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including high serum IgG4 level, IgG4-positive plasmacy-
tic infiltration, and fibrosis.

Conversely, CD40, CD154, B-cell activating factor
. belonging to the tumor necrosis factor family (BAFF), a
proliferation-inducing ligand (APRIL), interferon regula-
tory factor 4 (IRF4), activation-induced cytidine deaminase
(AID), and IL-21 contribute to nonspecific immunoglobu-
lin class-switch recombination (from IgM to IgG1, IgG2,
1gG3, 1gG4, IgA, and IgE) [12-14], as well as IL4, IL-13,
IL-10, and TGF-. The roles of these nonspecific immuno-
globulin class switch-related molecules in the pathogenesis
of 1gG4-RD have not been reported previously.
.~ To determine the mechanism of upregulation of IgG4

class-switch recombination in IgG4-RD, the mRNA
expression levels of IgG4-specific and nonspecific class
switch-related molecules were first measured in periph-
eral blood mononuclear cells (PBMCs), CD3-positive
T cells, and CD20-positive B cells sorted from PBMCs, as
well as labial salivary glands (LSGs) of IgG4-RD. Then,
these levels were compared with those measured in
patients with Sjogren syndrome (SS) and in healthy
controls.

Materials and methods

Study population

PBMC samples were collected from six Japanese
patients with IgG4-RD, as well as from six Japanese
patients with SS who had been followed up at the Uni-
versity of Tsukuba Hospital (Ibaraki, Japan). LSG sam-
ples were also collected from 11 Japanese patients with
1gG4-RD and 13 Japanese patients with SS who had
.~ been followed up at the University of Tsukuba Hospital
and Kyushu University Hospital (Fukuoka, Japan). All
patients with IgG4-RD satisfied the comprehensive diag-
nostic criteria for IgG4-related disease (IgG4-RD) 2011
proposed by the All Japan IgG4 team {15]. The diagno-
sis of IgG4-RD was based on the presence of all three
items: (1) clinical examination showing characteristic
diffuse/localized swelling or masses in single or multiple
organs, (2) hematologic examination showing elevated
serum IgG4 concentrations (135 mg/dl), and (3) histo-
_ pathologic examination showing (a) marked lymphocyte
and plasmacyte infiltration and fibrosis; (b) infiltration
of IgG4" plasma cells: ratio of IgG4*/IgG" cells >40%
and >10 IgG4* plasma cells/HPF. All patients with SS
satisfied the Japanese Ministry of Health criteria for the
diagnosis of SS (1999) [16]. These criteria included four
clinicopathologic findings: lymphocytic infiltration of the
salivary or lacrimal glands, dysfunction of salivary secre-
tion, keratoconjunctivitis sicca, and presence of anti-SS-
- A or -SS-B antibodies. The diagnosis of SS was based on
the presence of two or more of these four items. We also
collected control samples: PBMCs from eight and LSGs

Page 2 of 7

from three healthy subjects. Approval for this study was
obtained from the local ethics committee, and a signed

“informed consent was obtained from each subject.

Sorting of CD3-positive T cells and CD20-posmve B cells
from PBMCs with flow cytometry

PBMCs derived from IgG4-RD (1 = 3), SS (n = 4), and
controls (n = 4) were stained with anti-CD3 antibody
conjugated with FITC (BioLegend, San Diego, CA, USA)
and anti-CD20 antibody conjugated with APC (BioLe-
gend). Stained PBMCs were analyzed and sorted with

flow cytometry.

Analysis of mRNA expression levels of IgG4-specific and
nonspecific class switch-related molecules in PBMCs and
LSGs
Total RNA was extracted from PBMCs, CD3—p031t1ve T
cells, and CD20-positive B cells sorted from PBMCs, as
well as LSGs, by the ISOGEN method, and cDNA was
synthesized by a cDNA synthesis kit (Takara, Otsu, Shiga,
Japan). The mRNA expression levels of IgG4-specific class

" switch-related molecules, such as Th2 cytokines (IL-4 and

1L-13), Treg cytokines (IL-10 and TGF-B), and transcrip-
tional factors (GATA3 and Foxp3) were examined with
quantitative PCR. IgG4-nonspecific class switch-related
molecules, such as CD40, CD154, BAFF, APRIL, IRF4, and
AID also were examined. The human glyceralaldehyde-3-

‘phosphate dehydrogenase (GAPDH) was exammed as an

internal control.

Statistical analysis :
Differences between groups were examined for statistical
significance by using the Mann-Whitney I/ test, whereas
differences in frequencies were analyzed with the Fisher
Exact probability test. A P value less than 0.05 denoted
the presence of a statistically signiﬁcant difference.

Results
Clinical and pathologlc features of patients and controls

- Table 1 summarizes the clinical and pathologic features
"of participating subjects. The frequencies of anti SS-A

antibodies and anti SS-B antibodies were significantly
lower in IgG4-RD than in SS (P < 0.05; Fisher Exact
probability test). CH50 levels were also significantly
lower in IgG4-RD than in SS (P < 0.05, Mann-Whitney U
test). Table 2 shows material sampling and organ involve-
ments in patients with IgG4-RD. All LSG samples used in
this study satisfied histopathologic findings of the com-
prehensive diagnostic criteria for IgG4-related disease
(IgG4-RD) proposed in 2011 by the All Japan IgG4 team
[15]. As shown in Table 2, seven of 15 IgG4-RD patients
showed salivary and lacrimal glands involvement alone,
whereas the others had multiple organ involvements.
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Table 1 Chn:calandpadtohgu:feaﬂ:mafpaﬂentsand
controls

Parameter 1gG4RD (n=15) SS{n=16) HC (n=10)
Age {years) 629 + 105 559+ 157° 409 % 17.1
Sex (malesffemales)  6/9 214 55
Anti-SS-A antibody (98 0° 9338 nd.
Anti-S5-B antibody (%) 0° 563 nd.

Serum IgG4 (mg/dl) 9422 £ 6125 nd nd.

Serum IgE (U/mf) 2940 + 3178 nd nd.

CH50 (U/mi) 336 £ 175° 506 + 163 nd.
19G4/1gG in LSG (%) 620 + 35 nd nd.

Data are expressed as mean + SD. n.d., not determined. °P < 0.05, compared
with the healthy control subjects (Mann-Whitney U test or Fisher Exact
probability test). °P < 0.05, compared with meSngupNannWhm‘eyUmst
orF'sherExa:tprobabdvtymt)

The cell population of CD3-positive T cells and CD20-
positive B cells in PBMCs

Figure 1 shows the cell population of CD3-positive T
cells and CD20-positive B cells sorted from PBMCs of
patients with IgG4-RD (n = 3), SS (1 = 4), and the con-
trol (n = 4). The population of CD20-positive B.cells in
SS was higher than the others (no statistically significant
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Figure 1 The cell population of CD3-positive T cefls and CD20-
positive B cells in peripheral blood mononuclear cells. PBMCs
stained with anti-CD3 antibody and anti-CD20 antibody were
analyzed and sorted with flow cytometory. HC, healthy contml SS,
Sjogren syndrome; IgG4, 1gG4-RD.

higher in LSGs of IgG4-RD than in the control (P < 0.05,

difference), whereas that of CD3-positive T cells was"

comparable in the three groups.

The mRNA expression levels of IgG4-specific class switch-
related molecules in PBMCs, CD3-positive T cells, and
CD20-positive B cells in PBMCs and LSGs

Figure 2 shows the mRNA expression levels of IgG4-speci-
fic class switch-related molecules in PBMCs and LSGs.
The mRNA expression level of IL-4 was significantly

Mann-Whitney U test). Treg cytokines (IL-10 and TGF-8)
were significantly higher in LSGs of IgG4-RD than SS and
control (P < 0.05, each, Mann-Whitney U test). No signifi-
cant differences were noted in the PBMC expression levels -
of various cytokines, among the three groups. In LSGs, the
expression of GATA3 was significantly lower in IgG4-RD
than in SS; Foxp3 was significantly higher in IgG4-RD and
SS than in the control (P < 0.05; Mann-Whitney U test).
However, no statistically significant difference in Foxp3
expression level was seen between IgG4-RD and SS.

No significant differences were seen in the expression
levels of various IgG4-specific class switch-related mole-
cules in CD3-positive T cells and CD20-positive B cells

Table 2 Material sampling and organ involvements in patients with IgG4-RD

Case Material sampling

Organ involvement

PBMC CD3/CD20
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MD, lymph node, lung

MD, lymph node

MD

MD, lymph node

MD, lung

MD, lymph node, para-aorta swelling
Intraorbital mass, retroperitoneal fibrosis
MD

MD

MD

MD

MD

MD

MD, lung

MD, liver

PBMCs, peripheral biood mononudear cells; CD3/CD20, (D3-positive T cells and CD20-positive B cells sorted from PBMCs; LSG, labial salivary gland; MD, Mikulicz
disease (salivary and lacrimal glands). ®All LSG samples satisfied histopathologic findings of the comprehensive diagnostic criteria for IgG4-related disease (lgG4-

RD) 2011.
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Figure 2 The mRNA expression levels of IgG4-specific class switch-related molecules in PBMCs and LSGs. The displayed mRNA
expression levels are relative to the mRNA level of GAPDH, representing the internal control. Data are expressed-as mean + SD. *P < 0.05, Mann-
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sorted from PBMCs, among the three groups (data not
shown).

