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EXTENDED REPORT

The JAK inhibitor, tofacitinib, reduces the T cell
stimulatory capacity of human monocyte-derived

dendritic cells

Satoshi Kubo, Kunihiro Yamaoka, Masahiro Kondo, Kaoru Yamagata, Jidong Zhao,

Shigeru Iwata, Yoshiya Tanaka

ABSTRACY

Objective Tofacitinib, which is a Janus kinase (JAK)
inhibitor, has shown clinical effects in the treatment of
rheumatoid arthritis. JAKs are important kinases in
lymphocyte differentiation; however, their function in’
dendritic celis (DCs) is unknown. In this study, the
function of JAKs in DCs was investigated with tofacitinib.
Methods The effects of tofacitinib on the maturation
of human monocyte-derived DCs induced by
lipopolysaccharide (LPS) stimulation were investigated. In
addition, its effects on T cell stimulatory capability was
investigated by coculturing with naive CD45RA-positive
T cells.

Results Tofacitinib decreased expression of CD80/CDE6
in a concentration-dependent manner in LPS-stimulated
DCs; however, it did not affect HLA-DR expression.
Tofacitinib suppressed tumour necrosis factor, interleukin
{IL)-6 and [L-1p production without affecting
transforming growth factor (TGF)-g and IL-10
production. Meanwhile, CD80/CD86 expression in DCs
was enhanced by type | interferon (IFN} stimulation, and
the LPS-induced CD80/CD86 expression was inhibited by
an antibody to type | (FN receptor. Furthermore,
tofacitinib suppressed production of type | IFN and
activation of interferon requlatory factor (IRF)-7, which is
a transcription factor involved in CD80/CD86 and type |
[FN expression. Tofacitinib also decreased the T cell
stimulatory capability of DCs and increased expression of
indoleamine 2,3-dioxygenase (IDO)-1 and 1DO-2.
Conclusions Tofacitinib, a JAK1/JAK3 inhibitor,
affected the activities of human DCs. It decreased
CDBO/CDBG expression and T cell stimulatory capability
through suppression of type | IFN signalling. These
results suggest a novel mode of action for tofacitinib and
a pivotal role for JAKs in the differentiation of DCs.

INTRGDUCTION

Janus kinase (JAK) family members, constitutively
bound to cytokine receptors, play an important
role in the biological activation of cytokines
through activation of the signal transducer and acti-
vator of transcription (STAT), which is a transcrip-
tion factor, The JAK family consists of JAKI,
JAK2, JAK3 and tyrosine kinase (TYK)2. Different
JAK family members are activated by different
cytokine receptors. JAK1 is activated by the class 1,
class 2 and yc cytokines, while JAK3 is activated by
vc cytokines. Therefore, JAK family members are
not only essential for immune function, but they
also play an important role in inflammation

response.’ ™ Tofacitinib, which is selective for JAK1
and JAK3,® ¢ is effective for patients with rheuma-
toid arthritis (RA).”*° This finding supports the
notion that JAK1 and JAK3 play an important role
in autoimmune diseases. Purthermore, it is thought
that elucidation of the mode of action of JAK
family members in vivo will lead to a better under-
standing and treatment of autoimmune diseases.

Dendritic cells (DCs) play a key role in bridging
nataral immunity and acquired immunicy.
Immature DCs are potent phagocytes, and they
mature through toll-like receptor (TLR) signalling.
They also show antigen-specific T-cell activation
abilities, which are accompanied by induction of
expression of major histocompatibility complex
{(MHC) and costimulus molecules. Moreover, DCs
play an important role in autoimmune diseases,
They suppress antigen-specific responses and cause
induction of immunotolerance relative to the
degree of their differentiation and functional modi-
fication,"™™* while suppression of DC apoptosis
destroys immunotolerance, resulting in induction
of autoimmune diseases.’® Hence, DCs are poten-
tial targets not only for immune responses but also
for autoimmune diseases.

We have previously shown that tofacitinib select-
ively suppresses production of cytokines and prolif-
eration of lymphocytes.'” These functions can be
predicted to some degree by the important role
that JAK family members play in the differentiation
and proliferation of lymphocytes. We have reported
that DCs express JAK1, JAK2 and JAK3; however,
DCs derived from a JAK3-deficient mouse have
been shown to overproduce interleukin (IL)-10 and
exhibit anti-inflammatory activity.*® However, how
the inhibition of JAK signalling affects the pheno-
type, differentiation and antigen presentation of
human DCs, which initiate immune responses, has
not been investigated. Blucidation of the effects of
tofacitinib on DC function may increase basic sci-
entific knowledge of the clinical efficacy of
tofacitinib

An increase in the number of invasive DCs has
been observed in the synovitis tissues in RA, and
monocyte-derived DCs (MoDCs) from patients
with RA produce increased IL-6."7 In addition, an
increase in the number of DCs that express high
levels of TLR4 ligands in RA synovial fluid has
been reported,®® ?! suggesting activation of DCs
and disruption of immunotolerance. Furthermore,
JAK expression increases in synovial DCs in active
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RA,**2* indicating its involvement in the regulation of DCs
during the pathological processes. This study was conducted in
order to investigate the effects of inhibition of JAK1 and JAK3
by tofacitinib and signalling mechanisms in human MoDCs.

METHODS

Inhibitors

Tofacitinib and PF956980% were kindly provided by Pfizer
(New York, New York, USA). The following inhibitors were pur-
chased; JAK2 kinase inhibitor, G6 (Sigma-Aldrich, St Louis,
Missouri, USA), Syk inhibitor I, Syk inhibitor II, PP1, PP2
(Merck, Darmstadt, Germany), anti-IL-6 receptor o antibody,
tocilizamab (Chugai Pharmaceutical Co, Tokyo, Japan).

Generation of MoDCs and cell cultures

Peripheral blood mononuclear cells were isolated with lympho-
cyte separation medium (ICN/Cappel Pharmaceuticals, Aurora,
Ohio, USA). Monocytes were obtained by positive magnetic
selection using anti-CD14 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). To generate immature MoDCs, we cul-
tured monocytes at 0.5%x10% cells/mL in the presence of 1L-4
(50 ng/mL; R&D systems, Minneapolis, Minnesota, USA) and
granulocyte macrophage colony-stimulating factor (50 ng/mL;
Peprotech, Rocky Hill, New Jersey, USA) for 6 days. The
medium was replaced with one supplemented with cytokines on
day 3.

Immature MoDCs were washed and replated in fresh medium
at 2.5%x10° cells/mL and pretreated with tofacitinib (10, 100,
300, 1000 nM), PF956980 (300nM), G6 (300nM), PP1
(300 nM), PP2 (300 nM), cycloheximide (5 pg/mL), tocilizamab
(8 pg/mL) or interferon (IFN)o/B receptor antibody (10 pg/mL)
(Abcam, Cambridge, UK) for 6 h and matured with lipopolysac-
charide (LPS) (Escherichia coli; Sigma, 100 ng/mL) for 48 h.
The concentration of each drug was chosen on the basis of pre-
vious studies.® 263% MoDCs were washed twice and used for
coculture with T cells. Production of tumour necrosis factor
(TNF)o, IL-6, IL-1p and IFNe was determined with the BD
Cytometric Bead Array (CBA) human Flex Set (BD Pharmingen,
Franklin Lakes, New Jersey, USA), and that of TGFp and IFNB
was analysed by ELISA (eBioscience, San Diego, California,
USA). Apoptosis was analysed with the Apoptosis Detection kit
II (BD Pharmingen).

DC-T cell cocultures

CD4 T cells were negatively selected from peripheral blood
mononuclear cells with the CD4 T Cell Isolation Kit 1I
(Miltenyi Biotec), and CD45SRA™ naive T cells were positively
isolated with anti-CD45RA microbeads (Miltenyi Biotec).
MoDCs were cocultured with allogeneic human CD4SRA*
naive T cells at 2 1:10 ratio for 6 days in Roswell Park Memorial
Institute medium. IL-10 was analysed by CBA, and T cell prolif-
eration was assessed by [PH]thymidine incorporation in the last
16 h. IFNy production was analysed after restimulation of
T cells with CD3 (1 pg/mL) and CD28 (0.5 ug/mL) monoclonal
antibodies (R&D Systems) for 72 h after coculture.

