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Introduction

Summary

Up-regulated expression of Ro52/tripartite motif-containing protein 21
(TRIM21), Ro60/TROVE domain family, member 2 (TROVE2) and lupus LA
protein/Sjogren’s syndrome antigen B (La/SSB) autoantigens has been
described in the salivary gland epithelial cells (SGEC) of patients with
Sjogren’s syndrome (SS). SGECs, the key regulators of autoimmune SS
responses, express high levels of surface functional Toll-like receptor
(TLR)-3, whereas Ro52/TRIM21 negatively regulates TLR-3-mediated
inflammation. Herein, we investigated the effect of TLR-3-signalling on the
expression of Ro52/TRIM21, as well as Ro60/TROVE2 and La/SSB
autoantigens, by SGECs. The effect of TLR-3 or TLR-4 stimulation on
autoantigen expression was evaluated by polyl:C or lipopolysaccharide (LPS)
treatment, respectively, of SGEC lines (10 from SS patients, 12 from non-SS
controls) or HeLa cells, followed by analysis of mRNA and protein expres-
sion. PolylI:C, but not LPS, resulted in a two-step induction of Ro52/TRIM21
mRNA expression by SGECs, a 12-fold increment at 6 h followed by a 2:5-
fold increment at 24-48 h, whereas it induced a late two-fold up-regulation
of Ro60/TROVE2 and La/SSB mRNAs at 48 h. Although protein expression
levels were not affected significantly, the late up-regulation of Ro52/TRIM21
mRNA was accompanied by protein redistribution, from nucleolar-like
pattern to multiple coarse dots spanning throughout the nucleus. These late
phenomena were mediated significantly by interferon (IFN)- production, as
attested by cognate secretion and specific inhibition experiments and associ-
ated with IFN regulatory factor (IRF)3 degradation. TLR-3-signalling had
similar effects on SGECs obtained from SS patients and controls, whereas it
did not affect the expression of these autoantigens in HeLa cells. TLR-3 sig-
nalling regulates the expression of autoantigens by SGECs, implicating
innate immunity pathways in their over-expression in inflamed tissues and
possibly in their exposure to the immune system.

Keywords: Ro52/TRIM21 autoantigen, salivary gland epithelial cells, Sjégren’s
syndrome, TLR-3, type I interferons

(TROVE2) and lupus LA protein/Sjogren’s syndrome
antigen B (La/SSB).

Sjogren’s syndrome (SS) is a chronic systemic autoimmune
disease characterized by the presence of autoantibodies
against the protein component of the human intracell-
ular ribonucleoprotein—-RNA complexes and more specifi-
cally the proteins Ro52/tripartite motif-containing protein
21 (TRIM21), Ro60/TROVE domain family, member 2
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The mechanisms mediating the exposure of intracellular
autoantigens to the immune system and the production of
sufficient amounts of autoantibodies are largely unknown.
Critical overview of the published data supports that auto-
immune humoral responses are antigen-driven, because: (i)
most of autoantibodies detected are of the immunoglobulin
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(Ig)G class, suggesting that an antigen-dependent T cell
help should be provided [1], (ii) the autoimmune responses
are mainly polyclonal, targeting multiple epitopes within
the autoantigen [1] and (iii) immunization of experimental
animals with fragments of the autoantigens results in intra-
and intermolecular spreading of the immune response,
similar to that observed after immunization with foreign
antigens [2,3]. The affected exocrine glands appear to serve
as a major site of autoantibody formation, because (i) saliva
of SS patients contains high levels of IgG and anti-Ro/SSA
and anti-La/SSB autoantibodies, (ii) ectopic germinal
centres in the salivary glands are seen in approximately 20%
of patients and contain autoreactive B cells and (iii) many
of the infiltrating plasma cells contain intracytoplasmic
immunoglobulins with anti-Ro/SSA activity [4,5]. In this
venue, the epithelial cell appears to play a central role.
Indeed, the main characteristic of the immunopathological
lesion of SS is the activation of epithelial cells; salivary gland
epithelial cells (SGEC) are potent regulators of local innate
and adaptive immune responses, as they bear the functional
armamentarium of an antigen-presenting cell, including
major histocompatibility complex (MHC) class II mol-
ecules and translocation of nuclear autoantigens into cyto-
plasm and cellular membrane. Also, they express a plethora
of functional immunoregulatory molecules, including
co-stimulatory molecules, cytokines, chemokines and
almost all members of the Toll-like receptor (TLR) family.
TLR-3 expression deserves particular attention, because: (i)
its constitutive expression by SGECs is high and, in contrast
to the cytoplasmic localization that is described in resting
immunocytes, it is localized on the cell-surface, suggesting
an activation of this pathway in SGECs, (ii) it is functional,
as TLR-3 stimulation on SGECs by polyl:C results in the
up-regulation of several immune-modulatory molecules, as
well as anoikis-induced cell death [6-8] and (iii) its natural
ligand is dsRNA, that can be delivered locally either from
viruses or damaged cells [9].

Ro52/TRIM21 has been implicated in the negative regu-
lation of TLR-3-mediated inflammation by promoting the
ubiquitination and subsequent proteasomal degradation of
interferon regulatory factors (IRFs) 3, 5, 7 and 8 [10,11].
Conversely, interferons (IFNs), which are produced upon
TLR-3 ligation, have been shown to up-regulate Ro52/
TRIM21 expression [12,13]. Although the regulatory role of
Ro52/TRIM21 in TLR-3 signalling is well established, the
reciprocal interaction has never been studied.

