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A B S T R A C T

Rheumatoid Arthritis (RA) represents a chronic T cell-mediated inflammatory autoimmune disease. Studies have
shown that epigenetic mechanisms contribute to the pathogenesis of RA. Histone deacetylases (HDACs) re-
present one important group of epigenetic regulators. However, the role of individual HDAC members for the
pathogenesis of arthritis is still unknown. In this study we demonstrate that mice with a T cell-specific deletion of
HDAC1 (HDAC1-cKO) are resistant to the development of Collagen-induced arthritis (CIA), whereas the antibody
response to collagen type II was undisturbed, indicating an unaltered T cell-mediated B cell activation. The
inflammatory cytokines IL-17 and IL-6 were significantly decreased in sera of HDAC1-cKO mice. IL-6 treated
HDAC1-deficient CD4+ T cells showed an impaired upregulation of CCR6. Selective inhibition of class I HDACs
with the HDAC inhibitor MS-275 under Th17-skewing conditions inhibited the upregulation of chemokine re-
ceptor 6 (CCR6) in mouse and human CD4+ T cells. Accordingly, analysis of human RNA-sequencing (RNA-seq)
data and histological analysis of synovial tissue samples from human RA patients revealed the existence of
CD4+CCR6+ cells with enhanced HDAC1 expression. Our data indicate a key role for HDAC1 for the patho-
genesis of CIA and suggest that HDAC1 and other class I HDACs might be promising targets of selective HDAC
inhibitors (HDACi) for the treatment of RA.

1. Introduction

Rheumatoid Arthritis (RA) is a chronic inflammatory autoimmune

disease, which leads to irreversible destruction of the joints. Despite big
efforts to develop new therapeutic strategies there is still a large
number of patients who fail to respond to current therapies [1]. The
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interplay of various immune cells leads to local and systemic in-
flammation. T cells play a central role in the pathogenesis of RA due to
their capacity to drive activation of B cells, monocytes, macrophages
and fibroblast-like synoviocytes (FLS) [2]. T cells occur in high numbers
in synovial infiltrates and are considered major culprits in arthritis
development. Various CD4+ T cell subsets and their lineage-specific
cytokines contribute to the inflammatory cascade. CD4+ T cell lineage
identity is determined by the expression of specific master transcription
factors (TF) [3]. Binding of TF is regulated by epigenetic modifications,
such as posttranslational histone modifications. Recruitment of TF and
co-factors to specific enhancer regions can thereby ensure a specific
lineage identity.

One of the best-characterized histone modifications is the reversible
acetylation of lysine residues, which is regulated by the opposing en-
zyme families of histone acetyltransferases (HATs) and histone deace-
tylases (HDACs). HDACs modify epigenetic landscapes by removing
acetyl groups of lysine residues of histones, which results in chromatin
condensation and repression of transcription [4]. In mammals, 18
members of the HDAC family have been identified and are divided into
four subclasses according to their homology to yeast enzymes [4–7].
Various HDAC members are also key regulators of T cell subset differ-
entiation and T cell-mediated autoimmune diseases [5]. In case of RA, a
dysregulation of HDACs in peripheral blood mononuclear cells
(PBMCs), macrophages and FLS were associated with a higher disease
activity [6–10]. In line with this, HDACi exhibit a potential as anti-
inflammatory drugs in various murine arthritis models [11–17]. We
previously showed that HDAC1 activity in CD4+ T cells is crucial for
the development of experimental autoimmune encephalitis (EAE) [18].
However, whether HDAC1 in CD4+ T cells is a key player for the de-
velopment of arthritis has not been investigated. In this study we show
that a conditional deletion of HDAC1 in the T cell lineage leads to a
complete protection of CIA, a murine model which resembles rheu-
matoid arthritis. Reduced serum levels of IL-6 and IL-17 where detected
during different phases of the disease, revealing a potential role of
HDAC1 in the production of pro-inflammatory cytokines. Upregulation
of the chemokine receptor CCR6, which is important for the induction
of CIA [1,19], was impaired in IL-6 cultured HDAC1-deficient CD4+ T
cells as well as murine and human Th17 cells treated with selective
class I HDACi. Taken together, our data reveal HDAC1 and class I
HDACs as a potential new target for the treatment of RA.

