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Experimental Procedures
Culture Media and Antibodies

The endothelial cell (EC) growth medium (ECGM) con-
tained EBM-2 medium (Cambrex, Walkersville, MD,
USA) supplemented with 20% fetal bovine serum (FBS)
(Highclone, Logan, UT, USA), EGM-2 MV (Cambrex),
100 U/ml penicillin (Sigma, St. Louis, MO, USA), 100 pl/
ml streptomycin (Sigma), and 25 ng/ml amphotericin B
(Invitrogen, Grand Island, NY, USA). Control medium
(CM) contained Dulbecco’s modified Eagle’s medium
(DMEM; Sigma) supplemented with 10% fetal bovine
serum (Highclone), 100 U/ml penicillin (Sigma), 100 pl/ml
streptomycin (Sigma), and 25 ng/ml amphotericin B
(Invitrogen). Polyclonal anti-claudin-5 and anti-occludin
antibodies were purchased from Zymed (San Francisco,
CA, USA). The polyclonal anti-hGR antibody was pur-
chased from Santa Cruz (Santa Cruz, CA, USA).

Isolation of Human Peripheral Nerve Microvascular
Endothelial Cells Forming the BNB

The study protocol for human peripheral nerve tissue was
approved by the ethics committee of the Medical Faculty,
Yamaguchi University, and was conducted in agreement
with the Declaration of Helsinki, as amended in Somerset
West in 1996. Written informed consent was obtained from
the patient’s family before the tissue was used for the
study. Tissue samples were obtained from an adult female
who died of an arrhythmia. PnMECs were isolated in
accordance with a previously described procedure [14].
Briefly, the sciatic nerve was removed from the patient.
The epi- and perineuria were carefully stripped off with
fine forceps, mimicking the teased fiber preparation for
peripheral nerve pathology. Next, the endoneurium was
finely minced with a razor blade and then was digested
with 0.25% collagenase type I (Sigma) in 1x Hanks’ bal-
anced salt solution (HBSS) (Invitrogen) at 37°C for2 hin a
shaking water bath. After centrifugation (800 g, 5 min), the
pellet was suspended in 15% dextran solution, followed by
centrifugation for 10 min at 4°C and 5,000 g. The pellet
was washed and incubated in a type I collagen-coated dish
(Iwaki, Chiba, Japan) at 37°C in a humidified atmosphere
of 5% CO, and 95% air.

Immortalization and Purification of PnMECs

At 4 days from the first dissemination, cells were incubated
overnight with pDON-AI/tsA58, a retroviral vector
encoding the open reading frame of the temperature-sen-
sitive SV40 large T antigen. Twelve hours after the
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beginning of the incubation, cells were washed with HBSS
and were subsequently grown at 33°C. This was followed
by another overnight incubation with pDON-AVAhTERT, a
retroviral vector encoding the open reading frame of
hTERT. After the incubation, cells were washed with
HBSS and cultured again at 33°C. After endothelial cells
(ECs) proliferated sufficiently for cloning, they were
picked up with a cloning cup. As ECs grew, non-ECs such
as pericytes, fibroblasts, and Schwann cells also appeared
and gradually began to occupy the culture area of the dish.
These non-ECs were scratched and removed mechanically
with a sterilized pointed rubber spatula. After several
passages (4 in total) for cloning, one clonal population that
consisted of pure endothelial cells, designated “DH-
BNBs” was obtained. These DH-BNBs stably grew at the
permissive temperature of 33°C. To label them with 1,1°-
dioctacecyl-3,3,3",3’, tetramethyl indocarbocyanine per-
chlorate acetylated low-density lipoprotein (Dil-Ac-LDL;
Biogenesis, Poole, England), the cells were incubated with
10 pg/ml Dil-Ac-LDL at 33°C in the culture medium
overnight. The cells were subsequently viewed under a
fluorescence microscope (Olympus, Tokyo, Japan). DH-
BNBs incorporated bright Dil-Ac-LDL particles into their
cytoplasm.

Quantitative Real-Time PCR Analysis

Total RNA was prepared from PBS-washed cells using an
RN easy® Plus Mini kit (Qiagen, Hilden, Germany). RT and
PCR amplification were carried out with TAKARA PCR
Thermal Cycler Dice (TakaRa, Otsu, Japan). Single-
stranded cDNA was synthesized from 50 ng of total RNA
using the StrataScript® First Strand Synthesis System
(STRATAGENE®, Cedar Greek, TX, USA) with an oligo-
dT primer. A quantitative real-time PCR analysis was
performed using a Stratagene Mx3005P (STRATA-
GENE®, Cedar Greek, TX, USA) with FullVelocity-
SYBRGreen QPCR master mix (STRATAGENE®, Cedar
Greek, TX, USA) according to the manufacturer’s proto-
col. The sequences of the primers were as follows: claudin-
5 forward (ctg ttt cca tag gca gag cg), claudin-5 reverse
(aag cag att ctt agc ctt cc), occludin forward (acc ccc atc tga
cta tgt gga a), occludin reverse (agg aac cgg cgt gga ttt a),
Glyceraldehyde-3-phosphate  dehydrogenase (G3PDH)
forward (tga agg tcg gag tca acg gat ttg gt), G3PDH reverse
(cat gtg ggc cat gag gtc cac cac). G3PDH was used as an
internal standard. The samples were subjected to PCR
analysis using the following cycling parameters: 95°C for
10 min, 95°C for 15 s and 60°C for 1 min for 40 cycles.
Negative controls (cDNA-free solutions) were included in
each reaction. The standard reaction curve was analyzed
using the MxPro™ (STRATAGENE®, Cedar Greek, TX,
USA) software package, and the relative quantity of each
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molecule was calculated according to the standard reaction
curve.

