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Figure 5. Effect of Sjogren’s syndrome (SS) saliva on the expression of
ZEBRA in Epstein-Barr virus (EBV)-positive B95-8 cells. B95-8 cells
were treated for 48 hr with 25 ng/ml of 12-O-tetradecanoylphorbol-13-
acetate (TPA) or 5 ng/ml of transforming growth factor-81 (TGF-B1),
or cells were cultured with SS saliva and a normal control for 48 hr. The
neutralizing anti-TGF-B1 (10 pg/ml) was added at the start of the
culture. ZEBRA bands were quantified by densitometric analysis.
The results were calculated and the amount of ZEBRA was expressed
as described in the Materials and methods. Tubulin was used for
normalizing the amount of protein loaded. The results shown are
representative of three independent experiments.

is not the sole activation factor, but a major factor of ZEBRA
expression by SS saliva because TGF-B1-specific antibody
inhibited the expression of ZEBRA in SS saliva, as shown
by Western blotting.

Furthermore, to investigate the effect of SS saliva on expres-
sion of ZEBRA protein, we used EBV-positive B95-8 cells in
which ZEBRA protein can be induced under several conditions
(i.e. by TPA and TGF-B1). B95-8 cells were exposed to SS
saliva, which had a high TGF-B1 concentration of 920 pg/ml.
As shown in Fig. 5, ZEBRA protein was detected following
treatment with SS saliva, suggesting that SS saliva contains
factors that induce EBV reactivation. Neutralizing anti-TGF-B1
inhibited the induction of ZEBRA by SS saliva, in contrast to
isotype-matched control antibody (Fig. 5). These results sug-
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gest that TGF-B1 may play a role in the EBV reactivation of a
subpopulation in SS.

DISCUSSION

In the pathogenesis of SS, a role for EBV reactivation has been
suggested.'*® EBV is a ubiquitous human herpesvirus that
replicates in the salivary glands during primary infection®* and
the virus remains latent at this site in normal adults.> Initiation
of the EBV lytic cycle is dependent on ftranscription of the
BZLFI1 gene. Although the viral lytic cycle can be induced by
various reagents in vitro, including TPA,16 calciom ionophore,17
anti-IgG,'® n-butyrate'® and NO inhibitor,?* it remains unclear
how EBYV reactivation is induced in SS. In this study, in order to
clarify the association of EBV reactivation in SS pathogenesis
and further analyse the mechanism of EBV reactivation, we
modelled the reactivation of EBV, which latently infected the
salivary gland, using plasmid DNA containing the BZLF1
promoter upstream from the luciferase reporter gene.

The Zp-luc(-—-221) reporter system has been widely used as a
marker of EBV reactivation, even in EBV-negative cells.®®
However, it is well known that the induction of promoter
activity by TPA, or TGF-B1, in EBV-negative cells is relatively
1ow.3336 These results might be largely a result of the absence of
ZEBRA in these assay systems. Regulation of ZEBRA is known
to be achieved by two steps.?’ Initial activation of the BZLF1
promoter is weak, but this level of ZEBRA sufficiently induces
full activation of the promoter by means of self-promoter
bindings. Therefore, the weak fold-induction of Zp-luc seen
in our system might correspond to the initial ‘weak’ activations
prior to the occurrence of full activation.

We demonstrated the BBV reactivation model in SS and found
that expression of the BZLF1 gene in glandular epithelial cells
might be induced via MAPK and calcium/calmodulin dependent-

. kinase pathways, as previously demonstrated in B lympho-

cytes.”*° However, the physiological stimuli responsible for
the EBV activation in SS have not yet been characterized.

Our results showed that treatment with saliva from SS
patients increases the reactivation ability of EBV as compared
with normal saliva samples. This suggests the existence of
factors that are able to induce the reactivation of EBV. It has
been reported that infectious EBV is present in the saliva of SS
patientsl and in HHV6 superinfection in vitro,2* but we con-
sidered that these viruses were not present in the saliva samples
used in the present study, as a result of the saliva processing
technique used (centrifugation for 45 min at 12 000g to
remove cells and particulate debris, followed by filtering
through a 0-22-pum filter). We thus assumed that some soluble
factors play a major role in the reactivation of EBV.

The expression of ZEBRA can be accomplished, in vitro, by
treatment of latent EBV-positive B cells with various activating
agents, including TGF-B1, TPA, butyrate, calcium ionophores
and anti-IgG. These treatments trigger a variety of cellular
signalling pathways, resulting in the activation of cellular
transcription factors stimulating transcription from the BZLF1
promoter, Zp. 27303738 71 can be activated through PKC and
calcium/calmodulin-dependent protein kinase directly cross-
linking via anti-IgG.* Anti-IgG also induced rapid phosphor-
ylation of MAPK in Akata cells.3® Moreover, MAPK was
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involved in the activation of BZLF! induced by TGF-B1 in Raji
and B95-8 cells.”® In P3HR-1 and Rael cells, however, MAPK
was not involved in the activation of Zp-luc by TGF-B1.** This
discrepancy might be explained by different characteristics of
cell lineage. The signal transduction of Zp-luc activation in
salivary gland cells has not been reported. We investigated the
SS saliva signal in EBV reactivation in our models by using
specific inhibitors of intracellular signals. A specific inhibitor of
PKC did not affect the SS saliva-induced Zp-luc activity,
whereas treatment with inhibitors of calmodulin, calcineurin,
IP; and MAPK, dose dependently decreased this induction. This
implies that the effect of SS saliva on BZLEl expression
requires calcium/calmodulin and/or the MAPK pathway.

TGF-B1 has been shown to exert its effects through a wide
range of intracellular routes. Recent studies from several labora-
tories have reported that Smads are intermediate effector pro-
teins which transduce the TGF-B1 signal from the plasma
membrane to the nucleus.* TGF-B1 can induce gene expres-
sion via c-Jun N-terminal kinase (JNK) activation®®** or p38
MAPK.* The role of MAPK/ERK in the TGF-81 signalling
pathway has been described.** PKC has also been shown to be
involved in TPA- and anti-IgG-induced EBV reactivation®%4
and could play an important role in the signal transduction by
TGPF-B1.478 This suggests that SS saliva might contain some
soluble factor(s), such as TGF-B1, which can induce virus
reactivation.

It is known that, in contrast to normal salivary glands, SS
salivary glands express increased levels of cytokines.*4
Furthermore, recent reports have suggested that in latently infec-
ted B cells, the lytic cycle can be induced by TGF-R1%* and that
salivary TGF-B1 concentrations are elevated in SS.*' In our
experiments, TGF-B1 increased Zp-luc activity, and TGF-B1
concentrations were significantly elevated in SS saliva as com-
pared to saliva from healthy volunteers (Fig. 4). Furthermore,
we investigated the effect of SS saliva on Zp activation in B cells
by Western blot analysis, using an SS saliva sample with a high
concentration of TGF-B1. ZEBRA was detected upon exposure
to SS saliva (Fig. 5), suggesting that SS saliva contains factors
which induce viral reactivation. As shown in Fig. 5, neutralizing
anti-TGF-B1 inhibited ZEBRA induction by SS saliva. In SS
saliva, TGF-B1 may play a major role in viral reactivation.

