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Transfer of autoimmune exocrinopathy in RbAp48-Tg mice

Because thymic T cell abnormality could not be observed in
RbAp48-Tg mice, it is speculated that there may be dysregu-
lation of peripheral tolerance. To know the homeostatic
expansion of peripheral T cells from RbAp48-Tg mice, we
adoptively transferred CFSE-labeled CD4* T cells from
RbAp48-Tg mice into irradiated syngeneic C57BL/6.Ly5.1
mice and analyzed them 7 d later. As a result, we observed
more substantial cell division of the donor CFSE-labeled cLN
CD4* T cells from RbAp48-Tg mice than that from WT mice
(Fig. 7 A), indicating that T cells undergoing homeostatic
proliferation may provide a basis for autoimmunity (40, 41).
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This suggests that elicitation of CD4" T cell-mediated auto-
reactivity against autoantigen could be the primary pathogenic
process that leads to substantial homeostatic expansion. Fu-
thermore, we succeeded in adoptive transfer of autoimmune
lesions in the exocrine glands into Rq¢g2™/~ mice using cervi-
cal lymph node cells, but not spleen cells, from RbAp48-Tg
mice (Fig. 7, B and C). Interestingly, these transferred lesions
were extremely enhanced in estrogen-deficient Rag2™/~ mice
treated with ovariectomy (Ovx) compared with the lesions in
Sham Rag2~'~ mice (Fig. 7, D and F), suggesting that estro-
gen &eﬁciency accelerates autoimmune exocrinopathy, as pre-
viously reported (21, 22). When we examined the adoptive
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Figure 7. Transfer of autoimmune lesions from RbAp48-Tg mice into Rag2~/~ mice. (A) Homeostatic proliferation of splenic and cLN T cells from
WT and RbAp48-Tg mice at 28 wk of age was analyzed at 7 d after transfer into irradiated C57BL/6 mice. Results are representative of four to five mice in
two independent experiments. Percentages of divided cells from the second or third division are indicated. (B and C) Spleen cells (5 x 10%) or cLN cells

(5 % 10%) from WT and RbAp48-Tg mice at 30 wk of age were transferred into Rag2~— mice. At 6 wk after the transfer, the pathology of salivary and
lacrimal glands was analyzed. Images are representative of four to five mice. (D) cLN cells from WT and RbAp48-Tg mice were transferred into ovariecto-
mized (Ovx) Rag2~/~ mice. (E) T cells of cLNs from WT and RbAp48-Tg mice were transferred into ovariectomized (Ovx) Rag2~!= mice. Images of salivary
and lacrimal gland tissues were representative of four to five mice. (F) Severity of inflammatory lesions of salivary and lacrimal glands from sham-oper-
ated (Sham) and Ovx-Rag2~/~ hosts by transfer of cLN cells were shown as mean grade of lesions. (G) Severity of inflammatory lesions of salivary and
lacrimal glands from sham-operated (Sham) and Ovx-Rag2~/~ hosts by T cell transfer were shown as mean grade of lesions. Data are shown as means + SE

of four to five mice. * P < 0.05, Sham versus Ovx. Bars: (B-E) 100 pum.
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transfer using T cells isolated from cervical lymph nodes and
spleen of RbAp48-Tg mice, no inflammatory lesions had de-
veloped in Rag2™’'~ mice (Table I). These data suggest that
APCs besides T cells might be required for successful transfer
of autoimmune exocrinopathy in RbAp48-Tg mice. Finally,
to confirm that MHC class II expression on activated salivary
or lacrimal gland cells of RbAp48-Tg mice can drive priming
of purified T cells of cLNs from RbAp+48-Tg mice to induce
autoimmune lesions, the T cells of ¢cLNs from RbAp48-Tg
mice were transferred into Ovx-Rag2~’~ mice. The autoim-
mune lesions of salivary and lacrimal glands from the recipi-
ent Ovx-Rag2™/~ mice transferred with T cells of cLNs from
RbAp48-Tg mice were observed, whereas no lesions were
found in any organs of the recipient Ovx-Rag2~’~ mice trans-
ferred with T cells of cLNs from WT mice (Fig. 7, E and G).
These results demonstrate that the epithelial cells stimulated
through increased RbAp48 because of estrogen deficiency
could interact with T cells to induce autoimmunity via loss of
local tolerance.

IFN-y and [L-18 expressions in human SS patients

Although it has been reported that immune cells express some
cytokines, it is unclear whether [FN-y or IL-18 together with
RbAp48 in the epithelial cells of salivary glands from human
SS patients are expressed. To confirm our hypothesis that
autoimmunity is induced by a breakdown of local tolerance
in salivary gland cells with up-regulated RbAp48 because of
estrogen deficiency such as menopause, [FN-y, IL-18, and
RbAp48 expressions were detected by confocal microscopic
analysis using human biopsy samples from SS patients and
controls. Among 10 SS patients, RbAp48* and [FN-y* epi-
thelial cells were observed in three samples and RbAp48* and
IL-18* epithelial cells were observed in four samples. A repre-
sentative image of SS patients and controls is shown in Fig. 8.
Although faint expressions of RbAp48 in the nucleus of sali-
vary epithelial cells were detected in control samples, IL-18
or [FN-v together with a prominent expression of RbAp48
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Table I.  Induction of autoimmune lesions

Donor cells Mice Incidence

Spleen cells (5 x 109) WT 0/4
RbAp48-Ty 0/4

cLN cells (5 x 109) WT 0/5
RbAP48-Ty 4[5

cLN T cells (5 x 108) WT 0/4
RbAp48-Tg 0/5

cLN B cells (5 x 10) WT 0/4
RbAp48-Tg 0/4

Whole spleen, cLN cells, cLN T cells, or cLN B cells were transferred intravenously
into Rag2~"~ mice. The host mice were killed 6 wk after transfer. Inflammatory
lesions of salivary or lacrimal glands were evaluated by pathological analysis.

was not observed (Fig. 8). Isotype-matched controls of stain-
ing for the mAbs were shown in Fig. S10 (available at http://
www.jem.org/cgi/content/full/jem.20080174/DC1).

DISCUSSION

Although MHC class Il molecules have been expressed aber-
rantly on epithelial cells in association with autoimmunity, it
remains debatable whether class II molecules are the initiat-
ing event or the consequence of the autoimmune attack. For
example, certain alleles of class II (mouse [-A%) might be
particularly good at presenting glutamic acid decarboxylase—
65 or insulin peptides to T cells in nonobese diabetic (NOD)
mice, thus contributing to recognition and ultimate destruc-
tion of pancreatic 8 cells (10, 11). Some investigators have
proposed that [-A#’, because of its poor peptide-binding
properties, enhances autoimmunity in NOD mice in a global
fashion (42). In this case, the B cell specificity of autoimmu-
nity in this strain and the switch to autoimmune thyroiditis
when a class II molecule without these properties is ex-
changed for [-A% must be controlled by other genetic loci in
NOD mice (43). It is possible that the most straightforward
explanation for the effects of [-A#7 is that it predisposes to
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IDAPI

RbAp46/IL-18

IFN-y and IL-18 expressions together with RbAp48 in salivary glands from SS patients. The frozen sections of salivary glands from SS

patients and controls were stained with IFN-y or IL-18 (Alexa Fluor 568; red) and RbAp48 (Alexa Fluor 488; green) mAbs. The nuclei were stained with
DAPI. The representative images in controls and SS patients were shown in three independent experiments.
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islet-specific autoimmunity and not system-wide reactivity.
Another piece of evidence that the role of MHC class II is
antigen-specific is that the class 11 alleles predisposing toward
autolmmunity vary in one human disease to another, indicat-
ing that class II alleles act in autolmmunity via specific anti-
gens rather than comprehensively.

We demonstrated in this study that autoimmune exocri-
nopathy resembling SS developed in almost all RbAp48-Tg
mice, and that a high titer of serum autoantibodies against
SS-A (Ro), SS-B (La), and 120-kD a-fodrin was detected in
these Tg mice. We frequently found MHC class II molecule
expression on the exocrine gland cells with autoimmune le-
sions in RbAp48-Tg mice. When we examined whether sali-
vary epithelial cells could act on antigen presentation, we
tound a large proportion of MHC class IT*, CD86*, CD80*,
and ICAM-1* cells primarily observed on cultured MSG
cells from Tg mice. Moreover, CFSE-labeled purified CD4*
(10%) T cells from RbAp48-Tg mice were capable of respond-
ing to MSG cells from RbAp48-Tg mice, whereas anti-MHC
class IT antibody inhibited these responses. Although it has
not been determined whether MHC class I[—expressing epi-
thelial cells can function as APCs, those data strongly suggest
that the epithelial cells may function as APCs during devel-
opment of autoimmune exocrinopathy. In RbAp48-Tg mice,
a surprisingly prominent expression of epithelial IFN-y was
detected beside sporadically positive infiltrating cells. These
findings were observed mainly in the MHC class [I* ductal
epithelium adjacent to lymphoid infiltrates. Epithelial [FN—y
expression in the exocrine glands of RbAp48-Tg mice was
up-regulated during the course of autoimmune exocrinopathy.
A previously unknown, multifaceted role of IFN—y as regula-
tor of the local immune system, which is termed here local
tolerance, is disclosed. As to the mechanism of CIITA in-
duction in RbAp48-Tg mice, our findings demonstrate the
essential role of RbAp48-driven stimulation of [FN-y pro-
duction and signaling leading to up-regulation of IRF-1 and
CHTA. RbAp+8, initially identified as retinoblastoma-binding
proteins (44), was characterized as a component of distinct
nucleosome-modifying complexes, including the nuclear
histone deacetylases (45, 46). Although the functions of the
RbAp48-like proteins in these complexes remain undeter-
mined, it was reported that E2F-1 and RbAp48 are physically
associated in the presence of Rb and histone deacetylase (47);
suggesting that RbAp48 could be involved in transcriptional
repression of E2F-responsive genes. Several reports have
demonstrated that estrogen may play an inhibitory role on
apoptosis in endothelial cells; breast cancer cells; cardiac
myocytes, prostate cells, and neuronal cells (48-51). It has been
shown that the transcription factor IRF-1 mRINA expression
is induced by ICI 182,780 as an antiestrogenic reagent and
repressed by estrogens in antiestrogen-sensitive cells (52). We
demonstrated the first evidence that IFN-vy-producing epi-
thelial cells in the exocrine glands function as APCs through
the [IRF-1-CIITA pathway, resulting in the development of
autoimmune exocrinopathy via loss of local tolerance. SS is
known to have the most female predominance of >95% among
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all the autoimmune patients (15, 16). One of the key ques-
tions in respect to the pathophysiology of autoimmune dis-
eases is how autoreactivity to particular autoantigens is initiated
and maintained under an estrogen-deficient state. Although
an important role for T cells in the development of autoim-
mune disease has been argued (53, 54), it is not known if
disease is initiated by a retrained inflammatory reaction to
autoantigen. We clarified that epithelial IFN-y production is
crucial for the initiation of autcimmune reactions between
epithelial cells and autoreactive T cells with homeostatic ex-
pansion. Our previous study suggests that autiestrogenic
actions have a potent effect on the proteolysis of a-fodrin
autoantigen in the salivary gland through up-regulation of
caspase | activity (22). These results strongly suggest that
RbAp48-mediated activation of caspase 1 leads to the cleav-
age and activation of IL-18, which may act directly on IFN-y
production and on effector CD+4* T cells by inducing migra-
tion and proliteration. Thus, aberrant expression of MHC
class II in the exocrine glands facilitates loss of local tolerance
betore the development of autoimmune lesions, which is very
similar to SS.

