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Abstract

Objectives: How the local inflammatory environment regulates epigenetic changes in the context of inflammatory arthritis remains unclear.
Here we assessed the transcriptional and active enhancer profile of monocytes derived from the inflamed joints of JIA patients, a model well-
suited for studying inflammatory arthritis.

Methods: RNA sequencing and H3K27me3 chromatin immunoprecipitation sequencing (ChlP-seq) were used to analyse the transcriptional and
epigenetic profile, respectively, of JIA synovial fluid-derived monocytes.

Results: Synovial-derived monocytes display an activated phenotype, which is regulated on the epigenetic level. IFN signalling-associated genes
are increased and epigenetically altered in synovial monocytes, indicating a driving role for IFN in establishing the local inflammatory phenotype.
Treatment of synovial monocytes with the Janus-associated kinase (JAK) inhibitor ruxolitinib, which inhibits IFN signalling, transformed the acti-
vated enhancer landscape and reduced disease-associated gene expression, thereby inhibiting the inflammatory phenotype.

Conclusion: This study provides novel insights into epigenetic regulation of inflammatory arthritis patient-derived monocytes and highlights the
therapeutic potential of epigenetic modulation for the treatment of inflammatory rheumatic diseases.
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Rheumatology key messages

¢ Inflammatory phenotype of autoimmune monocytes is regulated on the epigenetic level.
¢ |IFN signaling is involved in the inflammatory phenotype of autoimmune monocytes.

* JAK inhibitors alter the epigenetic landscape of autoimmune monocytes.

Introduction

Inflammatory arthritis is characterized by abnormal immune
responses due to loss of immunological tolerance. The presence
of autoreactive T and B cells and autoantibodies often links the
pathogenesis of inflammatory arthritis to the adaptive immune
system, but innate immune cells, such as monocytes, also play a
key role. Monocytes can recruit adaptive immune cells to the
site. of inflammation by secreting chemokines and further

perpetuate immune activation, through either direct cell-cell
contact or abundant secretion of pro-inflammatory cytokines
(i.e. IL-6, TNF-o). As such, inflammatory arthritis and many au-
toimmune diseases are associated with increased monocyte infil-
tration [1-5]. The exact mechanisms that regulate monocyte
activity remain to be determined, but it is clear that environmen-
tal factors and epigenetic regulation are important in the
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pathogenesis of inflammatory arthritis [6]. Enhancers are cis-reg-
ulatory DNA regions, generally a few hundred base pairs in size,
that are pivotal for the spatio-temporal regulation of gene ex-
pression by recruiting RNA polymerase II, transcription factors
and co-factors, such as the histone acetyltransferase p300 or the
mediator complex [7]. Enhancers regions are characterized by
methylation of histone H3 at lysine 4 (H3K4me) and contain
H3K27 acetylation in their active status [8, 9]. Around 60% of
the single nucleotide polymorphisms (SNPs) associated with
autoimmune disease are localized in enhancer regions and
disease-associated variants preferentially map to enhancer
regions specific for disease-relevant cell types [10-15]. For exam-
ple, SNPs associated with multiple sclerosis (MS) and SSc have
been demonstrated to map to monocyte enhancer regions, indi-
cating that epigenetic regulation plays an important role in auto-
immune disease pathogenesis [16]. In addition, alterations of the
histone modification profile have been described in monocytes
and other cell types derived from patients with inflammatory
rheumatic diseases [17-19].

