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Summary

Background Rheumatoid arthritis (RA) is an inflammatory disease that manifests as a preclinical stage of systemic
autoimmunity followed by chronic progressive synovitis. Disease-associated genetic SNP variants predominantly
map to non-coding, regulatory regions of functional importance in CD4 T cells, implicating these cells as key regula- Published onfine ot
tors. A better understanding of the epigenome of CD4 T cells holds the promise of providing information on the https//doi.org/10.1016/j.
interaction between genetic susceptibility and exogenous factors. ebiom.2022.103825

eBioMedicine 2022;76:
103825

Methods We mapped regions of chromatin accessibility using ATAC-seq in peripheral CD4 T cell subsets of
patients with RA (n=18) and compared them to T cells from patients with psoriatic arthritis (n=11) and age-matched
healthy controls (n=10). Transcripts of selected genes were quantified using qPCR.

Findings RA-associated epigenetic signatures were identified that in part overlapped between central and effector
memory CD4 T cells and that were to a lesser extent already present in najve cells. Sites more accessible in RA were
highly enriched for the motif of the transcription factor (TF) CTCF suggesting differences in the three-dimensional
chromatin structure. Unexpectedly, sites with reduced chromatin accessibility were enriched for motifs of TFs perti-
nent for T cell function. Most strikingly, super-enhancers encompassing RA-associated SNPs were less accessible.
Analysis of selected transcripts and published DNA methylation patterns were consistent with this finding. The pref-
erential loss in accessibility at these super-enhancers was seen in patients with high and low disease activity and on a
variety of immunosuppressive treatment modalities.

Interpretation Disease-associated genes are epigenetically less poised to respond in CD4 T cells from patients with
established RA.
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Articles

Research in context

Evidence before this study

Disease-associated SNPs in RA are enriched in super-
enhancers that are important for the CD4 T cell lineage.
Differences in DNA methylation have been described in
circulating mononuclear cells from RA patients, indicat-
ing a pathogenetic role of factors driving epigenetic
remodelling.

Added value of this study

Chromatin accessibility maps of purified CD4 T cells are
provided that allow conclusions on upstream regulators
of RA-associated epigenetic differences and on the down-
stream genes regulated by the differentially regulated
sites. Disease risk genes were found to be epigenetically
less accessible in established disease, consistent with a
state of immunodeficiency or exhaustion.

Implications of all the available evidence

Epigenetic modifications preferentially silence regula-
tory regions of disease risk genes in CD4 memory and
effector T cells, providing a new view to our under-
standing of their pathogenetic role. It remains to be
seen whether this immunodeficient state of a large frac-
tion of the T cell population predates synovitis or is a
consequence of chronic inflammation and treatment.

Introduction

Rheumatoid arthritis (RA) is a complex inflammatory
disease that progresses from a preclinical stage with
autoantibody production to eventually relentless and
destructive synovitis." Autoantibodies are preferentially
directed towards post-translational protein modifica-
tions and have the features of a T cell-driven adaptive
immune response.”* However, the recognized autoanti-
gen does not provide information on the nature of the
tolerance defect and does not explain the eventual tissue
tropism towards diarthrodial joints. At the later stage,
multiple cell populations and pathways are involved to
establish chronic and progressive synovitis.*

Several lines of evidence implicate T lymphocytes
and in particular CD4 T cells as key players in all stages
of the disease process.’ Early studies have identified alle-
lic polymorphisms of the HLA-DRB1 alleles that are
involved in peptide binding and T cell receptor recogni-
tion, as the most prominent genetic risk factor. Like-
wise, a sequence polymorphism of PTPN22 associated
with RA is involved in regulation of T cell receptor sig-
nalling.® Over the last three decades, more than 120
susceptibility loci have been identified, most of them in
non-coding regions.” Quantitative trait loci frequently
map to regulatory regions of CD4 T cells, in particular
disease-associated SNPs are enriched in super-
enhancers functioning primarily in CD4 T cells com-
pared to other cell types.*

In addition to the genetic predispositions implicat-
ing T cells, cell-intrinsic features have been identified
that are already apparent in najve CD4 T cells of RA
patients subsequent to activation.” RA CD4 T cells
have a propensity to differentiate into short-lived effec-
tor T cells that are tissue-invasive and cause synovitis.’
Key to this differentiation deviation is a reprogramming
of metabolic pathways, manifesting as increased biosyn-
thesis programs through activation of the pentose phos-
phatase pathway in conjunction with mitochondrial
defects resulting in ATP depletion and defects in DNA
repair."# This bias is not limited to a small T cell sub-
population that could be antigen-specific but is seen
with bulk najve CD4 T cells and therefore indicates a
global intrinsic T cell defect. The finding that this T cell
defect is not related to risk genes raises the possibility
that it is acquired and therefore epigenetically encoded.

Indeed, DNA methylation studies have identified
RA-associated signatures in T cells. Pitaksalee et al.
found differential DNA methylation in peripheral CD4
T cells of RA patients in the promoter of genes contrib-
uting to disease-relevant pathways.” Differential meth-
ylation was found in najve as well as memory CD4 T
cells and the disease-related difference was five-fold
higher in T cells than in monocytes, emphasizing the
role of CD4 T cells in RA. Genome-wide methylation
differences in T and B lymphocytes from RA patients
were subsequently described by other groups.'®'® A
recent, large and comprehensive study examined differ-
entially expressed genes and differentially methylated
regions in CD4 T cells of RA patients and analyzed
quantitative trait loci for expression and methylation.*®
The results suggested that methylation differences
shaped the expression of a fraction of differentially
expressed genes, frequently related to RA risk genes.
These studies established the existence of disease-asso-
ciated epigenetic signatures for CD4 T cells; however,
they mostly did not control for differentiation states of
CD4 T cells.

