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Myeloid deletion of SIRT1 suppresses
collagen-induced arthritis in mice by modulating
dendritic cell maturation

Seong Ji Woo1,7, Sang-Myeong Lee2,7, Hye Song Lim3, Young-Sool Hah4, In Duk Jung5, Yeong-Min Park5,
Hyun-Ok Kim3, Yun-Hong Cheon3, Min-Gyu Jeon3, Kyu Yun Jang6, Kyeong Min Kim6, Byung-Hyun Park1

and Sang-Il Lee3

The type III histone deacetylase silent information regulator 1 (SIRT1) is an enzyme that is critical for the modulation of

immune and inflammatory responses. However, the data on its role in rheumatoid arthritis (RA) are limited and controversial.

To better understand how SIRT1 regulates adaptive immune responses in RA, we evaluated collagen-induced arthritis (CIA) in

myeloid cell-specific SIRT1 knockout (mSIRT1 KO) and wild-type (WT) mice. Arthritis severity was gauged on the basis of

clinical, radiographic and pathologic scores. Compared with their WT counterparts, the mSIRT1 KO mice exhibited less severe

arthritis, which was less destructive to the joints. The expression levels of inflammatory cytokines, matrix metalloproteinases and

ROR-γT were also reduced in the mSIRT1 KO mice compared with the WT mice and were paralleled by reductions in the

numbers of Th1 and Th17 cells and CD80- or CD86-positive dendritic cells (DCs). In addition, impaired DC maturation and

decreases in the Th1/Th17 immune response were observed in the mSIRT1 KO mice. T-cell proliferation was also investigated in

co-cultures with antigen-pulsed DCs. In the co-cultures, the DCs from the mSIRT1 KO mice showed decreases in T-cell

proliferation and the Th1/Th17 immune response. In this study, myeloid cell-specific deletion of SIRT1 appeared to suppress

CIA by modulating DC maturation. Thus, a careful investigation of DC-specific SIRT1 downregulation is needed to gauge the

therapeutic utility of agents targeting SIRT1 in RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease
marked by progressive disability, systemic complications and
a high socioeconomic toll.1 The seven mammaliansirtuin
members, SIRT1 to SIRT7, are class III histone deacetylases
that regulate senescence, stress resistance, metabolism and
inflammation.2 Silent information regulator 1 (SIRT1), in
particular, is known to deacetylate the p65 subunit of nuclear
factor-κB (NF-κB), thus interrupting this pathway and exerting
an anti-inflammatory effect.3,4 The NF-κB pathway is a central

signaling node for the stimulation of inflammatory cytokines
and production of matrix metalloproteinase (MMP) in RA.5,6

This affiliation prompted us to investigate the impact of SIRT1
on a passive K/BxN serum transfer model of arthritis using
myeloid cell-specific SIRT1 knockout (mSIRT1 KO) mice.7

These mice exhibit enhanced macrophage activation and
profound inflammatory arthritis through the hyperacetylation
and subsequent hyperactivation of the NF-κB pathway.

A variety of cell types, including macrophages, mast cells,
dendritic cells (DCs), T cells, B cells and fibroblast-like

1Departments of Biochemistry, Jeonju, Jeonbuk, Republic of Korea; 2Division of Biotechnology, College of Environmental & Bioresource Sciences, Chonbuk
National University, Jeonju, Jeonbuk, Republic of Korea; 3Department of Internal Medicine and Institute of Health Science, Gyeongsang National University
School of Medicine, Jinju, Gyeongnam, Republic of Korea; 4Clinical Research Institute, Gyeongsang National University Hospital, Jinju, Gyeongnam,
Republic of Korea; 5Department of Immunology, Laboratory of Dendritic Cell Differentiation and Regulation, School of Medicine, Konkuk University, Chungju,
Chungbuk, Republic of Korea and 6Pathology, Chonbuk National University Medical School, Jeonju, Jeonbuk, Republic of Korea

Correspondence: Dr B-H Park, Department of Biochemistry, Chonbuk National University Medical School, 567 Baekje-daero, Deokjin-gu, Jeonju, Jeonbuk
561-756, Republic of Korea.
E-mail: bhpark@jbnu.ac.kr
or Dr S-I Lee, Department of Internal Medicine and Institute of Health Science, Gyeongsang National University School of Medicine, 79 Gangnam-ro, Jinju,
Gyeongnam 660-702, Republic of Korea.
E-mail: goldgu@gnu.ac.kr

7These two authors contributed equally to this work.