Herein, we investigated the effect of TLR-3 signalling on
the expression of Ro52/TRIM21, and the other autoantigens
of the Ro/La ribonucleoprotein hY-RNA complex Ro60/
TROVE2 and La/SSB, in non-neoplastic long-term cultured
SGECs, as well as in neoplastic epithelial HeLa cells that
served as a control cell-line. TLR-3, but not TLR-4, signal-
ling was found to result in a two-step induction of Ro52/
TRIM21 mRNA expression by SGECs, while Ro60/TROVE2
and La/SSB mRNAs were up-regulated to a lesser extent.

TLR-3-mediated Ro52 nuclear redistribution

The second-step increment of Ro52/TRIM21 mRNA
expression was accompanied by protein redistribution at
the nucleus of the living cells. The late mRNA induction
and protein redistribution were mediated largely by IFN-3
production and associated with degradation of IRF3. In
contrast to SGECs, TLR-3 signalling in HeLa did not affect
the expression and localization of autoantigens, as well
as IFN production, suggesting a differential regulation
of signalling pathways in non-neoplastic and neoplastic
epithelial cells.

Materials and methods

Reagents

Mouse monoclonal antibodies (mAbs) against human
Ro60/TROVE2 (clone 1F2) and La/SSB (clone 1D6-H5)
were purchased from AbD-Serotec (Oxford, UK) against
IRF3 (clone 12A4A35), IRF5 (clone 11F4A09), IRF7 (clone
12G9A36), IRF8 (clone 7G11A45) and P-actin (clone
2F1-1) from Biolegend (San Diego, CA, USA), whereas to
IRF9 (clone 1C10) were purchased from Abnova (Taipei,
Taiwan). Phycoerythrin (PE)-conjugated monoclonal anti-
bodies against TLR-3 (clone TLR-104) and TLR-4 (clone
HTA125) were from Biolegend, whereas isotype controls
were from BD Biosciences (Franklin Lakes, NJ, USA).
Rabbit polyclonal antibodies against human Ro52/TRIM21,
IFN-B  (for use in paraffin-embedded tissues) and
histone-H4 were from Novus-Biologicals (Cambridge, UK),
Merck Millipore (Darmstadt, Germany) and Biolegend,
respectively. The monoclonal and polyclonal isotype-
matched antibody controls were from Dako (Glostrup,
Denmark). Neutralizing mAbs against human IFN-o [clone
IFN-0. mouse monoclonal antibody (MMHA-2)] and IFN-
o/B-receptor chain2 [clone human IFN-o/f R2 mAb
(MMHAR-2)] were from PBL Interferon Source
(Piscataway, NJ, USA), those against human IFN-f3 (clone
76703) and IFN-y (clone 25718) from R&D Systems (Min-
neapolis, MN, USA) and isotype controls were from BD
Biosciences.

Secondary antibodies used in confocal microscopy
included goat anti-mouse IgG, DyLight™ 549-conjugated
(Thermo Scientific, Rockford, IL, USA), Alexa Fluor® 488
F(ab’)2 fragment of goat anti-rabbit IgG and Alexa Fluor®
546 goat anti-mouse IgG (H+1L) (Life Technologies,
Carlsbad, CA, USA). Secondary antibodies conjugated with
alkaline phosphatase, such as Pierce goat anti-mouse IgG
(Thermo Scientific) and goat anti-rabbit Igs (Dako) were
applied in immunoblotting.

Commercially available enzyme-linked immunosorbent
assay (ELISA) kits were used for the assessment of cytokine
production. Human IFN-o (sensitivity: 13 pg/ml), IFN-B
(sensitivity: 11U/ml) and IFN-y (sensitivity: 4 pg/ml)
ELISA kits were from Life Technologies, interleukin (IL)-7
(sensitivity: 4 pg/ml) from R&D Systems, whereas IL-2
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(sensitivity: 4 pg/ml), IL-4 (sensitivity: 0-6 pg/ml) and IL-17
(sensitivity: 2-58 pg/ml) were from Biolegend.

The analogue of TLR-3 ligand polyinosinic:cytidylic acid
(polyl:C) and the TLR-4 ligand lipopolysaccharide (LPS;
Escherichia coli) were purchased from Sigma (St Louis, MO,
USA).

Cell lines

Non-neoplastic, long-term cultured SGEC lines were estab-
lished by standard explant outgrowth technique [14] from a
lobule of minor salivary gland (MSG) biopsy obtained from
individuals undergoing diagnostic evaluation for Sjogren’s
syndrome (SS). Twenty-two SGEC lines were included in
the study. Ten were obtained from SS patients according to
the American—-European SS classification criteria [15] and
12 from non-SS controls (individuals who complained of
sicca symptoms and did not fulfil the above-mentioned cri-
teria, had a negative biopsy and did not exhibit serological
features consistent with SS). Six of 10 SS patients were posi-
tive for anti-Ro52/TRIM21, four for anti-Ro60/TROVE2
and three for anti-La/SSB autoantibodies. All samples were
gathered and used after informed consent. The study was
approved by the Ethics Committee of the School of Medi-
cine, National University of Athens, Greece (protocol no.
5107). The purity and epithelial origin of cultured SGEC
lines was verified routinely by morphology, the uniform
expression of epithelial-specific markers and the absence of
markers indicative of lymphoid/monocytoid cells [14].

The neoplastic HeLa cells were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) medium (Life Tech-
nologies) supplemented with 10% fetal calf serum (FCS),
2mM L-glutamine, 100 U/ml penicillin and 100 mg/ml
streptomycin (all from Life Technologies).

The lack of endotoxin contamination was investigated by
routinely testing all culture reagents by the chromogenic
Limulus amoebocyte lysate assay (Sigma, St Louis, MO,
USA).