In conclusion, we have shown that SS saliva induces Zp-luc
activity and that calcium/calmodulin and/or the MAPK pathway
is required for this induction, as demonstrated through the use of
specific signalling inhibitors. These findings may be of impor-
tance for developing new strategies to inhibit EBV reactivation
in SS.
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Although a number of autoimmune diseases are known
to develop in postmenopausal women, the mechanisms
by which estrogen deficiency influences autoimmune
lesions remain unclear. We speculate that antiestro-
genic actions might be a potent factor in the formation
of pathogenic autoantigens. Previously, we have identi-
fied 120-kd a-fodrin as an important autoantigen in
sjogren’s syndrome (SS). When healthy C57BL/6 (B6)
mice were treated with an ovariectomy (Ovx), we found
a significant increase in TUNEL*-apoptotic epithelial
cells in the salivary gland cells associated with a-fodrin
cleavage during 2 and 3 weeks after Ovx. By contrast, no
apoptotic cells were found in estrogen receptor-o
knockout mice. In in vitro studies using primary cul-
tured mouse salivary gland cells and human salivary
gland cells, we found a cleavage product of 120-kd a-fo-
drin in cells that had undergone tamoxifen (Tam)-in-
duced apoptosis through caspase activation, especially
caspase-1. Adoptive transfer of a-fodrin-reactive T cells
into Ovx-B6 and -SCID mice resulted in the development
of autoimmune exocrinopathy quite similar to SS. These
results suggest that estrogen deficiency exerts a crucial
influence on autoantigen cleavage, and may cause, in
part, autoimmune exoctinopathy in postmenopausal
women, (AmJ Patbol 2003, 163:1481-1490)

Loss of ovarian function following menopause results in
functional failures of the immune system, bone metabo-
lism, and endacrine system. Estrogenic action has been
suggested to be responsible for the strong female pre-
ponderance of many auteimmune diseases, including

systemic lupus erythematosus (SLE), scleroderma, rheu- .

matoid arthritis (RA), and Sjégren's syndrome (SS)."~*
Sex hormones influence both humoral and cell-mediated
immune responses in a number of experimental mod-
els.5® Previous reports indicate that the. increase in au-
toantibody production as a result of estrogen deficiency
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is mediated by cytokines such as interleukin-6 (IL-6),
interferon-y (IFN-v), and tumor necrosis factor-a (TNF-«),
and that estrogen plays an important role in the regulation
of B-lymphocyte development in mouse bone mar-
row.1°"12

Recently, we have demonstrated that the dysfunction
of regulatory T cells as a result of estrogen deficiency
may play a crucial role on acceleration of organ-specific
autoimmune lesions, and that estrogenic action influ-
ences target epithelial cells through Fas-mediated apo-
ptosis in a murine model for $S.*2 Although autoimmune
diseases are triggered by various environmental factors,
such as hormonal changes, microbial infections, stress,
and aging,'*'® much less is known about the role of
estrogen deficiency on the formation of autoantigen. We
hypothesize that estrogen deficiency may influence the
formation of pathogenic autoantigen in target organs
through a T-cell-independent pathway.

Previously, we have identified 120-kd «-fodrin as an-
important autoantigen in both NFS/sld murine S5 model
and in patients,’® but the mechanisms of a-fodrin cleav-
age in the salivary.gland cells remain unclear. Our recent
study has been strongly suggestive of essential roles of
caspase cascade for a-fodrin cleavage leading to tissue
destruction in primary SS.'7 a-fodrin is a ubiquitous, het-
erodimeric calmodulin-binding protein that is cleaved by
calcium-activated protease (calpain) in apoptotic cells
and caspase through Fas-mediated apoptosis in Jurkat
cells.'®-20 The fodrin a-subunit of various cells has also
been shown to be cleaved in association with apopto-
sis.212% Several reports have demonstrated that estrogen
may play an inhibitory role on apoptosis in endothelial cells,
breast cancer cells, cardiac myocytes, prostate cells, and
neuronal cells.24~2” Moreover, it has been noted that some
enzymatic activiies are elevated in postmenopausal
women compared with normal healthy women.22°

The aim of this study was to analyze the effect of
estrogen deficiency on the formation of pathogenic au-
toantigen. Moreover, caspase activity in mouse salivary
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gland cells stimulated by an antiestrogenic action has
been analyzed, indicating that estrogen deficiencies may
play a pivotal role in autoantigen cleavage initially trig-
gered in the salivary and lacrimal gland.

Materials and Methods

Mice and Treatments

Female C57BL/6 (B6) mice (H-2°) were purchased from
Japan SLC (Shizuoka, Japan), and maintained in a spe-
cific pathogen-free (SPF) mouse colony and given food
and water ad libitum. Estrogen receptor-a knockout mice
(ERaKO) on a B6 strain background were purchased
from Taconic (Germantown, NY). Female SCID C.B-17-
scid/scid mice (H-29), purchased from Japan SLC (Shi-
zuoka), were used to confirm cell transfer experiment.
Normal female B6 (H-2°), and BALB/c mice (H-29), pur-
chased from Japan SLC (Shizuoka), were used to obtain
antigen-stimulated T cells. Mice were ovariectomized
(Ovx) at 4 weeks of age and compared with sham-oper-
ated (Sham, in both strain) mice. At 1 to 6 weeks after
Ovx, all organs were removed from the mice and ana-
lyzed,

Histological Analysis

- All organs were removed from mice, fixed with 4.0%
phosphate-buffered formaldehyde (pH 7.2), and pre-
pared for histological examination. The sections were
stained with hematoxylin and eosin. The disease inci-
dence was determined using the histological score of
inflammatory lesions by White and Casarret,3° estimated
by three independent, well-trained pathologist in a
blinded manner.

In Situ End-Labeling of Fragmented DNA
(TUNEL)

Apoptotic cells were detected in sections using the in situ
TUNEL Kit (Wako Pure Chemical Industries, Ltd., Osaka,
Japan). Briefly, sections were incubated with proteinase
K (20 pg/mi) for 10 minutes, and then presoaked in TdT
buffer (0.5 umol/L cacodylate, 1 umol/L CoCl, 0.5 umol/L
dithiothreitol, 0.05% bovine serum albumin, 0.15 mol/L
NaCi) for 10 minutes. Sections were incubated for 2 hours
at 37°C in 25 mi of TdT solution, containing X terminal
transferase buffer, 0.5 nmol of biotin-dUTP, and 10 U of
TdT (Wako Pure Chemical). After the TdT reaction, sec-
tions were soaked in TdT blocking buffer (300 nmol/L
NaCl, 30 mmol/L tri-sodium citrate-2-hydrate), incubated
with HRP-conjugated streptavidin for 30 minutes at room
temperature, and developed for 10 minutes in phos-
phate-buffered citrate (pH 5.8) containing 0.6 mg/ml
DAB. Nuclei were counterstained with hematoxylin.

Western Blot Analysis

Westrn blot analysis with anti-human «-fodrin (Affiniti,
Mamhead, UK) was performed. Briefly, the cells were

incubated in 20 mmol/L Tris-HC! (pH 8.0), 20 mmol/L
NaCl, 0.5% Triton X-100, 5 mmol/L ethylenediaminetet-
raacetate (EDTA), and 3 mmol/L MgCI2 lysis buffer. After
centrifugation for 20 minutes at 12,000 X g at 4°C, su-
pernatant was extracted and used for sample. Ten mi-
crograms of each sample per well was used for sodium
dodecy! sulfide-polyacrylamide gel electrophoresis. Pro-
tein binding was visualized with enhanced chemilumines-
cence Western blotting reagent (Amersham Biosciences,
Arlington Heights, IL). Control for protein loading was
provided by anti-human e-tubulin, or GAPDH monoclonal
antibody (Sigma Chemical Co., St. Louis, MO). To detect
caspase-1 in cultured human celis and mouse tissues,
Western blot analysis was performed by the indicated
methods using anti-human caspase-1 (Sigma Chemical
Co.), and anti-human active form caspase-1 (p20 sub-
unit; Upstate Biotech, Charlottesville, VA) polyclonal an-
tibody. An anti-human caspase-1 polycional antibody is
known to cross-react with mouse lysate.

Primary Culture of Mouse Salivary Gland (MSG)
Cells

Mouse salivary gland (MSG) epithelial cells were pre-
pared as previously described.317 Brieﬂy, mouse sali-
vary glands were minced into 1-mm? pieces, washed
with Hank’s balanced salt solution (HBSS) without Ca?*
and Mg?*, and placed in a 60-mm dish containing HBSS
with 0.76 pg/ml EDTA, 4.9 pg/mi L-ascorbic acid, and 4.9
pg/mi reduced glutathione. Fragments were washed with
Dulbecco's modified Eagle's medium/soybean trypsin in-
hibitor, and placed in a mixture of collagenase (750 U/mi
of type 1) and hyarulonidase (500 U/ml of type IV) dis-
solved in DMEM/F12 containing 10% fetal bovine serum
(FBS). The digest suspension was passed through a
100-um nylon mesh filter. Adherant cells after culture in
DMEM containing 10% FBS for 24 hours at 37°C were
isolated as salivary gland epithelial cells. Apoptotic cells
were detected by flow cytometry with an EPICS flow
cytometer (Beckman Coulter, Miami, FL) using the An-
nexin V-FITC Apoptosis Detection kit (Genzyme, Cam-
bridge, MA).