In addition to DNA methylation, epigenetic signa-
tures can be revealed from genome-wide mapping of
histone modifications or of chromatin accessibility. The
recent development of the assay for transposase-accessi-
ble chromatin with high-throughput sequencing
(ATAC-seq) has enabled epigenetic studies on small
sample sizes of cells. ATAC-seq employs the transpo-
sase Tns to fragment chromatin and integrate adapters
for next generation sequencing into open chromatin
regions. The assay provides information on open chro-
matin, nucleosome positioning, and transcription factor
(TF) occupancy, thereby enabling conclusions on func-
tional consequences. Here, we used ATAC-seq to map
chromatin accessibility in peripheral, purified nayve,
central memory (CM) and effector memory (EM) CD4 T
cells from RA patients and age-matched healthy individ-
uals and identified the corresponding genes predicted
to be regulated by these differentially accessible regions.
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The number of differentially accessible sites increased
from najve to CM and EM T cells, consistent with the
interpretation that RA-associated epigenetic signatures
on the global T cell population are acquired during dif-
ferentiation. Regions with increased accessibility were
highly enriched for the binding motif of CTCF, indicat-
ing differences in the three-dimensional genomic archi-
tecture. Unexpectedly, we did not find increased
accessibility to regulatory regions of genes that drive an
inflammatory response. On the contrary, regulatory
regions of functionally relevant genes were predomi-
nantly less open in RA CM and EM compared to control
CD4 T cell subsets. In particular, regions with reduced
accessibility mapped to super-enhancers that included
RA-associated SNPs and that therefore regulate disease
risk genes. Treatment or disease activity had an influ-
ence on epigenetic signatures only in CD4 effector T
cells but did not account for the reduced accessibility at
disease risk genes.

Methods

Ethics

The protocol was approved by the Stanford University
Institutional Review Board (protocol #45993). All partic-
ipants gave written, informed consent for this study.

Study population

Peripheral blood mononuclear cells (PBMCs) were
obtained for ATAC-seq from 18 patients with RA, 11
patients diagnosed with psoriatic arthritis (PsA) and 10
healthy individuals (HC) matched for the same age
range. RA patients fulfilled the American College of
Rheumatology diagnostic criteria for RA, were positive
for rheumatoid factor and/or anti-citrullinated protein
antibodies and had longstanding disease of more than
5 years duration. Demographic and clinical data are
given in Table 1. We used the clinical disease activity
index (CDAI) as disease activity marker because C-reac-
tive protein (CRP) was not available for all patients at
the time of the visit. Peripheral blood from an additional
23 RA patients and 23 HCs were obtained for transcrip-
tome studies. RA and PsA patients were predominantly
male reflecting the gender distribution at the Palo Alto
Veterans Administration Rheumatology Clinic. All patients
were recruited from the same clinic and represented the
spectrum of patients seen there. Healthy individuals did
not have a personal or family history of autoimmune dis-
ease and had no history of cancer. Chronic diseases such
as hypertension or diabetes mellitus were permitted as
long as controlled on oral medication.

T cell subset purification
T cells were isolated from peripheral blood using
Human T Cell Enrichment Cocktail (STEMCELL
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Rheumatoid Psoriatic
arthritis (RA) Arthritis (PsA)
Demographic parameters
No. of subjects 18 n
Sex (F/M) 414 1/10
Age (mean =+ SEM [years]) 60.38+3.48 57.44+4.89
Clinical parameters
Tender joint count (mean + SEM) 3.69+1.37 1.44+0.83
Swollen joint count (mean =+ SEM) 3.9441.22 1.34+0.5
CDAI (mean + SEM) 13.4443.46 7.18+2.17
CDAI < 2.8 (% patients) 22.22 4545
CDAI 2.8 — 10 (% patients) 38.89 27.27
CDAI 10 — 22 (% patients) 1 18.18
CDAI > 22 (% patients) 27.78 9.09

No DMARD (% patients) 1.1 0
Medications at the time of study, including those on combination
therapies (% of patients)

Corticosteroids 5.56 9.1
Methotrexate 55.56 36.36
Anti-TNFor 27.78 81.82
Other DMARDs 44.44 9.1

Table 1: Demographic and Clinical Characteristics of Patient
Populations.

Technologies, Canada). CD4 najve (CD3+CD4+CDG62L
+CD45RA+CD28+), CM (CD3+CD4+CDG62L+CD45RA
—CD28+), and EM (CD3+CD4+CDG2L-CD45RA—
CD28+) T cells were further isolated by fluorescence
activated cell sorting (FACS) with a BD Aria 3 cell sorter.
The gating strategy is shown in Figure S1. Subset purity
was >95%. We used CD62L and not CCRy as marker
for najve and CM because the antibody allowed for bet-
ter separation between positive and negative cells in
non-frozen PBMCs.

ATAC-seq library preparation

ATAC-seq libraries were generated on najve, CM and
EM CD4 T cells following the standard protocol
described previously.?** Briefly, 50,000 sorted T cells
were washed with cold PBS and RSB buffer (tomM
Tris-HCI (pH 7.4), tomM NaCl, 3mM MgCl,) followed
by washing with RSB buffer containing 0.1% NP-40
and 0.1% Tween 20. Cell pellets were resuspended in
the transposase reaction mix (25uL 2 x TD buffer,
2.5uL transposase (Illumina) and 22.5uL nuclease-free
water) and incubated at 37°C for 30 min. Fragmented
genomic DNA was further purified with a Qiagen
MiniElute kit and library amplification was per-
formed using Nextera PCR primers. The quality of
the libraries was confirmed using a 2100 Bioanalyzer
(Agilent Technologies), and libraries were sequenced
on an Illumina NextSeq 500 by the Stanford Func-
tional Genomics Facility.
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Quantitative PCR

CD4 memory T cells were isolated from PBMC from
age-matched healthy donors and RA patients by using
the EasySep™ Human Memory CD4 T Cell Enrich-
ment Kit (STEMCELL Technologies, Catalog #19157).
Total RNA was extracted from o.5 million cells using
the RNeasy Plus Micro Kit (Qiagen, 74034). 2ong RNA
were used to synthesize cDNA by using the High-
Capacity RNA-to ¢DNA Kit (Applied Biosystems,
43874006). qPCR was performed in duplicates in 384-
well plates using the ABI 7900HT System with Pow-
ertUp SYBR Green Master Mix (ThermoFisher,
A25742). The reagents are listed in Table St and pri-
mers used can be found in Table S2.