Received 14 August 2015; revised 22 November 2015; accepted 29 November 2015

Experimental & Molecular Medicine (2016) 48, e221; doi:10.1038/emm.2015.124
& 2016 KSBMB. All rights reserved 2092-6413/16

www.nature.com/emm

http://dx.doi.org/10.1038/emm.2015.124
mailto:bhpark@jbnu.ac.kr
mailto:goldgu@gnu.ac.kr
http://dx.doi.org/10.1038/emm.2015.124
http://www.nature.com/emm


synoviocytes (FLSs), are intricately involved in RA.8 The
Janus-like behavior of SIRT1 in tumorigenesis, in which its
suppressor or promoter activity is dictated by the cancer cell
type,9 may also apply to autoimmune diseases (including RA).
We and others have demonstrated that SIRT1 acts as a negative
regulator of macrophage activation via suppressing the NF-κB
pathway.4,7 Of note, Zhang et al.10 and Gao et al.have shown
that SIRT1 is a critical suppressor of T-cell immunity and
is required for T-cell immune tolerance; therefore, SIRT1
deletion in macrophages or T cells may indeed trigger
flare-ups of RA. Conversely, Niederer et al.12 have reported
that SIRT1 prolongs chronic inflammation by increasing the
levels of pro-inflammatory cytokines and inhibiting apoptosis
in rheumatoid fibroblast-like synoviocytes. Furthermore,
Yang et al.13 have recently shown that DC-specific SIRT1
deletion protects mice from experimental autoimmune
encephalomyelitis by suppressing Th17 differentiation. In
terms of DCs and fibroblast-like synoviocytes, the loss of
SIRT1 functions may ultimately suppress RA activity.

In a passive K/BxN serum transfer model of arthritis, the
disease is mediated by pathogenic autoantibodies against
glucose-6-phosphate isomerase, a ubiquitously expressed
glycolytic enzyme that is deposited on joint surfaces.14

Although this model has many clinical and histologic
similarities to human RA, it does not reflect adaptive immunity
(i.e., DCs and T cells). As an alternate model, collagen-induced
arthritis (CIA) requires intact DC and T-cell dynamics,
complete with sequential antigen presentation and T-cell
activation.15 Hence, we studied CIA in mSIRT1 KO mice as
a model of RA that incorporates adaptive immunity to assess
the impact of SIRT1 deletion on the successive polarization of
DCs and T cells. Surprisingly, and in contrast to symptoms of
passive K/BxN serum transfer arthritis, comparatively less
inflammation and joint destruction were evident in the
mSIRT1 KO mice with CIA. These findings were attributed
to impaired DC maturation and the related decrease in the
Th1/Th17 immune response, ultimately suggesting that the
effects of SIRT1 in RA may differ as a result of the relative
contributions of the innate and adaptive immune effector cells.

MATERIALS AND METHODS

Mice and CIA induction
SIRT1loxP/loxPLysM-Cre+ (mSIRT1 KO) and SIRT1loxP/loxPLysM-Cre−

(WT) mice were generated, and the selective deletion of SIRT1 in
myeloid cells was confirmed as previously described.7 For CIA
induction, male mSIRT1 KO and littermate WT mice (14–18 weeks
old) were immunized with 150 μg of chicken type II collagen (CII;
Chondrex, Redmond, WA, USA) emulsified in 4 mg ml− l of complete
Freund’s adjuvant (CFA; Chondrex) in equal volumes.15 The point of
initial immunization was designated Day 0. Immunization was
boosted by an equal volume of emulsion of CII and incomplete
Freund’s adjuvant (IFA; Chondrex) on Day 21 and by an intra-
peritoneal injection of lipopolysaccharide (LPS, 5 μg 100 ml− 1) on
Day 28. The clinical arthritis scores (0–4 scale) were registered for each
limb, with a total possible score of 16.16 A caliper was placed across the
ankle joint at the widest point to measure ankle thickness. All animal
experiments adhered to a protocol approved by the Chonbuk National

University Institutional Animal Care and Use Committee (CBU
2014-00053).

Radiographic and pathologic analyses
Plain radiographs of the hindpaws were obtained using a mammo-
graphic imager with a direct detection, flat panel-array design
(Mammomat NovationDR; Siemens Healthcare, Erlangen, Germany)
at constant exposure (30 kVp and 90 mA). All images were semi-
quantitatively scored according to a previously described system.5 The
joint tissues were fixed in 10% formalin, decalcified for 3–4 weeks in
10% ethylenediaminetetraacetic acid (EDTA), dehydrated and
embedded in paraffin. The sections (6 μm) were stained with hema-
toxylin and eosin or Safranin-O for light microscopy. The joint areas
were scored (0–5 scale) for the intensity of synovial inflammation and
the severity of the cartilage damage.17 The macrophages and neutro-
phils were immunohistochemically detected with rat monoclonal
antibodies to F4/80 (Abcam, Cambridge, MA, USA) and LY6G
(LifeSpan Biosciences, Seattle, WA, USA), respectively. The numbers
of macrophages and neutrophils in four randomly selected high-power
fields (×400) were counted in each ankle joint.

Patients and DC isolation
Blood samples were collected from five healthy individuals and from
five patients with RA who had taken no medications, such as
glucocorticoids, disease-modifying antirheumatic drugs or biologics.
The peripheral blood mononuclear cells were isolated through
standard Ficoll density gradient centrifugation (GE Healthcare Life
Science, Marlborough, MA, USA). The CD11c+ DCs were isolated
from the peripheral blood mononuclear cells by magnetic-activated
cell sorting using a CD11c+ DC isolation kit (Miltenyi Biotec, Gmbh,
Bergisch Gladbach, Germany).

