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A B S T R A C T

In rheumatoid arthritis (RA), imbalanced T cells subsets play a critical role in sustaining chronic inflammatory
responses in the synovium. Naïve T cells in RA patients undergo maldifferentiation, including an increase in the
effector Th1/Th17 lineage and a reduction in regulatory T (Treg) cells. Upon stimulation, naïve CD4+CD45RO−

T cells from RA patients exhibited insufficient expression of Foxp3, which induced a deficiency in Tregs pro-
duction and an imbalance of Treg/Th17 differentiation. Further mechanistic study indicated that RA T cells
failed to produce sufficient levels of the histone acetyltransferase Tip60, leading to reduced acetylation of Foxp3;
this, in turn, decreased Foxp3 expression, impaired Treg commitment, and promoted Th17 production.
Moreover, in human synovium chimeric mice, suppression of Tip60 activity in healthy T cells promoted tissue
infiltration and arthritogenesis, while reconstitution of Tip60 in RA T cells suppressed synovitis and effector T
cell infiltration. Our findings link T cell maldifferentiation and tissue infiltration with Tip60-mediated Foxp3
acetylation and identify Tip60 as a potential therapeutic target for suppression of tissue inflammation and au-
toimmunogenesis in RA.

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease that is
characterized by synovial inflammation and cartilage damage [1]. T
cells are a critical regulator in the pathogenesis of RA as they accu-
mulate in the lesions of joints, resulting in tissue-destruction and sus-
taining chronic inflammation. Memory/effector CD4+ T cells help the
formation of ectopic germinal centers in synovial tissue. However, T
cell abnormalities in RA involve not only end-differentiated T lym-
phocytes that drive chronic inflammation but also the pool of unprimed
naïve T cells [2–4]. The phenomena of malfunctions of naïve T cells in
RA include telomere shortening, DNA damage accumulation, metabolic
disorders [5–9], and an imbalanced pattern of T cell lineage differ-
entiation that is skewed toward Th17 helper T cells rather than

regulatory T (Treg) cells [10].
The imbalanced state between Th17/Treg cells and pro-/anti-in-

flammatory cytokines is critical for the development and progression of
RA, which is in turn strongly associated with the onset of auto-
immunity, chronic inflammation, and thus joint damage in RA [11].
Th17 cells lead to arthritogenic symptoms through the production of
proinflammatory cytokines production, such as IL-17, TNF-α and IL-6
[11,12], whereas Tregs maintain self-tolerance by suppressing Th cells
proliferation and activity through directly contact and by secretion of
anti-inflammatory cytokines, such as IL-10 and TGF-β [11]. The key
transcription factor that dominates Treg lineage commitment is the
forkhead transcription factor Foxp3, which is also essential for main-
taining the suppressive activity of mature peripheral Tregs [13,14].
Several studies have suggested that decreased Foxp3 expression leads to
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the conversion of Tregs to Th17 effector cells [15–17]. Since an increase
in the Th17 cell subset and a decrease in Tregs drives the development
of autoimmune arthritis in RA patients, exploiting the molecular me-
chanism of Foxp3 regulation is important for understanding RA evo-
lution.

The HIV Tat-interactive protein Tip60 is a histone acetyltransferase
which belongs to the MOF–YBF2–SAS2–Tip60 (MYST) family. Emerged
studies indicate that Tip60 is an important transcriptional regulator,
namely, it can interact with many families of transcription factors and
to exert acetyltransferase activity for multiple genes involved in the
diverse cellular responses [18–20], including DNA damage repair,
apoptosis, transcriptional regulation and allergies [21–26]. Tip60 en-
hances both the protein stability and transcriptional activity of Foxp3
by increasing the acetylation level of Foxp3 protein. Mechanism studies
demonstrated that acetylation of Foxp3 protein results in increased
protein levels through the prevention of Foxp3 polyubiquitination and
protein degradation [27–29]. Except for regulating Treg cell differ-
entiation, it was also demonstrated that Tip60 plays a pivotal role in
regulating the reciprocally interconnected differentiation of Tregs and
Th17 cells [30,31]. The interaction between Tip60 and Foxp3 sup-
presses the Th17-defining transcription factor RORγt. Therefore, in-
sufficiency of the Tip60-Foxp3 complex releases the transcriptional
activity of RORγt and thus expands Th17 cell differentiation. Con-
sidering the importance of the Treg/Th17 differentiation program im-
balance in RA, a question was raised concerning whether Tip60-medi-
ated Foxp3 expression contributes to this imbalance in RA disease.

Here, we reported that naïve CD4+ T cells in RA patients fail to
upregulate the expression of Tip60 protein when primed through the T
cell receptor (TCR) stimulation and that Tip60 deficiency leads to re-
duced Foxp3 expression and impaired both Treg differentiation and the
suppression capability of Tregs in RA T cells. Mechanistic studies in-
dicated that Tip60-regulated Foxp3 protein acetylation is critical for
Foxp3 stability. Knockdown of the Tip60 gene and the use of Tip60
acetyltransferase activity inhibitor reduced Foxp3 expression and Treg
production during T cell differentiation, and impaired the suppression
effects of Tregs. Ectopically expressed Tip60 recovered Treg differ-
entiation and the suppression capability of Tregs in RA through ele-
vation of acetylated Foxp3. Moreover, a deficiency in acetyltransferase
activity of Tip60 has a significant impact on T cell tissue infiltration and
renders T cells arthritogenesis, whereas restoration of Tip60 in
CD45RO− peripheral blood mononuclear cells (PBMCs) attenuated the
inflammatory state of the synovial tissue in a synovial tissue-engrafted
humanized mouse model. Thus, Tip60 is critically involved in main-
taining the differentiation balance and immune tolerance in pro-
liferating CD4+ T cells. Tip60-Foxp3 impairment in RA T cells may
create an inflammation-prone T cell pool and induce a hyperin-
flammatory phenotype in the synovial tissue.

2. Materials and methods

2.1. Patients and control individuals

The study group included 89 individuals with a diagnosis of RA, 16
with knee osteoarthritis (OA), and 85 healthy controls (HCs). The RA
patients fulfilled the American College of Rheumatology (ACR) criteria
[32], and all RA patients were positive for rheumatoid factor and/or
anticyclic citrullinated peptide antibody. The control subjects were
matched with age, gender and ethnicity. A history of cancer, un-
controlled medical disease or any other inflammatory syndrome were
excluded. Healthy individuals didn't have any personal or family his-
tory of autoimmune disease. The demographic characteristics of the OA
and RA patients and HC donors are summarized in Table I. The study
was approved by the Medical Ethics Committee of Hospital and all
subjects provided appropriate informed consent.