The mRNA expression levels of 1gG4-nonspecific class
switch-related molecules in PBMCs, CD3-positive T cells,

- and CD20-positive B cells in PBMCs and LSGs

Figure 3 displays the mRNA expression levels of IgG4-
nonspecific class switch-related molecules in PBMCs and
LSGs. The mRNA expression levels of CD40 and CD154
were significantly lower in PBMCs of 1gG4-RD than in
SS (P < 0.05, each; Mann-Whitney U test). The expres-
sion of BAFF was significantly higher in LSGs of 1gG4-
RD than in the control (P < 0.05; Mann-Whitney U test).
The expression of APRIL was significantly lower in

| Whitney U test. PBMCs, peripheral blood mononuclear cells; LSGs, labial salivary glands; HC, healthy control; SS, Sjégren syndrome; 1gG4, 1gG4-RD.

PBMCs of IgG4-RD than in the control (P < 0.05; Mann-
Whitney U test). The expression of AID was significantly
higher in LSGs of IgG4-RD than in SS and the control
(P < 0.05, each; Mann-Whitney U test).

Figure 4 shows the mRNA expression levels of IgG4-
nonspecific class switch-related molecules in CD3-posi-
tive T cells and CD20-positive B cells sorted from
PBMC:s. In contrast to PBMCs, the expressions of CD40
in CD20-positive B cells and that of CD154 in CD3-
positive T cells were comparable in the three groups.
Moreover, no significant difference occurred in the
expression of APRIL in CD3-positive T cells and CD20-
positive B cells sorted from PBMCs, among the three

_groups. The expression of AID in CD20-positive B cells
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Figure 3 The mRNA expression levels of IgG4-nonspecific class switch-related molecules in PBMCs and LSGs. The displayed mRNA
expression levels are relative to the mRNA level of GAPDH, representing the intemal control. Data are expressed as mean + SD. *P < 0.05, Mann-

CD154

APRIL

- from IgG4-RD was higher than others (no statistically
. significant difference).

Discussion
- The clinical and pathologic features of patients with
IgG4-RD participating in this study (such as low fre-
quencies of anti SS-A antibodies and anti SS-B .antibo-
dies, high serum IgG4 levels, high IgG4/IgG in LSGs,
and low CH50 levels) accord with previous reports [1].
We revealed the mRNA expression levels of IgG4-spe-
cific and nonspecific class switch-related molecules in
both PBMCs and LSGs of 1gG4-RD, and then, these
levels were compared with those measured in patients
with SS and controls. We focused on the molecules
with different expression levels in IgG4-RD than in SS

Whitney U-test. PBMCs, peripheral blood mononuclear cells; LSGs, labial salivary glands; HC, healthy control; SS,-Sjogren syndrome; IgG4, IgG4-RD. | .

and control, with the assumption that these molecules
could be 1gG4-RD-specific pathogenic factors.

Among IgG4-specific class switch-related molecules,
the expression levels of Treg cytokines (IL-10 and
TGF-B) in LSGs of IgG4-RD were significantly higher
than in SS and the control, in agreement with previous
reports [4,5]. We assume that these cytokines might be .
produced by Treg cells in L.SGs of IgG4-RD. According
to this speculation, the mRNA expression level of
Foxp3, which is .a master transcriptional factor for
Treg cells, was higher in LSGs of 1gG4-RD than in the
control. We also showed that the expression of
GATA3 was significantly lower in LSGs of IgG4-RD
than in SS. It is reported that in salivary glands of SS,
Th2 cells were detected as well as. Thl cells, and could
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Figure 4 The mRNA expression levels of IgG4-nonspecific class switch-related molecules in CD3-positive T cells and CD20-positive B
cells sorted from PBMCs. The displayed mRNA expression levels are relative to the mRNA level of GAPDH, representing the internal control.
Data are expressed as mean = SD. *P < 005; Mann-Whitney's U test. (D3, CD3-positive T cells sorted from PBMCs; (D20, CD20-positive B cells
sorted from PBMCs; HC, healthy control; SS, Sjdgren syndrome; IgG4, IgG4-RD.
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- contribute to activation of B cells through production
of IL-4 [17]. Therefore, the lower mRNA expression of
GATA3, a master transcriptional factor for Th2 cells,
in IgG4-RD than in SS might be upregulation in SS
but not downregulation in IgG4-RD. In SS, impaired
Treg response or imbalance between a Treg response
and a proinflammatory response might cause upregula-
tion of Thl and Th2 response that contributed to the
pathophysiology of SS. Conversely, in IgG4-RD, upre-
gulation of the Treg response itself could contribute to
- pathogenesis. Interestingly, it was previously reported
that IL-10 enhanced IgG4 production from IL-4-stimu-
lated PBMCs in vitro [9]. Therefore, in LSGs of 1gG4-
RD, IL-10 might induce IgG4-specific class-switch
recombination, and TGF-B might cause tissue fibrosis

[5,11]. Thus, Treg cytokines (IL-10 and TGE-B) might
play important roles in 1gG4-specific class-switch

‘recombination and fibrosis, which are characterlstlc

features of IgG4-RD.

Among IgG4-nonspecific class switch-related molecules,
the expression of AID was significantly higher in LSGs of
IgG4-RD than in SS and the control. The roles of IgG4-
nonspecific class switch-related molecules such as AID in

the pathogenesis of IgG4-RD have not been reported pre-

viously. The present study showed that the expression
level of AID was different in IgG4-RD than in SS and the
control. AID is essential for nonspecific immunoglobulin
class-switch recombination (from IgM to IgG1, IgG2,
18G3, 1gG4, IgA, and IgE) [12-14]; thus, upregulation of
AID could also contribute to upregulation of IgG4-specific
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class-switch recombination along with IL-10 in LSGs of
1gG4-RD.

~ We showed that in SS, the population of CD20-positive
B cells in PBMCs was much more than IgG4-RD and the
control (statistically not significant). Therefore, CD40 and
CD154 mRNAs in PBMCs of SS were highly expressed
compared with that in IgG4-RD. These findings might be
due to systemic B-cell activation in SS patients instead of
local B-cell activation in IgG4-RD. Moreover, in CD3-
positive T cells and CD20-positive B cells sorted from
PBMCs, we found no IgG4-specific, -nonspecific, class
switch-related molecules with different expression levels
in IgG4-RD than in SS and controls.

These observations on the expression levels of AID and
Treg cytokines suggest that IgG4 class-switch recombina-
tion in IgG4-RD was upregulated mainly in the tissues of
the affected organs. However, the mechanism of upregula-
tion of Treg cytokines in IgG4-RD is unknown. Treg
response itself primarily regulates the immune response
and inflammation [17]; therefore, increased Treg cytokines
could be a nonspecific response to dampen the inflamma-

- tion, which could increase the 1gG4 class switch in the |

tissues.

Conclusion

This study showed different expression levels of IgG4 class
switch-related molecules in LSGs than in PBMCs of IgG4-
RD. In LSGs of IgG4-RD, increased Treg cytokines (IL-10
and TGF-B) might play pathogenic roles in IgG4-specific
class-switch recombination and fibrosis. AID was also
increased in LSGs of IgG4-RD and could contribute to
upregulation of IgG4-specific class-switch recombination
along with IL-10 in LSGs. Thus, overexpression of IL-10,

TGE-B, and AID in LSGs might play important pathogenic -

roles in IgG4-RD. 1gG4 class-switch recombination
seemed to be mainly upregulated in affected organs.
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Murine Tumor Necrosis Factor a—Induced Adipose-Related
Protein (Tumor Necrosis Factor a-Induced Protein 9)
Deficiency Leads to Arthritis via Interleukin-6 Overproduction
With Enhanced NF-«B, STAT-3 Signaling, and
Dysregulated Apoptosis of Macrophages

.Asuka Inoue,' Isao Matsumoto,' Yoko Tanaka,' Naoto Umeda,' Yuki T: anaka,!
Masahiko Mihara,? Satoru Takahashi,' and Takayuki Sumida’

Objective. To elucidate the role of tumor necrosis

factor a—induced adipose-related protein (TIARP; or

tamor necrosis factor a—induced protein 9 [TNFAIP-9]) -

in the development and pathogenesis of arthritis.
Methods. We generated TIARP-deficient
(TIARP ™) mice and investigated several organs in
aged mice. Peritoneal macrophages were collected and
cultured with lipopolysaccharide (LPS) and TNFa, and
then the production of cytokines and subsequent NF-xB
signal transduction were analyzed. We also examined

the susceptibility of young TIARP™/~ mice to collagen-

induced arthritis (CIA). Draining lymph nodes and
splenocytes were isolated and cultured, and serum
levels of anti-type II collagen (anti-CII) antibodies,
interleukin-6 (IL-6), and TNFa on day 60 were mea-
sured. We further investigated the effects of anti-IL-6
receptor monoclonal antibody (mAb) on the develop-
ment of arthritis in TIARP™'~ mice. IL-6/STAT-3 sig-
naling was also analyzed using TIARP~/~ macrophages.