Real-time reverse transcriptase–PCR and enzyme-linked
immunosorbent assay
Ankle RNA was isolated using an RNeasy Lipid Tissue Mini Kit
(Qiagen, Hilden, Germany). The RNA from the lymph nodes was
isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, USA),
precipitated with isopropanol and dissolved in purified diethylpyr-
ocarbonate (DEPC)-treated water. The total RNA (2 μg) was then
treated with RNase-free DNase, and the first-strand cDNAs were
generated using the random hexamer primers from a First-Strand
cDNA Synthesis Kit (Applied Biosystems, Foster City, CA, USA). The
primer designs for each specific gene relied on Primer Express
Software (Table 1; Applied Biosystems). The real-time reverse
transcriptase–PCR mixtures consisted of 10 ng of the reverse tran-
scribed total RNA, 167 nmol l− 1 of the forward and reverse primers,
and a PCR master mixture in a final volume of 10 μl. The reactions
were performed in 384-well plates using an ABI Prism 7900HT
Sequence Detection System (Applied Biosystems). The levels of
interferon-γ (IFN-γ), interleukin (IL)-17, IL-6, IL-12p70, IL-10, IL-1β
and anti-CII antibodies in the sera and cell culture supernatants were
assayed with the appropriate enzyme-linked immunosorbent assay kits
(IFN-γ, IL-17 and IL-1β from eBioscience, San Diego, CA, USA;
anti-CII antibodies from Biolegend, San Diego, CA, USA; all others
from Life Technologies).

Flow cytometry
For cytokine detection, single-cell lymph node suspensions were
cultured (4 h) in triplicate at 1 × 106 cells/well in a 96-well plate and
then stimulated with 50 ng ml− 1 phorbol 12-myristate 13-acetate
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and 1 μM ionomycin in the presence of brefeldin A (3 μg ml− 1).
Thereafter, the cells were stained with the PerCP-Cy5.5-conjugated
anti-CD4 antibody (eBioscience) and washed twice in FACS buffer
(97% phosphate-buffered saline and 3% fetal bovine serum). The cells
were then fixed in 4% paraformaldehyde solution, washed twice in
permeabilization buffer and stained with fluorochrome-conjugated
antibodies directed against IL-17 and IFN-γ (eBioscience). For cell
surface marker detection, the cells were incubated on ice (30 min),
stained with fluorochrome-conjugated antibodies directed against
CD11c+CD11b+CD86+ or CD11c+CD11b+CD80+ (eBioscience), and
again incubated on ice (30 min), followed by a wash in FACS buffer.
The stained cells were evaluated by flow cytometry (Accuri; BD
Biosciences, San Jose, CA, USA).

T-cell proliferation assay
Single-cell suspensions were prepared from the lymph nodes of the
mSIRT1 KO or WT mice. The lymphocytes were plated in 96-well
plates, allowed to adhere in the presence or absence of CII
(10 or 50 μg ml− 1) and stained with carboxyfluorescein diacetate
succinimidyl ester (CFSE; eBioscience; 1 μM). The CFSE-labeled cells
(1× 106 cells perwell) were cultured in uncoated or anti-CD3 anti-
body-coated 96-well plates, with or without an anti-CD28 antibody
(eBioscience). The plates were incubated (72 h, 37 °C) in a 5% CO2

incubator, and cellular proliferation was evaluated by flow cytometry.

Differentiation, culture and assessment of the bone
marrow-derived dendritic cells
The bone marrow-derived dendritic cells (BMDCs) were isolated and
cultured as previously described.18 Briefly, the tibial and femoral bone
marrow cells collected from six-week-old female C57BL/6 mice were
incubated (37 °C, 5% CO2) in 12-well cell culture plates in RPMI
1640 containing 10% inactivated fetal bovine serum, 1% penicillin/
streptomycin, granulocyte-macrophage colony-stimulating factor
(20 ng ml− 1) and IL-4 (10 ng ml− 1). To assess their antigen-uptake
capacity, the BMDCs (2×105 cells) were incubated (37 or 4 °C,
45 min) with 1 mg ml− 1 of fluorescein isothiocyanate (FITC)-con-
jugated dextran. The harvested cells were then washed in phosphate-
buffered saline and stained with a PE-conjugated anti-CD11c anti-
body. To detect the surface molecules, the LPS (50 ng ml− 1)-treated
BMDCs were harvested, washed in cold phosphate-buffered saline,
treated with a PE-conjugated mouse monoclonal antibody directed
against CD80, CD86, MHC class I or MHC class II and a FITC-
conjugated mouse anti-CD11c antibody (30 min, 4 °C), fixed in 4%
paraformaldehyde and analyzed by flow cytometry.