2. Methods

2.1. Animal models

All experiments were approved by the local ethics committee.
Animal experiments were evaluated by the ethics committee of the
Medical University of Vienna and approved by the Federal Ministry for
Science and Research, Vienna, Austria (GZ: BMWF-66.009/0347-WF/
V/3b/2016). Hdac1flox/flox were crossed to the Cd4Cre mice as previously
described [18,20]. Animal husbandry and experimentation was per-
formed under national laws (Federal Ministry for Science and Research,
Vienna, Austria) and according to the guidelines of FELASA which
match that of ARRIVE. All mice were analyzed 8–18 weeks of age and of
mixed sex unless otherwise stated. Littermate controls were used for all
experiments.

2.2. Induction of CIA

HDAC1-cKO mice and littermate controls were immunized sub-
cutaneously with 50 μg chicken type II collagen (Sigma-Aldrich) in
50 μl H2O, emulsified in 50 μl Freund's complete adjuvant, enriched
with 10 μg/ml Mycobacterium tuberculosis (H37Ra; Difco/BD
Biosciences), on day 1 and day 21, as previously described [21]. Mice in
this disease model are expected to develop arthritis between week 3
and week 10 and were evaluated twice a week for symptoms of arthritis

using a semi-quantitative scoring system including the degree of joint
swelling and grip strength. Briefly, joint swelling was examined using a
clinical score ranging from 0 to 3 (0 no swelling, 1 mild swelling of the
toes and ankle, 2 moderate swelling of the toes and ankle, and 3 severe
swelling of the toes and ankle). In addition, grip strength of each paw
was analyzed using a wire, 3 mm in diameter, to determine grip
strength scores ranging from 0 to 3 (0 normal grip strength, 1 mildly
reduced grip strength, 2 moderately reduced grip strength, and 3 se-
verely reduced grip strength). Assessments were performed in a blinded
fashion. Animals were killed at week 10 after disease induction.

2.3. Evaluation of inflammation and local bone erosions by histologic
examination

Mouse hind paws were fixed in formalin for 6 h, decalcified in 14%
EDTA/ammonium hydroxide buffer until the bones were pliable. Serial
paraffin sections (2 μm) were stained with hematoxylin and eosin (H&
E) or stained for tartrate-resistant acid phosphatase (TRAP) activity.
TRAP staining was performed using a leukocyte acid phosphatase
staining kit (Sigma). For exact quantification of the areas of in-
flammation and erosions, H&E− and TRAP-stained sections were
evaluated using an Axioskop 2 microscope (Carl Zeiss Micro- Imaging)
and Osteomeasure Analysis System (OsteoMetrics), which allows ab-
solute quantification of areas in histologic sections. The sum of the
inflamed or eroded areas of inflammation for each single mouse was
calculated by evaluating all tarsal joints. In addition, the number of
osteoclasts was counted on TRAP-stained serial sections.

2.4. Measurement of serum anti-collagen type II antibody levels

On day 21 and day 60 after the first immunization, approximately
50 μl of blood of each animal was collected from the tail vein. Serum
samples were prepared and anti-collagen type II (CII) antibody levels
were determined by ELISA. Isolated sera were investigated for total
anti-CII IgM and IgG, as well as for anti-CII IgG1 and IgG2c levels
through quantitative ELISA as described previously [22]. Plates were
coated with rat CII (10 μg/ml) in PBS overnight. After washing 3 times
with PBS/Tween, the diluted serum samples were added and incubated
for 2 h at room temperature or overnight at 4 °C. After washing plates 5
times, peroxidase-conjugated rat anti-mouse IgG or goat anti-mouse
antibodies specific for IgM, IgG1 and IgG2c (Southern Biotech) were
used as detecting antibodies. Plates were developed using ABTS (Roche
Diagnostic Systems) as substrate, and the absorbance was then mea-
sured at 405 nm using a Synergy-2 reader (BioTek). Total anti-CII IgG
levels were measured as μg/ml using purified polyclonal anti-CII IgG
antibodies of a known concentration as a standard. For IgM and IgG-
isotype levels, sera were pre-diluted 1:500 in duplicates and OD values
were determined using pooled sera from naive and arthritic mice as
negative and positive control, respectively.