Information concerning epigenetic changes specifically at
the site of inflammation is currently lacking. Reasons for this
include the difficulty in obtaining enough immune cells from
the local inflammatory site to perform in-depth analyses. For
regulatory and effector T cells it has been demonstrated that
the epigenetic landscape is altered at the site of autoinflamma-
tion and that these changes contribute to their pro-
inflammatory phenotype [12, 20]. These studies indicate that
the inflammatory environment can directly induce epigenetic
changes that result in a pro-inflammatory phenotype that con-
tributes to disease pathogenesis. The role of epigenetic regula-
tion in monocytes at the site of inflammation has not been
well studied. Here, we evaluated the role of active enhancers
in monocytes in human inflammatory arthritis, by using
monocytes derived from the inflamed joints of JIA patients.
RNA-sequencing and chromatin immunoprecipitation (ChIP)
sequencing for H3K27ac demonstrated that human mono-
cytes from the local inflammatory site display an
epigenetically-regulated activated phenotype. This phenotype
was characterized by increased expression of IFN-responsive
genes. Treatment of inflammatory site-derived monocytes
with the JAK-1,2 inhibitor ruxolitinib reduced the active state
of various enhancer regions, correlating with impaired expres-
sion of disease-associated genes. Taken together, these data
demonstrate that IFN signalling induces epigenetic alterations
and that these changes contribute to a pro-inflammatory phe-
notype, suggesting that modulating the epigenetic landscape
might be a potential therapeutic approach for the treatment
of inflammatory arthritis.

Methods

Collection of SF and peripheral blood (PB) samples
Twenty-six JIA patients were included in this study; 21
patients were diagnosed with oligoarticular JIA and five
patients with polyarticular JIA [21]. Active disease was de-
fined by physician global assessment of >1 active joint (swell-
ing and/or limitation of movement) and inactive disease
(remission) was defined as the absence thereof. PB and SF
samples were obtained at the same moment, either via vein
puncture or intravenous drip and therapeutic joint aspiration,
respectively. Written informed consent was obtained from all
patients either directly or from parents/guardians when the
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patients were younger than age 12years. The study proce-
dures were approved by the Institutional Review Board of the
University Medical Center Utrecht (UMCU; METC nr: 11-
499/C) and performed according to the principles expressed
in the Helsinki Declaration. SF samples were treated with hy-
aluronidase (Sigma-Aldrich) for 30 min, 37°C. Synovial fluid
mononuclear cells (SFMCs) and peripheral blood mononu-
clear cells (PBMCs) were isolated using Ficoll-Paque density
gradient centrifugation (GE Healthcare) and were either used
immediately or frozen and stored at —=80°C until further use.

Monocyte isolation and culture

For RNA-sequencing of ex vivo HC and JA monocytes (Fig. 1),
HC PBMCs and JIA SFMCs were thawed, CD3" cells were
depleted by human anti-CD3 microbeads (Miltenyi Biotec,
Cologne, Germany) according to the manufacturer’s instructions
and CD147CD16™ cells were sorted by flow cytometry using a
BD FACS Aria III (BD Biosciences, Franklin Lakes, New Jersey,
US). For validation of ex vivo sequencing results, CD14" were
isolated from frozen HC PBMCs, JIA PBMCs and SFMCs by
magnetic-activated cell sorting (MACS) using human CD14
microbeads (Miltenyi Biotec) according to the manufacturer’s
instructions. For ChIP-sequencing of ex vivo HC and JA mono-
cytes (Fig. 2), HC PBMGs, JIA PBMCs and JIA SFMCs CD14™"
cells where isolated by flow cytometry using a BD FACS Aria II
(BD Biosciences). For analysis of JQ1 sensitive genes, HC
PBMCs were thawed and CD14™ cells were sorted by flow cy-
tometry using a BD FACS Aria II (BD Biosciences).
Subsequently, CD14" cells were cultured o/n with 100 ng/ml
LPS (Invivogen, Waltham, Massachusetts, US) and treated with
300nM JQ1(-) or JQ1(+) (ApexBio, Houston Texas, US) in
RPMI 1640 + GlutaMAX (Life Technologies, Carlsbad,
California, US) supplemented with 100 U/ml penicillin (Gibco,
Carlsbad, California, US), 100 mg/ml streptomycin (Gibco) and
10% heat-inactivated human AB-positive serum (Invitrogen) at
37°C in 5% CO,. For RNA- and ChIP-sequencing of
Ruxolitinib-treated samples, CD14" cells were isolated by
magnetic-activated cell sorting (MACS) from JIA SFMCs and
cultured for 4h with or without 10ng/ml IFNy and 1uM
Ruxolitinib (Selleck Chemicals, Houston Texas, US).

