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Abstract

Background—Recent studies have demonstrated the expression of Toll-like receptor 3 (TLR3)
in salivary glands and epithelial cell lines derived from Sjogren’s syndrome (SS) patients. Since
viral infections are considered to be a trigger for SS, in this study we investigated whether in vivo
engagement of TLR3 affects salivary gland function.

Methods—Female NZB/WF1 mice were repeatedly injected with polyinosinic:polycytidylic acid
(poly(1:C)). TLR3 expression within submandibular glands was studied by immunohistochemistry.
RNA levels of inflammatory cytokines in the submandibular glands were determined by real time
PCR. Pilocarpine induced saliva volume was used as an index of glandular function.

Results—Immunohistochemical analysis of submandibular glands showed TLR3 expression in
epithelium of serous and mucous acini, granular convoluted tubules and ducts. Poly(l:C) treatment
rapidly upregulated the mRNA levels of type I IFN and inflammatory cytokines in the
submandibular glands. By one week after treatment, the saliva volumes in poly(l:C) treated mice
were significantly reduced in comparison with the PBS treated mice. Hematoxylin and eosin
staining showed that salivary gland histology was normal and lymphocytic foci were not detected.
Glandular function recovered after poly(l:C) treatment was stopped.

Conclusions—Our results demonstrate that engagement of TLR3 within the salivary glands
results in a rapid loss of glandular function. This phenomenon is associated with the production of
type I IFN and inflammatory cytokines in the salivary glands. Restoration of glandular function
suggests that for viral etiology of SS, a chronic infection of salivary glands might be necessary.
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Introduction

Sjogren’s syndrome (SS) is a chronic autoimmune disorder characterized by lymphocytic
infiltration in the salivary glands (1). Xerostomia or dry mouth is a major complication of
SS. Occurrence of apoptosis and glandular destruction, due to a localized autoimmune
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response is considered a major factor for salivary gland hypofunction (1). However, the
suggestion that non apoptotic mechanisms play an equally important role in salivary gland
hypofunction is emerging (2,3). Amongst these are adverse effects of inflammatory
cytokines on the secretion process. These cytokines are not only produced by the infiltrating
lymphocytes but also by activated salivary gland epithelial cells (SGEC) (4).

One of the mechanisms for activation of SGEC is through the engagement of TLRs. Viral
infections of the salivary glands can be a major trigger for the localized production of
inflammatory cytokines. Viral nucleic acids are potent stimulators of TLR3 (dsSRNA
viruses), TLR7/8 (ssSRNA viruses) and TLR9 (dsDNA viruses) (5) Engagement of these
TLRs results in the activation of multiple signaling pathways that culminates in the
production of proinflammatory cytokines such as IL-6, TNF-a, and type | IFNs (IFN-o and
IFN-B). The localized and rapid induction of proinflammatory cytokines forms the first line
of defense to limit the dissemination of invading virus. However, a chronic or repeated
infection can create an inflammatory environment leading to organ dysfunction and
development of autoimmune disease. Indeed viral etiology for SS has been experimentally
demonstrated (6).

Recent studies have demonstrated the expression of different TLRs in the salivary glands
from patients with SS as well as normal individuals (7,8). Analysis of cultured salivary
gland epithelial cells showed the expression of TLR2, TLR3 and TLR7. Moreover,
engagement of TLR3 on these cells by poly(l:C) or Reovirus induced the production of
proinflammatory cytokines (9). However, the in vivo consequences of TLR3 engagement on
salivary gland function are not known. To address this question, we repeatedly injected the
NZB/W F1 mice with TLR3 ligand poly(l:C).

Our study shows that TLR3 is expressed within the serous and mucous acini, granular
convoluted tubules (GCT), and ductal cells. Engagement of TLR3 causes a rapid induction
of type I interferons and proinflammatory cytokines within the salivary glands, resulting in a
significant and rapid loss of function. However, the glandular function recovers after
stopping the poly(l:C) treatment.