Flow cytometric analysis

MoDCs were incubated in blocking buffer (0.25% human
globulin in phosphate-buffered saline) for 15 min and then sus-
pended in 100 ul. FACS solution (0.5% human albumin and
0.19 NaNj in phosphate-buffered saline) with fluorochrome-
conjugated monoclonal antibodies at 4°C for 30 min and then
washed with FACS solution and analysed with a FACSVerse
(Becton-Dickinson, San Jose, California, USA). The following

fluorochrome-conjugated mouse monoclonal antibodies were
purchased from BD Pharmingen: fluorescein thiocyanate
(FITC)-conjugated anti-CD80, PerCP-conjugated anti-HLA-DR,
and antigen presenting cell (APC)-conjugated anti-CD36.

Quantitative real-time PCR

Total RNA was prepared using the RNeasy Mini Kit (Qiagen,
Chatsworth, California, USA). First-strand ¢cDNA was synthe-
sised, and quantitative real-time PCR was performed in the Step
One Plus instrument (Applied Biosystems, Foster City,
California, USA). TagMan target mixes for tryptophan
indoleamine-pyrrole 2,3-dioxygenase (IDO1), IDO paralogue
IDO2 (IDO2), CD80 and CD86 were purchased from Applied
Biosystems. Expression levels were expressed relative to that of
glyceraldehyde-3-phosphate dehydrogenase. The relative quan-
tity was calculated using the quantification-comparative cycle
threshold formula~referenced sample of immature DCs.

Western blot analysis

MoDCs were lysed in Nonidet P-40 buffer containing NaCl,
TrissHCl (pH 8.0), distilled water and protease inhibitor.
Lysates were mixed with an equal volume of sample buffer solu-
tion (2-mercaptoethanol; Wako Pure Chemical Industries) and
boiled for 5 min. Proteins were separated by sodium dodecyl
sulfate/polyacrylamide gel electrophoresis, transferred on to
nitrocellulose membranes (Whatman, Tokyo, Japan), blocked
with 5% skimmed millk, and immunoblotted with antibodies to
human phospho-NF-«B p65, human PU.1, human IFN regula-
tory factor 7 (IRF7), human phospho-STAT1, STATI,
phospho-STAT2 and STAT2 (Cell Signaling Technology, Tokyo,
Japan) and horseradish peroxidase-labelled anti-secondary anti-
bodies (NA931V and NA934V; GE Healthcare, Osaka, Japan),
using immunoreaction enhancer solution (Can Get Signal,
Toyobo, Osaka). Blots were developed with ECL Western
Blotting Detection Reagents (GE Healthcare) and visualised
with a light-capture instrument (ATTO, Tokyo, Japan).

Statistical analysis
Differences were examined using the Mann-Whitney test.
p<0.05 denoted the presence of a significant difference.

RESULTS

Tofacitinib inhibited expression of CD80/CD86 without
cytotoxicity in human MoDCs stimulated with LPS

The effects of tofacitinib on the expression of costimulators of
human MoDCs were investigated. CD80/CD86 and HLA-DR
were induced 48 h after LPS stimulation. However, CD80/CD86
expression in MoDCs was suppressed in a concentration-
dependent manner by the addition of tofacitinib, whereas expres-
sion of HLA-DR was not affected (figure 1A,B). Moreover, .
induction of CD80/CD86 expression by LPS stimulation was
suppressed by PF956980, which is a different JAK1/3 inhibitor,
while CD80/CD86 expression was not suppressed by PP1, PP2
or JAK2 inhibitors. These findings suggest that suppression of
CD80/CD86 expression was dependent on inhibition of JAK1/3
(figure 1C). Furthermore, cluster formation was observed 24 h
after LPS stimulation, which was inhibited in a concentration-
dependent manner by the addition of tofacitinib (figure 24),

In the next sct of experiments, cytokine production in DCs
was investigated. The production of TNFe, IL-1f and IL-6
was induced by stimulation of MoDCs with LPS for 48 h, while
the production of these cytokines was suppressed by tofacitinib
in a concentration-dependent manner (figure 2B). However,
tofacitinib affected neijther the expression of TGFB mRNA
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Figure 1

Tofacitinib suppresses CD80/CD86 expression. Immature monocyte-derived dendritic cells (DCs) were washed and cultured with or

without tofacitinib or other tyrosine kinases during lipopolysaccharide (LPS; 100 ng/mL) stimulation for 48 h. The DC phenotype was evaluated using
flow cytometry. (A) Expression of HLA-DR, CD80 and CD86. (B) Representative histogram data of HLA-DR, CD80 and CD86 expression.

(C) Expression of HLA-DR, CD80 and CD86 in the presence of tofacitinib and other tyrosine kinase inhibitors. Representative results of three
independent experiments with similar findings. Data are mean+SD. *p<0.05 and **p<0.01 (Mann-Whitney test).

(see online supplementary figure S1A) nor the production of
TGEFB (figure 2C), IL-10 and IL-12p70 (see online supplemen-
tary figure S1B).

To examine whether these suppressive effects were the result
of cytotoxicity of tofacitinib on DCs, the cells were stained with
annexin V and propidium iodide. DCs died at a high frequency
without stimulation for 48 h, while apoptosis was inhibited by
LPS stimulation (figure 3A,B). Tofacitinib did not induce apop-
tosis, even at concentrations as high as 1000 nM, and it did not
cause cytotoxicity. When DCs were pulsed with FITC-labelled
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albumin, tofacitinib did not affect their capability for micropi-
nocytosis (figure 3C). These results suggest that tofacitinib sup-
pressed cluster formation and changed the phenotype of DCs
without causing their cell death.

Expression of CD80 and CD86 was inhibited by antibody to
type | IFN receptor

Expression of CD80/CD86 mRNA after LPS stimulation in DCs
was suppressed by cycloheximide treatment (figure 4A). After
LPS activation,

no JAK-STAT pathway involvement was
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Figure 2 Tofacitinib suppresses cluster formation of dendritic cells (DCs) and inflammatory cytokine production in DCs. lmmature
monocyte-derived DCs were washed and cultured with or without tofacitinib during lipopolysaccharide (LPS; 100 ng/mL) stimulation for 48 h.

(A) Morphology of DC populations as shown by phase-contrast microscopy. Representative results of three independent experiments with similar
findings are shown. (B) Tumour necrosis factor (TNF)o,, interleukin (IL)-1B and IL-6 concentrations in the supernatants were measured.

(C) Transforming growth factor (TGF)B concentration was determined by ELISA. Data of three independent experiments are shown. Data are mean

+SD. *p<0.05 (Mann—Whitney test).
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Figure 3 Tofacitinib does not induce cell death. Immature monocyte-derived dendritic cells (MoDCs) were washed and cultured with or without
tofacitinib during lipopolysaccharide (LPS; 100 ng/mL) stimulation for 48 h. Early and late apoptosis of DCs were evaluated with flow cytometry.
(A) Representative histogram data of annexin V/propidium iodide (PI) stamlng (B) Rate of viable cells (annexin Veg/Plyeg). (C) MoDCs were pulsed
with 5 pg/mL fluorescein isothiocyanate (FITC)-conjugated albumin for 60 min. Cells were incubated at 0°C for bac ground uptake and at 37°C for
albumin uptake. Data indicate the ratio compared with MoDCs stimulated with LPS. Data of three independent experiments are shown. Data are
mean+SD. **p<0.01 (Mann-Whitney test). MFI, mean fluorescence intensity.

indicated in the signalling pathway downstream of TLR4; there-
fore, an indirect mechanism was considered in which the sup-
pression of CD80/CD86 expression by tofacitinib occurred
through a proteinogenic mechanism.

We next assessed if CD80/CD86 is induced by cytokines in
MoDCs. CD80/CD86 expression was not induced by IL-6,
whereas it was induced by LPS stimulation. Furthermore, the
CD80/CD86 expression that was induced by LPS was not

affected by tocilizumab, which is an IL-6 receptor antibody
(figure 4B). In contrast with IL-6, expression of CD80/CD86
was induced by type I IFN stimulation and was completely
inhibited by tofacitinib. Expression of CD80/CD86, which was
induced by LPS, was suppressed by a type I IFN receptor anti-
body (figure 4C). These results suggest that the inhibition of
JAK1/3 in MoDCs partially suppressed the expression of CD80/
CD86 by suppressing type I IFN signalling.
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Figure 4  Lipopolysaccharide (LPS) induces the expression of CD80 and CD86 through type | interferon (IFN). Immature monocyte-derived dendritic
cells (DCs) were washed and cultured with or without cycloheximide, an antibody to interleukin (IL)-6 receptor (tocilizumab) or to type | IFN receptor
(IFNAR1) during LPS (100 ng/mL) stimulation for 48 h. (A) CD80 and CD86 mRNA expression were measured by quantitative real-time PCR.