Co-culture of T cells and CII-pulsed DCs
The WT C57BL/6 mice were immunized using an emulsion of chicken
CII (150 μg) and CFA (4 mgml− 1) in equal volumes. Eight days later,
the mice were intraperitoneally injected with equal volumes of the CII
and incomplete Freund’s adjuvant emulsion. After 3 days, the CD4+

T cells were isolated using a Dynabeads FlowComp Mouse CD4 Kit
(Life Technologies) and labeled using CFSE (1 μM). The BMDCs from
the WT and mSIRT1KO mice were seeded in 96-well plates (1× 105

per well) and incubated with LPS (50 ng ml− 1) alone or with LPS plus
CII (20 μg ml− 1) overnight. Following the incubation, the BMDCs
were thoroughly washed and co-cultured with the CFSE-labeled CD4+

T cells (3 days; 1:10 ratio). The co-cultured cells were then collected,
washed in FACS buffer and stained with the PerCP-Cy5.5-conjugated
anti-CD4-antibody. The percentages of CD4+ T cells were determined
by flow cytometry.

Western blot analysis
The cells were lysed in RIPA buffer (50 mM Tris, pH 7.2, 150 mM

NaCl, 1% NP-40 and 0.1% sodium dodecyl sulfate) supplemented
with a protease inhibitor cocktail. The cells were then sonicated and
centrifuged (12 000 g, 10 min, 4 °C) to remove the insoluble debris.
The protein concentration was determined using the BCA assay
(Thermo Scientific, Pittsburgh, PA, USA). The total proteins (30 μg)
were resolved on a sodium dodecyl sulfate polyacrylamide gel,
which was then electroblotted onto a nitrocellulose membrane. After
blocking with a 5% skim milk solution, the membranes were
incubated with antibodies directed against SIRT1 (Cell Signaling
Technology, Danvers, MA, USA), phospho-c-jun (Cell Signaling
Technology), β-actin (Sigma-Aldrich, St Louis, MO, USA), p-65

Table 1 Sequences and accession numbers for the primers

(forward, FOR; reverse, REV) used in real-time RT–PCR

Gene Primer sequences Accession no.

SIRT1 FOR:GACACAGAGACGGCTGGAA
REV: CAGACCCTCAAGCCATGTTT

NM_ 019812

TNF-α FOR: GCTGTCCCTGCGCTTCA
REV:CTCGTCCCCAATGACATCCT

NM_ 013693

IL-1β FOR:CCATGGCACATTCTGTTCAAA
REV:GCCCATGAGAGGCAAGGA

NM_ 008361

IL-2 FOR:AACTCCCCAGGATGCTCAC
REV:CGCAGAGGTCCAAGTTCATC

NM_008366

IL-4 FOR:TCGGCATTTTGAACGAGGTC
REV:GAAAAGCCCGAAAGAGTCTC

NM_021283

IL-6 FOR: CCACGGCCTTCCCTACTTC
REV: TTGGGAGTGGTATCCTCTGTGA

NM_ 031168

IL-13 FOR: CGCAAGGCCCCCACTAC
REV:AAAGTGGGCTACTTCGATTTTGG

NM_008355

IL-17 FOR: TGAGCTTCCCAGATCACAGA
REV: TCCAGAAGGCCCTCAGACTA

NM_ 010552

IL-23 FOR: GCTCCCCTTTGAAGATGTCA
REV: GACCCACAAGGACTCAAGGA

NM_ 031252

IL-10 FOR: TGTCAAATTCATTCATGGCCT
REV: ATCGATTTCTCCCCTGTGAA

NM _010548

IFN-γ FOR: TGAGCTCATTGAATGCTTGG
REV: ACAGCAAGGCGAAAAAGGAT

NM_ 008337

MCP-1 FOR: TGTCACCCTTGGAGCTCATG
REV: TTTTTCGACTTTTATCCTCTGTTG

NM_ 011333

MMP-3 FOR: CCCCTGATGTCCTCGTGGTA
REV: GCACATTGGTGATGTCTCAGGTT

NM_ 010809

MMP-13 FOR: GGTCCTTGGAGTGATCCAGA
REV: TGATGAAACCTGGACAAGCA

NM_ 008607

T-bet FOR: TTCCCATTCCTGTCCTTCAC
REV: CCACATCCACAAACATCCTG

NM_ 019507

ROR-γT FOR: TGAGGCCATTCAGTATGTGG
REV: CTTCCATTGCTCCTGCTTTC

NM_011281

GATA3 FOR: GGAAACTCCGTCAGGGCTA
REV: AGAGATCCGTGCAGCAGAG

NM_008091

Foxp3 FOR: CCTGCCTTGGTACATTCGTG
REV: TGTTGTGGGTGAGTGCTTTG

NM_054039

GAPDH FOR: CGTCCCGTAGACAAAATGGT
REV: TTGATGGCAACAATCTCCAC

NM_008084

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MCP-1,
monocyte chemoattractant protein-1.
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(Santa Cruz Biotechnology, Dallas, TX, USA) or lamin B (Santa Cruz
Biotechnology), and the proteins were detected with the ECL
Detection System (GE Healthcare Life Science).

Statistical analysis
The data were expressed as the means± s.e. Statistical comparisons
were performed using two-tailed Student’s t-tests. P-values less than
0.05 were considered statistically significant.