ChlIP-sequencing and analysis

ChIP-sequencing was performed as in [22]. Experimental and
analysis details are described in the Supplementary Materials
available at Rheumatology online.

RNA-sequencing and analysis
RNA-sequencing was performed as in [22]. Experimental and

analysis details are described in the Supplementary Materials
available at Rheumatology online.

Quantitative RT-PCR

Total RNA was extracted using the PicoPure RNA Isolation
kit and ¢cDNA synthesis was performed using the iScript
c¢DNA synthesis kit (Bio-Rad, Hercules, California, US).
cDNA samples were amplified with SYBR Select mastermix
(Life Technologies) in a QuantStudio 12k flex (Thermo Fisher
Scientific) according to the manufacturer’s protocol.

Multiplex immunoassay

Multiplex analysis (xMAP; Luminex, Austin, Texas, US) was
performed as described previously on supernatant derived
from HC and JIA-derived CD14+ cells either cultured o/n (to
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Figure 1. Transcriptional analysis of JIA SF monocytes indicates an activated phenotype. (A) MA plot displaying genes differentially expressed between
HC PB monocytes and JIA SF monocytes. Red dots indicate genes with FDR < 0.05. (B) Top 10 biological processes associated with genes that are
significantly increased in JIA SF monocytes. (C) Top 10 pathways associated with genes that are significantly increased in JIA SF monocytes. (D) Top 3
diseases associated with genes that are significantly increased in JIA SF monocytes. (E, F) Heatmap demonstrating the expression of selected monocyte
surface markers (E) and selected cytokines (F) and chemokines in HC PB and JIA SF monocytes. (G) Gene expression of selected cytokine and
chemokines in monocytes derived from either the PB of HC, PB of JIA patients undergoing active disease (PBa), SF of JIA patients, and PB of JIA patients
in remission (PBrem). (H) Protein levels of selected surface markers in monocytes derived from either the PB of HC, PB of JIA patients undergoing active
disease (PBa), SF of JIA patients, and PB of JIA patients in remission (PBrem). P-values for F and G were calculated using an ordinary one-way ANOVA.
*P<0.05; **P<0.01; ***P<0.001. HC: healthy control; FDR: false discovery rate; PB: peripheral blood
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Figure 2. Epigenetic regulation contributes to the activated phenotype of JIA SF monocytes. (A) PCA of H3K27ac signal in HC PB, JIA PB and JIA SF
monocytes. (B and C) MA plot of H3K27ac regions different between JIA SF and HC PB and between JIA SF and JIA PB. Red dots indicate H3K27ac
regions with FDR < 0.1. (D) Top 10 biological processes associated with genes significantly increased in JIA SF vs JIA PB. (E) Selected genes associated
with increased H3K27ac signal in JIA SF vs JIA PB. (F) GSEA of genes associated with increased H3K27ac signal in JIA SF and genes differentially
expressed within JIA SF. (G) Boxplot with 5%-95% whiskers displaying ARPKM (log2) values of genes associated with increased H3K27ac signal in HC
and JIA. (H) Selected genes associated with increased H3K27ac signal and increased in JIA. (I) GSEA of genes decreased with JQ1 and genes
differentially expressed within JIA SF. (J) Selected genes decreased with JQ1. (K) Boxplot with 5%-95% whiskers displaying ARPKM (log2) values of
genes increased in JIA monocytes treated with or without JQ1. P-values for G and K were calculated using Wilcoxon-matched pairs signed rank test.
*P<0.05; **P<0.01; ***P<0.001. FDR: false discovery rate; GSEA: gene set enrichment analysis; HC: healthy control; PB: peripheral blood; PCA:
principle component analysis; RPKM: reads per kilobase of exon per million reads mapped
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determined ex wvivo cytokine production) or for 4h in the
presence of 1 pM ruxolitinib [23].