Stimulation of TLRs on epithelial cells

SGECs or HeLa were cultured to confluence in collagen-
treated six-well plates or 16-well chamber slides (Nalge
Nunc International, Rochester, NY, USA), as described pre-
viously [14]. Subsequently, cells were exposed to medium
alone or medium containing polyl:C, (5ug/ml, TLR-3
ligand) or LPS (1 ug/ml, TLR-4 ligand) for various time-
points (6, 12, 24, 48 and 72 h). In preliminary experiments,
the effect of treatment with suboptimal (0-5pg/ml) or
optimal (5 pg/ml) concentrations of polyl:C [6] was evalu-
ated. Furthermore, in subsequent experiments the effect of
TLR signalling was also studied at 2 and 4 h. HeLa cells
served as a control epithelial cell line. The effect of TLR sig-
nalling on the expression of Ro52/TRIM21, Ro60/TROVE2
and La/SSB molecules at the mRNA level was examined

by real-time quantitative polymerase chain reaction (PCR)
and at the protein level by confocal microscopy and
immunoblotting analyses.

Reverse transcription—quantitative PCR (RT-qPCR)

DNase-treated RNA was isolated using the mirVana™
PARIS™ kit (Ambion, Applied Biosystems, USA) and the
Ambion® TURBO DNA-free™ kit (Ambion). cDNA was
prepared from 0-25-ug RNA by the high-capacity RNA to
DNA kit (Applied Biosystems). Ro52/TRIM21, Ro60/
TROVE2 and La/SSB mRNAs were analysed by quantitative
real-time PCR using commercially available primers specific
for each molecule (TagMan® Gene Expression Assays;
Applied Biosystems). Human HPRT1 (TagMan® Gene
Expression Assays) served as the reference gene. All samples
were run in duplicate. The relative quantification of PCR
products was performed by the 272*“" method [16] using
HeLa cells as the calibrator. The PCR conditions were the
same for all genes and consisted of an initial denaturation
step at 95°C for 10 min, followed by 50 cycles of 95°C for
15 s and 60°C for 1 min.

Immunoblotting analysis

The expression of Ro52/TRIM21, Ro60/TROVE2 and
La/SSB proteins, as well as IRF3, IRF5, IRF7, IRF8 and IRF9
by SGECs or HelLa cells was evaluated by standard sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) of nuclear or cytoplasmic extracts followed by
immunoblotting with specific antibodies [17]. Briefly,
nuclear or cytoplasmic extracts of resting, polyl:C or LPS-
treated SGECs were prepared by the NE-PER Nuclear and
Cytoplasmic Extraction Reagent (Thermo Scientific),
electrophorized in 10% polyacrylamide gels and trans-
ferred to polvinylidene difluoride (PVDF) membranes
(Millipore). Immunoblotting was performed with specific
or isotype control antibodies in 1% skimmed milk in Tris-
buffered saline (TBS)/0-1% Tween-20 for 2h, followed
by an 1-h incubation with the appropriate alkaline
phosphatase-conjugated secondary antibodies. Signals were
visualized by enhanced chemiluminescence using the CDP-
Star substrate (Roche, Basel, Switzerland).

Confocal microscopy

The expression and localization of Ro52/TRIM21, Ro60/
TROVE2 and La/SSB proteins in SGECs grown in 16-well
chamber slides (Nalge Nunc) were assessed by confocal
microscopy, as described previously [7]. Briefly, cells were
fixed with methanol for 10 min followed by acetone
for 2 min at —20°C. Non-specific antibody binding was
blocked by incubation with 1-5% non-immune fetal bovine
serum (FBS). Incubation with antibodies against human
Ro52/TRIM21, Ro60/TROVE2 and La/SSB proteins or

550 © 2014 British Society for Immunology, Clinical and Experimental Immunology, 178: 548-560



isotype-matched control antibodies was performed over-
night at 4°C in a humidified chamber and was followed
by 30 min incubation with appropriate fluorescence-
conjugated secondary antibodies at room temperature.
Images were acquired by an Olympus FV1000 confocal laser
scanning microscope.

Immunohistochemistry

The in-situ expression of Ro52/TRIM21 and IFN-B was
investigated in formalin-fixed paraffin-embedded minor
salivary gland (MSG) biopsy tissue sections (5 wm). Immu-
nohistochemical detection was performed by a standard
immunoperoxidase technique using the EnVision system
(Dako) [18]. Antigen retrieval was performed by microwav-
ing in 10 mM-Tris/1 mM—ethylenediamine tetraacetic acid
(EDTA) (pH 9:0). Non-immune FBS (10%) and 0-5% H,O,
in methanol were used to block non-specific antibody
binding and endogenous peroxidase activity, respectively.
Permeabilization by 0-1% Triton-X-100 in blocking buffer
was used for IFN-f staining. Negative control staining was
performed by replacing primary with irrelevant isotype-
matched antibodies. Biopsy sections were counterstained
with haematoxylin, dehydrated and mounted in Di-n-
butylPhthalate in Xylene (DPX) (BDH Chemicals, Poole,
UK). The in-situ expression of Ro52/TRIM21 in MSG
biopsy sections was also investigated by confocal micros-
copy, where staining with primary antibodies was followed
by incubation with Alexa Fluor®488 F(ab’)2 fragment of
goat anti-rabbit IgG antibody.

Flow cytometry

Flow cytometric analysis of surface TLR-3, TLR-4 and IFN-
o/f R2 expression by SGECs or HeLa cells was performed
by PE-conjugated antibodies against TLRs, MMHAR-2
antibody against IFN-o/B-receptor followed by incubation
with fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse secondary antibody (BD Biosciences) or appro-
priate isotype controls and standard techniques in a fluores-
cence activated cell sorter (FACS) Calibur flow cytometer, as
described previously [19].