2.2. Cell purification and culture

PBMCs from the whole blood were separated with Lymphocyte
Separation Medium (Mediatech, Inc., Herndon, VA, USA). Synovial
fluids (SFs) were collected from knee joints. The samples were cen-
trifuged at 500×g for 6min. The pellets were diluted with PBS and
filtered through 70 μm nylon filter. To sort CD4+CD45RO− cells,
PBMCs were negatively selected with CD45RO microbeads (Miltenyi
Biotec Inc., Auburn, CA, USA), followed by positive selection with CD4
microbeads using autoMACS (Miltenyi Biotec Inc., Auburn, CA, USA).

CD4+CD45RO− cells (1.0× 105/well) were stimulated with CD3/
CD28-coupled beads (Invitrogen, Carlsbad, CA, USA) in a 2.5:1 ratio.
IL-2 (20 IU/ml) was added on days 0 and 3. The cells were counted by
flow cytometry or trypan blue exclusion.

For T cell differentiation, CD4+CD45RO− T cells (1.0× 105/well)
were seeded into U-bottomed 96-well plates pre-coated with anti-CD3
(1 μg/ml; BioLegend, USA) and anti-CD28 (1 μg/ml; BioLegend, USA).
Tregs differentiation: IL-2 (10 U/ml), TGF-β1 (2.5 ng/ml) and neu-
tralizing antibodies to IL-4 (1 μg/ml) and IFN-γ (1 μg/ml) were added.
Th17 cell differentiation: IL-1β (10 ng/ml), IL-6 (10 ng/ml), IL-21
(10 ng/ml), IL-23 (10 ng/ml), TGF-β1 (2.5 ng/ml) and neutralizing
antibodies to IL-4 (1 μg/ml) and IFN-γ (1 μg/ml) were added. All cy-
tokines were obtained from Peprotech (Peprotech, Rocky Hill, NJ,
USA). The cells were collected on day 6 and analyzed by flow cyto-
metry.

Suppression assays for Tregs were performed by culturing CFSE-
labeled naïve CD4+CD25− T cells (responder cells) and CD4+CD25+ T
cells (Tregs). CD4+CD25+ Tregs and CD4+CD25− responder cells were
isolated with Treg isolation kit (Miltenyi Biotec Inc., Germany), mixed,
and seeded in round-bottom 96-well plates with 1:1 ratio. The cells
were then stimulated with anti-CD3/CD28-coupled beads. After four
days, the cells were stained with CD4-APC and PE-CD25 to discriminate
each T-cell population and the proliferation of CD4+CD25− T cells was
detected as the dilution of CFSE on flow cytometry.

2.3. Flow cytometry

For intracellular staining, the cells were surface stained with FITC-
CD4, APC-CD4, PE-CD4, PerCP-CD25 and PE-CD25 antibodies. Then,
intracellular staining was performed with a BD Permeabilization/

Table 1
Demographic characteristics of the study populations.

Characteristics HC OA RA P

Demographic
Number of subjects 85 16 89
Female/Malea 58/27 14/2 62/27 0.83
Age (mean ± SEM years)a 51.9 ± 1.6 54.8 ± 2.7 53.7 ± 1.8 0.21
Clinical characteristics
Disease duration (mean ± SEM

years)
N/A 8.1 ± 1.0

Active disease N/A 84.3%
Tobacco use N/A 22.5%
Extra-articular manifestations N/A 41.6%
ESR, mm/h N/A 39.5 ± 1.9
DMARD naïve N/A 10.1%
Medications
Corticosteroids N/A 70.8%
Methotrexate N/A 67.4%
Hydroxychloroquine N/A 56.2%
Leflunomide N/A 24.7%
TNF-α inhibitors N/A 14.6%

a No significant difference, RA patients compared with HC donors. ESR, er-
ythrocyte sedimentation rate; DMARD, disease-modifying antirheumatic drugs;
an active disease defined by Food and Drug Administration (FDA) criteria
[presence of three or more of the following: morning stiffness (> 45min),
swollen joints (> 3), tender joints (> 6) and sedimentation rate (> 20mm/h)].

Q. Su, et al. Journal of Autoimmunity 100 (2019) 27–39

28



Fixation kit. A total of 107 cells/ml were stained with APC-IL-17a, FITC-
IL-17a, FITC-Foxp3 and PE-Foxp3 antibodies. All antibodies were ob-
tained from eBioscience (eBioscience, San Diego, CA, USA). The protein
expression levels were detected by an LSRII flow cytometer (BD
Biosciences, San Jose, CA, USA). The data were analyzed with the
FlowJo software.

2.4. RNA isolation and quantitative real-time PCR (QPCR)

Total RNA was extracted from 1.0× 105 cells, and cDNA was syn-
thesized with the AMV-reverse transcriptase and random hexamer
primers (Roche Diagnostic Corp., Indianapolis, USA). Reverse tran-
scription was performed using a standard procedure (Super Script First-
Strand Synthesis System; Invitrogen) using 1 μg of total RNA. QPCR was
performed using the iQ SYBR Green Supermix on the iCycler Real-Time
Detection system (Bio-Rad, Hercules, CA, USA) [33]. The primer se-
quences used to amplify Tip60, Foxp3, IL-6, TNF-α, IL-17, IL-10, TGF-β,
TRB, TNFSF11 and GAPDH were listed in Table II. The relative amount
of mRNA was normalized to that of the housekeeping GAPDH as in-
dicated and then quantified.

2.5. Immunoprecipitation and western blotting

CD4+ T cells were washed twice with cold PBS and lysed in 1.5 ml
of cold lysis buffer (50mM Tris-HCl, pH 7.6, 150mM NaCl, 0.1% Triton
X-100, 1mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM so-
dium pyrophosphate, 10mg/ml aprotinin, 10mg/ml leupeptin, 2 mM
phenylmethylsulphonyl fluoride and 1mM EDTA) on ice. The super-
natants of the cell lysates were precleared by incubation with protein
A/G PLUS-Agarose for 2 h. Then, the lysates were incubated with anti-
Foxp3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and protein A/
G PLUS-Agarose on a rotator at 4 °C overnight. Immune complexes were
collected after each immunoprecipitation by centrifugation at
13,000×g for 10min, followed by washes with lysis buffer. The im-
mune complexes were subjected to sodium dodecyl sulfate–polyacry-
lamide gel electrophoresis (SDS-PAGE), followed by immunoblotting
with anti-Acetylated-Lysine Ac-K-103 (Cell signaling Technology,
Danvers, MA, USA) and Foxp3-specific antibodies.

Our previously reported methods were applied for western blotting
[5]. Briefly, whole-cell lysates were prepared in radio-
immunoprecipitation (RIPA) buffer (Cell Signaling Technology, USA).
Equal amounts of total protein from each sample were loaded into a
SDS-PAGE gel and then transferred to a nitrocellulose membrane
(Amersham, Piscataway, NJ, USA). Antibodies specific for Tip60 (Santa
Cruz Biotechnology, USA), Foxp3 (Santa Cruz Biotechnology, USA) and

acetylated-lysine Ac-K-103 (Cell signaling Technology, USA) were
added, and the blots were incubated overnight at 4 °C. The membranes
were subsequently incubated with secondary antibodies (1:5000; Santa
Cruz, USA) for 1 h at room temperature and developed with a chemi-
luminescent detection system (GE Healthcare, Buckinghamshire, UK).
To ensure equal loading, the membranes were stripped and reprobed
for GAPDH using mouse anti-human GAPDH antibodies (1:4000; Santa
Cruz Biotechnology).

