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Although it has been well documented that aberrant
major histocompatibility complex class II molecules
may contribute to the development of autoimmune
disorders, the precise mechanisms responsible for
their tissue-specific expression remain unknown.
Here we show that estrogen deficiency induces aber-
rant class II major histocompatibility complex ex-
pression in exocrine glands via interactions between
epithelial cells and plasmacytoid dendritic cells. Rel-
atively modest but functionally significant expression
levels of major histocompatibility complex class II
and class II transactivator molecules were observed in
the exocrine glands of ovariectomized (Ovx) C57BL/6
(B6) mice, but were not seen in the exocrine glands of
control B6 mice. We observed that the salivary den-
dritic cells adjacent to the apoptotic epithelial cells
positive for terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling, were activated in
Ovx mice, but were not activated in control mice. We
obtained evidence that the salivary gland cells ex-
press both interferon regulatory factor-1 and class II
transactivator type IV molecules in Ovx mice. Salivary
gland cells from Ovx mice were also capable of induc-
ing the activation of antigen-specific T cells from
OT-II transgenic mice. These findings indicate that
estrogen deficiency initiates class II transactivator
type IV mRNA expression in exocrine glands via in-
teractions between epithelial cells and plasmacytoid
dendritic cells, suggesting that plasmacytoid den-
dritic cells play a pivotal role in gender-based auto-
immune disorders in postmenopausal women. (Am J

Pathol 2009, 174:1715–1724; DOI: 10.2353/ajpath.2009.080695)

Major histocompatibility complex (MHC) class II mole-
cules are crucial for restricting immune reactivity to self
versus foreign antigens during thymic education, and
their expression level is essential for determining T cell
activation in the periphery.1–3 MHC class II molecules are
basically expressed on antigen (Ag)-presenting cells of
the hematopoietic lineage, but can be induced by un-
known stimuli on many other cell types (such as endo-
thelial cells, hepatocytes, pancreatic �-cells, thyrocytes,
and salivary gland cells) in association with autoimmun-
ity.4–10 MHC class II proteins play a central role in the
control of normal immune homeostasis, while aberrant
expression of MHC class II is frequently associated with
abnormalities in immune responses.11–13 MHC class II
expression is regulated by multiple cytokines, including
interferon (IFN)-�, which can enhance the immune re-
sponse by upregulating MHC class II expression in im-
mune cells, in addition to inducing Ag-presentation ca-
pacity.14,15 It is well known that the induction of MHC
class II gene transcription by IFN-� is mediated by the
MHC class II transactivator (CIITA), and depends on the
presence of two transcription factors; signal transducer
and activator of transcription 1 and interferon regulatory
factor (IRF-1).16 CIITA is a true co-activator because it
does not bind directly to DNA but mediates its function on
the class II MHC promoter through interaction with other
proteins.17,18 It is considered a master regulator because
it is necessary and sufficient for the expression of all of
the genes in the MHC class II pathway. Although recent
studies have begun to reveal that epigenetic mecha-
nisms have a key role in activating CIITA expression in
normal cells,19 the factors regulating this promoter have
yet to be investigated.
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Physiological gender differences in the immune sys-
tem are well recognized and suggest that sex steroid
hormones such as estrogens may be involved in the
regulation of the immunocompetence.20–24 Estrogenic
action has been suggested to be responsible for the
strong female preponderance of many autoimmune dis-
eases, including systemic lupus erythematosus, rheuma-
toid arthritis, and Sjögren’s syndrome (SS).25,26 Previ-
ously, we demonstrated that estrogenic action influences
target epithelial cells through Fas-mediated apoptosis in
a murine model of SS.27 Moreover, we found that the
tissue-specific apoptosis in the exocrine glands sponta-
neously occurring in estrogen-deficient healthy C56BL/6
(B6) mice may contribute to the development of autoim-
mune exocrinopathy resembling SS.28 Recently in minor
salivary glands from patients with SS, significantly in-
creased development of IFN pathways and increased
plasmacytoid dendritic cells (pDCs) as a possible source
of IFN were shown.29 The persistence of the IFN signa-
ture might be related to a vicious circle in the pathogen-
esis of autoimmune diseases. Despite extensive charac-
terization of pDCs, there are still unsolved mysteries
regarding their origin and function.