(B and C) Expression of HLA-DR, CD80 and CD86 determined by flow cytometry. Data are mean+SD. *p<0.05 and **p<0.01 (Mann-Whitney test).

RQ, relative quantity.
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Tofacitinib inhibited expression of CD80 and CD86 through
reduction of IRF7 signalling ’

The involvement of NF-xB,*! PU.1** and IRF7,>* which are
transcription factors that regulate CD80/CD86 expression, was
investigated. NF-xB and PU.1 were activated within 5 min,
while IRF7 was activated within 3 h in DCs after LPS stimula-
tion. The activation of NF-xB and PU.1 by LPS stimulation was
not suppressed by tofacitinib, while the activation of IRF7 was
suppressed by tofacitinib (figure SA). Consistent results were
achieved on analysis of nuclear and cytoplasmic fractions. LPS
stimulation for 5 min induced phospho-IxBa. and concurrently
induced phospho-NF-xkB and the subsequent translocation of
phospho-NF-xB and PU.1 into the nucleus. However, tofacitinib
affected the translocation of neither phospho-NF-xB nor PU.1
induced by LPS (see online supplementary figure S2). On the
other hand, expression and nuclear translocation of IRF7 was
induced after 3 h stimulation with LPS, and the induced trans-
location of IRF7 was suppressed by tofacitinib (see online sup-
plementary figure S2). In addition, tofacitinib decreased IFNP
production (figure 5B), while IFNo production was undetect-
able (data not shown). Tofacitinib also suppressed
phospho-STAT1/STAT2 induced by exogenous type I IFN
(figure 5C). Furthermore, IFNo/B receptor was constitutively
expressed and not affected by tofacitinib (data not shown).
These results indicate that tofacitinib suppressed the phosphor-
ylation of STAT1/STAT2 induced by autocrine stimulation with
type I IFN, continuously suppressing IRF7 expression and the
production of type I IFN, which decreased CD80/CD86 expres-
sion in MoDCs.

Tofacitinib reduced T cell stimulatory ability and induced
expression of IDO in MoDCs

Finally, the T cell stimulation capability of MoDCs treated with
tofacitinib was examined. MoDCs were cultured for 48 h in the
presence of tofacitinib and LPS, washed, and then cocultured with
allogeneic CD4*CD45RA *-naive T cells for 6 days. MoDCs that

A time after LPS stimulation

0 min Smin 3 hr

were treated with LPS exhibited increased T cell growth capability,
and IFNy production capability was induced. However, MoDCs
that were pretreated with tofacitinib exhibited decreased T cell
stimulatory capability and demonstrated a concentration-
dependent decrease in IFNy production (figure 6A-C), while
IL-10 production was increased (figure 6C) without any effects on
regulatory T cell population (see online supplementary figure S3).

It has been reported that DCs that express IDO, which is an
enzyme with catalytic activity on tryptophan, show decreased
T cell stimulatory capability.** Therefore, the IDO mRNA in
DCs was measured. Both IDO1 and IDO2 were significantly
induced by tofacitinib (figire 6D). These results suggest that
inhibition of JAK1/3 in DCs with tofacitinib suppressed cell
maturation and induced DCs with decreased T cell stimulatory
capability.

DISCUSSION

It is shown here that tofacitinib, a JAK inhibitor, promoted a
tolerogenic phenotype in human DCs. The data indicate that
inhibition of JAK1/JAK3 by tofacitinib regulated transcription
of IRF7 by suppressing type I IFN signalling and CD80/CD86
expression. Tofacitinib was approved for treatment of RA in the
USA and Japan in 2012 and 2013, respectively. The therapeutic
efficacy of tofacitinib has been shown to be equivalent to TNF
inhibitors,>® and it was also found to be effective in patients
who did not respond to TNF inhibitors.>® These clinical study
results indicate that JAK1/JAK3 plays an important role in
inflammatory immune diseases such as RA. However, the direct
suppressive effect of tofacitinib on T cells alone does not com-
pletely explain the mechanism. The results in this report suggest
a novel mechanism of tofacitinib involving the induction of
immunotolerance in DCs.

Tofacitinib did not affect the expression of MHC class II
molecules, whereas it did suppress CD80/CD86 expression.
Tofacitinib has been shown to exhibit a suppressive effect on
JAK1/JAK3, while its suppressive effects on JAK2/Tyk2 are
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Figure 5 Tofacitinib suppresses interferon regulatory factor (IRF) activation. Immature monocyte-derived dendritic cells (MoDCs) were washed and
cultured with or without tofacitinib during lipopolysaccharide (LPS; 100 ng/mL) stimulation for 48 h, The time course of suppression was evaluated
as shown. (A) Phospho-NF-xB, PU.1, IRF7 and B-actin were detected by western hlotting. (B) Interferon (IFN)B concentration in the supernatant from
MoDCs cultured for 48 h was measured. (C) Phospho-signal transducer and activator of transcription 1 (pSTAT1), STAT1, phospho-STAT2 (pSTAT2),
STAT2 and B-actin were detected by western blotting after stimulation by type-1 IFN for 15 min.
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Figure 6 Tofacitinib decreased T cell stimulatory capability of dendritic cells (DCs) and increased indoleamine 2,3-dioxygenase (IDO) expression,
Immature monocyte-derived DCs were cultured with or without tofacitinib during lipopolysaccharide (LPS; 100 ng/mL) stimulation for 48 h and
washed. They were then cocultured with allogeneic CD4*CD45RA™-naive T cells for 6 days. (A) Clustering of T cells as shown by phase-contrast
microscopy. (B) [3H]Thymidine incorporation was measured during the last 18 h of the 72 h culture. (C) Interferon (IFN)y and interleukin (IL)-10
concentrations in the supernatant. (D) Indoleamine 2,3-dioxygenase (IDO)1 and IDO2 mRNA expression in DCs measured by quantitative real-time
PCR. Data of three independent experiments are shown. Data are mean+SD. *p<0.05 (Mann-Whitney test), RQ, relative quantity.

limited.®* Furthermore, we found that the JAK2 inhibitor (G6)
did not show any effects on CD80/86 expression (figure 1),
indicating that JAK1 is involved in CD80/86 induction. Recent
clinical trials proved that a JAK1/JAK2 inhibitor possesses
similar clinical efficacy to tofacitinib,>” and there could be a
similar inhibitory action of JAK1-mediated signalling on DCs by
this JAK1/JAK2 inhibitor. Furthermore, therapies targeting sup-
pression of CD80/CD86-mediated T cell stimulation, such as
abatacept, have been successful in the treatment of autoimmune
diseases, and TNF inhibitors are also able to suppress CD80/86
expression.’® Therefore, suppression of costimulators is consid-
ered an important mechanism of action of tofacitinib.

CD80/86 expression is regulated by three transcription
factors, NF-xB,*! PU.13? and IRF7.3> NF-«B and PU.1 are dir-
ectly induced by TLR4 stimulation,®® “* while IRF7 is induced
through JAK1/Tyk2, which are activated by type I IFN and its
downstream signals, STAT1/STAT2.*! Furthermore, IRF7 pro-
mates type I IFN production, which results in the formation of
a positive feedback pathway.** The results of our study indicate
that tofacitinib did not affect activation of NF-xB and PU.1,
whereas it did suppress IRF7 expression. Moreover, CD80/
CD86 expression was suppressed in the presence of an antibody
to type I IFN receptor. According to a report by Lim et al,*?
IRF7 bound to the promoter lesion of CD80 and regulated its
expression. Although the regulation of CD80/86 remains
unclear, there may be coordinated regulatory mechanisms
among NF-xB, PU.1 and IRF7, and tofacitinib may inhibit
CD80/86 expression partly through IRF7,

The most significant finding of this study is that JAK1/JAK3
inhibition by tofacitinib in human DCs suppressed induction of
their T cell stimulatory capability. A decrease in costimulator
expression, as well as an increase in IDO expression, was
observed after tofacitinib treatment. IDO is a rate-limiting
enzyme in tryptophan metabolism; however, it has a strong
immunomodulation effect and plays an important role in the

expression of tolerogenic DC function.®* #* 4 Expression of
costimulators and cytokine production capability were sup-
pressed, and expression of IDO was increased, in MoDCs in the
presence of tofacitinib. Although the mechanisms of IDO induc-
tion remain unclear, we assume that the inhibition of IL-4
played a role in IDO induction by tofacitinib for the following
reasons: IL-4 is produced by DCs*; IL-4 activates JAK1/JAK3;
tofacitinib inhibits IL-4-mediated signalling; IL-4 is known to
inhibit IDO expression.*¢

To clarify the functions of IDO in DCs, MoDCs were pre-
treated with tofacitinib and cocultured with allogeneic CD4 T
cells in the presence of 1-methyltryptophan (1-MT), an IDO
inhibitor. However, the treatment of MoDCs with 1-MT did
not cancel the tofacitinib-mediated suppressive effects on T cell
stimulation (data not shown). Furthermore, other molecules
involved in immune tolerance such as programmed death ligand
(PDL)-1 and PDL-2 were not induced by tofacitinib (see online
supplementary figure S4). Thus, the functional significance of
IDO expression in DCs remains unclear in our studies, and we
suppose that the suppressive effects of tofacitinib-treated DCs
on T cell stimulation mainly depend on the inhibition of CD80/
86 expression in DCs.