Evidence has been mounting that estrogen deficiency such
as menopause Is a proinflammatory state, which promotes os-
teoporosis and atherosclerosis, as well as autoimmunity (55, 56).
In vivo and in vitro experiments here, including the induction
of autoimmune lesions by T cell transfer from RbA4p48-Tg
mice into Ovx-Rag2™’~ mice and in vitro antigen presenta-
tion of the Tg MSG cells to CD+4* T cells, strongly suggests
that estrogen deficiency stimulates salivary epithelial cells that
are activated via the up-regulation of RbAp+8 to present any
endogenous autoantigen to CD4* T cells for the onset of au-
toimmune lesion in the salivary glands resembling human SS.
Our data finds that transfer of cLN T cells from RbAp48-Tg
mice into Ovx~Rag2™'~ mice leads to autoimmune lesions,
consistent with the conclusion that estrogen deficiency leads
to the ability of salivary gland epithelial cells to express MHC
class I and present any self-antigens. Most importantly, the sali-
vary gland cells from human SS patients express RbAp48 to-
gether with [FN-y or IL-18, as well as the findings of Rb Ap48-Tg
mice in this work, suggesting that the molecules would be
useful for any clinical application.

Collectively, ‘our results demonstrate a direct molecular
mechanism by which estrogen deficiency induces tissue-spe-
cific overexpression of RbAp+48 (23), subsequently develop-
ing CD4* T cell-mediated autoimmunity through epithelial
[EN-y production. Thus, reducing the RbAp48 overexpres-
sion is-a possible effective therapy in gender-based autoim-
mune exocrinopathy.

MATERIALS AND METHODS

Mice and histology. RbAp48-Tg mice have been previously described
(23}, and the RbAp4S gene 15 regulated by lacrimal and salivary gland-spe-
cific promoter (57). Rag2-'~ mice were obtained from Taconic. All mice
were reared in our specific pathogen—free mouse colony, and given food
and water ad libitum. The experiments were approved by an animal ethics
board of Tokushima University. All organs were removed from the mice,
fixed with 4% phosphate-buffered formaldehvde (pH 7.2), and prepared for
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histological examination. Formalin-fixed tissue sections were subjected to
hematoxylin and eosin (H&E) staining, and three pathologists independently
evaluated the histology without being informed of the condition of each in-
dividual mouse. Histological grading of the inflammatory lesions was done
according to the method proposed by White and Casarett (38), as follows:
1 = 1-5 foci composed of >20 mononuclear cells per focus, 2 = >5 such
foci, but without significant parenchymal destruction, 3 = degeneration of
parenchymal tissue, and 4 = extensive infiltration of the glands with mono-
nuclear cells and extensive parenchymal destruction. Histological evaluagon
of the salivary and lacrimal glands was performed in a blind manner, and a
tssue section from each salivary and lacrimal gland was examined.

Measurement of fluid secretion. Analysis of the tear and saliva volume of
WT and RbAp48-Tg mice was performed according to a previously de-
scribed method (59).

Flow cytometric analysis. Lymiphocytes in spleen, cLN, thymus, and
MSG epithelial cells without immune cells (>95% of cells were keratin®)
were prepared. Surface markers were identified by mAbs with an EPICS
flow cytometer (Beckman Coulter). Rat mAbs to FITC-, PE-, or PE-Cy5-
conjugated anti-B220, CD4, MHC dass II, CD86, CDS0, ICAMI, and
CD5 mAbs (eBioscience) were used. Appropriate isotype-matched controls
were used, respectively. For detection of T cell activation markers, FITC-
conjugated anti-CD25, CD44, CD62L, CD45R B, and CD69 mAbs (eBio-
science) were used. Intracellular Foxp3 expression with an Intracellular
Foxp3 Detection kit (eBioscience) was performed according to the manu-
facturer’s instructions. Detections of intracellular IFN-y or IL-18 were also
performed by the same procedure. The data were analyzed with Fowjo
FACS Analysis software {Tree Star, Inc.).

ELISA. The amount of mouse [L-2, [EN-vy, [L-4, and IL-10 in culture su-
pernatants from CD4* T cells samulated with anti-TCR. mAb (~0— pg/ml)
and anti-CD28 mAb (20 pg/mi; eBioscience), anti-SSA, anti-SSB, and ant—
c-fodrin autoantibodies of sera from WT and RbAp48-Tg mice and human
IL-18 and IFN-y from cultured HSG and MCE-7 cells were analyzed by
ELISA. In brdef, plates were coated with a capture antibody or recombinant
proteins (SSA, SSB, and a-fodrin), and washed with PBS/0.1% Tween 20.
The plates were incubated with diluted culture supernatants or sera. After
washing with PBS/0.1% Tween 20 and incubation of biotin-conjugated an-
dbodies for cytokine detection, a horseradish peroxidase—conjugated detec-
tion antibody for autoantibody detection was added. After incubation with
streptavidin-horseradish peroxidase for cytokine detection, plates were again
washed with PBS/0.1% Tween 20 and o-phenylendiamine (Sigma-Aldrch)
buffer added. Plates were then analyzed with a microplate reader reading
at 490 nm.

Confocal microscopic analysis. Confocal microscopic analysis using
anti-Thyt.2, B220, CD4, CD8, MHC class 1I, [FN-y, CD4 {eBioscience),
keratin (LSL CO., LTD}, and IL-18 (MBL) antibodies was performed on the
trozen sections of salivary glands from WT and Rb.A4p48-Tg mice, and on
the cultured cells using Confocal Laser Microscan (LSM 5 PASCAL; Carl
Zeiss, Inc.). As the second antibodies, Alexa Fluor 488 anti~mouse IgG
(H+L), Alexa Fluor 568 goat anti-rabbit IgG (H+L), Alexa Fluor 488 don-
key anti~rat IgG (H+L), Alexa Fluor 488 chicken anti-goat IgG (H+L), and
Alexa Fluor 568 rabbit anti-goat IgG (H+L; Invitrogen) were used. The
nuclear DNA was stained with DAPI (Invitrogen).

Cell culture. For the co-culture of MSG with CD4* T cells, MSG cells
were prepared by digestion of collagenase and hyaluronidase, and CD11c",
CD11b*, B2207, NK1.1%, and Thy1.2* cells were removed by the mAabs
and magnetic bead-conjugated anti-rat I[gG (Invitrogen). CD4™ T cells from
cLNs were puritied by mAbs (anti-MHC class I, CDS, CD11b, CDllc,
B220, and NK1.1) and magnetic bead-conjugated anti-rat [gG. CFSE-la-
beled CD4* T cells were co-cultured with MSG cells for 72 h. Cell division
of CD4* T cells was analyzed by dilution of CFSE through flow cytomenv.
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As for the co~culture with DCs or MSG cells, DCs from RbAp48-Tg or WT
mice were enriched using DC collection kit {Invitrogen). After DCs or MSG
cells were irradiated (9 Gv), purified CD4* T cells of cLNs from RbAp48-
Tg mice were co-cultured with the DCs or MSG cells for 72 h. The T cells
were then pulsed with 0.5 pCi [H]chymidine per well for the last 12 h of
the culture. [*H]thymidine incorporation was evaluated using an automated
B Liquid scintllation counter. HSG and MCF-7 cells were cultured in DME
containing 10% FBS at 37°C. Tam (Wako Pure Chemical), 17-estradiol
(Wako), 10 pM caspase 1 inhibitor (Sigma-Aldrich), and recombinant hu-
man IFN-y (R&D Systems) were used for cell cultures. RbAp+48 gene in-
serted into pCMV 2N3T) construct (a gift from D. Trouche, Centre National
de la Recherche Scientifique, University of Tolouse, Tolouse, France) (47)
was transfected into the cells using FuGENE6 Transfecton Reagent (Roche).
Small interfering RNA (siRNA) corresponding to coding sequence +136
to +156 of RbAp4S gene was synthesized by Hokkaido System Science:
CGAGGAAUACAAAAUAUGGTT (sense), CCAUAUUUUGUAUUC-
CUCGTT (antisense). When the siRINA was transfected into HSG cells to-
gether with GFP plasniid, 73.4% of cells were found to be GFP* HSG cells
by flow cytometric analysis. Furtheninore, the relative protein expression of
RbAp48 to B-actin was reduced to ~80% by the siRNA.

Real-time quantitative RT-PCR. Total RNA was extracted from cul-
tured HSG and MCE-7 cells using ISOGEN (Wako Pure Chemical), and
reverse transcribed. Transcript levels of IRF-1, CHTA, and B-actin were
performed using PTC-200 DNA Engine Cycler (Bio-Rad Laboratories) with
SYBR Premix Ex Taq (Takara). Primer sequences were as follows: IRF-1,
torward 5-ACCCTGGCTAGAGATGCAGA-3' and reverse 5'-CCTT-
TTCCCCTGCTTTGTATCG-3"; CUTA, forward 5'-CAGGCAGCAGA-
GGAGAAGTTCACCATC-3" and reverse 5'-CCGTGAGGATCCG-
CACCAGTTTGGGG-3"; B-actin, forward 5'-AAATCTGGCACCACAC-
CTTC-3" and reverse 5’ -GAGGCGTACAGGGATAGCA-3.