Results. TIARP™/~ mice developed spontaneous
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enthesitis and synovitis, had high serum levels of IL-6,
had increased CD11b+ cell counts in the spleen, and
showed enhanced LPS- and TNFa-induced IL-6 expres-
sion in macrophages. Sustained degradation of IxBa
with dysregulated apoptosis was also noted in
TIARP™~ macrophages. CIA was clearly exacerbated
in TIARP ™/~ mice, accompanied by marked neutrophil
and macrophage infiltration in joints. The levels of
anti-CII antibodies in serum were unchanged, whereas
autoreactive Thl cell and Th17 cell responses were
higher in TIARP™'~ mice. Treatment with anti-IL-6
receptor mAb prevented the development of CIA in
TIARP™/~ mice, and TIARP™/~ macrophages showed
increased IL-6-induced STAT-3 phosphorylation.

Conclusion. These findings suggest that TIARP
acts as a negative regulator of arthritis by suppressing
IL-6 production, its signaling and TNFa-induced
NF-«B signaling, resulting in enhanced apoptosis in
macrophages.

The progﬁosis in patients with rheumatoid arthri-

‘tis (RA) has improved significantly with the recent

availability of biologic agents that target tumor necrosis
factor a (TNFa) and interleukin-6 (IL-6) (1,2). How-
ever, the exact mechanisms of action of these agents
remain largely unknown. Glucose-6-phosphate isomer-
ase (GPI) was first identified as an arthritogenic target
in K/BxN mice (3), and GPI immunization of DBA/1
mice was shown to lead to arthritis (GPI-induced arthri- -
tis) (4). Studies in GPI-induced arthritis showed clear
therapeutic benefits of treatment with TNFa and IL-6
antagonists (5,6), suggesting its suitability for analyzmg
the mechanisms of action of these agents in RA.
Using GeneChip analysis, we previously demon-
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- strated the vp-regulation of TNFa-induced adipose-
~ related protein (TIARP) in GPI-induced arthritis (7), as
well as in CD11b+ splenocytes and joints of mice.
Human TIARP counterparts, such as 6-transmembrane
epithelial antigen of prostate 4 (STEAP-4), were also
found to be highly expressed in peripheral blood mono-
cytes, neutrophils, and synovial CD68+ cells from pa-
tients with RA (7,8). However, the role of TIARP in
the pathogenesis of autoimmune arthritis remains to be

" confirmed. A
In this study, we found that TIARP~deﬁclent
(TIARP ") mice develop spontaneous enthesitis and
synovitis, with hlgh numbers of macrophages and ele-
vated IL-6 expression. TIARP ™/~ macrophages showed
enhanced NF-«B signaling, with dysregulated TNFea-
induced apoptosis, and showed increased IL-6-induced
STAT-3 phosphorylation. Moreover, the development
of collagen-induced arthritis (CIA) was markedly exac-
. erbated in TIARP ™/~ mice, suggesting that TITARP may
. provide new insights into the pathogenesis of arthritis as

" a negative regulator.

MATERIALS AND METHODS

Mice. The TIARP™~ mouse line was generated by
homologous recombination in embryonic stem cells from mice
of the C57BL/6 (B6) background. A conditional targeting
vector for the TIARP gene was designed to delete exon 2, with
a DNA fragment containing a loxP-flanked neomycin resis-
tance gene and herpes simplex virus thymidine kinase gene

- (illustration available upon request from the corresponding
author). All mice were maintained under specific pathogen—
free conditions in an environmentally controlled clean room at
the University of Tsukuba. All animal experiments were
approved by the institutional committee and were conducted
in accordance with the institutional ethics guidelines.

. Histopathologic examination. When the mice were 12
months of age, we removed the primary organs and tissues,
including the ankle joints, lungs, salivary glands, white adipose
tissue, liver, thymus, spleen, inguinal lymph nodes, stomach,
small intestine, large intestine, kidneys, and reproductive or-

- gans, for histopathologic examination. Tissues were fixed in
neutralized 10% formalin, and the joints of the right hind paw

were decalcified in 10% formic acid and embedded in paraffin, -

We stained 4-mm serial sections with hematoxylin and eosin or
toluidine blue and scored the tissues for histologic changes.
Sections were graded on a scale of 0-5, where 0 = normal and
5 = severe. One point was given for the presence of each of the
following features of enthesitis: inflammatory cell infiltration,
entheseal fibroblast-like cell proliferation, cartilage formation,
bone formation, and ankylosis. The same system was used to
grade synovitis, with 1 point given for each of the following
features: inflammatory cell infiltration, synovial hyperplasia,
. pannus formation, cartilage degradation, and bone degrada-
tion.
For immunohistochemical staining, the sections were
incubated overnight at 4°C with rat anti-Gr-1 or anti-F4/80.

The signals were detected with Alexa 488-conjugated anti-rat .
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IgG. Nuclei were counterstained with DAPL The sections were
examined under fluorescence microscopy (Keyence).

Flow cytometric analysis. For flow cytometry, cells
were stained with fluorescein isothiocyanate (FITC)-,
phycoerythrin-, PerCP-, or allophycocyanin-conjugated mono-
clonal antibodies (mAb). Rat mAb to mouse CD3, CD4, CDS8,
CD11b, Gr-1, F4/80, CD11c, IL-17, and interferon-y (IFNvy)
were purchased from BioLegend, and rat mAb to mouse
FoxP3 was purchased from eBioscience. Apoptosis was de-

~ tected by staining with propidium iodide and FITC-conjugated

annexin V (BioLegend). We performed cell surface staining
according to standard technigues. Stained cells were identified
with a FACSCalibur cytometer (Becton Dickinson) using
FlowJo software (Tree Star).

Real-time guantitative polymerase chain reaction
(PCR) analysis. We isolated total RNA from splenocytes and
ankle joints by the Isogen (Nippon Gene) extraction method .
according to the instructions provided by the manufacturer.
We performed real-time quantitative PCR as described previ-
ously (7) using a TagMan gene expression assay (Applied Bio-

systems) and the following probes: TIARP (Mm00475402_m1),
TNFa (Mm00443258_m1), IL-6 (Mm00446190_m1), CXCL2
(Mm00436450_m1), matrix metalloproteinase 3 (MMP-3)
(Mm00440295_m1), RANKL (Mm00441906_m1), and
GAPDH (Mm99999915_g1). Real-time quantitative PCR was
carried out using an ABI 7500 analyzer (Applied Biosystems).
Analysis of post-PCR melting curves confirmed the specificity
of the single-target amplification. We determined the expres-
sion of each gene relative to GAPDH.

Thioglycolate-elicited macrophages. Mice were in-
jected mtrapenwneally with 2 ml of 3% thioglycolate. After 3

" days, mice were euthanized and peritoneal macrophages were
~ collected by phosphate buffered saline (PBS) lavage. Cells

were incubated for the indicated durations in the presence or
absence of 100 ng/ml of TNFe, 100 ng/ml of lipopolysaccharide

(LPS), or 10 ng/ml of IL-6.

Immuncblotting. Cells were lysed in 0.5% Nonidet
P40, 5 mM MgCl,, 50 mM Tris HCl (pH 7.4), and 2 mM
phenylmethylsulfonyl fluoride. Equal amounts of protein were
subjected to immunoblotting using antibodies to IxBo,
phospho-STAT-3, STAT-3, and suppressor of cytokine signal-
ing 3 (SOCS-3), as well as phospho-ERK-1/2, ERK-1/2,
caspase 3, cleaved caspase 3 antibodies (Cell Signaling Tech-
nology), and anti-actin antibodies (Bio-Rad). Densitometric ana-
lysis was carried out using an ImageQuant LAS 4000 densi-
tometer (GE Healthcare).