On oral administration of tofacitinib 5 or 10 mg twice a day,
serum levels of approximately 100-300 nM are achieved, and
such therapeutic levels are known to last for 4-6 h. The in vitro
levels of tofacitinib used in our studies were almost comparable
to the therapeutic levels achieved. Although the in vivo half-life
of tofacitinib is 2-3 h, an effective concentration could be
obtained in vitro by administration twice a day.

These findings suggest that the inhibition of JAK1 and JAK3
responses after LPS stimulation in human DCs was involved in
the regulation of disease states through a novel mechanism. In
addition to the known effects of tofacitinib on lymphocytes, we
discovered novel effects on human MoDCs: tofacitinib sup-
pressed a production and stimulation loop of type I IFN
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through JAK1/JAK3, decreased CD80/CD86 expression,
induced IDO expression, and suppressed T cell stimulatory cap-
abilities. Thus, tofacitinib not only suppressed cytokine produc-
tion, but also suppressed expression of costimulators by
inhibiting the positive loop of type I IFN-IRF7 in DCs, which
leads to immunomodulatory effects.
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IL-6-accelerated calcification by induction of ROR2 in
human adipose tissue-derived mesenchymal stem
cells is STAT3 dependent

Shunsuke Fukuyo?, Kunihiro Yamaoka', Koshiro Sonomoto’, Koichi Oshita'?,
Yosuke Okada', Kazuyoshi Saito', Yasuhiro Yoshida®, Tamotsu Kanazawa?®,
Yasuhiro Minami* and Yoshiya Tanaka’

Absiract

Objective. The mechanisms of ectopic calcification in inflammatory diseases are poorly understood. We
investigated the effects of inflammatory cytokines on the mechanisms of calcification in human adipose
tissue-derived mesenchymal stem cells (hADSCs).

Methods. The effects of inflammatory cytokines were evaluated using hADSCs cultured in osteoblast
induction medium. mRNA expression was measured by real-time PCR and protein levels were measured
by western blotting. Cell mineralization was evaluated by Alizarin Red 8 staining.

Results. In hADSCs, administration of IL-6/soluble IL-6 receptor (sIL-6R), TNF or IL-1p accelerated cal-
cification through enhanced expression of an osteoblast differentiation marker, runt-related transcription
factor 2 (RUNX2). IL-6/slL-6R had the greatest effect. The transcription of mRNA for receptor tyrosine
kinase-like orphan receptor 2 (ROR2), involved in the non-canonical wingless-type (WNT) MMTV integra-
tion site pathway, was increased, while B-catenin expression, an essential factor in the canonical WNT
signalling pathway for osteoblast differentiation, did not change. Suppression of signal transducer and
activator of transcription 3 (STAT3), but not STAT1, by small interfering RNA (siRNA) exerted a strong
inhibitory effect on RUNX2 and RORZ2 expression, and inhibited accelerated calcification.

Conclusion. |L-6/slL-6R stimulation accelerated the ROR2/WNT5A pathway in hADSCs in a STAT3-
dependent manner, resulting in augmented calcification. These results suggest that the mechanisms of
ectopic calcification accelerated by IL-6 in hADSCs may be involved in chronic inflammatory tissues and
that IL-6 inhibitors may be beneficial in the treatment of ectopic calcification in inflammatory diseases.

Key words: |L-6, ROR2, ADSCs, STAT3, WNT5A, ectopic calcification.

Introduction the bone matrix during bone formation. During the devel-

opment of bone, osteoblasts derived from mesenchymal
stem cells (MSCs) become embedded in the bone matrix
and differentiate into bone cells. In addition to physio-
logical calcification, ectopic calcification can also occur
in vivo. A typical example is arteriosclerosis-related vas-
cular wall calcification, which is caused by the simple de-
position of calcium in vascular walls. However, recent
studies have suggested that transformation of vascular
smooth muscle cells into osteoblasts may be
responsible for vascular wall calcification [1].

Physiological calcification in living organisms involves the
deposition of minerals such as calcium and phosphorus in
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The finding that bone matrix proteins, including osteo-
pontin, osteonectin and bone sialoprotein (BSP), are pre-
sent in calcified tissues suggests that calcification may
occur via osteoblast-like differentiation [2, 3]. Fat cells,
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hematopoietic cells and mesenchymal cells exist in large
numbers in subcutaneous adipose tissue. However, these
cells are terminally differentiated and are unlikely to ac-
quire osteoblast-specific trails or cause calcification.
Alternatively, immature and undifferentiated MSCs can
be induced to differentiate into osteoblasts by inflam-
matory cytokines and are more likely to be involved in
subcutaneous calcification. Multipotential adipose tis-
sue-derived MSCs (ADSCs) are present in subcutaneous
adipose tissue. ADSCs are multipotent cells that can dif-
ferentiate into MSC-specific adipocytes, chondrocytes
and osteoblasts [4, 5]. MSCs isolated from patients with
autoimmune diseases, such as SLE or other inflammatory
diseases, are reportedly associated with abnormal func-
tion or differentiation, unlike MSCs from healthy individ-
uals, suggesting that MSCs are involved in disease
pathogenesis [6].

Multiple factors, including inflammation and oxidative
stress, that are associated with diabetes, renal failure
and ageing are involved in osteoblast-like differentiation
[7]. In addition, autoimmune diseases are associated with
inflammation-related ectopic calcification. In particular,
scleroderma and JDM are complicated by ectopic sub-
cutaneous calcification. Between 4% and 25% of
patients with scleroderma and ~30% of patients with
JDM develop ectopic calcification complications [8].
Scleroderma and JDM are autoimmune diseases that
affect the skin and muscle tissues, respectively. These
diseases are thought to be mediated by inflammatory
cells such as lymphocytes and macrophages that infiltrate
subcutaneous adipose tissue and muscle tissue. These
cells secrete inflammatory cytokines, such as IL-6, TNF
and IL~1p, which may be involved in calcification [9, 10].
This mechanism of immune-mediated calcification was
supported by a study in which the administration of TNF
inhibitors reduced sctopic calcification [11]. We recently
demonstrated that inflammatory cytokines stimulate
the differentiation of MSCs into osteoblasts by activating
the non-canonical wingless-type (WNT) signalling path-
way [12].

These findings suggest that inflammatory cytokines
may be involved in ectopic calcification observed in the
pathology of autoimmune diseases by stimulating the dif-
ferentiation of ADSCs into osteoblasts. The aim of this
study was to determine the ability of inflammatory cyto-
kines to accelerate the differentiation of human ADSCs
(hADSCs) into osteoblast-like cells in vitro.