2.5. TNP- KLH immunization

20 μg TNP- keyhole limpet hemocyanin (KLH) (Biosearch
Technologies) was allowed to adsorb on 2 mg of aluminum hydroxide
(Thermofisher) for 1 h at 4 °C. Non-adsorbed TNP-KLH was washed
away with PBS, the TNP-KLH-aluminum hydroxide mixture was re-
suspended in 200 μl PBS and injected intraperitoneally. TNP-specific
serum titers were determined 10 days later by ELISA as follows: briefly,
96-well flat-bottom Immulon plates were coated with 100 μg/ml of
TNP-BSA (Biosearch Technologies) overnight at 4 °C, washed with PBS,
and blocked with PBS/1% BSA for 2 h at room temperature (RT).
Antibody-containing serum diluted between 1/100 to 1/1000 was
added to each well. Plates were incubated for 2 h at RT. Wells were
washed with PBS/0,5% Tween-20. Plates were further incubated with a
1/2000 dilution of alkaline phosphatase-conjugated goat anti-mouse
IgM or IgG1 antibody (Southern Biotechnology). 6 mice were
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immunized per genotype.

2.6. Purification of mouse CD4+ T cells

Pooled cell suspensions of lymph nodes (LN) and spleens were in-
cubated with biotinylated anti-mouse CD11b (clone M1/70,
BioLegends), anti-mouse CD8α (53–6.7, BD Biosciences), anti-mouse
CD11c (HL, BD Biosciences), anti-mouse B220 (RA3-6B2, BioLegends),
anti-mouse Gr1 (Ly-6g, BioLegends), anti-mouse NK1.1 (PK136,
BioLegends) and anti-mouse Ter-119 (Ter-119, BD Biosciences) in PBS/
2%FBS. CD4+ T cells were purified by negative depletion using strep-
tavidin beads (BD Biosciences) according to the manufacturer's in-
structions. CD4+ T cells were further sorted into naive CD4+ T cells
(CD25–CD44lowCD62L+) on a FACS Aria cytometer (BD Biosciences).
The purity of the populations was routinely> 99%.

2.7. Culturing and analysis of mouse CD4+ T cells

FACS-sorted naive CD4+ T cells were stimulated (day 0) with plate-
bound anti-CD3ε (1 μg/ml) and anti-CD28 (3 μg/ml) (both BD) on 48-
well plates (0.3 × 106 cells/well) in 1 ml T cell medium (RPMI
GlutaMAX-I, supplemented with 10% FCS, antibiotics, and 2-mercap-
toethanol; all from Sigma Aldrich) in the presence of 1 ng/ml TGF-β
and/or 20 ng/ml IL-6 (R&D Systems). When indicated MS-275
(Selleckchem) (2 or 4 μM final concentration) or DMSO only (as carrier
control) was added 48 h later and cells were cultured for additional
24 h. Cells were harvested and analyzed on day 3 of culture and in-
cubated with Fc-Block (1:250, BD Biosciences) followed by surface
staining. Dead cells were excluded with Fixable Viability Dye eFluor®
506 (eBioscience) according to the manufacturer's protocol. Cells were
measured with BD Fortessa or BD LSRII cytometers and analyzed using
FlowJo software (BD). The following antibodies were used: CD4 (RM4-
5), TCRβ (H57-597) (all from eBioscience) and CCR6 (140706) (BD
Bioscience).