Western Blot Analysis

DH-BNBs were homogenized in cell lysis buffer contain-
ing 10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 0.1% sodium
deoxycholate, 1% Triton-X and a protease inhibitor cock-
tail tablet (Roche). Homogenized samples were centrifuged
at 5,000 g for 10 min at 4°C, and the supernatant was
subjected to electrophoresis. Twenty micrograms aliquots
of protein were fractionated in a 10% gel and electopho-
retically transferred onto polyvinylidene difluoride mem-
branes. The membrane was blocked at room temperature
for 2 h with 5% powdered skimmed milk in PBS con-
taining 0.05% Tween 20 (PBS-T). After that, the mem-
brane was incubated with a primary antibody in PBS-T and
5% milk (1:50) at room temperature for 2 h, followed by
incubation with a secondary antibody in PBS-T and 5%
milk (1:1,000) at room temperature for 1 h. Membranes
were extensively washed in PBS-T and visualized by
enhanced chemiluminescence detection (ECL-plus, Amer-
sham, UK). A Densitometric analysis was performed using
the Quantity One software program (BIO-RAD, Hercules,
CA).

Transendothelial Electrical Resistance Study

The transwell inserts (pore size, 0.4 um; effective growth
area, 0.3 cm?; BD Bioscience, NJ, USA) were coated with
rat tail collagen type-I (BD Bioscience) in accordance with
the manufacturer’s instructions. DH-BNBs were seeded at
1.0 x 10° cells/insert on the collagen-coated culture inserts
at 33°C. After allowing the cells to attach to the bottom of
the insert (24-48 h) and become confluent, the TEER of
cell layers was measured with a Millicell electrical resis-
tance apparatus (Endohm-6 and EVOM, World Precision

Instruments, Sarasota, FL, USA). After becoming conflu-
ent, ECGM was removed and cells were cultured in CM
with or without 200nM HC. Two days after the medium
change, the TEER value was measured. Statistical signifi-
cance was evaluated using Student’s ¢ test.

Statistical Analysis

Results are expressed as the means =+ SD, and significant
differences between groups were determined by Student’s
t test. P < 0.05 was considered significant.

Results
Establishment of DH-BNBs

We successfully established a conditionally-immortalized
human peripheral nerve microvascular endothelial cell line,
“DH-BNB”, which was obtained by transfection with
retroviruses encoding tsA58 and hTERT. DH-BNBs appear
to be closely packed and have a spindle-fiber shaped
morphology, which has been thought to characterize
endothelial cells constituting barrier systems [4] (Fig. 1A).
All (100%) of these cells were positive for Dil-Ac-LDL,
thus indicating an excellent purity (Fig. 1B).

DH-BNBs Express the Glucocorticoid Receptor Which
can be Significantly Down-Regulated by its Ligand,
Hydrocortisone

In order to investigate the sensitivity of DH-BNBs to GCs,
we examined GC receptor (GR) expression in this cell line
using a Western blot (WB) analysis. In cell lysates from
untreated DH-BNBs, there was a strong signal for GR
protein detectable by the WB (Fig. 2A). Supplementation
with 200nM HC for 48 h led to a prominent reduction in

Fig. 1 a A phase microscopy image of DH-BNBs. DH-BNBs have a spindle fiber-shaped morphology. b All of the cells were positive

for Dil-Ac-L.DL. Scale bar 100 pm
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Fig. 2 GR protein expression in the DH-BNBs. After reaching
confluence in ECGM, DH-BNBs were incubated in CM with or
without 200nM HC. After 48 h of incubation, cell lysates were
analyzed by WB for GR protein (a).HC supplementation led to a
reduction in detectable GR protein to 31.4 & 6.0% of the control cells
as determined by a densitometric analysis of the WB results (b)

GR protein to 31.4 & 6.0% the level of untreated cells, as
evaluated by densitometric analysis of the WB data
(Fig. 2B).

The mRNA Expression of Tight Junction Molecules
in Response to HC Treatment in DH-BNBs

To assess the effects of GCs on tight junction molecules,
DH-BNBs were grown in culture to confluence and treated
with 200nM HC. After 48 h of HC treatment, total RNA
was isolated from the DH-BNBs and was processed for
RT-PCR analysis. Although the expression level of
occludin in the DH-BNBs was unchanged, that of claudin-5
significantly increased by HC treatment (Fig 3A, B).

HC Treatment Increases the Content of the Tight
Junction Protein, claudin-5

To examine the effects of GCs on the tight junction
protein content in the BNB, DH-BNBs were grown to

confluence and incubated in CM with or without HC.
After 48 h, cell lysates were analyzed by a WB analysis
using polyclonal antibodies for claudin-5 and occludin.
We observed a significant increase in the claudin-5 pro-
tein content (Fig. 4A). On the other hand, the expression
of occludin protein was unchanged by HC application

(Fig. 4B).

Hydrocortisone Enhances the Barrier Properties
of DH-BNBs

To further validate whether GCs could enhance the barrier
properties of DH-BNBs, we measured the TEER across the
DH-BNB monolayer incubated in CM with or without HC.
HC supplementation led to a significant increase in the
TEER across the DH-BNB monolayer, indicating that HC
enhanced the barrier properties of DH-BNBs (Fig 5).