Methods

Cells

hADSCs were purchased from Cytori (San Diego, CA,
USA). ADSCs were cultured in ADSC basal medium sup-
plemented with L-glutamine, gentamicin, amphotericin
and 10% fetal bovine serum (FBS) [ADSC growth
medium (ADSCGM), Lonza, Walkersville, MD, USA] at
37°C in a 5% CO, atmosphere and were subcultured
every 6-7 days. ADSCs from passages 2-10 were used
in this study. The multipotency of ADSCs was assessed

wwnw.rh y.oxf ofg

by their ability to differentiate into osteoblasts, chondro-
cytes and adipocytes. ADSCs (1 x 10* cells) were seeded
into 24-well plates (Corning, Corning, NY, USA) and cul-
tured in osteoblast induction medium (OIM; 50 uM ascor-
bic acid, 10mM B-glycerophosphoric acid and 0.1 uM
dexamethasone), adipocyte induction medium [minimum
essential medium (MEM) o, hydrocortisone, isobutyl-
methyixanthine and indomethacin] or seeded into a con-
ical tube three-dimensional (3D) culture and cultured in
chondrocyte induction medium (D-MEM, insulin, transfer-
rin, selenious acid, BSA, linoleic acid, ascorbic acid, pro-
line, pyruvate, TGF-B3 and dexamethasone) at 37°C in a
5% CO, atmosphere. All media were obtained from
Lonza. Ethics approval for the experiments using
hADSCs was granted by the Ethics Committee of the
University of Occupational and Environmental Health,
Japan.

ADSCs~conditioned medium assay

ADSCs (1 x 10* cells) were seeded into 24-well plates and
cultured in OIM at 37°C in a 5% CO, atmosphere.
Recombinant human TNF (R&D Systems, Minneapolis,
MN, USA), human IL-18 (RELIATech, Wolfenblittel,
Germany) or human IL-6 (Miltenyi Biotec, Bergisch
Gladbach, Germany) with human soluble 1L-6 receptor
(slL-6R) (R&D Systems) were added to OIM. The medium
was replaced every 2-3 days throughout the experiments.
These experiments were performed with and without 1-h
cycloheximide (5 pg/ml) pretreatment of hADSCs.

Measurement of mRNA expression

Total mRNA was collected with the RMNeasy Mini Kit
(Qiagen, Hilden, Germany) and cDNA was obtained by
reverse transcription according to the manufacturer’s in-
structions. Real-time PCR was performed using primers
specific for runt-related transcription factor 2 (RUNX2)
(Hs-01047978-m1), receptor tyrosine kinase-iike orphan
receptor 2 (ROR2) (Hs-00171695-m1) and WNT MMTV
integration  site  family ~member 5A (WNT5A)
(Hs_00998537m1), WNT3A (Hs-01055707-m1), WNT78
(Hs-00536497-m1) and WNT10B (Hs-00559664-m1)
(Applied Biosystems, Foster City, CA, USA). RUNX2,
ROR2 and WINT5A mRNA expression levels were normal-
ized to the levels of B-actin (TagMan probe
Hs_99999903m1) as an endogenous control and calcu-
lated using the A ACy method.

Mineralization assay

Cell mineralization was evaluated by Alizarin Red S (ARS)
staining {Sigma-Aldrich, St Louis, MO, USA). Briefly, cells
were cultured in the indicated conditions in a 24-well plate
and fixed with 10% formaldehyde for 15min and rinsed
with deionized water before adding 350 il of 1% ARS so-
lution (pH 4.1) per well. After incubation at room tempera-
ture for 15 min, the cells were washed with deionized water.

Western blotting

Celis were washed twice with cold PBS and dissolved
with lysis buffer containing 50mM Tris-HCI (pH 8.0),
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150mM NaCl, protease inhibitor and 10% NP-40. Equal
amounts of proteins (20pg) were electrophoresed
by SDS-PAGE, transferred onto nitrocellulose mem-
branes and blotted with antibodies against B-catenin,
signal transducer and activator of transcription 1
(STAT1), STAT3, phosphorylated (p)-STAT1, p-STAT3
(Cell Signaling Technology, Beverly, MA, USA) or
B-actin (Sigma-Aldrich), followed by incubation with
secondary antibodies (GE Healthcare, Chalfont St Giles,
UK).

Small interfering RNA

The following small interfering RNA (siRNAs) were pur-
chased from Invitrogen (Carlsbad, CA, USA): STAT1
siRNA-1  (5'-GCGGAGACAGCAGAGCGCCUGUAUU-3),
STAT1 siRNA-2 (6’-CCUGUCACAGCUGGAUGAUCAAUA
U-3), STAT3 siRNA-1 (5'-GCCAAUUGUGAUGCUUC
CCUGAUUG-3), STAT3 siRNA-2 (5-UGGCCCAA
UGGAAUCAGCUACAGCA-3) and negative control
siRNA (low GC: 12935-200; medium GC: 12935-112;

high GC: 12935-400). Transfection was performed using
lipofectamine RNAIMAX (Invitrogen). In brief, hADSCs
(1 x10* cells) were plated on a 24-well plastic plate in
500l of antibiotic-free ADSCGM 1 day before transfec-
tion. On the next day, transfection reagents containing 6
pmol siRNA and 1yl lipofectamine RNAIMAX in a final
volume of 100 ul with Opti-MEM | (Invitrogen) was added
to each well and incubated for 24 h before adding OIM
supplemented with IL-6 (100 ng/ml) and slL-6R (100ng/
ml) for 3 or 24 h.

Immunohistochemistry

Ethics approval was obtained from the Ethics Committee
of the University of Occupational and Environmental
Health, Japan for the use of patient tissue. Formalin-
fixed, paraffin-embedded sections (3-um thick) from a
DM patient were used for immunohistochemistry. The
sections were then stained using the Histofine Simple
Stain Kit (Nichirei, Tokyo, Japan) with mouse anti-human
RUNX2 (ABNOVA, Taipei, Taiwan) and mouse anti-human

Fia. 1 Inflammatory cytokines accelerated mineralization and RUNX2 mRNA expression
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(A) hADSCs were cultured in OIM supplemented with TNF, IL-1B or IL-6/sIL-6R (0.01, 0.1, 1.0, 10 and 100 ng/ml) and
Alizarin Red S staining was performed on day 8. Data are representative of three experiments with similar findings.

(B, C) hADSCs were cultured in OIM supplemented with TNF (1.0 ng/ml), IL-1 (0.1 ng/ml) or IL-6/sIL-8R (100 ng/ml). Total
RNA was isolated at 24 h (B) and on day 8 (C) and RUNX2 mRNA expression was determined by real-time PCR. Data are
shown as the mean (s.e.M.) values of three experiments. *P < 0.05, **P < 0.01 vs without OIM and cytokines by analysis of

variance and post hoc Dunnett’s test.
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IL-6 (R&D Systems, Minneapolis, MN, USA). Briefly, en-
dogenous peroxidase was inactivated in a 3% hydrogen
peroxide (H20,) solution after proteolytic digestion using
proteinase K (Dako, Glostrup, Denmark). These sections
were then blocked with serum-free protein block (Dako,
Glostrup, Denmark), followed by incubation with monoclo-
nal and polyclonal antibedies in a humid chamber for
60 min at room temperature. After incubation, all sections,
including the negative control sections, were treated with
peroxidase-conjugated secondary antibodies for 30 min
and the colour was developed by incubating the sections
in 3,3'-diaminobenzidine and Hy0, for 10 min, followed by
counterstaining with haematoxylin solution. Negative con-
trol sections were treated with isotype-matched mouse
1gG1.

Statistical analysis

Data are expressed as mean (s.e.m.). Differences betweaen
two groups were tested for statistical significance using
Student’s i-test. Analysis of variance (ANOVA) was used
to compare three or more groups. If the ANOVA was sig-
nificant, Dunnett’s multiple comparison test was used as a
post hoc test. In all analyses, a P-value <0.05 was con-
sidered significant.

Results

Inflammatory cytokines accelerated mineralization
and RUNX2 mRNA expression in hADSCs

We first confirmed the multipotency of hADSCs, as they
could differentiate into adipocytes, chondrocytes and
osteoblast-like cells in vitro (data not shown). Previous
studies demonstrated that inflammatory cytokines might
be involved in osteoblast differentiation and calcification
[13, 14]. Therefore we investigated the effects of different
inflammatory cytokines on osteoblast-like differentiation
of hADSCs. In vitro, hADSCs were cultured in OIM sup-
plemented with TNF, IL-1§ or IL-6/slL-6R (0.01, 0.1, 1.0,
10 and 100ng/ml). On day 8 of cuiture, calcification was
assessed by ARS staining. TNF, IL-15 and IL-6/sIL-6R at
concentrations of 1.0ng/mi, 0.01 ng/ml and 100 ng/ml, re-
spectively, accelerated the calcification compared with
OIM alone (Fig. 1A). All three cytokines augmented
RUNX2 mRNA expression, an ostecoblast differentiation
marker, within 1 day of culture (Fig. 1B). On day 8, the
enhanced expression of RUNX2 mRNA persisted in all
cytokine-supplemented cultures relative to OIM alone,
with [L-6/slL-6R showing the greatest effect (Fig. 1C).
The addition of IL-6 alone did not enhance RUNX2
mRNA expression, suggesting that functional IL-6 recep-
tors were not expressed by hADSCs {data not shown).
These results demonstrated the acceleratory effect of
IL-6/sIL-6R on calcification by stimulating osteoblast-like
differentiation. This indicated that the IL-6 signalling path-
way had the most potent effect on the differentiation of
hADSCs.

