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Abstract
Background—Activation of innate immunity through polyinosinic:polycytidylic acid
(poly(I:C)) causes acute salivary gland hypofunction. Since a major consequence of poly(I:C)
treatment is type I interferon (IFN) production, this study was undertaken to investigate their role
in salivary gland dysfunction.

Methods—Different strains of mice, deficient either in interferon alpha receptor (IFNAR1−/−), or
IL-6−/−, or IL-10−/−, or EBI3−/− were treated with poly(I:C). Salivary gland function was
determined by measuring pilocarpine induced saliva volume. Gene expression levels were
measured by real time PCR. Ca2+ mobilization studies were done using ex-vivo acinar cells.

Results—A single injection of poly(I:C) rapidly induced salivary gland hypofunction in wild
type B6 mice (41% drop in saliva volumes compared to PBS treated mice). In contrast, the loss of
function in poly(I:C) treated IFNAR−/− mice was only 9.6%. Gene expression analysis showed
reduced levels of Il-6, Il-10 and Il-27 in submandibular glands of poly(I:C) treated IFNAR−/−

mice. While salivary gland dysfunction in poly(I:C) treated IL-10−/− and EBI3−/− mice was
comparable to wild type mice, the IL-6−/− mice were more resistant, with only a 21 % drop in
function. Pilocarpine induced Ca2+ flux was significantly suppressed in acinar cells obtained from
poly(I:C) treated wild type mice.

Conclusions—Our data demonstrates that a combined action of type I IFNs and IL-6
contributes towards salivary gland hypofunction. This happens through interference with Ca2+

mobilization within acinar cells. Thus, in acute viral infections and diseases like Sjögren’s
syndrome, elevated levels of type I IFNs and IL-6 can directly affect glandular function.
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Introduction
Salivary gland hypofunction and xerostomia can be caused by medications, radiation
therapy, acute viral infections and autoimmune disorders such as Sjögren’s syndrome (1).
Salivary gland destruction by severe lymphocytic infiltration is considered an important
mechanism for functional loss in Sjögren’s syndrome. However, other mechanisms also
seem to play a role. Evidence for this comes from both human and mouse studies. Several
patients show dissociation between the severity of sialoadenitis and unstimulated or
stimulated salivary flow rates (2–4). Data from experimental mouse model systems
demonstrates that glandular hypofunction can precede the formation of lymphocytic foci
within the tissue (5). In addition, salivary gland hypofunction induced by viral infections
such as by Hepatitis C virus also suggest that mechanisms not dependent on glandular
destruction are important in this process (6).

Recently we demonstrated that activation of innate immunity by toll-like receptor 3 (TLR3)
agonist poly(I:C) causes a rapid loss in salivary gland function in mice (7). This acute
functional loss was not associated with sialoadenitis or autoantibody production and was
reversible; as removal of innate stimuli caused a complete recovery of salivary gland
function. Following poly(I:C) injection, there was a considerable spike in the expression
levels of type I IFNs, both systemically and locally within the submandibular glands.
Collectively these data suggested that exposure of salivary glands to type I IFNs and
proinflammatory cytokines, interferes with their ability to make saliva. Clearly, this scenario
can be envisioned not only in viral infections but also in Sjögren’s syndrome, wherein type I
IFNs are considered an important pathogenic factor (8). This study was undertaken to
investigate the role of type I IFNs in salivary gland hypofunction.

Type I IFNs are pleiotropic cytokines affecting multiple cell types (9). A major consequence
of viral infections is activation of innate immunity through TLR3, TLR7 and TLR9, and
production of large amounts of type I IFNs. In Sjögren’s syndrome, plasmacytoid dendritic
cells infiltrating the salivary glands are considered a major source of type I IFNs (10, 11). In
addition, salivary gland epithelial cells activated by different TLRs can also contribute
towards local production of type I IFNs (12). Currently, in the context of Sjögren’s
syndrome, type I IFNs are only considered to amplify an autoimmune response (13).
Whether they can directly affect glandular function is not known. The poly(I:C) induced
model for acute xerostomia allows us to address this issue. Thus, in the current study we
asked the question, in absence of type I IFNs, can poly(I:C) still induce glandular
dysfunction? The type I IFN family comprises several Ifn- α genes, Ifn-β, Ifn-ε, Ifn-κ and
Ifn-ω genes (9). These IFNs signal through a common receptor and in mice lacking Ifnar1,
all signaling through type I IFNs is abrogated (14). We treated the Ifnar1 deficient
(IFNAR−/−) mice with poly(I:C) and investigated salivary gland function. Our data shows
that mice lacking IFNAR, are significantly more resistant to loss of glandular function
compared to wild type mice (IFNAR+/+). An investigation into other cytokines elevated in
poly(I:C) treated B6 mice shows that in addition to type I IFNs, IL-6 can also directly affect
salivary gland function. Our results have significant implications for understanding the
pathogenesis of Sjögren’s syndrome as well as xerostomia induced by viral infections.