Discussion

In the BBB, several proteins have been reported to be
localized at TJs, including occludin [15] and claudin-5
[16]. Occludin is highly expressed and consistently pre-
sents in a distinct, continuous pattern along the cell mar-
gins in the cerebral endothelium [17] whereas it is much
more sparsely distributed in non-neural endothelial cells
[18]. Claudin-5 is now recognized as the most important
protein involved in maintaining the BBB function [16] and
was reported to be the most abundantly expressed subtype
among claudins in mouse brain capillary endothelial cells
at the mRNA level [19]. Ohtsuki et al. also reported that
exogenous expression of claudin-5 induces barrier prop-
erties in cultured rat brain capillary endothelial cells [20].
These two important TJ proteins were expressed in our
human in vitro BNB model. This result is consistent with
the results obtained using rat PnMECs, indicating that the
endothelium constituting the BNB express the same tight

Fig. 3 Effects of HC on the . H
mRNA expression of tight A claudin-5 B occludin
junctipn molecules. After P<0.05 N.S.
reaching confluence, DH-BNBs ﬁ
were incubated in CM with or e E\ 2
without 200nM HC. After a @ 8 18 |
48 h-incubation, total RNA was W o 16
extracted and processed for real- é 3 % 14 |+
time PCR analysis. HC up- 25 S 12
regulated claudin-5 mRNA ,§ § 1t
expression (a) (2.68 + 1.2-fold) 2 o0
but did not increase that of % L3 '§ 05 +
occludin (b) s o.: i £ o4t

(5] 0z +

2, 3

) R g

:.':‘3‘ control HC S control HC
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Fig. 4 The effect of HC on two A
TJ proteins, claudin-5 and
occludin, was examined by WB
and densitometric analysis.
Cells were treated with 200nM
HC for 48 h, and subjected to
SDS-PAGE and WB.
Densitometric evaluation
resulted in an 4.45 + 1.4-fold
(n = 3) up-regulation of
claudin-5 protein in cells in the
presence of HC (a), while
occludin protein levels remain
unchanged (b)

Ratio (claudin-5/actin)
o mbobuhala

clandin-g

TEER

O 4%h

Fig. 5 The influence of HC on TEER values of DH-BNB monolayers
was examined. After reaching confluence on cell culture inserts, DH-
BNBs were incubated in CM with or without HC. After 48 h of
incubation, the TEER was measured. The TEER of cells incubated in
CM with HC significantly increased, while that of the control group
did not change. Data are presented as means £ SD (n = 6)

junction molecules expressed in the BBB, including clau-
din-5 and occludin [4].

Breakdown of the BNB has been reported in many
disorders of the human peripheral nervous system. In sural
nerve biopsy specimens, several BNB changes, including
fenestration or gaps between adjacent PnMECs and a lack
of tight junctions, have been described in some inflam-
matory neuropathies such as CIDP [5] and macroglobli-
nemic neuropathy [7, 21, 22]. CIDP is a chronic
progressive or relapsing neuropathy and is regarded as an
autoimmune disease involving cellular and humoral
immunity [23, 24]. Kanda et al. reported that the percent-
age of claudin-5-positive microvessels in the endoneurium

claudin-5
P<0.05

==]

occludin
N.S.

Rastio (occludin/actin)

HC

of patients suffering from CIDP was significantly
decreased compared with that of patients with non-
inflammatory neuropathies [6]. In this article, no appre-
ciable difference in immunoreactivity for occludin was
noted between CIDP and the non-inflammatory neuropathy
group. These results indicate the possibility that decreased
claudin-5 in the PnMECs is responsible for TJ damage,
leading to a leaky BNB in patients with CIDP. The loss of
claudin-5 and breakdown of TJs in CIDP may enhance the
leakage of inflammatory cytokines, as well as, immuno-
globulins into the endoneurial space, and may result in
changes to the endoneurial constituents that are unfavor-
able to Schwann cells and axons, eventually leading to a
worsening of the neuropathy. Hence, the restoration of the
dysfunctional BNB could represent an effective new ther-
apeutic strategy that could be used in combination with
immnunosuppression in CIDP patients.

The GCs are a class of steroid hormones that are com-
monly used to treat acute and chronic inflammatory dis-
orders [25]. They exert most of their functions by binding
to the GR, which controls the gene expression and sig-
naling cascades through both genomic and non-genomic
mechanisms. Our results indicated that GR protein in DH-
BNBs is reduced in the presence of hydrocortisone
(Fig 2A, B). Hormone-dependent down-regulation of GR
has been demonstrated previously [26]. Notably, it is
reported that HCs down-regulated GR and brought the up-
regulation of ocludin and claudin-5 at the mRNA and
protein levels in immortalized human brain endothelial
cells [13]. It is uncertain how the decreased GR in the
presence of HC bring the up-regulation of tight junction
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molecules. However, the previous report and our results
demonstrate that HCs induce the up-regulation of tight
junction proteins in spite of the down-regulation of GR in
the endothelial cells derived from the BBB and the BNB.
Further analyses are needed to elucidate the precise
mechanism of the up-regulation of tight junction molecules
with reduced expression of GR.

Importantly, GCs have been widely used in the freat-
ment of CIDP [8, 9]. Although the immunosuppresive and
anti-inflammatory effects of GCs have been thought to be
their major mechanism of action, the effect of GCs on the
pathophysiology of CIDP has not been completely clari-
fied. Our results suggest that GCs might increase the BNB
function and work partially for clinical improvement
through up-regulation of endothelial claudin-5 in CIDP
patients.

Several studies using in vitro BBB models have shown
that GCs can enhance the barrier properties of the BBB.
Forster reported that HC induced an increase of occludin at
both the mRNA and protein levels, and enhanced the
barrier properties in a murine immortalized brain capillary
endothelial cell line [12]. The same group also showed that
HC up-regulated claudin-5 and occludin at both the mRNA
and protein levels and increased the barrier properties in a
human brain microvascular endothelial cell line [13]. We
also found significant enhancement of barrier properties
and an increase in claudin-5 expression in DH-BNBs after
HC application, although there were no changes in the
expression of occludin. It is unclear whether these differ-
ences may be caused by the different environments
between the BBB and BNB, and future studies of the
molecular dynamics of TJ proteins using PnMECs derived
from human peripheral nerves may improve the under-
standing of BNB derangement and prompt the develop-
ment of new therapeutic approaches for these inflammatory
k neuropathies. Our novel human cell line, DH-BNBs, is
therefore expected to help in the performance of such
studies and will also be useful for identifying potential
therapeutic agents that can increase the BNB function.
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Sarcoidosis is a Thl-mediated multisystem granulo-
matous disorder characterized by lymphadenopathy,
internal organ involvement, and a variety of skin lesions.
Systemic sclerosis (SSc) is a multisystem autoimmune
disorder characterized by vascular injuries and fibrosis of
the skin and various internal organs. Th2 polarized im-
mune responses have been shown in the early and active
stage of SSc (1). We report here a case of rare overlap
of SSc with sarcoidosis, occurring in a female patient
with lupus pernio, sarcoid myopathy and interstitial lung
disease (ILD).