Materials and Methods

Mice

All mouse experiments were approved by the Animal Care and Use Committee of the
University of Virginia. All experiments were conducted in accordance with the guidelines
set by the National Institutes of Health and adequate measures were undertaken to minimize
pain and discomfort to the mice. Female NZB/WF1 mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA) and maintained under specific pathogen free
conditions in a barrier facility in the University of Virginia, vivarium. Female mice (8-10
week old) were injected with 50 ug of poly(l:C) (Invivogen, San Diego, CA, USA) by
intraperitoneal route every other day for a week (days 0, 2, 4, and 6). Controls were injected
similarly with PBS. In an additional cohort of mice, the treatment was extended for one
more week (days 8, 10, 12 and 14). Pilocarpine induced saliva was collected at different
time points. Mice were anesthetized with Ketamine/Xylazine and injected with a freshly
prepared solution of pilocarpine hydrochloride (MP Biomedicals, Solon, OH, USA) by
intraperitoneal route (0.5ug/gm body weight). After 2 minute interval, saliva was collected
for 20 minutes in a microcentrifuge tube on ice. The tubes were briefly centrifuged and
volume of saliva determined. Saliva was frozen at —70°C till use. Mice were bled through
the tail vein and blood was collected in heparinized tubes on ice. Plasma was separated
immediately and stored in aliquots at —70°C till use.
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Real Time PCR

After euthanasia, pieces of submandibular gland were rapidly frozen in liquid No. For RNA
preparation, frozen glands were resuspended in RLT buffer (Qiagen Inc, Valencia, CA) and
homogenized using TissueLyser system (Qiagen Inc, Valencia, CA), following
manufacturers instructions. Total RNA from tissue homogenate was purified using
RNAeasy mini kit (Qiagen Inc, Valencia, CA) followed by first strand cDNA synthesis
using the QuantiTect Rev. Transcription kit (Qiagen Inc, Valencia, CA). Expression levels
of IFN-B1, Mx1, PRKR, IFl44, IL-6, TNF-a, IL-1p, and CCL5 were determined by Real
Time PCR on MyiQ machine (Bio-Rad laboratories, Hercules, CA, USA) using the Tagman
gene expression assays (Applied Biosystems, Foster City, CA, USA). The relative gene
expression was calculated using the 2 (—Delta Delta C(T)) method (10). A pooled RNA
sample (Ambion, Austin, TX, USA) was used as reference calibrator and house keeping
gene GAPDH was used as a control.

Immunohistochemistry

Submandibular glands were collected in 10% buffered formalin, processed for histology
using standard techniques, and embedded in paraffin. Hematoxylin and eosin stained
sections were evaluated for histopathology as described earlier (6). Immunohistochemical
staining was carried out as previously described (11). Five micron sections of paraffin
embedded salivary gland were used for detection of TLR3 and Aquaporin 5 (AQP5). After
deparaffinization and rehydration, the slides were rinsed in PBS and antigen retrieval was
accomplished by boiling in antigen unmasking solution (Vector Laboratories, Burlingame,
CA, USA) for 20 min in a microwave (1.6 kW at 80% power). Endogenous peroxidase
activity was quenched with H,O5 in methanol and non specific interaction was blocked by
incubation with normal goat serum and Avidin Biotin blocking solutions (Vector
Laboratories, Burlingame, CA, USA). The slides were then incubated with antibodies to
either rabbit anti-aquaporin-5 (EMD, Calbiochem, San Diego, CA, USA) or rabbit anti-
TLR-3 (Imgenex Corp, San diego, CA) at 4°C overnight in a humid chamber. Sections
incubated with purified rabbit polyclonal 1gG at equal concentrations were used as negative
controls. After washing, the sections were incubated with biotinylated goat anti-rabbit 1gG
(Southern Biotech, Birmingham, AL, USA) for 30 min at room temperature. Bound
antibody was detected using the ABC system (Vector Laboratories, Burlingame, CA, USA)
and the sections developed by DAB substrate. The slides were counterstained with
hematoxylin and mounted in Cytoseal 60.

Statistical analysis

Results

Statistical significance of variance was determined by the unpaired Students t-test using
GraphPad Prism software.

