802,604 SLE BATF; FLI1
rs10847691 G A, chr12:128,802,904 SLE FLI1
chr13:32,916,401-32,918,800 LINC00423 1$6561636 G A, chr13:32,917,967 MS BATF; GABPA
154941702 G ACT, chr13:32,918,762 MS HIC1
chr14:34,374,801-34,375,800 SPTSSA rs1958589 T C, chr14:34,375,170 CD HIC1
chr17:34,251,801-34,255,800 CCL2 1s2857656 G AC, chr17:34,254,988 AS; CR; MS; PS; RA; UC STAT4
chr17:47,618,601-47,621,800 KPNB1/ EFCAB13 154793978 G A, chr17:47,620,809 AS; CR; PS; RA; UC STAT4; STATS
chr20:32,751,801-32,754,200 COMMD7 rs6087989 A G,T, chr20:32,753,191 AS; CR; MS; PS; RA; UC TBET
chr20:49,948,401-49,951,800 RNF114 15144361842 C G,T, chr20:49,949,992 SLE TBET
152281217 C A,G,T, chr20:49,951,518 PS HIC1
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another five genes, including TNFRSF4 (Table S5).

While each of those 23 rSNPs within the Th17-specific enhancers
overlapping the binding sites of TFs in T cells had a cis-eQTL effect on
one or more of 48 genes (Fig. 3), only one rSNP (rs1018326) had any
trans-eQTL effect, which was on CCR9. Interestingly, three of the 23
rSNPs showed strong eQTL effect on CTLA4, suggesting that these rSNPs
contribute to autoimmune disease susceptibility by regulating CTLA4
expression through the enhancer activity (Fig. 3). Furthermore, other
genes impacted by these 23 rSNPs included several genes crucial for T-
cell activation and autoimmunity, such as CCL2, CCL8, CCR6, SLC30A7,
SLC14A4, ICOS, and DNMT3B (Fig. 3).

2.7. RORA locus harbors a super-enhancer specifically active in Th17
cells

Among the top Th17 enhancers was a SE region near RORA gene that
has five ATAC-seq open loci and is located at the intronic region of the
RORA isoform NM_134261.3 and upstream of other RORA isoforms
(Fig. 4A; Table S1). The SE was specific to Th17 cells, particularly at 72 h
(The highlighted region in Fig. 4A). The enhancers were clearly marked
with H3K27ac mark in 72 h Th17 cells, but the mark was nearly absent
in ThO cells at 72 h and at early time in both cell types (Fig. S3A).
H3K4mel mark was similarly enriched in Th17 72 h cells, whereas
H3K4me3 promoter mark was absent at the enhancer regions as ex-
pected (Fig. S3A).

Importantly, one of the five ATAC seq peaks in this SE overlapped a
known enhancer region predicted to interact with RORA promoter
(NM_134261.3) in GeneHancer database (Fig. 4A: GeneHancer track).
The region was overlapping with encode conserved cis-regulatory
element (cCREs). We tested whether this region (Marked as region #2 in
Fig. 4B), the neighboring accessible regions (i.e., regions #3 and #4) and
the region devoid of ATAC-seq peak but overlapping the GeneHancer
enhancer (i.e., region #1) were functional. For this, we cloned these
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regions upstream of luciferase reporter gene of pGL4.10 plasmid
construct and transfected to Th17 cells 72 h after initiation of differ-
entiation. Th2 polarized (72 h) cells, served as controls, as we reported
earlier [23]. Higher luciferase activity was detected in Th1l7 cells
transfected with constructs containing open enhancer regions than in
Th17 cells transfected with construct containing minimal promoter
(Fig. 4C), suggesting that this enhancer positively regulates the tran-
scription of the target gene. Interestingly, no increase in luciferase ac-
tivity was detected in the construct containing region #1, suggesting
that the region deficient in the ATAC peak was not functional. No
luciferase activity was seen in Th2 cells in any of the clones (Fig. 4C).

