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Fig. 3. (a) Down-regulation of the Thl-type cytokine production in the SS model mice treated with
Clik60. Culture supernatants from anti-CD3 mAb-stimulated splenic T cells from Clik60-treated model
mice (8-week-old) contained a high level of IL-4, but low levels of IL-2 and IFN-y as measured by ELISA
(*P<0.005 and **P <0.001, Student’s -test). (b) Inhibition of serum autoantibody production to 120kD
a-fodrin was observed in two different recipient mice treated with Clik60 (¥1, #2) as shown by
immunoblotting. Part of this Figure included in reference by Suegusa et al. {2002).

epithelial cells may function, at least in part, as autoantigen-presenting cells
on the development of murine SS, and that inhibition of cathepsin S prevents the
autoantigen presentation and subsequent peptide binding by class II molecules.
MHC class II molecules bind a diverse array of peptides derived from the
endocytic pathway and present them to CD4* T cells. MHC class II molecules
are synthesized with their peptide-binding site blocked by Ii, and they acquire
the capacity to bind antigens only after Ii has been degraded in the compart-
ments. The treatment with cathepsin S-inhibitor was effective in preventing
the development of autoimmune lesions in the SS model mice. In addition,
Clik60-treated mice showed a significant downregulation of autoantigen
(JS-1)-specific T cell response and Thl cytokine expressions. These results
indicate that cathepsin S-inhibitor plays an important role for preventing
autoantigen presentation that followed by inhibition of autoimme exocrinopathy
in SS. ‘
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Therapeutic effects of specific inhibitors of Cathepsin L (Clik148) for Autoimmune
Diabetes (NOD) mice

We next examined the in vivo therapeutic effects of Clik60, Clik148, and
CA074 in NOD mice, a well-known strain of animal model for autoimmune
diabetes. Treatment with i.p. injection of Clik148 (0.1 mg/mouse/day) was
effective in preventing the glucose production in blood and urine from the
cychrophosphamide (CY)-treated NOD mice, but not in groups injected
with CAO074, and Clik60 (0.1 mg/mouse/day) (Fig. 4). To ensure the role of
autoantigen-reactive T cells, we examined the proliferative T cell responses in the
peripancreatic LNCs and spleen cells from CY-NOD mice and C57BL/6
control mice. We found that the peripancreatic LNCs and spleen cells in
CY-NOD mice showed a significant increase in autoantigen (GAD and insulin)-
specific T cell proliferation, but not in control mice, No significant differences
were observed in the proliferative response stimulated with OVA (10 pg/ml) and
ConA (5ug/ml) among these mice. Then, we examined the inhibitory effects of
cathepsin inhibitors against autoantigen-specific T cell responses in vitro. In
peripancreatic LNCs from CY-NOD mice, a significantly inhibitory effect of
Clik148 was observed in both anti-GAD and anti-insulin T cell responses, but no
effects were found in incubation with Clik60 or CA074 (Fig. 5). Moreover,
surface expressions of class II molecule induced by IFN-y, and TNF-« stimulation
in mouse islet f-cell line (Min6) was clearly inhibited by the incubation with
Clik148, but not with Clik60 and CA074 determined by flow cytometry (Fig. 6).
From these results, it was strongly suggested that Clik148 play a significant role in
preventing autoantigen presentation to generate class II molecules competent
for binding antigenic peptide, resulting in inhibition of autoimmune diabetes in
NOD mice. :
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Fig. 4. Treatment with i.p. injection of Clik148 (0.1 mg/mouse/day) was effective in preventing the
secretion of blood ghicose and urine glucose from the cychrophosphamide (CY)-treated NOD mice
("P<0.05, **P<0.01, Student’s t-test). The blood glucose level was monitored weekly with a glucometer
using 50 ul blood from tail vein, and urine glucose was monitored with Keto-Diastix.
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Fig. 5. Autoantigen (GAD and insulin)-stimulated proliferative T cell response of peripancreatic LNGCs
from NOD mice was significantly inhibited by incubation with Clik148, but not with Clik60, and CA074
(**P<0.01, Student’s ¢-test). Data are expressed as stimulation indices (SI) £ standard error of the mean
(s.e.m.). Three experiments from each group were performed.
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Fig. 6. Expression of MHC class I molecule induced by IFN-y (100 U/ml), and TNF-a (100 U/mi)-
stimulation in mouse islet f-cell line (Min6) was significantly inhibited by the treatment with Clik148, but
not with Clik60, and CA074 (**P<0.01, Student’s (-test). Three experiments from each group were
performed.

Differential effect of cathepsin S and L on Antigen presentation

Recent studies have shown that cathepsin S and cathepsin L are important for Ag
presentation by discrete populations of cells (Nakagawa et al., 1998, 1999; Shi et al.,
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1999). Active cathepsin S was detected in B cells, dendritic cells (DCs), and
peritoneal macrophages, where it was shown to be involved in the late stages of Ii
degradation (Shi et al, 1999). By contrast, cathepsin L was detected only in
macrophages and cortical thymic epithelial cells, where a defect resulted in severely
impaired CD4 " T cell selection (Nakagawa et al., 1998). Thus, it would appear that
different APCs utilize distinct cathepsins to mediate late stage Ii degradation and
regulate MHC class II presentation. Moreover, cathepsin S-deficient mice showed
diminished susceptibility to collagen-induced arthritis, suggesting a potential
therapeutic target for regulation of immune responsiveness (Nakagawa et al.,
1999). Because of this cell type-restricted expression, cathepsin L deficiency results in
diminished positive selection of CD4* T cells but does not significantly affect Ag
presentation by bone marrow-derived APCs (Nakagawa et al., 1998). In contrast to
Ii degradation, little is known about Ag processing, i.e., the proteolytic mechanisms
that generate particular T cell epitopes. Early studies found that inhibition of
lysosomal acidification interferes with proteolysis and Ag presentation, implicating
lysosomal proteases (Watts, 1997). Evaluation of cathepsin L and cathepsin S has
focused on their roles in Ii degradation and not in Ag processing (Villadangos and
Ploegh, 2000). Recent evidence has demonstrated that several cathepsins are
expressed in a tissue-specific fashion and that partial proteolysis of specific biological
targets is a key function of cathepsins in antigen processing. We confirmed that
mouse salivary gland cells and pancreas f islet cells might play an important role for
presenting autopeptide in the autoimmune responses, and that inhibition of
cathepsin S and cathepsin L prevents the surface expression of peptide/class 1T
complex formation. The differential expression of proteinases by distinct APCs may
affect the types of autoantigen peptides that are presented to T cells and thereby the
immune responses that are ultimately generated. Our experiments support the
hypothesis that cathepsin S, and cathepsin L, previously shown to be important in Ii
processing in vitro, regulates MHC class II function and subsequent autoimmune
responses in vivo. Thus, selective inhibition of cysteine proteases cathepsin S and
cathepsin L may have important therapeutic potential in modulating class II—
restricted autoimmune processes.

Summary

The cysteinal lysosomal proteases, cathepsin S and cathepsin L have been shown
to process invariant chain, thereby facilitating MHC class IT maturation. However,
their role in antigen processing is not established. Studies examined the functional
significance of cathepsin inhibition on antigen processing and autoimmune diseases
in murine models for SS and non-obese type-I diabetes model (NOD). Specific
inhibitor of cathepsin S (Clik60) in vitro markedly impaired presentation of an
organ-specific autoantigen, 120kD o-fodrin, by interfering with MHC class TI—
peptide binding. Antigen-specific T cell responses were significantly inhibited by
incubation with Clik60 in dose-dependent manner. Ttreatment with Clik60 in vivo
profoundly blocked lymphocytic infiltrations in the salivary and lacrimal glands and
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abrogated a rise in serum autoantibody production. Moreover, treatment with i.p.
injection of specific inhibitor of cathepsin L (Clik148) was effective in preventing the
glucose production in blood and urine from NOD mice, but not in groups injected
with CA074 and Clik60. Clik148 markedly impaired presentation of autoantigens
including insulin and GAD in NOD mice. Thus, inhibition of cathepsin activity
in vivo alters autoantigen presentation and development of autoimmunity. Our
experiments demonstrate that selective inhibition of cysteine proteases is an
additional potential strategy for modulating the autoantigen-derived immune
response in class IT—restricted autoimmune diseases including Sjégren’s syndrome
and autoimmune diabetes.
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Effective Treatment of a Mouse Model of
Sjogren’s Syndrome With Eyedrop Administration of
Anti-CD4 Monoclonal Antibody
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Objective. To determine whether eyedrop admin-
istration of an anti-CD4 monoclonal antibody (mAb) is
effective in the treatment of Sjogren’s syndrome (SS)
using a mouse model of the disease.