Materials and Methods
Mice

All experiments involving mice were approved by the University of Virginia, Animal Care
and Use Committee. C57BL6/J (B6 or IFNAR+/+), B6.129S2-Il6tm1Kopf/J (IL-6−/−),
B6.129P2-Il10tm1Cgn/J (IL-10−/−) and B6.129X1-Ebi3tm1Rsb/J (Ebi3−/−) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA). The Ebi3−/− mice were
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used to investigate the effects of IL-27. EBI3 is a common chain for IL-27 and IL-35 and the
Ebi3−/− mice lack both IL-27 and IL-35. B6.Ifnar1−/− mice were kindly provided by Dr Ann
Marshak-Rothstein, University of Massachusetts Medical School, USA. The IFNAR−/− mice
were bred and maintained in specific pathogen free conditions in the University of Virginia,
Vivarium. All mice were used at an age of 12–14 weeks, unless noted otherwise. Female
mice were injected with 50μg of poly(I:C) (Invivogen, San Diego, CA, USA) by intra
peritoneal route. Control mice were injected with PBS. One day after treatment, pilocarpine
induced saliva was measured as described before (7).

Real Time PCR
For gene expression analysis, mice were injected either with poly(I:C) or PBS. Three and
half hours later mice were euthanized and submandibular glands harvested. Expression of
different genes within the submandibular glands was done by employing Taqman Gene
Expression assays (Applied Biosystems, Carlsbad, CA, USA) as described before (7).

Ca2+ mobilization studies
Mice were injected 2 times with 50 μg of poly(I:C) by intraperitoneal route on alternate
days. Control mice were similarly injected with saline. Submandibular glands were
harvested on day 3 and acini were isolated using a method described by Kondo et al (15).
Submandibular glands were finely minced in Krebs- Henseleit-Ringer solution
supplemented with 1mg/ml BSA and digested with a mixture of Collagenase and
Hyaluronidase (Worthington Biochemical Corp., Lakewood, NJ, USA) for 30 min at 37°C.
Following two washes, the tissue was suspended in 1 ml of buffer. Larger clusters of cells
were allowed to settle and 0.1 ml of cell suspension was used for measurement of
intracellular calcium as described previously (16, 17). Briefly, cells from both untreated and
poly(I:C)-treated mice were loaded with 1 uM fura-2 AM (Life Technologies, Grand Island,
NY, USA) for 30 min in separate wells. During incubation with fura-2 AM, one set of cells
was additionally given 0.2 uM Cell Tracker Red CMTPX (Life Technologies, Grand Island,
NY, USA), a membrane-penetrating fluorescent probe, in order to distinguish cells from
untreated versus treated mice (16). Cell clusters were then transferred to a recording
chamber, and calcium ratios were recorded every 5 seconds with a Hamamatsu ORCA-ER
camera (Hamamatsu Photonics, Japan) attached to an Olympus BX51WI fluorescence
microscope (Olympus, Tokyo, Japan) using 340 and 380 nm excitation light and 510 nm
emission as described (17). The ratio of emitted light from 340 nm and 380 nm stimulation
was used to calculate the calcium ratio (340/380 nm) for each 5-sec image pair. Basal
calcium readings were taken for 2-min, and then cell cluster were exposed to 5 uM
pilocarpine for 3-min followed by a 5-min wash in PBS. Data were recorded and analyzed
with IP Lab software Version 4.0 (Scanalytics, Rockville, MD, USA)

Statistical Analysis
Unpaired t test was used to determine statistical significance. A p<0.05 at 95% confidence
interval was considered significant. For samples not passing normality test, statistical
significance was determined using the Mann-Whitney test. All analysis was performed using
GraphPad PRISM software (GaphPad Software, La Jolla, CA, USA).