Assessment of IFN production

TLR-3 signalling has been associated strongly with the
induction of IFN expression. The production of IFNs as a
response to TLR stimulation was investigated in resting,
polyl:C or LPS-treated SGECs or HeLa cells at both mRNA
and protein levels. The expression of IFN-o, IFN-f and
IFN-y mRNAs was examined by quantitative real-time PCR
using commercially available specific TagMan® Gene
Expression Assays (Applied Biosystems). The secretion of
respective IFNs was investigated in cell-free culture super-
natants of resting, polyl:C or LPS-treated epithelial cells by

TLR-3-mediated Ro52 nuclear redistribution

specific commercial ELISAs, according to the manufactur-
er’s instructions. Supernatants were collected at the end of
the cultivation period and kept at —80°C until further
testing.

IFN blockade

The implication of IFNs in the TLR-3-mediated modula-
tion of Ro52/TRIM21, Ro60/TROVE2 and La/SSB expres-
sion was evaluated by the addition of specific neutralizing
antibodies against IFN-o (5 pug/ml), IFN-B (10 pg/ml),
IFN-y (5ug/ml) or IFN-o/B-receptor (5ug/ml) 30 min
before treatment with polyl:C.

Statistical analyses

Statistical analyses were performed by the non-parametric
Mann-Whitney U-test, using GraphPad Prism version 4-0
software (GraphPad Software, San Diego, CA, USA). Only
statistically significant differences are reported.

Results

Prolonged TLR-3 stimulation leads a significant
proportion of epithelial cells to apoptotic cell death via
anoikis

In line with previous data [6], prolonged polyl:C stimula-
tion resulted in detachment-induced apoptotic cell death or
anoikis of SGECs. This was evident from 24 h of treatment
and reached approximately 30-40% cell loss at 72h of
treatment. On the contrary, LPS treatment did not result in

detectable loss of cell anchorage and subsequent apoptotic
death.

PolyI:C treatment induces a two-step increment of
Ro052/TRIM21 mRNA expression in SGECs, but not in
HeLa cells

Stimulation of TLR-3 for several time-points (6, 12, 24, 48,
72h) resulted in a significant up-regulation of Ro52/
TRIM21 mRNA expression, which was readily evident from
6h [mean fold increase compared to untreated cells+
standard error (s.e.): 12:07 £3-12, P<0-0001] (Fig. la).
This expression remained mainly unchanged until 12-24 h
and was followed by a second-step increment that peaked
at 48h (mean fold increase compared to 12hzts.e.:
2:46 £ 0-27, P < 0-0001). Subsequent investigation of Ro52/
TRIM21 mRNA expression by SGECs at earlier time-points
of polyl:C treatment (2 and 4 h) revealed that the first
increment of Ro52/TRIM21 mRNA levels occurs at 4 h
(similar levels with 6 h) and remains stable until 12-24 h
(data not shown). Stimulation with polyl:C was not found
to readily affect Ro60/TROVE2 and La/SSB mRNA levels.
Their expression was slightly but statistically significantly
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Fig. 1. (a—c) Mean fold increase of mRNA expression following polyl:C (PIC) or lipopolysaccharide (LPS) treatment of salivary gland epithelial cells
(SGECs) or HeLa cells. In SGECs, tripartite motif-containing protein 21 (TRIM21) mRNA (a) induction was evident from 6 h of polyl:C treatment
(P < 0-0001), remained stable until 12-24 h and raised 2-5-fold at 48 h (compared to 12 h, P <0-0001) (bold continuous line). LPS did not affect
Ro52/TRIM21 mRNA expression (discontinuous line). Neither Polyl:C (thin continuous line) nor LPS (dotted line) affected Ro52/TRIM21 mRNA
expression by HeLa cells. Treatment of SGECs with polyl:C was found to result in a slight, but statistically significant (P = 0-0002), induction of
Ro60/TROVE domain family, member 2 (TROVE2) mRNA (b) at 48 h (compared to untreated, bold continuous line), whereas LPS had no effect
(discontinuous line). Ro60/TROVE2 mRNA expression in HeLa cells was not affected by polyl:C (thin continuous line) or LPS (dotted line)
treatment. Similarly, treatment of SGECs with polyl:C caused a slight, but statistically significant (P = 0-0014), lupus LA protein/Sjogren syndrome
antigen B (La/SSB) mRNA (c) induction at 48 h (compared to untreated, bold continuous line), whereas LPS had no effect (discontinuous line). In
HeLa cells, neither polyl:C (thin continuous line) nor LPS (dotted line) affected La/SSB mRNA expression. Standard errors are representative of all
22 SGEC lines and three different experiments on HeLa cells, whereas statistical significance is indicated by asterisks (***P < 0-001). Please note the
different scale of the y-axes of the graphs. (d,e) Flow cytometric analysis of the surface Toll-like receptor (TLR)-3 (d) and TLR-4 (e) expression by

untreated or polyl:C-treated Hela cells revealed significant constitutive expression of these receptors in both SGEC and HeLa cells, which is not

affected significantly by TLR-3 stimulation.

increased upon 48 h of treatment (mean fold increase com-
pared to untreated cells s.e.: 2-00 £ 0-23, P=0-0002 and
1:70+£0-12, P=0-0014 for Ro60/TROVE2 and La/SSB
mRNAs, respectively) (Fig. 1b,c). The expression levels of
Ro52/TRIM21, Ro60/TROVE2 and La/SSB mRNAs, as well
as their pattern of induction by polyl:C treatment, was not
found to differ between SGEC lines obtained from SS
patients and non-SS controls and did not correlate with the
presence of autoantibodies against any of these proteins
(data not shown). Conversely, stimulation of SGECs with
LPS, which is the TLR-4 ligand, had no effect on the expres-
sion levels of Ro52/TRIM21, Ro60/TROVE2 and La/SSB
mRNAs. In contrast to SGECs, the expression of Ro52/
TRIM21, Ro60/TROVE2 or La/SSB mRNAs by HeLa neo-
plastic cells was not affected by either polyl:C or LPS
treatment (Fig. 1). This differential response of HeLa cells
to polyl:C stimulation cannot be attributed to impaired
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TLR expression, as flow cytometric analysis supports that
HeLa cells present significant surface TLR-3 and TLR-4
expression comparable to that of SGECs (Fig. 1d,e). Fur-
thermore, the levels of surface TLR-3 and TLR-4 expression
by SGECs or HeLa cells were not found to be affected by
stimulation with polyl:C (Fig. 1d,e), suggesting that the
observed phenomena are not induced by the up-regulated
expression of surface TLR receptors.