In this study, we have focused on the molecular mech-
anisms responsible for tissue-specific CIITA expression
caused by estrogen deficiency, resulting in aberrant ex-
pression of MHC class II molecules in the exocrine
glands.

Materials and Methods

Mice and Treatments

Female B6 mice (H-2b) were purchased from Japan SLC
(Shizuoka, Japan), and maintained in a specific patho-
gen-free mouse colony and given food and water ad
libitum. Mice were ovariectomized (Ovx group) at 4 weeks
of age and compared with sham-operated (Sham) mice.
At 1 to 5 weeks after ovariectomy, all organs were re-
moved from the mice and analyzed. To examine the
antigen-presenting activity, ovalbumin (OVA)-specific
T cell receptor-transgenic OT-II mice30 (C57BL/6-Tg
[TcraTcrb]425Cbn/J) obtained from S. Webb (The
Scripps Research Institute, La Jolla, CA), were used. All
of the experiments were approved by the animal ethics
board of Tokushima University.

Preparation and Primary Culture of Mouse
Salivary Glands Suspension Cells

Mouse salivary gland suspension (SGS) cells were pre-
pared as previously described.27,28 Briefly, mouse sub-
mandibular glands were minced into 1-mm2 pieces, di-
gested with collagenase (750 U/ml of type I) and
hyarulonidase (500 U/ml of type IV) in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal calf serum. The
digested suspension was passed through a 75-�m nylon
mesh filter. SGS number were counted and seeded at
2 � 105/ml with Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum in a collagen-coated

dish. After 4 hours, culture medium was changed to
HuMedia-KB2 (Kurabo, Osaka Japan) and was incu-
bated in 5% CO2 atmosphere at 37°C. Over the next 4 to
7 days the original cultures using the KB2 medium were
cultured with phenol red-free Dulbecco’s modified Eagle’s
medium containing 2% charcoal-stripped fetal calf serum
for 24 hours. The primary cultured SGS cells were treated
with (E2) (10 pM) (Wako Pure Chemical Ltd., Osaka), ta-
moxifen (10 �M) (MP Biomedicals, Burlingame, CA) with or
without IFN-� (4 ng/ml) (eBioscience, San Diego, CA) for 4
hours. Finally, the total RNA was prepared from these
treated cells for quantitative RT-PCR.

Flow Cytometric Analysis

Surface markers of spleen cells and SGS cells were
identified with monoclonal antibodies (mAbs) using FAC-
SCanto flow cytometer (Beckman Coulter, Inc., Miami,
FL). Fluorescein isothiocyanate (FITC)-conjugated rat
mAb to MHC Class II and phycoerythrin (PE)-conjugated
rat mAbs to CD86 and B220, and allophycocyanin (APC)-
conjugated hamster mAb to CD11c (eBioscience, San
Diego, CA) were used. Epithelial cells were stained with
rabbit anti-mouse keratin Abs (Cosmo Bio CO. LTD, To-
kyo) as primary Ab and PE-conjugated anti-rabbit IgG as
secondary Ab. Appropriate isotype-matched controls
were used. Data were analyzed with FlowJo FACS anal-
ysis software (Tree Star, Ashland, OR).

Confocal Microscopic Analysis

The frozen sections of salivary and lacrimal glands from
Ovx- and Sham B6 mice were fixed with cold acetone,
then blocked with M.O.M.™ blocking reagent (Vector
Laboratories, Inc. Burlingame, CA), and stained with fol-
lowing antibodies: PE-conjugated antibodies to EpCAM,
PDCA1, CD86, and CD11c; biotinylated antibodies to
CD11c. The secondary detection reagents included
FITC-conjugated antibodies to MHC class and CD11c;
Alexa Fluor 488-conjugated antibody to rat IgG (H�L),
Alexa Fluor 568-conjugated streptavidin, and Alexa Fluor
488-conjugated anti-FITC IgG (Molecular Probes Inc.,
Eugene, Oregon).

The nuclear DNA was stained with 4�,6-diamidino-2-
phenylindole dihydrochloride (Molecular Probe Inc.). The
images were acquired with LSM 5 PASCAL Confocal
Laser-scanning microscope (Carl Zeiss, Germany). For
quantitative analysis of sections, positive cells and 4�,6-
diamidino-2-phenylindole-stained nuclei were counted in
10 areas of the microscopic slides at a magnification of
�630. The value was presented as the percentage of the
number of positive cells to the total number of nuclei.