Collagen-induced arthritis. CIA was induced in mice
of the B6 background. We immunized 8-12-week-old mice
intradermally at several sites at the base of the tail with 100 y,l
of 200 ug chicken type II collagen (CII; Sigma) emulsified in
Freund's incomplete adjuvant (Difco) and containing 5 mg/ml
of heat-killed Mycobacterium tuberculosis (H37Ra; Difco).
According to the usual immunization schedule, mice were
rechallenged with CII and Freund’s complete adjuvant on day
21 after the primary immunization. Arthritis was assessed

. every other day by examjning each joint for swelling and

redness. Arthritis severity was graded on a scale of 0-3 in each
paw. The clinical score for each mouse was the sum of the
soores for the 4 paws (maximum score 12).

immunosorbent assay (ELISA). Single-
cell suspensions were prepared from the spleens and {ymph
nodes of wild-type (WT) and TIARP™/~ mice. Cells were
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" Figure 1. Development of arthritis in aged tumor necrosis factor e-induced adipose-related protein (TIARP)-knockout (KO) mice, with increased
numbers of macrophages and overproduction of interleukin-6 (IL-6) as compared to wild-type (WT) mice. A, Macroscopic (top) and microscopic
(middle) appearance of the ankle joints of 12-month-old WT and TIARP~/~ mice, along with histology scores (bottom). Arrew in the ankle joint
photograph indicates inflammatory. changes. Photomicrographs of hematoxylin and eosin (H&E)-stained (top) and toluidine blue-stained (bottom)
sections of the ankle joints demonstrate the histopathelogic changes. Original magnification X 20. Histology scores for inflammation, erosion, and
cartilage damage were higher in the TIARP™/~ mice. Values are the mean + SEM of 2 independent experiments (n = 5 mice per group per
experiment). * = P < (.05, by Student’s #-test. NS = not significant. B, Histologic assessment of H&E-stained sections of liver, kidney, and small
intestine from WT and TIARP~/~ mice. Original magnification X 20. C, Flow cytometry of splenocytes from 12-month-old WT and TIARP™/~ mice
(left)andpemntagmoﬂhehdicatedceﬂsubsets (right). Cells were stained with a combination of antibodies and analyzed as described in Materials
and Methods. Values in each compartment are the percentages of cells. The percentages of splenic CD11b+Gr-1V#" cells (neutrophils) and °
CD11b+ Gr-1lewintenmediate colls (macrophages) were determined. Values are the mean = SEM of 2 independent experiments (a = 5 mice per gmup

per experiment). *

= P < 0.05, by Student’s f-test. D, Serum concentrations of IL-6, tumor necrosis factor a ('I‘NFa), IL-18, and

granulocyte-macrophage colony-stlmulatmg factor (GM-CSF) in 8-12-week-old and 12-month-old mice. Values are the mean * SEM of 2
independent experiments (n = 5 mice per group per experiment). * = P < 0.05, by Student’s #-test. ND = not detected.

cultured for 72 hours at 37°C in an atmosphere containing 5%

CO,, and supernatants were collected. Levels of IL-6 and

TNF« in the cell culture supernatants were measured using
ELISA kits (R&D Systems). Serum samples were collected on
days 30 and 60 from arthritic WT and TIARP ™~ mice, and
serum levels of TNFa, IL-6, IL-18, and granulocyte—
macrophage colony-stimulating factor (GM-CSF) were mea-

sured with ELISA kits (R&D Systems). Serum levels of '

anti-CIH antibodies were also analyzed for CIl-specific IgG
antibodies by ELISA. All serum samples were diluted 1:3,000
in PBS prior to ELISA.

Treatment of arthritis with anucytokme antibodies.
For IL-6 neutralization, mice were injected intraperitoneally
with 2 mg of MR16-1 (a rat IgGl mAb against murine IL-6
receptor [IL~6R]) or control IgG (purified from the serum of
nonimmunized rats) on day 21 after induction of CIA. MR16-1

was a gift from Chugai Pharmaceutical, and control IgG was-

purchased from Jackson ImmunoResearch. To neutralize
TNFa, mice were injected intraperitoneally with 100 ug of
neutralizing antibody or isotype control on day 21. Anti-TNFa
mAb MP6-XT3 (IgGl, rat) and IgGl lsotype control (rat)
were purchased from eBioscience.

Statistical analysis. In the CIA experiments, dlsease :
incidence was evaluated with the chi-square test and the
severity score by the Mann-Whitney U test. Student’s ¢-test was
used for the evaluation of all other results. P values less than
0.05 were considered significant.

‘RESULTS

Spontaneous development of destructive arthri-
tis, with increased numbers of macrophages and
high serum levels of IL-6, in TIARP-deficient mice.
TIARP ™/~ mice were generated to further investigate -
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Table 1 Abnormalchmmlandhxsmlog;cfeamrwmaged(l?f
month-old) male TIARP™~ mweascomparedthhﬂneuwﬂd«type
littermates

Wild-type Knockout
mice mice
Characteristic (n = 13) (n = 13)
Clinical f - —
Incidence of arthritis, no. (%) 0(0.0) 10 (76.9)*
Mean * SEM clinical score 0.00 =000 225:*062%
Histologic score - .
Inﬂammﬁm,meaniSEM 125+025 275 048
Erosions, mean * SEM 0.25 =025 225+ 0637
Cartilage damage, mean *+ SEM 050029 175075t

the function of TIARP in arthritis. To do this, we used
homologous recombination in embryonic stem cells de-
rived from B6 mice to produce a line of mice carrying a
defective TIARP gene. In the homozygous state, these
mice carry a mutant allele with exon 2 deleted (data
available upon request from the corresponding author).
The expression of the mature TIARP gene and protein
in splenocytes, peritoneal macrophages, and synovio-
cytes (data not shown) could not be detected by real-
- time quantitative PCR and Westemn blotting.
‘We then tested whether deletion of the TIARP
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gene could directly induce organ autoimmunity. We
found that 76.9% of the deficient mice developed
joint abnormalities by 12 months of age (Figure 1A and

" Table 1). Furthermore, marked enthesopathy and weak

synovitis with joint destruction were observed in these
TIARP ™/~ mice (Figure 1A). These findings were con-
firmed by histologic scoring of inflammation and erosion
(Figure 1A). We also screened several other organs
isolated from 20-week-old and 12-month-old mice. The
murine white adipose tissues showed weak cell infil-
tration, confirming the findings of Wellen et al (9),

_although there was no significant cell infiltration or

damage in the liver, kidney, or small intestine (Figure
1B) or in the white adipose tissue, large intestine, or

~ other organs (data available upon request from the

corresponding author).

Immune cell development and function in
TIARP~/~ mice were investigated next. The involve-
ment of acquired immune cells in the spleen (Figure 1C)
and in. the thymus and mesenteric and inguinal lymph
nodes (LNs) (data not shown) in TIARP ™~ mice was
almost comparable to WT mice. Because TIARP is

* highly expressed in CD11b+ cells during GPI-induced

arthritis (7), we screened the spleens of TIARP ™/~

mice and found significantly high numbers of CD11b+
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Figure 2. Enhanced responsiveness of macrophages from TIARP~/~ mice to lipopolysaccharide (IPS) and TNFa. A, Levels of IL-6, TNFa,
and IL-1 in culture supernatants, as determined by enzyme-linked immunosorbent assay. Thioglycolate-elicited macrophages from TIARP™~ and
'WT mice were cultured for 12 hours in the presence or absence of LPS or were cultured for 96 hours in the presence or absence of 1 pg/ml or
'louglmlof'lNFa.Valuwarememm*SEMof3mdependentexpenments(n 5 mice per group per experiment). * = P < 0.05. B, Levels
of IxBa in extracts of thioglycolate-elicited macrophages from TIARP ™/~ and WT mice, as determined by immunoblot analysis. Cells were incubated

with 100 ng/mi of TNFe for the indicated times, and immunoblotting was performed, as shown at the left. Actin was used as a loading control. Results
. of densitometric quantification of IxBa levels are shown at the right. Values are the mean. C, Flow cytometry of apoptotic cell populations in
macrophages left unstimulated or stimulated for 24 hours with TNFa, as detected by propidium iodide and annexin V staining. Percentages of
. annexin V+ cells are shown at the bottom. Values are the mean * SEM of 2 independent experiments (n = 5 mice per group per experiment).
* = P < 0.05. D, Analysis of caspase 3 and cleaved caspase 3 in macrophages. Thioglycolate-elicited macrophages were treated with 100 ng/ml of
. TNFa, and total cell lysates were immunoblotted with antibodies to deaved caspase 3 (bands at 17 kd and 19 kd) or caspase 3, as shown at the top.
Results of densitometric quantification of the ratio of cleaved caspase 3 to caspase 3 are shown at the bottom. Valuwarethemean.SaeFlgurel
for other definitions.
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Figore 3. Exacerbation of collagen-induced arthritis (CIA), with marked infiltration of neutrophils and macrophages, in TIARP™~ miice. A,
Express:onomeNAforTIARPmdwspleenand]omtsobmnedonthemdtwteddaysfmml‘IARP“"andWmeewnhCIA.Valmaretbc
mean + SEM of 3 independent experiments (n = 5 mice per group per experiment). B, Arthritis incidence and severity scores in TIARP™™ and
WT mice with CIA. Values are the mean £+ SEM of 3 independent experiments (n = 16-17 mice per group pér experiment). *+ = P < 0.05. C,
Histopathologic analysis. of joint sections obtained on day 60 after immunization in 3 mice from each group. Original magnification X 20.
Histopathology scores for inflammation and erosion are shown at the right. Values are the mean + SEM of 2 independent experiments (n = 5 mice
per group per experiment). * = P < 0.05. D, Immunofluorescence analysis of neutrophils and macrophages using anti-Gr-1 and anti-F4/80
monoclonal antibodies, respectively, in the bone marrow (BM), synovium (8), and exudate (E) of ankle joints obtained on day 60. Broken lines in -
the top panels of the photomicrographs indicate the surface of the articular cartilage. Original magnification X 20. Numbers of neutrophils and
macrophages in the ankle joints as determined on day 60 are shown at the right. Values are the mean + SEM of 2 independent experiments (n = 5
mice per group per experiment). * = P < 0.05. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available

at http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1529-0131.