Caspase activity. Caspase activities were assaved using Caspase-Family
Colorimetric Substrate Set (BioVision, Inc.). In brief, 100 pg cytoplasmic
fysates from lacrimal glands, salivary glands, and spleen of WT and Rb.4p48-
Tg mice were incubated with 200 pM Ac-YVAD-pNA (Caspase 1 sub-
strate), at 37°C for 1 h. The absorbance of samples was read at 405 nm in a
microplate reader.

Promoter assay. For the measurement of the tanscriptional activity of
IRF-1, IRF-1 luciferase reporter vector (IRF-1/Luc) was purchased from
Panomics. HSG cells plated in a 48-well plate were transiently transfected
with 0.1 pg of IRF-1/Luc and 0.1 pg of pCMV-RbAp+48 or mock plasmid
and 0.05 pg of phRL-TK (Promega Corp.) as an internal control using the
FuGENES6. The cells were incubated ovemight and subsequently treated
with [FN-y. After 10 |, the cells were harvested and subjected to a luciferase
assay by using a dual-luciferase reporter assay system (Promega Corp.) as per
the manufacturer’s instructions. Relative luciferase activity was expressed as
the fold- increase relative to the activity of untreated controls after normal-
ization to the relative background of Reenilla luciferase activity.

Cell transfer. CFSE-labeled splenic and ¢cLN T cells (3 X 10%) from WT
and RbAp48-Tg mice were intravenously transferred into irradiated (700
cGy) C57BL/6.Ly5.1 mice. On the seventh day after the transfer, spleen
cells were analyzed to measure homeostatic proliferation via CFSE dilution
by flow cytometry. For induction of autoimmune lesions, total cells, T cells,
or B cells from spleen cells (5 X 10%) or ¢LN cells (5 X 10%) from WT and
RbAp48-Tg mice were intravenously transterved into Rag2™'~ mice. At 6 wk
after the transfer, the pathology of all the organs, including salivary and lacri-
mal glnds, was analyzed. In addition, Rag2™'~ hosts were ovariectomized
(Ovx) or sham operated (Sham). Adoptive cell transfer was performed on the
next day after Ovx or Sham.

In situ hybridization., Mice were pertused transcardially with saline (0.9%4)
tollowed by 4% PFA. The salivary glands were collected and fixed in 4%
PFA at 4°C for 3 h. 6 pun paraffin-embedded sections were prepared for ISH.

2925

-421-



Published November 24, 2008

The RNA probe (587 bp) ot mouse IFN-v was produced by RT-PCR.
wing primers (T3, AATTAACCCTCACTAAAGGGACTGGCAAAAGG-
ATGGTGAG; T7, TAATACGACTCACTATAGGGAGATACAACCC-
CGCAATCAC). Digoxigenin (DIG)-labeled antisense and sense control
riboprobes were generated using DIG RNA labeling mix (Roche). The sec-
tions were pretreated with 10 pg/ml proteinase K for 10 min at room tem-
perature and then hybrdized swith 1 pe/ml DIG-labeled probes at 45°C for
16 h. DIG was immunodetected with alkaliphosphatase-conjugated anti-
DIG antibody. For positive controls, sections of spleen from lipopolysaccaride-
injected mice were used. The probe was confirmed with the positive control
sections, as shown in Fig. S6 B.

Human samples. Immunostaining for RbAp48 and [L-18 or [FN-vy were
performed using lip biopsy samples from human SS patients and controls. All
samples were obtained from the Tokushima University Hospital, Tokushima,
Japan. This study was approved by certification of the ethics board of Tokushima
University Hospital. All subjects signed a written informed consent before
enrollment. All patients with SS were female, had documented xerostonia
and keratoconjunctivitis sicca, and fulfilled the criteria of the Ministry of
Health, Labor, and Welfare of Japan for the diagnosis of SS. All patients with
SS had tocus scores of greater than two in their lip biopsy and all tested posi-
tive tor autoantibodies against Ro. Analysis was performed under the cerdfi-
cation of the ethics board of Tokushima University Hospital. Frozen sections
were stained with anti-human RbAp48 mAb (BD) and Alexa Fluor 488
donkey anti-mouse IgG (H+L; Invitrogen) and Biotin-conjugated anti-
human I[L~18 (MBL) or IFN-7y (eBioscience) mAbs and Alexa Fluor 568-
conjugated streptavidin and analyzed by confocal microscopy. The nuclear
DNA was DAPL

Statistics. Student’s 7 test was used for statistical analyses.

Online supplemental material. Fig. St shows T cell phenotypes of thy-
mus from RbAp48-Tg and WT mice. Fig. S2 shows T reg cells of thymus,
spleen, and ¢cLN from RbAp48-Tg and WT mice. Fig. $3 shows B1 cells in
salivary glands and marginal B cells of spleen and ¢ILN from Rb.4p48-Tg and
W mice. Fig. $4 shows the purified MSG cells, and images of control stain-
ing for the expressions of MHC class II, CD86, CDS0, ICAM-1, IFN-y,
and IL18. Fig. S5 shows IRF-1 and CHTA mRNA of MCF-7 cells stimu-
lated with Tam or transfected with pCMV-RbAp48. Fig. S6 shows [FN-vy
concentration of tissue homogenates of lacrimal, salivary, and spleen from
RbAp48-Tg and WT imice, and control sections for in situ hybwidization of
IFN-y mRNA. Fig. S7 shows BAFF expression of salivary glands and spleen
from RbAp48-Tg and WT mice. Fig. S8 shows the time courses of IL-18,
[FN-vy, and HLA-DR. expressions ot HSG cells simulated Tam or trans-
tected with pCMV-Rb.4p48. Fig. S9 shows [FN-vy secretion from MCF-7 in
response. to [L-18. Fig, $10 shows control staining for RbAp48 expression
together with IFN-vy or IL-18 in salivary glands from human SS patients and
controls. The online supplemental material is available at http://www.jem
.org/cgl/ content/full/jem.20080174/DC1.
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Development of Inflammatory Bowel Disease in Long-Evans
Cinnamon Rats Based on CD4*CD25"Foxp3* Regulatory
T Cell Dysfunction®

Naozumi Ishimaru,®* Akiko Yamada,* Masayuki Kohashi,* Rieko Arakaki,*
Tetsuyuki Takahashi,” Keisuke Izumi,” and Yoshio Hayashi*

A mutant strain with defective thymic selection of the Long-Evans Cinnamon (LEC) rat was found to spontaneously develop
inflammatory bowel disease (IBD)-like colitis. The secretion of Thi-type cytokines including IFN-y and IL-2 from T cells of
mesenteric lymph node cells (MLNs) and lamina propria mononuclear cells, but not spleen cells, in LEC rats was significantly
increased more than that of the control Long-Evans Agouti rats through up-regulated expression of T-bet and phosphorylation
of STAT-1 leading to NF-kB activation. In addition, the number of CD47CD25"Foxp3™ regulatory T (Treg) cells of the thymus,
MLNSs, and lamina propria mononuclear cells from LEC rats was significantly reduced, comparing with that of the control rats.
Moreover, bone marrow cell transfer from LEC rats into irradiated control rats revealed significantly reduced CD25%Foxp3*
Treg cells in thymus, spleen, and MLNs compared with those from control rats. Indeed, adoptive transfer with T cells of MLNs,
not spleen cells, from LEC rats into SCID mice resulted in the development of inflammatory lesions resembling the IBD-like lesions
observed in LEC rats. These results indicate that the dysfunction of the regulatory system controlled by Treg cells may play a
crucial role in the development of IBD-like lesions through up-regulated T-bet, STAT-1, and NF-«B activation of peripheral T cells
in LEC rats. The Journal of Immunology, 2008, 180: 6997-7008.

nflammatory bowel disease (IBD)® in humans has two man-

ifestations including Crohn’s disease and ulcerative colitis

(1-3). Although the precise mechanisins of the diseases
are unknown, it has been reported that activation of the intes-
tinal immune system in response to bacterial Ags with patho-
logic cytokine production of intestinal T cells through various
transcription factors or signal molecules such as T-bet,
GATA-3, and STATs plays a key role in the pathogenesis of
IBD (4-7). The cytokine production by T cells is known to
initiate and develop chronic intestinal inflammation (8—-10).
Crohn’s disease is associated with Thl cytokines such as IFN-y
and TNF-« (11, 12). Meanwhile, ulcerative colitis in human is
associated with Th2 cytokine such as IL-5 (13). In addition, it
is suggested that Th3 cytokine such as TGF-$ has the immu-
nosuppressive effect of IBD in human and animal models (14,
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15). Furthermore, it is reported that nucleotide-binding oli-
gomerization domain-containing proteins expressed in intesti-
nal epithelial cells or APCs play a crucial role in the Thl re-
sponse in Crohn’s disease (16—19). However, the pathogenesis
based on cytokine balance of peripheral T cells for IBD is still
unclear.

CD47CD25™ regulatory T (Treg) cells have been widely
studied in controlling inflammatory diseases including IBD
(20-23). It is well known that the IBD model, by transfer of
naive CD45RB™#"CD4~ T cells into T cell-deficient mice, can
be controlled by coinjection of Treg cells to suppress CD4”~
effector T cell functions such as IFN-vy production (24). It has
been reported that the cell number of Treg in the periphery from
IBD patients was significantly reduced, or soluble IL-2Ra
(CD25) of sera from IBD patients was increased (23, 26). How-
ever, it is obscure how natural Treg cells generated from thy-
mus influence the pathogenesis of IBD.

Many animal models-—such as C3H/HeJBir, IL-2-deficient, 1L~
2R-deficient, and IL-10-deficient mice, and HLA-B27/B2 trans-
genic rats—are known to be referred to as human IBD Q730 It
has been reported that the disease is induced by the hyperrespon-
siveness of T cells which is shifted to Th1 or Th2 cytokine pro-
duction in each model (11-13). Cytokines produced by lamina
propria (LP) CD4™ T lymphocytes appear to initiate and perpet-
uate chronic intestinal inflammation. It is also reported that Th1 or
Th2 cytokine production in IBD models can be modulated by the
immunosuppressive cytokine such as TGF-8 secreted by Th3 cells
(22, 23). In addition, some transcription factors including T-bet
and GATA-3 or signal molecules such as STATs are well known
to regulate immunopathogenic or immunosuppressive cytokine
production for controlling IBD (7).