Results
Synovial-derived monocytes display an activated
phenotype on the transcriptional level

To evaluate the transcriptional changes at the site of local au-
toimmune inflammation, monocytes were collected from in-
flamed joints of oligoarticular JIA patients. RNA-sequencing
analysis of JIA CD147CD16" monocytes obtained from the
synovial compartment (SF) and HC peripheral blood (PB)-de-
rived CD147CD16" cells was performed. A total of 2443
genes were significantly differentially expressed (Fig. 1A).
Genes that were upregulated in monocytes derived from the
local inflammatory site are associated with regulation of the
immune system and in particular with cytokine responses
(Fig. 1B and C). Furthermore, the top three diseases associ-
ated with these genes are all autoimmune diseases (Fig. 1D).
Analysis of monocyte surface markers revealed increased ex-
pression of several surface activation markers, including
CD80, CD69, CCR2 and FCGR1A in monocytes (Fig. 1E).
In addition, many cytokines and chemokines were expressed
at a higher level by SF monocytes (Fig. 1F). To validate this,
we analysed mRNA and protein levels of several cytokines,
chemokines and surface markers in CD14" monocytes de-
rived from either the PB of HC, PB and SF of JIA patients un-
dergoing active disease or in remission. We confirmed
increased gene and protein expression in JIA SF-derived
monocytes compared with HC monocytes and the majority of
genes and proteins are also significantly higher expressed
compared with JIA PB-derived monocytes (Fig. 1G, H;
Supplementary Fig. S1A, available at Rheumatology online).
In addition, mRNA and protein levels of these cytokines, che-
mokines, and surface markers are increased in polyarticular
JIA patients (Supplementary Fig. S1B-D, available at
Rheumatology online). Collectively, these data demonstrate
that transcriptional changes in monocytes derived from the
site of inflammation result in an activated phenotype associ-
ated with (auto-)inflammation.

H3K27ac regulation contributes to the activated
phenotype of synovial monocytes

To determine whether the transcriptional changes in synovial
monocytes are regulated on the epigenetic level, ChIP-
sequencing for H3K27ac was performed on CD14" cells
from HC PB JIA PB- and JIA SF. Principal component analy-
sis demonstrated that JIA SF monocytes clustered separately
from HC and paired JIA PB-derived monocytes (PC1: 44%),
indicating that their H3K27ac profile is distinct (Fig. 2A).
Indeed, >3000 regions contain a significantly different
H3K27ac signal in inflammation-derived monocytes com-
pared with either HC or JIA PB monocytes, while JIA PB and
HC PB monocytes are relatively similar regarding their
H3K27ac profile (Fig. 2B, C; Supplementary Fig. S2A, avail-
able at Rheumatology online). Analysis of the genes associ-
ated with an increased H3K27ac signal in local inflammatory
site-derived monocytes compared with JIA PB monocytes, in-
dicated association with biological processes that are involved
in regulation of the immune system and include many cyto-
kine and chemokines of which the expression was upregu-
lated in inflammatory monocytes (Fig. 2D and E). Indeed,
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gene set enrichment analysis demonstrated that genes associ-
ated with an increased H3K27ac signal are enriched within
the mRNAs upregulated at the site of inflammation, indicat-
ing that an increased H3K27ac signal correlates with in-
creased gene expression in synovial monocytes (Fig. 2F). In
agreement with this, genes associated with an increased
H3K27ac signal in JIA are more abundantly expressed in sy-
novial monocytes compared with HC monocytes (Fig. 2G
and H). To further assess whether changes in H3K27ac con-
tribute to JIA gene expression, the bromodomain and extra-
terminal domain (BET) inhibitor JQ1 was used to inhibit
enhancer-mediated transcription [24]. Treatment of synovial
monocytes with JQ1 preferentially reduced the expression of
genes that were upregulated in JIA monocytes, indicating
that expression of these genes depends on H3K27ac regula-
tion (Fig. 2I-K; Supplementary Fig. S2B and S2C, available
at Rheumatology online). Altogether, these data indicate
that disease-associated gene expression in monocytes derived
from the local inflammatory site is mediated by increased
H3K27 acetylation.