Gy-1'ontermediate coftg (confirmed by microscopy to be We next examined inflammatory cytokines in the
macrophages) (Figure 1C). - TIARP™/~ mice, since they are also key players in RA
A daytOLNs B Thi & Th17 celis (day10 LNs) C Treg(day10LNs) D
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Figure 4. Enhanced type II collagen (CII)-specific Thi cells and Th17 cells, with comparable amounts of anti-CII antibodies, in tumor necrosis
factor a-induced adipose-related protein (TIARP)-knockout (KO) mice as compared to wild-type (WT) mice. A, Numbers of CD4+ and CD8+ -
cells in draining lymph nodes (LNs) obtained on day 10. Values are the mean * SEM of 3 independent experiments (n = 5 mice per group per
experiment). * = P < 0.05. B and C, Numbers of interferon-y (IFNy)-positive and interleukin-17 (IL-17)-positive cells (B) and numbers of
FoxP3-positive Treg cells (C) in draining ILNs obtained on day 10, as determined by flow cytometry, gating on CD3+CD4+ cells. Values are the
mean *= SEM of 3 independent experiments (n = 5 mice per group per experiment). * = P < 0.05. D, Serum levels of CII-specific IgG in 16 WT
mice and 17 TIARP/~ mwemday%mddayﬁﬂaﬁermunumzaucn Each symbol represents a single animal.
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Figure 5. IL-6-triggered exacesbation of collagen-induced arthritis (CIA) in TIARP~/~ mice. A, Serum levels of IL-6 (top) and TNFa (bottom) on day

) 0 and day 60 after immunization in naive mice (n = 1012 mice per group per experiment) and mice with CIA (n = 16 WT mice and n = 17 TIARP ™/~
mice). Each symbol represents a single animal. B, Expression of IL-6, TNFa, CXCL2, matrix metalloproteinase 3 (MMP-3), and RANKL genes in ankle
joints obtained on day 60, as determined by real-time polymerase chain reaction analysis. Values are the mean + SEM of 2 independent experiments (n = 5
mice per group per experiment). » = P < 0.05. C, Arthritis incidence and severity scores on day 21 in mice treated with 2 mg of anti~IL-6 receptor
(anti-IL-6R) monoclonal antibody (mAb; MR16-1) (top) or with 100 ug of anti-TNFa mAb (bottom). Values are the mean = SEM. » = P < 0.05,
Histopathologic analysis of ankle joint sections obtained on day 60 after immunization following treatment with control Ig or with MR16-1 mAb is shown
at the right. Original magnification X 20. D, Levels of pSTAT-3, STAT-3, SOCS-3, pERK-1/2, and ERK-1/2 in cell lysates of thioglycolate-licited
macrophages from TIARP ™/~ and WT mice (n = 2 mice per group), as determined by immunoblot analysis. Cells were incubated for 1 hour in.the absence
or presence of 10 ng/ml of 1L-6 or 100 ng/ml of lipopolysaccharide (LPS). Actin was used as a loading control. Results of densitometric quantification of
theranoofpSTATStoSTAT3ateshownatmenght.Valwsarememn.SeeFigmelﬁoroﬂmrdeﬁnnms.Colorﬁgmembevxmdmmeonlme
issue, which is available at http‘l/axlmelibraxywileymmljmnual/lO.lOO?/(lSSN)lSE—OBl

“and are functionally linked to TIARP (10—12). Serum
levels of IL-6 were higher in TIARP ™/~ mice than in WT
mice irrespective of age, whereas no TNFa or GM-CSF
was detectcd, and IL-1B levels were similar in WT and
TIARP ™/~ mice (Figure 1D).

Taken together, these findings suggested that
TIARP /™ mice develop spontaneous enthesopathy and.
synovitis, with elevated numbers of macrophages and
elevated levels of IL-6, which suggest a vaotal role of

" macrophages.

Increased response to LPS and TNF q, sustained
degradation of IxBa, and resistance to TNFa-induced
apoptosis in macrophages from TIARP~/~ mice. Next,
we focused on CD11b+ cells, based on the dominant ex-

pression of TIARP in these cells in GPI-induced arthri-
tis (7) and on the spontaneous aberrant accumulation
of macrophages in TIARP™~ mice. Thioglycolate-
activated peritoneal macrophages from TIARP ™/~ mice
produced higher amounts of IL-6, TNFa, and IL-18
upon LPS stimulation (Figure 2A). Macrophages from
TIARP ™/~ mice also produced higher amounts of IL-6
with TNF« stimulation (Figure 2A). Levels of IL-6Ra,
TNF receptor type I (TNFRI), and TNFRII expression
were similar in macrophages from TIARP™/~ and WT
mice (data not shown).

We then examined the role of TIARP in the
NF-xB pathway and m apoptosxs. Macrophages ob-
tained from TIARP ™/~ mice and cultured with TNFa
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showed sustained degradation of the NF-«B inhibitory
molecule IxkBa as compared to macrophages from WT
mice (Figure 2B). Moreover, TNFa-induced apoptosis
was increased in macrophages from WT mice, but was
not significantly different in those from TIARP™~ mice
(Figure 2C). Cleaved caspase 3 levels in the presence of
TNFa were clearly diminished in macrophages from
TIARP /"~ mice as compared to WT mice (Figure 2D).
Adding both TNFa and IL-6 induced proliferation in
macrophages from TIARP ™/~ mice as compared to WT
mice (data not shown).

Collectively, these results suggested that macro-
phages from TIARP™~ mice have a high level of
response to TNFa due to a weak NF-«B-negative regu-
lation and subsequent proliferation, with dysregulated
apoptosis.

TIARP expression and fluctunation in mice with
CIA. The direct pathogenic effect of TIARP in arthritis
was explored using a model of CIA on a B6 background.
We first examined TIARP fluctuations in CIA by screen-
ing for changes in TIARP expression in WT B6 mice.
Real-time quantitative PCR showed up-regulated
TIARP mRNA expression on day 23 in splenocytes from
mice with CIA and on day 28 in the joints of the same

mice, when the expression correlated with joint swelling

(Figure 3A). These fluctuations resembled those seen in
GPl-induced arthritis (7) and suggest that systemic
up-regulation of TNFa and TIARP is involved in the
early phases of the disease.

Exacerbation of CIA in TIARP™/~ mice, with in-
creased numbers of antigen-specific Th1 and Thi7
cells in LNs, enhanced serum levels of IL-6,
and infiltration of macrophages and neutrophils
into the joints. Next, we induced CIA in 8-12-week-
old TIARP™~ mice and found exacerbated disease
incidence and severity in these mice as compared to
the WT mice (Figure 3B). Histologic analysis of
TIARP™~ mice with CIA showed marked cell infil-
tration, pannus formation, and bone erosion, as well
as increased histology scores (Figure 3C). Immuno-
histochemical analysis of cells isolated from the mouse
joints confirmed the dominance of neutrophil and
macrophage infiltration in the joints of TTARP~/~ mice
(Figure 3D).

On day 10 after immunization with CII, the

TIARP '~ mice had splenomegaly, and their CD4 and
CD8 T cell counts were higher than those-in WT mice
(Figure 4A). In contrast, CD19+ cell counts were not
different between WT mice and TIARP™/~ mice (data
not shown). We then screened T and B cell responses
during CIA to investigate antigen-specific responses.
The production of antigen-specific cytokines, such as

IENy and IL-17, was significantly higher in draining
LNs from TIARP ™/~ mice than in those from WT mice
(Figure 4B), whereas the numbers of antigen-specific
Treg cells (FoxP3+) were not significantly different
(Figure 4C). Unexpectedly, the levels of antigen-
specific anti-CIl antibodies in TIARP ™/~ mice and
WT mice were comparable on day 30 and on day 60
(Figure 4D). ' .

- Serum IL-6 levels on day 60 after immunization
were also markedly increased in TIARP™~ mice com-
pared to WT mice, whereas TNFa was not detected
(Figure 5A). Gene expression analysis in mouse joints
on day 60 showed higher levels of IL-6, CXCL2, MMP-3,
and RANKL in TIARP™/~ mice as compared to WT -
mice (Figure 5B).

Suppression of CIA in TIARP~/~ mice by anti-
IL-6R mAb. To further confirm the role of IL-6 in
arthritis, IL-6 was inhibited after the onset of CIA (on
day 21; this timing was generally not effective in WT
mice [10]). As anticipated, injection of anti-IL-6R mAb
significantly suppressed the incidence and progression of

" arthritis (Figare 5C, top), and histopathologic analysis

on day 60 confirmed this effect (Figure 5C). In con-
trast, treatment with TNFa-neutralizing antibodies. in
TIARP ™/~ mice did not suppress the progression of
arthritis (Figure 5C, bottom). ,

Enhanced signal in response to IL-6-induced
STAT-3 expression in macrophages from TIARP ™~ mice.
To further investigate the role of IL-6 signal transduction
in TIARP™/~ mice, we also measured the expression of
pSTAT-3, STAT-3, and SOCS-3 in macrophages. IL-6
stimulation induced STAT-3 and SOCS-3 expression in
both groups of mice. However, only pSTAT-3 expression .
was enhanced in macrophages from TIARP ™/~ mice as
compared to those from WT mice (Figure 5D). In
addition, pERK-1/2 production was not changed.