2.8. Purification, culturing and analysis of human CD4+ T cells

PBMC were isolated from heparinized blood by layering over LSM
1077 Lymphocyte Separation Medium (Biocoll Separation Medium,
Merck Millipore)with density gradient centrifugation at 400×g. Cells
were extracellularly stained for CD3 (SK7,BD Pharmigen), CD4
(REA623), CD45RA (HI100) both from Miltenyi Biotec, CD25 (M-A251,
BD Pharmigen) and CD127 (eBioRDR5,ebioscience); followed by FACS-
sorting for naive (CD45RA+CD127hiCD25neg) CD3+CD4+ T cells on a
BD FACSAria Fusion (BD Biosciences) cell sorter. FACS-sorted naive
CD4+ T cells were stimulated with human T-activator CD3/CD28
Dynabeads (Gibco Thermo Scientific) at a 1:1 ratio on 96-well plates
(75000 cells/well) in 200 μL AIM V medium/well (Gibco) supple-
mented with 5 ng/ml TGF-β and/or 25 ng/ml IL-6 for 7 days, in the last
48 h in the presence of DMSO and 2 μM MS-275. Approximately,
0.5 × 106 cells were used for surface staining, dead cells were excluded
using Fixable Viability Dye eFluor® 506 (Thermo Scientific) according
to the manufacturer's protocol. The following antibodies were used:
CD4 (RPA-T4), CD45RO (UCHL1) and CCR6 (REA190, Miltenyi Biotec).

2.9. Measurement of serum cytokines

Serum samples were collected before immunization (day −7), as
well as 10 days and 55 days after immunization. IFN-γ, IL-10, IL-22,
TNF-α, IL-6 and IL-17 were analyzed by LEGENDPlex (Biolegend) ac-
cording to the manufacturer's instructions.

2.10. Statistical analysis

Statistical analyses were performed using Prism Software
(GraphPad Inc) and R [23]. P-values were calculated with an unpaired

two-tailed Student's t-test for normal distributed data with equal var-
iances, Welch's t-test for normal distributed data with unequal var-
iances, Wilcoxon test for non-normal distributed data and with Pear-
son's product moment correlation coefficient for correlations (the latter
as implemented in ‘cor.test’ in R). No data were excluded. For CIA
scoring, blinding of investigators was applied.

2.11. RNA-sequencing - data processing

RNA-seq from previously published data were analyzed as follows:
reads were mapped either onto the mouse reference genome release
mm10 (GRCm38) or onto the human reference genome release GRCh38
[24] with Ensembl transcript annotation version 89 [25] using Tophat
version 2.1.1 [26] with Bowtie version 2.2.9 [27]. Reads were counted
with featureCounts [28]. Gene expression values (fragments per kilo-
base exon per million mapped reads (FPKM)) were calculated with
Cufflinks version 2.2 [29]. The differential expression between two
paired sample groups was calculated with edgeR [30]. The filtering for
differentially expressed genes is for p-value of 0.05 (FDR corrected) and
minimal fold-change of 2. RNA-seq data of WT and Stat3−/− CD4+ T
cells are available on the GEO repository under the accession number
GSE65621 [31].

2.12. Immunofluorescence staining of human RA synovial tissue samples

RA synovial tissues were obtained as discarded specimens following
synovectomy or joint replacement with approval of the local ethics
committee. Synovial tissues were frozen in TissueTEK compound
(Sakura) and cryosections were made in 3 μm thickness. Sections were
fixed with phosphate buffered formaldehyde, blocked with fetal calf
serum and then incubated with the following antibodies: mouse anti-
human-HDAC1 (10E2) (Cell Signaling Technology), rabbit anti-human-
CCR6 (Lifespan Bioscience), Alexa Fluor 488 anti-human CD4
(Biolegend), Alexa Fluor 555 goat anti-mouse (Invitrogen) and Alexa
Fluor 647 goat anti-rabbit (Invitrogen). Nuclei were counterstained
with DAPI (Molecular Probes). Slides were mounted using ProLong
Gold antifade reagent (Molecular Probes). Images were acquired using
an Olympus IX83 microscope and analyzed with Cell Profiler Version
3.1.5..