JAK inhibition alters the H3K27ac profile of synovial
monocytes

We observed that genes upregulated in inflammatory mono-
cytes are associated with IFN signalling. Detailed analysis of
[FN-signalling-associated genes (based on REACTOME IFN-
signalling pathway) confirmed that a majority of these genes
are indeed upregulated in inflammatory site-derived mono-
cytes (Fig. 3A). RT-qPCR analysis validated the increased ex-
pression of several IFN-induced genes in JIA SF-derived
CD147 cells (Fig. 3B). The same trend was observed on the
protein level and IFN-induced genes are also significantly in-
creased in CD14" monocytes derived from the SF of polyar-
ticular JIA patients (Supplementary Fig. S3A and B, available
at Rheumatology online). Pathway analysis of the genes asso-
ciated with an increased H3K27ac signal in inflammatory
monocytes indicated an association with IFNy signalling
(Fig. 3C). IFN signalling is mediated by the JAK and signal
transducer and activator of transcription (STAT) pathway
[25]. Gene set enrichment analysis demonstrated that genes
belonging to the JAK-STAT signalling pathway are upregu-
lated in synovial monocytes, suggesting that this pathway
may regulate gene expression at the site of inflammation
(Fig. 3D). Similarly, we observed increased expression of
STAT1 and STAT2 and increased H3K27 acetylation of a
STAT1 and STAT2-associated enhancer (Fig. 3E and F). To
further define the role of the JAK-STAT signalling pathway,
we assessed the H3K27ac and STAT1 ChIP-sequencing data-
set of IFNy-treated human primary monocytes generated by
Qiao et al. (GSE43036 [26]). H3K27ac peaks increased in
our inflammatory monocyte dataset were enriched for STAT1
binding and overlapped with H3K27ac signals mediated by
[FNy-treatment (Fig. 3G). To experimentally assess the in-
volvement of IFN and JAK-STAT signalling in establishing
the epigenetic profile within inflammatory monocytes, we
treated JTA SF monocytes for 4 h with ruxolitinib, an inhibitor
of JAK1 and JAK2, and performed ChIP-seq for H3K27ac
and H3K4mel [27]. While H3K27ac characterizes active
enhancers, H3K4me1 is enriched at both active and inactive
enhancer regions [9]. Ruxolitinib treatment induced ~450
significant changes in the H3K27ac epigenome, of which the
majority of changes comprised a reduced H3K27ac signal
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Figure 3. IFNy-associated genes are increased in JIA SF monocytes. (A) Heatmap demonstrating the expression of IFNy signalling-associated genes in
HC PB and JIA SF monocytes. (B) Gene expression of selected IFNy signalling-associated genes in monocytes derived from either the PB of HC, PB of
JIA patients undergoing active disease (PBa), SF of JIA patients, and PB of JIA patients in remission (PBrem). (C) Top 10 pathways associated with genes
associated with an increased H3K27ac signal. (D) Gene set enrichment of JAK-STAT signalling pathway-associated genes and genes differentially
expressed within JIA SF monocytes. (E) Gene track for STAT7 and STAT2 displaying H3K27ac signals for JIA PB and JIA SF. Purple asterisk indicates
H3K27ac regions that are significantly different. (F) Normalized RPKM (log2) values of STATT and STATZ2 expression in HC and JIA monocytes. (G) Venn
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monocytes. STAT1 and H3K27ac data was obtained from GSE43036 (GSM1057010 and GSM1057016, respectively). P-values for B were calculated
using an ordinary one-way ANOVA. P-values for E were calculated using a hypergeometric test. *P< 0.05; **P<0.01; ***P<0.001. HC: healthy control;
PB: peripheral blood; RPKM: reads per kilobase of exon per million reads mapped
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(Fig. 4A). Genes associated with a decrease in H3K27ac are
involved in IFN signalling and included several components
of the JAK-STAT signalling pathway, indicating an auto-
regulatory feedback loop (Fig. 4B and C). Ruxolitinib did not
alter the H3K4mel profile of inflammatory monocytes
(Fig. 4D). This is not surprising as histone methylation marks
are less dynamically regulated than histone acetylation marks,
which suggests that ruxolitinib impairs the activity of active
enhancers [28]. Moreover, ruxolitinib treatment preferentially
decreased the signal of H3K27ac peaks that were increased in
inflammatory monocytes (Fig. 4E). Similarly, genes associated
with a decreased H3K27ac signal upon ruxolitinib treatment
were expressed to a higher extent in inflammation-derived
monocytes compared with HC monocytes (Fig. 4F). Taken to-
gether, these data indicate that JAK inhibition preferentially
reduces expression of genes associated with an increased
H3K27ac signal in monocytes derived from the local inflam-
matory site.