DISCUSSION

In the present study, we demonstrated that
TIARP ™/~ mice spontaneously develop enthesitis with
synovitis and become susceptible to CIA. TIARP is
detected during the course of adipocyte differentiation -
(11) and is also induced by IL-6 (12). TIARP-like
proteins such as STEAP-4 are highly expressed in the
bone marrow, placenta, and fetal liver (13). In murine
hepatocytes, TNFa and IL-17 induce synergistic up-
regulation of TIARP (14), and the TIARP gene is a
divect target of phosphorylated STAT-3 (15). Recent
reports suggest that the expression of 6-transmembrane
protein of prostate 2 (STAMP-2)/STEAP-4 in CD14+
macrophages was significantly decreased in women with

— 163 —



metabolic syndrome and correlated with cardiovascular

risk (16). The metabolic impact of TIARP has been

confirmed in adipocytes from STAMP-27/~ mice (9),
-but its role in immunity and inflammation remains
. obscure (17).

Another TNF-induced protem, tumor necrosis
factor a—induced protein 3 (TNFAIP-3), has become a
particular focus because of its association with RA, as
" shown in genome-wide association studies (18,19).

Matmati et al (20) recently revealed that mice deficient
in myeloid-specific TNFAIP-3 spontancously develop
polyarthritis with increased numbers of CD11b+Gr-1+
celis and high levels of inflammatory cytokines (20). This
. arthritis is clearly dependent on IL-6 (and Toll-like
receptor 4), but is independent of TNFa, T cells, and
B cells. TIARP (TNFAIP-9) is expressed mainly in
macrophages and neutrophils in mice (7) and in humans
(8,16) with arthritic conditions, and TIARP ™~ mice
posses increased numbers of myeloid cells and cytokine
dependency similar to that in the conditional TNFAIP-
3-deficient mouse model. Thus, the expression of TNF-
induced proteins of myeloid origin may be important for
_the regulation of arthritis via similar pathways.

We found significantly increased numbers of
CD11b+Gr-1low/ntermediate celi¢ in mouse spleens; thus,
we focused mainly on TIARP-dominant cells, such as
macrophages, in this study. Stimulation with TNFea or
with LPS enhanced the expression of IL-6 in macro-
phages from TIARP ™/~ mice. Following TNFa stimula-
tion, sustained degradation of IkBa was noted, and
subsequent proliferation with dysregilated apoptosis
was seen in macrophages from TIARP ™/~ mice. More-
over, levels of IL-6-induced pSTAT-3 were also in-

" creased in TIARP™/~ macrophages, as previously dem-
onstrated in hepatocytes (15).

In addition to macrophages, CD11b+ neutro-
phils are another cellular source of TIARP/STEAP-4
(7.8). In TIARP™/~ mice with CIA, overexpression of
CXCL2 (the ligand of CXCR?) in joints was noted, with
abundant recruitment of neutrophils. The numbers of
CXCR2+ neutrophils were increased in TIARP ™~ mice
(data not shown), which probably enhanced the severity

- of the arthritis. In our previous study (8), we confirmed
that STEAP-4 transfection of human neutrophils down-
regulated their migration. It is possible that overproduc-
tion of IL-6 can also augment the adhesion of neutro-
phils (21).

CIA in the TIARP~/~ mice was clearly exacer-
bated, and IL-6 overproduction was seen. Neutralization
of IL-6 during the arthritis induction phase clearly
suppressed the arthritis, suggesting a pivotal role of IL-6.
The IL-6R-gp130™° mutant mouse is a well-known

INOUE ET AL

model of spontaneous arthritis that develops around 12 .
months of age, with elevated numbers of Gr-1+
CD11b+ cells in LNs (22). In addition to Th17 cells, the
importance of IL-6/STAT-3 signals in type I collagen
fibroblasts was recently proven in this model (23).
TIARP is weakly induced in T cells under arthritic
conditions; however, their expression in joint fibroblasts
has been confirmed in GPl-induced arthritis (7).
STEAP-4 protein was also induced by TNFa in
fibroblast-like synoviocytes (FLS), and transfection of
STEAP-4 into FLS blocks inflammatory cytokines, such
as IL-6 and IL-8, and induces apoptosis (24). Thus,

~ TIARP can regulate innate immune cells and fibroblasts

in joints to suppress inflimmation and the proliferation
that results in suppression of arthritis in an IL-6-related
manner.

- Taken together, the ﬁndmgs of this study impli-
cate TIARP as a negative regulator of the arthritogenic
process through the suppression of IL-6 production,
NF-«B, STAT-3 signaling, and the induction of apopto-
sis. Moreover, systemic deletion of TIARP results in the
specific development of RA-like pathology, suggesting
that treatment with TIARP or with agents that stimulate
TIARP may become an mponant opnon for the treat-
ment of RA
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Overexpression of T-bet Gene
Regulates Murine Autoimmune Arthritis

Yuya Kondo,' Mana lizuka, Ei Wakamatsu,> Zhaojin Yao Masahiro Tahara,! Hiroto Tsuboi,!
Makoto Sugihara,! Taichi Hayas]n,1 Keigyou Yoh,1 Satoru Takahashi,’
Isao Matsumoto,' and Takayukl Sumida’

Objective. To clarify the role of T-bet m‘the
pathogenesis of collagen-induced arthritis (CIA).

Methods. T-bet—transgenic (Tg) mice under the -

control of the CD2 promoter were generated. CIA was
induced in T-bet-Tg mice and wild-type C57BL/6 (B6)
mice. Levels of type II collagen (CII)-reactive T-bet and
retinoic acid receptor-related orphan nuclear receptor
¥t (RORyt) messenger RNA expression were analyzed
by real-time polymerase chain reaction. Criss-cross
experiments using CD4+ T cells from B6 and T-bet-Tg
mice, as well as CD11c+ splenic dendritic cells (DCs)
from B6 and T-bet-Tg mice with CII were performed,
and interleukin-17 (IL-17) and interferon-y (IFNy) in
the supernatants were measured by enzyme-linked im-
munosorbent assay. CD4+ T cells from B6, T-bet-Tg, or
T-bet-Tg/IFNy™~ mice were cultured for Th17 cell
differentiation, then the proportions of cells producing
IFNvy and IL-17 were analyzed by ﬂnomcence-achvated

cell sorting. .

Results. Unlike the B6 mice, the T-bet-Tg mice
did not develop CIA. T-bet-Tg mice showed overexpres-
sion of Thx21 and down-regulation of Rorc in CH-
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mctive T cells. Criss-cross experiments with CD4+ T
cells and splenic DCs showed a significant reduction in
IL-17 production by ClIi-reactive CD4+ T cells in
T-bet-Tg mice, even upon coculture with DCs from B6
mice, indicating dysfonction of IL-17-producing CD4+
T cells. Inhibition of Th17 cell differentiation under an
in vitro condition favoring Th17 cell differentiation was
observed in both T-bet-Tg mice and T-bet-Tg/IFNy ™/~
mice.

Conclusion. Ovemxpression of T-bet in T cells
suppressed the development of autoimmune arthritis.
The regulatory mechanism of arthritis might involve
dysfunction of ClI-reactive Th17 cell differentiation by
overexpression of T-bet via IFNy-independent path-
ways.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disorder characterized by autoimmunity, infiltra-
tion of the joint synovium by activated inflammatory
cells, and progressive destruction of cartilage and bone.
Although the exact cause of RA is not clear, T cells seem
to play a crucial role in the initiation and perpetuation of
the chronic inflammation in RA.