The Long-Evans Cinnamon (LEC) rat was first described to be
a naturally occurring mutant with a specific defect in thymocyte
development, which has contained T cell differentiation arrest
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from CD47CD8™ double-positive (DP) to CD47CD8™ single-
positive (SP) but not to CD4 CD8" SP thymocytes (32). In ad-
dition, peripheral CD4™ T cells of LEC rats were shown not to
function as Th cells in Ab production against T cell-dependent Ag
and IL-2 production by polyclonal stimulation (32, 33). However,
it remains unclear whether the T cell dysfunction of LEC rats
might have an influence on any disease associated with the im-
mune disorder. In the present study, we found for the first time that
IBD-like lesions developed spontaneously in LEC rats. Thus, the
pathogenesis and molecular mechanisms of inflammatory bowel
lesions in LEC rats as a human IBD model were analyzed.

Materials and Methods

Animals

LEC rats and LEA rats as controls were maintained in our laboratory under
specific pathogen-free conditions. SCID mice (C.B-17/lcr-scid/scid Jeb)
were purchased from CLEA Japan for use as recipients of adoptive trans-
fer. The experiments were approved by an animal ethics board of To-
kushima University.

Pathological analysis

All organs of rats and recipient mice were removed and fixed in 10%
phosphate-buffered formaldehyde (pH 7.2), embedded in paraftin, and pre-
pared for histological estimation. The sections were stained with H&E. The
disease incidence was evaluated by three independent, well-trained pathol-
ogists in a blinded manner.

Flow cytometric analysis

Surface markers on lymphocytes from thymus, spleen, mesenteric lymph
node cells (MLNs)., and LP were analyzed by using an EPICS flow cy-
tometer (Beckman Coulter) using FITC-, PE-Cy5-, or PE-conjugated anti-
CD4, -CD8. -CD44, -CD62L. and -CD25 mAbs (BD Biosciences). To
evaluate intracellular Foxp3 expression. lymphocytes were stained with
anti-CD4 and -CD25 mAb, fixed and permeabilized with the buffers of a
Foxp3 detection kit (BD Biosciences). After staining with anti-Foxp3
mAb. the lymphocytes were analyzed by flow cytometry.

Proliferation assay

T cells (>>90%) were enriched from single-cell suspensions of spleen and
Iymph node cells from LEC. control rats. and SCID mice with nylon wool
(Wako Pure Chemical), and cultured in 96-well flat-bottom microliter
plates (5 X 10* cells/well) in RPMI 1640 containing 10% FCS, penicillin/
streptomycin, and 2-ME. Celis were stimulated with plate-coated anti-CD3
(BD Biosciences) and anti-CD28 mAb (BD Biosciences). [SH]Thymjdiue
incorporation during the last 12 h of the culture for 72 h was evaluated
using an automated B liquid scintillation counter. In addition, to detect cell
proliferation of the T cell subset, after CFSE (Molecular Probes)-labeled T
cells were cultured for 48 h, the T cells were stained with anti-CD4 and
-CD8 mAb. Cell divisions of CD4”- or CD8 " -gated T cells were analyzed
by flow cytometry. For T cell suppression assay, CD257CD4™ or
CD257CD4™ T cells of MLN from control or LEC rats were enriched
using biotin-conjugated ant-CD25 mAb, anti-CD4 mAb (BD Bio-
sciences), magnetic beads, and the CELLection Biotin Binder kit (Dynal
Biotech). A total of 5 X 10* CD257CD4™ T cells from control rats were
stimulated with plate-coated anti-CD3 mAb (0.5 pg/ml) for 72 h together
with 0, 0.625, 1.25, and 2.5 X 10* CD25+CD4™ T cells from control or
LEC rats. PH] Thymidine incorporation during the last 12 h of the culture
was evaluated using an automated B liquid scintillation counter.

ELISA

Cytokine production was tested by a solid-phase sandwich ELISA using a
rat IL-2, IL-4, IFN-~y, and IL-10 kit (BioSource International). In brief,
culture supernatants from T cells from lymph nodes or spleen stimulated
with anti-CD3 and -CD28 mAbs for 24 h and were added to microtiter
plates precoated with an each Ab specific for rat L-2, [L-4, IFN-v, and
IL-10. The biotinylated Ab was added and the plate was incubated for 2 h
at room temperature. After washing, streptavidin-HRP solution was added
to each well and the plate was incubated for 30 min at room temperature.
Finally. stabilized chromogen substrate was added to each well. and the
absorbance of each well was read at 450 nm using an automatic microplate
reader (Bio-Rad). The concentrations of cytokines were obtained according
to the standard curves.

IBD-LIKE LESIONS IN LEC RATS

Western blot analysis

Isolated T or CD4™ T cells from spleen and lymph nodes using nylon wool
(Wako Pure Chemical) or PE-conjugated CD4 mAb with a magnetic PE
selection kit (StemCell Technologies) were stimulated with anti-
CD3/-CD28 mAbs for 12~24 h, washed, pelleted, and incubated in 20
mM/L Tris-HCT (pH 8.0), 20 mM/L NaCl. 0.5% Triton X-100, 5 mM/L
EDTA, and 3 mM/L MgCl, lysis buffer including protease inhibitor mix-
ture (Sigma-Aldrich). After centrifugation for 20 min at 12,000 rpm, su-
pernatant was extracted and used as whole cell lysates. The nuclear extracts
were purified using a Nuclear/Cytosol Fraction kit (BioVision). A total of
5~20 pg of each sample per well was applied for each well and electro-
phoresed in 10% SDS-polyacrylamide gel. Then, the protein was elec-
trophoretically transferred to polyvinylidene difluoride membrane. The
membrane was incubated with anti-T-bet, -GATA-3, -STAT-1. -phos-
pho-STATI, -GAPDH. -histone (Santa Cruz Biotechnology), and -Foxp3
(eBioscience) as the primary Abs. HRP-conjugated rabbit or mouse IgG
was used as the second Ab. Protein binding was visualized with ECL
Western blotting reagent (Amersham Biosciences). To quantify the protein
expression, the chemiluminescence image was analyzed by ChemiDoc
XRS (Bio-Rad).

Cell transfer

Bone marrow cells (5 X 10° from LEC and control rats were transferred
i.v. into irradiated (4 Gy) control rats. Four weeks after the transfer, the
host rats were analyzed. As for adoptive transfer to induce IBD-like le-
sions, purified T cells (5§ X 10% from MLNs or spleen cells of LEC and
control rats with nylon wool (Wako Pure Chemical) as donors were used
and transferred i.p. into SCID nice. Six weeks after the transfer, the re-
cipient SCID mice were sacrificed and all organs were histologically an-
alyzed. In addition, MLN cells of SCID mice were cultured. and cytokine
productions of the supernatants of the cells were analyzed by ELISA.

Injection of neutralizing Abs

A total of 50 pg of anti-rat IFN-y mAb (PBL Biomedical Laboratories),
anti-rat IL-4 mAb (R&D Systems). anti-rat CD$ mAb (BD Biosciences),
and isotype control Ab were injected i.v. twice a week into LEC rats from
8 to 10 wk of age. Colon sections were stained with H&E and periodic acid
Schiff (PAS), and the pathology was scored blindly using a semiquantita-
tive scale of 05 as described previously (34). In summary, grade 0 was
assigned when no changes were observed; grade 1, minimal inflammatory
infiltrates present in the LP with or withow mild mucosal hyperplasia:
grade 2, mild inflammation in the LP with occasional extension into the
submucosa, focal erosions, minimal to mild mucosal hyperplasia and min-
imal to moderate micin depletion; grade 3, mild to moderate inflammation
in the LP and submucosa occasionally transmural with ulceration and mod-
erate mucosal hyperplasia and mucin depletion: grade 4, marked inflam-
matory infiltrates commonly transmural with ulceration, marked mucosal
hyperplasia and mucin depletion, and multifocal crypt necrosis; grade 5,
marked transmural inflammation with ulceration, widespread crypt necro-
sis, and loss of intestinal glands.

Immunofluorescence staining and confocal microscopic analysis

Frozen sections of colon from LEC and control rats were fixed with 3%
paraformaldehyde in PBS, and preblocked with 1% BSA-2.5% FCS in PBS
for 1 h. Sections were stained with 1 pg/ml of primary Abs against CD4,
CD8. CD45R, CD1ib/c (BD Biosciences), T-bet. NF-«B, GATA-3. and
phospho-STAT1 (Santa Cruz Biotechnology) for I h. After three washes in
PBS, the sections were stained with Alexa Fluor 488 donkey anti-mouse
IgG (H+L) or goat anti-rabbit IgG (H+L) (Molecular Probe) as the second
Abs for 30 min and washed with PBS. The section stained with intracel-
lular proteins were stained with PE-labeled anti-CD4 mAb. The nuclei was
stained with 4’.6-diamidino-2-phenylindole (DAPD). The sections were vi-
sualized with a laser scanning confocal microscope (Carl Zeiss). A 63 X
1.4 oil differential interference contrast objective lens was used. Quick
Operation Version 3.2 (Carl Zeiss) for imaging acquisition and Adobe
Photoshop CS2 (Adobe Systems) for image processing were used.