Quantitative Reverse Transcription PCR Analysis

Total RNA was extracted from primary cultured SGS and
tissue using ISOGEN (Wako Pure Chemical, Osaka, Ja-
pan), and reverse transcribed. Transcript levels of MHC
class II, IRF-1, CIITA, and �-actin were observed using
PTC-200 DNA Engine Cycler (BioRad) with SYBR Premix
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Ex Taq (Takara, Kyoto, Japan). The following primer
sequences were used: for MHC class II, 5�-GCCTCT-
GCGGAGGTGAAGA-3� (forward) and 5�-CAAGTCCA-
CATAGAACAACTCATCACC-3� (reverse); for IRF-1,
5�- AACTCCAGCACTGTCACCGTG-3� (forward) and 5�-
GAGTTGCCCAGCAGGCTGTCC-3� (reverse): for total
CIITA, 5�- TGCAGGCGACCAGGAGAGACA-3� (forward)
and 5�- GAAGCTGGGCACCTCAAAGAT-3� (reverse); for
type I CIITA, 5�-AAGAGCTGCTCTCACGGGAAT-3� (for-
ward); for type III CIITA, 5�-TCTTACCTGCCGGAGTT-3�
(forward); for type IV CIITA, 5�-GAGACTGCATGCAG-
GCAGCA-3� (forward); for type1, type III, and type IV CIITA
reverse, GGTCGGCATCACTGTTAAGGA; and for �-actin,
5�- GTGGGCCGCTCTAGGCACCA-3� (forward) and 5�-
CGGTTGGCCTTAGGGTTCAGGGGGG-3� (reverse). Rela-
tive mRNA abundance of each transcript was normalized
against �-actin.

Enzyme-Linked Immunosorbent Assay

The amount of mouse interleukin (IL)-2 and IL-10 in cul-
ture supernatants from CD4� T cells and SGS cells were
analyzed by enzyme-linked immunosorbent assay
(ELISA). Briefly, immunoplates were coated with anti-
cytokine capture antibody, and washed with PBS/0.1%
Tween 20. After blocking with 2% bovine serum albumin
in PBS, the plates were incubated with diluted culture
supernatants or standards. The plates were washed and
incubated with biotin-conjugated antibodies for cytokine
detection and a horseradish peroxidase-conjugated
streptavidin was added. Color reaction was developed
with o-phenylendiamine (Sigma Chemical Co., St. Louis,
MO) in 0.1 M citrate buffer (pH5.0) containing 0.01%
H2O2. Rat anti-mouse IL-2 mAb (JES6-1A12, eBio-
science), biotinylated rat anti-mouse IL-2 mAb (JES6-
5H4, eBioscience), and recombinant mouse IL-2 stan-
dard (eBioscience) were used for IL-2 ELISA. Rat anti-
mouse IL-10 (JES5-16E3, eBioscience), biotinylated rat
anti-mouse IL-10 mAb (LES5-2A5, eBioscience), and re-
combinant mouse IL-10 standard (eBioscience) were
used for IL-10 ELISA. The detection limits of cytokine for
each were; 5 pg/ml for IL-2, 40 pg/ml for IL-10.

Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling Assay

Apoptotic cells were detected in sections using the in situ
apoptotic detection kit (Wako Pure Chemical Industries)
according to the manufacture’s instructions. Frozen sec-
tions were fixed with 3% paraformaldehyde and incu-
bated in labeling reaction mixture (consisting of TdT
Enzyme and Labeling Safe Buffer containing fluorescein-
labeled nucleotides) for 90 minutes at 37°C. For the dou-
ble staining of CD11, the sections were incubated with
biotin blocking system (Dako North America, Inc, Carpin-
teria, CA) to block endogenous biotin, and blocked with
Vector M.O.M. blocking reagents (Vector, Burlingame,
CA), stained with the biotinylated hamster anti-CD11c
mAb, and finally, visualized with Alexa Fluor 568-conju-
gated streptavidin.