2.6. shRNA-mediated knockdown

To knockdown Tip60 expression, four different Tip60 shRNA-spe-
cific constructs with EGFP tags were synthesized with psi-U6-EGFP as
the control vector (GeneCopoeia, Rockville, MD). Alternatively, Oligo
duplex RNA specific for Tip60 and a control siRNA were purchased from
Santa Cruz Biotechnology (Santa Cruz, USA). 6 μg of siRNA oligonu-
cleotides or shRNA constructs were transfected into purified CD4+ T
cells using the Amaxa Nucleofector system and the Human T Cell
Nucleofector kit (Lonza Walkersville Inc., Walkersville, MD, USA) as
previously described [5,9]. Twenty-four hours after transfection, the
cell numbers were adjusted, and the CD4+ T cells were stimulated as
described above.

2.7. Transfection of Tip60 into naïve CD4+ T cells

Naïve CD4+ T cells were stimulated with anti-CD3/CD28 and
transfected with pEGFP-C2 or pEGFP–Tip60; and pcDNA3.1 or
pcDNA3.1-Tip60 using the Amaxa Nucleofector system and the Human
T Cell Nucleofector kit (Lonza Walkersville Inc., USA). After 48 h, the
transfection efficiencies were monitored by measuring the frequency of
GFP-positive cells using a flow cytometer.

2.8. Synovitis induction in chimeric mice

Female NOD.Cg-PrkdcscidIl2rgtm1 Wjl/SzJ (NSG) mice (10–14
weeks old) (The Jackson Laboratory, Bar Harbor, ME, USA) were used
as previously described [34]. Pieces of synovial tissue from RA patients
were placed into a subcutaneous pocket on the upper dorsal midline.
For the inhibitor experiment, following engraftment, the mice were
injected intravenously with 10 million CD45RO− PBMCs which sepa-
rated from healthy controls. Chimeric mice from the same litter and
carrying the same synovial tissue were randomly assigned to two
groups: either treated with vehicle (DMSO) control or treated with
Tip60 inhibitor NU9056, 2mg/kg/day. Both treatments were delivered
by daily intraperitoneal injection over a period of 9 days. For the Tip60
overexpression, chimeric mice from the same litter that carried the
same synovial tissue were randomly assigned to two groups. CD45RO−

PBMCs were prepared from RA patients and transfected with either a
control plasmid (pCDNA3.1) or a pCDNA3.1-Tip60 plasmid. The
transfected cells were rested for 24 h before adoptive transfer. At the
end of the experiments, the mice were sacrificed, and the synovial tis-
sues were harvested and embedded in paraffin for histological studies
or shock frozen in liquid nitrogen for RNA extraction [35].

2.9. Synovial histopathological examination and immunostaining

Paraffin-embedded synovial tissues were sectioned continuously at
5mm intervals, and the sections were subjected to standard haema-
toxylin and eosin (H&E) staining or stained using FITC-IL-17a
(eBioscience, USA), FITC-Foxp3 (eBioscience, USA), anti-CD3 (Abcam,
USA), anti-CD20 (Invitrogen, Carlsbad, CA, USA), anti-RANKL (Abcam,
Cambridge, MA, USA), anti-Tip60 (Santa Cruz, USA) and acetylated-
lysine Ac-K-103 (Abcam), followed by an staining with horseradish
peroxidase (HRP)-conjugated or fluoresce-conjugated second anti-
bodies per standard staining protocols. Isotype-matched primary anti-
bodies served as controls. Antibody binding was examined by light

Table 2
Primer sequences.

TIP60 5′-CGTAAGAACAAGAGTTATTCCCA -3′
5′-GTCTTCCGTTGATTCTTTCTCC -3′

Foxp3 5'-CAGCCATGATCAGCCTCACA-3'
5'-CACTGGGATTTGGGAAGGTG-3'

IL-6 5′-GGTACATCCTCGACGGCATCT-3′
5′-GTGCCTCTTTGCTGCTTTCAC-3′

TNF-α 5′-TCTTCTCGAACCCCGAGTGA-3′
5′-CCTCTGATGGCACCACCAG-3′

IL-17 5′-TCAACCCGATTGTCCACCAT-3′
5′-AGTTTAGTCCGAAATGAGGCTG-3′

IL-10 5′‐CCGAGATGCCTTCAGCAGAG‐3′
5′‐GGTCTTGGTTCTCAGCTTGG‐3′

TGFβ 5′-CCCAGCATCTGCAAAGCTC-3′
5′-GTCAATGTACAGCTGCCGCA-3′

TRB 5'-CCTTCAACAACAGCATTATTCCAG-3'
5'-CGAGGGAGCACAGGCTGTCTT-3'

TNFSF11 5′-CCCATAAAGTGAGTCTGTCC-3′
5′-CAATACTTGGTGCTTCCTCC-3′

GAPDH 5′-GGTGGTCTCCTCTGACTTCAACA-3′
5′-GTTGCTGTAGCCAAATTCGTTGT-3′
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microscopy or fluorescence microscopy. Positive-staining cells were
determined by manual counting observing 9 different fields of synovial
tissue sections at magnification of ×400 as we previously reported
[36]. As one area of 400× magnification revealed a synovial area of
0.11740mm2, nine microscopy fields reveal an area of nearly 1mm2

which is proved to be representative.

2.10. Statistical analysis

Groups were compared using parametric t-tests for independent or
paired samples as appropriate. The results were expressed as the
mean ± standard error of the mean (SEM). The Chi-square test was
used to compare categorical variables between different groups. P va-
lues less than 0.05 were considered significant.

3. Results

3.1. Reduced Treg production in RA patients

Tregs play a critical role in protecting the onset of RA by suppres-
sing inflammation. To verify the Treg and Th17 cell production under
autoimmune inflammatory conditions, the frequencies of
CD4+CD25+Foxp3+ Tregs and CD4+IL-17+ Th17 cells were examined
in PBMCs and SFs from RA patients using flow cytometry. To exclude
factors that impact T cell differentiation other than immune regulation,
the frequency of Tregs and Th17 cells was also detected in matched OA
patients; OA was used as the disease control, as it is characterized by
cartilage damage induced by abnormal wearing of the cartilage and low
inflammation. Compared with the OA patients, the frequency of
CD4+CD25+Foxp3+ Tregs in RA patients was significantly lower both
among PBMCs (1.54% vs. 0.47%, P=0.0005; Fig. 1A and B) and in the
SFs (2.38% vs. 1.33%, P=0.003; Fig. 1A and B), whereas the fre-
quency of IL-17-producing CD4+IL-17+ Th17 cells in RA patients was
significantly higher both among PBMCs (0.75% vs. 3.5%, P=0.0008;
Fig. 1C and D) and in the SFs (0.97% vs. 5.7%, P=0.0009; Fig. 1C and
D), indicating an immune imbalance between Tregs and Th17 cells
occurred in RA disease. Consistently, the synovium from RA patients
contained significantly higher levels of Th17-associated cytokines, in-
cluding IL-17, TNF-α and IL-6, and lower levels of IL-10 and TGF-β,
which are Treg cytokines that inhibit inflammation in tissues (Fig. 1E).
These data strongly suggested that synovial arthritis in RA patients is
dominated by a Treg/Th17-based mechanism.