Real-time quantitative RT-PCR

Total RNA was extracted from purified lymphocytes of the thymus.
spleen, and MLNs in LEC and control rats using Isogen (Wako Pure
Chemical). and was reverse transcribed as described (35). Transcript levels
of Foxp3 and hypoxanthine phosphoribosyliransferase (HPRT) were pet-
formed using PTC-200 DNA Engine Cycler (MJ Research) with SYBR
Premix Ex Tag (Takara). The primer sequences were as follows: Foxp3:
forward, 5'-CCCAGGAAAGACAGCAACCTT-3 and reverse, 5'-CTGCT
TGGCAGTGCTTGAGAA-3":and HPRT: forward, 5-TGTTGGATACAG
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FIGURE 1. IBD-like lesion of LEC rats. A, Pathol-
ogy of colon lesions from LEC and control rats. The
thickened wall of colon was found in LEC rats. Inflam-
matory findings with lymphocyte infiltration were ob- ook
served in cecum sections from LEC, not control rats, at
8 wk of age. Representative photomicrographs ( original
magnification, X20 and 100) of H&E-stained paraffin
section from LEC and control rats are shown. B, Devel-
opment of IBD-like lesions of LEC rats. Ulceration and
mononuclear cell infiltration was found in the colon le-
sions of LEC rats. Representative photomicrographs
(original magnification. X100 and 200) of H&E-stained
paraffin section of colon from LEC rats are shown. C,
Incidence of IBD-like lesions in LEC rats. The inci-
dence of IBD-like lesions of LEC and control rats at
4-10 wk of age was evaluated by histological analysis.
Complete absence of colon lesions in control rats was
found. Approximately four to nine rats were analyzed
for each age. D, Immunohistochemical analysis of infil-
trating cells into colon lesions of LEC rats. Staining
with anti-CD4, -CD8, -CD45R, and -CD11b/c was per-
formed using the sections from LEC and control rats at
8 wk of age. Alexa 568 (red) as the second Ab and DAPI
(blue) for nuclear staining was used. Photos are repre-
sentative of three to five samples (original magnifica-
tion, X630). E, The number of LP lymphocytes in ce-
cum, proximal, and distal colon tissues from LEC and
control rats was evaluated. The number of cells was
shown as mean (percent) * SD from five (o eight rats in
each group. *, p < 0.0005 LEC vs control rats. F, T cell
subsets of LP lymphocytes in the lesions of LEC rats.
Flow cytometric analysis was performed with LP lym-
phocytes of cecum from LEC and control rats of 8 wk of
age. A representative result of five samples is shown.
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GCCAGACTTTGT-3' and reverse, 5'-TCCACTTTCGCTGATGAC
ACA-3’. Results were calculated by a software of DNA Engine Opicon
System (Roche Molecular System).

Statistics

The Student 1 test was used for statistical analysis. Values of p > 0.05 were
considered significant.

Results
Pathology of colon lesion of LEC rats

Histopathological analysis of all organs of LEC rats from 4 to 12
wk of age was performed. Thickened LP of the colon from LEC
rats was observed relative to that from control LEA rats (Fig.
14). Ulcer formation with fibrin exudates, mononuclear cell,
and neutrophil infiltration was observed in the swrface of the
lesion (Fig. 1B, upper). In the thickened LP of LEC rats, mono-
nuclear cell infiltration was prominent (Fig. 1B, lower). Most
severe inflammatory lesions were seen in the tissue around the
cecum in LEC rats. Although the precise mechanisms as to why
the most severe lesion developed in the tissue around the cecum
of LEC rats is unclear, it is possible that the differential bacte-
rial distribution from the other segments of colon or unique
mucosal immunity of cecum may influence the cecum lesion of
LEC rats. No inflammatory lesions in LEC rats were observed
in the other organs in general. The colon lesions developed
spontaneously in almost 100% of LEC rats at 8 wk of age or
more, and the incidence of lesions was consistently increased
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with aging (Fig. 1C). There was no sex difference in the colon
lesions of LEC rats. LEC rats have also been reported as an
animal model for Wilson’s disease because of the genetic cop-
per metabolism disorder (36). It is known that the body weight
of LEC rats is significantly reduced compared with that of con-
trol rats because of the disease (37). Therefore, it is unclear
whether the IBD-like lesions of the LEC rat may influence the
loss of body weight.

To clarify the population of the immune cells infiltrated in the
LP of IBD-like lesions from LEC rats, immunohistochemical
analysis was performed using the cecum sections from LEC
rats. We found that CD4™ T cells and CD11b/c™ macrophages
or dendritic cells were mainly infiltrated, and a small number of
CD45R™ B and CD8™ T cells were also found in the lesions of
LEC rats (Fig. 1D). The total cell number of lymphocytes in the
LP of cecum among colon from LEC rats was significantly
higher than that from control rats (Fig. 1E). However, there was
no difference in number of LP mononuclear cells (LPMCs) in
proximal and distal colon between control and LEC rats (Fig.
LE). Moreover, flow cytometric analysis with T lymphocytes in
the LP of the lesions revealed that the prominent population was
CD4™ T cells compared with those of control rats (Fig. 1F).

Characteristics of T cells from LEC rats

To examine the immunological characteristics in LEC rats, the
thymocytes and peripheral T cells were analyzed. We found that
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FIGURE 2. Characteristics of T cells from LEC rats. A, The cell number of the thymus. spleen, and MLNs are shown as mean * SD from five to seven
LEC and coatrol rats of at 2 mo of age. *, P < 0.05: %%, p < 0.0005 LEC vs control rats. B, T cell subsets of the thymus, spleen, and MLNs from LEC
rats. Flow cytometric analysis was performed using thymocytes, spleen cells, and MLN cells. The number of CD4™* or CD8™ T cells was shown as mean
{percent) = SD from five to eight rats in each group. % p < 0.0005; #%, p < 0.00005: =++, p < 0.0000005 LEC vs control rats, C. Activation of CD4”
T cells from LEC rats. CD44 and CD62L expressions on CD4* T cells of spleen and MLNs from control and LEC rats were analyzed by flow cytometric
analysis. Mean fluorescence intensity (MFI) of CD44 expression is shown. CD62L™ cells (percent) are indicated in the panels. Results are representative

of three samples. D, Proliferative responses were analyzed by [

“H]thymidine incorporation using spleen and MLN T cells stimulated with plate-coated CD3

mAb (01 pg/ml) and CD28 mAb (5 #g/mi) for 72 h. The data are shown as the mean * SD of three triplicate samples. Graphs are representative of three
independent experiments. #, p < 0.05; =%, P <0.005 LEC vs control rats. E. Purified T cells from MLNs of control and LEC rats were labeled with CESE
(0.5 uM), and stimulated with CD3 mAb (1 #g/ml) and CD28 mAb (5 pug/ml) for 72 h. CFSE dilution of CD4~ and CD87 T cells was estimated by flow

cytometry. Graphs are representative of three independent experimeuts.

the cell number of thymus and spleen from LEC rats was signif-
icantly lower than that from control rats, while the cell number of
MLNs was significantly higher compared with that from control
rats (Fig. 24). Significant reduction of CD4*CD8 ™ cells of the
thymus and CD4™ T cells of the spleen from LEC rats was ob-
served in contrast to the populations from control rats as described
in the previous report (Fig. 2B) (32). In contrast, there was a

greater increase of CD4™ T cell number of MLNs found in LEC
rats compared with that from coatrol rats (Fig. 2B). No significant
change for CD8™ T cells was observed in the thymus, spleen, and
MINs (Fig. 2B). In addition, CD44 expression, one of the activa-
tion markers for T cells, on CD4™ T cells of MLNs and LP from
LEC rats was significantly higher than that from control rats (Fig.
20). Also, CDG2L7CD4™ T cells, which are memory phenotype,
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FIGURE 3. Cytokine switching of LEC rats. A, Purified T cells of the spleen and MLNs from LEC and control rats were stimulated with CD3 mAb (0~1
pg/ml) and CD28 mAb (5 jeg/ml) for 24 h. The culture supernatants were analyzed for cytokine productions including IL-2, IEN-y, IL-4, and IL-10 by
ELISA. The concentration was shown as the mean =+ SD of three triplicate samples. Graphs are representative of two independent experiments. *, p < 0.05;
#%, p < 0.005 LEC vs control rats. B, Purified T cells of MLNSs from control and LEC rats were stimulated with CD3-CD28 ligation for 24 h. The cell
lysates were used for the expression of T-bet and GATA-3. and the expression and phosphorylation of STAT-1 and STAT-6. GAPDH was used as a
housekeeping protein. The photos are shown as representative results from three samples. C, Protein quantification of cytokine-switching molecules was
performed using chemiluminescence images. Relative expressions to GAPDH were calculated. Results are mean = SD of three samples. *, p < 0.03;
##, p < 0.005 LEC vs control rats. D, IFN-vy and 1L-2 expressions of colon were detected by immunofluorescence staining with the first mAbs and
Alexa 488-conjugated anti-mouse IgG as the second Ab. The photos are shown as representative results from three samples. E, The neutralizing mAbs (50
Hg/rat) and isotype control Ab (50 p1g/rat) were i.v. injected twice a week into LEC rats from 8 to 10 wk of age. Colonic histology scores of experimental
rats are shown. Data are mean * SD of four to six rats per group. * p < 0.05 treated vs control Ab treated. F. Sections of colons from neutralizing
Ab-treated LEC rats were stained with PAS. Photos are representative of each group.
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FIGURE 4. NF-«B activation of T cells in the IBD-
like lesions from LEC rats. A, NF-«B activation of T B
cells from LEC rats. Purified MLN T cells were stimu-
lated with CD3-CD28 ligation for 24 h, and the expres-
sions of NF-«kB (p65) and histone as a housekeeping CD4/

protein in the nuclear extracts were tested by Western
blotting. Relative expression of NF-«B to histone was
calculated. Photos are representative and data are
mean = SD of three independent experiments. B and C,
Confocal analysis of T-bet, GATA-3, and NE-«B of in-
filtrating CD4™ T cells in IBD-like lesions from LEC
and control rats. Frozen sections were stained with Al-
exa 488-labeled T-bet, GATA-3, or NF-«B (green). and
Alexa 568-labeled CD4 (red). Photos are shown as rep-
resentative of three samples. Data are mean # SD of cell
number (CD4™ or NF-«B*CD4%) per 0.01 mm® of five
independent areas. #*, p < 0.005 control vs LEC rats.

C
CD«/

of MLNs and LP from LEC rats were significantly increased com-
pared with those from control rats (Fig. 2C). As for CD69 expres-
sion, one of early activation markers, there was no difference be-
tween control and LEC rats (data not shown). These findings
strongly suggest that CD4™" T cells of MLNs and LP from LEC
rats may play a crucial role in the development of spontaneous
IBD-like lesions of LEC rats.