3. Results

3.1. HDAC1-cKO mice are resistant to CIA

To test the importance of HDAC1 in CD4+ T cells for the develop-
ment of CIA, we immunized Hdac1flox/floxxCd4Cre (HDAC1-cKO) and
Hdac1flox/flox mice (WT) control mice with chicken collagen type II,in
complete Freund's adjuvant (CFA) as described previously [2,19]. Mice
were evaluated twice a week for the development of arthritis by a semi-
quantitative score, that includes paw swelling and grip strength. WT
mice developed clear clinical signs of arthritis, such as paw swelling
and reduced grip strength. Surprisingly, HDAC1-cKO mice were com-
pletely protected from CIA (Fig. 1a and Supplementary Fig. 1)). De-
tailed histological analysis of the paws of WT mice showed severe signs
of arthritis including inflammation, erosion and infiltration of osteo-
clasts, while HDAC1-cKO mice did not show any histological signs of
inflammation (Fig. 1b and c). Thus, deletion of HDAC1 in T cells in-
hibits the development of arthritis.

3.2. HDAC1-cKO mice show an unaltered antibody response

Since CIA is characterized by increased production of pathogenic
autoantibodies, we measured anti-collagen II (anti-CII) antibody levels
in the sera of immunized HDAC1-cKO and WT mice. In line with the
clinical data, WT mice developed anti-CII antibody at day 21 after im-
munization. Unexpectedly, although HDAC1-cKO mice did not develop
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arthritis, similar amounts of total anti-CII IgG and anti-CII IgM were
detected (Fig. 2a) as compared to WT mice. In particular, no difference
could be detected for the levels of the anti-CII IgG subclasses IgG1 and
IgG2c, which are known to be pathogenic isotypes in the CIA model
(Fig. 2a). These data suggest an unaltered inflammatory cascade in
response to immunization with chicken collagen type II and CFA.

To further investigate the T cell-dependent antibody response, we
immunized WT and HDAC1-cKO mice with the thymus-dependent an-
tigen TNP-KLH. In line with the data obtained in the CIA model, no
differences in the titers of IgM and IgG1 antibodies specific to TNP after
immunization with a TNP-KLH-aluminum hydroxide mixture were ob-
served in HDAC1-cKO compared to WT mice measured ten days after
intraperitoneal immunization (Fig. 2b).

This suggests an undisturbed T cell/B cell interaction in the absence
of HDAC1 and an unimpaired antibody switch to IgG1 in HDAC1-cKO
mice. Collectively, these data implicate an undisturbed T cell-mediated
B cell response in HDAC1-cKO mice.

3.3. Diminished Th17 cytokines in HDAC1-cKO mice

Various cytokines have been described to play a crucial role for the
development of CIA and display potent therapeutic targets [32]. To
analyze potential alterations in the cytokine milieu in the absence of
HDAC1, we measured serum cytokines in chicken CII/CFA-immunized
WT and HDAC1-cKOmice. On day 10 after immunization we observed a

strong upregulation of inflammatory cytokine production (TNF-α, IFN-
γ, IL-6 and IL-17) in WT as well as HDAC1-cKO mice when compared to
pre-immunized WT and HDAC1-cKO mice, respectively. No difference
was detected for the Th1-associated cytokines IFN-γ and TNF-α or other
cytokines such as IL-10 and IL-22 (Fig. 3). Interestingly, IL-6 and IL-17
were significantly reduced in HDAC1-cKO mice as compared to WT
mice (Fig. 3), suggesting a role of HDAC1 in the regulation of Th17-
associated pathways under inflammatory conditions.