Methods. The anti-CD4 mAb was administered
daily into the eyes of mice with SS from ages 4 to 8 weeks
or ages 10 to 12 weeks. During treatment, tear volume
was monitored and after final treatment, histologic
features of the lacrimal and salivary glands, the pheno-
types and function of T cells, and serum titers of
anti-a-fodrin antibody were examined.

Results. Eyedrop administration of anti-CD4
mAb before the onset of SS prevented the autoimmune
pathology seen in the Jacrimal glands but not that in the
salivary glands. Furthermore, eyedrop administration
of anti-CD4 mAb after the development of SS inhibited
mononuclear cell infiltration and the destruction of
parenchyma only in the lacrimal glands. Eyedrop ad-
ministration of anti-CD4 mAb suppressed the local
activation of CD4+ T cells rather than deleting CD4+ T
cells, which reduced the expansion of pathologic CD4+
T cells against a-fodrin.

Conclusion. These results demonstrate the re-
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markable efficacy of anti-CD4 mAb eyedrops in the
treatment of SS eye symptoms, which illustrates a new
antibody-based therapeutic strategy for patients with
eye problems caused by SS as well as other diseases.

The immune system has acquired regulatory sys-
tems that preclude the reactivity of mature T cells
against self antigens presented by major histocompati-
bility complex (MHC), while maintaining an ability to
respond to non-self antigens presented by self MHC
(1,2). The deletion of T cells that have T cell receptors
with a high affinity for self antigens in the thymus is an
important mechanism for self-tolerance induction and
many other systems, including apoptosis, anergy of ma-
ture T cells and regulatory T cells, and control T cell
tolerance (3-5). The dysregulation of T cell tolerance
induction/maintenance is considered to be responsible
for many types of autoimmune diseases, and a variety of
mechanisms for causing autoimmune diseases have been
proposed (5-9). However, the precise mechanisms of
human autoimmune diseases remain unclear, and this
prevents the establishment of specific therapeutic strat-
egies for these conditions.

Sjogren’s syndrome (SS) is an autoimmune dis-
ease characterized by the destruction of lacrimal and
salivary glands, resulting in dry eyes and dry mouth as
the major symptoms (10). Because SS patients have high
titers of autoantibodies, including anti-SSA/Ro and SSB/
La, abnormal T and B cell activation has been consid-
ered to cause SS (10,11). We have established and
investigated an animal model of SS in NFS/sld-mutant
mice thymectomized 3 days after birth and found that
the 120-kd a-fodrin protein is a critical autoantigen in
the development of SS in this mouse model (12-14).
Furthermore, we and other investigators (12,15) have
found that patients with SS have high titers of serum
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anti-a-fodrin antibody, suggesting that a-fodrin is a
critical autoantigen for the onset or progression of
human SS. Although the mechanism of autoimmune
disorders in the lacrimal and salivary glands in this
mouse model is still unclear, autoreactive CD4+ T cells
are responsible for the destruction of the lacrimal and
salivary glands in this model (16-18) as well as in human
SS (19,20).

Patients with SS are treated with oral or intrave-
nous immunosuppressive drugs, including steroids and
cyclosporin A (CSA), which suppress T cell proliferation
(10). Such drugs are effective in certain SS patients, but
sometimes induce severe side effects (10). The charac-
teristic symptom of SS is dry eyes (10,21), so it is better
to treat this symptom with eyedrop (ED) administration
of drugs rather than systemically. In this regard, topical
CSA has been successfully used as a treatment for the
eye symptoms of SS (22), although double-blind clinical
studies of SS patients are necessary for the final deter-
mination of its efficacy.

To establish a topical therapeutic strategy for the
eye symptoms of SS patients, we evaluated ED admin-
istration of anti-CD4 monoclonal antibody (mAb) in a
mouse model of SS. The anti-CD4 mAb specifically
affects CD4+ T cell activation, the dysregulation of
which is responsible for the development of SS symp-
toms in mice and humans (16-18). Although an antibody
is a high molecular weight glycoprotein, we found that
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ED administration of anti-CD4 prevented the onset as
well as the progression of autoimmune responses in the
lacrimal glands in mice with SS by inhibiting CD4+ T
cell activation, possibly through infiltration of the anti-
body into the lacrimal glands. These findings suggest
that it might be possible to treat the eye symptoms of
humans with SS as well as other diseases with ED
administration of antibodies that recognize critical mol-
ecules that cause each disease.

MATERIALS AND METHODS

Mice and experimental protocol. Female NFS/sld mice
carrying the mutant gene sld (23) were bred in our specific
pathogen—free mouse colony and were provided with food and
water ad libitum. A thymectomy was performed on NFS/sld
mice 3 days after birth (3d-Tx mice), as previously described
(12,24). For the eyedrops, 2 ul of anti-CD4 mAb (GK1.5)
dissolved in phosphate buffered saline was prepared in our
laboratory (1 mg/ml) and applied with a micropipette to both
eyes once a day from 4 to 8 weeks of age or from 10 to 12 weeks
of age. As a control, rat IgG eyedrops (Inter-Cell Technolo-
gies, Hopewell, NJ) were used.

Histologic examination. The mice were killed at 8 or
12 weeks of age. All organs were removed, fixed in 4%
phosphate buffered formaldehyde (pH 7.2), and prepared for
histologic examination. Sections were stained with hematoxylin
and eosin (H&E). Histologic grading of inflammatory lesions
was performed according to the method proposed by White
and Casarett (25), as follows: 1 = 1-5 foci composed of >20
mononuclear cells per focus, 2 = >5 such foci, but without

Sublingual Lacrimal

Figure 1. Suppression of autoimmune responses in lacrimal glands by treatment with eyedrop
(ED) administration of CD4. Mice thymectomized 3 days after birth were treated with ED
administration of control IgG or anti-CD4 monoclonal antibody (mAb) from ages 4 to 8 weeks, The
lacrimal, parotid, submandibular, or sublingual glands were removed 4 weeks after initial treatment
and stained with hematoxylin and eosin. As a control, nonthymectomized (non-Tx) NSF/sld mice
were used. Results are representative of 4 independent experiments.
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Figure 2. Prevention of the onset of autoimmune responses by ED
administration of CD4 in lacrimal glands only. A, The 3-day-old
thymectomized (3d-Tx) mice were treated with eyedrop (ED) admin-
istration of control IgG (hatched bars) or anti-CD4 mAb (solid bars)
from ages 4 to 8 weeks. The lacrimal, parotid, submandibular, or
sublingual glands were removed 4 weeks after initial treatment and
stained with hematoxylin and eosin. As a control, nonthymectomized
(non-Tx) NSF/sid mice were used (open bars). The histologic scores of
each gland were evaluated as described in Materials and Methods.
Values are the mean and SEM of 7 mice. * = P < 0.01. B, The 3d-Tx
mice were treated with ED administration of control IgG (hatched
bats) or anti-CD4 mAb (solid bars) from ages 4 to 8 weeks. As a
control, non-Tx NSE/sld mice were used (open bars). The tear volume
of each mouse was evaluated as described in Materials and Methods.
Values are the mean and SEM of 9 mice. * = P < 0.05; #x = P < 0.01.

significant parenchymal destruction, 3 = degeneration of
parenchymal tissue, 4 = extensive infiltration of the glands
with mononuclear cells and extensive parenchymal destruc-
tion, and 5 = severe destructive foci with focal fibrosis, ductal
dilation, and/or fatty infiltration in addition to the grade 4
lesions. Histologic evaluation of the lacrimal and salivary
glands was performed in a blinded manner, and 1 tissue section
from each lacrimal and salivary gland was examined.