Cell Culture

MSG cells, human salivary gland adenocarcinoma cell
line (HSG),®" breast cancer cell line (MCF-7), colon can-
cer cells (HT29, Colo201), and Jurkat cells were cultured
in the DMEM and RPMI-1640 including 10% FBS at 37°C.
When the cells were treated with tamoxifen (Tam) (ICN
Biochemicals, Costa Mesa, CA) and 17B-estradial (Wako
Pure Chemical), they were cultured in the medium without
FBS. Apoptotic cells were detected by flow cytometry
with an EPICS flow cytometer (Beckman Coulter) using
the Annexin V-FITC Apoptosis Detection kit (Genzyme).

Cell Transfection

We used polymerase chain reaction (PCR) techniques to
generate derivatives of a human caspase-1 promoter-
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luciferase construct. The following forward and reverse
oligomers were used as primers to create a promoter of
the human caspase-1 gene: 5'CACTGCAGATTGAGA-
AACTCTTCACTGS’, 5'GATCTAGAGGCTTTTCTCTCCT-
CCCT3'. The PCR-amplified promoter fragments, includ-
ing Pst-1/Xba-1 site, were cloned into the multiple cloning
site of the pGL3-basic vector (Promega, Charbonnieres,
France), upstream of the luciferase gene. The caspase-1
promoter-luciferase gene were transfected into HSG cells
using LipofectAMIN (Promega). The vector pGL3-basic
(lacking a promoter) and the vector (Promega) pGL3-
control served as negative and positive controls, respec-
tively. Briefly, the transfection medium, containing 10 ug
of plasmid DNA and 60 ul of Lipofectin reagent in 2 ml of
serum-free DMEM was incubated for 20 minutes at room
temperature and then diluted with serum-free DMEM to a
final volume of 5 ml and added to HSG cells, plated the
day before. The transfection process occurred at 37°C
for 5 hours, then 5 ml of DMEM containing 20% fetal calf
serum (FCS) was added to the cells.

Luciferase Assay

The transfected cells were incubated for 24 hours and
stimulated during the last 2 hours with Tam (1 X 1077M).
Pretreatment with 17B-estradiol (1 X 107°M) was per-
formed during last 12 hours. After rinsing with phosphate-

- buffered saline, cells were lysed with reporter lysis buffer
(Promega), and cell extracts were used for luciferase
assay with the Promega kit in a luminometer (Promega).
To conirol transfection efficiency, pSVp-galactosidase
plasmid (Promega) was cotransfected with the luciferase
reporter constructs in a 1:4 ratio. The results showed that
the difference in the relative efficiency of transfection
between constructs was negligible.

Caspase Activities

Caspase activities in Tam-induced apoptosis in HSG cell
extracts and mouse various tissues were assayed using
Caspase-Family Colorimetric Substrate Set (BioVision
Inc., Palo Alto, CA). Briefly, tissue or cell lysates were
incubated with pNA-conjugated substrates (200 mmol/L,
caspase-1, -2, -3, -5, -6, -8, and -9 substrate: Ac-YVAD-
pNA, Ac-VDVAD-pNA, Ac-DEVD-pNA, Ac-WEHD-pNA,
Ac-VEID-pNA, Ac-IETD-pNA, and Ac-LEHD-pNA) at
37°C for 2 hours. Absorbance of ‘each sample was read
at 405 nm in a microtiter plate reader using a 96-well
plate. Fold-increase in caspase activity was determined
by comparing these results with the level of the unin-
duced control. The caspase inhibitors z-VAD-fmk (1
wmol/L), Ac-DEVD-CHO (1 umol/L), and Ac-WEHD-CHO
(0.5 wmol/L) (Sigma Chemical Co.) were added to the
Tam-stimulated HSG cells. After the incubation for 48
hours, apoptotic cells were detected using Annexin-V
flow cytometric analysis. )

Adoptive Transfer

To dbtain a-fodrin-reactive T cells, B6 mice were injected
subcutaneously with 20 ug recombinant a-fodrin protein
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(JS-1) and Freund's complete adjuvant (ICN Biochemi-
cals) at 4 weeks of age, and i.p. injections of 20 ug JS-1
and Freund's incomplete adjuvant (ICN Biochemicals)
were performed at 6 weeks of age. OVA (10 pg/head)-
reactive. T cells were obtained as the same manner for
control experiments. After 2 weeks later (8 weeks of age),
mice were sacrificed and the splenic T celis were ob-
tained as donor cells. As recipients, female B6 mice were
ovariectornized (Ovx, n = 7) or sham-operated (Shap#
n = 5) at 4 weeks of age. After 2 weeks (6 weeks ol
Ovx- and Sham-mice were transferred i.p. witR 5 X 10
a-fodrin-reactive T cells. The transferred mice wer
lyzed at 4 and 8 weeks after the cell transfer. To confirm
cell iransfer experiments, Ovx- and Sham-SCID mice
(n = 7 and n = 5) were transferred with a-fodrin-reactive
T cells obtained from BALB/c mice in the same manner.

5

Proliferation Assay

Splenic T cells were performed on proliferation assay
against various antigens including recombinant a-fodrin
pratein (JS-1). Single cell suspensions were cultured in
96-well flat bottom microtiter plate (5 X 10° celis/well) in
RPMI-1640 containing 10% FCS, penicillin/streptomycin,
and B-mercaptoethanol. Cells were cultured with 10
ug/mt JS-1, and 2.0 ug/mt Con A (EY Laboratories, San
Mateo, CA). The control antigens used were OVA (5
ug/ml), lysozyme (5 pg/mi), and albumin (6 ug/ml) (Sig-
ma, St. Louis, MO).3[Hlthymidine incorporation during
the last 20 hours of the culture was evaluated using an
automatoid B-liquid scintillation counter.

Resuilts

Apoptosis Induced in Salivary Gland Cells by
Ovariectomy (Ovx)

To examine the in vivo effects of estrogen deficiency in
normal B6 and ERaKO mice, Ovx was performed at the
age of 4 weeks. A radioimmunoassay confirmed that
B-estradiol was not detectable in the sera of Ovx-mice
(Ovx-B6 and Ovx-ERaKO, not detected; Sham-Bg,
27.4 * 2.8 pg/ml; Sham-ERaKO, 26.8 + 3.6 pg/mi). At 1
to 6 weeks after Ovx, an in situ apoptosis detection assay
was performed using all organs. Although we found a
significant increase in TUNEL* apoptotic cells in the
salivary gland sections of B6 mice, but not ERaKO mice,
at 2 or 3 weeks after Ovx (Figure 1), no significant apo-
ptosis was observed in any other organs of Ovx and
Sham mice. To define TUNEL labeling due to the effect of
Ovx in vivo, we examined Annexin V-flow cytometric anal-
ysis using primary cultured MSG cells, indicating that a
small proportion of apoptotic cells (12.5%) in Ovx mice
was found, but not in Sham mice (3.1%) (Figure 1A). No
significant difference in number of TUNEL™ apoptotic
cells of Ovx and Sham mice was observed at 0, 1, 4, 5,
and 6 weeks after Ovx (Figure 1B). Thus, apoptotic
changes in the salivary glands of normal mice were ob-
served transiently at 2 or 3 weeks after Ovx, supposing
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Figure 1. A: Detection of TUNEL*-apoptotic cells in the salivary gland sections from Ovx- and Sham-B6 mice, but not from EReKO mice, at 3 weeks after Ovx
(arrows). Annexin V-flow cytometric analysis using MSG cells demonstrated 12.5% positive cells detected in Ovx-B6 mice, but 3.1% positive in Sham-B6 mice.
Data are representative in triplicate. B: A significant increase of apoptotic epithelial cells was observed in the salivary gland tissues from Ovx-B6 mice, not from
ERaKO mice, restricted at 2 and 3 weeks after Ovx. The percentage of epithelial cells staining positively with TUNEL was enumerated using a 10- X 20-grid net
micrometer disk covering an objective of area 0.16 mm?, Data were analyzed in 10 fields per section and expressed as mean percent * SD in five mice examined

per group. (*P < 0.05; Student’s rtest.)
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Figure 2. Detection of o-fodrin cleavage in various tissues from Ovx- and
Sham-B6 mice on Western blot analysis showing distinct band of 120 kd in
the salivary gland tissue alone from Ovx-B6 mice. a-tubulin protein as
internal control was present. Data are representative of five mice in each

group.

that antiestrogenic action to the epithelial tissues seems
to be transient in vivo.