To determine whether maldifferentiation of Tregs and Th17 cells
was relevant in RA, the naïve CD4+ T cells from RA patients and
matched HCs and OA patients were polarized under Treg- and Th17-
polarizing conditions. Under Treg-polarizing conditions, there was an
evidently lower frequency of (CD4+CD25+Foxp3+) in RA T cells after
introduction, namely 4.5% compared with 14.3% in OA and 15.7% in
HCs. Under Th17-polarizing conditions, the RA T cells were tended to
commit to the Th17 differentiation program, with a frequency of
Th17 cells (CD4+IL17+) of 25.1% in RA patients as opposed to the
6.8% in OA and 5.0% in HCs (Fig. 1F and G). Moreover, the suppression
capacity of Tregs from HCs, OA and RA patients were determined by
conculturing Tregs with CFSE-labeled naïve CD4+ T cells, and the
suppression efficiency was calculated by the rate of CFSE dilution.
CD4+ T cells were more susceptible to the suppressive effects of Tregs
from HCs and OA patients than of Tregs from RA patients with the
division indices being (HC, 1; OA, 1.16; and RA, 1.62) (Fig. 1H and I).
These results suggested that the Tregs differentiation program and Treg
suppression efficiency are blocked in RA patients.

3.2. Naïve CD4+ T cells from RA patients fail to induce Foxp3

The insufficient differentiation of Tregs from RA T cells raised the
question of whether Foxp3, the key transcription factor for Treg dif-
ferentiation, was functional. To assess Foxp3 expression in naïve CD4+

T cells, T cells marked with CD4+CD45RO− were purified from PBMCs
collected from RA patients and matched HCs and OA patients. The cells
were activated with anti-CD3/CD28. Both gene and protein expression
levels of Foxp3 were evaluated to identify the underlying mechanism of
Foxp3 deficiency. As shown in Fig. 2, The abundance of Foxp3mRNA in
naïve CD4+ T cells from RA patients was comparable to that in naïve
CD4+ T cells from HCs and OA patients (Fig. 2A). The reduced Foxp3
expression in RA T cells was confirmed by flow cytometry, which
showed a reduction of nearly 50% in the FITC-Foxp3 mean fluorescence
intensity (MFI) in RA patients compared with the MFI in HCs and OA
patients (Fig. 2B and C). However, the results of western blotting re-
vealed significantly decreased Foxp3 levels in naïve T cells from RA
patients, whereas increased levels were observed in T cell populations
from both HCs and the OA patients (Fig. 2D). These results suggested
that the Foxp3 downregulation in RA T cells is associated with the post-
translational modification mechanisms.

Since acetylation is a key protein modification for maintaining the
stability of Foxp3, the Foxp3 acetylation level was measured by im-
munoprecipitation assay using a Foxp3 antibody and subsequent wes-
tern blotting with an anti-acetylated-lysine antibody. A substantially
lower level of acetylated-Foxp3 level was found in the RA T cells than T
cells of HCs and OA patients when loading same amounts of Foxp3
protein for all three groups, indicating a deficiency of Foxp3 acetylation
occurring in the RA T cells after priming (Fig. 2E and F).

3.3. RA T cells fail to upregulate the Tip60 acetyltransferase during
activation

Tip60 is the key acetyltransferase in Foxp3 acetylation, and Tip60-
mediated Foxp3 acetylation protects Foxp3 from protein degradation
and subsequently promotes Treg differentiation [30]. To assess whether
the loss of Foxp3 acetylation in RA patients was caused by Tip60 de-
ficiency, Tip60 induction during priming was examined. The
CD4+CD45RO− cell population was stimulated with anti-CD3/CD28
beads, Transcript levels of Tip60 were detected in the naïve CD4 T cells
from RA patients and age-matched HCs and OA patients. There was a
significantly lower of Tip60 expression in the naïve T cells of RA than
that from HCs and OA patients (Fig. 3A and B). To assess the impact of
immunosuppressive therapy and the disease state on Tip60 induction,
we examined the newly diagnosed RA patients that were not on disease-
modifying anti-rheumatic drugs (DMARDs) treatment or corticosteroid
treatment within three months before the samples were collected. We
found no significant difference between the Tip60 levels in the treated
and untreated patients (Fig. 3C), which excluded drugs as the sole
causative factors underlying Tip60 insufficiency. Remarkably, the de-
creased Tip60 expression was significantly correlated with reduced
Tregs production in individual T cell samples from RA patients
(Fig. 3D). To confirm that the co-occurred downregulation of Tip60 and
Foxp3 in RA patients, their protein expression in HCs, OA and RA T
cells were quantified by western blotting. The results showed that both
the Tip60 and Foxp3 band intensities were significantly downregulated
in RA CD4+ T cells compared with the intensities of HCs and OA
(Fig. 3E and F).

To assess the correlation of insufficient Tip60 expression with im-
paired Foxp3 expression, Total nuclear Tip60 and Foxp3 expression
were visualized by dual-color immunostaining with anti-Tip60 and
anti-Foxp3 antibodies. Elevated expression of Tip60 and Foxp3 under
stimulation were found and these elevations were highly efficient in
healthy T cells. There was a clear Tip60 and Foxp3 colocalization signal
with yellow color observed in this cell type. In contrast, both the Tip60
and Foxp3 nuclear signals were markedly lower in the RA-derived T
cells (suppl. Fig. 1A and B). Moreover, to explore the pathogenic roles
of the Tip60 regulated foxp3 acetylation in the synovitis of RA patients,
synovial sections from OA and RA patients were staining with Foxp3,
acetylated-lysine, and Tip60 antibodies. We observed that the expres-
sion of Foxp3 and acetylated-Foxp3 and Tip60 was absent in sections
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from RA patients but stronger in OA patients. Moreover, three staining
show similar decreasing tendency of Foxp3, acetylated-Foxp3 and
Tip60 expression in RA synovium when compared with OA (Fig. 3G and
H).