Statistics

ATAC-seq preprocessing. Sequencing reads were proc-
essed and normalized as described before.*"** The sam-
ples were sequenced in 6 batches. To maintain
stringency, an aggregate peak set was generated by
including sites present in at least 3 or more samples fol-
lowed by exclusion of sites with low read counts using
the filterByExpr function across sample groups.

Uniform manifold approximation and projection
(UMAP) and principal component analysis (PCA)
UMAP and PCA was performed on read counts normal-
ized using variance stabilized transformation (vst) from
the DESeq2 package in R. Counts were further filtered
to exclude regions contributing to sequencing batch
effects using “removeBatchEffect” function from limma
package in R. Top 5000 most variable regions, repre-
senting a reasonable subsample of the total number of
peaks, were selected to perform clustering using UMAP
and PCA. The distribution of samples in the PCA were
similar when the total peak set was included.

Differential accessibility analysis

We used batch normalization to account for technical
effects with the assumption that the donor effect nor-
malization (duplicateCorrelation) from limma* nor-
malized most of the effects across donors (HC, PsA,
RA). We further removed low QC samples defined as
those which have a transcription start site enrichment
score < 8 and did not show nucleosome specific period-
icity in fragment size distribution. The resulting design
model was as follows: Group (disease) + Lineage
+ Batch along with duplicate correlation to control for
donor-specific effects. The data were normalized for GC
bias by calculating the offsets and estimating common dis-
persions as described in the cqn R package.** Differential
sites were inferred using “voom” normalization in limma.
Sites/peaks were identified to be differential based on o.05
adjusted (Benjamini and Hochberg) p-value cutoff.

Transcription factor binding site (TFBS) prediction and
pathway analysis

TFBS prediction was performed using HOMER® on
sites identified to be differential across corresponding
subset comparisons. Sites were linked to the presump-
tive gene using GREAT>® followed by determining the
frequency of differential peaks per gene. Gene ontology
analysis was carried out using DAVID?” and pathway
analysis and chromatin state enrichment were done
using ChIPseeker package in R.*® Upstream regulator
analysis was performed in iPathwayGuide.” The pre-
diction of upstream regulators was based on two types
of information: i) the enrichment of differentially acces-
sible (DA) genes from the experiment and ii) a network
of regulatory interactions from iPathwayGuide’s proprie-
tary knowledge base. The network is a directed graph, in
which the nodes represent genes and the edges represent
regulatory interactions between two genes. The results are
represented as a two-way plot showing the upstream regu-
lators predicted as activated or inhibited. Dots representing
upstream regulators are positioned using P-zscore on the
horizontal axis and P-act (activation)/ P-inh (inhibition) on
the vertical axis. P-act/P-inh is the p-value based on the
number of DA targets consistent with the type of the
incoming signal and with expected hypothesis of activa-
tion/inhibition. Upstream regulators with a significant
combined uncorrected p-value are shown in red, whereas
the ones in gray are non-significant. The size of each dot
represents the number of DA genes for that regulator.

k-means clustering

Read counts normalized as described above for PCA and
UMAP were further median normalized for each T cell
subset in HC, PsA and RA. Sites determined to be differen-
tially accessible in RA T cell subsets compared to those of
HC were subjected to k-mean clustering. Gap statistic was
used to determine the optimal number of clusters.

Statistical comparisons of groups
Group comparisons (selected transcripts in RA and HC T
cells, peak sets for different principal components, peak
sets for RA patients with different disease activities or drug
treatment) were performed using a nonparametric Mann-
Whitney/Wilcoxon rank-sum test. For the ATAC-seq com-
parisons, sites/peaks were identified to be differential
based on o.05 Benjamini-Hochberg adjusted p-value cutoff
after fitting a linear model as described above.

Sample sizes were chosen to ensure 80% power with
a level of significance of 5% when the difference in their
means would be 1.5 standard deviation (n>10).

Role of funders

Funding agencies providing financial support did not
participate in the design, data analyses, interpretation,
or writing of this study.
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Data deposition
ATAC-Sequencing reads were submitted to SRA (Acces-
sion number: PRJNAGZ6153)

Results

Epigenetic changes in circulating CD4 T cells from RA
patients

To determine whether T cells from RA patients have
distinct chromatin accessibilities, setting them up for
different transcriptional response patterns, we per-
formed ATAC-seq of peripheral CD4 T cell subsets
including najve, CM and EM cells from 18 RA patients
and 10 HC. Eleven patients with PsA served as disease
control. All patients had long-standing disease of more
than 5 years duration, and all RA patients had antibod-
ies to citrullinated antigens and/or rheumatoid factor.
As shown in Table 1, most patients were on combina-
tions of different immunosuppressive treatments at the
time of the blood collection with variable control of dis-
ease activity. Two RA patients were non-compliant and
off treatment and had active disease. Four RA patents
and five PSA patients fulfilled the criteria for remission
on treatment with a CDAI of <2.8.