Proliferation Assay of OT-II CD4� T Cells to the
SGS Cells from Ovx-B6 Mice

OT-II CD4� T cells from OT–II transgenic mice for OVA-
specific T cell receptor were isolated from spleen cells by
negative depletion using a mixture of anti-CD8, anti-
B220, and anti-CD25 mAbs, followed by anti-rat IgG con-
jugated magnetic beads (Dynal, Olso, Morway). Enriched
CD4� T cells (105) were cultured with irradiated (7 Gy)
SGS cells or CD11c-depleted SGS cells at the appropri-
ated ratio in round-bottom 96-well plates. Cells were
treated with 10 �g/ml OVA peptide, amino acids 323 to
339 (Abgent, San Diego CA), for 72 hours, and were
pulsed with 3H-thymidine during the final 8 hours of cul-
ture, and 3H-thymidine incorporation was assayed with
an automated liquid scintillation counter.

Isolation of DCs and Stimulation

For flow cytometric analysis, SGS derived dendritic cells
were prepared from SGS cells in Sham and Ovx mice by
negative selection with anti-EpCAM mAb and anti-rat IgG
conjugated magnetic beads. For stimulation with UV-in-
duced apoptotic epithelial cells, salivary gland DCs were
purified by positive selection using CD11c microbeads
(Miltenyi Biotec). Freshly isolated CD11c� cells were
stimulated with primary cultured SGS cells with or with-
out the UV irradiation (5 minutes.) for 48 hours. Cyto-
kine concentration of the culture medium was assayed
by ELISA for IL10.

Effects of in Vivo Administration of IFN-�

To examine the in vivo effect of IFN-� administration, 0.5
�g recombinant mouse IFN-� (eBioscience) in 100 �l
PBS was injected intravenously into Sham or Ovx B6
mice. At 3 hours after the injection all of the organs were
removed, and then the total RNA was extracted for ana-
lyzing the expression of IRF-1 and CIITA by quantitative
reverse transcription (RT)-PCR.

Statistical Analysis

The results were expressed as means � SD with at least
in triplicates per group. Values of p were determined
using Student’s t-test.

Results

Tissue-Specific MHC Class II Expressions in the
Exocrine Glands of Estrogen-Deficient Mice

To examine the in vivo expression of MHC class II in
estrogen deficient B6 mice, ovariectomy was per-
formed at the age of 4 weeks. Increased MHC class II
mRNA expression in the salivary and lacrimal glands at
3 weeks after ovariectomy (7 weeks old) was detected,
but declined with age by 8 weeks (12 weeks old) as
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determined by quantitative RT-PCR analysis (Figure
1A). No change in MHC class II expression was ob-
served in other organs of Ovx-B6 and Sham-B6 mice
(data not shown). We detected a distinct MHC class II
expression in salivary and lacrimal gland duct cells at
3 weeks after ovariectomy (7 weeks old) by confocal
analysis, as compared with negligible expression in
Sham-B6 mice (*P � 0.05) (Figure 1B). The expression
of MHC class II molecules is regulated generally at the
transcriptional level, including the transcription factor
CIITA, the master regulator for MHC class II gene
expression.17,18,31,32 In Ovx-B6 mice, significant CIITA
mRNA expression in the salivary and lacrimal gland

tissues was observed respectively at 2 weeks and 3
weeks after ovariectomy, and later declined with age
by quantitative RT-PCR analysis (Figure 1C). CIITA has
three different isoforms synthesized from different, cell-
specific promoters33; promoter I is mainly used in den-
dritic cells, promoter III in B lymphocytes, and promoter
IV in nonhematopoietic cells. The CIITA expression was
controlled by each promoter referred to as type I, III, and
IV. Using the type specific CIITA primers, a significantly
increased expression of type IV mRNA, not type I or type
III mRNA, was observed in the salivary glands from
Ovx-B6 mice, compared with those from Sham-B6 mice
(*P � 0.002)(Figure 1D).
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Figure 1. Tissue-specific MHC class II and
CIITA expressions in the exocrine glands of es-
trogen-deficient mice. A: An increased MHC
class II mRNA expression in the salivary and
lacrimal glands was detected at 3 weeks after
Ovx (7 weeks old), but later declined with age
on quantitative RT-PCR analysis. Data represents
the ratio of the relative MHC class II mRNA
expression value, normalized with �-actin, from
OVX-B6 mice to the average of those from
Sham-B6 mice at the each age (n � 5 to 8). Sg:
salivary gland; Lg: lacrimal gland. B: MHC class
II expression was observed in the salivary and
lacrimal epithelial duct cells at 3 weeks after
Ovx (7 weeks old) on confocal analysis, while
negligible expressions were observed in
Sham-B6 mice. Salivary and lacrimal gland sec-
tions form sham- and Ovx-B6 mice were stained
with FITC-conjugated anti-MHC class II and
then stained with Alexa Fluor 488-conjugated
anti-FITC IgG as second Ab. As negative control,
FITC-conjugated rat IgG2b were used. The nu-
clei were stained with 4�,6-diamidino-2-phenylin-
dole. Original magnification �630. Calculated
data has a mean of � SD of MHC class II-
positive cells (percent) of four to six mice. *P �
0.01. C: A significant expression of CIITA mRNA
in the salivary and lacrimal gland tissues from
Ovx-B6 mice were observed on quantitative RT-
PCR analysis in 2 to 3 weeks after Ovx, and later
declined with age, but not in Sham-B6 mice. D:
A significantly increased expression of CIITA
type IV mRNA, not CIITA type I or CIITA type III
mRNA, was observed in the salivary glands at 3
week after Ovx, compared with those from
Sham-B6 mice (n � 8). **P � 0.002.
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Increased pDCs in the Exocrine Glands of
Estrogen-Deficient Mice