3.4. Tip60 activity inhibition or silencing impairs Foxp3 expression and
Treg differentiation

To assess whether diminished Tip60 contributes to the tissue in-
filtration and pro-inflammatory effect of RA T cells, Tip60 gene

expression in naïve CD4+ T cells was inhibited using a Tip60 siRNA
(Fig. 4). Twenty-four hours later, the T cells were stimulated with anti-
CD3/CD28-beads. Tip60 sequence-specific knock down significantly
reduced the Tip60 gene and Tip60 protein expression (Fig. 4A and B),
which mimicked the conditions in RA T cells. Impaired Tip60 induction
in T cells also downregulated the level of the Foxp3 acetylation in the
healthy T cells to the level observed in the RA T cells (Fig. 4C). To
further clarified that Tip60 downregulation reduce Foxp3 expression,
we made GFP tagged Tip60 shRNA. Flow cytometry showed that
25%–40% of the T cells transfected with either the psi-U6-EGFP or psi-

Fig. 1. Deficiency of Treg cell differentiation in RA patients. (A–D) T cell subsets among PBMCs and in the SFs were isolated from RA (n= 6) and OA patients
(n=6). (A–B) Treg cell subsets: cells were stained with antibodies against CD4, CD25, and Foxp3. (A) Representative dot plots. (B) Percentages of
CD4+CD25+Foxp3+ cells among PBMCs and in the SFs from 3 experiments examining 6 RA patients and 6 OA patients are presented as the mean ± SEM. (C–D)
Th17 cell subsets: cells were stained with antibodies against CD4 and IL-17a. (C) Representative dot plots. (D) Percentages of CD4+IL-17+ cells among PBMCs and in
the SFs from 3 experiments examining 6 RA patients and 6 OA patients are presented as the mean ± SEM. (E) Production of cytokines IL-6, TNF-α, IL-17, IL-10 and
TGF-β in the synovium was measured by QPCR. The data are representative of three independent experiments. (F–G) T cell differentiation: CD4+CD45RO− T cells
were cultured under Treg-polarizing or Th17-polarizing conditions, restimulated with PMA/ionomycin, and stained to evaluate intracellular Foxp3 and IL-17a
expression. (F) Representative dot plots for Treg cell (right) and Th17 cell (left) production. (G) Percentages of Tregs (CD4+CD25+Foxp3+) under Treg-polarizing
conditions or CD4+Foxp3+ Tregs and CD4+IL-17a+ Th17 cells under Th17-polarizing conditions from 3 experiments examining 10 RA patients, 10 OA patients, and
10 healthy controls (HCs) are presented as the mean ± SEM. (H-I)CD4+CD25+ Tregs were generated from HCs, OA and RA patients. On day 6, Tregs were purified
and cocultured at a 1:1 ratio with CFSE-labeled CD4+CD25− cells. Cocultures were stimulated with anti-CD3/CD28 beads. On day 4 of the coculture, proliferation of
the CD4+ T cells was analyzed by quantifying CFSE dilution using flow cytometry. (H) Histograms from a representative experiment are shown. (I) The mean ± SEM
of CFSE division of CD4+ T cells are shown for 6 independent experiments. **P < 0.01; ***P < 0.001.

Fig. 2. Low Foxp3 expression in naïve T cells from RA patients. CD4+CD45RO− T cells from RA, OA patients and matched HCs were stimulated for 4 days. (A)
The Foxp3 transcript levels were quantified by QPCR. The mean ± SEM of three experiments is shown. (B) Foxp3 protein level in naïve T cells was analyzed by flow
cytometry. The FITC-Foxp3 MFIs from representative histograms for one HC (blue), one OA, and one RA (red) patient are shown. The isotype control (IgG) is
superimposed as a shaded area. (C) Three independent experiments examining 10 RA patients, 10 OA patients, and 10 HCs are presented as the mean ± SEM. (D)
Foxp3 protein expression was detected by western blotting. The Foxp3 band intensities were normalized to GAPDH. The images are representative of 3 independent
experiments with 10 RA patients, 10 OA patients, and 10 HCs. (E–F) Insufficient protein acetylation of Foxp3: (E) after adjusting the cell lysates from HCs and OA and
RA patients with same amounts of Foxp3 protein, acetylated-Foxp3 level was determined with using a coimmunoprecipitation assay with anti-Foxp3, followed by
immunoblotting with anti-acetylated-lysine and anti-Foxp3 antibodies. Representative blots from three independent experiments are shown. (F) The band intensity of
acetylated-Foxp3 was normalized to Foxp3. The coimmunoprecipitation experiment results analyzing 6 RA patients, 6 OA patients and 6 HCs are shown as the
mean ± SEM. **P < 0.01; ***P < 0.001; n.s., non-significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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U6-EGFP-Tip60 vector were GFP+ (suppl. Fig. 2A). The loss of Foxp3
acetylation was concomitant with reduced Foxp3 expression, as in-
dicated by the flow cytometry assay after gating the GFP+ cell popu-
lation in control and Tip60 shRNA-transfected cells (Fig. 4D and Suppl.
Fig. 2B). Consistent with the decrease in the Tip60-Foxp3 axis, the
production rate of Tregs was significantly lower in the Tip60 siRNA-
transfected cells than in the control siRNA-transfected cells. The fre-
quency of Tregs decreased from 13.8% in the controls to 5.5% in the
Tip60-deficient T cells, whereas the frequency of Th17 cells was in-
creased from 6.2% in the controls to 25.6% in the Tip60-deficient T cells
(Fig. 4E and F). Moreover, the suppression assays for Tip60 siRNA-
transfected and control siRNA-transfected Tregs indicated that the
suppressive properties of the Tregs after Tip60 knock down were much
weaker than those of control Tregs (Fig. 4G). These results indicated
that Tip60 expression is strongly correlated with Foxp3 expression and
subsequent Treg differentiation.

In an alternative approach to assess the correlation of Tip60-regu-
lated Foxp3 expression with the acetyltransferase activity of Tip60, T
cells were treated with Tip60 inhibitor NU9056, which specifically

inhibits Tip60-regulated protein acetylation. We observed that inhibi-
tion of the enzymatic activity of Tip60 induced a significant down-
regulation of Foxp3 protein acetylation and expression and Treg dif-
ferentiation. A 2 μM dose of NU9056 was sufficient to reduce Foxp3
expression (Fig. 4H–J) and Treg production to the levels seen in the RA
T cells (Fig. 4K and L), which concomitant with the reduced suppression
capability in Tregs with activity inhibition of Tip60 (Fig. 4M). Those
data suggested that Tip60-dependent Foxp3 acetylation is essential for
Foxp3 protein stability and Treg cell production.