2.8. Deletion of RORA enhancer leads to reduced RORA and IL17A
expression

To further confirm the effect of the SE on RORA expression, we
deleted a 270-bp TFBS-rich area (Fig. S3B), containing TFBSs for IRF4,
MAF and STAT3 within region#2 (hg38:chrl5:60,800,327-
60,800,596), utilizing a plasmid-free CRISPR-Cas9 protocol that used an
in-vitro-assembled CRISPR-Cas9 complex in primary T cells (see Methods
for details). Cells were nucleofected with either a pair of gRNA:Cas9
complex, where the two gRNAs (L4 and R4) were flanking the 270 bp-
targeted genomic region (Fig. S4A), control non-targeting (NT) gRNA or
control AAV1 gRNA. Interestingly, while PCR amplification of the NT-
gRNA-treated sample generated a single band of the expected size, the
sample treated with the L4/R4 gRNA pair generated two bands of which
one was about 300 bp shorter (Fig. S4B). Sanger sequencing of DNA
isolated from the generated PCR bands of the L4/R4 gRNA-treated
sample showed that the targeted region was either completely deleted
(Fig. S4C: middle panel: L4/R4-II) or changed containing insertions and
deletions (Fig. S4C: upper panel: L4/R4-I), when compared to the
sequence obtained from the NT/AAV1 gRNA-treated sample (Fig. S4C:
lower two panels: NT-I and AAV1). Importantly, the CRISPR-Cas9-
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Fig. 3. Cis-eQTL effects of 23 SNPs that overlapped the binding sites of TFs shown in Table 2. The SNP eQTL data were taken from eQTLGen consortium [22]. The
SNPs and genes have been clustered. The color shows the Z-score, and scales are capped to +10.
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Fig. 4. RORA enhancer region and the effects of RORA enhancer deletion on the expression of RORA and IL-17A. (A) UCSC browser shots of RORA gene locus. The
first five tracks show the ATAC-seq peaks at different time points of ThO cells, followed by five tracks for Th17 cells. The next four tracks show super-enhancers,
followed by four tracks for enhancers, in ThO and Th17 cells at 0.5 and 72 h. GeneHancer tracks, including promoter-enhancer connections, are shown at the
bottom. The portion highlighted by a rectangle is shown in panel B, which shows the four regions cloned upstream of firefly luciferase promoter in different plasmid
constructs. (C) The graph shows the luciferase activity score when a construct containing one of the four regions shown in B was transfected in Th17 (72 h) or Th2
(72 h) cells. (D-G) The figures show the results obtained when a 270-bp TFBS-rich area of the enhancer region within region #2 has been deleted using CRISPR-Cas9.
Please see methods for details. NT denotes samples treated with non-targeting gRNAs, and AAV1 denotes the samples treated with gRNAs targeting a safe harbor
locus AAV1 to control for any effects of double-stranded breaks. The figures show the effect of deleting the enhancer (KO) on RORA RNA (D), RORA protein
expression (E-F), and IL-17A secretion in culture supernatant (G), at 72 h. Panel E shows western blot images, and panel F shows its quantification data. In the
univariate scatter plots (C, D, F, G), each dot is an individual biological replicate, and the horizontal lines show the means. Statistical significance was determined
comparing each sample to pGL4_minP_Th17 to other samples in panel C and comparing KO and AAV to NT samples in panels D, F-G using two-tailed paired t-test. *:p

< 0.05, **:p < 0.01, ***;p < 0.001, ns: not significant.

mediated DNA edition led to a decrease in expression of RORA RNA
(Fig. 4D) and protein (Fig. 4E-F) and a significant decline in IL-17A
production (Fig. 4G).

3. Discussion

By globally profiling histone marks H3K4mel, H3K4me3 and
H3K27ac in conjunction with chromatin accessibility analysis, we
meticulously charted the enhancer landscape of early Th17 differenti-
ation in humans. Our investigation led to the identification of 23 rSNPs
residing within Th17-specific enhancers. Notably, these rSNPs over-
lapped with the binding sites of TFs associated with T-cell function,
thereby potentially exerting influence over TF binding and the subse-
quent expression of target genes. Importantly, we identified a Th17-
specific enhancer region near RORA that played a crucial role in
orchestrating the expression of RORA itself. To validate this regulatory
role, we leveraged the power of CRISPR-Cas9-mediated deletion, tar-
geting a region rich in TF binding sites within the RORA enhancer. Our
experimental results confirmed the enhancer's direct involvement in
modulating RORA transcription.