Effect of Estrogen Deficiency on a-Fodrin
Proteolysis

We next investigated whether estrogen deficiency is in-
volved in the formation of pathogenic autoantigens in
salivary glands. To analyze a-fodrin proteolysis in the
salivary glands from Ovx-B6 mice, Western blot analysis
was performed using tissue samples. Although an in-
tense band expressing 120-kd a-fodrin was found in the
salivary gland samples from Ovx-B6 mice, no cleavage
products of a-fodrin were observed in other organs from
Ovx mice or any of the samples from Sham mice, while
expression of a-tubulin as a control was present (Figure
2). Thus, estrogen deficiency induces in vivo proteolysis
of a-fodrin in association with apoptosis in the normal
salivary gland cells.

Tamoxifen (Tam)-Induced Apoptosis and
a-Fodrin Cleavage in Salivary Gland Cells

It has been reported that the antiestrogen tamoxifen
(Tam) induces cell death in the human breast cancer cell
line MCF-7.22 To examine whether Tam induces apopto-
sis in the mouse and human salivary gland (MSG and
HSG) cells, the cells were treated with 1 X 107" to 1 X
1078 (M) Tam for 48 hours. We found a time- and con-
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Figure 3. A: Effect of Tam (1 X 1077 M) on apoptosis in various mouse and
human cells (MSG, HSG, MCE-7, Jurkat, HT-29, and Colo201). Staurosporin
(1 wmol/L) was used as common apoptotic reagent. B: a-fodrin cleavage into
120 kd in MSG and HSG cells induced by Tam. Western blot analysis with
mouse monoclonal Ab to a-fodrin was performed in MSG and HSG cells
stimulated with Tam (1 X 1077 M) for 24 or 48 hours. The data are
representative of three individual experiments. C: Tam-induced apoptosis of
MSG and HSG cells was significantly reduced by the pretreatment with
estrogen. Apoptotic cells were detected by flow cytometer using propidium
lodide staining and Annexin V-FITC. The data are the mean * SD from three
individual experiments.

centration-dependent increase in number of apoptotic
MSG and HSG cells until 48 hours (data not shown). In
contrast to the colon cancer cells (HT-29 and Colo201) or
Jurkat cells, apoptosis was induced in MSG, HSG, and
MCF7 cells treated with Tam (Figure 3A). Of importance
is that the 240-kd a-fodrin in Tam-induced apoptotic MSG
and HSG cells was cleaved into 120-kd fragment in &
time-dependent manner on Western blotting (Figure 3B).
In Tam-induced apoptotic MCF7 cells, negligible levels of
cleaved products of a-fodrin were found on Western
blotting. We next examined whether estrogen could in-
hibit Tam-induced apoptosis of MSG and HSG cells. As
shown in Figure 3C, Tam-induced apoptosis of MSG and
HSG celis was significantly reduced by the pretreatment
with estrogen. These data indicate that apoptosis of
mouse and human salivary gland cells followed by a-fo-
drin cleavage into 120-kd fragment could be induced by
an antiestrogenic action.

Participation of Caspases in Estrogen-Deficient
Salivary Gland Cells

We next investigated whether apoptotic proteases are
involved in the a-fodrin cleavage during Tam-induced
apoptosis in MSG and HSG cells. A significant increase
in caspase-1 activity was detected with relatively ele-
vated caspase-3 and -8 activity on Tam-induced apopto-
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Figure 4. A: A significant increase in caspase-1 activity with relatively elevated caspase-3, and caspase-8 activity on Tam-induced apoptosis in HSG cells. B:
Tam-induced apoptosis in HSG cells was inhibited considerably by the treatment with caspase inhibitors ZzVAD, DEVD, and WEHD. C: A significantly elevated
caspase-1 activity in the salivary gland tissues is observed in Ovx-B6 mice with slight elevation of caspase-3, and caspase-8 activity. No significant differences in

caspase activities were observed in other organs.

tic HSG cells (Figure 4A). In addition, Tam-induced apo-
ptosis in HSG celis was inhibited considerably by
treatment with caspase inhibitors zVAD, DEVD, and
WEHD (Figure 4B). We next examined the level of the

caspase activities (caspase-1, -2, -3, -5, -6, -8, and -9) in
various organs from Ovx- and non-Ovx-B6 mice. Figure
4C shows that a significantly elevated caspase-1 activity
in the salivary gland tissues is observed in Ovx-B6 mice,
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Figure 5. A: Luciferase assay of caspase-1 promoter activities in HSG cells
stimulated with Tam. HSG, MCPF-7, Jurkat, HT-29, and colo201 cells, after
transfection with caspase-1 promoter Luc construct, were stimulated for 2
hours without or with 1 X 1077 M Tam. Estrogen (178-estradiol, 1 X 1078 M)
was added to the cells 12 hours before Tam stimulation. The results are the
mean values of three independent experiments run in triplicate. B: Western
blot analysis of caspase-1 in apoptotic HSG cells stimulated with Tam,
showing an increase in procaspase-1 (40 kd) at 12 hours, and a time-
dependent increase in caspase-1 active form (p20). Cytosolic extracts were
prepared from HSG cells which were treated with Tam (1 X 1077 M) for
various times. C: Detection of caspase-1 active form (p20) in the salivary
gland tissue, but not in various organs from Ovx- and Sham-B6 mice on
Western blot analysis. a-tubulin proteins were used as internal control. Data
were representative in triplicate.

with slight elevation of caspase-3 and 8 activity. No dif-
ferences in caspase activities were observed in other
organs. These results suggest that estrogen deficiency
stimulates caspase activity, especially caspase-1, in the
salivary gland tissues in vivo. We then examined whether
Tam could influence the promoter activity of caspase-1in
 HSG cells. After transfection with the plasmid containing

the caspase-1 promoter-ligated upstream of the lucif-
erase gene, HSG cells were stimulated with Tam, and
then luciferase assay was performed. Figure 5A shows
an increased promoter activity of caspase-1 after stimu-
lation with Tam in HSG cells, but not in MCF-7, Jurkat,
HT-29, and colo201 cells. The increase in caspase-1
promoter activity observed in HSG cells was significantly
reduced by the addition of estrogen. We observed a
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time-dependent expression of caspase-1 (p20) activities
until 48 hours on Western blot analysis (Figure 5B). Figure
5C shows that a distinct expression of caspase-1 (p20) in
the salivary gland tissues is observed in Ovx-B6& mice.
These results suggest that the salivary gland cell apopto-
sis could be induced by caspase activation, especially
caspase-1, in estrogen deficient state.