RESULTS

Myeloid deletion of SIRT1 suppresses synovial inflammation
and bone destruction
As a model of chronic adaptive immunity, the CIA mice
were studied to determine the impact of myeloid cell-
specific SIRT1 deletion. Interestingly, the disease severity,
including the arthritis score and ankle thickness, was
significantly reduced in the mSIRT1 KO mice (Figure 1a).
Likewise, the bone destruction was less severe, and the
radiographic scores were lower in the mSIRT1 KO mice as
compared with the severe bone erosion and joint damage
observed in the WT mice (Figure 1b). In the pathologic
analysis, the synovial inflammation and cartilage damage
were less pronounced in the mSIRT1 KO mice (Figure 1c).
The influx of macrophages and neutrophils in the arthritic
joints of the mSIRT1 KO mice was significantly reduced as
well (Figure 1d). These results suggest that the myeloid cell-
specific SIRT1 deficiency attenuates joint inflammation and
bone destruction in CIA.

Myeloid deletion of SIRT1 suppresses proinflammatory gene
expression in the CIA ankle and lymph nodes
To gauge the inflammatory response and T-cell function, the
mRNA expression levels were measured in the ankles and
lymph nodes of mice with CIA. The expression levels of
TNF-α, IL-1β, IL-6, monocyte chemoattractant protein-1,
MMP-3 and MMP-13 were significantly decreased in the
ankles of mSIRT1 KO mice, as were the levels of IFN-γ,
IL-17 and IL-23 (key cytokines in Th1 or Th17 differentiation)
(Figure 2a). In addition, the IL-6 expression in the serum was
reduced in the mSIRT1 KO mice (Figure 2b). The cytokines
and transcription factors that influence T-cell differentiation
were also assayed in the lymph nodes of mice with CIA. Again,
the expression levels of IL-1β, IL-6, IL-17 and IL-23 were
decreased in the lymph nodes of the mSIRT1 KO mice
(Figure 2c). These findings were consistent with a decreased
level of ROR-γT, a transcription factor that is important for the
differentiation of Th17 cells (Figure 2d). The levels of the
transcription factors that govern the differentiation of other
T-cell subsets were unaffected. Hence, the subdued form of
arthritis induced in the mSIRT1 KO mice is associated with
reduced levels of proinflammatory cytokines and a diminished
Th17 cell response.

Myeloid deletion of SIRT1 impairs Th1 and Th17 cell
differentiation and DC maturation in CIA
We observed DC maturation and T-cell differentiation in the
early phase of CIA, as reported by other groups.19,20 We

Figure 1 Assessment of the clinical deterioration, radiographic bone destruction and pathologic abnormalities in collagen-induced arthritis
(CIA). CIA was induced in male mSIRT1 KO (KO) and wild-type (WT) littermates at 14–18 weeks old. (a) The mean clinical scores and
ankle thickness were determined on the indicated days after primary immunization. (b) The gross hindpaw appearance and plain ankle
radiographs of representative mice at Day 39 are shown (left panel). Semiquantification of bone destruction with the radiographic scoring
system (right panel). (c) Ankle joints in representative hematoxylin and eosin - and safranin-O-stained sections (×100) (left panel) are
shown, along with the mean pathologic scores for synovial inflammation and cartilage damage (right panel). The results of three
independent experiments were pooled (total of 10 mice per group). (d) Arthritic joints in representative sections stained for F4/80 or LY6G
(left panel). The mean macrophage and neutrophil counts (right panel) from four randomly selected high-power fields (×400) in each ankle
joint (n=5 mice for each group) are shown. The values are expressed as the means± s.e., *Po0.05, **Po0.01 vs WT.
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harvested the lymph nodes from the arthritic mSIRT1 KO and
WT mice on Day 28 to analyze the T-cell and DC populations
by flow cytometry. The serum levels of the anti-CII IgG1 and
IgG2a antibodies were also measured. The percentages of CD4+

Th1 and CD4+ Th17 cells were significantly reduced in the
mSIRT1 KO mice compared with their WT counterparts
(Figure 3a). The autoantibody levels and the IgG2a-to-IgG1
ratio were also reduced in the mSIRT1 KO mice (Figure 3b).
Because the myeloid-specific deletion of SIRT1 in the mSIRT1
KO mice is selective for DCs, macrophages and neutrophils,
but not T cells, we analyzed the mature DCs, which are critical
for driving Th1/Th17 response. During the active phase of CIA,
the percentages of mature DCs expressing CD80+ or CD86+

were significantly reduced in the lymph nodes of the mSIRT1
KO mice (Figure 3c). Thus, the downregulated Th1 and Th17
responses and reduced number of mature DCs are closely
linked in the mSIRT1 KO mice.