Ruxolitinib inhibits the activated phenotype of JIA
SF monocytes

Alteration of the epigenetic landscape by ruxolitinib affected
the activated phenotype of synovial monocytes, with the
most predominant effect on IFN and cytokine signalling
(Fig. SA and B; Supplementary Fig. S4A-C, available at
Rheumatology online). Genes decreased by ruxolitinib
are enriched within the genes that are upregulated in JIA,
indicating that ruxolitinib leads to reduced expression of
disease-associated genes (Fig. 5C and D). Furthermore, genes
associated with an increased H3K27ac signal in inflammatory

monocytes were preferentially decreased by ruxolitinib, indi-
cating that ruxolitinib is targeting H3K27ac-regulated genes
(Fig. SE). We also analysed the effect of ruxolitinib on JIA SF
monocytes that were treated in vitro with IFNy. IFNy treat-
ment itself did not have a strong impact on the transcriptome
of JIA SF monocytes (Supplementary Fig. S4D and E, avail-
able at Rheumatology online). We speculate that this is be-
cause the epigenetic and transcriptional changes induced by
IFNy have already taken place within the synovial compart-
ment and/or that the cultured monocytes secrete [IFNy which
can activate themselves, and that adding exogenous IFNy con-
sequently does not have much of an impact anymore.
Therefore, the effect of ruxolitinib on IFNy-treated monocytes
is also similar to the effect of ruxolitinib on untreated mono-
cytes (Supplementary Fig. S4F and S4G, available at
Rbheumatology online). Expression of many cytokines and
chemokines was increased in synovial monocytes compared
with HC monocytes. Ruxolitinib inhibits the expression of
many of these cytokines, as demonstrated by RNA-
sequencing and qPCR validation experiments (Fig. SF and G).
To assess whether these observations could be extended to
other local inflammatory site-derived monocytes, we assessed
monocytes derived from the SF of RA patients. This revealed
that RA-associated genes are also preferentially decreased by
ruxolitinib (Fig. SH), indicating that our observations are not
specific for JIA but represent local autoinflammation as a
whole. Taken together, these data demonstrate that
ruxolitinib-mediated inhibition of enhancer activity results in
repression of the expression of genes associated with (auto-)in-
flammation in monocytes.
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Figure 5: Ruxolitinib decreases the activated phenotype of JIA SF monocytes. (A) Supervised clustering analysis based on differences in gene expression
in JIA SF monocytes after treatment with ruxolitinib. (B) Selected genes downregulated by ruxolitinib. (C) Gene set enrichment analysis of genes
downregulated by ruxolitinib, and genes differentially expressed in JIA SF monocytes vs HC monocytes. (D) Boxplot with 5%-95% whiskers displaying
ARPKM (log2) values of genes decreased by ruxolitinib in signal in HC and JIA monocytes. (E) Gene set enrichment analysis of genes associated with an
increased H3K27ac signal in JIA SF monocytes and genes affected by ruxolitinib treatment in JIA SF monocytes. (F) Heatmap demonstrating the
expression of selected cytokines and chemokines in JIA SF monocytes with and without ruxolitinib treatment, PB and JIA SF monocytes. (G) Gene
expression of selected genes in JIA SF monocytes affected by ruxolitinib treatment. P-values for D and G were calculated using a Wilcoxon-matched
pairs signed rank test. (H) Gene set enrichment analysis of genes increased in RA SF monocytes and genes affected by ruxolitinib treatment in JIA SF
monocytes. *P<0.05; **P<0.01; ***P<0.001. HC: healthy control; PB: peripheral blood; RA: rheumatoid arthritis
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Discussion