Flow cytometric analysis. Single-cell suspensions from
the lymph nodes or spleen were stained with a combination of

phycoerythrin (PE)—conjugated anti-CD4 mAb and fluores- .

cein isothiocyanate-conjugated anti-CD8 mAb or PE-
conjugated anti-CD4 mAb and cytochrome-conjugated anti-
CD44 mAb and analyzed with a FACSCalibur flow cytometer
(Becton Dickinson, Mountain View, CA). Cells were gated

according to size and scatter to eliminate dead cells and debris
from analysis. All antibodies were from BD Transduction
Laboratories (San Jose, CA).

Measurement of fluid secretion. Analysis of the tear
and saliva volume of 15 treated and 15 untreated 3d-Tx
NFS/sld mice and 12 non-3d-Tx NFS/sld mice was performed .
according to a previously described method (26). A total of 42
mice were examined.

Proliferation assay. Total spleen cells or cervical
lymph node cells (5 X 10°/well) in RPMI 1640 containing 10%
fetal calf serum, penicillin/streptomycin, and 2-mercaptoethanol
were stimulated with recombinant a-fodrin protein (75-1) (12) or
2.0 pg/ml concanavalin A (Con A; Sigma, St. Louis, MO) in
96-well, flat-bottomed plates for 72 hours. Then, *H-thymidine (1
pCifwell; NEN Life Science Products, Boston, MA) was pulsed
into the cell mixture during the final 20 hours of culture.
Incorporation of *H-thymidine was evaluated by an automated
B-liquid scintillation counter (MicroPlus; Wallace, Turku, Fin-
land).

Enzyme-linked immunosorbent assay (ELISA). The
96-well plates were coated with JS-1 (12). After washing the
protein, diluted serum from mice with SS was added. Biotin-
ylated anti-mouse IgG (Vector, Burlingame, CA) was added as
the second antibody. The JS-1-specific antibodies were mea-
sured by an automatic ELISA reader (Flow, McLean, VA).

Statistical analysis. The results of histologic, tear
secretion, and flow cytometric analyses as well as proliferation
assay and ELISA were evaluated by Student’s ¢-test.

RESULTS

Prevention of the onset of autoimmune pathology
in lacrimal glands by ED administration of CD4. The
3d-Tx NFS/sld mice began to develop autoimmune
lesions in the lacrimal and salivary glands at 4 weeks of
age or later, while no inflammatory lesions were ob-
served in non-3d-Tx NFS/sld mice (12). To evaluate
whether ED administration of CD4 was effective for
preventing the onset of SS autoimmune pathology,
anti-CD4 mADb was applied daily to both eyes of 3d-Tx
mice from 4 to 8 weeks of age. Then the histologic
features of the lacrimal, parotid, submandibular, and
sublingual glands of anti-CD4 mAb- or control IgG-
treated mice were evaluated by H&E staining (Figures 1
and 2). The lacrimal, parotid, submandibular, and sub-
lingual glands of control IgG-treated 3d-Tx mice showed
massive infiltration of mononuclear cells around ducts,
as well as destruction of parenchyma, 4 weeks after
initial treatment (Figure 1).

In contrast, the infiltration of mononuclear cells
as well as the destruction of parenchyma was inhibited in
the lacrimal glands; but not the parotid, submandibular,
and sublingual glands, of 3d-Tx mice treated with ED
administration of CD4 (Figure 1). The non-3d-Tx NSF/
sld mice did not develop any autoimmune responses
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Figure 3. Suppression of established autoimmune responses in lacrimal glands by ED adminis-
tration of CD4. The 3d-Tx mice were treated with ED administration of control IgG or anti-CD4
mAb from ages 10 to 12 weeks. The lacrimal, parotid, submandibular, or sublingual glands were
removed 2 weeks after initial treatment and stained with hematoxylin and eosin. Results are
representative of 3 independent experiments. See Figure 2 for definitions.

(Figure 1). Those histologic findings were scored 4
weeks after initial treatment, as described in Materials
and Methods (Figure 2A). The 3d-Tx NFS/sld mice
treated with ED administration of CD4 had significantly
inhibited autoimmune responses only in the lacrimal
glands (P < 0.01) (Figure 2A), although there were still
very small foci of infiltrating mononuclear cells in the
lacrimal glands. Furthermore, the average tear volume
of mice treated with ED administration of CD4 signifi-
cantly recovered to the level of control IgG-treated mice
(Figure 2B). These results demonstrate that ED admin-
istration of CD4 specifically suppressed the onset of
autoimmune responses in the lacrimal glands, but not
the salivary glands.

Suppression of already developed autoimmune
pathology by ED administration of CD4. It is necessary
to consider the clinical use of a therapeutic strategy and
establish one that can suppress autoimmune pathology
that has already developed. Thus, in order to examine
the effect of ED administration of CD4 on the auto-
immune lesions of mice that had already developed SS,
we initiated treatment at 10 weeks of age and continued
it for 2 weeks. Then, histologic sections of the lacrimal,
parotid, submandibular, and sublingual glands were
examined by H&E staining 2 weeks after initial treat-
ment. ED administration of CD4 suppressed the cell
infiltration and parenchyma destruction of the lacrimal
glands, but not of the parotid, submandibular, or sublin-
gual glands (Figure 3), similar to the therapeutic effects
of ED administration of CD4 before the onset of
autoimmune diseases (Figures 1 and 2). The histologic
scores clearly demonstrated that the therapeutic effect is
limited only to the lacrimal glands (Figure 4A), indicat-

ing that ED administration of CD4 also has the potential
to suppress progression of already developed auto-
immune diseases. In contrast, the tear volume of mice
treated with ED administration of CD4 was not signifi-
cantly increased compared with that of mice treated with
control IgG (Figure 4B).

CD4+ T cell number augmented and activation
inhibited by ED administration of CD4. The anti-CD4
mAb used can cause the deletion of CD4+ T cells when
injected into mice and can block the interaction between
CD4 and class I MHC (27,28). Thus, we next examined
whether the therapeutic effect of ED administration of
CD4 on 3d-Tx NFS/sld mice was attributable to the
deletion of CD4+ T cells or the inhibition of CD4+ T
cell activation.

Cervical lymph node cells and spleen cells were
purified from 3d-Tx NFS/sld mice treated with ED
administration of CD4 from 4 to 8 weeks of age or 10 to
12 weeks of age. In mice treated from 4 to 8 weeks of
age, the relative number of CD4+ T cells from lymph
nodes was increased compared with the number of
CD8+ T cells and compared with the control IgG-
treated group (Figure 5A). Since the total cell number
did not change with ED administration of CD4 (Figure
5A), only the total CD4+ T cells and not the CD8+ T
cells increased. The relative and total numbers of both
CD4+ and CD8+ T cells from lymph nodes were
increased in mice treated with ED administration of
CD4 from 10 to 12 weeks of age (Figure 5B). In contrast,
the number of CD4+ and CD8+ T cells from the spleen
did not change with ED administration of CD4 in either
group (data not shown).

We next examined CD44 expression on CD4+ T
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Figure 4. Prevention of the progression of autoimmune responses by
ED administration of CD4 in lacrimal glands only. A, The 3d-Tx mice
were treated with ED administration of control IgG (hatched bars) or
anti-CD4 mAb (solid bars) from ages 10 to 12 weeks. The lacrimal,
parotid, submandibular, or sublingual glands were removed 2 weeks after
initial treatment and stained with hematoxylin and eosin, The histologic
scores of each gland were evaluated as described in Materials and
Methods. Values are the mean and SEM of 7 mice. * = P < 0.05. B, The
3d-Tx mice were treated with ED administration of control IgG (hatched
bars) or anti-CD4 mAb (solid bars) from ages 10 to 12 weeks. The tear
volume of each mouse was evaluated as described in Materials and
Methods. Values are the mean and SEM of 5 mice. See Figure 2 for
definitions.

cells because CD44 is known to be highly expressed on
activated T cells and memory T cells (29). Lymph node
CD4+ T cells from mice treated with ED administration
of CD4 from ages 4 to 8 weeks and ages 10 to 12 weeks
expressed lower levels of CD44 compared with those from
the control IgG-treated group (Figures 5A and B). In
contrast, the expression level of CD44 on splenic CD4+ T
cells from 3d-Tx mice treated with ED administration of
CD4 was similar to that from control IgG-treated mice
(data not shown). Taken together, these results demon-
strate that ED administration of CD4 inhibited the activa-

tion of CD4+ T cells infiltrating into the lacrimal glands,
but did not delete the CD4+ T cells.