CII-specific T-cell proliferation and cytokine production are
reduced in the lymph nodes of the mSIRT1 KO mice
The cells were harvested from the mouse lymph nodes on
Day 28 of CIA and re-stimulated with CII to characterize
antigen-specific T-cell proliferation and cytokine production.
The proliferative response to CII stimulation was significantly
weaker in the lymph node cells from the mSIRT1 KO mice
(Figure 4a). Moreover, the IFN-γ and IL-17 production by the
antigen-stimulated cells from the lymph nodes of the mSIRT1

KO mice compared with the WT mice was significantly
decreased (Figure 4b). These results suggest that myeloid
cell-derived SIRT1 is critical for modulating T-cell proliferation
and Th1/Th17 cytokine production during CIA.

LPS-induced maturation of DCs is diminished in the
mSIRT1 KO mice
In a previous study, we have demonstrated that SIRT1 is
selectively deleted in myeloid cells, such as macrophages and
osteoclasts, but not in DCs.7 Before investigating the impact of
SIRT1 on DC maturation, we confirmed the complete deletion
of SIRT1 in the DCs of the mSIRT1 KO mice (Figure 5a).
Generally, immature DCs have higher antigen endocytic
capacity than mature DCs, thus prompting us to examine the
influence of SIRT1 on the endocytic capacity of DCs via
dextran-FITC uptake. The LPS-stimulated SIRT1 KO DCs had
a higher endocytic capacity than that of the WT DCs
(Figure 5b).

We also measured the levels of surface molecules displayed
by the LPS-stimulated DCs from the mSIRT1 KO or WT mice.
As shown in Figure 5c, the stimulation of the WT DCs with
LPS resulted in the upregulation of surface molecular markers
of DC maturity, such as CD80, CD86 and the MHC class II
molecule. However, these markers were expressed at
significantly lower levels in the LPS-treated SIRT1 KO DCs.
The LPS-induced expression of the MHC class I molecule was
not inhibited in the SIRT1 KO DCs.

Finally, the production of pro- and anti-inflammatory
cytokines by the LPS-stimulated DCs was assessed. The levels
of IL-12p70, IL-1β and IL-6 were significantly reduced in the
LPS-stimulated SIRT1 KO DCs compared with the WT DCs
(Figure 5d). However, the secretion of IL-10, which inhibits
Th1 immune functions, was significantly increased in the
LPS-treated SIRT1 KO DCs compared with the WT DCs.
Consequently, it appears that SIRT1 is essential for DC
maturation and function.

The proliferation and proinflammatory differentiation of
T cells are reduced when the cells are co-cultured with
SIRT1 KO DCs
To clearly discern whether the observed deficit in T-cell
proliferation was due to the deletion of SIRT1 in DCs, we
generated CII-pulsed and mature DCs from the mSIRT1 KO
and WT mice for co-culture with the CD4+ T cells isolated
from the CII-immunized mice. The proliferation rate of the
CD4+ T cells (Figure 6a), as well as the percentages of Th1 and
Th17 cells (Figure 6b), was significantly reduced when the cells
were co-cultured with the DCs from the mSIRT1 KO mice,
confirming that SIRT1 deficiency attenuates DC maturation,
which in turn limits T-cell proliferation and Th1/Th17
differentiation.

Increased NF-κB and decreased AP-1 activity in the SIRT1
KO DCs
Because transcription factors from both the NF-κB and
activator protein-1 (AP-1) pathways are involved in DC

Figure 2 Levels of cytokines and mediators related to inflammatory
responses and T-cell function in the CIA mouse model. The levels
of cytokines and inflammatory mediators in the ankles, sera and
lymph nodes of the mice were measured at Day 39 by real-time
reverse transcriptase–PCR and enzyme-linked immunosorbent assay.
(a) mRNA levels of SIRT1, TNF-α, IL-1β, IL-6, IL-17, IL-23, IFN-γ,
MCP-1, MMP-3 and MMP-13 in the ankle joints of the mSIRT1 KO
(KO) and wild-type (WT) mice. (b) Comparison of the IL-6
concentrations in the sera from the mSIRT1 KO and WT mice.
(c, d) mRNA levels of the cytokines and transcription factors related
to T-cell differentiation in the mouse lymph nodes. The values are
expressed as the means± s.e. (10 mice per group), *Po0.05,
**Po0.01 vs WT.
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maturation, we assessed the p65 and phospho-c-jun levels in
the DCs. The nuclear translocation of p65 was enhanced in the
SIRT1-deleted DCs compared with the WT DCs (Supple-
mentary Figure S1). In addition, c-jun phosphorylation was
reduced in the SIRT1-deleted DCs. These data suggest that
reduced AP-1 activation contributes to the impaired matura-
tion of the SIRT1-deleted DCs.

The expression levels of SIRT1 are increased in the DCs from
RA patients
To further explore the link between SIRT1 expression and DC
activation in the setting of RA, we compared the SIRT1 levels
in the DCs from both treatment-naive patients with RA
and healthy individuals. The levels of SIRT1 mRNA were

higher in the CD11c+ DCs from patients with RA (Po0.01;
Supplementary Figure S2).