PolyI:C treatment induces the redistribution of
Ro52/TRIM21 protein at the nucleus of SGECs,
but not HeLa cells

PolyI:C treatment has not been found to affect the levels of
Ro52/TRIM21, Ro60/TROVE2 and La/SSB proteins in
SGECs, as attested by immunoblotting and confocal
microscopy analysis (Fig. 2). However, polyl:C stimulation
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resulted in late (48 and 72 h) nuclear redistribution of
Ro52/TRIM21 protein in SGECs. Confocal microscopy
revealed low cytoplasmic and strong nuclear staining of
Ro52/TRIM21 protein in resting SGECs. This nuclear Ro52/
TRIM21 staining was localized in one to three nuclear dots,
resembling nucleolar staining. This pattern of expression
remained unchanged during the first 24 h of polyl:C treat-
ment, whereas it changed in late treatments, after 48 h. At
48 and 72 h, the nucleolar-like pattern of Ro52/TRIM21
expression changed to multiple coarse dots spanning
throughout the nucleus (Fig. 2b). Treatment with LPS had
no effect on Ro52/TRIM21, Ro60/TROVE2 and La/SSB
protein expression or distribution (Fig. 2b). In accordance
with mRNA results, SGEC lines obtained from SS patients
and non-SS controls responded similarly. Suboptimal
(0-5 ug/ml polyl:C) and optimal (5 pg/ml polyl:C) stimula-
tion of TLR-3 [6] had similar effects on Ro52/TRIM21,
Ro60/TROVE2 and La/SSB mRNA and protein expression
(data not shown).

Neither polyl:C nor LPS stimulation had an effect on
Ro52/TRIM21, Ro60/TROVE2 and La/SSB protein expres-
sion or distribution in HeLa cells. However, the constitutive
expression pattern of Ro52/TRIM21 was different from that
of SGECs. Ro52/TRIM21 protein was localized at nucleolar-
like structures, but resided mainly at the cytoplasm and was
not affected by TLR signalling (data not shown and
Fig. 3b).

Late polyl:C-induced up-regulation of Ro52/TRIM21
mRNA expression and protein redistribution in SGECs
is mediated mainly by IFN-B production

The fact that the second-step increment of Ro52/TRIM21
mRNA and its nuclear redistribution in SGECs upon
polyl:C treatment are late phenomena suggests that they are
mediated by a factor produced downstream of TLR-3 sig-
nalling. Taking into consideration that these phenomena
were not evident upon LPS treatment, which leads mainly
to the production of TNF-o, and that IFNs, the major
cytokines induced by TLR-3 stimulation, are potent induc-
ers of Ro52/TRIM21 expression, we investigated the partici-
pation of IFNs in the polyl:C-induced Ro52/TRIM21
mRNA induction and protein redistribution. As expected,
exogenous administration of types I and II IFNs, such as
IFN-o, IFN- and IFN-y, readily resulted in significant
up-regulation of Ro52/TRIM21 mRNA levels, which was
evident from 6 h of treatment and remained relatively stable
thereafter (mean fold induction of 6 h versus untreated
SGECs £ s.e.: 3-0+0-05, 77+ 1-1 and 7-0 £ 0-9 for IFN-q,
IFN-B and IFN-y, respectively). Similarly, treatment of
HeLa cells with IFN-o, IFN-f and IFN-y for 6 h led to a
respective 12-6 = 0-05, 10-7 + 1-2 and 5-8 + 1-15-fold induc-
tion of the constitutive Ro52/TRIM21 mRNA expression,
which remained unchanged thereafter. IFN treatment had
no significant effect in Ro60/TROVE2 and La/SSB mRNA

TLR-3-mediated Ro52 nuclear redistribution

expression. Furthermore, the exogenous administration of
IFN-0, IFN-B or IFN-y in SGECs, but not in HeLa cells,
caused the above-described nuclear redistribution of Ro52/
TRIM21 from a nucleolar-like pattern to multiple coarse
dots, an effect that was evident from 24 h of treatment
(Fig. 3).