We next analyzed the proliferative response of T cells from LEC
and control rats using stimulation with anti-CD3 and -CD28 mAbs.
Pwified T cells from spleen and MLNs of LEC and control rats
were stimulated with plate-coated anti-CD3 mAb (0~1 pg/ml)
and anti-CD28 mAb (5 ug/ml) for 72 h. It was previously reported
that splenic T cell response to Con A of LEC rats was significantly
reduced (32). Consistent with the report, the proliferative re-
sponses of splenic T cells with CD3-CD28 ligation were signifi-
cantly lower than that from control rats (Fig. 2D). However, it was
interesting to note that a prominent increase in T cell response with
CD3-CD28 ligation in MLNs from LEC rats was observed com-
pared with that from control rats (Fig. 2D). To clarify which pop-
ulation of T cells indicates higher proliferative response, the pu-
rified T cells of MLNs were labeled with CFSE, and stimulated
with CD3-CD28 ligation for 72 h. Proliferative response of CD4 ™
or CD8™ T cells was analyzed by flow cytometry using CFSE
dilutions. We found that CD4™ T cells of MLNs from LEC rats
were clearly much more proliferative compared with those from
control rats, whereas no difference was observed in CD8™ T cells
between LEC and control rats (Fig. 2E). These results indicate that
the CD4™ T cells in MLNs from LEC rats are primarily respon-
sible for the development of IBD-like lesions in LEC rats.
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Cytokine switching of T cells in LEC rats

To define the function of T cells of spleen and MLNs from LEC
rats, cytokine production in the culture supernatants from T cells
stimulated with CD3-CD28 ligation was analyzed. IL-2 production
in the spleen cells from LEC rats was significantly lower (anti-
CD3 mAb: 0.5 and 1 ug/ml) than those in control rats (Fig. 34).
As for IFN-y in spleen, no difference was observed between LEC
and control rats. In addition, a significant decrease in Th2 cytokine
production including IL-4 and IL-10 was observed in the spleen
cells from LEC rats. In contrast, Th1 cytokines (IL-2 and IFN-y)
in the T cells of MLNs from LEC rats were significantly increased
compared with those in control rats (Fig. 34). By contrast, IL-10
production from MLN T cells in LEC rats was significantly lower
(anti-CD3 mAb: 1 pg/ml) than that in control rats. No difference
in IL-4 production between LEC and control rats was observed.
These results indicate that the Th1 response of MLN T cells from
LEC rats may influence the pathogenesis of IBD-like lesions in
LEC rats.

It is well known that T-bet and GATA-3 are key transcription
factors in controlling Th1 or Th2 cytokine production (4, 5). We
then analyzed the expression T-bet and GATA-3 using the T cells
of MLNs stimulated with CD3-CD28 ligation. T-bet expression of
T cells from LEC rats was relatively increased comparing with that
from control rats, whereas no difference in GATA-3 expression
was observed between LEC and control rats (Fig. 3B). Moreover,
the expression of STAT-1 and STAT-6, which exist upstream of
T-bet and GATA-3, respectively, was analyzed. Increased phos-
phorylation of STAT-1 in T cells of MLNs from LEC rats was
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detected, but no difference was observed in STAT-1 expression
between LEC and control rats. By contrast, there was no difference
in the expression and phosphorylation of STAT-6 in either group
(Fig. 3B). To quantify the protein expressions of T-bet, pStat-1,
GATA-3, and pSTAT-6, relative expressions to GAPDH as a
housekeeping protein were shown in Fig. 3C. T-bet expression of
stimulated MLN T cells from LEC rats was 4~5-fold higher com-
pared with that of control rats. The pSTAT-1 had an expression
that was twice as high relative to that of control rats. Furthermore,
increased expression of Th1 cytokines including IL-2 and IFN-vy of
CD4™ T cells in LP from LEC rats was observed compared with
that from control rats by fluorescence staining (Fig. 3D). By con-
trast, IL-4- or IL-10-producing cells were undetectable in the LP
from both control and LEC rats (data not shown). To examine the
correlation of Thl cytokine with colitis of LEC rats, anti-IFN-v-

neutralizing Ab, anti-IL-4-neutralizing Ab, or isotype control Ab
was injected into LEC rats from 8 to 10 wk of age, and the his-
tology of colitis was evaluated (Fig. 3E). Histological score of
LEC rats administrated with anti-IFN-y mAb was significantly
lower than that with isotype control Ab. No significant change was
observed by injection of anti-IL-4 mAb. Moreover, to investigate
the role of CD8™ T cells in the development of colitis, anti-CD8-
neutralizing Ab to deplete CD8™ T cells was injected into LEC
rats. There was no significant change of pathology in anti-CDS8
mAD administered LEC rats, compared with that in controls (Fig.
3E). Ulcer formation, lymphocyte infiltrates, decreased numbers of
mucin-producing cells, and mucosal hyperplasia were observed in
the sections from isotype control Ab, anti-IL-4 mAb, and anti-CD8
mAb-injected rats, while injection of anti-IFN-y mAb was able to
effectively suppress the colon lesion of LEC rats (Fig. 3, E and F).
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NF-xB activation of T cells in IBD-like lesions from LEC rats

To further confirm whether the T cell signal via up-regulated T-bet
and phosphorylation STAT-1 in MLN T cells from LEC rats can
lead to NF-«B activation, which is a potent transcription factor
regulating the target genes essential for T cell activation or pro-
liferation (38—41), we analyzed NF-«B expression of the nuclear
extracts of T cells stimulated with CD3-CD28 ligation. We dem-
onstrated that there was an increased nuclear translocation of
NF-«B (p65) of stimulated T cells in LEC rats compared with that
in control rats (Fig. 44).

We next examined the expression of T-bet, GATA-3, and nu-
clear translocation of NF-«B of infiltrating CD4 ™ T cells in IBD-
like lesions from LEC rats by confocal microscopy. Increased ex-
pression of T-bet together with nuclear transport of NF-«kB was
observed in CD4™ T cells of inflammatory lesions from LEC rats
(Fig. 4, B and C), whereas GATA-3" CD4™ T cells were almost
undetectable in the lesions (Fig. 4B). These results imply that T
cells of LEC rats might be activated as effecter cells through
STAT-1, T-bet, and NF-«B, resulting in Th1 cytokine production
which affect the development of IBD-like lesions of LEC rats.

Treg cells in LEC rats

It has been reported that regulatory immune cells such as
CD4"CD25™ T cells play a crucial role for the pathogenesis of
both human IBD and the animal models (21, 22, 24). Thus, we
analyzed whether CD47CD25™ regulatory T cells influence the

development of IBD-like lesions via the immune disorder of LEC
rats. First, the cell populations of CD4"CD25™ T cells in the thy-
mus, spleen, and MLNs form control and LEC rats were analyzed
by flow cytometry. CD47CD25" T cells are known to express
high levels of Foxp3, a transcription factor that in a normal rat is
selectively expressed in CD25™ Treg cells (20). The number of
CD25"Foxp3™ Treg cells of the thymus, spleen, and MLN from
LEC rats was significantly lower than that of control rats (Fig. 5,
A and B). In particular, Treg cells of the thymus and MLNs from
LEC rats were reduced in contrast to control rats (thymus; p =
0.0113, MLN; p = 0.0133). Moreover, Foxp3™CD4" T cells in
MLN from LEC rats were significantly reduced relative to that
from control rats (Fig. 5B). Interestingly, Foxp3™ Tregs in MLNs
(5.12 % 0.71%) from control rats were markedly increased relative
to that in the thymus (0.43 = 0.11%) and spleen (2.04 * 0.34%)
as shown in Fig. 5B. We next assessed the mRNA expression of
Foxp3 in the thymus, spleen, and MLNs from LEC and control rats
using real-time quantitative RT-PCR. Consistent with the results of
flow cytometric analysis (Fig. 5, A and B), mRNA expression of
Foxp3 in the thymus and MLNs from LEC rats was significantly
reduced relative to that from control rats (Fig. 5C). The prominent
expression of Foxp3 mRNA in MLNs from both LEC and control
rats was observed comparing with that of the thymus and spleen
from both groups (Fig. 5C). Furthermore, we confirmed the protein
levels of Foxp3 using the nuclear extracts of CD4™ T cell in the
thymus, spleen, and MLNs from LEC and control rats by Western
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blotting. As expected, the protein expression of Foxp3 in the thy-
mus and MLNs from LEC rats was markedly lower, and its ex-
pression in the spleen from LEC was slightly decreased, compared
with the control rats (Fig. 5D). Moreover, to clarify the function of
Treg cells from LEC rats, T cell suppression assay was performed.
Namely, CD257CD4 ™ T cells from control rats were stimulated
with plate-coated anti-CD3 mAb and cocultured with control or
LEC Treg cells. Although control Treg cells suppressed T cell
response considerably, the suppressive function of LEC Treg cells
was significantly impaired (Fig. 5E). In addition, when Foxp3*
Treg cells in the each segment of colon including cecum, proximal,
and distal colon were analyzed, Foxp3™ cells of LPMCs from all
segments in LEC rats were significantly decreased compared with
those in control rats (Fig. 5F). These findings suggest that the
decreased CD4 7 CD25 “Foxp3™ Tregs in the thymus, MLNs, and

LEC/SCID
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LPMCs might affect the intestinal immunity associated with IBD-
like lesions in LEC rats.

Treg cells from bone marrow (BM) cells of LEC rats

To know whether the decreased number of Treg cells in LEC rats
is derived from the BM cells or not, the BM cells from LEA or
LEC rats were transferred into iiradiated LEA rats. The number of
Foxp3"CD25"CD4™ Treg cells in thymus, spleen, and MLN’s of
chimeric rats was analyzed by flow cytometry. In parallel with the
decreased numbers of Treg cells from LEC rats, the Foxp3™ Treg
cells of thymus, spleen, and MLNS in the chimeric rats transferred
with LEC BM cells were significantly reduced compared with
those from LEA BM cells (Fig. 64). Moreover, as to the expansion
of T cells from BM cells, although thymocytes and spleen cells of
LEC BM cell transplantation (BMT) rats were slightly decreased
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Table I Induction of IBD-like lesions of LEC rats into SCID mice

Transfer” Incidence % Induction/Total
SCID control 0 0/5
Cont/spleen—SCID 0 0/d
LEC/spleen— SCID 0 0/4
Cont/MLN—SCID 0 077
LECMLN—SCID 87.5 718

“Purified T cells of MLN or spleen from LEC and control rats were transferred
into SCID mice. Six weeks later, histological analysis of colon lesions from SCID
recipients was performed.

® Incidence of IBD-like lesions was evaluated using four to eight SCID recipients.

compared with those of LEA BMT rats, a significantly increased
cell number of MLN from LEC BMT rats was observed (Fig. 6B).
These findings indicate that the precursor of Treg may exist in the
BM, and that the generation of Treg precursors in LEC rats might
be deficient in the BM in addition to the deficiency of thymic
differentiation.