3.4. Disturbed regulation of CCR6 in HDAC1-cKO mice

To define the Th17-associated signature we compared the tran-
scriptome of ex vivo isolated naive CD4+ T cells and IL-17 GFP+

Th17 cells, isolated from lamina propria cells, from previously pub-
lished datasets [33]. As depicted in Fig. 4a we observed a high number
of differentially regulated genes in ex vivo isolated Th17 cells as com-
pared to naive CD4+ T cells. Among them, Ccr6 was highly upregulated
in differentiated Th17 cells (Fig. 4b). Since IL-6 is a major driver of
Th17 cells and is diminished in the serum of HDAC1-cKO mice (Fig. 3)
we addressed the effects of IL-6 on CD4+ T cells. Naive CD4+ T cells
(CD44loCD62L+CD25−) from WT and HDAC1-cKO mice were activated
via anti-CD3 and anti-CD28 and cultured in the presence of IL-6 for 3
days. Surprisingly, IL-6 stimulated CD4+ T cells from WT mice revealed
a strong expression of CCR6, which is a crucial chemokine receptor for
the development of CIA [3,19]. In contrast, HDAC1-deficient CD4+ T

Fig. 1. Loss of HDAC1 protects from the development of CIA. CIA was induced in WT and HDAC1-cKO mice a) Clinical quantification of paw swelling and grip
strength in WT (n = 11) and HDAC1-cKO mice (n = 12) after induction of CIA. Data are expressed as Mean values ± Standard Error of the Mean. Data show one
representative out of two independent experiments. Significant differences could be detected for paw swelling and grip strength using a two-way anova *p ≤ 0.05 b)
At week 10 mice were sacrificed and analyzed for histological signs of inflammation. Plots show quantitative histomorphometric analysis of hind paws of WT and
HDAC1-cKO mice after CIA induction. Data are expressed as Mean values ± Standard Error of the Mean. Statistical significance is shown as asterisks *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001. c) Representative TRAP and H&E stainings from histological sections are shown from WT and HDAC1-cKO mice.
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cells failed to express CCR6 under this condition (Fig. 4c), similar to
observations previously made in anti-CD3/anti-CD28 (Th0) activated
HDAC1-cKO CD4+ T cells [34]. IL-6 exerts its effect mainly through
signal transducer and activator of transcription 3 (STAT) 3 and STAT1
[4,31]. Analysis of previously published STAT3 ChIP-Seq datasets
[4,31] revealed multiple binding peaks in the Ccr6 gene locus in naive

CD4+ T cells in the presence of IL-6 (Fig. 4d), strongly suggesting that
STAT3 is part of the transcriptional network regulating of Ccr6 ex-
pression. In line with this, Ccr6 mRNA levels were significantly di-
minished in Stat3−/− mice (Fig. 4e). To further investigate the effects
of selective HDACi on the in vitro differentiation of Th17 cells we iso-
lated naive WT CD4+ T cells and stimulated them with IL-6 and TGF- β

Fig. 2. Regular antibody production in HDAC1-cKO mice a) Anti-CII antibodies from the serum of WT and HDAC1-cKO mice were measured by ELISA at day 21
after induction of CIA. Total anti-CII IgG antibody concentration is shown in μg/ml. IgM and IgG isotype levels are presented in levels of OD 405 signal. Data are
expressed as Mean values ± Standard Error of the Mean. b) Mice were immunized with TNP-KLH in aluminum hydroxide mixed with PBS on day 0 (n = 6 per
group). At day 10, IgM and IgG1 isotype levels were evaluated by antigen-specific ELISA. Mean values ± Standard Deviation Data show the summary (a) of 11 WT
and 11 HDAC1-cKO mice that were analyzed in one experiment or show one representative of two independent experiments of 6 WT and 6 HDAC1-cKO mice (b).

Fig. 3. Diminished production of pro-inflammatory cytokines in HDAC1-cKO mice. Serum cytokines were measured before (day −7) and after induction of CIA
(day 10 and day 55) by flow cytometry. Statistical significance is shown as asterisks *p ≤ 0.05. Data are expressed as Mean values ± Standard Error of the Mean.
Data show the summary of 12 WT mice and 12 HDAC1-cKO mice analyzed in one experiment.
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in the presence or absence of the class I HDAC inhibitor MS-275 [35].
We observed a dose-dependent reduction of CCR6 expression under
Th17 skewing conditions (Fig. 4f). These data support a key role of
CCR6 as a target of selective HDACi in CD4+ T cells.