As expected, PCA based on the top 5000 sites most
variable in chromatin accessibility showed clear clusters
corresponding to differentiation states in PCr, re-
emphasizing the need to separately analyze functional
subsets in such studies (46% of variance, Figure 1a).
Very subtle disease-associated changes in PCr indicated
accelerated differentiation in RA. PC2 did not show any
correlation with differentiation or disease. In contrast,
PC3 (6%) showed separation of samples of RA patients
from HC across all three differentiation states (Najve
p=0.05, CM p=0.04, EM p=0.01) and PC4 (5%) for CM
(p=0.05) and less for EM (p=0.09). For both PC3 and
PC4, T cells from PsA patients mapped between RA
patients and HC. Since differentiation states accounted
for a high proportion of the most variable sites, we fur-
ther selected the top 5000 most variable sites within
each T cell subset to delineate disease-specific effects
and performed clustering using uniform manifold
approximation and projection (UMAP) (Figure S2a).
While there was no clear disease-specific clustering for
any of the T cell subsets, the majority of RA patients
trended to be more distant from HC with PSA patients
being scattered.

Calling differential sites in RA compared to HC indi-
viduals for each cell subset separately provided evidence
that disease-specific patterns in chromatin accessibility
are present in circulating T cells, more so in the more
differentiated CM and EM than in najve CD4 T cells
(Figure 1b). 674 significant differences were identified
for najve CD4 T cells, much less than for CM (n=4085)
and EM T cells (n=3770). About equal proportions of
differentially accessible sites were more or less
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accessible in RA T cells. Fewer significant differences in
chromatin accessibility were observed when T cell sub-
sets from PsA patients and HC were compared (Figure
S2), in particular EM of PsA patients were similar to
HC EM but differed from RA EM at 2331 sites
(Figure 1c). Given that ATAC-seq was performed on
total circulating CM and EM T cells that are highly
diverse expressing more than one million unique T cell
receptors,’® the epigenetic signatures in RA cannot be
accounted for by infrequent antigen-specific T cells.
Rather, they reflect a global differentiation bias of RA
CD4 T cells.

Functional implications of disease-specific epigenetic
alterations in RA

To predict functional implications of differentially
accessible sites, we used Genomic Regions Enrichment
of Annotations Tool (GREAT)*® to assign the sites to
genes based on their location in regulatory regions. For
najve CD4 T cells, only few genes were identified that
had >2 differentially accessible regulatory regions. In
contrast, the memory cell subsets showed a high num-
ber of genes associated with multiple less or more acces-
sible regions (Figure 2a). These genes included many
molecules associated with immunological functions.
Surprisingly, most of these genes were associated with
regulatory regions that were more closed in RA com-
pared to HC T cells (Figure 2b). Findings were very sim-
ilar for CM and EM T cells, with an overlap in genes that
had multiple regulatory sites (>2, Figure 2c). Moreover,
changes in regulatory regions frequently exhibited the
same directionality in CM and EM cells (Figure 2Db).
Similar results were obtained when EM T cells from RA
and PsA patients were compared (Figure S3a). Genes
with lesser accessibility were significantly enriched for
T cell receptor, cytokine and chemokine signalling path-
ways for both CM and EM subsets as determined by
DAVID?*” pathway annotation (Figure 2d). In contrast,
no significant pathway enrichment was found for genes
associated with more accessible sites. Figure 2e, 2f and
S3b depict accessibility in representative genomic
tracks, comparing najve, CM and EM CD4 T cells from
HC (blue) and RA patients (red). Patterns of reduced
accessibility were frequently found across both differen-
tiation states. Remarkably, the entire LTA-TNF-LTB
region was less accessible in RA. Many of the closed
genes are involved in T cell regulation (THEMIS2, CD2,
CD48, SLAMF1, SLAMFG6, PRKCQ) predicting a com-
plex T cell defect. For the chemokine receptors CCR2
and CXCRG6, CM and EM from RA T cells had failed to
increase accessibility with differentiation and appeared
to be more like najve T cells. An extended region
including TF SMAD3 exhibited reduced accessibility.
Also, PFKFB3 was less accessible, a gene which reduced
expression level has been implicated in metabolic
defects in activated RA T cells.” In contrast, only few
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a PC1 (46% variance) PC2 (11% variance) M Healthy
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H RA
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b
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Accessibility in RA T cells
(log-fold difference compared to HC)

1634

Accessibility in RA T cells
(log-fold difference compared to PSA)

0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Average log Intensity Average log Intensity Average log Intensity

Figure 1. Differences in chromatin accessibility in CD4 T cell subsets from patients with rheumatoid arthritis (RA) compared to
healthy controls (HC) and psoriatic arthritis (PsA). (a) Principal component analysis (PC) for 5000 top variable peaks; box plots show-
ing contribution of Naive, CM and EM CD4 T cell subsets in HC (light blue), PsA (dark blue) and RA patients (red) to PC1-4. P-values
were determined using a nonparametric Mann-Whitney/Wilcoxon rank-sum test. (b) MA plots showing the distribution of log-fold
differences between RA and HC or (c) RA and PsA samples in peak sets of each T cell subset. Differential peaks (red) were deter-
mined using adjusted (Benjamini and Hochberg) p-value < 0.05. Numbers of peaks that are more (top) or less accessible (bottom)
in T cells from RA patients.
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Figure 2. Identification of genes corresponding to regulatory regions differentially accessible in CD4 T cells from RA patients. (a)
Genes predicted to be regulated by differentially accessible regions were determined by GREAT®’. Y-axis denotes the number of
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immune-related genes displayed convincingly increased
accessibility, including IFNA: and SOCS6. Of note,
SOCSG is a negative STAT signalling regulator, overex-
pression is therefore fitting to the theme of reduced T
cell responsiveness. One notable exception of this
theme was ILg, which was more accessible exclusively
in EM T cells of RA patients. Accessibility was highly
variable; a few patients showed very high levels of acces-
sibility to the ILg locus compared to HC, while in most
patients the increase was detectable but less striking.