Subsequently, we investigated the IFN mRNA and protein
expression by resting and polyl:C-stimulated SGECs.
Expression of IFN-f mRNA, but not IFN-o or IFN-y, was
induced in polyl:C-treated SGECs. In fact, IFN-f mRNA
was up-regulated robustly at 6 h of polyl:C, but not LPS
treatment (mean fold induction £s.e.: 1972 +797) and
declined thereafter (Fig. 4a). In line with mRNA induction,
secretion of IFN-P protein was detected in culture superna-
tants of polyl:C-treated SGECs. IFN-f secretion was
evident from 6 h of treatment and peaked at 12 h (Fig. 4b),
suggesting that it can be implicated in the second-step
mRNA increment and the nuclear redistribution of Ro52/
TRIM21 protein in SGECs. Production of IFN-0. was not
detected, whereas the stable, low amounts of IFN-y that
were found in the culture supernatants of resting or
polyl:C-treated SGECs were due to the culture medium
used, as attested by the lack of mRNA detection and the
identification of similar levels of IFN-y in unused culture
medium (Fig. 4b). Neither polyl:C nor LPS treatment were
found to induce IFN mRNA expression and secretion (data
not shown) in HeLa cells. The secretion of IL-2, IL-4, IL-6,
IL-7 and IL-17 by resting, polyl:C or LPS-treated epithelial
cells was also investigated. As expected, resting or treated
SGECs and HeLa were found to constitutively secrete sig-
nificant amounts of IL-6, whereas they did not express IL-2,
IL-4 and IL-17. In line with previous data [20], polyl:C was
found to induce IL-7 secretion from 12 h in both SGECs
and HeLa cells, with the peak observed at 72 h (20-fold and
10-fold, respectively). Similarly to polyl:C stimulation, LPS
resulted in a 10-fold up-regulation of IL-7 secretion by
HelLa cells, but was found unable to stimulate its produc-
tion by SGECs.

The role of IFNs in the induction of Ro52/TRIM21
mRNA expression and protein redistribution in SGECs was
verified further by blocking each IFN (IFN-o, IFN-f or
IFN-y) or the common type I IFN receptor (IFN-of3-
receptor) with specific neutralizing antibodies or isotype
controls. From these, antibodies against IFN-B or the
common IFN-of-receptor were found to significantly
inhibit the polyl:C-driven mRNA increment (57-62% and
44-11% inhibition at 48 h of treatment, respectively) or
nuclear redistribution of Ro52/TRIM21 in SGECs (Fig. 5).
In fact, the neutralizing antibodies to IFN-B and the
common IFN-of-receptor blocked 66-2 and 86-5%, respec-
tively, of the second-step increment of polyl:C-induced
Ro52/TRIM21 mRNA expression (12-48 h) (Fig. 5b). IFN
blockade was not found to affect the low up-regulation of
Ro60/TROVE2 and La/SSB mRNA at 48 h. Interestingly,
polyl:C treatment was not found to affect the expression of
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TLR-3-mediated Ro52 nuclear redistribution

Fig. 2. Polyl:C treatment does not affect the levels of tripartite motif-containing protein 21 (TRIM21), Ro60/TROVE domain family, member 2
(TROVE2) or lupus LA protein/Sjégren syndrome antigen B (La/SSB) protein expression, but induces a late redistribution of Ro52/TRIM21 in the
nucleus of salivary gland epithelial cells (SGECs). (a) Immunoblotting analysis did not reveal any notable changes in protein expression levels of
Ro52/TRIM21, Ro60/TROVE2 and La/SSB in either cytoplasmic (left side) or nuclear (right side) extracts of SGECs upon polyl:C (PIC; upper
panel) or lipopolysaccharide (LPS) (lower panel) treatment. B-actin and histone-H4 were used as loading controls for cytoplasmic and nuclear
extracts, respectively. A representative example of seven SGEC lines is shown. (b) Confocal microscopy analysis revealed that polyl:C treatment
induced a nuclear redistribution of Ro52/TRIM21 protein in SGECs. In untreated cells, Ro52/TRIM21 is localized at the cytoplasm and one or two
nuclear dots, resembling nucleolar staining. This pattern of nuclear expression remained stable until 24 h, whereas at 48 and 72 h it was redistributed
to multiple coarse dots spanning the nucleus. LPS treatment had no effect on Ro52/TRIM21, Ro60/TROVE2 and La/SSB protein expression or
distribution. A representative example of 13 SGEC lines (eight from SS and five from non-SS controls) is shown.
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Fig. 4. Production of interferons (IFN) by salivary gland epithelial
cells (SGECs). (a) Histogram indicating the mRNA production of
IFN-o, IFN-B and IFN-y by resting or polyl:C (PIC)-treated SGECs.
Treatment with polyl:C readily induced the expression of IFN-, but
not IFN-o or IEN-y, mRNA in SGECs at 6 h, and this expression
declined thereafter. (b) Histogram indicating the secretion of IFNs by
resting or polyl:C-treated SGECs. Treatment with polyl:C induced
IFN-f secretion from 6 h, with a peak at 12 h. Minute stable amounts
of IEN-y were detected in resting (0 h), polyl:C-treated SGECs and
unused cultured medium (KBM), whereas IFN-o. was not detected.
Standard errors correspond to results from three SGEC lines.

the common IFN-0/B-receptor on SGECs or HeLa cells,
suggesting that the elevated expression of the receptor does
not participate in the observed IFN-B-induced redistribu-
tion of Ro52/TRIM21 (data not shown).

Ro52/TRIM21 is an E3 ubiquitin-protein ligase that has
been implicated in the regulation of IFN expression by
mediating the ubiquitination and subsequent proteasomal
degradation of several IRFs, including IRF3, IRF5, IRF7,
IRF8 and IRF9 [21]. Thus, we subsequently investigated
the expression of these IRFs in SGECs and HeLa cells,
as well as the effect of TLR3 stimulation in their expres-
sion. Treatment with polyl:C was found to induce IRF3 deg-
radation in SGECs at 48 and 72 h and to up-regulate IRF7,
IRF8 and IRF9 expression from 24 h, whereas it down-
regulated IRF5 expression without any evident degradation
(Fig. 6). On the contrary, polyl:C treatment had no notable
effect in the expression of the examined IRFs in HeLa cells
(Fig. 6).