3.5. Disturbed regulation of CCR6 in CD4+ T cells from RA patients

To further investigate a potential link between RA and class I
HDACs, we determined the expression levels of HDAC1 in samples from
human RA patients. We combined a collection of RNA-seq datasets of
synovial biopsies from healthy individuals and untreated newly

(caption on next page)
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diagnosed RA patients from previously published datasets [36]. Indeed,
we observed increased levels of HDAC1 in RA patients as compared to
HC consistent with elevated levels of CD4+ T cells, which positively
correlated to HDAC1 expression levels (Fig. 5a and b). In addition,
HDAC1 expression levels also correlated with CCR6 expression levels
(Supplementary Fig. 2a). We further stained synovial tissue samples
from RA patients for CD4, CCR6 and HDAC1 and revealed a co-locali-
zation of CCR6, HDAC1 and CD4 (Fig. 5c), indicating the presence of a
CD4+CCR6+HDAC1+ T cell population in the synovial tissue of RA
patients.

To test the impact of HDAC inhibitors on the expression of CCR6, we
isolated human CD4+ T cells from healthy controls (HC) and cultured
them in the presence of TGF- β and IL-6 and MS-275 (or DMSO as
carrier control). In line with the murine data (Fig. 4f) we observed a
decrease of CCR6 expression upon MS-275 treatment. To further un-
derline the relevance of selective HDAC inhibition on CCR6 levels, we
analyzed published RNA-seq data [37] of CD4+ T cells isolated from
patients with cutaneous T cell lymphoma under treatment with the
HDACi vorinostat or romidepsin. As shown in Supplementary Fig. 2b,
CD4+ T cells display reduced CCR6 expression over the time of treat-
ment. These data are in agreement with our in vitro data and highlight
the potential of selective HDACi for patients with Th17-driven auto-
immune diseases.

4. Discussion

Herein we addressed the role of HDAC1 in T cells for the develop-
ment of arthritis in the CIA model, which is still one of the most widely
used experimental models of RA. The anti-inflammatory effects of
various non-selective HDACi have been described in additional murine
arthritis models, which suggests a potential use for treatment of in-
flammatory and autoimmune diseases [6–17,38,39]. To focus on the
selective role of HDACs, Hdac1flox/flox mice were crossed to Cd4Cre mice,
which allowed us to investigate the effects of HDAC1 in CD4+ T cells
under inflammatory conditions. Remarkably, HDAC1-cKO mice were
completely protected from the development of arthritis and did not
show any clinical or histological signs of disease.

Measurement of anti-CII antibody serum levels revealed no differ-
ence between WT and HDAC-1cKO mice. In line with the unimpaired
production of anti-CII antibodies, we detected no differences in TNP-
specific antibody subclasses between HDAC1-cKO and WT mice. This
strongly suggests an intact T cell-mediated B cell response, which is
indispensable for the development of CIA [40]. Since the induction of
CIA is dependent on effector CD4+ T cells, we measured Th1, Th2 and
Th17-dependent cytokines in the serum. A strong upregulation of pro-
inflammatory cytokines after immunization was found in both WT and
HDAC1-cKO mice, which reflects the undisturbed first wave of the
immune response. Interestingly, Th17 signature cytokines, such as IL-6
and IL-17, were significantly decreased in HDAC1-cKO mice. IL-17A is
secreted by Th17 cells which express the transcription factor RAR-re-
lated orphan receptor-C (RORC) and the chemokine receptor CCR6
[41,42]. Since the discovery of Th17 cells, an overwhelming number of
studies have been published, which highlights the potential role of this
subset for the pathogenesis of RA [43]. In RA patients increased