Adoptive Transfer of a-Fodrin-Reactive T Cells
into Ovx-B6 and -SCID Mice

We examined the adoptive transfer experiments using
a-fodrin-reactive T cells into Ovx-B6 mice as shown in
protocol (Figure 6A). Before the cell transfer, we con-
firmed the proliferative T-cell response against JS-1, but
not against lysozyme, albumin, and ovalbumin, of JS-1-
immunized mice (Figure 6B). Consequently, inflammatory
lesions developed exclusively in the salivary and iacrimal
gland at 4 and 8 weeks after the transfer with 5 X 108
a-fodrin-reactive T cells, not with 5 X 10° OVA-reactive T
cells, while no inflammatory lesions in any other organs
were detectable (Table 1 and Figure 6C). When 5 X 108
a-fodrin-reactive CD4™ or CD8™ fractionated T cells were
transferred into Ovx-B6 and Ovx-SCID mice, no inflam-
matory lesions were observed in any organs (data not
shown). Proliferative T-cell response against recombinant
a-fodrin {JS-1) was clearly observed in spleen cells from
transferred Ovx-B6 mice (Figure 6D). In Ovx-SCID mice,
inflammatory lesions were also induced in the salivary
and lacrimal gland at 8 weeks after the transfer with 5 X
108 e-fodrin-reactive T cells, while no inflammatory le-
sions in any other organs were detectable (Table 1).
Significant proliferative T-cell response against recombi-
nant a-fodrin (JS-1) was observed in spleen cells from
transferred Ovx-SCID mice (Figure 6E).

Discussion

The mechanisms responsible for the development of au-
toimmune diseases during the postmenopausal stage
are still unclear. Previous reports concerning gender dif-
ferences in autoimmunity have suggested that estrogen
influences the cytokine production of effector cells and
autoantibody production.3®34 The distinct immune envi-
ronments in males and females underlie many of the
gender-related differences in autoimmunity. These envi-
ronments are established by the cytokines that are re-
leased by immune cells, particularly T helper (Th) lym-
phocytes. Sex hormones, pituitary hormones including
prolactin, and growth hormones, as well as liver-derived
insulin-like growth factor-1 affect autoimmune diseases
by modulating cytokine productions.®3*® Women have
higher levels of these hormones than men. Estrogen with-
drawal after menopause leads to an increase in the pro-
duction of cytokines, such as granulocyte-macrophage
colony-stimulating factor, IL-1, 1L-6, and TNF-a.%" Al-
though many studies have described the effects of es-
trogen on cytokine productions in effector cells, much
less is known about the effect of estrogen deficiency in
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Table 1. Frequency of Inflammatory Lesions in the Salivary and Lacrimal Glands in Transferred C57BL/6 and SCID Mice Treated

with Ovx
No. of mice with lesions*®
Treatment No. of mice Submandibular Parotid Lacrimal

4 weeks after transfer (C57BL/6)

Ovx alonet 5 0/5 0/5 0/5

Sham 5 0/5 0/5 0/5

Ovx-+transfer? 7 5(7 717 6/7

Sham-+transfer 7 017 o7 o7

Ovx-+transfer (OVA)S 5 0/5 0/5 0/5
8 weeks after transfer (C57BL/6)

Ovx alonet 5 0/5 0/5 0/5

Sham 5 0/5 0/5 0/5

Ovx+transfer® 7 6/7 717 717

Sham-+transfer 7 o7 017 017

Ovx+transfer (OVA)S 5 0/5 0/5 0/5
8 weeks after transfer (SCID)

Ovx alonet 5 0/5 0/5 0/5

Sham 5 0/5 0/5 0/5

Ovx-+transfer® 7 5/7 6/7 6/7

Sham-+transfer 7 o/7 0/7 0/7

*Histological evaluation for frequency of inflammatory lesions in the salivary and lacrimal glands was done according to the method proposed by

White and Casarett.*® .

tFemale C57BL/6 (B6) and SCID mice were ovariectomized (Ovx) at 4 weeks of age.
+0Ovx-B6 and SCID mice were transferred intraperitoneally with 5 X 10° a-fodrin-reactive T cells at 6 weeks of age.
$Ovx-B6 mice were transferred with 5 X 108 OVA-reactive T cells. a-fodrin-reactive T cells were obtained from B6 or BALB/c mice as described in

detail in the text.

target organs of postmenopausal women. Thus, it is re-
quired to determine how estrogen deficiency influences
the expression of autoantigens in target cells before the
infiltration of lymphocytes into the salivary glands.

In this study, we have demonstrated a significant ap-
optosis associated with a-fodrin cleavage in the salivary
gland cells of estrogen deficient healthy B6 mice. More-
over, inflammatory lesions developed exclusively in the
salivary and lacrimal gland after the adoptive transfer
with a-fodrin-reactive T cells in both Ovx-B6 and Ovx-
SCID mice. These data indicate that a-fodrin cleavage
triggered by estrogen deficiency plays a role in the de-
velopment of autoimmune exocrinopathy in the salivary
and lacrimal gland. By contrast, apoptotic cells in the
salivary glands were not found in ERaKO mice. In in vitro
studies using primary cultured MSG and HSG, we found
a cleavage product of 120-kd a-fodrin in cells that had
undergone Tam-induced apoptosis, not in other type of
cells including MCF-7. Since pretreatment with estrogen
inhibits the Tam-induced apoptosis of MSG and HSG
cells, estrogen may play a crucial role in the apoptosis-
related signal pathway. When we analyzed whether cys-
tein proteases are involved in Tam-induced apoptosis of
HSG cells, we observed a time-dependent increase in
the active forms of caspase-1. In addition, we found that
the promoter activity of caspase-1 was significantly in-
creased when HSG cells transfected with the promoter-
caspase-1 gene were stimulated with Tam. Indeed, ac-
tive forms of caspase-1 was detected only in the salivary
gland tissues from Ovx-B6 mice. It has been reported

that estrogen inhibits the apoptosis of human myocytes
and endothelial cells by reducing the activity of caspase-
1-like protease.?®2% On the other hand, estrogen has
been shown to inhibit bone resorption by directly induc-
ing apoptosis of bone-resorbing osteoclasts.®® Our re-
sults suggest that antiestrogenic actions might induce
the salivary gland apoptosis through a caspase-1-medi-
ated pathway. it is assumed that estrogen acts as a
negative regulator of caspase-1 activity in the salivary
gland cells.

When MSG and HSG cells were induced to undergo
apoptosis using Tam, the 240-kd «-fodrin was cleaved
into a single detectable fragment of 120 kd. Among the
substrates cleaved during apoptosis are nuclear autoan-
tigen targets for systemic autoimmune diseases such as
PARP, U1-70-kd, the nuclear lamin, and DNA-dependent
kinase.?®~*3 In organ-specific autoimmune diseases, no
evidence in in vivo cleavage of self proteins during apo-
ptosis has been demonstrated. Our data suggest that
antiestrogenic actions have a potent effect on the prote-
olysis of e-fodrin autoantigen in the salivary gland
through up-regulation of caspase-1 activity. These results
strongly suggest that a-fodrin fragments induced by Ovx
may play an important role on the development of auto-
immune lesions as a pathogenic autoantigen. Molecular
mechanisms responsible for tissue-specific apoptosis in-
duced by estrogen deficiency are further investigated.

In conclusion, we have demonstrated that antiestro-
genic actions, including estrogen deficiency or Tam stim-
ulation, may have a crucial influence on apoptosis and

Figure 6. A: Experimental protocol of adoptive transfer using B6 and SCID mice as indicated, B: Significant proliferative response of the splenic T cells against
recombinant a-fodrin (JS-1, 10 pg/ml) were confirmed before the transfer (*P < 0.01, Student’s ttest). Antigen-stimulated blastogenesis was measured in spleen
T cells from immunized and non-immunized mice. No proliferative responses were found to lysozyme (5 ug/mb), albumin (5 pg/ml), and OVA (5 pg/ml). Data
are expressed as counts per minute * SD in triplicate. C: Representative histological features of the salivary and lacrimal glands in Ovx-+transfer, and Ovx-alone
mice Chematoxylin and eosin, magnification, X120). D: Significant proliferative response of the splenic T cells against recombinant a-fodrin (JS-1, 10 pg/ml) in
Ovx-+transfer B6 mice was observed (*P < 0.01, Student's #test). E: Significant proliferative response of the splenic T cells against recombinant a-fodrin gs-1,
10 pg/mb) in Ovx+transfer SCID mice was observed (*P < 0.05, Student’s #test). Data are expressed as counts per minute * SD in triplicate.
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a-fodrin proteolysis through an increased caspase activ-
ity in the salivary gland cells, suggesting a novel mech-
anism for the development of organ-specific autoimmu-
nity in postmenopausal women.
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Objective. The pathologic mechanisms responsi-
ble for organ-specific tissue damage in primary Sjo-
gren’s syndrome (SS) remain unclear, but it has been
suggested that the pathology is mediated by autoreactive
CD4+ T cells infiltrating the salivary and lacrimal
glands. This study was undertaken to investigate
whether a-fodrin autoantigen-specific autoreactive
CD4+ T cells are capable of inducing autoimmune
lesions. _ . _

Methods. A total of 45 synthetic a-fodrin peptides
designed to be 20 amino acid residues in length were
generated. To establish an autoreactive T cell line,
limiting dilution analysis (LDA) was performed on
-lymph node cells (LNCs) in the presence of a-fodrin
peptides. The effects of adoptive transfer of autoreactive
CD4+ T cells into normal syngeneic recipients were
investigated.