CASE REPORT

A 59-year-old woman was referred to our hospital for further
examination of sclerodactyly and muscle weakness. One year
previously, Raynaud’s phenomenon had developed on all fingers
of both hands. Two months prior to presentation, sclerodactyly
had developed. Muscle weakness was also seen. The patient's
medical history revealed a radical operation for colon cancer
when she was 52 years old. No cytotoxic drugs were adminis-
tered after the surgery.

Physical examination revealed sclerosis and swelling of all
fingers (Fig. la) and a shiny, up to egg-sized, sclerotic plaque
on the right buttock (Fig. 1b). The patient also had indurated
chilblain-like erythema on the palms (Fig. lc). Raynaud's
phenomenon and nailfold bleeding were seen. The strength of
bilateral deltoid and triceps muscles was grade 4 (normal: 5)
on manual muscle testing. Laboratory tests revealed positive
serum anti-nuclear antibody (%320, speckled) and an elevated
serum anti-Ul RNP antibody level of 131.1 Index (normal 0-21
Index). Anti-Sm, anti-topoisomerase I, anti-centromere, and
anti-Jo-1 antibodies were all negative. The patient had an eleva-
ted level of C-reactive protein (CRP) 1.11 mg/dl (0-0.3 mg/dl),
elevated creatinine phosphokinase (CK) 300 IU/1 (0-50 IU/1),
elevated aldolase 9.8 U/l (2.5-6.2 U/1), and elevated KL-6 571
U/ml (0-500 U/ml). Serum surfactant protein-D and calcium
levels, and liver and kidney functions were all within normal
ranges. Pulmonary function tests revealed that the percentage of
predicted vital capacity was 92%, forced expiratory volumel.0/
forced vital capacity 83%, and the percentage of predicted dif-
fusing lung capacity for carbon monoxide 80%.

A skin biopsy was taken from the buttock sclerosis. Histopatho-
logy revealed thickened collagen bundles throughout the reticular
dermis, especially in the deep dermis (Fig. 2a). According to the
classification criteria proposed by LeRoy et al. (2), we diagno-
sed the patient with limited cutaneous SSc. Due to the clinical
features of muscle weakness and elevated muscle enzymes, we
suspected that she also had polymyositis. Magnetic resonance
imaging showed inflammation in the left deltoid muscle. His-
topathological examination of the left deltoid muscle showed
non-caseating granulomas with Langhans' giant cells between
muscle fibres (Fig. 2b and ¢). Lymphocytic infiltration and slight
degeneration of muscle fibres were also seen, but not to a degree
that could be labelled polymyositis. Based on these findings, we
diagnosed her muscle involvement as sarcoid myopathy. Serum
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Fig. 1. (a) Sclerosis and swelling of all fingers. (b) A shiny and up to egg-
sized sclerotic plaque on the right buttock. (c¢) Indurated chilblain-like
erythema on the paim.

lysozyme was elevated to 11.0 pg/ml (normal 5.0-10.2 pg/ml),
while angiotensin-converting enzyme was normal. Tuberculin
skin test showed negative reaction. Computed tomography of
the chest showed mediastinal and bilateral hilar lymphadeno-
pathy, and ground-glass opacity in the basal segment of both
lungs. We also took a skin biopsy from the indurated erythema
on the right palm. Non-caseating granulomas were seen in the
dermis and adipose tissue (Fig. 2d). Extensive studies failed
to reveal other organ involvements, including ocular lesions,
neurosarcoidosis, and myocardial sarcoidosis. Oral prednisone
was started at a dose of 30 mg/day. Serum CK and CRP levels
were normalized after 8 days. Skin lesions including buttock
sclerosis, ILD, and hilar lymphadenopathy also responded to
the treatment. Prednisone was tapered gradually to 17.5 mg/day
with no relapse of sarcoidosis-associated symptoms during the
9-month follow-up period.

DISCUSSION

To our knowledge, 21 overlap cases of sarcoidosis
with SSc have been reported in the English literature

© 2011 The Authors. doi: 10.2340/00015555-1155
Journal Compilation © 2011 Acta Dermato-Venereologica. ISSN 0001-5555
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Fig. 2. (a) In the right buttock sclerosis, collagen fibres were increased
and swollen throughout the reticular dermis, especially in the deep dermis
(haematoxylin-eosin stain, original magnification x40). (b) Non-caseating
granulomas between muscle fibres, slight lymphocytes infiltration, and
degeneration of muscle fibres were seen (x 100). (c) Langhans’ giant cells
were seen (% 400). (d) Non-caseating granulomas with Langhans' granuloma
cells were also seen in the palmar chilblain-like erythema (x 400).

(3—-11). The incidence of the overlap cases appears to
be lower than expected, given the incidence of sarcoi-
dosis (50-400/million/year) and the incidence of SSc
(20/million/year) (12, 13). The Th1/Th2 paradigm
provides one possible explanation for this. For ex-
ample, sarcoidosis has been reported to be associated
with a low incidence of atopy and allergic diseases
characterized by Th2 immune responses (14). On the
other hand, atopy improves the disease activities and
the clinical courses of several Thl-mediated diseases,
such as rheumatoid arthritis, multiple sclerosis, and
sarcoidosis (15). Given that Th2 immune responses are
predominant in the early and/or active stage of SSc (1),
the overlap of Th1l-mediated sarcoidosis with early and/
or active SSc should theoretically be rare.