Induction of IBD-like lesions by adoptive transfer of MLN T
cells from LEC rats into SCID mice

To determine whether inflammatory bowel lesions of LEC rats
could be induced in SCID mice via a T cell-mediated pathway,
adoptive transfer of T cells in MLNs from LEC rats into SCID
mice was performed. Importantly, inflammatory lesions of trans-
ferred SCID mice with MLN T cells were observed restrictedly in
the colon, while no lesion was detected in Cont/SCID recipients at
this stage (Fig. 7A and Table I). In addition to the IBD-like lesions,
the body weight of LEC/SCID recipients transferred with MLN T
cells from LEC rats was significantly decreased after the transfer
compared with that from Cont/SCID recipients (Fig. 7B), whereas
there was no change for Cont/SCID recipients. By contrast, adop-
tive transfer of splenic T cells from LEC rats did not induce any
lesions in the SCID recipient (Table I). A large number of CD4™
T cell population was observed within the infiltrating T cells from
IBD-like lesions in IBD/SCID recipients (Fig. 7C). Moreover, it
was demonstrated that MLN T cells stimulated with CD3 and
CD28 from LEC/SCID recipients could produce higher levels of
IL-2 and IFN-v, not IL-4 and TL-10, than those from Cont/SCID
recipients (Fig.7D).:Furthermore; the increased expressions. of
NF-«B and T-bet in LPMCs from LEC/SCID mice were detected
compared with those from Cont/SCID. mice (Fig. 7E). “These re-
sults indicate that the IBD-like Iesions of LEC rats can be trans-
ferred with MLN T cells, not splenic T cells, into SCID mice, and
that Thi response may play a pivotal role in the pathogenesis of
IBD-like lesions in LEC rats.

Discussion

As for the animal models of IBD, there have been two categories
reported previously (1). One is a spontaneous IBD model with any
immune dysfunction such as in 1277, IL-2R ™/, IL-10"", and
NOD2™'" mice (18, 41-43). The other is a model manipulated by
any drug, bacteria, and cell transfer (44—48). In this study, we
demonstrated that the LEC rat is one of spontaneous IBD models,
by which the mechanism is due to the decline of Treg cells and the
Th1 shift of the cytokine.

T lymphocytes play a central role for the intestinal immune
system (12, 49). Recent studies suggested that the balance between
Tht and Th2 cytokines secreted by T cells appears to regulate IBD
(13, 39, 48). In this study, the pattern of cytokine production of
MLN cells and LPMCs, but not spleen cells, in LEC rats had
clearly shifted to Thl. It was reported that the proliferative re-
sponse of peripheral T cells in LEC rats against T cell mitogen

IBD-LIKE LESIONS IN LEC RATS

such as Con A had decreased, and that IL-2 production of T cells
in LEC rats had reduced (32). However, we found here that pro-
liferative response and Thl cytokine production of MLN T celis
through the TCR/CD3 and CD28 pathway had increased compared
with that of control rats. The response of MLN T cells or LPMCs
which may regulate the intestinal immune system seems to be
different from that of spleen cells from a point of view of cytokine
production, and any other immune functions. Namely, MLNs and
LPMCs have unique functions regulating the intestinal immune
system with exposure to numerous food, bacterial, and/or endog-
enous Ags. It is possible that defective thymic selection for dif-
ferentiation into CD4SP cells form DP cells in LEC rats might
influence any function including cytokine production in the pe-
ripheral T cells. It is well known that cytokine production of im-
mune cells can be occurred through various stimuli such as mi-
croorganisms, inflammations, and mechanical or physiological
stresses (45, 50~52). The balance between Thl and Th2 cytokine
production is controlled by a number of transcriptional factors and
signaling molecules (4). Recent studies indicated that GATA-3 and
T-bet might play a central role in controlling the balance of cyto-
kine production from Th cells (4-7). We demonstrated here that
Thl response in MLN T cells and LPMCs through T-bet, STAT-1,
and NF-«B might be considerably enhanced, and then the T cell
response to numerous intestinal Ags could be responsible for the
development of IBD-like lesions in LEC rats.

CD47CD25 Foxp3™ Treg cells have been widely investigated
to be generated from the thymus and regulate the peripheral T cells
(20). The defective thymic selection of LEC rat influences positive
selection into CD4™ from CD4"CD8™ cells, and results in the
dysfunction of peripheral CD4™ T cells (32). It has been reported
that Treg cells can prevent IBD-like lesions induced by naive
CD4" T cell transfer into T cell-deficient mice, and regulate Thl
effectors producing IFN-vy (24). In this study, it is speculated that
the dysfunction of Treg cells in LEC rats might be associated with
the hyperactivation of Th! effectors in the periphery. In particular,
Treg cells in MLNs and LPMCs might play a crucial role for
regulating the immune response against nwmerous intestinal Ags.
Therefore, the dysfunction of Treg cells in MLNs and LPMCs
would be associated with the deficiency of intestinal tolerance,
resulting in the developmnent of IBD-like lesions in LEC rats. In
contrast, although Foxp3™CD257T cells were reported to have
suppressive functions similar to those of Foxp3 *CD25™ classical
Treg cells in normal mice (53), there was no difference in the
Foxp3*CD25 T cells (percent) of thymus (control; 0.063 =+
0.011%, LEC; 0.068 = 0.018%), spleen (control; 0.25 *+ 0.04%,
LEC; 0.20 £'0.06%), MLNs (control; 0.47 + 0.07%, LEC; 041 +
0.06%) between control and LEC rats. The Foxp3*CD25* Treg
cells, but not Foxp3™CD25 7T cells, of LEC rats might influence
the development of colitis of LEC rats.

Direct in vivo evidence of T cell-dependent IBD-like lesions of
LEC rats is the induction of the lesion into SCID mice by adoptive
transfer with MLN T cells from LEC rats. Although defective T
cell functions have been previously reported using fetal thymus
grafts of LEC rats into SCID mice, the inflammatory lesions in
general have not been investigated (54). Although it is not unclear
whether the precursor of Treg cell is generated in BM, the exper-
iment using BM chimera of LEC and LEA rats may imply the
origin of the Treg precursor in BM cells.

The LEC rat has been also reported to be used as an animal
model for Wilson's disease and developed hepatitis from four
months after birth because of the genetic copper metabolism dis-
order. At a later age, chronic hepatitis and hepatocellular carci-
noma are observed in LEC rats (36, 55). The LEC rats have been
useful in studying mechanisms of spontaneous carcinogenesis.
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Generally described, it has been shown that the pathogenesis of
colon cancer could be associated with chronic inflammation such
as IBD (56). Previous studies demonstrated that there was a high
frequency of 7 N-methyl-N-nitrosourea-induced colon adenocarci-
noma in LEC rats was observed compared with that of control rats
(57). It can be speculated that IBD-like inflammatory lesions of
LEC rats might affect the carcinogenesis via any indirect mecha-
nism. Aithough LEC rats were described to have the defective
differentiation of CD4 SP cells in the thymus, the decline of pe-
ripheral CD4™ T cells, and the failure of proliferative response to
T cell mitogen in CD4™ T cells, any inflammatory disease based
on these immune disorders has not been investigated. In contrast,
the mutation of Th immunodeficiency (thid) gene was previously
reported (58), which might be associated with immune disorder of
LEC rats. Our study focused on Treg cells and cytokine switching
as the mechanisms of IBD-like lesions of LEC rats. It is still un-
clear whether thid gene regulates the generation of Treg cells and
cytokine switching through T-bet and STAT-1 leading to NF-«B
in CD4" T cells from LEC rats.

In summary, we demonstrated for the first time that IBD-like
lesions developed spontaneously in LEC rats. The dysfunction of
Treg cells in the periphery and Thl shift of cytokine production
might play a crucial role for pathogenesis of IBD-like lesions in
LEC rats. Analyzing the molecular mechanism for IBD-like le-
sions in LEC rats will be useful for understanding human IBD
based on immune disorder in central and peripheral tolerance.
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Although receptor activator of nuclear
factor (NF)-«B ligand (RANKL) signaling
has been shown to prolong the survival
of mature dendritic cells (DCs), the asso-
ciation of RANKL pathway with Fas-
mediated apoptosis is obscure. Here, we
found that bone marrow-derived DCs
(BMDCs) from the Fas-deficient strain
MRL/Ipr mice, could survive much longer
than normal DCs. The expressions of

of NF-«B of RANKL-stimulated BMDCs
from MRL/lpr mice were significantly up-
regulated. By contrast, Fas expression of
BMDCs from normal C57BL/6 and MRL+/+
mice was increased by RANKL stimula-
tion, and an enhanced DC apoptosis was
found when stimulated with both RANKL
and anti-Fas mAb, which was associated
with activation of caspase-3 and caspase-9.
Furthermore, the expression of FLIP., an
inhibitory molecule against Fas-mediated

apoptosis, in normal DCs was significantly
decreased by RANKL and anti-Fas mAb.
Indeed, the adoptive transfer of RANKL-
stimulated DCs resulted in rapid accelera-
tion of autoimmunity in MAL/pr recipients.
These findings indicate that the crosstalk
between RANKL and Fas signaling in DCs
might control immune tolerance. (Blood.
2007;110:242-250)
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Introduction

Dendritic cells (DCs) are professional antigen-presenting cells that
reside in peripheral tissues in an itnmature state for optimal antigen
uptake and respond to inflammatory signals.!> After capture of
pathogen-derived antigens and activation by pathogens, DCs migrate
from tissues to the lymphoid organs where DCs become mature and
initiate antigen-specific T cells.l While many subpopulations of DCs
have been reported to be heterogeneous in their phenotype and localized
in lymphoid tissues, there is general agreement that DCs
originate from a hematopoietic progenitor, and that there are 3
DC subtypes, including myeloid DCs (CD11c*CD11b™CD8« ™),
lymphoid DCs (CD11c*CD11b~CD8a™), and plasmacytoid DCs
(CD11c*B220%Gr-1%), all of which have been recently identified.>S
The lifespan of activated antigen-bearing DCs has been esti-
mated to be as short as 3 days.” Limiting the lifespan of DCs by
means of apoptosis may serve to regulate the availability of antigen
for T cells and to control immune responses. An important and
well-characterized mechanismn for apoptosis in immune cells is
mediated by Fas, the death receptor.® Although Fas has been
implicated in the apoptosis of DCs,'%!! DCs are known to be
resistant to Fas-induced cell death.!” In addition, it has been
reported that the resistance to Fas-induced apoptosis in DCs
correlates with the consititutive expression of the Fas-associated
death domain-like IL-1B—converting enzyme (FLICE)-inhibitory
protein (FLIP) ligand.?® However, the molecular mechanism for
maintenance of DCs through Fas-mediated signals is still unclear.
Receptor activator of nuclear factor (NF)-«xB ligand
(RANKL),"5 a type II membrane protein of the tumor necrosis
factor (TNF) family, is expressed on osteoblasts, stromal cells, and

activated T cells,’> and binds to the signaling receptor RANK and
the decoy receptor osteoprotegerin (OPG).131¢ Mice lacking
RANKL or RANK display dramatically reduced osteoclastogen-
esis, show defects in early differentiation of T and B cells, systemic
lymph nodes, and fail to develop mammary glands.'-!S Moreover,
recent data have showed that the interaction of Fas ligand and Fas
expressed on osteoclast precursors increases RANKL-induced
osteoclastogenesis.!® On the other hand, RANKL-RANK interac-
tion has been shown to prolong the survival of mature DCs,
whereas the association of the RANKL pathway with Fas-mediated
signals in the activation or function of DCs has been obscure, 1520

In this study, to define the molecular mechanism for the
autoimmunity by immune dysregulation of DCs through Fas and
the RANKL pathway, the MRL/Ipr mouse strain, an autoimmune-
prone strain that has a mutated Fas gene, was used to analyze the
imumune functions of the DCs and autoimmunity such as rheuma-
toid lesions.