Results
Limited loss of salivary gland function occurs in poly(I:C) treated IFNAR−/− mice

In a previous study we had demonstrated that treatment of NZB/W F1 mice with poly(I:C)
caused a rapid but reversible loss of salivary gland function (7). The functional loss in
response to poly(I:C) also occurs in B6 mice (Figure 1 right panel). There was a 41% loss in
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the mean saliva volume in poly(I:C) treated B6 mice, in comparison with PBS treated
controls. These mice have a functional IFNAR. Thus, to determine the role of type I IFNs in
this model of xerostomia, B6.Ifnar1−/− mice were either injected with poly(I:C) or with PBS.
Figure 1 (left panel) shows that the mean saliva volume ± SEM in poly(I:C) treated
IFNAR−/− mice (5.884 ± 0.074) was only 9.6% lower than the PBS treated IFNAR−/− mice
(6.516 ± 0.126). This drop is significantly less (p<0.0001) than the functional loss seen in
IFNAR+/+ mice. The saliva volumes between PBS treated IFNAR+/+ and IFNAR−/− mice
were not significantly different, indicating that lack of type I IFN signaling by itself did not
impair the salivary gland function. Identical results were obtained in an independent cohort
of mice (5 mice per group per treatment). These data show that the functional loss in
presence of type I IFN signaling is 4 times greater than that induced in its absence.

Amplified cytokine gene expression in submandibular glands of poly(I:C) treated IFNAR+/+

mice
Although the IFNAR−/− mice were not as impaired in salivary gland function as the wild
type mice following poly(I:C) treatment, the functional loss in IFNAR−/− mice was
statistically significant. This suggests that factors other than type I IFNs also influence the
salivary gland hypofunction. In addition to the production of type I IFNs through the TRIF3
pathway, poly(I:C) also induces the expression of inflammatory cytokines through the NF-
kB pathway (18). Moreover it has been shown that type I IFN amplifies the production of
inflammatory cytokines IL-6, and IL-27 (19, 20). Thus the loss of function induced in our
model can be through the action of type I IFNs or through the action of inflammatory
cytokines amplified in presence of type I IFN or both. To determine this, gene expression
levels of different cytokines in salivary glands of poly(I:C) treated IFNAR+/+ and IFNAR−/−

were compared. Figure 2 shows that in presence of type I IFN signaling, significant
upregulation was seen in the expression of Il-6 (34 fold, p=0.0159) and Il-27p28 (11 fold,
p=0.0119) in IFNAR+/+ mice compared to IFNAR−/− mice. However, expression of Ebi3 or
Il-27b, which is the common chain for IL-27 and IL-35, was not significantly different. A
significant upregulation in the expression of non inflammatory or regulatory cytokine, Il-10
(16 fold, p=0.0079) was also seen. This difference in Il-10 expression between the two
groups remains significant (3 fold, p=0.0159) even if the IFNAR+/+ mouse with the highest
Il-10 expression is excluded from the analysis. The expression of Tnf-α was similar between
the 2 groups, and Il-12a gene expression was significantly lower in the IFNAR+/+ mice.
These data suggest that following poly(I:C) treatment, expression of Tnf-α and Il-12a is
regulated differentially than that for Il-6, Il-27 and Il-10. There were no differences in the
expression levels of cholinergic muscarinic receptor 3 (Chrm3). Mx1, an IFNα responsive
gene was high only in IFNAR+/+ mice and served as a positive control (21).

IL-6 contributes towards glandular hypofunction
Since Il-6, Il-10 and Il-27 gene expression was elevated in IFNAR+/+ mice, their
contribution to glandular hypofunction was studied in mice deficient in these cytokines.
IL-6−/−, IL-10−/−, and IL-27B−/− mice were injected either with poly(I:C) or PBS and
salivary gland function determined (figure 3). The loss of function in IL-27−/− (35%,
p=0.0002) and IL-10−/− (38%, p<0.0001) mice was similar to that in the wild type mice
(41%, p<0.0001). Thus, even in the absence of these cytokines, poly(I:C) had a significant
effect on salivary gland function.

In the IL-6−/− mice at 12 weeks of age, the loss of function was around 25% (figure 3, lower
panel). However, we noticed that overall saliva production in IL-6−/− mice was significantly
lower than the age matched wild type mice. This data suggested that there might be
defective or delayed development of salivary glands in absence of IL-6. Thus, the
experiment was also conducted in older mice. The overall saliva produced by older IL-6−/−
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mice was significantly elevated. The reasons for this change are not known, but might
involve some unknown compensatory mechanisms. Importantly, the loss of function in
poly(I:C) treated group was still around 21%, reproducing results obtained at younger age.
Regardless, at both time points despite intact type I IFN signaling, the loss of function in
IL-6−/− mice did not reach the levels seen in wild type mice (~41%). Instead it was in
between that observed for the wild type and the IFNAR−/− mice. These data suggest that
IL-6 also contributes to some extent towards the induction of glandular hypofunction
induced by activation of innate immunity.