When assessing the clinical relevance of SSc with
sarcoidosis, it is important to focus on the cases in which
SSc precedes sarcoidosis, or in which the two diseases
develop simultaneously, because sarcoidosis may be
self-limiting. Therefore, we scrutinized the previously
reported 9 cases meeting this criterion (3, 4). Although
ILD existed in most of the cases, exacerbation of ILD
that was probably due to sarcoidosis was not reported.
Given that ILD is progressive and life-threatening in
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a certain subset of sarcoidosis, these previous obser-
vations suggest that the clinical course of sarcoidosis
associated with SSc is milder than others, supporting
the conventional Th1/Th2 paradigm, as described above.
Importantly, this was also the case in our patient. She de-
veloped SSc and sarcoidosis simultaneously and she had

- ILD and myopathy associated with sarcoidosis. How-

ever, both of these involvements were mild, and fairly
responsive to corticosteroid. Thus, the co-existence of
SSc with sarcoidosis may serve as a useful clinical clue
to predict a milder disease course of sarcoidosis.
Sarcoidosis in SSc is probably often misdiagnosed
because organ involvements in sarcoidosis are quite
similar to those of many other collagen diseases. Lupus
pernio is clinically similar to chilblain erythema and can
be misdiagnosed in association with impaired peripheral
circulation, such as SSc. ILD frequently occurs in both
sarcoidosis and SSc. Furthermore, myositis occasio-
nally coexists with SSc, and it is indistinguishable from
sarcoid myopathy without muscle biopsy, especially
in cases in which muscle weakness is prominent in the
proximal extremity muscle groups. Biopsy of the skin
and/or muscle may be useful to determine the origin of
ILD in cases with overlapping SSc and sarcoidosis.
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Leukoencephalopathy with vanishing white matter (VWM)
is a type of leukoencephalopathy with autosomal recessive
inheritance. Magnetic resonance imaging (MRI) reveals
diffuse leukoencephalopathy with lesions having cerebro-
spinal fluid (CSF)-like signals. The clinical presentations
include progressive cerebellar ataxia, spasticity, and mental
decline. The course is chronic progressive with episodes of
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rapid deterioration following a minor head trauma. Mutations
in the five gene-encoding subunits of the translation initiation
factor elF2B, E/F2BI-5, have been identified as the
causative mutations for VWM. Although the age at onset
of VWM is usually 2—6 years, patients with adult onset have
been described. All adult-onset cases except one have been
found to be associated with mutations in EIF2B5 [1]. We
report cases of adult-onset VWM with novel missense
mutations in EIF2B2, EIF2B3, and EIF2B5, which showed
decreased elF2B activities.

Case 1: A Japanese woman aged 56 who experienced
secondary amenorrhea and juvenile cataracts during her
early 20s. Clumsiness in her hands and gait unsteadiness
appeared at age 43. Leg weakness and gait unsteadiness
worsened, occasionally in a phased manner after a minor
trauma. Forgetfulness appeared at age 54.

Case 2: A Japanese man aged 53 who noticed gait unstead-
iness and miscalculation at age 50. Gait unsteadiness
worsened, sometimes in a phased manner after a minor trauma.

Case 3: A Japanese woman aged 30 who experienced
secondary amenorrhea at age 28. She noticed hemianopia
on the left at age 29. She noticed weakness in her left leg
after a fall.

All of three cases had parents who were first cousins.
MRI of the three cases showed leukoencephalopathy with
lesions having CSF-like signals (Supplementary Fig. 1A-1).

The multipoint parametric linkage study (autosomal
recessive model) using the 100K SNP array (Affymetrix,
Santa Clara, CA, USA) identified homozygous regions in
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Fig. 1 A homozygous novel (p.Val85Glu) EIF2B2 was identified (a) in
case 1. A homozygous novel mutation (p.Asp270His) in EIF2B5 was
identified (b) in case 2. A homozygous novel mutation (p.Leu27Gln) in
EIF2B3 was identified (c) in case 3. Analyses of formation and activity
of elF2B complexes containing e[F2BB{V8SE], elF2Be[D270H], or
elF2By[L27Q], compared with data on complexes containing the
corresponding WT subunits (d and e). In each case, the other four
subunits are also WT. (d) Results of Western blotting with anti-myc
antibody of eIF2B subunits in complexes isolated by virtue of the Hisg-
tag on elF2Bf, elF2Be, or elF2By, respectively. There are clearly equal
amounts of the 3, 6, and ¢ subunits. Although the signals for elF2By

each of the three cases (case 1; EIF2B1 and EIF2B2, case 2,
EIF2B5, and case 3; EIF2B5) (Supplementary Fig. 2A-C).
In accordance with these results, mutational analyses

revealed a homozygous mutation (c.375T>A) in EIF2B2 -

resulting in the substitution of glutamic acid for valine (p.
Val85Glu), a homozygous mutation (c.808 G>C) in EIF2BS
resulting in the substitution of aspartic acid for histidine (p.
Asp270His), and a homozygous mutation (c.80T>A) in
EIF2B3 resulting in the substitution of leucine for glutamine
(p.Leu27GIn) in cases 1, 2, and 3, respectively (Fig. la—c).
No mutations were identified in other subunit genes. These
mutations were not described previously and were not
present in 96 unrelated Japanese control subjects. Case 3
was the first among cases of adult-onset VWM with the
mutation in EIF2B3. Case 1 was the second among the
adult-onset cases with the mutation in E/F2B2.
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and o are weaker, the signal intensities of the subunits are the same as
those of the WT and “mutant” complexes. (¢) Effects of the mutant
elF2Bf3, elF2Be, or elF2By subunit on activity of eIlF2B. There is a
decrease of about 20%, 30%, or 40% in the GDP/GTP exchange
activity of elF2B-containing mutant e[F2Bf (p.Val85Glu), eIF2Be (p.
Asp270His), or elF2By (p.Leu27Gln), respectively, when compared
with elF2B complexes containing the corresponding WT eIF2B
subunits. Each experiment was performed five times, with duplicate
or triplicate assays of activity in each case: data are given as % wild-