Reduction of JS-1-specific T cell response by ED
administration of CD4. We previously reported that
CD4+ T cells from 3d-Tx mice responded to the
a-fodrin JS-1 peptide (13). Thus, we examined whether
ED administration of CD4 affects the JS-1-specific
proliferative response of lymph node cells from 3d-Tx
mice. Cervical lymph node cells were purified after ED
administration of CD4 from 4 to 8 weeks of age or 10 to
12 weeks of age and were stimulated with JS-1 or Con A.
As previously reported, lymph node T cells from control
IgG-treated mice at 8 to 12 weeks of age vigorously
proliferated in response to JS-1 (Figures 6A and B). In
contrast, the JS-1-specific T cell responses were lower in
mice treated with ED administration of CD4 both from
4 to 8 weeks of age and 10 to 12 weeks of age than in
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Figure 5. Flow cytometric analysis of lymph node cells. Cervical
lymph node cells from 3d-Tx mice that were treated with ED admin-
istration of control IgG or anti-CD4 mAb from ages 4 to 8 weeks (A)
or ages 10 to 12 weeks (B) were stained with phycoerythrin (PE)-
conjugated anti-CD4 mAb and fluorescein isothiocyanate-conjugated
anti-CD8 mAb or PE-conjugated anti-CD44 mAb and cytochrome-
conjugated anti-CD44 mAb and analyzed by flow cytometry. The total
cell number is indicated across the top. Results are representative of at
least 3 independent experiments. * = P < .05 by Student’s unpaired
t-test. See Figure 2 for other definitions.
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Figure 6. Proliferative response of JS-1-specific T cells and serum
titer of anti-JS-1 antibody. The cervical lymph node cells from 3d-Tx
mice that were treated with ED administration of control 1gG (left) or
anti-CD4 mAb (right) from A, ages 4 to 8 weeks or B, ages 10 to 12
weeks were stimulated with JS-1 peptide or concanavalin A (Con A)
for 72 hours, and incorporation of *H-thymidine into cells during the
final 12 hours was evaluated. Values are the mean and SEM of 7 mice.
* = P < 0.01. C, Levels of serum autoantibody against 120-kd a-fodrin
(J5-1) in 3d-Tx mice that were treated with ED administration of
control IgG (hatched bars) or anti-CD4 mAb (solid bars) from ages 4
to 8 weeks or ages 10 to 12 weeks were measured by enzyme-linked
immunosorbent assay. Non-Tx mice were used as controls (open bars).
Values are the mean and SEM of 7 mice. OD = optical density; * =
P < 0.05. See Figure 2 for other definitions.

control IgG-treated mice (Figures 6A and B). The
inhibitory effects of anti-CD4 mAb appeared to be
stronger when administered from 8 to 12 weeks of age
(Figures 6A and B). The response to Con A was higher
in groups treated with ED administration of CD4 (Fig-
ures 6A and B), arguing against the possibility that ED
administration of CD4 suppressed total T cell responses.
These results demonstrate the reduced expansion of
JS-1-specific T cells in mice treated with ED adminis-
tration of CD4, which is consistent with the low CD44

HAYASHI ET AL

expression on CD4+ T cells from mice treated with ED
administration of CD4,

Reduced titer of serum antibody against
a-fodrin. The 3d-Tx mice have high titers of serum
autoantibody against recombinant «-fodrin protein
(JS-1) (12). Thus, we examined whether the local treat-
ment with ED administration of CD4 affected serum
levels of autoantibody against a-fodrin in the mice with
SS. The titer of serum antibody against a-fodrin was
evaluated after treatment of 3d-Tx mice with ED admin-
istration of CD4 from 4 to 8 weeks of age or 10 to 12
weeks of age. As shown in Figure 6, the titer of
autoantibody against a-fodrin was lower in mice treated
from ages 4 to 8 weeks and ages 10 to 12 weeks
compared with control IgG-treated groups (Figure 6C).
The decreased serum titer of autoantibody against
a-fodrin suggests that ED administration of CD4 af-
fected autoimmune pathology only in the lacrimal glands
but was able to suppress systemic production of
a-fodrin-specific autoantibody.

DISCUSSION

Patients with SS have generally been treated with
systemic administration of immunosuppressive drugs
(10,21). Despite the effectiveness of such drugs, it is
better to establish a local therapeutic strategy for eye
and mouth symptoms of SS because the systemic use of
immunosuppressive drugs induces severe side effects
(21). In this study, we evaluated whether ED adminis-
tration of CD4 effectively inhibits autoimmune pathol-
ogy in the lacrimal glands of a mouse model of SS 12).
We have previously reported that anti-CD86 mAb treat-
ment improved the autoimmune pathology in both the
lacrimal and the salivary glands of mice with SS (30). We
used an antibody because the specific binding ability of
a mAb against the target molecule allows the establish-
ment of a molecule-specific therapeutic strategy with
fewer side effects. Although an antibody is a large
molecular weight glycoprotein, we demonstrated that
ED administration of CD4 effectively inhibited both the
onset and the progression of autoimmune responses
only in the lacrimal glands of mice with SS. Although we
did not simply compare the efficacy of topical adminis-
tration of anti-CD4 mAb with that of systemic adminis-
tration, this successful therapeutic effect of anti-CD4
mAb would provide the possibility of establishing a new
form of antibody-based therapy for patients with eye
symptoms caused by SS as well as other types of
diseases.

ED administration of CD4 increased the total
number of CD4+ T cells in cervical lymph nodes after a
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4-week treatment starting at the age of 4 weeks, and
increased both CD4+ and CD8+ T cells after a 2-week
treatment starting at the age of 10 weeks. After ED
administration of CD4, the resultant CD4+ T cells
expressed low levels of CD44 compared with those after
treatment with control IgG. The results suggest that the
main therapeutic effect of the anti-CD4 mAb in the
pathology of SS is the inhbition of CD4+ T cell activa-
tion rather than the deletion of CD4+ T cells, although
the anti-CD4 mAb both blocks the interaction between
CD4 and class I MHC and deletes CD4+ T cells in vivo
(27,28). The increase in T cells after ED administration
of CD4 would be due to reduced CD4+ T cell activa-
tion, resulting in a decrease in the activation-induced
death of CD4+ T cells, which may explain the larger
relative cell numbers in the anti-CD4 mAb-treated mice
than in the control IgG-treated mice. This is supported
by results from a previous study (20) demonstrating
increased CD4+ T cell apoptosis in humans with SS.
Furthermore, in our preliminary experiments, we ob-
served a decrease in annexin V-positive CD4+ T cells in
lymph nodes from mice treated with ED administration
of CD4 (data not shown).

Nevertheless, it will be important to evaluate the
mechariistic basis of the effect of anti-CD4 mAb. In
particular, the number of lymphocytes in the lacrimal
glands significantly decreased after a 2-week treatment
of ED administration of CD4 starting at 10 weeks of age,
which suggests the contribution of cytolytic as well as
inhibitory activity of anti-CD4 mAb to the inhibition of
autoimmune pathology. In addition, the suppressed ac-
tivation of CD4+ T cells might decrease the activation
of antigen-presenting cells or direct the help of CD8+ T
cells, which also suppresses the initial expansion of
CD8+ T cells, resulting in activation-induced cell death
from ages 10 to 12 weeks but not ages 4 to 8 weeks. The
differential mode of activation of CD8+ T cells during
the initial and progression stages of diseases suggests
that CD8+ T cells are required in the progression stage
of SS. We are currently performing experiments using
anti-CD8 mAb eyedrops to address this issue.

One might argue whether CD25+ regulatory T
cells play some role in the effect of ED administration of
CD4 in this mouse model because a thymectomy was
performed 3 days after birth in the mice with SS.
However, we do not think that CD25+ regulatory T cells
significantly contribute to the therapeutic effect of ED
administration of CD4 because the relative number of
CD25+ T cells in regional lymph nodes is not increased
in mice treated with ED administration of CD4 (data not
shown). Recently, several groups have demonstrated
that regulatory T cells differentiated from naive CD25+
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T cells (31,32), although there are no appropriate cell
surface markers to distinguish such regulatory T cells
from effector T cells. Thus, it would be interesting to
evaluate the contribution of such regulatory T cells to
the inhibition of autoimmune pathology by ED admin-
istration of CD4.