3.5. Ectopic Tip60 expression rescues Foxp3 expression and Treg
differentiation

To examine whether the reconstitution of Tip60 expression could
protect Foxp3 from degradation in RA T cells and rebuild Treg differ-
entiation, pEGFP-Tip60 or control plasmids were transfected into pur-
ified CD4+ T cell. The results showed that restoring adequate level of
Tip60 was sufficient to recover the acetylation defect of Foxp3 and re-
pair Foxp3 expression in RA CD4+ T cells, suggesting that Tip60 can

Fig. 3. Impaired Tip60 expression in RA patients. CD4+CD45RO− T cells from RA patients and controls were stimulated for 4 days, and (A–B) Tip60 gene
expression was quantified by QPCR in naïve T cells from RA patients, HCs and OA patients. The results from 3 independent experiments involving 16 RA patients and
14 HCs are shown as scatter plots in relation to the donor age (A) and as bar graphs displaying the mean ± SEM of the RA patients, HCs and OA patients (B). (C)
Tip60 insufficiency is independent of drug treatment (treated vs. treatment naïve), and Tip60 gene expression was measured in the naïve CD4+ T cells 4 days after
TCR-mediated stimulation. (D) Tip60 transcript levels were correlated with the number of Treg cells in the PBMCs from RA patients. (E–F) Representative blotting for
Tip60 and Foxp3 protein expression (E). The Tip60 and Foxp3 band intensities were adjusted to GAPDH. The western blotting experiment results analyzing 6 RA
patients, 6 OA and 6 HCs are shown as the mean ± SEM (F). (G) Co-immunostaining of Foxp3 (green), acetylated-lysine (red), and Tip60 (white). Representative
images are from one of three synovial tissue sections from the OA and RA patients. Bar, 20 μm. (H) Fluorescence intensities of Foxp3 (green), acetylated-lysine (red),
acetylated-Foxp3 (combined green and red), and Tip60 (white) in the sections of synovial tissue from 6 OA and 6 RA patients are presented as the mean ± SEM.
***P < 0.001; n.s., non-significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Foxp3 expression and Treg cell differentiation are regulated by Tip60. CD4+ T cells from healthy donors were transfected with control or Tip60-specific
shRNA by nucleofection or treated with Tip60-specific inhibitor NU9056 (2 μM) at day 3 after bead stimulation. (A) The Tip60 transcript levels were quantified by
QPCR 24 h after control and Tip60 siRNA transfection. (B) Representative blotting for Tip60 and Foxp3 expression. (C) Foxp3 acetylation was determined by a
coimmunoprecipitation assay after transfection. (D) The Foxp3 levels in T cells were analyzed by flow cytometry in the GFP+ cell population after control and Tip60
shRNA transfection. Representative histograms for one control shRNA (blue) and one Tip60 shRNA (red); three independent experiments examining 6 HCs are
presented as the mean ± SEM. (E–G) CD4+ T cells were transfected with the control or Tip60 siRNA and cultured under Treg- or Th17-polarizing conditions, and
intracellular staining for Foxp3 and IL-17a was performed. (E) Representative dot plots for Treg and Th17 cell production. (F) Percentages of Tregs under Treg-
polarizing conditions or CD4+Foxp3+ cells and CD4+IL-17a+ Th17 cells under Th17-polarizing conditions are presented as the mean ± SEM. (G) Suppression
ability of the Tregs from control and Tip60 siRNA was analyzed by quantifying CFSE dilution. (H–M) Tip60 inhibitor: (H) Representative blotting for Foxp3 protein
expression after NU9056 treatment. (I) Foxp3 acetylation was determined by a coimmunoprecipitation assay. (J) The Foxp3 protein levels in T cells were analyzed by
flow cytometry. Representative histograms for DMSO (blue) and the Tip60 inhibitor (red); three independent experiments examining 6 HCs are presented as the
mean ± SEM. (K–M) CD4+ T cells were treated with vehicle (DMSO) or NU9056 (2 μM) and cultured under Treg- or Th17-polarizing conditions. (K) Representative
dot plots. (L) Percentages of Tregs or Th17 cells are presented as the mean ± SEM. (M) Suppression ability of the Tregs from vehicle and inhibitor treatment cells
was analyzed by quantifying CFSE dilution. **P < 0.01; ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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stabilize Foxp3 expression through enhancing Foxp3 acetylation
(Fig. 5A–D).

Direct quantification of Treg/Th17 cells in the transfected T cell
populations revealed no significant difference of Foxp3 levels in the
control vector-transfected T cells and the RA T cells. In contrast, RA T
cells successfully transfected with the Tip60 plasmid displayed a
marked improvement of the Treg frequency concomitant with a de-
crease in Th17 frequency. The frequency of Tregs improved from 4.6%
in cells transfected with the control vector to 13.8% in cells over-
expressing Tip60 (Fig. 5E, G), whereas the frequency of Th17 cells fell
from 28.8% in cells transfected with the control vector to 6.3% in cells
overexpressing Tip60 (Fig. 5F and G). The suppressive capability of the
Tregs after Tip60 reconstitution was significantly elevated compared to
the Tregs from control vector-transfected cells (Fig. 5H). These results
directly indicate the role of Tip60-dependent Foxp3 acetylation in Treg

differentiation.

3.6. Inhibition of Tip60 increases T cells tissue infiltration and
proinflammatory effects

During T cell-mediated synovial inflammation, T cells need to gain
infiltration activity and accumulate in the synovial tissue, where they
exhibit arthritogenic effects by producing proinflammatory cytokines
and activating other immune cells. To investigate the process through
which T cells initiated and drive synovitis, we used a human-SCID
chimeric mouse model in which the synovial tissue from RA patients
was transplanted into the immunodeficient mice and the CD45RO−

PBMCs from healthy donors were adoptively injected to the chimeric
mice, and the mice were subsequently treated with the Tip60 inhibitor
NU9056 (Fig. 6).

Fig. 5. Overexpression of Tip60 restores Treg cell differentiation. Naïve CD4+ T cells from RA patients were transduced with pEGFP-C2 or pEGFP-Tip60. The
cells were transfected after anti-CD3/CD28 bead stimulation. (A) Representative blotting for Tip60 and Foxp3 protein expression after transfection. (B–C) The Foxp3
protein levels in naïve T cells were analyzed by flow cytometry in GFP+ cell population after transfection (B). Three independent experiments examining 6 RA
patients are presented as the mean ± SEM (C). (D) Foxp3 acetylation was determined by a coimmunoprecipitation assay with anti-Foxp3, followed by im-
munoblotting with an anti-acetylated-lysine antibody. Representative blots from three independent experiments are shown. (E–H) T cell differentiation:
CD4+CD45RO− T cells were cultured under Treg- or Th17-polarizing conditions, re-stimulated with PMA/ionomycin and subjected to intracellular staining for
Foxp3 and IL-17a. (E–F) Representative dot plots for Tregs (right) and Th17 cell (left) production. (G) Percentages of Tregs under Treg-polarizing condition or
CD4+Foxp3+ cells and CD4+IL-17a+ Th17 cells under Th17-polarizing conditions from three independent experiments examining 6 RA patients are presented as the
mean ± SEM. (H) Naïve CD4+ T cells from RA patients were transduced with pcDNA3.1and pcDNA3.1-Tip60. Suppression capability of the Tregs from cells
transfected with control and Tip60 plasmids was analyzed by quantifying the CFSE dilution. The mean ± SEM of division indics are shown from 6 independent
coculture experiments. **P < 0.01; ***P < 0.001.
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The inhibition of Tip60 acetyltransferase activity resulted in an
enhanced tissue accumulation of immune cells, as indicated by H&E
staining showing morphological changes (Fig. 6A). The inhibition of
Tip60 activity significantly upregulated the gene expression of T cell
receptor beta locus (TRB), which is indicative of an increase in T cell
infiltration, and TNFSF11 (encoding RANKL) transcription, which is a
critical in mediating rheumatoid bone destruction (Fig. 6B) [37,38].
Since B cells are the critical autoantibody-producing cell type, the B cell
numbers were also measured by CD20 staining. The CD20+ B cells were
markedly increased in the synovial tissues of Tip60 inhibitor-treated
chimeric mice, suggesting that the inhibition of Tip60 acetyltransferase
activity can increase the ability of T helper cells to activate B cells.
Moreover, the protein expression level of the osteoclastogenic ligand