The precise mechanisms by which rSNPs in noncoding elements
contribute to diverse phenotypes remain enigmatic. SNPs occurring at
TFBSs may disrupt TF binding and alter gene transcription. Our previous
work supported this notion by demonstrating that polymorphisms at
TFBS indeed affect the binding of FOSL1/2 and BATF to their respective
sites [24]. In the current study, we identified 23 autoimmune disease-
associated rSNPs proximate to Th1l7-specific enhancers, and intrigu-
ingly, these rSNPs overlapped with the binding sites of T-cell-related TFs
implicated in T-cell function, as elucidated through ChIP-seq studies
specific to these TFs. This approach provides valuable insights into the
potential mechanisms of action for SNPs located outside coding regions;
however, it is contingent on the availability of ChIP-seq data for the
specific TFs in T cells.

The 23 rSNPs within the Th17 specific enhancers have been associ-
ated with nine autoimmune diseases: multiple sclerosis, rheumatoid
arthritis, type 1 diabetes, Crohn's disease, ulcerative colitis, celiac dis-
ease, ankylosing spondylitis, polyendocrine syndromes and systemic
lupus erythematosus (Table 2), suggesting that these rSNPs may affect
the function of associated enhancers thereby modulating Th17 response
and thus influencing susceptibility to autoimmune diseases. For
example, a risk variant (rs117701653) associated with type 1 diabetes
and rheumatoid arthritis was shown to enhance the expression of
inducible T cell co-stimulator (ICOS) by limiting the binding of chro-
mosomal regulator SMCHD1 [25]. Further studies elucidating the
mechanism of action of rSNPs that are localised in Th17-specific en-
hancers are likely to provide further understanding of pathogenesis of
autoimmune diseases.

Enhancer establishment during the activation and differentiation of
naive T cells into a specific lineage has been suggested to occur over days
[26]. However, our investigation revealed that the differences in the
enhancer landscape between ThO and Th1l7 cells began to manifest
already within 30 min into the differentiation process. Nonetheless, the
early enhancers were not in proximity to known Th17 genes and did not

harbor autoimmune disease-associated SNPs. In contrast, late enhancers
(72 h) were strategically positioned near Th17 related genes, such as IL-
17A, RORA, AHR, CCR2, CCR4, and CCR6, and notably hosted SNPs
associated with autoimmune diseases.

Both RORa and RORyt promote Th17 differentiation, with RORyt
being better characterized for its role during the process, including the
role of histone methylation in the regulation of RORyt itself. Inhibiting
histone H3K27 demethylases suppresses RORyt during Th17 differenti-
ation [27]. Nonetheless, ROR« is induced in Th17 cells in human [20]
and mouse [7] and was identified as key Th17 promoting factor
[7,9,14]. Further, ROR« is required for a sustained in vivo Th17 response
[28]. Interestingly, RORa was upregulated during human Th17 differ-
entiation even before RORyt [20]. This raises the interesting possibility
that RORa may have a more specific role in Th17 differentiation than
RORyt, the latter being induced to a greater extent during human reg-
ulatory T-cell differentiation [29].

Studies conducted in mice have revealed that IRF4, in collaboration
with BATF, an AP1 family TF, governs initial chromatin accessibility,
and STAT3 instigates a specific transcriptional program during Th17 cell
differentiation [7]. The enhancer region we studied harbors binding
sites for AP1 factors as well as STAT3, suggesting that this enhancer
facilitates early Th17 cell differentiation by recruiting these TFs at the
promoter of RORA.

The integration of chromatin accessibility maps, TFBS enrichment
analysis, and the enrichment of SNPs associated with autoimmune dis-
ease in proximity to enhancers provide improved understanding of early
Th17 cell differentiation. Our study sheds light on a potential mecha-
nism through which RORA enhancer and rSNPs located in the noncoding
region contribute to the regulation of Th17 cell differentiation, ulti-
mately influencing resistance or susceptibility to Th17 cell-mediated
autoimmune pathologies.