numbers of CD4+ T cells expressing CCR6 were found among PBMCs as
well as in the inflamed synovium. In addition, our group could recently
demonstrate that Ccr6−/− mice develop a less severe arthritis in the
CIA model [19]. Our data show a severe dysregulation of CCR6 ex-
pression in IL-6 stimulated HDAC1 deficient CD4+ T cells in a STAT3
dependent manner. These data are in line with our previously published
data which show that CCR6 expression in anti-CD3/anti-CD28 activated
CD4+ T cells is diminished in the absence of HDAC1 [34]. Accordingly,
selective inhibition of class I HDACs leads to a dose-dependent inhibi-
tion of CCR6 expression under Th17 polarizing conditions in mouse and
human CD4+ T cells. Of note, HDAC1-cKO CD4+ T cells cultured in the
presence of TGF-β and IL-6 did not display a reduced expression of
CCR6 [34], suggesting that other HDACs might compensate for loss of
HDAC1. We conclude that disturbed CCR6 regulation in HDAC1-cKO
mice might impair the migration of CD4+ T cells, which affects severity
of arthritis in HDAC1-cKO mice. This assumption is strongly supported
by our previous analysis of CIA in Ccr6−/− mice, which also show re-
duced levels of arthritis. Since the reduction of arthritis is even more
pronounced in mice with a germline deletion of Ccr6, additional cell
subsets other then CD4+ T cells, which also express CCR6, most likely
contribute to the development of CIA. To provide a further rationale for
the role of HDACs in the pathogenesis of RA we analyzed expression
levels of HDAC1 in CD4+CCR6+ T cells from existing RNA-seq data and
performed histological analysis of human synovial tissue samples.
HDAC1 levels were elevated in RA patients as compared to HC and
correlated with the number of CD4+ T cells. Accordingly, we observed
CD4+CCR6+HDAC1+ T cells in synovial tissue samples, which suggests
a role of HDAC1 also in the pathogenesis of RA. Th17 polarization of
murine and human T cells in the presence of a selective HDAC inhibitor
also decreased CCR6 expression. These data are in line with the existing
literature which shows that HDACi have effects on various cell types
from RA patients, including peripheral blood mononuclear PBMCs,
macrophages and FLS [6–8,11–17,44]. To confirm CCR6 as a treatment
target for HDACi, we reanalyzed RNA-seq data from CD4+ T cells from
patients suffering from cutaneous T cell lymphoma under treatment
with vorinostat and romidepsin [37]. Indeed, also in ex vivo isolated
human samples inhibition of HDACs had a direct effect on the expres-
sion of CCR6 in CD4+ T cells. These data highlight the role of CD4+

cells and elucidate the importance of HDAC1 for the development of
arthritis. Furthermore, we could identify CCR6 as a treatment target of
HDACi. Selective inhibition of class I HDACs might therefore be a
promising new treatment option for Th17-mediated autoimmune dis-
eases.
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shot of the Ccr6 gene locus is shown. e) RNA-seq was performed in activated WT and STAT3−/− CD4+ T cells when cultured in the presence of IL-6 for 3 days. (as
described by Hirahara et al. [31]. RNA-seq FPKM values of Ccr6 expression are shown (n = 3). Mean values ± Standard Error of the mean are shown. f) Naive CD4+
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elevated in early diagnosed untreated RA patients as compared to HC. b) CD4 expression is significantly correlated to HDAC1 expression (R2 = 0.277, p-
value = 2.611*^10−5). c) Synovial tissue samples from RA patients were stained for the expression of CD4, CCR6 and HDAC1. Nuclei were stained for DAPI. One
representative example out of 6 is shown. d) Naive CD3+CD4+ CD45RA+CD127hiCD25neg T cells from HC were activated in the presence of TGF-β and MS-275 or
DMSO control. After 7 days CCR6 expression was analyzed by flow cytometry. When indicated, statistical significance was shown as asterisks; *p≤ 0.05, **p≤ 0.01,
***p ≤ 0.001.
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