Results. Autoreactive CD4+ T cell lines that
recognize synthetic a-fodrin peptide, which produced
Thl cytokines and showed cytotoxic activities, were
established in a murine model for SS. T cell receptor Vg
usage and third complementarity-determining region
(CDR3) sequences indicated that in some cases Vg6-
CDR3 genes matched between the tissue-infiltrating T
cells and the autoreactive T cell lines. Adoptive transfer
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of the autoreactive CD4+ T cells into normal syngeneic
recipients induced autoimmune lesions quite similar to
those of SS.

Conclusion. Our data help to elucidate the patho-
genic mechanisms responsible for tissue destruction in
autoimmune exocrinopathy and indicate that autoereac-
tive CD4+ T cells play a pivotal role in the development
of murine SS.

Primary Sjogren’s syndrome (SS) is a T cell-
mediated autoimmune disease, and autoreactive T cells
bearing the CD4 molecule may recognize unknown self
antigen, triggering autoimmunity in the salivary and
lacrimal glands and leading to clinical symptoms of
dryness of the mouth and eyes (sicca syndrome) (1,2).
Previously, we identified involvement of a 120-kd ~
a-fodrin autoantigen in the pathogenesis of primary SS
in humans and rodents (3,4), but the mechanisms for
tissue destruction in target organs remain unclear.

Although an important role for T cells in the
development of organ-sepcific autoimmune disease has
been suggested, it is not known whether disease is
initiated by a restricted inflammatory reaction to an
organ-specific autoantigen. In most cases, antigenic
challenge results in the establishment of immunologic
memory, a state in which the immune system is main-
tained to respond effectively upon recurrent antigenic
exposure. Autoreactive T cells generally respond to a
limited number of immunodominant epitopes in self
antigenic proteins, including myelin basic protein, thy-
roglobulin, and glutamic acid decarboxylase (5-8).
Thymectomy on day 3 after birth (3d-Tx) is followed by
the development of organ-specific autoimmune diseases
(9,10). The sid mutation in NFS/N mice (NFS/sld,
H-2D9) is involved in the mucous cell differentiation of
the sublingual gland (11). Using 3d-Tx NFS/sld mutant
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mice, we have established and analyzed a murine model
of primary SS in which the animals spontaneously de-
velop a disease with many of the characteristics of
human SS (12-14). The T cell receptor (TCR) V8 and
V6 genes are preferentially used in these lesions from
the onset of disease in the 3d-Tx NFS/sld mouse model
(12). However, little is known about the events triggering
T cell invasion of the the salivary and lacrimal glands in
prelude to the development of autoimmune lesions.

Alpha-fodrin is an actin-binding protein that is
found at the periphery of chromaffin cells and may be
involved in secretion (15). The stimulation of secretion
in parotid acinar cells is associated with dramatic re-
arrangements of the sub-plasmalemmal cytoskelton of
a-fodrin (16). In the present study we established
a-fodrin—reactive T cell lines capable of inducing auto-
immune lesions similar to those found in SS. Moreover,
the TCR Vg usage and the third complementarity-
determining region (CDR3) sequences of the autoreac-

tive T cell lines were determined. )

MATERIALS AND METHODS

Mice. NFS/N mice carrying the mutant gene sid (11)
were raised in our specific pathogen—free mouse colony.
Thymectomy was performed on day 3 after birth.

Histologic and immunohistologic analysis. All organs
were removed from the mice, and the sections were stained
with hematoxylin and eosin. Histologic grading of the inflam-
matory lesions was done determined as described previously
(17). Immunohistologic analysis was performed by the avidin—
biotin~immunoperoxidase method utilizing ABC reagent
(Vector, Burlingame, CA). Monoclonal antibodies used were
as follows: biotinylated rat monoclonal antibodies to CD4 and
CD8 (Cedarlane, Hornby, Ontario, Canada), Mac-1 (Becton
Dickinson, Burlingame, CA), and B220, Vg8, Vg6,
interleukin-2 (IL-2), IL-4, and interferon-y (IFNy) (all from
PharMingen, San Diego, CA).

Recombinant a-fodrin autoantigen. Recombinant
a-fodrin protein, the complementary DNA (cDNA) encoding
human o-fodrin (JS-1: 1-1784 bp, 2.7A: 2258-4884 bp, 3'DA:
39637083 bp) (18) was constructed by inserting cDNA into
the Eco Rl site of pGEX-4T 1, 2, and 3. The mouse sequences
of a-fodrin are identical to the human sequences.

Assessment of proliferative T cell response. Single cell
suspensions of spleen cells and lymph node cells (LNCs) were
cultured in 96-well flat-bottomed microtiter plates (5 X 10°
cells/well) in RPMI 1640 containing 10% fetal calf serum
(FCS), penicillin/streptomycin, and B-mercaptoethanol. Cells
were cultured with each recombinant a-fodrin. protein (JS-1,
2.7A, and 3'DA) (5 pg/ml). During the last 8 hours of the
72-hour culture period, 1 uCi of *H-thymidine was added per
well, and the incorporated radioactivity was determined using
an automated beta liquid scintillation counter. We isolated
tissue-infiltrating mononuclear cells from affected salivary
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glands as described previously (14). Infiltrating T cells were
purified using nylon wool (Wako, Osaka, Japan).

TCR Vg usage and CDR3 sequencing of polymerase
chain reaction (PCR) products. To investigate the comparison
of clonotypes of infiltrating T cells in vivo and autoreactive T
cell lines, reverse transcriptase PCR (RT-PCR) was used to
discriminate the diversities in the D, J, and N regions. Total
RNA was prepared with Isogen (Nippon Gene, Tokyo, Japan),
and amplification was performed with Tag polymerase with 5'
primer specific for the TCR Vg6 and VPS genes and a 3’
primer specific for the TCR Cg, gene. The diluted sample (2 ul)
was electrophoresed in nondenaturing 5% polyacrylamide gels
containing 10% glycerol. After electrophoresis, the DNA was
transferred to Immobilon-S (Millipore, Intertech, Bedford,
MA) and hybridized with biotinylated C, probe, streptavidin,
biotinylated alkaline phosphatase, and a chemiluminescent
substrate system (Millipore Intertech). The inserted TCR
genes were sequenced with dye-labeled primers and AmpliTaq
DNA polymerase (Applied Biosystems, Foster City, CA),
using a 373A automated DNA sequencing system (Applied
Biosystems). )

Synthetic peptides. Peptides were synthesized using
TBOC chemistry with a model 430A peptide synthesizer
(Applied Biosystems, CA). A total of 45 synthetic peptides
designed to be 20 amino acid residues in length, overlapping by
5 amino acid residues, were generated.