Upstream regulators of altered chromatin accessibility
in RA

To infer TF networks differentially regulating RA and
HC CD4 T cells, we predicted the TF binding motifs
enriched at sites differentially accessible using HOMER
(Figure 3a).*> RHD (NF-«B-PGs) and bZIP (ATF3) fam-
ily TFs were among the top motifs more closed in RA
najve cells whereas Zf (GATA3), T-box (EOMES) and
Homeobox (HOXCg) family TFs were more open. For
both, the CM and EM subsets, CTCF motifs were by far
the most enriched motif at the differentially more open
sites, while ETS (ETV1/2) family members were more
enriched at less accessible sites. In addition, motifs for
differentiation- and proliferation-related TFs like bZIP
(AP-1), T-box (EOMES), Forkhead (FOXO1), MAD
(SMAD2) and Homeobox (NKX3.1) were less accessible in
the EM cell subset. In summary, TF networks that were
predicted to be involved in determining the distinct chro-
matin accessibility patterns were similar in CM and EM
with CTCF motifs characteristic for sites with increased
accessibility in RA and several TFs involved in T cell differ-
entiation/activation at sites more open in HC.

To identify upstream regulators, we analyzed genes
identified for each CD4 T cell subset by GREAT as dif-
ferentially regulated using iPathway Guide. Regulators
that were activated in RA were few and included
WNTS5A, SOCS3 and BDNF in the memory subsets (Fig-
ures 3b, S4). Even of those, SOCS3 is a negative regula-
tor as its activity results in suppression of cytokine
signalling. Regulators that accounted for reduced acces-
sibility in regulatory regions of target genes in RA
included IRFg9, STAT2, IL2, RUNX3 and HIFIA
(Figure 3b, Figure S4). In particular, upstream regula-
tors STAT2 and IRF9 shared loss of accessibility of
many downstream targets in RA CD4 memory T cells,
including closure of classic interferon-response genes.

Inhibition in targets downstream of IL2, RUNX3 and
HIF1« was consistent with the interpretation that T cell
activation/differentiation-related genes were less acces-
sible in RA.

Sites with differential chromatin accessibility in RA

T cells change with differentiation

We applied k-means clustering to peaks identified to be
significantly different between RA and HC for any of
the T cell subset comparisons. A total of 6 clusters were
identified with clusters 1-3 showing higher and clusters
4-6 showing lower accessibility in RA (Figure 4a). The
pattern was consistent for all three differentiation states,
i.e., although differences between HC and RA T cells
were more prominent for EM, they were also present
for nayve and CM CDg4 T cells. With the exception of
cluster 6, sites in all clusters were dependent on differ-
entiation states. In particular sites in clusters 1 and 4
opened up with differentiation and were accordingly
enriched for bZIP, T-box and Runt family motifs. Since
sites in cluster 1 were more and sites in cluster 4 less
accessible in RA, the data suggest a distinct differentia-
tion process for HC and RA. Similarly, clusters 3 and 5
were different in RA and HC and closed with differenti-
ation, however involving different TFs. A unique sce-
nario was cluster 2 that progressively opened with
differentiation only in RA T cells and was enriched for
CTCF motifs.

Although the peak set in the k-means analysis was cho-
sen based on differential accessibility between RA and HC,
there were some similarities to PsA. Figure Ssa shows the
heat plot with the data from the corresponding peak sets of
PsA patients included. The PsA samples followed the
same clustering, with accessibility in PsA samples fre-
quently in between those of RA and HC T cells.

KEGG signalling pathway analysis identified enrich-
ment of functional pathways nearly exclusively only for
sites closing in RA (Figure 4b). The only exception was
Rapr signalling enriched in cluster 3 with sites opening
in RA. Consistent with a lack in pathway enrichment,
many of the sites in clusters 1 to 3 mapped to distal
intergenic regions (Figure 4c). In contrast, clusters
encompassing sites closing in RA were functionally
important involving many KEGG signalling pathways.
DAVID functional annotation analysis showed common
enrichment of all three clusters 4, 5 and 6 for the T cell
receptor signalling pathway (Figure Sgb).

differentially accessible peaks associated to each gene. X-axis denotes log10 of the total number of genes with regulatory sites more
open (red) or more closed in RA (blue). (b) Selected genes of potential immunological relevance and multiple differentially accessi-
ble regions are shown for naive, CM and EM T cells. Bar graphs depict the number of differentially open gene regulatory regions
that are more accessible in HC (left, blue) or RA (right, red). (c) Venn diagrams showing that genes associated with >2 differentially
accessible regions partially overlap between CM and EM subsets. (d) Top enriched pathways determined by DAVID*® for genes asso-
ciated with > 2 regulatory regions less accessible in RA. A pathway enriched in genes with more accessible regulatory sites was not
identified. (e) Representative tracks for genes with regulatory regions less accessible in RA. Results are shown for CM and EM T cells
from HC (blue) and RA patients (red). Additional tracks are shown in Fig. S3b. (f) Representative tracks for genes with regulatory

regions more accessible in RA.
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Figure 3. Upstream regulators of differentially accessible regulatory sites in RA CD,4 T cells. (a) Identification of transcription factor
(TF) motifs enriched at sites more (right) or less open (left) in RA for each T cell subset. For each motif family, only the top ranked TF
is shown. X-axis denotes enrichment of each motif over background, Y-axis the enrichment log10 p-value as reported by HOMER.
(b) Upstream regulator genes predicted to be activated (top) or inhibited (bottom) in RA compared to HC for each T cell subset.
Y-axis compares the number of targets consonant with the prediction to the total number of targets. X-axis denotes the overrepre-
sentation of these targets compared to the number of target genes expected just by chance. Upstream regulators with a significant
combined p-value < 0.05 are labelled (red) as reported by iPathwayGuide.