RANKL increased multifold in the synovial tissue (Fig. 6C–E).
To examine the possible link between tissue infiltration, the pro-

inflammatory effect and T cell differentiation, we quantified Treg and
Th17 subsets using dual-color immunofluorescence staining
(Fig. 6F–H). After Tip60 inhibitor treatment, the RA T cells exhibited
diffused synovial infiltration and promptly induced the CD3+IL-17+

profile in tissue-infiltrating cells, while the loss of Tip60 function re-
sulted in a significant reduction in Foxp3+ cells (Fig. 6F–H). Im-
munohistological staining indicated that the downregulation of Foxp3
expression associated with reduced level of acetylated-Foxp3 in the
synovial sections from Tip60 inhibitor treated mice than that from
control (Fig. 6I and J). Additionally, there are Th17 enrichment and
Tregs reduction which were confirmed by the upregulation of the

Fig. 6. Tip60 controls the arthritogenic effect of T cells. Pairs of NSG mice were engrafted with synovial tissue from RA patients, CD45RO− PBMCs from healthy
donors were transferred to the chimeric mice. The mice were divided into two groups, vehicle (DMSO) control and treatment with NU9056 group, where both
treatments were delivered by intraperitoneal injection of 2mg/kg/day for 9 days. (A) H&E staining was performed to compare the overall morphology of the
synovium. Representative images of the synovium in the vehicle (n= 6) and Tip60 inhibitor-treated (n= 6) chimeric mice are shown. The data are representative of
three independent experiments. (B) The intensity of synovial inflammation was compared by QPCR to assess TRB and TNFSF11 gene expression. All data are
presented as the mean ± SEM from at least 6 different synovial grafts. (C–E) CD20 (C) and RANKL (D) were stained by immunohistochemistry in synovial tissue
sections. The percentages of CD20+ B cells and RANKL-positive cells were determined by counting 9 different fields of synovial tissue sections and presented as the
mean ± SEM (E). (F–H) T cell infiltration: (F) Representative images of anti-CD3 (red) and IL-17a staining (green) of the vehicle- (n= 6) and Tip60 inhibitor-treated
(n=6) chimeric mice. CD3+IL-17+ double positive cells are indicated by a yellow coloring. Bar, 20 μm. (G) Representative images of anti-Foxp3 staining (green) of
the vehicle- (n= 6) and Tip60 inhibitor-treated (n= 6) samples. Bar, 20 μm. (H) The percentages of CD3+IL-17+ cells and Foxp3+ cells are presented as the
mean ± SEM. (I) Co-immunostaining of Foxp3 (green), acetylated-lysine (red), and Tip60 (white). Representative images are from one of three synovial tissue from
vehicle and Tip60 inhibitor-treated chimeric mice. Bar, 20 μm. (J) Fluorescence intensity of Foxp3, acetylated-Foxp3 (combined green and red) and Tip60 are
presented as the mean ± SEM. (K) Expression of IL-6, TNF-α, IL-17, IL-10 and TGF-β in the synovium was measured by QPCR. The data are representative of three
independent experiments. ***P < 0.001; n.s., non-significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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proinflammatory cytokines IL-17, TNF-α and IL-6 and the down-
regulation of the inhibitory cytokines IL-10 and TGF-β (Fig. 6K). These
data strongly suggested that the insufficiency of Tip60 acetyltransferase
activity increases the proinflammatory effect of T cells by destroying
the balance of Treg/Th17 differentiation.

3.7. Restoring Tip60 expression rescues Foxp3 and prevents synovial
inflammation

To further understand whether repairing Tip60 expression in RA
CD4+ T cells is sufficient to correct their pathogenic effects, the Tip60
gene was overexpressed in CD4+ T cells from RA patients prior to
adoptive transfer. Ectopic Tip60 expression strongly attenuated in-
flammation and immune cell infiltration of the engrafted synovial tissue
(Fig. 7A). Specifically, reconstitution of Tip60 in RA T cells diminished
the T cell density, as indicated by decreased TRB and TNFSF11 gene

expression (Fig. 7B). Moreover, ectopic expression of Tip60 acted
strongly against inflammation. Transfer of Tip60high RA T cells resulted
in downregulation of the B cell number and reduction of RANKL protein
expression (Fig. 7C–E). Mechanistic studies indicated that Tip60 protein
reconstitution in the transferred T cells corrected dysfunction in T cell
lineage commitment, especially decreasing the number of Th17
(CD3+IL-17+) cells and increasing the number of Foxp3+ cells in the
synovial tissue (Fig. 7F–H). Further staining of synovial sections in-
dicated that Foxp3 expression were upregulated following the rescue of
Tip60 and Foxp3 acetylation, indicating that Tip60-regulated Foxp3
acetylation is essential for the Foxp3+ Tregs production in RA patients
(Fig. 7I and J). As a result of recovering the Treg/Th17 differentiation
balance, the transcript levels of the inflammatory cytokines TNF-α, IL-6
and IL-17 were minimized and the levels of the anti-inflammatory cy-
tokines IL-10 and TGF-β were strongly elevated in the synovial tissue
(Fig. 7K). These experiments confirmed that Tip60 plays a critical role