The Th1 cell subset has long been considered to
play a predominant role in inflammatory arthritis, be-
cause T cell clones from RA synovium were found to
produce large amounts of interferon-y (IFNYy) (1). Re-
cently, interleukin-17 (TL-17)-producing Th17 cells have
been identified, and this newly discovered T cell popu-
lation appears to play a critical role in the development
of various forms of autoimmune arthritis in experi-
mental animals, such as those with glucose-6-phosphate
isomerase-induced arthritis (2) and collagen-induced

. arthritis (CIA) (3). Conversely, IFNYy has antiinflamma-
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tory effects on the development of experimental arthritis
(4.5). IL-17 is spontaneously produced by RA synovium
(6), and the percentage of IL-17-positive CD4+ T cells
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was increased in the peripheral blood mononuclear cells

of patients with RA compared with healthy control
- subjects (7). It is therefore necessary to determine if auto-
immune arthritis is a Th1- or a Th17-associated disorder.
The lineage commitment of each Th cell subset
from naive CD4+ T cells is dependent on the expression
of specific transcription factors induced under the par-
ticular cytokine emvironment. Differentiation of Thi
cells is dependent on the expression of the transcription
factor T-bet, which is induced by IFNy/STAT-1 signaling
pathways and directly activates the production of IFNy
(8,9). Similarly, Th17 cell differentiation in mice is
dependent on the tramscription factor retinoic acid
receptor-related orphan nuclear receptor yt (RORyt)
induced by transforming growth factor B (TGFpB) and
IL-6 (10). Previous studies showed that these transcrip-
tion factors negatively regulate the differentiation of
other T cell subsets by direct co-interaction and/or
indirect effects of cytokines produced from each T cell
subset (11,12). How the predominant differentiation of
CD4+ T cells affects the development of autoimmune
arthritis remains unclear, however.
In the present study, CIA was induced in
C57BL/6 (B6) mice and T-bet-transgenic (Tg) mice
under the control of the CD2 promoter. The results

showed that CIA was significantly suppressed in

T-bet-Tg mice as compared with B6 mice. IL-17 pro-
duction was not detected in type II collagen (CII)-
reactive T cells from T-bet-Tg mice, and a significant
reduction in IL-17 production by Cll-reactive CD4+ T
cells from T-bet-Tg mice was observed even when they
were cocultured with splenic dendritic cells (DCs) from
‘B6 mice. IFNy production was also reduced in T-bet-Tg
mice as compared with B6 mice, and levels of IFNy in
CHl-reactive CD4+ T cells from T-bet-Tg mice were not
different from those in B6 mice. Inhibition of Th17 cell
differentiation and predominant differentiation of Thl
cells under an in vitro condition favoring Th17 cell
differentiation was observed in T-bet-Tg mice, and
surprisingly, this inhibition was also observed in T-bet—
Tg/IFNvy ™~ mice. These results indicate suppression of
Th17 cell differentiation by overexpression of T-bet, but
not IFNvy. Our findings support the notion that the
suppression of autoimmune arthritis in T-bet-Tg mice
might be due to the direct inhibition of Th17 cell
differentiation by T-bet overexpression in T cells.

MATERIALS AND MEI‘HODS
Mice. CD2 T-bet-Tg mice (12) were prepared by

backcrossing mice on a CS7BL/6 background. IFNy '~ mice
were obtained from The Jackson Laboratory. Liftermates of

T-bet-Tg mice were used as controls in ail expeﬁments. All

" mice were maintained under specific pathogen—free condi-

tions, and the experiments were conducted in accordance with
the institutional ethics guidelines.

Induction of CIA and assessment of arthritis. Native
chicken CIHI (Sigma-Aldrich) was dissolved in 0.01M acetic acid
and- emulsified in Freund’s complete adjuvant (CFA). CFA
was prepared by mixing 5 mg of heat-killed Mycobacterium
tuberculosis H3TRa (Difco) and 1 ml of Freund’s incomplete
adjuvant (Sigma-Aldrich). Mice ages 8-10 weeks were injected
intradermally at the base of the tail with 200 ug of CII in CFA
on days 0 and 21. Arthritis was evaluated visually, and changes
in each paw were scored on a scale of 0-3, where 0 = normal,
1 = slight swelling and/or erythema, 2 = pronounced swelling,
and 3 = ankylosis. The scores in the 4 limbs were then summed
(maximum score 12).

Histopathologic scoring. For hlstologlc assessment,
mice were killed on day 42 after the first immunization, and
both rear limbs were removed. After fixation and decalcifica-
tion, joint sections were cut and stained with hematoxylin and
eosin. Histologic features of arthritis were quantified by 2
independent observers (YK and IM) who were blinded with
regard to the study group, and a histologic score was assigned
to each joint based on the degree of inflammation and erosion,
as described previously (13). The severity of inflammation was
scored on a scale of 0-5, where 0 = normal, 1 = minimal
inflammatory infiltration, 2 = mild infiltration with no soft
tissue edema or synovial lining cell hyperplasia, 3 = moderate
infiltration with surrounding soft tissue edema and some
synovial lining cell hyperplasia, 4 = marked infiltration,
edema, and synovial lining cell hyperplasia, and 5 = severe
infiltration with extended soft tissue edema and marked syno-
vial lining cell hyperplasia. The severity of bone erosion was
also scored on a scale of 0-5, where 0 = none, 1 = mimmal,
2 = mild, 3 = moderate, 4 = marked, and 5 = severe erosion
with full-thickness defects in the cortical bone. _

Analysis of cytokine profiles and cytokine and fran-
scriptional factor gene expression. Inguinal and popliteal
Iymph nodes were harvested from each mouse on day 10 after
the first immunization with CII. Single-cell suspensions were
prepared, and lymph node cells (2 X 10%well on a 96-well
round-bottomed plate) were cultured for 72 hours in RPMI
1640 medium (Sigma-Aldrich) containing 10% fetal bovine
serum, 100 units/ml of penicillin, 100 pug/ml of stréptomycin,
and 50 pM 2-mercaptoethanol in the presence of 100 ug/ml of
denatured chicken CII. The supernatants were ana.lyzed for
IFNy, IL-4, I1-10, and 1L-17 by enzyme-linked immunosor-

. bent assay (ELISA) using specific Quantikine ELISA kits

(R&D Systems).

.Lymphocytes harvested on day 10 after mmummtlon
were used to obtain complementary DNA (cDNA) by reverse
transcription, using a commercially available kit. A TagMan
Assay-on-Demand gene expression product was used for real-
time polymerase chain reaction (PCR; Applied Biosystems).
The expression levels of Ifng, Il17a, Thx21, Rorc, I12a, and
I123a were normalized relative to the expression of gapdh.
Analyses were performed with an ABI Prism 7500 apparatus
{Applied Biosystems).

“Criss-cross cocalture with CD4+ T cells and CD11c+
splenic dendritic cells. Ten days after the first CII immuniza-
tion, CD4+ cells in draining lymph nodes were isolated by
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positive selection, using a magnetic-activated cell sorter
(MACS) system with anti-CD4 monoclonal antibody (mAb;
Miltenyi Biotec). After treatment with mitomycin C, CD11c+
cells were isolated from the spleen by positive selection, using.
a MACS system with anti-CD1lc mAb (Miltenyi Biotec).
Criss-cross coculture for 72 hours was performed with 1 X 10°
- CD4+ cells and 2 X 10* CD1lc+ cells in 100 pg/ml of
denatured CII-containing medium. Cytokine production and
transcription factor expression were then analyzed.
Measurement of collagen-speciﬁc immunoglobulin ti-
ters. Serum was collected from the mice on day 56 after the
first immunization. A total of 10 ug/ml of CII in phosphate
buffered saline (PBS) was coated overnight at 4°C onto 96-well
plates (Nunc MaxiSorp; Nalge Nunc). After washes with
washing buffer (0.05% Tween 20 in PBS), the blocking solu-
tion, including 1% bovine serum albumin in PBS, was applied
for 1 hour. After washing, 100 pl of diluted serum was added,
and the plates were incubated for 1 hour at room temperature.
After further washing, horseradish peroxidase—-conjugated
anti-mouse IgG, IgG1, IgG2a, or IgG2b (1:5,000 dilution) in
blocking solution was added, and the plates were incubated for
1 hour at room temperature. After washing, tetramethylben-
zidine was added, and the optical density was read at 450 nm
using a microplate reader.
Parification of CD4+ cells and in vitro T cell cultores.
CD4+ cells (1 X 10%well) were cultured in medium
with 1 pg/ml of soluble anti-CD3e mADb (eBioscience), 1 pg/ml
of soluble anti-CD28 mAb (BioLegend), 10 ug/ml of anti-
IFNy mAb (BioLegend), and 10 ug/ml of anti-IL-4 mAb
(BloLegend) for a neutral condition. For Th17 cell differ-
entiation, CD4+ cells (1 X 10%well) were cultured in medium
with 1 ug/ml of soluble anti-CD3e mAb, 1 ug/ml of soluble
anti-CD28 mAb, 3 ng/ml of human TGFg (R&D Systems),

20 ng/ml of mouse IL-6 (eBioscience); 10 pg/ml of anti-

IFNy mAD, and 10 pug/ml of anti-IL-4 mAb. On day 4, cells
were restimulated for 4 hours with 50 ng/ml of phorbo]
myristate acetate and 500 ng/ml of ionomycin and used in the
experiments.

‘Surface and intracellular staining and ﬂuomscence-
activated cell sorter (FACS) analysis. GolgiStop (BD
PharMingen) was added during the last 6 hours of each
culture. Cells were stained extracellularly, fixed, and perme-
abilized with Cytofix/Cytoperm solution (BD PharMingen).
Then, intracellular cytokine staining was performed according
to the manufacturer’s protocol, using fluorescein isothiocya-
nate (FITC)-conjugated anti-IFNy (BD PharMingen) and
phycoerythrin (PE)-conjugated anti-IL-17 (BD PharMingen)
or . FITC-conjugated anti-TL-17 (BioLegend). A Treg cell
staining kit (eonscxence) was used to stain T-bet, RORyt,
and FoxP3 in cultured cells according to the manufacturer’s
protocol;, using PE-conjugated anti-T-bet (eBioscience),
allophycocyanin-conjugated anti-RORyt (eBioscience), and

PE-conjugated anti-FoxP3 (eBioscience). Samples were ana-

lyzed with.a FACSCalibur flow cytometer (Becton Dickinson),
and data were analyzed with FlowJo software (Tree Star).