~ type control+SEM

We then analyzed activities of eIF2B GEF-containing
mutant EIF2B subunits as previously described [2]. The
GDP/GTP exchange activity of eIF2B containing the mutant
elF2Bf (Val85Glu) subunit decreased by  approximately
20% compared with that of eIF2B containing the wild-type
(WT) elF2Bf3 subunit (Fig. le). Similarly, the GDP/GTP
exchange activities of elF2B containing the mutant elF2By
(Leu27GIn) and elF2Be (Asp270His) subunits substantially
and significantly decreased compared with that of eIF2B
containing WT elF2By or ¢ (Fig. le). Interestingly, the
decrease in the GDP/GTP. exchange activity of the elF2B
complexes containing the mutant elF2Bf is milder than
those previously reported for mutations identified in cases of
childhood-onset VWM [2], raising the possibility that mild
decreases in elF2B activity may be associated with later ages
at onset. Intriguingly, the residual activity of eIF2B (elF2B3
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[L27Q]) is lower than that of elF2B (elF2B2[V85E] or
elF2B5[D270H]), which may be consistent with an earlier
age at onset in case 3. Further detailed investigation on a
much larger number of cases of VWM will be needed to
confirm whether residual activity is related to the age at onset
and the variability of the VWM phenotype.
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Overexpression of T-bet Gene
Regulates Murine Autoimmune Arthritis
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Objective. To clarify the role of T-bet im 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 I collagen (CII)-reactive T-bet and
retinoic acid receptor-related orphan nuclear receptor
vt (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 CD1lc+ splenic dendritic cells (IDCs)
from B6 and T-bet—~Tg mice with CII were performed,
and interleukin-17 (IL-17) and interferon-y (IFN+y) 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 Thi7 cell
differentiation, then the proportions of cells producing
IFNvy and IL-17 were analyzed by fluorescence-activated
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 im CIi-
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reactive T cells. Criss-cross experiments with CD4+ T
cells and splenic DCs showed a significant reduction in

"IL-17 production by Cli-reactive CD4+4 T cells im

T-bet-Tg mice, even upon coculture with DCs from B6
mice, indicating dysfunction 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. Overexpression of T-bet in T cells
suppressed the development of autoimmune arthritis.
The regulatory mechanism of arthritis might involve
dysfunction of Cll-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 (IFNvy) (1). Re-
cently, interleukin-17 (IL-17)-producing Th17 cells have
been identified, and this newly discovered T cell popu-
lation appears to play a critical role iri 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, IFNy has antiinflamma-
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 Thi- 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 environment. Differentiation of Thl
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 (RORt)
induced by transforming growth factor 8 (TGFB) and
IL-6 (10). Previous studies showed that these transcrip-
tion factors megatively 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 ClIl-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 IFNvy in
Cll-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 Thi
cells under an in vitro condition favoring Thl17 cell
differentiation was observed in T-bet-Tg mice, and
surprisingly, this inhibition was also observed in T-bet—
Tg/IFNy ™/~ 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 METHODS

Mice. CD2 T-bet-Tg mice (12) were prepared by
backcrossing mice on a C57BL/6 background. IFNy ™/~ mice
were obtained from The Jackson Laboratory. Littermates of

T-bet-Tg mice were used as controls in all experiments. 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 CII (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 H37Ra (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 scorimg. For histologic 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 = minimal,
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 tran-
scriptional factor geme expression. Inguinal and popliteal
lymph nodes were harvested from each mouse on day 10 after
the first immunization with CIIL Single-cell suspensions were
prepared, and lymph node cells (2 X 10°Awell 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 ug/ml of streptomycin,
and 50 uM 2-mercaptoethanol in the presence of 100 pg/ml of
denatured chicken CIL The supernatants were analyzed for
IFNy, IL-4, IL-10, and IL-17 by enzyme-linked immunosor-
bent assay (ELISA) using specific Quantikine ELISA kits
(R&D Systems). :

Lymphocytes harvested on day 10 after immunization
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, 1l17a, Thx21, Rorc, I112a, and
1123a were normalized relative to the expression of gapdh.
Analyses were performed with an ABI Prism 7500 apparatus
(Applied Biosystems).

Criss-cross coculture with CD4+ T cells and CD1ic+
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, CD1lc+
cells were isolated from the spleen by positive selection, using
a MACS system with anti-CDilc mAb (Miltenyi Biotec).
- Criss-cross coculture for 72 hours was performed with 1 X 10°
CD4+ cells and 2 X 10* CDlic+ cells in 100 pg/ml of
denatured CH-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 ul 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. '
Purification of CID4+ cells and in vitro T cell cultures.
CD4+ cells (1 X 10%well) were cultured in medium
with 1 pg/ml of soluble anti-CD3e mAb (eBioscience), 1 ug/ml
of soluble anti-CD28 mAb (BioLegend), 10 pg/ml of anti-
IFNy mAb (BioLegend), and 10 ug/ml of anti-1IL-4 mAb
(BioLegend) for a neutral condition. For Th17 cell differ-
entiation, CD4+ cells (1 X 10%Awell) were cultured in medium
with 1 pg/ml of soluble anti-CD3e mAb, 1 pg/ml of soluble
anti-CD28 mAb, 3 ng/ml of human TGFB (R&D Systems),
20 ng/ml of mouse IL-6 (eBioscience), 10 pg/ml of anti-
IFNy mAb, and 10 pg/ml of anti-IL-4 mAb. On day 4, cells
were testimulated for 4 hours with 50 ng/ml of phorbol
myristate acetate and 500 ng/ml of ionomycin and used in the
experiments. ‘
Surface and intracellular staining and fluorescence-
activated cell sorter (FACS) anmalysis. 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-IL-17 (BioLegend). A Treg cell
staining kit (eBioscience) was used to stain T-bet, RORwt,
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-
Iyzed 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 r-test.
P values less than 0.05 were considered significant.