Fig. 7. Restoring Tip60 expression in RA T cells prevents arthritogenic effect. Pairs of NSG mice were engrafted with synovial tissue from RA patients and
divided into two treatment groups. CD45RO− PBMCs from RA patients were transfected with either a control plasmid (pcDNA3.1) or pcDNA3.1-Tip60 and adop-
tively transferred to the chimeric mice. (A) H&E staining to compare the overall morphology of the synovium from control and Tip60 plasmids transferred chimeric
mice. Representative images of the synovium in the control (n= 6) and Tip60 plasmids (n= 6) samples are shown. Bar, 20 μm. (B) The intensity of synovial
inflammation was compared by QPCR to assess TRB and TNFSF11 gene expression. The data are representative of three independent experiments. All data are
presented as the mean ± SEM from at least 6 different synovial grafts. (C–E) CD20 (C) and RANKL (D) were stained by immunohistochemistry in synovial tissue
sections from control and Tip60 plasmid-transfected chimeric mice. The percentages of CD20+ B cells and RANKL-positive cells are presented as the mean ± SEM
(E). (F–H) T cell infiltration: (F) Representative images of anti-CD3 (red) and IL-17 staining (green) of the control (n=6) and Tip60 plasmids (n=6) samples.
CD3+IL-17a+ cells are indicated with a yellow coloring. Bar, 20 μm. (G) Representative images of anti-Foxp3 staining (green) of the control (n= 6) and Tip60
plasmids (n=6) samples. Bar, 20 μm. (H) The percentages of CD3+IL-17a+ cells and Foxp3+cells in randomly selected fields of synovial tissue sections are
presented as the mean ± SEM. (I) Co-immunostaining of Foxp3 (green), acetylated-lysine (red), and Tip60 (white). Representative images are from one of three
synovial tissue from control and Tip60 vector transfected mice. Bar, 20 μm. (J) Fluorescence intensity of Foxp3, acetylated-Foxp3 (combined green and red) and
Tip60 are presented as the mean ± SEM. (K) Expression of IL-6, TNF-α, IL-17, IL-10 and TGF-β in the synovium was measured by QPCR. The data are representative
of three independent experiments. **P < 0.01; ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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in cell infiltration and disease-associated effects of T cells in RA pa-
tients, and that restoring Tip60 protein concentrations is sufficient to
correct the arthritogenic capability of CD4+ T cells, suggesting Tip60 as
a potential therapeutic target for suppression of tissue inflammation
and autoimmunity in RA.

4. Discussion

RA patients experience a shift in T cell lineage commitment with a
bias toward Th1/Th17 helper cells rather than Tregs, which is the key T
cell population that suppresses inflammation and autoimmune re-
sponses [2,12]. Here, we demonstrated that the dysfunctional differ-
entiation of naïve T cells in RA patients is critically induced by in-
sufficient expression of the histone acetyltransferase Tip60. Tip60
downregulation not only directly controls Treg/Th17 cell differentia-
tion, but also promotes the production of the proinflammatory cyto-
kines IL-17, TNF-α, and IL-6. The underlying mechanism can be at-
tributed to the reduced Tip60-Foxp3 interaction in T cells of RA
patients after stimulation, which leads to the deficiency of Foxp3
acetylation and subsequently Foxp3 degradation. Knockdown or phar-
macological inhibition of Tip60 acetyltransferase activity in T cells
from healthy donors diminished Foxp3 acetylation, blocked Treg dif-
ferentiation and re-established the abnormalities present in synovial
inflammation. In contrast, overexpression of Tip60 restored Foxp3 ex-
pression, normalized T cell differentiation in RA T cells and reversed
the severe inflamed phenotype of the RA synovium. Therefore, the
Tip60-Foxp3 axis is critical for immunosuppression of T cell function
and renders the host more resistant to autoimmune pathogenesis and
the development of RA disease.

Tregs are immunosuppressive and thus essential for maintaining the
tolerance to self-antigens by suppressing effector T cells. Foxp3 is the
crucial transcription factor for Treg development and their inhibitory
function. Activated naïve T cells can upregulate the Foxp3 levels. High
and stable expression of Foxp3 is essential for Treg maintenance and
differentiation after stimulation [39,40]. Acetylation modifications of
Foxp3 protein enhance its stability and promote its binding activity
[41,42]. In particular, the Tip60 acetylation ligase acts as a critical
coactivator of Foxp3, controlling Treg differentiation by increasing the
amount of acetylated Foxp3 through protecting Foxp3 from protea-
somal degradation. Our study also revealed that activation of naïve T
cells triggers the upregulation of Tip60 and a subsequent increase the
level of Foxp3 acetylation as well as its concentration, thus promoting
Tregs differentiation. Moreover, our data revealed for the first time that
naïve CD4+ T cells in RA patients failed to upregulate Tip60 upon
stimulation, which directly reduced Foxp3 acetylation and stability,
and Tregs production was consequently suppressed.

The Th17 and Treg cell subsets, which are reciprocally inter-
connected, are major participants in autoimmunity [43,44]. Recent
studies indicated that, other than promoting Treg production, the
Tip60-Foxp3 components can also physically binds to the Th17-specific
transcription factor RORγt and suppress Th17 differentiation by di-
rectly suppressing RORγt transcriptional activity [45,46]. Our results
confirmed that Tip60 insufficiency was concomitant with a significant
increase in the pathogenic Th17 response in RA T cells, suggesting the
critical role of Tip60 in keeping the reciprocal differentiation balance of
Th17 and Tregs in RA.

The question was raised concerning how the acetyltransferase ac-
tivity of Tip60 was related to T cell control of synovial inflammation
onset in vivo. A humanized chimeric mouse model of the human-syno-
vium-NSG mice and human T cells enabled us to investigate the role of
Tip60 activity in T cell differentiation and the development of synovial
tissue inflammation in vivo [47]. We found that inhibition of Tip60
acetyltransferase activity increased the T cells tissue infiltration, sup-
pressed Foxp3 expression, increased the number of Th17 cells, and
decreased the number of Tregs, thereby improving the arthritogenic
potential of T cells in the synovial microenvironment. In contrast,

rescuing Tip60 expression in naïve T cells can effectively attenuate the
inflammatory immune response in the synovial tissue by correcting T
cell lineage maldifferentiation. Moreover, Tip60 expression was also
negatively correlated with B cell number and the RANKL level in the
grafted synovial tissue, indicating that Tip60-mediated T cell lineage
commitment is critical for inhibiting the inflammatory activity of im-
mune cells and probably tissue-residing cells and maintaining an anti-
inflammatory environment in the synovial tissue. These results confirm
the importance of Tip60-mediated Treg/Th17 differentiation in auto-
immunogenesis in RA.

5. Conclusion

In summary, our experiments demonstrate the critical role of the
Tip60-mediated Foxp3 acetylation in attenuated RA progression. Tip60
deficiency in the naïve T cells of RA patients blocks Foxp3 acetylation,
downregulates Foxp3 expression, biases the differentiation program
toward tissue-infiltration and arthritogenic Th17 cells instead of Tregs.
Replenishing Tip60 protein expression by forced overexpression
promptly reversed the Treg/Th17 balance of RA T cells. Considering the
importance of the Treg/Th17 axis in the pathogenesis of RA, restoring
Tip60 represents a new strategy for preventing autoimmunity and
blocking inflammatory pathways in RA.
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