We next examined by flow cytometry whether SGS cells
from Ovx-B6 mice could express MHC class II and

CD11c molecules. An increased proportion of MHC class
II� and CD11c� cells was observed in SGS cells from
Ovx-B6 mice, compared with those from Sham-B6 mice
(*P � 0.05 and **P � 0.002) (Figure 2A). Keratin� and
CD11c� SGS cells from Ovx-B6 mice expressed signifi-

Figure 2. Increased plasmacytoid DCs (pDCs)
in the exocrine glands of estrogen- deficient
mice. A: An increased proportion of MHC class
II� and CD11c� cells was observed in salivary
gland suspension (SGS) from Ovx-B6 mice
compared with those from Sham-B6 mice on
flow cytometry. Data are representative of five
independent experiments. Calculated data have
a mean of � SD of MHC class II-, and CD11c-
positive cells (percent) of four to six mice. *P �
0.05, and **P � 0.002. B: SGS cells from Ovx-B6
mice could express significantly increased lev-
els of MHC class II gated on keratin�, and on
CD11c� compared with those from Sham-B6
mice. C: The CD11c� DC in the salivary glands,
enriched by the depletion of epithelial cells
with anti-EpCAM Abs, were positive for B220
on flow cytometry, implying that the salivary
gland DCs were plasmacytoid (pDCs). Sp;
spleen. The population of salivary
B220�CD11c� cells from Ovx-B6 mice was sig-
nificantly larger than that in the spleen, and
expressed the higher intensity of CD11c. Fig-
ures are representative of five to eight mice. D:
Confocal analysis demonstrated, in addition to
the epithelial duct cells positively stained with
MHC class II, a lesser number of CD11c� den-
dritic cells adjacent to the ducts were also pos-
itive for MHC class II within the salivary glands
from Ovx-B6 mice. The presence of PDCA1�

pDCs in the salivary glands from Ovx-B6 mice
was frequently observed, but not from Sham-B6
mice. FITC conjugated rat IgG2b, biotin conju-
gated hamster IgG, and PE-conjugated rat IgG2a
were used as negative control. Representative
photos of five samples are shown.
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cantly greater levels of MHC class II molecule compared
with those from Sham-B6 mice (Figure 2B). It was con-
firmed after depletion of epithelial cells with anti-EpCAM
antibody that these CD11c� DC enriched from SGS cells,
were positive for B220 by flow cytometry (Figure 2C),
implying that the salivary gland DCs were pDCs. The pop-
ulation of salivary gland B220�CD11c� cells from Ovx-B6
mice was significantly larger than that in the spleen, and
expressed the higher intensity of CD11c. In addition to
the epithelial duct cells positively stained with MHC class
II, a lower number of CD11c� dendritic cells adjacent to
the ducts was also positive for class II within the salivary
glands from Ovx-B6 mice (Figure 2D). Confocal analysis
also demonstrated that the salivary CD11c� cells ex-
pressed PDCA1, a specific pDCs marker, from Ovx-B6
mice (Figure 2D). When the existence of pDCs in the
salivary glands were searched for in normal conditions, a
smaller number of pDCs in the normal salivary glands
from Sham-B6 mice was found than from Ovx-B6 mice,
indicating that estrogen deficiency led to increase in the
number of pDCs in the salivary glands. These data
strongly suggest that estrogen deficiency plays an im-
portant role of aberrant MHC class II expression on the
exocrine gland through pDCs in vivo.