Statistical analysis. Data are expressed as the mean +
SEM or the mean * SD. Differences between groups were
examined for statistical significance using Student’s t-test.
P values less than 0.05 were considered significant.

KONDO ET AL

'RESULTS

Construction of the T-bet transgene and tissue
distribution of transcription factors and cytokine pro-
duction in naive mice. To generate transgenic mouse
lines that express high levels of T-bet specifically in
T cells, mouse T-bet cDNA was inserted into a VA
vector containing a human CD2 transgene casseite (14).
To confirm the expression of the transgene, reverse -
transcription-PCR (RT-PCR) was performed to moni-
tor the expression of 7bv21 (coding for T-bet) in organs -
from the T-bet-Tg mice. 7bx2I messenger RNA
(mRNA) expression was detected in the lymphatic sys-
tem and in nonlymphatic organs in T-bet~Tg mice, and
the expression levels were higher than those in B6 mice
(data available upon request from the author). Analysis
by semiquantitative RT-PCR and quantitative PCR
(data not shown) revealed that the expression levels of
other transcription factors (Gata3, Rorc, and Foxp3) in
T-bet-Tg mice were not different from those in B6 -
mice. As previously reported by Ishizaki et al (14), high
production of IFNvy was observed even when CD4+
T cells isolated from the spleen of T-bet-Tg mice were
cultured under neutral conditions (data available upon
request from the author).

Failure to induce CIA and low CII-specific IgG
production in T-bet-Tg mice. To assess whether T
cell-specific T-bet expression affects the development
of arthritis, we induced CIA in T-bet-Tg mice and
in wild-type B6 mice. The incidence and severity of
arthritis in T-bet-Tg mice were markedly suppressed
compared with those in' B6 mice (Figure 1A). Sur-
prisingly, the majority of T-bet-Tg mice were essen-
tially free of arthritis, and even when -arthritis was
present, it was of the mild type. Consistent with these
findings, histologic analyses of the joints obtained from

 each mouse 42 days after immunization revealed that

joint inflammation and destruction were significantly

. suppressed in T-bet-Tg mice compared with B6 mice

(Figures 1B and C). These results indicated that en-
forced expression of T-bet in T cells suppressed the
development of CIA.

Because the levels of ClI-specific IgG correlate
well with the development of arthritis (15), we examined
ClI-specific IgG production in T-bet-Tg mice. ClI-
specific IgG, IgG1, IgG2a, and IgG2b levels were signif-
icantly lower in T-bet-Tg mice than in B6 mice, as
determined by ELISA (Figure 1D). Thus, enforced
expression of T-bet in T cells suppresses the develop- -
ment of CIA and CH-specific IgG production.
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Figure 1. Significant suppression of collagen-induced arthritis (CIA) and type II collagen (CHHpéciﬁc IgG production in T-bet-transgenic (Tg)
mice. On days 0 and 21, mice were immunized intradermally at several sites at the base of the tail with chicken CII emulsified with Freund’s complete
adjuvant. A, Incidence and severity of CIA. The arthritis score was determined as described in Materials and Methods. Data were obtained from
2 independent experiments involving 10 C57BL/6 (wild-type [WT]) mice and 11 T-bet-Tg mice. B, Hematoxylin and eosin-stained sections of the
hind paws of mice obtained 6 weeks after the first immunization. Original magnification X 40. C, Inflammation and bone erosion scores in 7 C57BL/6
mice and 5 T-bet-Tg mice 6 weeks after the first immunization. Scores were determined as described in Materials and Methods. D, Serum levels
of ClI-specific IgG, IgG1, IgG2a; and IgG2b levels in 10 C57BL/6 mice and 11 T-bet~Tg mice 8 weeks after the first immunization, as measured
by enzyme-linked immmunosorbent assay. Values in A, C, and D are the mean * SD. + = P < 0.05; + = P < 0.01 by Student’s t-test.

Suppression of Cll-reactive IL-17 production
and IL-17 mRNA expression in T-bet-Tg mice. Because
enforced T-bet expression in T cells suppressed the
development CIA, we examined antigen-specific cyto-
kine production and transcription factor expression in
mice with CIA. CD4+ T cells harvested from draining
lymph nodes were stimulated with CII in vitro, and then
various cytokine levels in the supernatants were mea-

- sured by ELISA. IL-17 production by Cll-reactive T
cells was significantly reduced in T-bet-Tg mice as
compared with B6 mice (Figure 2A). IFNy production
by Cll-reactive T cells also tended to be decreased in
T-bet-Tg mice.

We analyzed CIl-reactive cytokine and transcrip-
tion factor mRNA expression levels by real-time PCR
(Figure 2B). Similar to the ELISA results, I117a expres-
sion tended to be lower in T-bet-Tg mice than in B6
mice. No difference in Ifng expression was observed
between B6 and T-bet-Tg mice (Figure 2B). Thx21
expression tended to be higher in T-bet-Tg mice,
whereas Rorc expression was lower in T-bet-Tg mice
than in B6 mice (P < 0.05). The level of expression of
1124 (coding for IL-12p35) was also higher in T-bet-Tg
mice than in B6 mice (P < 0.05). However, there was no
difference in the expression levels of 11234 (coding for
I1-23p19) between B6 mice and T-bet-Tg mice. These
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Figure 2. No production of interleukin-17 (IL-17) and low production of interferon-y (IFN+) in type II collagen (CH)-reactive CD4-+ T cells. A,
Ten days after the first ClI immunization, lymphocytes derived from the draining lymph nodes of C57BL/6 (wild-type [WT]) mice and
T-bet-transgenic (Tg) mice were cultured for 72 hours in the presence or absence of 100 pg/nl of denatured CIL Levels of IL-17, IFNvy, IL-4, and
IL-10 in the supernatants were measured by enzyme-linked immunosorbent assay. B, Affer culture of lymphocytes with CII, cDNA was obtained,
and levels of Ifng, 117a, Ttx21, Rorc, 1112a, and 1123a expxessmnwemanalyzzdbyxeal—hmepolymemsechammmmvmwmmemean+ SD
of 3 mice. *—P<005byStudent’st-m.ND—~notdetected,NS—nots1gmﬁmnt. :

results suggest that overexpression of T-bet on CD4+ T
cells suppressed the expression of ROR+yt and IL-17.

No reduction of RORyt expressxon on CII-
reactive CD4+ T cells in T-bet-Tg mice. CD4+ T cells
from T-bet-Tg and B6 mice were cultured in vitro with
Cll, and.analyses of T-bet and ROR+yt expression on
CD4+ T cells were carried out by the intracellular
staining method. T-bet expression on Cll-reactive
CD4+ T cells was significantly higher in T-bet-Tg mice
than in B6 mice (Figure 3A). Surprisingly, the majority
of T-bet+ CllI-reactive T cells expressed RORyt in both
the B6 mice and the T-bet-Tg mice (Figure 3A). Al-
though there was no significant difference in the mean
fluorescence intensity of RORyt between B6 mice and
T-bet~Tg mice, the number of RORyt+ cells tended to
be lower in T-bet~Tg mice (data available upon request
from the author).

Moreover, in the case of CD4+ T cells examined
under conditions favoring Th17 differentiation, RORyt

expression on CD4+ T cells from T-bet-Tg mice was -

lower than that on cells from B6 mice (Figure 3B).
Interestingly, most of the RORyt+ cells also expressed

T-bet in the T-bet-Tg mice, and the proportion of

IL-17-producing RORyt+ CD4+ T cells was lower

in the T-bet-Tg mice than in the B6 mice. These find- .
ings support theé notion that overexpression of T-bet
not only suppresses RORyt expression on CD4+ T cells
but also inhibits the production of IL-17 from RORyt+
T cells.

To investigate whether the suppression of arthri-
tis and low antigen-specific cytokine production ob- -
served in T-bet-Tg mice was related to Treg cells, the
next experiment analyzed FoxP3 expression on CD4+ -
T cells harvested from draining lymph nodes 10 days
after immunization. There was no significant difference
in the percentage of FoxP3+ cells among the CD4+
T cells between B6 mice and T-bet-Tg mice (data
available upon request from the author). Thus, Treg
cells do not seem to be involved in the suppression of
CIA in T-bet-Tg mice.

Decreased numbers of T eells in the lymph nodes,
spleen, and thymus of T-bet-Tg mice. To evaluate the
low cytokine response and the low population of CII-
reactive RORyt+CD4+ T cells in T-bet-Tg mice
with CIA, we analyzed the lymphocyte subsets in the .
draining lymph nodes and spleen after immunization.
The percentage and absolute number of CD3+ T cells
were lower in both the draining lymph nodes and the
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