Reduced accessibility to RA risk genes with super-

enhancers

Consistent with the lack in pathway enrichment, the
majority of sites more open in CD4 T cell subsets from
RA patients did not map to enhancer regions

www.thelancet.com Vol 76 Month February, 2022

(Figure sa). In contrast, about 50% of sites with reduced

accessibility included enhancers. Especially striking was

the frequent finding of super-enhancers. Vahedi et al.
have previously reported that RA-associated SNPs are
highly enriched at super-enhancers of CD4 T cells.® To
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for each cluster as reported by ChiPseeker.

explore the relationship between chromatin accessibility
and disease-associated SNPs, we examined disease risk
genes for the number of differentially accessible sites in
regulatory regions (Figure 5b). Most of the RA risk
genes with super-enhancers were associated with sites
that were closing in RA in CM and EM subsets. In con-
trast, accessibilities to regulatory regions of RA risk
genes that did not have a super-enhancer were not
much different between RA and HC (Figure 5¢).

To confirm the functional relevance of the reduced
accessibility, we determined transcript levels in total

memory CD4 T cells for selected representative genes.
ETS1, STAT4, SH2B3 and CDz2 all have super-enhancers
with disease-associated SNPs and showed lower accessi-
bility in RA (Figure 5b). Three out of these four also had
reduced transcript levels (ETS1 p=0.02, STAT4 p=0.03
and CD2 p=o0.02) (Figure S6). BACH2 and BCLG6 are
TF genes with less accessible regulatory sites (Figure 2).
BACH?2 (p=0.04) was also less transcribed, while BCL6
(p=0.2) showed a trend (Figure SG).

To determine whether the association with selected
super-enhancers was disease-specific, we analyzed sites
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Figure 6. Influence of disease activity on chromatin accessibility. (a) MA plots comparing chromatin accessibility in RA patients with low
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differentially accessibility in PsA compared to HC T cell
subsets for their relationship to super-enhancers. As
already shown in Figure S2b, sites with differential
accessibility in PsA were mostly found for CD4 CM T
cells. Surprisingly and very much in contrast to RA,
only few sites were significantly different in CD4 EM T
cells when compared to HC. Accordingly, only few
genes with differential accessibility in super-enhancers
were identified for PsA najve and EM T cells (Figure
S7a). In case of PsA CM CD4 T cells, the number of RA
risk genes with differential accessibility was low as was
the number of differentially closed regulatory sites per
gene irrespectively of whether they had super-enhancers
or not (Figure Sya, b). In contrast, PsA EM T cells,
hardly distinguishable from HC, were highly different
from RA EM T cells. The patterns of chromatin accessi-
bility for genes with super-enhancers in RA vs PSA EM
T cells was reminiscent of the comparison RA vs HC;
most of these genes were associated with sites closing
in RA (Figure S7c).

Effect of disease activity and treatment on chromatin
accessibility in RA

To explore whether disease activity had an effect on
chromatin accessibility, we compared RA patients with
low and moderate/high CDAI. We observed minimal
changes in najve (n=559) and CM (n=381) subsets, but
clear differences in the EM subset (n=2770)
(Figure Ga). Several examples of chromatin accessibility
influenced by disease activity are shown in Figure Gb.
IFNG and IL2 were less accessible in patients with high
disease activity. Genes involved in TCR signalling like
LAT and ZAP70 were more closed in RA in general

with more prominent reduction in patients with higher
CDAI. Pathway analysis (KEGG in Figure 6c and
DAVID in Figure S8a) revealed enrichment for the T
cell receptor, PI3K-Akt and FOXO signalling pathways
for sites more open in patients with low disease activity.
Conversely sites more open in patients with moderate/
high disease activity were enriched for RAP1, WNT and
mTOR signalling pathways. TF-motif enrichment pro-
vided further classification of upstream regulators
(Figure S8D). Motifs belonging to IRF family TFs were
exclusively enriched at sites opening in patients with
low disease activity, while motifs of a large variety of
TFs including MAD, T-box, Homeobox, HLH and Zf
family TFs were enriched at sites more accessible in
patients with higher CDAIs. Taken together, the chro-
matin appeared to be more poised in EM T cells with
lower disease activity.

Patients were on a variety of treatment combina-
tions, limiting the ability to assess the impact of treat-
ment on chromatin structures. We observed minimal
differences in the najve (n=54) and CM (n=474) and a
slightly higher number of differentially accessible sites
in the EM subset (n=1499) in patients on treatment
with methotrexate (MTX) vs those on other modalities
(Figure 7a). Pathway analysis for the genes associated
with differential sites associated with MTX treatment
did not identify any significant enrichment. Larger dif-
ferences were associated with anti-TNF treatment
(Figure 7b). Similar to MTX, we observed the largest
effect for the EM subset (n=4981). Sites closing with anti-
TNF treatment in EM were enriched for T cell receptor
and chemokine signalling pathways (Figure 7c). Genes
with sites closing in patients with anti-TNF treatment
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Figure 7. Influence of treatment on chromatin accessibility maps of RA T cells. (@) MA plots comparing chromatin accessibility in RA
patients on treatment with MTX (n=9) versus those not on MTX (n=9). (b) MA plots comparing chromatin accessibility in RA patients
on treatment with a TNF inhibitor (n=5) versus those not on a TNF inhibitor (n=13). Differential peaks (red) were determined using
adjusted (Benjamini and Hochberg) p-value < 0.05. (c) DAVID pathway enrichment analysis for genes associated to sites with higher
accessibility in EM cells of patients on TNF inhibitor treatment. (d, ) Representative tracks of genes with different chromatin accessi-

bility in EM cells depending on TNF inhibitor treatment.

include IFNA: as well as IL6. Conversely, PI3K-Akt sig-
nalling was enriched for sites more open with anti-TNF
treatment. Sites more open in patients with anti-TNF
treatment include molecules involved in JAK-STAT sig-
nalling (JAK, STAT5B) and T cell receptor signalling
(LAT, ZAPyo0) (Figure 7d). Small sample sizes precluded
definite conclusions, but TNF inhibition appeared to have
complex consequences on EM cells enabling as well as
inhibiting inflammatory pathways.