Autoreactive T cell line. To establish an a-fodrin
peptide-specific T cell line, limiting -dilution analysis (LDA)
was performed as described previously (19,20), on LNC:s in the
presence of a-fodrin peptides and irradiated syngeneic spleen
cells. LNCs from 3d-Tx NFS/sld mice (5 weeks old) were
cultured with o-fodrin peptides (10 ug/ml) in RPMI 1640
supplemented with 10% FCS, 10 mM HEPES, and 100 units
(100 pg/ml) 100 penicillin/streptomycin in 96-well plates at 1 X
108 cellsfwell, On day 3, IL-2 (Genzyme, Cambridge, MA) was
added; cells were fed with media containing 0.5 ng/mi IL-2
every 3 days. On day 14, an aliquot was analyzed for reactivity
to a-fodrin peptides. Cells (1 X 10%) from each cell line were
cocultured with 1 X 10* irradiated autologous splenocytes in
duplicate for 72 hours. Alpha-fodrin-specific T cell lines
(stimulation index >3) were retested using synthetic peptides
and were maintained by restimulation at 10-14-day intervals
with a-fodrin peptide pulse-irradiated splenocytes. Following a
third round of stimulation, LDA revealed cloned T cell lines.
Autoreactive T cell lines were maintained by stimulation with
1L-2 and feeder cells at 7-10-day intervals.

Flow cytometric analysis. Single cell suspensions were
stained with antibodies conjugated to phycoerythrin (PE)
(anti-CD3 [Gibco BRL, Grand Island, NYJ; anti-CD4, B220)
or anti-CD4; fluorescein isothiocyanate (FITC) (anti-CDS§,
Thyl.2, anti-CD44, anti-CD45RB, anti-Mel-14 [the latter 4
from PharMingen]), and analyzed on an EPICS counter
(Coulter, Hialeah, FL). For analysis of intracellular cytokines
by flow cytometry, cells (105/ml) were activated with immobi-
lized anti-CD3 monoclonal antibody (Cedarlane) for 4 hours.
Monensin (Wako) was added at 2 mM, and 2 hours later cells
were collected, washed, and permeabilized with 0.1% saponin
in phosphate buffered saline at 4°C for 10 minutes. Cells were
incubated with FITC-conjugated anti-IL-2 (8 ug/ml), PE-
conjugated anti~IL-4 (5 ug/ml), and FITC-conjugated anti-
IFNy (1 pg/ml) and analyzed on an EPICS counter.
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Cytotoxicity assay. Cytotoxicity assays were performed
as described previously (21), using peptide-pulsed (10 ug/ml)
mouse salivary gland (MSG) cells labeled with 3'Cr sodium
chromate as target at a 1:50 target:effector ratio.

Cell transfer. To examine whether autoreactive CD4+
T cells induce autoimmune lesions, cells from T cell line 21-1
(1 X 10°) were injected intraperitoneally into irradiated (7.5
Gy) normal NFS/sld mice at 4 weeks, and analyses performed
at 8 weeks (n = 7) and 12 weeks (n = 8) after the injection. As
controls, 1 X 10° splenic CD4+ T cells nonpulsed or pulsed
and with fibronectin fragment peptide (5 ug/ml; Sigma, St.
Louis, MO) from syngeneic mice were injected intraperitone-
ally into irradiated (7.5 Gy) NFS/sld mice and analyzed in the
same manner (n = 5 for each).

Measurement of fluid secretion. Measurement of tear
and saliva volume in the transferred NFS/sld mice was per-
formed by modification of previously described methods
(14,21,22).

Western blot analysis. To detect serum aiitoantibodies
against 120-kd o-fodrin antigen (3), samples were solublized by
heating, and separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. The autoantigen was elec-
trotransferred to nitrocellulose, which was then quenched with
1% powdered milk in borate buffered saline. Nitrocellulose
membranes were incubated with testing serum at a 1:200
dilution in borate buffered saline, and then incubated with
peroxidase-conjugated horse anti-mouse IgG (Vector) at a
1:1,000 dilution. .

RESULTS

Establishment of autoreactive T cell lines. We
have previously identified a cleavage product of 120-kd
a-fodrin as an important autoantigen in the pathogene-
sis of primary SS in both humans and rodents (3,4). To
determine whether an immune response in mice with
experimental SS could be mounted against recombinant
a-fodrin protein, the cDNA encoding human o-fodrin
(JS-1, 2.7A, and 3'DA) were constructed by inserting
cDNA into the Eco RI site of pGEX-4T 1, 2, and 3.
When we compared, in parallel, the proliferative T cell
responses with individual recombinant a-fodrin fusion
protein, we detected a significantly increased prolifera-
tion in SS mouse LNCs, spleen cells, and tissue-
infiltrating T cells stimulated with JS-1 protein (N-
terminal portion of a-fodrin) (data not shown). By LDA,
we succeeded in isolating 3 strongly proliferative auto-
reactive T cell lines (clones 21-1, 21-2, and 21-3) from
JS-1 peptide (p21)-stimulated LNCs (Figure 1A), but
not-from control peptide-stimulated cells. The majority
of autoreactive T cells were CD4+ cells bearing Vg6 and
containing Th1 cytokines such as IL-2 and IFNv, but not
IL-4 (Figure 1B). We confirmed that the autoreactive
CD4+ T cell lines had significant cytotoxicity, against
MSG cells from NFS/sld mice when tested in a >*Cr-release
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Figure 1. Establishment of autoreactive T cell lines. A, Three strongly
proliferative T cell lines (21-1, 21~2, 21-3) from JS-1 peptide p21-
stimulated lymph node cells were isolated and *H-thymidine incorpo-
rated measured. Values are the mean and SEM. B, Flow cytometric
analysis, showing that the majority of these T cells were CD4+ and
Vg6+ and contained interleukin-2 (IL-2) and interferon-y (IFNy), but
not TL-4. C, Results of *'Cr-release assay, demonstrating that the
autoreactive CD4+ T cell lines had significant cytotoxicity when tested
against mouse salivary gland cells. Values are the mean from triplicate
studies.

assay (Figure 1C). In contrast, the autoreactive T cells did
not kill major histocompatibility complex (MHC)-matched
targets of newborn keratinocytes (data not shown).

The TCR V usage and the CDR3 sequences of
3 autoreactive T cell lines were determined by RT-PCR
amplification and sequencing of the PCR products.
Notably, in some cases these sequences (SISAETL and
SMQN) were homologous to V-D-J 8 sequences of the
T cells from affected glands of mice with experimental
SS at 8 weeks (Figure 2).

Development of autoimmune lesions after adop-
tive transfer of autoreactive CD4+ T cells. To analyze
whether the autoreactive T cells cause autoimmune
lesions, cells from CD4+ T cell line 21-1 (1 X 10°) were
transferred intraperitoneally into irradiated (7.5 Gy)
normal NFS/sld mice at 4 weeks. Organ-specific auto-
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Figure 2. T cell receptor Vi gene usage and third complementarity-
determining region (CDR3) sequences of infiltrating T cells in NFS/sld
mice that had undergone thymectomy on day 3 after birth and of
a-fodrin p21-specific lines (21-2, 21-2, 21-3), determined by reverse
transcriptase—polymerase chain reaction amplification and sequencing
of the polymerase chain reaction products. The V36-CDR3 sequences

~ were homologous between the T cells infiltrating salivary glands and 3
autoreactive T cell lines (underlined).

immune lesions developed exclusively in the salivary and
lacrimal glands at 8 weeks (n = 7) and 12 weeks (n = 8)
after the injection with autoreactive T cell line 21-1,
while a transfer of splenic CD4+ T cells pulsed with
fibronectin fragment peptide did not induce any lesions
(Figure 3A). Histopathologic examination revealed no

B Transferred (21-1)
* E3 Splenic CD4: control peptide (-)
SM Splenic CD4: control peptide (+)
3 Non-Tx

1 2 3 4
Mean grade of lesions (8w) *p<0.01

*
Par.
B8 Transferred (21-1)
2 3 splenic CD4: control peptide (-)
SM Splenlc CD4: control peptide (+)
I Non-Tx

Lac.

o

1 2 3 4
Mean grade of leslons (12w) *p<0.01
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inflammatory lesions in other organs including the liver,
pancreas, adrenal glands, and reproductive organs of
mice treated with the autoreactive T cell line. This
suggests that a-fodrin-reactive CD4+ T cells are patho-
genic in vivo.