DISCUSSION

In this study, the impact of myeloid deletion of SIRT1 on the
development of RA was assessed in a CIA mouse model.
Clinical arthritis and bone destruction were clearly ameliorated
in the mSIRT1 KO mice, as demonstrated by the reduced
numbers of Th1 and Th17 cells and downregulation of both
inflammatory cytokines and ROR-γT. Consistently, CII-specific
T-cell proliferation and cytokine production were inhibited in
the cells extracted from the lymph nodes of the mSIRT1 KO
mice. The maturation and cytokine production (IL-1, IL-6 and
IL-12p70) in the SIRT1 KO DCs were also diminished,
and T-cell proliferation and Th1/Th17 differentiation were
restricted in co-cultures with the SIRT1 KO DCs. These
findings indicate that myeloid deletion of SIRT1 inhibits
immune-mediated inflammation in RA, presumably by
impairing DC maturation and producing subsequent deficits
in Th1 and Th17 cells.

Our previous investigations have underscored the
findings that the NF-κB pathway actively contributes to the
pathogenesis of RA and is considered a potential therapeutic
target.5,16 SIRT1 is known to suppress NF-κB-dependent
transcription through the deacetylation of the p65 subunits
that complex with the NF-κB target-gene promoters.3,4

Consistently with these findings, we have demonstrated
that myeloid cell-specific deletion of SIRT1 intensifies
passive K/BxN serum transfer arthritis due to macrophage
hyperactivation via the NF-κB pathway.7 However, another
study has shown that high expression of SIRT1 directly
enhances proinflammatory cytokine production and prolongs
RA-fibroblast-like synoviocyte lifespan;12 recently, SIRT1-
mediated suppression of anti-inflammatory IL-27 expression
in DCs has been documented, which leads to increased Th17
differentiation and the development of inflammatory disease.13

Conversely, Wendling et al.21 have reported a correlation
between SIRT1 activity and the expression levels of TNF and
IL-6, despite the similar levels of SIRT1 activity in the
peripheral blood mononuclear cells from patients with RA
and healthy controls. 21 Consequently, the role of SIRT1 in the
context of RA is open to debate. Here, we further assessed the
roles of SIRT1 in a CIA model of RA by focusing on adaptive
immunity. Surprisingly, myeloid-deficiency of SIRT1 resulted
in significantly lower scores for arthritis and joint destruction
in the CIA mice, accompanied by reduced expression of
proinflammatory cytokines and MMPs.

Given these contradictory results, we explored the gene
expression profiles of the mSIRT1 KO mice. We discovered
that specific cytokines (IL-1β, IL-6, IL-17 and IL-23) were
diminished in the joint and lymphoid tissues and that
ROR-γT, a transcription factor that is critical for Th17
cellular differentiation,22 was deficient in the lymph nodes
from the mSIRT1 KO mice. Additionally, the percentages of
Th1 and Th17 cells in the regional lymph nodes and the
autoantibody levels and IgG2a-to-IgG1 ratio in the sera of

Figure 3 Phenotypes of the T cells and DCs and levels of anti-type
II collagen (CII) antibodies in the CIA mouse model. The regional
lymph nodes were harvested on Day 28, and the sera were
collected on Day 39 from the mSIRT1 KO (KO) and wild-type (WT)
mice with CIA. The T cell and DC phenotypes were determined by
flow cytometry, and the levels of anti-CII antibodies were measured
by enzyme-linked immunosorbent assay. (a) Dot plots (left panel)
and proportions (right panel) of Th1 and Th17 cells. (b) The serum
levels of IgG2a and IgG1 and IgG2a-to-IgG1 ratio were determined.
(c) Histogram (left panel) and proportions (right panel) of
CD80- and CD86-positive DCs. The values are expressed as the
means± s.e. (4–8 mice per group), *Po0.05, **Po0.01 vs WT.
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mSIRT1 KO were lower than those in the WT mice. The
CII-reactive T-cell responses in vitro were also similar, with
deficient T-cell proliferation and reduced levels of Th1/Th17

cytokines. Overall, these outcomes suggest that SIRT1 is
pivotal for the antigen-specific proinflammatory T-cell
responses.

Figure 4 Effects of SIRT1 deletion on type II collagen (CII)-specific T-cell proliferation and cytokine production. The cells from the
regional lymph nodes of the mSIRT1 KO (KO) and wild-type (WT) mice were isolated on Day 28 and incubated with vehicle (VEH) or CII
(10 or 50 μg ml− l) for 72 h. (a) The proliferative response was assessed by the fluorescence of 5(6)-carboxyfluorescein diacetate
succinimidyl ester (CFSE). The dot plots (left panel) represent one of four experiments, and the graph (right panel) shows proportion of
CFSE-positive cells (4 mice per group). (b) The IFN-γ and IL-17 levels in the culture supernatants were determined by enzyme-linked
immunosorbent assay (7–10 mice per group). The values are expressed as the means± s.e., *Po0.05, **Po0.01 vs WT.