WY, h i Is.org

Fig. 2 IL-6 increased ROR2 mRNA expression without
affecting B-catenin expression
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(A) hADSCs were cultured with or without IL-6/sIL-6R
(100 ng/mi) for 4 days. B-catenin expression was detected
by western blotting. (B) Total RNA was isolated from
hADSCs at 0, 8 and 11 days after culture in OIM supple-
mented with IL-6/sIL-6R (100 ng/ml). The PCR products
were separated by agarose gel. WNT3A, WNT5A,
WNT7B, WNT108 and fi-actin mRNA expression was
measured by PCR. (C) PCR was performed with cDNA
from hADSCs cultured for 12h in OIM supplemented with
IL-6/sIL-6R (100 ng/ml), and cycloheximide (5 ug/ml) and
densimetric analysis was performed. Values are the mean
(s.e.m.) of three independent experiments. *P < 0.05 by
t-test.

IL-6 increased ROR2 mMRNA expression without
affecting B-catenin expression in osteoblast-like
differentiation

We then studied the role of the WNT signalling pathways
{canonical and non-canonical) in osteoblast-like differen-
tiation. To determine the expression level of B-catenin, a
vital component of the canonical WNT pathway, hADSCs
were cultured in OIM supplemented with 100 ng/mi of IL-
6/slL-6R and western blotting analysis was performed 4
days later. However, B-catenin expression was not signifi-
cantly different in cultures with or without IL-6/slL-6R
(Fig. 2A).

Next, an RT-PCR assay was performed to evaluate the
expression of WNT3A, WNT5A, WNT7B and WNTT10B
mRNAs and assess their involvement in osteoblast-like
differentiation in cultured hADSCs. mRNAs for WNT3A,
WNT7B and WNT108B were not detected on days 0, 8 or
11 of culture. In contrast, WNT5A mRNA, which encodes
a representative Wnt protein and is involved in the non-
canonical pathway, was constantly expressed at high
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levels on days 0, 8 and 11 (Fig. 2B). The addition of IL-6/ both STAT1 and STAT3 (Fig. 3A). We then examined the
siL-6R did not enhance this expression (data not shown). effects of inhibiting STAT1 and STAT3 expression on the
hADSC expression of ROR2 mRNA, which encodes a 1L-6 signalling pathway. The expression of STAT1 and
cognate receptor for WNT5A, was enhanced 24h after  STAT3 was effectively suppressed using two different
the addition of IL-6/slL-6R compared with untreated siRNA sequences for each protein (STAT1: siSTAT1#1
hADSCs or hADSCs cuitured in OIM alone. Pretreatment and siSTAT1#2; STAT3: siSTAT3#1 and siSTATS3#2).
of hADSCs with cycloheximide significantly inhibited the siSTAT3 did not affect IL-6/sIL-6R-induced STAT1 phos-
ability of IL-6/sIL-6R to induce ROAR2 MRNA expression  phorylation and siSTAT1 did not affect STAT3 phosphor-
{P=0.0495) (Fig. 2C). Taken together, these results sug-  ylation (Fig. 3B). In this experiment, hADSCs were cultured

gest that IL-6 accelerates calcification by indirectly indu- i OIM for 8 days after transduction with these siRNAs and
cing the transcription of ROR2 mRNAs in hADSCs. protein expression levels were assessed by western blot-

ting. Treatment with sither sequence markedly reduced
STAT3 Is involved in IL-6-mediated RORZ MRNA the protein levels of STAT1 and STAT3 compared with

expression in hADSCs administration of the control sequence (Fig. 3C). There

As STAT1 and STAT3 play important roles in the IL-6  were no apparent changes in WNT5A mRNA and ROR2
signalling pathway, we investigated their involvement  MRNA expression levels following the suppression of
in IL-6-induced ROR2 mRNA expression in hADSCs.  either STATs under OIM conditions (Fig. 3E).

Phosphorylated STAT1 and STAT3 were not detected in Next, hADSCs were cultured in OIM supplemented with
OIM cultures. However, the administration of IL-6/slL-6R 100ng/ml of IL-6/sIL-6R after siRNA and ROR2 mRNA
to hADSC cultures stimulated the nuclear transport of  expression was measured 24 h later. While inhibition of

Fie. 3 STAT3 plays an important role in {L-6-mediated ROR2 mRNA expression
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(A) Nuclear and cytoplasmic extract from hADSCs stimulated with IL-6/sIL-8R for 30 min were collected. Expression
and phosphorylation of STAT1 and STAT3 were detected by western blotting. (B, C) hADSCs were transfected with
STATT (siSTAT1#1, 2), STAT3 (siSTATB#1, 2) or control siRNAs (siCon) for 2 days. hADSCs stimulated with IL-6/slL-8R
within 30 min (B) or cultured with OIM alone for 8 days (C) were collected. Expression and phosphorylation of STAT1 and
STATS were detected by western blotting. (D, E) Transfected hADSCs were cultured in OIM with or without IL-6/slL-6R
(100 ng/ml). Total RNA was isolated from transfected hADSCs cultured in OIM with 1L-6/IL-6R at 24 h and ROR2 (D)
and WNT5A (E) mRNA expression was determined by real-time PCR. Values are the mean (s.e.m.) of three independent
experiments. *P < 0.05 by #-test. n.s: not significant.
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STAT1 protein expression did not show any effect, inhib-
ition of STAT3 protein expression reduced the ability of
IL-6/sIL-6R to induce ROR2 mRNA expression (Fig. 3D).
Conversely, inhibition of STAT1 or STAT3 did not affect
WNT5A mRNA expression (Fig. 3E). These findings sug-
gest that the nuclear transport of pSTAT3 in the IL-6
signalling pathway leads to the enhanced expression of
ROR2 mRNA.

STATS is essential for IL-6/s|L-6R-induced
osteoblast-like differentiation and mineralization

We examined the possible involvement of STAT1 and
STATS in the acceleration of calcification in hADSCs by
IL-6/sIL-6R. hADSCs were cultured in OIM in the absence
or presence of IL-6/sIL-6R and incubated with control or
STAT1/3 siRNAs. hADSCs were then cultured in OIM for 8
days. Mild calcification was observed in hADSCs cultured
in OIM and the addition of IL-6/sIL-6R markedly acceler-
ated calcification (Fig. 4A). Inhibition of STAT1 protein ex-
pression in cultured hADSCs using the two different siRNA
sequences hardly affected calcification after 8 days of
culture in the presence or absence of IL-6/sIL-6R
(Fig. 4A). In contrast, inhibition of STAT3 protein expres-
sion markedly inhibited the accelerated calcification of
hADSCs induced by IL-6/sIL-6R (Fig. 4B). Although
STAT3 inhibition reduced calcification of IL-6/sIL-6R-
treated hADSCs to levels close to those of controls, it
hardly affected the calcification of hADSCs grown in
OIM alone.

Next, we measured RUNX2 mRNA expression in
hADSCs cultured in OIM in the absence or presence of
IL-6/sIL-6R following transfection with control or STAT1/3
siRNAs. Incubation in OIM supplemented with IL-6/sIL-6R
significantly up-regulated RUNX2 mRNA expression com-
pared with hADSCs cultured in OIM alone (Fig. 4C).
Inhibition of STAT1 protein expression did not alter
RUNX2 mRNA expression, whereas inhibition of STAT3
reduced IL-6/slL-6R-induced RUNX2 mRNA expression
in hADSCs (Fig. 4C). These results suggest that STAT3
is involved in calcification and osteoblast-like differenti-
ation through a pathway independent of OIM.