Materials and methods
Mice

MRL/Mp-lpr/lpr (MRL/Ipr: aged 4-12 weeks: n = 105), MEL*/* mice
(aged 4-12 weeks: n = 35), and C57BL/6 (BG; n = 50) mice were
purchased from Charles River Japan Inc. (Atsugi, Japan). All mice were
maintained in specific pathogen—free conditions in our animal facility, and
the experiments were approved by an animal ethics board of Tokushima
University (Tokushima, Japan).
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Generation of murine BMDCs

A crude population of DCs was generated in vitro from mouse bone marrow
as described with some modifications.?!”? Briefly. bone marrow was
flushed from the Iong bones of the limbs. Cells were plated at a density of
I X 10f and were cultured for 7 days in 5% CO, at 37°C in RPMI 1640
medium containing 10% heat-inactivated fetal bovine serum (FBS),
100 U/mL penicillin, 10 ng/mL recombinant mouse granulocyte-monocyte
colony-stimulating factor (GM-CSF; PeproTech, Le Perray-en-Yvelines,
France), and 5 ng/mL mouse IL-4 (PeproTech). DCs (CDllc* cells.
< 70%) including mainly immature DCs (50% CDllc*CD86™ cells.
< 50%}) were routinely used for the experiments.

Flow cytometric analysis

Bone marrow—derived DCs (BMDCs) were stained with fluorescein
isothiocyanate (FITC)-conjugated anti-CD1lc mAb, along with rat anti—
major histocompatibility complex class I (MHC class II; I-A¥) as primary
Ab and phycoerythin (PE)—conjugated anti-rat IgG as secondary Ab.
BMDCs were also stained with PE-anti-CD86, PE-anti-CD80. or anti~
Bel-2, anti-Bel-xL, and PE-anti-rat IgG. For each staining, isotype-
matched mAb was used as a control. All mAbs were obtained from BD
Biosciences (San Diego, CA). The cells were analyzed with an EPICS flow
cytometer (Beckman Coulter Inc, Miami, FL), and data were analyzed with
FlowJo FACS analysis software (Tree Star Inc, Ashland. OR).

Detection of apoptotic cells

Cells were weated with or without 100 ng/mL Fas-activating antibody
(Jo-2; BD Biosciences) for 24 to 72 hours and were detected with an EPICS
flow cytometer using an Anuexin V-FITC apoptosis detection kit (Gen-
zyme, Cambridge, MA). Briefly, after cultured cells were washed in
phosphate-buffered saline (PBS), the cells were incubated with FITC-
conjugated Annexin-V and propidiuin iodide (PI) for 10 minutes at room
temperature in the dark. Binding buffer was added, and apoptotic cells were
detected by flow cytometric analysis with an EPICS flow cytometer.

Measurement of cytokine production

Cytokine production was tested by a 2-step sandwich enzyme-linked
immunosorbent assay (ELISA) using a mouse IL-12p40. IL-10, and
interferon (IFN)-v, IL-2. and 1L-4 kit (Genzyme, Cambridge, MA). In brief,
the culture supernatants from DCs or T cells were added to microtiter plates
precoated with anti-IL-12p40, IL-10, IFN-v, IL-2, and IL-4 capture Ab and
incubated overnight at 4°C. After adding biotinylated detecting Ab and
incubating at room temperature for 45 minutes, streptavidin-peroxidase was
added and incubated again at room temperature for an additional 30 min-
utes. Finally, an 2.2’-azino-di-3-ethylbenzthiazoline sulfonate substrate
containing H,0, was added, and the colorimetric reaction was read at an
absorbance of 450 nm using an automatic microplate reader (Bio-Rad
Laboratories Inc, Hercules. CA). The concentration was calculated accord-
ing to the standard curves produced by various concentrations of recombi-
nant cytokines.

MTT assay

The effect of RANKL on proliferation of BMDCs was determined by the
MTT dye uptake method. Briefly, the cells (2000/well) were incubated in
triplicate in a 96-well plate in the presence or absence of RANKL in a final
volume of 0.1 mL for the indicated time periods at 37°C. Then, 0.025 mL
MTT solution (5 pg/mLin PBS) was added to each well. After incubation at
37°C for 2 hours, 0.1 mL of the extraction buffer (20% sodium dodecyl
sulfide [SDS]. 50% dimethylformamide) was added. Incubation was
continued overnight at 37°C, and then the optical density (OD) was
measured at 430 nm using an automatic microplate reader (Flow, McLean,
VA), with the extraction buffer as blank.

Western blot analysis

The cell extracts from the nucleus and cytoplasm of DCs were prepared
using the Nuclear/Cytosol Fractionation Kit (Bio Vision, Mountain View,
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CA). Cells were briefly washed, collected in ice-cold PBS in the presence of
phosphatase inhibitors, and centrifuged at 230g for 5 minutes. The pellets
were resuspended in a hypotonic buffer, treated with detergent, and
centrifuged at 14 000g for 30 seconds. After collection of the cytoplasmic
fraction, the nuclei were lysed and nuclear proteins were solubilized in Iysis
buffer containing protease inhibitors. A total of 50 g of each sample per
well was used for SDS-polyacrylamide gel electrophoresis. After blocking
with 5% nonfat milk. the membrane was incubated with primary antibodies
for TRAF6, IKK, p-IxBa. NF-kB p65 (RelA). and p50 (Santa Cruz
Biotechnology, Santa Cruz, CA). Antibody-antigen complexes were de-
tected using a horseradish peroxidase-conjugated secondary antibody.
Protein binding was visualized with enhanced chemiluminescence Western
blotting reagent (Amersham Biosciences, Arlington Heights, IL). Western
blotting using anti-Bcl-2, anti-Bel-xL, anti-Bax, anti-Bid (BD Bioscience),
anti—caspase-3, anti—caspase-8, and anti-caspase-9 Abs (Cell Signaling
Techuology, Beverly, MA), and anti-FLIP; (Santa Cruz Biotechnology)
was performed essentially as described for the lysis buffer. Control for
protein loading was provided by anti-mouse histone, or GAPDH mAb
(Sigma Chemical Co. St Louis, MO).

siRNA of Fas and RANK

For small interfering RNA (siRNA) of Fas and RANK, a siTrio Full Set
(B-Bridge International, Sunnyvale. CA) was used for amalyzing the
function of DCs. Briefly, each cocktail including the 3 RNA oligonucleo-
tides listed here was transfected into cells with a Silencer siRNA
Transfection Il kit (Ambion, Austin, TX). Sequences of the oligonucleotide
sets are as follows: Fas, GGGAAGGAGUACAUGGACATT (sense).
UGUCCAUGUACUCCUUCCCTT (antisense), CGAAAGUACCGGA-
AAAGAATT (sense). UUCUUUUCCGGUACUUUCGTT (antisense),
CCAGAAGGACCUUGGAAAATT (sense), UUUUCCAAGGUCCUU-
CUGGTT (antisense); and RANK, CCAAGGAGGCCCAGGCUUATT
(sense), UAAGCCUGGGCCUCCUUGGTT (antisense)., GGGAAAG-
CGCUGACAGCUATT (sense), UAGCUGUCAGCGCUUUCCCTT (anti-
sense). CUGAAAAGCACCUGACAAATT (sense), UUUGUCAG-
GUGCUUUUCAGTT. Transfected cells were incubated with or without
RANKL, and flow cytometric analysis was performed.

Confocal microscopic analysis

Immature DCs were seeded onto glass-bottom culture dishes (MatTek.
Ashland, MA) at a density of 500 cells/well and stimulated for 20, 60, or
120 minutes with RANKL. Subsequently, cells were washed and fixed in
cold 3% paraformaldehyde (PFA) in PBS for 10 minutes, then permeabil-
ized with 0.2% Triton-X in PBS for 2 minutes. The slides were then washed
thoroughly with PBS and incubated with optimal dilutions of the primary
Ab in PBS containing 1% bovine serum albumin (BSA)»-2.5% FBS in PBS
for 1 hour at room temperature. Cells were stained with optimal dilutions of
the primary Abs for 1 hour. After 3 washes with 0.0001% Triton-X in PBS.
the cells were stained with Alexa Fluor 488 goat anti-rabbit IgG (H + L:
Molecular Probes, Eugene, OR) or Texas red—conjugated goat anti-mouse
(Molecular Probes) as the second Abs for 30 minutes and washed with PBS.
For each fluorochrome label, negative control Abs were added. Finally, the
slides were incubated with 4'. 6-diamidino-2-phenylindole (DAPI) for
5 minutes to label the nuclei and mounted in Vectashield (Vector Labs,
Burlingame, CA) for analysis by confocal microscopy (LSM5 PASCAL,
Carl Zeiss, Gottingen, Germany). A 63 X 1.4 oil DIC objective lens was
used. Quick Operation Version 3.2 (Carl Zeiss) for imaging acquisition and
Adobe Photoshop CS2 (Adobe Systems. San Jose. CA) for image process-
ing were used.

Transfer of DCs

BMDCs were stimulated in vitro for 48 hours with 100 ng/mL RANKL and
50 pg/mL bovine type Il collagen (CII). RANKL-stimulated BMDCs were
transferred into the base of the tail by subcutaneous injections in 200 pL
PBS at the age of 4 weeks.
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