Mouse Submandibular glands express TLR3

To determine the expression of TLR3 in SS prone NZB/WF1 female mice, sections of
submandibular glands were stained with anti-TLR3 antibody. As shown in figure 1A, TLR3
expression was seen on the base of epithelial cells of serous and mucus acini. However, in
granular convoluted tubules and ducts, TLR3 staining was seen in the epithelial cell
cytoplasm (1B). This was not unique to NZB/WF1 mice that are susceptible to salivary
gland disease. Analysis of hon autoimmune C57BL/6 females also showed a similar pattern
of TLR3 distribution (figure 1C). There was no significant difference in the TLR3 staining
pattern following treatment with poly(l:C) described below.
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Poly(I:C) induces pro-inflammatory cytokines within the salivary glands

NZB/WF1 mice were treated with 50ug of poly(l:C), and submandibular glands were
harvested for RNA extraction after 3.5h. Preliminary studies had shown a peak expression of
type | interferon responsive genes at this time point followed by a drop by 6 hours after
treatment with polyl:C. We investigated the expression of IFN-B1, type | IFN responsive
genes (Mx1, PRKR, and IF144), inflammatory cytokines (IL-6, TNF-a and IL-1B) and CCL5
by real time PCR (figure 2). In comparison with PBS treated mice, submandibular glands of
poly(l:C) treated mice showed significant upregulation of IFN-B1 as well as type | IFN
responsive genes Mx1, PRKR and IFI44. Similarly, levels of IL-6, TNF-0. and CCL5 were
also significantly upregulated. However, at this time point no difference in the expression
levels of IL-1p were observed between the 2 groups of mice.

Loss of salivary gland function in poly(l:C) treated mice

To determine the effect of TLR3 engagement and inflammatory cytokine production on
salivary gland function, mice were injected 4 times (days 0, 2, 4 and 6) with poly(l:C).
Pilocarpine induced saliva volume was determined, 1 day after the last injection. Figure 3
shows that poly(l:C) treated mice have a significant reduction (p<0.0001) in the amount of
saliva produced in comparison with the PBS treated mice.

Additional cohort of mice (5 per group) were treated either with poly(l:C) or PBS every
other day for 2 weeks. Salivary gland function was determined on days 2 and 26, after the
last injection. The volume of saliva was significantly lower in poly(1:C) treated mice 2 days
after last injection. However, by 26 days after the treatment was stopped, the poly(1:C)
treated mice regained normal salivary gland function comparable to PBS treated mice. These
data suggest that persistent stimulation was required for sustained loss of function.

Discussion

In this study, we have demonstrated that treatment of mice with poly(I:C), results in the
production of inflammatory cytokines within the submandibular gland and a significant loss
of glandular function. Poly(l:C) activates innate immune responses through the engagement
of TLR3 (12). Thus, this study is the first report showing in vivo effects of TLR3
engagement on salivary gland function.

TLR3 expression is localized predominantly in the intracellular compartments. However,
surface expression is also detected on certain cell types (reviewed in 13). Spachidou and
colleagues have demonstrated surface expression of TLR3 on salivary gland epithelial cell
lines (8). Our mouse studies provide further evidence for this and also show intracellular
staining. The pattern of TLR3 expression within the SS prone NZB/WF1 and a non
autoimmune B6 mouse was identical. Thus, expression of TLR3 within the salivary gland is
independent of genetic susceptibility to SS.

Binding of TLR3 by poly(l:C) results in the activation of signaling pathways involving
interferon regulatory factor 3 (IFR3) and NF-kB, leading to predominant production of type
I IFNSs (particularly IFN-B) (13,14). Microarray analysis of gene expression within the
salivary glands of patients with SS have demonstrated an upregulation of type | IFN
responsive genes (15,16). The present study suggests that salivary gland cells activated by
TLR3 ligand are the major source of type | IFNs within the gland. At time points, when the
glandular function was significantly compromised, we did not observe any inflammatory
cell infiltrates within the salivary gland (Supplementary figure 1). This finding is highly
significant as it reinforces the glandular tissue as an active participant in disease
pathogenesis (4). Whether patients with SS have a genetic predisposition for overproduction
of type I IFNs in salivary glands, following innate stimuli needs to be investigated. A study
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reporting development of SS in a multiple sclerosis patient treated with IFN-B demonstrates
an important role for this cytokine in the disease process (17).

Although the precise mechanism for glandular dysfunction following poly(l:C) treatment is
not clear, we hypothesize that functional loss is through a cumulative effect of localized
production of type I IFNs and other inflammatory cytokines. This is supported by the
finding that stopping poly(l:C) treatment restored the pilocarpine induced saliva production.
Inflammatory cytokines can affect salivary gland function in different ways. Zoukhri et al
have demonstrated that injection of IL-1 within the lacrimal gland caused extensive tissue
damage and loss of acinar cells (18). However, the H&E stained sections of salivary glands
from poly(l:C) treated mice did not show any evidence for tissue destruction (supplementary
figure 1).