IL-6 and RUNX2 are expressed in the subcutaneous
adipose tissue from a patient with DM and ectopic
calcification

Finally, we examined a biopsy of a calcified lesion from a
26-year-old female suffering from DM with multiple calci-
fications in the subcutaneous adipose tissue. The patient
also had numerous subcutaneous and/or intramuscular
calcifications in the extremities, abdomen and buttocks.
The biopsy sample was obtained from an osteoid mass in
the left thigh. Polarization microscopy was performed
after immunostaining of the epidermal, dermal and adi-
pose tissues with anti-IL-6 (Fig. 5A and B) and anti-
RUNX2 antibodies (Fig. 5D and E). Inflammatory changes
were noted in the dermal and adipose tissues, and irregu-
lar calcium deposits were detected around collagen fibres
in the dermis. Immunostaining revealed IL-6-positive cells
in collagen fibres in the dermis and RUNX2-positive cells

IL-6 calcification in ADSCs is STAT3 dependent

Fia. 4 STAT3 is essential for IL-6/s|L-6R-induced osteo-
blast-like differentiation and mineralization
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hADSCs were transfected with STAT1 (siSTAT1#1, 2),
STATS (siSTAT3#1, 2) or control siRNA (siCon) for 2 days.
(A, B) Transfected hADSCs were cultured in OIM with or
without IL-6/sIL-6R (100 ng/ml) and Alizarin Red S staining
was performed on day 8. Data are representative of three
experiments with similar findings. (C) Total RNA was iso-
lated from transfected hADSCs cultured in OIM with IL-6/
IL-6R for 24 h and RUNX2 mRNA expression determined
by real-time PCR. Values are the mean (s.e.m.) of three
independent experiments. *P < 0.05 by t-test. n.s: not
significant.

around these cells. Immunohistochemical staining re-
vealed that IL-6 was produced by CD4 T cells and pre-
sumably fibroblasts (supplementary Fig. S1, available at
Rheumatology Online). Although hADSCs could not be
observed because of a technical restriction, the cellular
effects of IL-6-induced osteoblast-like differentiation
were observed in the patient’s tissues.

Discussion

The cause and mechanisms of ectopic calcification in in-
flammatory diseases are poorly understood. The current
study investigated the effects of inflammatory cytokines
on the mechanisms of calcification in hADSCs. To the
best of our knowledge, this is the first study to demon-
strate that inflammatory cytokines can accelerate calcifi-
cation in hADSCs. Of the cytokines tested, IL-6 enhanced
calcification to the greatest degree. In addition, IL-6 ex-
pression was detected in the calcified subcutaneous tis-
sues obtained from a patient with DM and ectopic
calcification, suggesting that IL-6 is involved in the path-
ology of the disease.
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Fie. 5 IL-6 and RUNX2 are expressed in calcified subcutaneous adipose tissues from a patient with DM

D

(A, B) Immunohistochemical staining for IL-6 (arrows). (D, E) RUNX2 (arrows) and (C, F) control IgG. Original magnification

40x (A, D), 400x (B, C, E, F).

The canonical and non-canonical WNT pathways play
important roles in osteoblast differentiation [15-17]. The
current study suggests that IL-6 stimulation of hADSCs
could also activate the non-canonical WNT pathway
[18, 19]. WNT5A is constitutively expressed in hADSCs,
and IL-6 stimulation did not increase WNT5A mRNA
expression further. The enhanced expression of ROR2
mRNA was detected 24 h after OIM/IL-6 administration,
but not after stimulation with OIM alone, or stimulation
with OIM supplemented with TNF or IL-1B (Fig. 2 and
data not shown). However, pretreatment of the cells with
cycloheximide suppressed the enhancement of ROR2
mRNA. These findings suggest that indirectly enhanced
ROR2 mRNA expression through IL-8-mediated signalling
may induce osteoblast-like differentiation. Furthermore,
luciferase assay with the ROR2 promoter revealed that

1288

IL-6 did not directly induce ROR2 transcription after a
short period of IL-6 stimulation (data not shown).

Of all the inflammatory cytokines tested, IL-6 had the
most potent effect on calcification in hRADSCs. Previous
studies reported that the nuclear transport of phosphory-
lated STATS is critical in IL-6-stimulated osteoblast-like
differentiation [14, 20-23]. Consistent with these findings,
we observed that stimulation of hADSCs with IL-6 trig-
gered the nuclear transport of STAT3. Furthermore,
STAT3-specific siRNA, but not STAT1, blocked the accel-
eratory effects of IL-6 on osteoblast-like differentiation of
hADSCs. The pro-calcifying effects of OIM were not
inhibited by STAT3 inhibition, suggesting that the induc-
tion of osteoblast-like differentiation by OIM and IL-6 may
occur through different signalling pathways. Interestingly,
stimulation of hADSCs with IL-6 alone did not induce
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calcification, indicating that an as yet unidentified factor is
required for iL-6-induced calcification. IL-6 may directly
regulate the transcription of this factor, as STAT3-specific
siRNA blocked IL-6-induced ROR2 mRNA expression.
Furthermore, a GAS motif, the putative cis element for
STATs, transcription factors activated downstream of IL-
8, is present in the promoter region of ROR2. IL-6-induced
intracellular signalling can be promoted from its receptor
components, gp130 and IL-6Ro or siL-6Ru [24, 25]. Of
these, IL-6 receptor components, only gp130 expression
was observed in hADSCs. However, in the subcutaneous
adipose tissues in vivo, slL-6Ra may be present because
of the shedding action of monocytes, which in turn acti-
vates IL-6 [26].

RUNX2 is a master transcription factor indispensable
for the differentiation of progenitor cells into osteoblasts
[27]. Treatment of hADSCs with CIM alone induced their
differentiation into osteoblasts, but calcification only
occurred after RUNX2 mRNA expression. In the presence
of inflammatory cytokines, calcification was accelerated.
Notably this was accompanied by enhanced RUNX2
mMRNA expression, suggesting that cytokine-induced cal-
cification involves osteoblast-like differentiation. However,
in the current study, receptor activatar of nuclear factor
kB ligand, a late-stage osteoblast differentiation marker,
and osteocalcin were not expressed by hADSCs (data not
shown). This suggests that normal osteoblast differenti-
ation did not occur in our in vilro cuiture system. This
finding could be explained by the observation that peroxi-
some proliferator-activated receptor gamma, a master
transcription factor for adipocyte differentiation, is ex-
pressed at higher levels in hADSCs (i.e. adipocyte pro-
genitor cells) than in MSCs derived from other tissues.
Thus this effect would counteract osteoblast-like differen-
tiation [28-30]. It is important to note that the hADSCs
used in the current study originated from healthy individ-
uals and that hADSCs are largely resistant to osteoblast
differentiation [31]. However, hADSCs isolated from pa-~
tients with complications of ectopic calcification might
have defective mechanisms of calcification inhibition.

Finally, we assessed IL-6 and RUNX2 expression in the
subcutaneous adipose tissues, providing evidence of ec-
topic calcification from a patient with DM. IL-6-producing
cells were frequently observed and cells expressing
RUNX2 were prominent around the IL-6-producing cells.
The relevance of serum IL-6 levels to vascular endothelial
damage followed by calcification has been reported [32]
and the involvement of IL-6 in the pathological processes
of atherosclerosis has been reviewed [33]. However, the
effect of blocking IL-6 on the pathogenesis of atheroscler-
osis is unknown. As some patients with JDM do not de-
velop ectopic calcification, it seems likely that the causal
factors of calcification are not only inflammatory cyto-
kines. A recent study detected abnormal function and dif-
ferentiation of MSCs in patients with SLE. Therefore
abnormalities in hADSCs may also be involved in the
pathogenesis of JDM. Future research is required to
examine hADSCs in patients with JDM showing ectopic
calcification.

waw.th is.org

In conclusion, we have developed an OlM-based
system to induce ostecblast-like differentiation and
observed that activation of STAT3 by IL-6/sIL-6R induced
ROR2 mRNA expression in hADSCs. Thus the expression
of ROR2 and WNT5A may induce activation of the non-
canonical WNT pathway, leading to acceleration of calci-
fication. IL-6~-producing cells and surrounding RUNX2-ex-
pressing cells were detected in the subcutaneous adipose
tissues from a patient with DM and ectopic calcification.
These results suggest that inflammatory cytokine-induced
ectopic calcification in hADSCs may also occur in chronic
inflammatory tissues associated with other gutoimmune
diseases and arteriosclerosis. Therefore the development
of IL-6 inhibitors may be an effective strategy for treating
ectopic calcification in JDM and other inflammatory
disorders.

cumatology Koy messages

« IL-6 accelerated mineralization, RUNX2 mRNA and
ROR2 expression in adipose tissue derived-mesen-
chymal stem cells (ADSCs).

o |L-6 and RUNX2 were expressed in calcified sub-
cutaneous adipose tissues from a DM patient.

o |L-6 acts on ADSCs and plays a role in ectopic
calcification.
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Tofacitinib. a JAK inhibitor, inhibits human differentiation.” * The JAK inhibitor tofacitinib is approved for
! ! treatment of rheumatoid arthritis, We recently reported that

B cell activation in vitro tofacitinib can suppress IL-17 and interferon-y production by
CD4+ T cells’ and inhibit the T cell stimulatory capacity of

B cells initiate and perpetuate autoimmune disease processes. human monocyte-derived dendritic cells.* However, whether

Interleukin (IL)-4 and IL-21 produced by follicular helper this action involves B cell activation remains unclear.