4. Methods
4.1. T-cell isolation and differentiation

CD4™" T cells were isolated from human umbilical cord blood using
magnetic bead based positive selection as described [12]. CD4" T cells
from multiple donors (three or more) were activated directly or pooled
before activation with plate-bound anti-CD3 (3750 ng/6-well culture
plate well) (Beckman Coulter, cat# IM-1304) and soluble anti-CD28 (1
pg/ml) (Beckman Coulter, cat# IM1376) at the density of 0.5 x 108
cells/ml of X-vivo 20 serum-free medium (Lonza, Bazel, Switzerland),
supplemented with 1-glutamine (2 mM, Sigma-Aldrich, Dorse, UK) and
antibiotics (50 U/ml penicillin and 50 pg/ml streptomycin; Sigma-
Aldrich). Th17 cell polarization was initiated with a cytokine cocktail
of IL6 (20 ng/ml; Roche, cat# 11138600 001), IL1p (10 ng/ml, R&D
Systems, cat# 201 LB) and TGFp (10 ng/ml, R&D Systems, cat# 240) in
the presence of neutralizing anti-IFNy (1 pg/ml, R&D Systems, cat#
MAB-285) and anti-IL4 (1 pg/ml, R&D Systems, cat# MAB204). For the
control cells (ThO), CD4+ T cells were TCR stimulated with anti CD3 and
anti CD28 in the presence of neutralizing antibodies without differen-
tiating cytokines and cultured in parallel.
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Th2 differentiation was performed as reported [30]. Briefly, CD4+
cells were activated with plate-bound anti-CD3 (500 ng/well, Beckman
Coulter, #IM1304) and soluble anti-CD28 (500 ng/ml, #Beckman
Coulter, #IM1376) at a density of 2-3 million cells/ml of Yssel's medium
containing 1% human AB serum in presence of IL-4 (10 ng/ml, R&D
Systems, #204-IL-050). At 48 h, IL-2 was added to the cultures (17 ng/
ml, R&D Systems, #202-IL-500).

4.2. Luminex assay

Cytokines in the supernatant were measured by Luminex assay
(Milliplex MAP human/mouse cytokine/chemokine magnetic bead
panel; Luminex 200 by Luminex xMAP technology) according to the
manufacturer's instructions. The concentrations were normalized using
cell count data obtained by flow cytometry.

4.3. TagMan assay

For RT-qPCR, RNA was isolated (RNeasy Mini Kit, #74106, QIAGEN)
and treated in-column with DNase (RNase-Free Dnase Set, #79254,
QIAGEN) for 15 min. The removal of genomic DNA was ascertained by
treating the samples with DNase I (Invitrogen, #18068-015) before
cDNA synthesis with SuperScript II Reverse Transcriptase (Invitrogen,
#18064014). RT-qPCR was performed using KAPA Probe Fast Rox Low
master mix (KAPA Biosystems, #kk4718) and amplification was moni-
tored with QuantStudio 12 K Flex Real-Time PCR System (ThermoFisher
Scientific). The Ct values were normalized against the signal acquired
with EF1A. The following primers were used: IL17A (Forward: 5-
TGGGAAGACCTCATTGGTGT-3and  Reverse: 5:GGATTTCGTGG-
GATTGTGAT-3), RORA (ThermoFisher Scientific, Cat# 4331182, Assay
ID: Hs00536545_m1), EF1A (Forward: 5-AGCAAAAACGACCCACCA-
3and Reverse: 5-GCCTGGATGGTTCAGGATAA-3").

4.4. Western blotting

T cells were lysed using RIPA buffer (Pierce, Cat. no. 89901), sup-
plemented with protease and phosphatase inhibitors (Roche) and soni-
cated using Bioruptor UCD-200 (Diagenode, Seraing, Belgium).
Sonicated cell lysate was centrifuged at 14000 RPM for 20 min at 4 °C
and supernatant was collected. Protein concentration of the sample was
estimated by DC protein assay (BioRad) and heated with 6x Laemmli
buffer at 96 °C for 5 min. Samples were loaded on gradient Mini-Protein
TGX precast loading gel (BioRad) and transferred to PVDF membrane.
The following antibodies were used: anti-RORa (Santa Cruz, sc-
518,081), anti-f-Actin (Sigma, A5441) and HRP-conjugated anti-
mouse IgG (Santa Cruz, sc-516,102) as secondary antibody.

4.5. ATAC-seq

Differentiating Th17 cells and respective ThO cells from two donors
were harvested at 0, 2, 4, 24, 48, and 72 h. ATAC-seq libraries were
prepared as described [23]. Amplified libraries were purified by double
SPRI beads purifications. 0.4x beads:DNA ratio for the first time, flow
through was kept (removing large fragments); 1.4 x beads:DNA ratio for
the second time, beads were kept. Libraries were eluted from the beads
by elution in 20 pl of Buffer EB (from QIAGEN PCR Purification Kit). A 1-
pl library was run on a Agilent Bioanalyzer to check size distribution and
quality of the libraries. Sequencing was done with an Illumina Hiseq
2500.