Figure 5 Effect of SIRT1 deletion on LPS-induced DC maturation. The bone marrow-derived DCs from the mSIRT1 KO (KO) and wild-type
(WT) mice were treated with phosphate-buffered saline or LPS (50 ng ml− l) for 24 h. (a) Western blot analysis of SIRT1 expression in the
DCs before and after LPS stimulation. (b) The endocytic capacity of the DCs was determined by FITC-conjugated dextran uptake. The bar
graph shows the amount of FITC-dextran (%) in the CD11c+ cells. (c) The expression of the surface molecules was determined by flow
cytometry and staining with anti-CD80, anti-CD86, anti-MHC class I or anti-MHC class II antibodies in the CD11c+-gated cells.
(d) Enzyme-linked immunosorbent assay was performed to determine the levels of IL-12p70, IL-1β, IL-6 and IL-10 in the LPS-treated DCs
from the KO and WT mice. The values are expressed as the means± s.e. of three experiments. *Po0.05, **Po0.01 vs WT.
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The behavior of DCs is an important focus of this study.
Unlike the passive K/BxN serum transfer model of arthritis,
intact DCs are essential for driving the T-cell responses in the
CIA model.23,24 DCs are antigen-presenting cells that are highly
equipped to activate naive T cells and instigate effective T-cell
immunity. They are also important for the induction and
maintenance of peripheral T-cell tolerance.25 This dual
function of DCs is determined in part by their maturational
stage.26 In this investigation, higher levels of SIRT1 were
registered in the DCs from patients with RA, whereas fewer
mature (CD80- or CD86-positive) DCs populated the lymph
nodes of the mSIRT1 KO mice with CIA. Additional detailed
in vitro experiments showed a similar tendency: the SIRT1
KO DCs displayed immature phenotypes that were marked
by reduced expression of the MHC class II molecule,
co-stimulatory molecules and pro-inflammatory cytokines
and an increased antigen endocytic capacity. Our results agreed
with those of a previous report showing that DC-specific SIRT1
deletion confers resistance to experimental autoimmune
encephalomyelitis.13 Together, these results imply that the
inhibition of SIRT1 expression in DCs blocks their phenotypic
maturation, thereby protecting the mice from developing RA.

With respect to the role of SIRT1 in T cells, our findings
differ from those of a previous study showing that SIRT1
deletion in T cells results in increased T-cell activation and a
breakdown of CD4+ T-cell tolerance.10 We used LysM-Cre
mice to specifically produce Cre-mediated deletion of the
loxP-flanked SIRT1 gene in myeloid cells (such as myeloid
DCs, macrophages and neutrophils) but not in non-myeloid
cells (including T cells). Because the immature SIRT1 KO DCs
appear to be impaired in their ability to affect T-cell prolifera-
tion and Th1/Th17 differentiation, we isolated T cells from
mice with CIA and co-cultivated them with preactivated DCs.
In this instance, the SIRT1 KO DCs were still less efficient than
the WT DCs in inducing T-cell proliferation. This direct
evidence emphasizes the essential role of SIRT1 in sequential
DC maturation and the antigen-specific T-cell response.

SIRT1 is a known negative regulator of NF-κB in macro-
phages, T cells and lung cancer cell lines.4,27,28 Although the
transcriptional activity of AP-1 is attenuated by SIRT1 in
macrophages and T cells,10,29 SIRT1 enhances AP-1 activity in
mouse cutaneous epithelial cells.30 Our findings indicate that
NF-κB activity is increased and AP-1 activity is decreased in the
SIRT1-deleted DCs. Thus, SIRT1 may suppress DC maturation
by inhibiting the AP-1 pathway. The loss of SIRT1 functions in

Figure 6 Impacts of SIRT1-deficient DCs on T-cell proliferation and Th1/Th17 differentiation in co-culture. The CII-pulsed and
LPS-stimulated DCs were generated from the immature bone marrow-derived DCs isolated from the mSIRT1 KO (KO) and wild-type (WT)
mice. Activated and matured DCs were co-cultured with the T cells from the non-immunized or immunized CIA mice. (a) The T cells’
proliferative response was assessed by the fluorescence of 5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) after stimulation
with vehicle (VEH) or CII (20 μg ml−1) for 72 h. The dot plots (left panel) represent one of three experiments, and show the proportion
(right panel) of CFSE-positive cells. (b) The T cells’ phenotype was determined by flow cytometry. Dot plots (left panel) and proportion
(right panel) of Th1 or Th17 cells. The values are expressed as the means± s.e. of three experiments. *Po0.05, vs WT.
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DCs, which disables the acetylation of interferon regulatory
factor-1 and generates anti-inflammatory IL-27 and interferon
β, offers an alternate mechanism for explaining the observed
inhibition of CIA by the SIRT-1 deleted DCs.13

In summary, the myeloid deletion of SIRT1 impaired
DC maturation and reduced Th1 and Th17 differentiation,
which in turn reduced the synovial inflammation and bone
destruction in a CIA model of RA. Recently, tolerogenic DCs
have emerged as a promising means of reinstating immune
tolerance, and two related trials have already been completed
in RA.31 As such, therapeutics based on DC-selective
downregulation of SIRT1 may be pivotal in treating RA.
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