- KONDO ET AL

RESULTS

Construction of the T-bet tramsgene and tissue
distribution of transcription factors and cytekine 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 CD?2 transgene cassette (14).
To confirm the expression of the transgene, reverse
transcription-—PCR (RT-PCR) was performed to moni-
tor the expression of Tbx21 (coding for T-bet) in organs
from the T-bet-Tg mice. Thbx21 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 IFNy 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 ClI-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 CllI-specific IgG correlate
well with the development of arthritis (15), we examined
ClI-specific IgG production in T-bet-Tg mice. CII-
specific I1gG, 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 Cll-specific IgG production.
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Figure 1. Significant suppression of collagen-induced arthritis (CIA) and type I collagen (CII)-specific 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, Hematosylin 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 TgG2b levels in 10 C57BL/6 mice and 11 T-bet-Tg mice 8 weeks after the first immunization, as measured
by enzyme-linked immunosorbent assay. Values in A, C, and D are the mean * SD. * = P < 0.05; #+ = P < 0.01 by Student’s ¢-test.

Suppression of CII-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 CllI-reactive cytokine and transcrip-
tion factor mRNA expression levels by real-time PCR
(Figure 2B). Similar to the ELISA results, [/17a 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). Thx2I
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
11124 (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 1/23a (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 (IFNvy) in type II collagen (CII)-reactive CD4+ T cells. A,
Ten days after the first CII immunization, lymphocytes derived from the draining lymph nodes of CS7BL/6 (wild-type [WT]) mice and
T-bet-transgenic (Tg) mice were cultured for 72 hours in the presence or absence of 100 pg/m! of denatured CIL. Levels of IL-17, IFNwy, IL-4, and
IL-10 in the supernatants were measured by enzyme-linked immunosorbent assay. B, After culture of lymphocytes with CII, cDNA was obtained,
and levels of Ifng, Il17a, Tbx21, Rorc, I112a, and I123a expression were analyzed by real-time polymerase chain reaction. Values are the mean + SD
of 3 mice. # = P < 0.05 by Student s t-test. ND = not detected; NS = not significant.

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

No reduction of RORyt expression om 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
CIl, and analyses of T-bet and RORyt 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+ Cll-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 ROR+yt 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 ROR+yt+ 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 the 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 cells 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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Figure 3. Suppression of Th17 cell differentiation by enforced expression of T-bet in T cells despite expression of retinoic acid receptor-related
orphan nuclear receptor yt (ROR¥t). A, Ten days after the first type II collagen (CII) immunization, lymphocytes derived from the draining lymph
nodes of CSTBL/6 (wild-type [WT]) and T-bet—transgenic (Tg) mice were cultured for 72 hours in the presence or absence of 100 pg/ml of denatured
CIL Levels of T-bet and RORyt expression on CD4+ T cells were analyzed by intracellular staining. Numbers in each compartment of the
histograms are the percentage of transcription factor-expressing cells gated on CD4+ T cells. Values in the bar graphs are the mean * SD of 3 mice
per group. * = P < (.05 by Student’s ¢-test. NS = not significant. B, CD4+ T cells were isolated from the spleen of C57BL/6 and T-bet-Tg mice
by magnetic-activated cell sorting and were then cultured for 96 hours with soluble anti-CD3 antibody, soluble anti-CD28 antibody, interleukin-6
(IL-6), and transforming growth factor B. Cytokine production and transcription factor expression on CD4+ T cells were analyzed by intracellular
staining. Representative histograms from flow cytometric analysis of T-bet and RORyt expression with IL-17 production are shown. Numbers in each
compartment are the percentage of positive cells gated on CD4+ T cells.

spleen of T-bet-Tg mice as compared with B6 mice
(Figures 4A and B). The absolute number of CD4+
and CD8+ T cells also tended to be lower in T-bet-Tg
mice (Figure 4B). Moreover, analysis of the thymus
showed a significantly low number of total thymocytes
in T-bet-Tg mice and the presence of an abnormal
proportion of T precursor cells, such as a low number of
double-positive T cells and CD4 single-positive T cells
in T-bet-Tg mice (Figure 4C). These results suggest
abnormal T cell development in the thymus of T-bet-Tg
mice.

Inhibition of IL-17 production by ClI-reactive
CD4+ T cells in T-bet-Tg mice. To clarify whether T-bet
overexpression on CD4+ T cells directly affects cytokine
production, we performed criss-cross experiments using
CD4+ T cells from B6 and T-bet-Tg mice, as well as
DCs from B6 and T-bet-Tg mice in Cll-containing