Activation of DCs in the Salivary Glands through
Epithelial Cell Apoptosis

A previous paper stated that significant apoptosis in the
salivary gland cells was induced in estrogen-deficient B6
mice,28 indicating that anti-estrogenic action seems to

play an important role for epithelial cell apoptosis in vivo.
Apoptosis was clearly detected in a significant number of
DCs adjacent to the apoptotic epithelial duct cells posi-
tive for terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL�) in the salivary glands from
Ovx-B6 mice, and not from Sham-B6 mice (Figure 3A).
We found frequently that these apoptotic epithelial cells
existed closely to CD11c� DCs in the salivary glands
from Ovx-B6 mice (Figure 3A). Moreover, it confirmed the
salivary gland DCs from Ovx-B6 mice were activated and
expressed CD86, but not DCs from Sham-B6 mice (*P �
0.01) (Figure 3B). Next we examined the effect of UV-
induced apoptotic stimuli of primary cultured salivary
epithelial cells on the production of IL-12p40, and IL-10
by salivary gland DCs. The increased production of IL-
10, not IL-12p40, induced by the co-culture of apoptotic
epithelial cells and DCs in the salivary glands from
Ovx-B6 mice, was detected (Figure 3C). These results
indicate that estrogen deficiency induces the apoptosis
of epithelial duct cells, and there is a possible connection
between the epithelial cells and DCs in the salivary
glands.

Antigen Presenting Function of the SGS Cells
from Ovx-B6 Mice to OT-II Transgenic
Mice-Derived T Cells

To determine whether MHC class II-expressing salivary
gland cells induced by estrogen deficiency may function
as antigen-presenting cells, we performed an in vitro pro-

Figure 3. Activation of DCs in the salivary glands via epithelial cell apoptosis. A: The TUNEL�-apoptotic epithelial duct cells (EpCAM�) were frequently detected
in the salivary glands from 3 weeks after Ovx, but not from Sham-B6 mice. A large number of CD11c� DCs adjacent to the TUNEL�-apoptotic epithelial duct cells
were detected in the salivary glands from Ovx-B6 mice. The cell-to-cell interaction between these apoptotic epithelial cells and CD11c� DCs was observed in the
salivary glands from Ovx-B6 mice. Representative photos of five samples from each group are shown. B: The salivary DCs from Ovx-B6 mice were activated,
expressing CD86, but not in Sham-B6 mice. Calculated data are the mean of � SD of CD11c-positive cells (percent) of five mice. *P � 0.01. C: IL-10 production
was detected in the co-culture medium of UV-induced apoptotic primary cultured epithelial cells and CD11c-positive cells in the salivary glands with ELISA. Data
(pg/ml) have means of � SD of triplicate samples and are representative of four independent experiments. Sp; spleen.
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liferation assay using CD4� T cells from OT-II Tg mice.
The enriched CD4� (1 � 105) T cells from OT-II Tg mice
were capable of proliferating to irradiated SGS cells
pulsed with OVA peptide from Ovx-B6 mice, compared
with those from Sham-mice (Figure 4A). As CD11c-de-
pletion of SGS cells with anti-CD11c mAbs inhibited
these responses, most of the activity of antigen-specific T
cell proliferation in estrogen-deficient salivary gland cells
was attributed to CD11c� DCs (Figure 4B). Moreover,
significant IL-2 production was detected in the culture
medium of this condition (Figure 4C). These data suggest
that MHC class II-expressing salivary gland cells induced
by estrogen deficiency can function as antigen-present-
ing cells to stimulate antigen-specific T cell response.