Here, we assessed the transcriptional and H3K27ac profile of
synovial monocytes isolated from JIA patients. We observed
that these inflammatory monocytes display an activated phe-
notype, illustrated by increased gene expression of surface ac-
tivation markers and inflammatory cytokines and
chemokines. This transcriptional phenotype was mirrored in
the H3K27ac landscape, as expression of genes that are asso-
ciated with an increased H3K27ac signal was increased. This
suggests that epigenetic regulation contributes to disease-
associated gene expression and thus disease pathogenesis.

For several inflammatory rheumatic diseases, such as RA
and SLE, an increased frequency in intermediate monocytes
(CD147CD16™) has been described [29, 30]. Furthermore, in-
termediate monocytes have been described to be increased in
the PB and SF of enthesitis-related arthritis, a specific subset
of JIA [31]. The JIA patients used in this study do not have el-
evated levels of CD147CD16™ in the PB, but the frequency of
intermediate monocytes in the SF is significantly increased
compared with HC and JIA PB, which is in agreement with
previous reports [32]. Therefore, we sorted CD147CD16™"
from JIA SF as well as HC PB and compared those for our
transcriptional profiling. Unfortunately, this was not possible
for the ChIP-sequencing experiments as there were insufficient
numbers of intermediate monocytes from the PB of HC and
JIA patients and therefore isolated CD14" cells were used.
Some of the epigenetic differences observed between
inflammation-derived monocytes and PB monocytes might
therefore be the result of a different ratio of classical
(CD14*CD16") monocytes wvs intermediate monocytes.
However, because we did observe a strong correlation be-
tween the H3K27ac profile and gene expression of inflamma-
tory monocytes, we assume that these differences do not
drastically affect the epigenetic profile on a global level.

Our data demonstrated that JIA synovial monocytes are
epigenetically distinct, regarding their H3K27ac status, from
JIA PB and HC monocytes, while the latter are relatively simi-
lar. This raises the question whether the epigenetic alterations
in inflammatory monocytes are cell-intrinsic or a reflection of
the highly inflammatory synovial environment. IFNy is one of
the pro-inflammatory mediators present within the SF of oli-
goarticular, polyarticular as well as systemic JIA patients [33].
Natural type I IFN producing cells have been detected in the
synovial tissue of JIA patients, although IFNu levels in SF are
reported to be low [34]. There are some indications that IFNy
might play an important role within JIA pathogenesis. For ex-
ample, increased responsiveness of PB-derived classical mono-
cytes as well as naive CD4™ T cells towards IFNy stimulation,
as indicated by increased phospho-STAT3 and pospho-
STATT1 levels, respectively, has been described for polyarticu-
lar JIA [35]. In addition, gene expression analysis of SFMCs
of extended oligoarticular JIA patients revealed increased
IFNy levels compared with persistent oligoarticular JIA
SFMCs, which corresponded with a trend of more IFNy in the
SF of these patients [36]. Furthermore, IFNy has been de-
scribed to be produced by both CD4" and CD8" SF T cells
and contributes to the resistance of SF CD8" T cells to sup-
pression [37]. Our data indicated that transcriptional and epi-
genetic changes in inflammation-derived monocytes are
associated with the IFN-signalling pathway. Together with
the lack of H3K27ac differences between JIA PB and HC PB-
derived monocytes, this suggests that monocytes are
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epigenetically altered at the site of inflammation due to cell-
extrinsic factors, leading to altered gene expression which
results in increased activation and cytokine production and
thereby creating an auto-inflammatory loop. This is in agree-
ment with our iz vitro experiments using ruxolitinib, were we
cultured synovial monocytes in the presence and absence of
exogenous IFNy and noticed that the effect of ruxolitinib on
the transcriptome was very similar.