RA-associated epigenetic signatures are not accounted
for by treatment- and disease activity-related effects

As shown in Figures 6 and 7, disease activity and treat-
ment, in particular with TNF inhibitors, induced chro-
matin changes in EM T cells. To determine whether the
disease-related epigenetic signature described in Fig-
ures 1 to 5 is due to these confounding variables or
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whether it is an inherent feature of the disease itself, we
reanalyzed the peak set defined in Figure 1b separately
for different subgroups of patients. Figure 8a shows
median z-scores of EM cells as box plots for the clusters
shown in Figure 4a. Median z-scores did not differ
between T cells from patients with low (CDAI < 10,
n=11) and moderate/high disease activity (CDAI > 10,
n=7); both of them were equally different from those of
HC for all 6 clusters. Similarly, we separated the RA
patients into three groups based on whether they were
on MTX only (n=6), MTX in combination with anti-
TNF inhibitors (n=3) or neither (n=7). Again, RA-associ-
ated shifts in z-scores were similar for all three treat-
ment groups although individual group sizes were too
small to assess significance levels. (Figure 8b). Taken
together, with few exceptions, there was little similarity
in RA-associated differences in chromatin accessibility
and disease activity-induced or treatment-related
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Figure 8. Contribution of disease activity and treatment to chromatin differences identified in RA. (a) RA patients were segregated
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*** P <0.001.

changes, suggesting that the RA-associated signature is
largely independent of these confounding variables.

Discussion

Here, we show that peripheral CD4 T cells from RA
patients epigenetically differ from those of age-matched,
healthy controls. Differences in chromatin accessibility
were already present in unstimulated najve CD4 T cells
but were more pronounced in CM and EM T cells, con-
sistent with the model that najve CD4 T cells from RA
patients are poised to differentiate distinctly from those
of healthy adults.’ Since these differences were identi-
fied at a population level, they represent a polyclonal fea-
ture that cannot be explained by the activation and
expansion of infrequent autoantigen-specific CD4 T
cells. The sequence and the genomic location of the dif-
ferentially accessible region allowed conclusions on the
TF networks driving the epigenetic signatures as well as
predicting differences in cells’ responsiveness to stim-
uli. Surprisingly, sites more accessible in RA were not
enriched for motifs of TF known to be involved in T cell
activation or lineage determination, such as bZIP or
T-box family members.>" Particularly, promoter regions

of inflammatory mediators were not more accessible in
T cells from RA patients, with the notable exception of
ILg in a subset of patients and IFNA. On the contrary,
super-enhancers of genes implicated in RA were less
accessible in CM and EM T cells.

Genome-wide association studies have identified
more than 100 SNP that are associated with RA’. The
majority of disease-associated variants map to non-cod-
ing, regulatory regions and in particular super-
enhancers.’* About one quarter of RA-associated SNP
locate to super-enhancers compared to less than 10% to
typical enhancers.® Since super-enhancers regulate
genes that are important for cell identity,*® this informa-
tion allows implicating the cell type likely involved in
pathogenesis. While super-enhancers in muscle cells
have little association with RA-risk genes, the strongest
association was seen for CD4 T cells with about half of
the disease-associated SNP mapping to CD4 super-
enhancers. In the current study, we therefore focused
on CD4 T cells of RA patients and mapped chromatin
accessibility in comparison to CD4 T cells from age-
matched healthy controls.

Disease-associated signatures in the epigenome can
provide information on how environmental stimuli and
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genetic predisposition interact to contribute to the path-
ogenesis of an autoimmune disease such as RA. In the
adaptive immune system, memory cells reflect the his-
tory of antigen encounters. Distinct T cell differentia-
tion states grossly differ in epigenetic structures.’+*
We therefore controlled for differentiation states by sep-
arately examining najve, CM and EM CD4 T cells for
chromatin accessibility. We found a higher number of
differentially accessible, disease-associated sites in both
memory subsets compared to najve T cells. This was
consistent with the PC analysis, with PC3 segregating
patients and controls irrespective of the differentiation
state and PC4 only for memory T cells. These data sup-
port the notion of global shifts in memory cell differen-
tiation in RA patients irrespective of the nature of the
antigen and is reminiscent of in vitro studies that show
a preferential differentiation of najve CD4 T cells into
short-lived effector T cells producing a variety of pro-
inflammatory cytokines." >33 However, the observed
chromatin accessibility pattern was distinct from accel-
erated effector cell differentiation. Differentially accessi-
ble sites were partially overlapping for central memory
and effector memory T cells and TF motifs enriched at
these sites did not include those of lineage determining
TF such as those of the TH1 or TH17y lineages.*® In fact,
the motif that was by far and most significantly enriched
was CTCF indicating a change in the three-dimensional
genome structure, thereby possibly allowing distal
enhancers to abnormally influence gene expression.*"+*

Surprisingly, sites that were less accessible in RA
CD4 memory T cells had numerous features of RA-rele-
vant genes. Less accessible genes included IKFZ1 and
PFKB3, which were previously found to be less
expressed in najve CD4 T cells from RA patients. The
reduced expression of these genes endowed T cells with
enhanced ability to cause synovial inflammation.**#* In
contrast, most of the less accessible genes are predicted
to be supportive of T cell function. Most compellingly,
these sites are enriched for super-enhancers encom-
passing disease-associated SNPs. This epigenetic state
of the disease risk genes indicates that they are less
poised to respond. Consistent with this interpretation,
constitutive transcript expression of 3 of 4 disease risk
genes with less accessible super-enhancers was signifi-
cantly lower in RA T cells (Figure S6). Moreover, KEGG
pathway as well as Gene Ontology (GO) term analysis of
genes regulated by less accessible sites yielded enrich-
ment for pathways important for T cell activation
including T cell receptor, JAK-STAT, MAPK and NF-kB
signalling (Figure 2d, 4b, Ssb). Also, TF motifs enriched
at these sites include many that are known to be
involved in T «cell activation and differentiation
(Figure 3a).