Up-Regulation of IRF-1, and Type IV CIITA
mRNA in Estrogen-Deficient Salivary Glands

The expression of MHC class II molecules is also regu-
lated generally at the transcriptional level, including by
the transcription factor IRF-1.34 Transcription of CIITA
induces transcription of IRF-1. Significantly increased ex-
pression of IRF-1 mRNA in the salivary gland tissues from
Ovx-B6 mice was observed, but not in Sham-B6 mice
(Figure 5A). It has been recently reported that the tran-
scription factor IRF-1 mRNA expression is induced by ICI
182,780 and repressed by estrogens in anti-estrogen–
sensitive cells.35 In in vitro studies using primary cultured
SGS cells, we detected an increased type IV CIITA
mRNA expression when treated with anti-estrogenic ta-
moxifen plus IFN-�, as compared with IFN-� alone. Es-
trogen (E2) decreased the type IV CIITA mRNA expres-

Figure 4. Antigen-presenting function of the salivary gland suspension
(SGS) cells from Ovx-B6 mice to OT-II transgenic mice-derived T cells. A: In
vitro proliferation assay using CD4� T cells from OT-II Tg mice with SGS
cells. The purified CD4� (1 � 105) T cells from OT-II Tg mice were capable
of proliferating to SGS cells pulsed with OVA peptide from Ovx-B6 mice,
compared with those from Sham-mice, while anti-MHC class II antibody (10
�g/ml) inhibits these responses. *P � 0.01 and **P � 0.001. B: The purified
CD4� (1 � 105) T cells from OT-II Tg mice could not proliferate to SGS cells
pulsed with OVA peptide from Ovx-B6 mice when the CD11c-positive cells
were depleted with anti-CD11c antibody. Data are means � SD of triplicates.
C: A significantly increased IL-2 production was detected by ELISA in culture
medium of this condition. IL-2 production was not detected without OVA.
Data (pg/ml) are means � SD of triplicate samples and are representative of
four independent experiments. *P � 0.05 and **P � 0.001.

Figure 5. Upregulation of IRF-1 and CIITA expression in the salivary glands
of estrogen-deficient mice, IFN-� administrated mice and primary cultured
SGS cells. A: Significantly increased mRNA expression of IRF-1 in the salivary
gland tissues from Ovx-B6 mice was observed, compared with those from
Sham-B6 mice. Data (Ovx/Sham ratio) are representative of five independent
experiments. B: In in vitro studies using primary cultured SGS cells, an
increased expression in typeIV CIITA mRNA was detected when treated with
tamoxifen (Tam) plus IFN-� compared with treatment with IFN-� alone. Data
(relative to �-actin) has a mean of � SD of triplicate samples and are
representative of four independent experiments. C: An increased responsive-
ness of IRF-1 and CIITA mRNA was observed in the salivary glands by
recombinant IFN-� administration to Ovx-B6 mice than those in Sham-B6
mice, which is likely to be related to a priming effect of IFN-� characteristic
of Ovx-B6 mice. Data (relative to �-actin) are means � SD of triplicate
samples.
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sion amplified with IFN-� (Figure 5B). Recent studies
have begun to reveal that epigenetic mechanisms
have a key role in activating CIITA expression in normal
cells,19,36 but the regulating factors of this promoter are
still unclear. These results suggest that tissue-specific
CIITA expression caused by estrogen deficiency led to
aberrant expression of MHC class II molecules in the
salivary glands through the IRF-1 pathway.

In Vivo Effects of IFN-� Administration for
IRF-1and CIITA mRNA Expression in Target
Organs by Estrogen Deficiency

Next, the in vivo responsiveness of IRF-1 and CIITA
mRNA to recombinant IFN-� (0.5 �g) administration in the
salivary glands due to estrogen deficiency was exam-
ined. This confirmed an increased responsiveness of
IRF-1 and CIITA mRNA in the salivary glands to IFN-�
administration in Ovx-B6 mice compared with those in
Sham-B6 mice (Figure 5C), which is likely related to a
priming effect of IFN-� characteristic of Ovx-B6 mice.
Indeed, such phenomenon can be enhanced by the
dose-dependent stimulation with IFN-� in the exocrine
glands of Ovx-B6 mice rather than those in the other
organs in response to IFN-� (data not shown), which may
contribute to the increased IRF-1 and CIITA mRNA levels
in an estrogen-deficient condition.