In patients with SS, resdistribution of aquaporin 5 (AQP5) has been considered as one of the
mechanisms contributing towards hypofunction (19). This pathway does not seem to be
operative in our model system as staining for AQP5 did not show any changes between the
poly(l:C) and PBS treated mice (supplementary figure 2). To investigate the role of
autoantibodies, sera obtained at different time points were analyzed for reactivity to cell
extracts by western blots. Compared to PBS treated mice, poly(l:C) treated mice had higher
levels of autoantibodies (supplementary figure 3). However, at day 44 post treatment,
despite higher circulating levels of autoantibodies, glandular function had recovered. These
data suggest a minimal role for autoantibodies in inducing glandular dysfunction in this
model.

Recently Dawson et al have reviewed the possible mechanisms involved in the non-
apoptotic model of salivary gland hypofunction (3). Whether some of these; such as
breakdown and inhibition of neurotransmitter release, effects of NO and perturbed Ca2+
metabolism are involved in our model needs to be determined. The possibility that these
mechanisms might be important is indirectly suggested by studies involving TLR4
stimulation in salivary glands. Treatment of mice with LPS was shown to induce the
expression of IL-1, IL-6 and TNF-a (20). Amongst these cytokines, IL-1p protein was
localized in the cells of GCT. Although effects on glandular function were not investigated,
other studies have suggested a role for IL-1f in inhibiting neurotransmitter release (21). In
another study, treatment of rats with LPS caused salivary gland hypofunction (22). It was
suggested that increased NO metabolism and prostaglandin synthesis within the salivary
gland was responsible for the observed hypofunction.

Regardless of the mechanisms involved, these studies and our findings, clearly establish that
innate stimuli through TLRs expressed within salivary glands directly affect the glandular
function. Thus, chronic infections of salivary gland hold the potential for initiating salivary
gland dysfunction and development of SS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Epithelial cells of murine salivary glands express TLR3

Representative photomicrographs of immunohistochemical staining of salivary glands from
NZB/WFL1 (A, B) and C57BL/6 (C) female mouse for TLR3 expression. (A) TLR3 is
detected on the base of secretory cells of mucus (m) and serous (s) acini in the salivary
glands and is indicated with arrows. (B) In addition, TLR3 staining was observed in the
cytoplasm of the ductal (d) and granular convoluted tubular (gct) epithelium. (C) A similar
distribution of TLR3 expression was seen in a non-autoimmune C57BL/6 female. (D)
Sections incubated with rabbit polyclonal serum antibody served as negative controls
(magnification 40X).
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Figure 2. Expression of type I IFN, IFN responsive genes and proinflammatory cytokine genes is
upregulated in the submandibular glands of poly(l:C) treated mice

Expression levels of IFN-B1, Mx1, PRKR, IF144, IL-6, TNF-a, IL-1B, and CCL5 in
submandibular glands of poly(l:C) (n=5) and PBS (n=5) treated mice were determined by
real time PCR using Tagman gene expression assays. Each data point represents RNA
expression in one mouse and data are represented as mean duplicate relative expression
calculated by the 2(—Delta Delta C(T)) method. Numbers denoted with “x’ represent fold
increase in RNA expression in poly(l:C) treated mice in comparison with PBS treated mice.
Also shown are p values determined using non parametric student’s t-test. NS; not
significant.
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Figure 3. Poly(l:C) treatment causes rapid loss of salivary gland function

NZB/WF1 mice were treated either with poly(l:C) (n=10) or PBS (n=9) for one week (days
0, 2, 4 and 6). Pilocarpine induced saliva volume was determined on day 7. Data are
represented as saliva volume/body weight (ul/gm). Note poly(I:C) treatment causes a
significant (p<0.0001) drop in the saliva produced compared to untreated and PBS treated
mice.
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Figure 4. Glandular function recovers after stopping poly(l:C) treatment

Mice (n=5 per group) were either treated with poly(l:C) or PBS every other day for 2 weeks.
Pilocarpine induced saliva was determined on days 16, and 40 (2 and 26 days after stopping
treatment). Data are represented as mean+SEM saliva volume/body weight (ul/gm). Note
that mean saliva volume in poly(l:C) treated mice was significantly lower than the PBS
treated mice 2 days after stopping the treatment. However, on day 26 after stopping the
treatment, the difference in mean saliva volume between the 2 groups of mice was not
significant.
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