ED administration of CD4 inhibited CD4+ T cell
activation in cervical lymph node cells but not spleen
cells, indicating that anti-CD4 mAb locally affects T cell
activation. Although an antibody is a high molecular
weight glycoprotein, we have observed the localization
of anti-CD4 mAb in the lacrimal glands but not the
spleen or regional lymph nodes (Hayashi Y, et al:
unpublished observations). Thus, we think that anti-CD4
mAb blocks the activation of pathologic CD4+ T cells
by interfering with class II MHC interactions in the
lacrimal glands. Nevertheless, it remains unclear how
large glycoproteins migrate into the parenchyma of the
lacrimal glands, and this must be addressed in a future
study.

We showed that ED administration of CD4 re-
duces serum anti-JS-1 autoantibody levels. These results
suggest that ED administration of CD4 inhibited local
JS-1-specific CD4+ T cell activation, which impaired T
cell help to activate JS-1-specific B cells. Although ED
administration of CD4 inhibited autoimmune pathology
only in the lacrimal glands, it almost completely elimi-
nated serum JS-1-specific autoantibody. There are 2
possible explanations for this result. The first is that the
major helper T cells to induce JS-1-specific autoanti-
body might be from infiltrating T cells in the lacrimal
glands. However, we think this possibility is unlikely
because a-fodrin protein is present both in the lacrimal
and the salivary glands, and transfer of infiltrating
CD4+ T cells into the salivary glands in normal mice is
able to cause SS-like lesions with autoantibody produc-
tion (33). The second possibility is that ED administra-
tion of CD4 can prevent T cell help to activate B cells
both in the lacrimal and the salivary glands but cannot
sufficiently suppress autoimmune pathology in the sali-
vary glands. The direct contribution of CD4+ T cells in
the absence of B cells to the autoimmune pathology in
this mouse model should be evaluated to address this
possibility.

Several groups have examined the effect of ED
administration of CSA as a treatment for SS and re-
ported on its positive effect on autoimmune pathology
(22,34). However, since systemic injection of CSA in-
duces severe side effects in renal arteries (10), it is
possible that even CSA eyedrops can induce some side
effects in the eye. In this regard, antibodies have the
ability to bind very specifically to their target receptor,
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which suggests that it is possible to establish a therapeu-
tic strategy with fewer side effects. Indeed, the applica-
tion of 2 ug of anti-CD4 mAb daily did not induce any
side effects histologically (data not shown). We did not
observe any changes in cell number or activation status
in the spleen with ED administration of CD4, which
repudiates the possibility that anti-CD4 mAb enters into
the circulation.

Several aspects of this model system illustrate
important issues for future trials with antibody-based
therapeutics. A variety of cell surface molecules have
been reported to be responsible for the progression of
eye symptoms in SS as well as other diseases (17,35,36).
Thus, this antibody-based topical therapy may also be
applicable to other types of antibodies or diseases,
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Estrogen De‘ﬁciehcy Accelerates Murine Autoimmune
Arthritis Associated with Receptor Activator of Nuclear

Factor-«B Ligand-Mediated Osteoclastogenesis
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The aims of this study were to evaluate the in vivo effects of
estrogen deficiency in MRL/Ipr mice as a model for rheu-
matoid arthritis and to analyze the possible relationship
between immune dysregulation and receptor activator of
nuclear factor-xB ligand (RANKL)-mediated osteoclasto-
genesis, Experimental studies were performed in ovariec-
tomized (Ovx)-MRL/Ipr, Ovx-MRL+/+, sham-operated-MRL/
Ipr, and sham-operated-MRL+/+ mice. Severe autoimmune
arthritis developed in younger Ovx-MRL/Ipr mice until 24 wk
of age, whereas these lesions were entirely recovered by phar-
macological levels of estrogen administration. A significant
elevation in serum rheumatoeid factor, anti-double-stranded

DNA, and anti-type II collagen was found in Ovx-MRL/[pr mice
and recovered in mice that underwent estrogen administra-
tion. A high proportion of CD4" T cells bearing RANKL was
found, and an enhanced expression of RANKL mRNA and an
impaired osteoprotegerin mRNA was detected in the syno-
vium, An increase in both osteoclast formation and bone re-
sorption pits was found. These results indicate that estrogen
deficiency may play a crucial role in acceleration of autoim-
mune arthritis associated with RANKL-mediated osteoclas-
togenesis in a murine model for rheumatoid arthritis. (Endo-
crinology 145: 2384-2391, 2004)

T IS WELL KNOWN that sex steroids have significant
impact on the development of autoimmune diseases in
both humans and rodents. In particular, estrogen has been
suggested to be responsible for the strong female prepon-
derance of the human rheumatoid arthritis (RA), systemic
lupus erythematosus, scleroderma, and Sjdgren’s syndrome
(1-8), but the role of estrogens in the female has not been fully
characterized. RA is a chronic inflammatory disease charac-
terized by invasive synovial hyperplasia leading to progres-
sive joint destruction. Rheumatoid synovial cells are not only
morphologically characterized by their transformed appear-
ance (4) but also are phenotypically transformed to prolif-
etate abnormally (5, 6). These cells invade bone and cartilage
by producing an elevated amount of proinflammatory cy-
tokines (7) and matrix metalloproteinases (MMPs) (8) and by
inducing osteoclast (OC) formation and activation (9, 10).
~ OCs, the multinucleated cells exclusively responsible for
bone resorption, have been observed to resorb bone actively
at the site of invasion of the proliferated synovial membrane
into the adjacent bone (11). The cell types responsible for
bone resorption in RA have been characterized as authentic

Abbreviations: Ab, Antibody; CII, type 2 collagen; DC, dendritic cell;
dsDNA, double-stranded DNA; ER, estrogen receptor; IFN, interferon;
IRF, IFN regulatory factor; LN, lymphnode; mAb, monoclonal antibody;
MMP, matrix metalloproteinase; OC, osteoclast; OPG, osteoprotegerin;
Ovx, ovariectomized; RA, rheumatoid arthritis; RANK, RANKL recep-
tor; RANKL, receptor activator of nuclear factor-«B ligand; RF, rheu-
matoid factor; sham, sham-operated; TRAP, tartrate-resistant acid
phosphatase.
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OCs (12), and it was reported that rheumatoid synovial fibro-
blasts are involved in bone destruction by inducing osteoclas-
togenesis (13). However, the exact mechanisms involved in the
formation and activation of OCs in RA are still unclear.

Receptor activator of nuclear facto-«B ligand (RANKL)
(14) is a regulator of the immune system and of bone de-
velopment (15). RANKL is expressed on activated T cells (16),
and a major target for RANKL in the immune system appears
to be mature dendritic cells (DCs) that express a high level
of RANKL receptor (RANK) (17). In vitro, RANKL promotes
the survival of mature DCs, most likely by up-regulating the
expression of Bcl-XL (18), and induces the production of
proinflammatory cytokines, such as IL-1 and IL-6, and cy-
tokines that stimulate and induce differentiation of T cells,
such as IL-12 and IL-15 (19). Therefore, RANKL is likely to
act as a positive-feedback regulator during productive T
cell-DC interactions (20).

The MRL/Ipr mouse strain was chosen to test the estro-
genic action because it has a genetic predisposition to ar-
thritis with characteristics similar to those of human RA
including cell infiltration, pannus formation, bone and car-
tilage breakdown, and the presence of serum rheumatoid
factor (RF) (21-23). The aim of this study was to analyze the in
vivo effects of estrogen deficiency on the development of au-
toimmune arthritis in MRL/Ipr mice and to evaluate the pos-
sible relationship with RANKL-mediated osteoclastogenesis.