Discussion

MHC class II molecules are central to the maintenance of
self-tolerance and to the breaking of this tolerance during
the initiation and development of autoimmune diseases.
Autoimmune diseases are more common in females25,26

and the sex hormones, including estrogen, which modu-
lates the immune response,20–24 have an important role
in this gender bias. Other studies have proposed hyper-
prolactinemia as being involved in autoimmunity,37 as
well as low dehydroepiandrosterone sulfate levels ob-
served in patients with SS.38 This study demonstrates the
first evidence that gender-based, tissue-specific CIITA
and MHC class II expression could be induced in the
exocrine gland cells via epithelial cells and pDC interac-
tion. MHC class II molecules are primarily expressed on
Ag-presenting cells of the hematopoietic lineage such as
B cells, dendritic cells, and macrophages besides thymic
epithelial cells.1–3 Once immune recognition has begun,
the aberrant expression of MHC class II on nonprofes-
sional Ag-presenting cells can facilitate disease progres-
sion and yield a more severe disease.39,40 Aberrant ex-
pression of MHC class II molecules has been revealed in
response to IFN-�, IL-4, and IL-10.18,41 In the present
study using normal B6 mice, a relatively modest but
functionally significant increase in type IV CIITA, and
MHC class II expression in the salivary and lacrimal
gland epithelial cells at 3 weeks after ovariectomy was
detected, and thereafter declined with age, indicating
that the steroid-related hormonal compensation occurred
in vivo.

The expression of MHC class II molecules on the
nonprofessional APC has been implicated in immune-
mediated inflammation and progression, or resistance
to autoimmunity.42 However, little is known about the
pathways and molecules involved in the regulation of
MHC class II Ag presentation and their potential roles in
Ag presentation to CD4� T cells in vivo. These observa-
tions raised the question of whether nonhematopoietic
cells can function as Ag-presenting cells and whether
they are required for damage to the target organ. In this
study, it was observed that the purified CD4� T cells from
OT-II Tg mice were capable of proliferating to SGS cells
from Ovx-B6 mice pulsed with autopeptide. Thus, it is
possible that MHC class II-expressing exocrine gland
cells caused by estrogen deficiency can function as Ag-
presenting cells toward Ag-specific T cells in vivo. DCs
are crucial for the pathogenesis of autoimmune disease
because of their potent antigen-presenting activity and
unique ability to activate naïve T cells.43 DCs have also
been described to prime autoreactive T cells and induce
the local inflammation of the synovial membrane in arthri-
tis.44 In addition, antigen-pulsed DCs have been shown
to induce disease in experimental autoimmune enceph-
alomyelitis, a murine model of multiple sclerosis.45 In this
study, surprisingly, an increased B220�CD11c� pDCs in
the salivary glands in Ovx-B6 mice was found. The per-
centage of MHC class II and CD86 expression in DCs
was significantly increased in Ovx-B6 mice compared
with that in Sham-B6 mice. These data suggests that
estrogen deficiency increases the number and activity of
the DCs in the salivary glands, and that the expansion of
pDCs may play a possible role for development of gen-
der-based autoimmune exocrinopathy in postmeno-
pausal women. Indeed, it has been recently reported that
pDCs are present in the salivary glands of patients with
SS but absent in controls.29 Activation of pDCs links
innate to adaptive immunity, leading to increased secre-
tion of type I IFN (IFN-�/�) and IL-12, which promotes
type II IFN (IFN-�) secretion by T cells, natural killer cells,
and DCs.45 Thus, the presence of pDCs in the salivary
glands of patients with SS sheds light on the pathogen-
esis of the disease.29 Since the phenomenon in the
present study is limited to rodents, further investigation is
required to elucidate the physiological significance of
salivary pDCs in normal condition.

Our previous reports show tissue-specific apoptosis
associated with an elevated caspase-1 and caspase-3
activity in the salivary glands from Ovx-B6 mice.28 In this
study, a significant number of pDCs adjacent to the
TUNEL�-apoptotic epithelial duct cells in the salivary
glands from Ovx-B6 mice were clearly detected. Since
relatively modest but functionally significant MHC class II
expression in the salivary epithelial cells was observed, it
has been suggested that estrogen deficiency plays an
important role of aberrant MHC class II expression on the
exocrine epithelial cells through activated pDCs in vivo.
The present study provides evidence a novel regulatory
link between the immune system and sex steroid ho-
meostasis, and may help to explain the tissue-specific
autoimmunity in postmenopausal women.
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Taken together, although the role of aberrant MHC
class II in autoimmune disease development is contro-
versial, estrogen deficiency may play a pivotal role for the
induction of aberrant class II molecule in the exocrine
glands. Thus, recognition of the immune targets of estro-
gen in vivo may lead to identification of new therapeutic
interventions for autoimmune conditions in the exocrine
glands.
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