T cells are required for B cell activation, germinal centre Here we investigated the in vitro effects of tofacitinib on the

formation, immunoglobulin class switching and plasma cell  gene regulatory network that controls B cell class switching and
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Pinuie | Effects of tofacitinib on the gene regulatory network involved in B cell class switching, differentiation and immunoglobulin (lg)
production. Peripheral blood CD19+ B cells from healthy donors were cultured with 1 pg/mL anti-B cell antigen receptor (BCR) monoclonal
antibodies (mAbs), 2 ng/mL human soluble CD40 ligand (sCD40L), 2.5 pg/mL CpG oligodeoxynucleotides (CpG-ODN) 2006 and 100 ng/mL of
interleukin (IL)-6, IL-21 and IL-4 for 2days or 5 days, with or without tofacitinib/PP1/PP2/JAK2 inhibitor/methotrexate (MTX), as indicated. (A-E)
AICDA, BCL-6 and XBP-1 gene expression levels were detected by quantitative real-time PCR, with each sample 100 pg mRNA template/reaction.
(F) 1gG secretion was measured by ELISA. Data are mean+SEM of three independent experiments. *p<0.05, as determined by one-way analysis of
variance with Games—Howell comparison test,
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differentiation. Purified CD19+ B cells were stimulated with B cell
antigen receptor (BCR), soluble CD40 ligand (sCD40L) and cyto-
kines with/without tofacitinib. Culture medium was replenished on
day 3. Cell viability tests revealed that, although B cell survival
decreased considerably over time, the possibility of pharmaco-
logical toxicity by tofacitinib could be excluded (data not shown).
The expression of AICDA was slightly induced by cytokines
or BCR/sCD40L alone, while costimulation with BCR, sCD40L
and cytokines, especially 1L-4, caused robust gene expression
(figure 1A). BCL6 and XBP-1 exhibited similar expression pat-
terns, at day 2 and day 5, respectively (figure 1A). BCR/sCD40L
costimulated expression of AICDA and XBP-1was inhibited by

Tofacitinib did not inhibit BCL6 gene expression on day 2. In
contrast with tofacitinib, inhibitors of the Src-family kinase
(PP1, PP2) and a JAK2 inhibitor did not affect the expression of
AICDA (figure 1B). Methotrexate exhibited a modest suppres-
sive effect on AICDA expression compared with tofacitinib
(figure 1D). In addition, AICDA gene expression levels after
CpG stimulation were comparable in the presence/absence of
tofacitinib (figure 1E). Finally, tofacitinib markedly and dose-
dependently abrogated IgG production by B cells stimulated
with BCR, sCD40L and IL-4 (figure 1F). These data describe
tofacitinib as an effective inhibitor of B cell development.

Next, the effect of tofacitinib on activated B cells was exam-

tofacitinib in a dose-dependent manner (figure 1B, C). ined. Tofacitinib was added on day 2 of B cell stimulation, and
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Figure 2 Effect of tofacitinib on highly activated B cells. Human PB CD19+ pan B cells from healthy subjects were cultured with 1 pg/mL anti-

B cell antigen receptor (BCR) monoclonal antibodies (mAbs), 2 ng/mL human soluble CD40 ligand (sCD40L) and 100 ng/mL of interleukin (IL)-4 for
2 days, then treated with tofacitinib for another 3 days. (A) Gene expression levels were determined by quantitative real-time PCR, with each sample
100 pg mRNA template/reaction. (B) IgG secretion was measured by ELISA. (C) Cytokine production was measured by cytokine beads array. Data are
mean+SEM of three independent experiments. *p<0.05, as determined by one-way analysis of variance with Games—Howell comparison test.
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its effects on gene expression and immunoglobulin G (IgG) pro-
duction were assessed on day S. Tofacitinib abrogated AICDA,
BCL6, XBP-1 expression and IgG production to similar levels
seen with BCR/sCD40L alone (figure 2A, B). BCL6 protein
levels were also reduced by tofacitinib (data not shown). This
suggested that tofacitinib may inhibit the cytokine-mediated
maintenance of BCL6 at the later time point. Previous studies
indicated that Bach2 impairs germinal centre formation and
class switching,” its downregulation enhances plasma cell differ-
entiation from IgG1 memory B cells® and that Bach2 also
represses effector programmes that stabilise regulatory T cell
function.” Uniquely, Bach2 was induced by BCR and sCD40L,
but expression was significantly inhibited by IL-4. Interestingly,
the addition of tofacitinib resulted in the recovery of Bach2
expression in a dose-dependent manner (figure 24).

Finally, we investigated the effect of tofacitinib on the produc-
tion of proinflammatory and anti-inflammatory cytokines by
activated B cells. The strong induction of IL-6 gene expression
and protein production by BCR, sCD40L and IL-4 stimulation
was significantly abrogated by tofacitinib in a dose-dependent
manner. Meanwhile, IL-10, which is produced by regulatory B
cells,® was not affected by tofacitinib even at the highest dose
(figure 2C). These results suggest that tofacitinib suppresses B
cell activation, differentiation and class switching, while main-
taining B cell regulatory function.

In conclusion, our results provide new insights into the
mechanisms of action of tofacitinib in the treatment of auto-
immune diseases.
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Anakinra for the management of resistant
idiopathic recurrent pericarditis. Initial
experience in 10 adult cases

Recusrent idiopathic pericarditis is a common, problematic compli-
cation of acute pericarditis, occurring in approximately 30% of
cases.! Despite appropriate management with non-steroidal anti-
inflammatory drags (NSAIDs), colchicine and corticosteroids (CS),
anumber of patients are either resistant to treatment requiring long-
term therapy with high doses of CS or intolerant to therapy.*™

This disease is currently viewed as an autoinflammatory disease
based on its clinical and laboratory features (recurrent episodes of
sterile serosal inflammation in the absence of specific autoreactive
antibodies or T cells),’” and the preliminary results showing
favourable response to intereleukin-1 (IL-1) inhibition.®1°
Anakinra, a known IL-1 receptor antagonist, has been successfully
used in small series of paediatric patients® ? while we have recently
first reported its efficacy and safety in three adult patients.'® In this
report, we extend our follow-up on these three patients, and
present data on seven more adult patients treated with anakinra.

Ten patients with idiopathic, treatment-resistant recurrent peri-
carditis treated with anakinra were included in the study. The diag-
nosis of recurrent pericarditis was established by the following three
criteria: (1) a documented initial episode of acute pericarditis, (2)
reappearance of chest pain attributable to acute pericarditis and (3)
at Jeast one of the following findings: pericardial friction rub, fever,
typical electrocardiographic changes, pericardial effusion (new
appearing or worsening), and C reactive protein (CRP) elevation,*”
3 In all patients, a specific cause of pericarditis was excluded after a
thorough evaluation including detailed clinical history and examin-
ation, laboratory evaluation and imaging studies. All patients signed
an informed consent form prior to enrolment, and the study was
approved by the institutional review board. All patients were resist-
ant and/or intolerant to previous treatment with aspirin (ASA) and/
or NSAIDs, colchicine and CS, while two (20%) had failed also
azathioprine therapy (table 1). The mean number of previous recur-
rences was 8, the mean baseline dose of prednisolone was 14.1 mg/
day (n=8, 2 patients had discontinued CS due to intolerance or
side effects) and the mean baseline CRP level was 74 mg/dL.

The treatment protocol of the initial three patients has been
previously reported.’® The next seven patients (table 1,
numbers 4-10), were given daily subcutaneous anakinra
(100 mg) for 6 months followed by alternate day dosing for
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