Materials and Methods
Mice and treatment

MRL/Mp-lpr/lpr (MRL/Ipt, age 4-24 wk; n = 108) and MRL+/+
mice (age 4-24 wk; n = 58) were purchased from Charles River Japan



Yoneda et al. ® RANKL-Mediated Osteoclastogenesis

Inc. (Atsugi, Japan), and were fed under specific pathogen-free condi-
tions. Female MRL/Ipr mice and MRL+/+ mice (4 wk of age) were
ovariectomized (Ovx) and compared with sham-operated (sham)-MRL/
Ipr and MRL+/+ mice. Six to 10 mice in each group were analyzed at
8,12, 16, 20, and 24 wk of age. Ovx-MRL/Ipr mice were administered
im with 60 mg/kg-wk estrogen (Ovahormine depo; Teikoku Zouki Inc.,
Tokyo, Japan) in sesame oil or sc with 25 mg/kg:d testosterone (Wako
Pure Chemical, Osaka, Japan) from 420 wk of age. Care of the mice was
in accordance with institutional guidelines.

Histology and immunohistology

All organs were removed from the mice and fixed with 10% phos-
phate-buffered formalin, and ankles were further decalcified in 10%
EDTA. Sections (4 um in thickness) were stained with hematoxylin and
eosin. Histological grading of inflammatory arthritis was done accord-
ing to the methods by Edwards et al. (24) as follows: one point score
indicates hyperplasia/hypertrophy of synovial cells; fibrosis/fibropla-
sia; proliferation of cartilage and bone; destruction of cartilage and bone;
and/or mononuclear cell infiltrate. Immunohistological analysis was
performed on freshly frozen sections (4 um in thickness) by the biotin-
avidin immunoperoxidase method using ABC reagent (Vector Labora-
tories Inc., Burlingame, CA). The monoclonal antibodies (mAb) used
were biotinylated rat mAbs to CD4, CD8 (BD Biosciences, San Jose, CA),
and mouse RANKL (IMGENEX, San Diego, CA).

Flow cytometric analysis

Spleen and inguinal lymph node (LN) cell suspensions were stained
with antibodies (Ab) conjugated to phycoerythrin (anti-CD4, Cedarlane
Laboratories Ltd., Ontario, Canada; B220, PharMingen, San Diego, CA),
fluorescein isothiocyanate (anti-CD8, Cedarlane Laboratories; Thyl.2,
PharMingen), and antimouse RANKL (IMGENEX) and analyzed with
EPICS (Coulter, Miami, FL).

Measurement of anti-double-stranded DNA (dsDNA) Ab,
RF, and type 2 collagen (CII) Ab levels

Anti-dsDNA Abs, RF, and anti-CII Ab were detected by ELISA as
described previously (25-27). Briefly, flat-bottom plates (Nalge Nunc
International, Roskilde, Denmark) were coated with 1.5 g /ml of native
calf thymus DNA (Life Technologies, Inc., Rockvilte, MD) in buffer
containing 0.1 M sodium bicarbonate and 0.05 M citric acid at 4 C
overnight. Serum samples were serially diluted (starting at 1/200) and
added to the plates for a 1-h incubation at 37 C. After washing, perox-
idase-conjugated goat antimouse IgG, or IgM (Southern Biotechnology
Associates, Birmingham, AL), was added and incubated for 1 h at 37 C.
Ab binding was visualized using orthophenylenediamine (Sigma, St.
Louis, MO). For the measurement of IgG and IgM RF, human IgG and
IgM (Chemicon International, Temecula, CA) were coated onto plates at
10 pg/ml in carbonate buffer, and the same procedures were followed
as described above. For the measurement of serum Abs to CII, native
bovine Cll was dissolved in 0.1 macetic acid at 1 mg/mland diluted with
0.1 M sodium bicarbonate at 10 p1g/ml (pH 9.6). The microtiter plate was
coated with 100 p21 of CIT antigen solution. After washing three times, 100
1 per well of serum samples that had been serially diluted in PBS/
Tween 20/1% BSA and control serum were added and incubated for 1 h
at 37 C. After washing, peroxidase-conjugated goat antimouse IgG (at
1.4 pg/ml, 100 pl per well) (Organon Teknika, Durham, NC) was added
and incubated for 1 hat37 C. A total of 100 ul o-phenylenediamine (0.5
mg/ml) dissolved in 0.1 u citrate buffer (pH 5.0) containing 0.012% H,O,
was added, and the reaction was stopped using 8 N H,SO, (20 pul per
well).

Measurement of cytokine production

Cytokine production was tested by two-step sandwich ELISA using
a mouse IL-2, IL-4, and interferon (IEN)-y kit (Genzyme, Cambridge,
MA). In brief, culture supernatants from LN cells activated with im-
mobilized anti-CD3 mAb (Cedarlane Laboratories) for 3 d were added
to microtiter plates precoated with anti-IL-2, [L-4, and IFN-vy capture Ab
and incubated overnight at 4 C. After addition of biotinylated detecting
Ab and incubation at room temperature for 45 min, avidin-peroxidase

Endocrinology, May 2004, 145(5):2384-2391 2385

was added and incubated at room temperature for 30 min. Finally,
2,2-azino-di-3-ethylbenzthiazoline sulfonate substrate containing H,0,
was added, and the colorimetric reaction was read at an absorbance of
405 nm using an automatic microplate reader (Bio-Rad Laboratories Inc.,
Hercules, CA). The concentrations of IL-2 (picograms per milliliter), IL-4
(picograms per milliliter), and IFN-y (picograms per milliliter) were
calculated according to the standard curves produced by various con-
centrations of recombinant cytokines.
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-@- Sham-MRL/I b
1l O~ Ovx-MRU/+
5 -0 Sham-MRL/+
¢ :
& 39
()
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Fia. 1. Effects of the Ovx on joint histopathology. Histological score
of autoimmune arthropathy developed in younger Ovx-MRL/Ipr mice
compared with those in sham-MRL//pr and Ovx-MRL+/+ mice until
24 wk of age (A). Histological evaluation of the knee joints was per-
formed according to the methods by Edwards et al. (24) (¥, P < 0.05;
and *¥, P < 0.01, Student’s ¢ test). Representative photomicrographs
taken from Ovx- and sham-MRL/lpr mice at 12 (12W) and 20 wlk (20W)
of age (B). The histopathological effects observed in Ovx-MRL/pr
mice at age 20 wk included mononuclear cell infiltration into the
subsynovial tissue (lower left), and synovial hyperplasia (lower right)
(hematoxylin and eosin). In contrast, mononuclear cell infiltration
and bone and cartilage pathology was absent in sham-MRL//pr mice
until 20 wk of age (middle left).
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ELISA for murine osteoprotegerin (OPG)

An anti-murine OPG mAb (TECHNE Corp., Minneapolis, MN) was
diluted with 0.1 M sodium bicarbonate (pH 9.6) solution to a concen-
tration of 10 pg/ml, and the 100-pl aliquot was added to each well of
96-well plates. After incubation at 4 C overnight, the capture solution
was removed by flicking the plates, and the wells were blocked with the
blocking solution (300 ul per well) for 2 h at room temperature. Re-
combinant OPG (100 ul) (R&D System Inc., Minneapolis, MN) standard
and a series of test samples were added to the wells, and the plates were
incubated for 2 h at room temperature. The wells were then washed with
the washing buffer, and 100 ul of peroxidase-labeled anti-OPG mAb was
added to each well. After incubation for an additional 2 h, 100 ul of
tetramethylbenzidine substrate reagent was added to each well. Tetra-
methylbenzidine stop buffer (100 pl) was added to each well, and ab-
sorbance at 450 nm of the wells was measured with a microplate reader
(Bio-Rad Laboratories Inc.).