Epigenetic studies in RA have so far been limited to
comparing DNA methylation. Early studies suggested
global DNA demethylation in PBMC of RA patients.**
Subsequent studies showed that differences in DNA
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methylated sites were highest for CD4 T cells, including
najve CD4 T cells, when compared to myeloid cells.”
The general assumption has been that disease-relevant
genes are hypomethylated. In a very comprehensive
study, Ha et al. profiled genome-wide differential gene
expression and DNA methylation in CD4 T cells and
related them to RA-associated genetic variants in a
Korean population.”® The authors concluded that meth-
ylomic differences involved genomic regions including
RA-associated SNP and were related to differential gene
expression in CD4 T cells from RA patients. We re-ana-
lyzed the methylation data to determine how far the dif-
ferential accessibility data in our study correlated with
differential DNA methylation, particularly whether loss
in accessibility for disease risk genes with super-
enhancers is associated with hypermethylation. Only a
small fraction of the large number of differentially
methylated sites was also differentially accessible. Of
the 452 and 440 less accessible sites that mapped to dis-
ease risk genes with super-enhancers in CM and EM
RA T cells, respectively, more than twice as many were
hyper- rather than hypomethylated (Table S3). Con-
versely, there was no significant overlap of increased
accessibility and DNA methylation pattern. Limitations
in this comparison are that the DNA methylome was
obtained on total CD4 T cells, irrespective of the differ-
entiation state and that RA-associated methylation pat-
terns in total CD4 T cells in general did not correlate
well with differential chromatin accessibility. Still, the
data are highly suggestive that hypermethylation domi-
nated at super-enhancers with reduced chromatin acces-
sibility in CM and EM CD4 T cells from RA patients.

Our epigenetic findings are reminiscent of func-
tional studies that showed defective activation of RA T
cells, also coined as T cell anergy.*> Several models can
be considered to explain these findings. Loss in accessi-
bility could be a result of treatment. Previous studies
have shown that CD4 T cell super-enhancers are main-
tained by baseline JAK-STAT activity that occurs even in
the absence of exogenous cytokines.® However, RA
patients in our study population, with one exception,
were not on a JAK inhibitor. The two most common
treatment regimens were methotrexate and a TNF
inhibitor. These treatment modes had impact on epige-
netic signatures, but only in effector memory and not in
central memory T cells. Although a final determination
will have to await longitudinal studies in patients before
and after initiation of treatment, results shown in
Figure 8 suggest that the loss in accessibility is present
irrespective of the type of treatment. Also, epigenetic
signatures in PsA patients, who were on similar treat-
ment regimens, were mostly different. Similar to treat-
ment, disease activity had an impact on the epigenome
of effector T cells but did not explain the epigenetic RA
signature in EM CD4 T cells (Figure 8).

The loss in chromatin accessibility could occur as
an attenuation to constant exposure to chronic
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inflammation.*® This model is reminiscent of T cell
exhaustion,*” although epigenetic signatures of RA T
cells do not resemble those of antigen-specific
exhausted cells.****5° Oligoclonality within the periph-
eral T cell repertoire has been a consistent feature of
RA patients, and the extensive replicative history associ-
ated with oligoclonal expansion could cause a quasi-
exhausted state with loss of chromatin accessibility. In
the initial studies, RA patients were found to have clonal
effector T cell populations that have later been coined as
TEMRA cells.>” More systematic repertoire studies have
found a contraction in T cell receptor diversity in RA.>*
More recently, repertoires of clonally expanded T cells
were found to be shared between the EM and the THry
peripheral blood population of RA patients.” Similarly,
general defects, also coined as immune paralysis, are
found in the post-septic environment and include
impaired antigen-specific expansion and effector func-
tionality of memory CD4 and CD8 T cells.’* Upstream
regulators of the less poised genes in RA CD4 T cells
included molecules of the JAK-STAT, which may be a
result of chronic cytokine exposure. As discussed above,
the suppression of JAK-STAT signalling would result in
loss of accessibility to super-enhancers.

Finally, loss of accessibility could also be a primary
event and not a consequence of disease. There is evi-
dence that immunodeficiency can predispose for a
hyper-inflammatory state. Hereditary immunodefi-
ciency syndromes are frequently associated with an
autoimmune syndrome.’> Also, immune defects in ani-
mal models can lead to RA-like clinical presentation.
For example, the SKG mouse, one of the better mouse
models of RA, has a Zap-7o mutation that impairs T
cell responses and increases the susceptibility to infec-
tions while causing arthritis and other organ inflam-
mation.’® Clinical observations suggest a similar
constellation for human disease. Cohort studies have
shown that RA is associated with an increased risk
of serious infection.”” This elevated susceptibility of
patients with RA is not fully explained by comorbid con-
ditions or the immunosuppressive treatment; rather,
the pathobiology of RA itself appears to be an important
contributor. Irrespective of whether the observed epige-
netic signature is primary or secondary, our findings
indicate that disease susceptibility genes are less
poised in patients with established RA, which will
impact their overall ability to generate a protective
immune response.

One limitation of our study is that it only relied on
chromatin accessibility data. In contrast to DNA methyl-
ation data, ATAC-seq allows us to propose upstream
regulators based on predicted binding motifs but cannot
prove their involvement. Moreover, functional conse-
quences are difficult to predict because the differentially
accessible sites frequently map to regulatory regions,
whose functional role is often poorly defined. In con-
trast to many epigenetic studies, we controlled for

differences in cell types and differentiation states by iso-
lating and comparing highly purified T cell subsets.
However, we did not control for clinical covariables that
may have affected our findings. We were strict on only
enrolling RA patients with positive serology, but other-
wise our study population represented a sample of
patients seen in a continuity clinic with a longer disease
duration. In studying patients with a chronic disease,
conclusions whether a finding is primary or secondary
are difficult to be drawn. Future studies will have to
assess patients with early disease, and longitudinal stud-
ies have to be performed to assess the influence of dis-
ease activity and treatment.
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