An epigenetic role for IFNy and type I IFNs has been de-
scribed in macrophages. IFNy primes existing regulatory ele-
ments by increasing histone acetylation and chromatin
remodeling, which leads to increased responsiveness of mac-
rophages to pro-inflammatory stimuli, such as LPS or type I
interferons [26, 38]. This increased responsiveness is illus-
trated by increased transcription of TNF and IL6, pro-
inflammatory cytokines which we found to be highly
expressed by inflammatory monocytes. IFNo has a similar
role and primes chromatin to enable robust transcriptional
responses to weak signals [39]. For example, IFNo enhances
TNF inflammatory function by preventing the silencing of in-
flammatory genes. IFNy can also induce de novo or latent en-
hancer formation by inducing transcription factors, such as
STATs and interferon regulatory factors (IRFs), that cooper-
ate with lineage-determining transcription factors to open
chromatin and deposit enhancer-associated histone marks in
mouse macrophages [40]. We observed that inhibiting IFN
signalling in JIA synovial monocytes using the JAK inhibitor
ruxolitinib profoundly affected the H3K27ac landscape,
while the H3K4mel profile was unaffected. This indicates
that in our experimental setting, ruxolitinib predominantly
affects existing regulatory elements by reducing H3K27ac de-
position. This is in line with observations in T cells, where
STATs have been demonstrated to have a major effect on
enhancers bound by the histone acetyltransferase p300, while
the impact of STATs on H3K4mel-positive enhancers was
minimal [41]. However, JAK inhibition prior to IFNy stimula-
tion has been demonstrated to affect H3K27ac as well as
H3K4mel at stimuli-specific enhancers [40]. This suggests
that, in patients, next to altering the established epigenetic
landscape of monocytes at the site of inflammation, JAK inhi-
bition might also affect formation of de novo enhancers. JAK
inhibitors are currently being used for the treatment of RA, ul-
cerative colitis and psoriasis and recently the JAK inhibitor
tofacitinib has been approved for the treatment or patients
with active polyarticular course JIA [42, 43]. The latter is
based on a phase 3 study evaluating the efficacy and safety of
tofacitinib which demonstrated that the occurrence of disease
flares was significantly decreased in tofacitinib-treated
patients compared with placebo-treated patients [44-46]. Our
data indicate that the therapeutic effect of JAK inhibition in
JIA is, at least partly, established by altering the epigenetic
landscape of inflammatory monocytes, thereby reducing the
expression of disease-associated genes. Gene set enrichment
analysis demonstrated that genes upregulated in RA synovial-
derived monocytes are enriched within the genes downregu-
lated by ruxolitinib in JIA, indicating that these genes in RA
might also be JAK-dependent and regulated by H3K27ac
[47]. Tt will be interesting to study if JAK inhibitors have a
similar effect in other autoimmune diseases as well.
Furthermore, the development of next-generation JAK-inhibi-
tors that selectively inhibit JAK2 will allow for more precise
control of disease-associated gene expression, as JAK2 is
upregulated in inflammatory monocytes [43]. Altogether our
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data provide further rationale for the treatment of inflamma-
tory arthritis patients with JAK inhibitors and indicate that
other molecules that affect the epigenetic landscape of inflam-
matory monocytes, or other immune cells, can have a thera-
peutic effect as well.

Supplementary material

Supplementary material is available at Rheumatology online.

Data availability

The sequencing data have been deposited online. Not all raw
RNA-sequencing and ChIP-sequencing data from the HC and
JIA patients used in this study are publicly available due to re-
search participant privacy/consent. Gene expression data of
ex vivo HC and JIA monocytes have been deposited in the
Gene Expression Omnibus database (GSE220264). Data
from RNA-seq and ChIP-seq experiments with Ruxolitinib-
and IFNy-stimulated JIA monocytes, RNA-seq experiments
with JQ1-treated JIA monocytes and ChIP-seq experiments
with ex-vivo HC and JIA monocytes are accessible at
10.5281/zenodo.7487852. All other data are available in the
manuscript and its supplementary materials available at
Rbheumatology online.
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