RT-PCR

The total RNA from LNs and synovial tissues was extracted as re-
ported previously (28). The RNA was reverse-transcribed into cDNA.
The ¢cDNA reaction mixture was diluted with 90 ul of PCR buffer and
mixed with 500 nm of the 5’ and 3’ primers, 0.1 mM deoxynucleotide
triphosphate mix, 2 mm MgCl,, and 2 U thermostable Tag polymerase
(PerkinElmer Cetus, Norwalk, CT). The cDNA was subjected to enzy-
matic amplification in a DNA thermal cycler (PerkinElmer Cetus) by
using specific primers. PCR was carried out at 55 C annealing temper-
ature for 30-35 cycles. The specific primers used were as follows: IL-18,
TGATGA GAATGA CCTGTT CT and CTT CTT CAA AGATGA AGG
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AAA; TNF-a, ATGAGC ACAGAA AGCATG ATCand AGATGA TCT
GAGTGT GAG GG; IL-6, CTCTGC AAGAGAGACTTCCATand ATA
GGC AAATTTCCT GATTAT A;IEN-v, CCTCAG ACT CTTTGA ACT
CTand CAG CGA CTC CTT TTC CGC TT; IFN regulatory factor (IRF)-1,
TCT GAG TGG CAT ATG CAG ATG GAC and GGT CAG AGA CCC
AAA CTA TGG TCG; MMP-1, ATG GTG GGG ATG CCC ATT TT and
CAG CAT CTA CTT TGT TGC C; MMP-2, GAG TTG GCA GTG CAA
TAC CT and GCC ATC CTT CTC AAA GTT GT; MMP-3, GAA ATG
CAG AAG TTC CTC GG and GAG TTC CAT AGA GGG ACT GA;
MMP-9, CCA TGA GTC CCT GGC AG and AGT ATG TGA TGT TAT
GAT G; TIMP (tissue inhibitor of metalloproteinase)-1, CTG GCA TCC
TCT TGT TGC TA and AGG GAT CTC CAA GTG CAC AA; RANKL,
GGG AAT TAC AAA GTG.CAC CAG and GCC ATC CTT CTC AAA
GTT GT; RANK, GTC TTC TGG AAC CAT CTT CTC Cand CAC AGA
CAA ATG CAA ACC TTIG; OPG, TCA AGT GCT TGA GGG CAT AC
and TGG AGA TCG AAT TCT GCT TG; estrogen receptor (ER)-o, AAT
TCTGACAAT CGACGCCAGand GTGCTTCAACATTCTCCCTCC
TC; ER-B, TTC CCA GCA GCA CCG GTA ACC T and TCC CTC TTG
GCG CTT GGA CTA; p-actin, GTG GGC CGC TCT AGG CAC CA and
CGG TTG GCC TTA GGG TTC AGG GGG. The amplified DNA reaction
mixture was subjected to 1.7% agarose gel electrophoresis, and the
amplified product was visualized by UV fluorescence after staining with
ethidium bromide.

Tartrate-resistant acid phosphatase (TRAP) staining

Staining for TRAP was performed according to the modified method
of Takahashi et al. (29). Sections were rinsed once with PBS (pH 7.4), air
dried, fixed with 10% formalin in PBS (pH 5.4) for 5 min, and fixed with
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Fig. 3. Effects of the Ovx on expression of cytokines and MMPs.
Culture supernatants from anti-CD3 mAb-stimulated LN T cells ob-
tained from Ovx-MRL/lpr mice at age 20 wk contained high levels of
IFN-y (**, P < 0.01, Student’s ¢ test), whereas no different levels
of IL-2 and IL-4 was observed by ELISA (A). Increased expressions of
cytokine genes including IL-1B, IFN-vy, TNF-q, IL-6, IRF-1, and B-ac-
tin were detected in synovium from Ovx-MRL/Ipr mice at age 20 wk,
compared with those from sham-mice by RT-PCR analysis (B). En-

hanced gene expressions of MMP-3, and MMP-9 mRNA were found -

in synovium from Ovx-MRL/Ipr mice at age 20 wk (C).

methanol-acetone (50:50; pH 5.4) for 30 sec. The coverslips were air-dried
and stained for 15 min at room temperature in a 0.1 M sodium acetate
buffer (pH 5.0) containing naphthol AS-MX phosphate (Sigma) as a
substrate and fast red violet LB salt (Sigma) as a stain for the reaction
product in the presence of 50 mM of sodium tartrate.

Assessment of bone resorption

Bone marrow cells (5 X 10°) from Ovx- and sham-MRL/Ipr mice were
added to the wells of 96-well plates containing a slice of bovine cortical
bone and incubated in a total volume of 200 ul o-MEM-fetal bovine
serum as described previously (30). All cultures were maintained in the
presence of dexamethazone (1077 M, FUNAKOSHI Pharmcol,, Tokyo,
Japan) and 1e,25-(OH),D; (10~® M, Chugai Inc., Tokyo, Japan) for 10 d.
Bone slices were assessed for bone resorptive activity, brushed with a
rubber policeman to remove cells after observation undera microscope,
and stained with Mayer’s hematoxylin. Bone resorption pits were quan-
tified by densitometric analysis of images of the whole area of bone slices
as previously described (30). Additionally, in vitro osteoclastogenesis
was assayed using bone marrow-derived TRAP-positive cells with mac-
rophage colony stimulating factor (5 ng/ml; PepréTech EC, London,
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UK), recombinant murine RANKL (10 ng/ml; PeproTech Inc., Rocky
Hill, NJ), recombinant OPG (100 ng/ml; R&D Systems Inc.), and 176-
estradiol (10™° M), at indicated concentration after the estimation of dose
responses.

Results
Effects of the Ovx on joint histopathology

Destructive autoimmune arthritis developed in young
Ovx-MRL/Ipr mice, not in young sham-MRL/Ipr and Ovx-
MRL+/+ mice, and these lesions aggravated with age from
12 until 24 wk of age. Histological analysis of the knee joints
was performed at 8, 12, 16, 20, and 24 wk of age for all the
experiments. Analysis of the histological results for the ex-
periment, shown in Fig. 1A, indicates that the group that was
treated with Ovx had significant higher subsynovial inflam-
mation, synovial hyperplasia, pannus formation and carti-
lage erosion, bone destruction, and overall histopathology.
Shown in Fig. 1B are photomicrographs taken from repre-
sentative Ovx- and sham-MRL/Ipr mice at 12 and 20 wk of
age. The effects observed in Ovx-MRL/Ipr mice included
synovial hyperplasia, pannus formation, bone erosion, and
infiltration of mononuclear cells into the subsynovial tissue.
In contrast, mononuclear cell infiltration and bone and car-
tilage pathology was absent in sham-MRL/Ipr mice until age
20 wk. :

Recovery of autoimmune arthritis by
estrogen administration

The destructive lesions in the knee joints in Ovx-MRL/Ipr
mice were inhibited by estrogen administration (107° M) at
12 and 20 wk of age (Fig. 2A). Testosterone administration in
Ovx-MRL/Ipr mice resulted in severe inflammatory lesions
as the same levels. We confirmed gene expression in ER-a but
not ER-B in synovial tissues by RT-PCR analysis (Fig. 2B),
indicating that estrogenic action to the synovial tissues might
be directly affected through estrogen/ER-a binding in vivo.
We detected increased levels of serum RF, anti-dsDNA, and
anti-CII Abs in Ovx-MRL/Ipr mice compared with those in
sham mice, and these levels were entirely recovered in Ovx-
MRL/Ipr mice that underwent estrogen administration (Fig.
2Q).

Effects of the Ovx on cytokine and MMP expression

Culture supernatants from anti-CD3 mAb-stimulated LN
T cells obtained from Ovx-MRL/Ipr mice at 20 wk of age
contained high levels of IFN-vy, whereas no difference in
levels of IL.-2 and IL-4 was observed by ELISA (Fig. 3A). We
next analyzed the effects of the Ovx on various gene expres-
sions in the synovial tissues. Increased expressions of cyto-
kine genes including IL-18, IEN-y, TNF-¢, IL-6, IRF-1, and
B-actin mRNA were detected in synovial tissues from Ovx-
MRL/Ipr mice at 20 wk of age, compared with those from
sham-MRL/Ipr mice by RT-PCR analysis (Fig. 3B). In addi-
tion, we found elevated gene expressions of MMP-3 and
MMP-9 in synovial tissues from Ovx-MRL/Ipr mice (Fig. 3C).
These data suggest that estrogen deficiency induces various
gene expressions directly responsible for tissue damage on
the development of autoimmune arthritis. i
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Fic. 4. A significant increase in splenic
Thyl.2" and CD4™ T cells bearing RANKL
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B

from Ovx-MRL/Ipr mice at 20 wk of age was

Ovx-MRL/Ipr mice was detected on flow cy-
tometry, as compared with that of sham-
MRL/Ipr mice (28.2%) (B). A prominently en-

hanced RANKL mRNA and an impaired C

OPG mRNA were observed in LN and syno-

vium from Ovx-MRL/lpr mice by RT-PCR LN
analysis (C). A significantly decreased OPG
concentration was found in synovial fluid of
Ovx-MRL/Ipr mice at ages 12 (12w) and 20
wk (20w) (¥, P < 0.05; **, P < 0.01, Student’s
¢ test) (D). A large proportion of infiltrating
cells in synovium was positive for RANKL in
Ovx-MRL/Ipr mice at 20 wk of age. Isotype-
matched controls were all negative (E).