The majority of tissue-infiltrating cells in the
salivary and lacrimal glands of mice that underwent
adoptive transfer of autoreactive CD4+ T cells were
positive for CD4 and Vg6, but not for CD8 or Vg8
(Figure 3B). Very few B220+ B cells were present in
inflammatory lesions (results not shown). A large pro-
portion of Thl cytokine—positive cells (IL-2, IFNvy), but
not IL-4—positive cells, was detected in the salivary
glands from autoreactive T cell line-treated mice (Fig-
ure 4A). Isotype-matched controls were all negative.
Moreover, the autoimmune lesions were accompanied
by significantly decreased secretion of saliva and tears
(Figure 4B). Serum autoantibody production against
JS-1 protein could not be detected in adoptively trans-
ferred mice (Figure 4C). T cell line-treated mice showed
a significant increase of autoantigen (JS-1 and p21)-
specific T cell proliferation in the spleen cells, while no
responses against ovalbumin or lysozyme were observed
(Figure 5A). The activation markers CD44Meh
CD45RB'", and Mel-14"°Y were significantly up-
regulated in LNCs gated on CD4 from adoptively trans-
ferred mice (Figure 5B). Moreover, we found that
CD4+ T cells isolated from LNCs of the treated mice
had significant cytotoxicity when tested against MSG

Vp6 VB8

Figure 3. Adoptive transfer of autoreactive T cell line 21-1 into normal syngeneic recipients. A, Autoimmune lesions in the salivary and lacrimal
(Lac.) glands developed at 8 weeks (n = 7) and 12 weeks (n = 8) after intraperitoneal injection with cells from T cell line 21-1 (1 X 10°) into
irradiated (7.5 Gy) normal NFS/sld mice, but not in controls. Values are the mean and SEM. Par. = parotid gland; SM = submandubular gland,;
Non-Tx = nonthymectomized. B, Representative histologic features in adoptively transferred mice at 12 weeks. The majority of infiltrating

lymphocytes were positive for CD4 and V6, but not for CD8 or V8.
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Figure 4. A, Immunohistologic features in adoptively transferred
mice. A large proportion of infiltrating cells in the salivary glands were
positive for Th1 cytokines such as interleukin-2 (IL-2) and interferon-y
(IEN'y), but not IL-4. B, Mean and SEM saliva and tear volume (n =
5 per group) in adoptively transferred mice, control-treated mice, and
nonthymectomized (Non-Tx) mice. C, Western blot analysis. Produc-
tion of autoantibodies to 120-kD a-fodrin was not detected in sera
from 3 different adoptively transferred mice.

cells from NFS/sld mice in a *'Cr-release assay (Figure
50).

DISCUSSION

Autoreactive T cells are conventionally regarded
to be eliminated by negative selection in the thymus or
by the induction of peripheral tolerance (23,24). The
results described here demonstrate that a-fodrin—
reactive CD4+ T cells can induce autoimmune exocri-
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nopathy in normal syngeneic mice. Although the speci-
ficity of cytotoxic T lympyocyte (CTL) function has been
an important issue in organ-specific autoimmune re-
sponse, the mechanisms responsible for tissue destruc-
tion have not been elucidated. In type 1 diabetes melli-
tus, the role of environmental factors (25,26), the nature
of the initiating inflammatory cell (27,28), and the
identity of the inciting antigen(s) (29,30) have all been
vigorously debated. We have previously identified a
cleavage product of 120-kd a-fodrin as an important
autoantigen in the pathogenesis of primary SS in both
humans and rodents (3,4). We detected significantly
increased proliferation of lymph node cells, spleen cells,
and tissue-infiltrating T cells from model mice (3d-Tx
NFS/sld) stimulated with JS-1 protein (N-terminal por-
tion of a-fodrin).

We succeeded in isolating 3 strongly proliferative
autoreactive T cell lines (21-1, 21-2, and 21-3) from
JS-1 peptide (p21)-stimulated LNCs. The majority of
autoreactive T cells were CD4+ T cells bearing V36 and
containing Th1 cytokines such as IL-2 and TFNv, but not
IL-4. Of importance is that the autoreactive CD4+ T
cell lines had significant cytotoxicity when tested against
MSG cells in a >'Cr-release assay. Furthermore, the
TCR V4 usage and the CDR3 sequences of 3 autoreac-
tive T cell lines were homologous to VDJ 4 sequences of
the T cells from affected glands of mice with experimen-
tal SS. (Figure 2).

Previous studies have suggested that clonally
expanded T cell populations with restricted usage of
TCR gene segments may be essential for the develop-
ment of autoimmune diseases including SS (31,32).
However, the basis for TCR repertoire selection initiat-
ing autoimmunity has not yet been fully understood. It
should be noted that in this study, infiltrating T cell
sequences that are similar to, and in some cases match,
the sequences of the autoreactive T cell lines were found
(underlined in Figure 2). Previous work has demon-
strated that dual TCR T cells may rescue autoreactive T
cells from negative selection in the thymus (33). Our
data imply that the established autoreactive T cells are
found in the common TCR repertoire (V6-CDR3:
SISAETL). This notion is supported by work by Basu et
al (34) which demonstrates the binding of 2 separate
ligands, a self peptide (arthritic peptide), and a foreign
epitope, on distinct MHC areas by T cells bearing a
single TCR.

In the analysis of whether the autoreactive T cells
cause autoimmune lesions, we found that organ-specific
autoimmune lesions developed exclusively in the salivary
and lacrimal glands at 8 and 12 weeks after the intra-
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Figure 5. A, T cell proliferation in spleen cells. Adoptively transferred mice showed a significant increase of autoantigen (JS-1 and peptide
21)-specific T cell proliferation, while no responses against ovalbumin (OVA) or lysozyme were observed. Values are the mean and SEM of
triplicate experiments. Non-Tx = nonthymectomized. B, Flow cytometric analysis, showing that the activation markers CD44"¢% CD45RB!"®¥, and
Mel-14'°" were significantly up-regulated in lymph node cells gated on CD4 from adoptively transferred mice. C, Results of 5Cr-release assay,
demonstrating that CD4+ T cells isolated from lymph node cells of adoptively transferred mice had significant cytotoxicity against salivary gland

cells from NES/sld mice. Values are the mean from triplicate studies,

peritoneal injection with autoreactive CD4+ T cells.
Adoptively transferred mice showed a significant in-
crease of autoantigen-specific T cell proliferation in the
spleen cells, while no responses against ovalbumin or
lysozyme were observed. The activation markers were
significantly up-regulated in LNCs gated on CD4 from
adoptively transferred mice, and CD4+ T cells isolated
from LNCs of transferred mice had significant cytotoxi-
city against MSG cells when tested in a >!Cr-release
assay. These data indicate that the autoreactive CD4+ T
cells recognizing a-fodrin autopeptide are essentially
pathogenic for the development of organ-specific auto-
immune lesions in murine SS. Since serum production of
autoantibodies against a-fodrin autoantigen could not
be detected in transferred mice, it is possible that the
adoptively transferred disease in these experiments may
be entirely dependent on T cell-mediated immune re-
sponses. Thus, a critical autoreactive CD4+. T cell
function should be operative in the initial stages of the

disease, because the T cells in established lesions show
strong proliferative activity and secrete Thl cytokines.
Previous investigations have demonstrated the accumu-
lation of antigen-reactive T cells at the site of the
inflammation in several human autoimmune diseases as
well as in murine models of human autoimmune diseases
(35,36). : '

In conclusion, we have demonstrated that
a-fodrin-specific autoreactive CD4+ T cell lines can be
established from a-fodrin peptide p21-stimulated I.NCs,
and that the autoreactive T cells have significant cytotoxi-
city against MSG cells when tested in a CTL assay.
Moreover, we confirmed the development of auto-
immune lesions, quite similar to those found in SS, into
normal syngeneic recipients, using autoreactive CD4+ T
cells. The results of this study provide evidence of an
essential role for autoreactive CD4+ T cells specific for
a self peptide in the development of organ-specific
autoimmune disease in SS.
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