In-situ expression of Ro52/TRIM21 and IFN- at
minor salivary gland (MSG) tissues

Strong cytoplasmic and nuclear Ro52/TRIM21 expression
was detected in ductal and acinar epithelial cells at the MSG

tissues of SS patients and non-SS controls, as well as in the
infiltrating mononuclear cells of SS tissues (Fig. 7). Simi-
larly, epithelial IFN-B staining was detected in the MSG
tissues of both SS patients and non-SS controls. However,
IFN-B expression was significantly stronger in SS tissues
(Fig. 7). The distribution and protein expression of Ro52/
TRIM21 at MSG tissues was also investigated by confocal
microscopy. This method confirmed the nuclear expression
of Ro52/TRIM21 protein in ductal epithelial cells and
revealed differences between SS patients and non-SS con-
trols. Thus, the vast majority of ductal epithelial cells at the
MSG tissues of SS patients was found to present a coarse
speckled nuclear staining, compared to a more homogene-
ous nuclear pattern at approximately half of the ductal cells
of non-SS controls (Fig. 7).

Discussion

The present study has clearly shown that TLR-3 signall-
ing in non-neoplastic human salivary gland epithelial
cells (SGEC) leads to a robust expression of the auto-
antigen Ro52/TRIM21 and a slight, but statistically
significant, up-regulation of the other autoantigens of the
Ro/La hYRNA ribonucleoprotein complex. A two-step
up-regulation of Ro52/TRIM21 mRNA was stimulated by
TLR-3, but not TLR-4, signalling in SGECs, in two phases;
one at 4-6 h and the other at 12-48 h, which was mediated
largely by the type I IEN pathway. Interestingly, the late
Ro52/TRIM21 mRNA increment in SGECs was accompa-
nied by a nuclear redistribution of the Ro52/TRIM21
protein from nucleolar-like pattern to multiple nuclear dots
spanning throughout the nucleus visible from 48 h. Both
late phenomena were partially, but significantly, inhibited
by IFN-f blockade, whereas TLR-3 signalling in SGECs was
associated with secretion of IFN-f3, but not IFN-o. or IFN-y.
Ro52/TRIM21 protein, with its capacity to act as an E3
ubiquitin-protein  ligase [22,23] that mediates the
ubiquitination and subsequent proteasomal degradation of
IRFs (IRFs 3, 5,7, 8 and 9), has been implicated in the nega-
tive regulation of TLR-3, TLR-7 and TLR-9 signalling and
subsequent type I IFN production [10,11]. Conversely,
proinflammatory stimuli, such as exposure to IFN-o or
nitric oxide has been described to induce the expression and
nuclear translocation of Ro52/TRIM21 [13,24] suggesting
that, upon danger signals, Ro52/TRIM21 may ubiquitinate
nuclear substrates. However, the significance of the nuclear
localization and redistribution of Ro52/TRIM21 protein in
non-neoplastic SGECs, including its substrate or interacting
nuclear elements, needs to be elucidated. Interestingly, the
late phenomenon of TLR-3 stimulation in SGEC was found
to be associated with degradation of IRF3, possibly suggest-
ing a functional role of Ro52/TRIM21 nuclear redistribu-
tion. In neoplastic epithelial HeLa cells, the response to
TLR-3 or IFN stimuli and the pattern of expression of
Ro52/TRIM21 molecules has been found to differ from that
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Figures of blocking experiments at SGECs
treated with polyl:C for 72 h are shown. These
are representative of three distinct experiments.

in SGECs. Taking into consideration that this differential
response cannot be attributed to impaired TLR-3 expres-
sion in HeLa cells, it possibly indicates that distinct path-
ways are operating in neoplastic and non-neoplastic cells.
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Fig. 6. Effect of polyl:C treatment in the expression of interferon

regulatory factors (IRFs) by salivary gland epithelial cells (SGECs) and
HeLa cells. Late polyl:C treatment resulted in the degradation of IRF3
in SGECs, but not in HeLa cells. Furthermore, stimulation of SGECs
with polyl:C led to reduction of IRF5 expression, whereas it induced
IRF7, IRF8 and IRF9 expression from 24 h. In line with mRNA and
protein findings, IRF expression in HeLa cells was not affected by
polyI:C treatment. B-actin was used as loading control. A
representative example of four SGEC lines (two from SS and two from
non-SS controls) is shown.
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The exact aetiopathogenic pathways underlying SS
remain unclear. Although an infectious agent has long been
suspected as the aetiological agent of SS, no study so far has
been conclusive. Epithelial cells are considered to be impor-
tant players in the pathogenesis of the disorder [8]. Indeed,
clinical observations demonstrated that organ involvement

beyond the exocrine glands is due mainly to massive
lymphocytic invasion, surrounding and infiltrating the epi-
thelial structures [25]. Careful examination of salivary
glands reveals activated T and B lymphocytes surrounding
the salivary ducts. Epithelial cells are also activated, as they
express regulatory and inflammatory cytokines and
chemokines, as well as co-stimulatory and accessory mol-
ecules capable of inducing autoimmune responses. Further-
more, studies on long-term-cultured non-neoplastic SGECs
have shown that they are fully equipped with molecules
necessary for antigen presentation, transmittance of activa-
tion signals to T cells, recruitment of immune cells and per-
petuation of immune responses. Moreover, SGECs have
been reported to constitutively express high levels of several
TLRs. Among them, the constitutive expression of TLR-3
was found to be remarkably increased in cultured SGECs,
compared to various other types of cells, including
macrophages and lymphocytes [7]. A major role of TLR-3
in the pathogenesis of autoimmune sialadenitis has also
been suggested from studies conducted in mice. In fact, the
administration of polyl:C in mice prone to develop a
SS-like disease results in a transient, but significant, loss of
function of their salivary glands that is accompanied by an
up-regulation of various type I IFN-responsive genes in situ
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Fig. 7. Representative imunohistochemical (a—d) and confocal
microscopy (e,f) detection of tripartite motif-containing protein 21
(TRIM21) (a,b,e,f) and interferon (IFN)-f (c,d) expression at the
minor salivary glands (MSG). Ro52/TRIM21 was found to be
expressed strongly in the ductal and acinar epithelial cells of Sjogren’s
syndrome (SS) patients (a) and controls (b), as well as in the
infiltrating mononuclear cells of SS patients (a). The IFN-f staining
was significantly more intense at the ductal epithelial cells of SS
patients (c) compared to non-SS controls (d). Confocal microscopy
revealed that the majority of the ductal epithelial cells at the MSGs of
SS patients present a coarse nuclear Ro52/TRIM21 staining pattern
(arrow) (e). In contrast, approximately half the ductal epithelial cells
at the MSGs of non-SS controls display nuclear Ro52/TRIM21
expression, which is more homogeneous than that of SS patients (f).