observed as compared with those from 56.3% 47.0% 14.9% 88.1%
sham-MRL/Ipr mice, whereas no remark-
able change in CD8* T cells bearing RANKL Ovx Ovx
was found (A). A large proportion of CD4* T
cells in LN bearing RANKL (89.7%) from \
Thy1.2

Effects of the Ovx on RANKL, RANK, and OPG expression

We analyzed the spleen and LN cells bearing RANKL by
flow cytometry. A significant increase of Thy1.2*, and CD4 "
T cells bearing RANKL in the spleen from Ovx-MRL/Ipr
mice was observed, compared with those from sham-MRL/
Ipr (Fig. 4A). We detected a large proportion of CD4" T cells
in LN bearing RANKL (89.7%) from Ovx-MRL/Ipr mice as
compared with those from sham-MRL/ Ipr mice (28.2%) (Fig.
4B). In addition, an enhanced RANKL mRNA and an im-
paired OPG mRNA were observed in LN and synovium
from Ovx-MRL/Ipr mice, compared with those in sham-mice
by RT-PCR analysis (Fig. 4C). Indeed, a significant decrease
in OPG concentration was found in synovial fluid of Ovx-
MRL/Ipr mice compared with those of sham-mice at 12 and
20 wk of age (Fig. 4D). A large proportion of infiltrating cells
in synovium was positive for RANKL in Ovx-MRL/Ipr mice
(Fig. 4E).

Effects of the Ovx on OC formation and bone resorption

As seen in Fig. 5A, numerous multinucleated (more than
three nuclei), TRAP-positive OC-like cells were detected in
the knee joints from both Ovx- and sham-MRL//pr mice. A
significant increase in number of OCs formed in the joints
from Ovx-MRL/Ipr mice was observed compared with those
from sham-MRL/Ipr mice (Fig. 5B). We next examined in

vitro whether the TRAP-positive multinucleated cells (more -

than three nuclei) from bone marrow cells resorbed bovine
bone slices (30). When the bone marrow cells were cultured
with dexamethasone and 1¢,25-(OH),Ds, they differentiated
into TRAP-positive multinucleated cells, and numerous re-
sorption pits were formed on their surfaces (Fig. 5C). A
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significantly large number of resorption pits were formed
using the bone marrow cells from Ovx-MRL/Ipr mice com-
pared with those from sham-MRL/Ipr mice (Fig. 5D).

Discussion

RA is characterized by progressive joint damage that is
mediated by several mechanisms (31). Although the etiology
of RA remains unknown, joint damage results from the deg-
radation of connective tissue by MMPs and the stimulation
of osteoclastogenesis by activated CD4" T cells (10). Sex
hormones influence both humeral and cell-mediated im-
mune response, and estrogen is one of potential factors in this
immunological dimorphism (32-34). We have examined the
effects of the Ovx on the development of autoimmune ar-
thritis in animals that are susceptible to the development of
human RA-like disease. Histology of autoimmune arthritis in
Ovx-MRL/Ipr mice showed severe destructive changes in the
younger age examined. It is generally accepted that a severe
inflammatory arthritis and systemic autoimmune disease,
including glomerulonephritis and autoantibody production,
develop in aged (>6-month-old) MRL/Ipr mice (21, 22). We
show here that estrogen deficiency caused a severe inflam-
matory arthritis in younger (<3-month-old) MRL/Ipr mice,
and these lesions were dramatically prevented by exogenous
estrogen treatment. Although the mechanism in detail of
estrogen activity still remains unclear, these findings suggest
that estrogenic action has an important role during devel-
opment of autoimmune arthritis in MRL/Ipr mice. An es-
trogen deficiency by Ovx in murine RA model results in a
significant increase of serum RF, anti-dsDNA Abs, and anti-
CII Ab, and these changes were recovered by estrogen ad-



Yoneda et al. ® RANKL-Mediated Osteoclastogenesis

Fic. 5. Effect of the Ovx on OC formation
and bone resorption assay. TRAP-positive
OC-like cells were detected in the knee joints
from both Ovx- and sham-MRL/Ipr mice (A).
A significantly increased number of OCs
formed in the joints from Ovx-MRL//pr mice
at ages 12 (12w) and 20 wk (20w) was ob-
served compared with those from sham-
MRL/Ipr mice (B) (*, P < 0.05 and **, P <
0.01, Student’s ¢ test). TRAP-positive
multinucleated cells (more than three nu-
clei) from bone marrow cells were observed
in both Ovx- and sham-MRIL/[pr mice when
cultured with dexamethasone (10~7 M) and
12,25-(0OH),Dg (1078 M) (C). A significantly
large number of resorption pits was formed
using the bone marrow cells from Ovx-MRL/
Ipr mice compared with those from sham-
MRL/lpr mice (¥, P < 0.05 and **, P < 0.01,
Student’s ¢ test)(D).

ministration. A previous report has shown that treatment
with low doses of B-estradiol exerts a suppressive effect on
both development of collagen arthritis as well as T cell-
dependent immune reactivity toward type II collagen (35). It
was also reported that an estrogen deficiency stimulates B
cell development (36) and autoantibody production (36-38),
and its increase by an estrogen deficiency has been mediated
by cytokines such as IL-6, IFN-y, and TNF-a (39-41). A
recent report has demonstrated that estrogen deficiency in-
duces bone loss by increasing T cell proliferation through
IFN-vy-induced class II transactivator (42).

Bone resorption is regulated by the immune system, in
which T cell expression of RANKL, which is essential for
osteoclastogenesis, may contribute to pathological condi-
tions, such as RA (43). However, it remains unclear whether
activated T cells maintain bone homeostasis by counterbal-
ancing the action of RANKL. In this study, a significant
increase of CD4™ T cells bearing RANKL in the spleen and
inguinal LN from Ovx-MRL/Ipr mice was observed. More-
over, we detected an enhanced RANKL mRNA expression
and RANKL" infiltrating cells in synovium from Ovx-MRL/
Ipr mice. In contrast, an impaired OPG concentration was
found in synovial fluid, in addition to a decreased OPG
mRNA in synovium of Ovx-MRL/Ipr mice. Although mo-
lecular mechanisms demonstrating that the appearance of
increased RANKL expression in T cells and synovium is
related to the development of the autoimmune response are
obscure, a role for RANKL in bone resorption in RA is sug-
gested by the identification of RANKL mRNA and protein in
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cultured synovial fibroblasts from patients with RA and in
CD4" and CD8™ T cells in RA synovial tissues (10). Addi-
tional evidence that RANKL plays a critical role in the patho-
genesis of bone destruction in inflammatory arthritis comes
from studies in the rat adjuvant arthritis model (44, 45).
Moreover, it has been recently demonstrated that up-regu-
lation of RANKL on bone marrow cells is an important
determinant of increased bone resorption induced by estro-
gen deficiency (46). Treatment with OPG also prevented OC
accumulation, whereas destruction of bone in untreated ar-
thritic animals was accompanied by the accumulation of
large numbers of TRAP™ OC-like cells (47). OPG treatment
in an animal model of arthritis that is dependent on T cell
activation has the potential for blocking not only the effects
of RANKL on OC differentiation and activation but also the
influence of RANKL on T cell-DC interactions (20).

OCs have a crucial role in the local bone destruction that
occurs in association with chronic inflammatory diseases
(48). Diseases such as RA have been associated with the
accumulation of TNF-«a and/or other proinflammatory cy-
tokines such as IL-1 and IL-6, which likely mediate local bone
destruction by stimulating OC activity (49). The results in the
present study demonstrated an increased gene expression of
cytokines including IL-18, TNF-a, IL-6, IFN-y, B-actin, and
IRF-1 in the synovium from Ovx-MRL/Ipr mice. In addition,
an elevated gene expressions of MMP-3 and MMP-9 mRNA
were observed in the synovium. Moreover, we found a sig-
nificant increase in number of OCs, and bone resorption pits
formed in Ovx-MRL/Ipr mice. It has been shown that estro-
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