medium, and measured IL-17 and IFNy levels in the
supernatants by ELISA. IL-17 production was detected
in Cll-reactive CD4+ T cells from B6 mice and in DCs
from T-bet-Tg mice. Interestingly, IL-17 production was
significantly reduced, even when CD4+ T cells from
T-bet-Tg mice were cocultured with DCs from B6 mice
(Figure 5A). These observations suggest that T-bet
overexpression on CD4+ T cells is responsible for the
inhibition of CllI-reactive IL-17 production. No differ-
ence in IFNy production was noted among the experi-
mental conditions (Figure 5A), suggesting that reduced
IFNy production by Cll-reactive CD4+ T cells from
T-bet-Tg mice (Figure 2) was probably related to the
reduced numbers of CD4+ T cells in draining lymph
nodes. Moreover, intracellular staining revealed that
ROR 1yt expression was suppressed and T-bet expression
was increased, even when CD4+ T cells from T-bet-Tg
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Figure 4. Decreased number of CD3+ T cells in spleen and lymph nodes and abnormal development of T precursor cells in the thymus in
T-bet-transgenic (Tg) mice. A, Ten days after first immunization, the proportion of lymphocytes in draining lymph nodes and spleen were analyzed
by fluorescence-activated cell sorting (FACS), and the absolute numbers of cells were calculated. Numbers in cach compartment are the percentage
of the parent population. B, The absolute numbers of CD3+, CD19+, CD4+, and CD8+ T cells in the lymph nodes and spleen of C57BL/6
(wild-type [WT]) and T-bet-Tg mice were determined. Values are the mean * SD of 3 mice per group. NS = not significant. C, The proportion
of T precursor cells in the thymus of nonimmunized mice was analyzed by FACS, and the absolute numbers of thymocytes, double-negative (DN)
T cells, CD4 and CDS8 single-positive (SP) T cells, and double-positive (DP) T cells were determined. Values in the bar graphs are the mean = SD

of 3 mice per group. * = P < 0.05; #* = P < 0.01 by Student’s t-test.

mice were cocultured with DCs from B6 mice (Figure
5B). These results indicate that T-bet overexpression on
CD4+ T cells suppressed ClI-reactive IL-17 production
by inhibition of the expression of RORyt.
Overexpression of T-bet directly suppresses
Thl7 cell differentiation via IFNy-independent mecha-
nisms. To clarify whether IFNy production influences
“Th17 cell differentiation, we generated T-bet-Tg/
IFNy™/

~ mice. CD4+ T cells were isolated from the

spleen of T-bet-Tg, T-bet-Tg/IFNy ™", and B6 mice
and were then cultured for Th17 cell differentiation.
FACS analysis demonstrated that the proportion of
IL-17-producing CD4+ T cells was lower in T-bet-Tg
mice than in B6 mice, whereas the proportion of TFN+y-

- producing CD4+ T cells was higher in T-bet-Tg mice.

Similarly, the proportion of IL-17-producing CD4+ T
cells was also lower in T-bet~Tg/IFNy ™/~ mice, although
no IFNy-producing CD4+ T cells were detected in
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Figure 5. Impaired antigen-specific Th17 cell responses in T-bet-transgenic (Tg) mice with collagen-induced arthritis (CIA). Ten days after the first
type II collagen (CII) immunization, CD4+ cells were isolated from draining lymph nodes of C57BL/6 (wild-type [WT]) mice and T-bet-Tg (TG)
mice by positive selection using magnetic-activated cell sorting (MACS) with anti-CD4 monoclonal antibody (mAb). After treatment with mitomycin
C, CD1ic+ cells were isolated from the spleen by positive selection using a MACS system with anti-CD11c mAb. Criss-cross coculture for 72 hours
was performed with 1 X 10° CD4+ cells and 2 X 10* CD11c+ cells in 100 pug/ml of denatured CII-containing medium. A, Levels of interleukin-17
(IL-17) and interferon-y (IFN'y) in culture supernatants were measured by enzyme-linked immunosorbent assay. B, Expression of retinoic acid
receptor-related orphan nuclear receptor yt (RORyt) and T-bet expression on CD4+ T cells were analyzed by intracellular staining. Representative
data from flow cytometric analysis of the percentage of RORyt+ or T-bet+ cells in the CD4+ T cell subset are shown. Values are the mean * SD

of 3 mice per group. * = P < (.05 by Student’s t-test. DC = dendritic cells.

T-bet-Tg/IFNy~’~ mice (Figure 6). These results
strongly support the view that inhibition of Th17 cell
differentiation in T-bet-Tg mice cannot be due to
overproduction of IFNv, indicating that overexpression
of T-bet directly suppresses Th17 cell differentiation in
T-bet-Tg mice. ‘

T-bet Tgf;mw

CE7BLB (WT)  T-belTg

IL-17

iFNy

Fignre 6. Suppressed expression of interleukin-17 (IL-17) by T-bet
overexpression independently of interferon-y (IFNvy) in T-bet—
transgenic (Tg) mice. CD4+ T cells were isolated from the spleen of
C5TBL/6 (wild-type [WT]), T-bet-Tg, and T-bet-Tg/IFNy™/~ mice by
magnetic-activated cell sorting and then cultured for 96 hours with
soluble anti-CD3 monoclopal antibody (mAb), soluble anti-CD28
mAb, T-6, and transforming growth factor B. IFNy and IL-17
production by CD4+ cells was analyzed by intracellular cytokine
staining. Numbers in each compartment are the percentage of cells
secreting cytokines.

DISCUSSION

Recent studies showed that I1-17 plays a crucial
role in the development of CIA (3) and other types of
experimental arthritis (2). In contrast, it has been re-
ported that IFNy can suppress IL-17 production in vitro
(16) and has antiinflammatory effects on the develop-
ment of experimental arthritis (4,5). T-bet is a transcrip-
tion factor known to induce the differentiation of naive
CD4+ T cells to Thl cells (8). Although the absence of
T-bet can result in severe IL-17-mediated experimental
autoimmune myocarditis via dysregulation of IFNy (17),
several studies have shown that T-bet is essential for the
development of several models of autoimmunity, such as
experimental autoimmune encephalitis (18,19), colitis
(20), and diabetes mellitus (21). Nevertheless, the effect
of T-bet expression on Th17 cell differentiation and
function during arthritis remains unclear.

T-bet-Tg mice overexpress T-bet and mainly
produce IFNy in their T cells (14). Previous studies in
T-bet-Tg mice suggested that overexpression of T-bet
and a predominant Th1 response affect the pathogenesis
of various diseases (14,22,23). To examine whether
T-bet overexpression on T cells affects the regulation of
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