[26]. Subsequent studies from the same group have
reported that polyl:C injection to New Zealand black/white
(NZB/W)-F, mice led to up-regulation of various
chemokines, followed by an early recruitment of dendritic
and natural killer (NK) cells and later of B cells at the
submandibular glands [27]. Finally, experiments conducted
on several strains of knock-out mice treated with polyl:C
showed that a combined action of type I IFNs and IL-6 con-
tributes towards salivary gland hypofunction [28].

As described in the opening lines of this report, the major
site for autoantibody formation is the affected epithelial
tissue. Several studies have demonstrated increased rates of
apoptosis at the ductal and acinar glandular epithelia of SS
patients [29-32]. Apoptotic cell death of SS epithelia repre-
sents a potential mechanism whereby nuclear antigens, such
as Ro52/TRIM21, Ro60/TROVE2 and La/SSB autoantigens,
are presented to the immune system in an immunogenic
fashion [33]. During early apoptosis, La/SSB has been
shown to redistribute diffusely to the cytoplasm. In later
phases, Ro052/TRIM21, Ro60/TROVE2 and La/SSB
autoantigens have been shown to be located mainly on the
surface of apoptotic blebs and bodies [34]. Similarly,

apoptosis is a procedure that could introduce autoantigens
for presentation to autoreactive T cells. The role of
apoptosis of epithelial cells in the induction of SS has been
shown recently in vivo in an experimental mouse model. In
this model, silencing of IkB-{ expression in lacrimal epithe-
lial cells led to increased apoptosis of the epithelial cells
within the lacrimal glands and the development of an
SS-like inflammatory lesion associated with high titres of
serum anti-Ro/SSA and anti-La/SSB antibodies. Adminis-
tration of caspase inhibitors inhibited the process, eventu-
ally proving the significant role of apoptosis in the disease
induction [35].

Although the nuclear redistribution of Ro52/TRIM21
protein can be induced by both type I and type II IFNs, our
data show that the autocrine mediator in SGECs is IFN-f3.
However, the elevated in-situ nuclear expression of Ro52/
TRIM21 in the ductal epithelial cells at the MSG tissues of
SS patients might also be regulated by the other IFNs. Types
I and II IFNs have been strongly implicated in the patho-
physiology of SS. More specifically, apart from the initial
description of increased levels of circulating type I IFNs in
patients with SS and systemic lupus erythematosus (SLE)
[36], accumulated data presented over the last few years
suggest that the activated type I IFN pathway plays a major
role in the pathogenesis of SS, as type-I IFN-inducible genes
are over-expressed in MSGs and peripheral lymphocytes of
SS patients (reviewed in [37]). Moreover, the detection of a
high number of IFN-a-producing plasmacytoid dendritic
cells in the MSGs of SS patients compared to control tissues
suggests their preferential homing within the target tissue
[38-40]. In line with this, recent findings derived from the
affected salivary glands in SS demonstrated that the epithe-
lial cells display both types I and II IFN signatures, whereas
the surrounding lymphocytes display type II [41]. In a
broader view, these findings suggest that the major
cytokines of the innate immunity (type I IFNs), which can
mediate apoptotic cell death upon the appropriate stimula-
tion, co-exist and probably co-operate with the immu-
noregulatory cytokine IFN-y, the major inducer of specific
adaptive immune responses within the pathological lesions
[41]. The exact triggering of IFN production in the tissues
of SS patients is not yet known; endogenous ligands might
be implicated. In previous studies, it was shown that
apoptotic bodies in complex with antibodies can serve as
type I IFN inducers [42]. Other studies revealed that
ribonucleoprotein complexes containing small RNA mol-
ecules (e.g. hY1-RNA), which are prominent targets of the
autoimmune responses in SS, can also trigger IFN produc-
tion via TLR-3 or TLR-7 ligation of their RNA part [43,44].
Also, IFN-v is considered to boost signalling via TLR-3 and
subsequent type I IFN responses [45] which, in turn,
augment the expression of autoantigens, apoptosis and con-
sequently the release of apoptotic bodies fully loaded with
autoantigens that will further trigger TLR and IFN
responses, thus creating a vicious cycle and providing
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another mechanism for the co-operation of the two types of
IFNs in regulating the augmentation and maintenance of
TLR-mediated immune responses [41].

In summary, TLR-3 stimulation in SGECs causes an
immediate and an indirect, IFN-B-dependent up-regulation
of Ro52/TRIM21. This mechanism can create large quanti-
ties of the intracellular autoantigens that become visible to
the immune system through the induction of epithelial cell
apoptosis and release of the autoantigen in the apoptotic
blebs. Thus, our findings implicate TLR-3, as the molecule
at the crossroads of innate and adaptive immunity, as its
ligation provides not only signals for IFN production, but
also active synthesis of the intracellular autoantigen that can
eventually prime adaptive immune responses.
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