All samples were sequenced in all lanes to remove lane-specific batch
effects. Read quality control was performed with FastQC (v.0.11.4). The
adapter sequences present in the raw reads were trimmed using Trim-
Galore! (v. 0.4.5), and the trimmed reads were mapped to the hg38
reference genome using Bowtie2 (v. 2.3.3.1). Duplicate reads were
marked with Picard tools' (v. 2.17.8) MarkDuplicates function. Narrow
peaks were called using MACS2 (v. 2.1.0), and reproducible peaks
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present in both replicates were identified using IDR with an FDR cut-off
of 0.05. To enable comparison between the samples, a union of the
reproducible peaks present in all samples was defined as a complete set
of features. The featureCounts method from the Rsubread R package was
used to assign reads to the genomic regions. The raw count data were
normalized using the TMM method. Identification of differentially
accessible genomic regions was performed with R package Limma using
the normalized count data as input. Genomic regions with a fold-change
>2 and FDR < 0.01 were defined as differentially accessible. The
genomic regions were annotated using HOMER (v.4.9).

4.6. ChIP-seq

Cells were activated under ThO and Th17 condition for 0.5 and 72 h.
ChIP assay was performed using H3K4mel (Diagenode, C15410194),
H3K4me3 (Diagenode, C15410003) and H3K27ac (Diagenode,
C15410196) antibodies as described [29]. The quality of the raw data
was checked with FastQC (v.0.11.3) [31] and MultiQC (v.1.5) [32]. The
library complexity for all the samples fulfilled the quality criteria rec-
ommended by ENCODE. The reads were aligned to hg38 reference
genome using Bowtie [33]. Most samples had around 20 million
uniquely mapped reads. Cross correlation analysis [34,35] found an
enrichment in all the antibody samples but not in any input samples,
suggesting that ChIP experiments were successful. Library complexity
was determined with preseq (v.2.0.3) [36]. Only reads of mapping
quality >30 were used in the downstream analysis. Duplicates were
removed with Picard tools (Picard), and samples were then down-
sampled to the median depth.

4.7. Identification of enhancers and super-enhancers

Enhancers were predicted with ChromHMM (v.1.20) [16] with five
chromatin states. Two result states were manually defined to correspond
to weak and strong enhancers and were included in the subsequent
analysis. For predicting SEs, ROSE (v.0.1) [17] was used with H3K27ac
as ranking signal. To identify enhancers unique to a cell type (ThO or
Th17) or stage of differentiation (0.5 h or 72 h), we used MAnorm
(v.1.1.4). We preferred MAnorm over bedtools-based subtractions
because the former also provides statistical measures of confidence.
Log2FC > 0.6 and p < 0.01 cut off were used for significance. Enhancers
from different replicates were merged such that the enhancers that were
found in at least two replicates were retained, and their boundaries were
the union of all the replicates where the enhancer was found.

4.8. Transcription factor binding site analysis

Overrepresentation of TFBSs on the enhancers was examined using
the FMatch tool at the TRANSFAC database. A randomly generated gene
set of approximately the same size was taken as a background for
calculating overrepresentation. A custom profile was generated where
we only took matrices corresponding to the TFs expressed in T cells
during early differentiation [20,29]: 658 motifs. The enrichment was
calculated using binomial test. The p-value was corrected by the
Benjamin & Hochberg method in r (version 4.2.1). FDR < 0.05 was
considered significant.

4.9. SNP enrichment analysis

SNP enrichment analysis was performed with snpEnrichR (v.0.0.1) R
package. For SNP enrichment analysis, disease-associated SNPs, we used
disease-associated SNPs from NHGRI-EBI GWAS catalogue or Immu-
noChip database. SNPs from studies with meta-analysis of more than one
disease and from populations other than Caucasian were excluded from
further analysis, and correlated SNPs were clumped (distance = 1000
kb, LD r2 = 0.8). Random SNP sets matching the disease-associated SNPs
were produced using SNPsnap server with default parameters except
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distance = 1000 kb, LD buddies +20%, r2 = 0.8. Proxy SNPs for both
disease-associated and random SNPs were calculated using Plink
(v1.90b6.27) from 1000 genomes EUR population.

The enrichment null distributions are assessed by counting the
overlaps of SNPs with random locations of size equal to enhancer sets
from the genome with 1000-fold repetition. The overlap method ex-
cludes the telomeres and centromeres as they are not known to hold any
regulatory sites. SNPs overlapping known transcription factor motifs
were identified using annotatePeaks.pl from Homer (v.4.10). Motifs
were searched within a 30-bp region around each SNP coordinate. For
the heatmap visualising the cis-eQTL effects of the SNPs overlapping
TFBS, Euclidean distances of both rows and column were clustered using
Ward's minimum variance method.

4.10. Luciferase assay

The Dual-Luciferase Reporter Assay was performed as described
(Khan et al. 2022). Briefly, CD4+ cells were polarized to Th2 (used as
control) and Th17 cells for 72 h and transiently nucleofected with a
promoter-luciferase reporter pGL4.10 plasmid (Promega). After 48 h
resting, the cells were reactivated under Th2 and Th17 conditions for 24
h, harvested in passive lysate buffer (provided in the Dual-Luciferase
Reporter Assay from Promega, cat# E1910) and luciferase activity was
measured according to the manufacturer's instructions. In each sample,
firefly luciferase values were normalized to values of pGL4.74 renilla
luciferase plasmid and plotted as a fold-change over empty luciferase
construct pGL4-minP. Plasmids containing the RORA enhancer region
were synthesized commercially by GeneScript.

4.11. CRISPR-Cas9-mediated DNA edition

Guide RNAs (gRNAs) were in-vitro-assembled with the Cas9 protein as
described [37]. Briefly, crisprRNA (crRNA)s, designed using CRISPETa
design tool [38] and synthesized by IDT (https://eu.idtdna.com), and
tracrRNA (Alt-R CRISPR-Cas9 tracrRNA, #1072533, IDT) were recon-
stituted to 160 M and combined in equimolar amounts (1:1) and incu-
bated at 37 °C for 30 min to prepare 80 pM gRNA reagent. Assembled
gRNA was then mixed with an equal volume of 40 pM recombinant
S. pyogenes Cas9-nuclear localization sequence (NLS) purified protein
(QB3 MacroLab, University of California, Berkeley) (giving 2:1 gRNA to
Cas9 molar ratio) together with 1 pL of 100 pM non-homologous single-
strand DNA enhancer (ssODNenh, synthesized by IDT), and incubated
for 10 min at 37 °C for a final concentration of 20 pM CRISPR-Cas9
ribonucleoprotein (RNP).

For genomic DNA deletion, a pair of gRNA:Cas9 complex (prepared
as described above using crRNA-L4: 5- ACTGCTCTCTGCTAGCCTGG —3'
and crRNA-R4: 5-TGGTCTATAGCCAGGACACT-3") was used. For control
cells, non-targeting (NT) gRNA:Cas9 complex or a gRNA:Cas9 complex
targeting a safe harbor locus, were respectively prepared by using a
negative control crRNA (NC1 from IDT: 5-*CGTTAATCGCGTATAATACG-
3) or AAVS1-670 crRNA (IDT: 5-:CCTCTAAGGTTTGCTTACGA-3).
Freshly purified CD4" cells (4 x 10° cells) were then transfected by
nucleofection with the RNP complexes and rested for 24 h in RPMI
supplemented with 10% serum and further cultured under Th17 con-
ditions, as described above.

At 72 h after cell activation, 80 pl of the cells was collected, and DNA
was extracted (using Quick Extract DNA Extraction Solution 1.0,
#QE09050, Epicentre) and used to PCR amplify a 885-bp genomic re-
gion, including the CRISPR targeted region, with the following primers
(Forward: 5°AGCCAGGGCTGTGTTATTC-3and Reverse: 5-ACTAACTG-
CAGCCCAACATAG-3) and using KAPA HiFi HotStart PCR Kit
(#KR0369, Roche). Generated PCR products were analyzed on 1.2%
agarose gel, bands were cut out, and DNA was extracted (GeneJET Gel
Extraction Kit (#K0691, ThermoFisher Scientific) its concentration
determined (NanoDrop 2000, ThermoFisher Scientific). Purified PCR
DNA products were then analyzed by Sanger sequencing (carried out at
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FIMM Sequencing laboratory, University of Helsinki, Finland) with the
following primer (5-GACACGCTGTTCCACTTAATT-3").

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.clim.2024.110261.
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