Poly(I:C) treatment suppresses agonist induced Ca2+ mobilization in acinar cells
In the stimulus-secretion coupling pathway for saliva production, intracellular Ca2+ levels
critically regulate fluid transport within the acinar cells (22). Thus Ca2+ mobilization in
acinar cells obtained from mice treated with poly(I:C) was investigated. Since, pilocarpine
induced saliva was our indicator for salivary gland hypofunction, for in vitro Ca2+

mobilization studies, pilocarpine was used as an agonist. We conducted a total of 5 trials
utilizing 8–22 acini per condition for a total of 70 untreated and 64 treated acini. In every
trial, responses to pilocarpine stimulation were comparatively smaller in the poly(I:C)-
treated group. The cumulative data in figure 4 shows that the pilocarpine-induced increase in
intracellular calcium is significantly reduced in acinar cells exposed in vivo to poly(I:C)
treatment in comparison with cells obtained from PBS treated mice. Since calcium levels are
positively correlated with saliva production, these data demonstrate that poly(I:C) treatment
produces measurable hypofunction at the level of acinar tissue.

Discussion
In this study we have investigated the role of type I IFNs in poly(I:C) mediated induction of
xerostomia. Poly(I:C) activates innate immunity through the engagement of TLR3, retinoic
acid-inducible gene I (RIGI) and melanoma differentiation-associated antigen 5 (MDA5),
and causes the production of type I IFN and inflammatory cytokines. Moreover, type I IFN
further amplifies the production of other inflammatory cytokines such as IL-6 and IL-27 (19,
20). Thus, the loss of function induced by poly(I:C) can be a consequence of type I IFN
action, or inflammatory cytokine action or both. We addressed this question by using mice
deficient in type I IFN signaling and mice deficient in different inflammatory cytokines. Our
data shows that the loss of function induced in IFNAR−/− mice was one fourth of that
induced in the wild type mice, whereas in the IL-6−/−mice it was one half. These data
indicate that both type I IFNs and IL-6 play a crucial role in interfering with salivary gland
function.

Our findings provide some insights into possible mechanisms of salivary gland hypofunction
induced by activation of innate immunity in both viral infections and autoimmune disorders
like Sjögren’s syndrome. Recently, Kasman et al used murine cytomegalovirus (mCMV)
infection model to mimic the effects of viral hepatitis in inducing salivary gland dysfunction
(23). Following mCMV infection, salivary gland hypofunction was induced in BALB/c mice
within 2 days. In this model, the glandular hypofunction only correlated with elevated liver
enzymes. Since functional loss also occurred in mCMV infected BALB/c-c-Rel knockout
mice, which are defective in proinflammatory Th1 cytokine production, it was suggested
that disturbances in liver and unknown serum factors released by liver are important in
mCMV induced salivary gland dysfunction. The role of type I IFNs was not investigated in
this model and might also be critical for two reasons. First, mCMV infection rapidly induces
type I IFN production (24, 25) and second, in c-Rel knockout mice IFNβ production is not
affected following activation of innate immunity by different TLR ligands (26). Thus, it is
possible that mCMV infection causes type I IFN production, which contributes towards
hepatic injury and release of serum factors. In our model system poly(I:C) causes
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inflammatory cytokine responses both systemically as well as locally within the salivary
glands.

Salivary gland hypofunction is a major characteristic of Sjögren’s syndrome. Although our
acute model of salivary gland hypofunction does not represent the classic autoimmune
phenotype of Sjögren’s syndrome, the finding that type I IFN can mediate salivary gland
hypofunction is highly significant for understanding the pathogenesis of Sjögren’s
syndrome. Analysis of salivary glands from Sjögren’s syndrome patients have shown
increased expression levels of type I IFN responsive genes; increased accumulation of
plasmacytoid dendritic cells; and a genetic predisposition to higher type I IFN
responsiveness (8). Additional source of type I IFN can be through the activation of TLRs
with immune-complexes containing ribonucleoproteins and chromatin. The major function
ascribed to type I IFNs in Sjögren’s syndrome is in the initiation and amplification of the
adaptive autoimmune responses. Our data shows for the first time that type I IFNs can
directly influence salivary gland function. Thus, it will be important to scrutinize whether in
Sjögren’s syndrome patients, elevated type I IFN and IL-6 levels in salivary glands correlate
with functional loss.

To investigate mechanisms involved in type I IFN and IL-6 mediated salivary gland
hypofunction several experiments were conducted. Our previous studies have demonstrated
that submandibular glands from poly(I:C) treated mice do not show any gross histological
abnormalities or aquaporin 5 redistribution (7). However, since type I IFNs can induce
apoptosis, sections of submandibular glands were stained for apoptotic cells by Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method. We did not observe
any increase in apoptotic cell numbers in the submandibular glands of mice injected with
poly(I:C) (data not shown). Exposure of salivary gland acinar cells to proinflammatory
cytokines such as TNF-α and IFN-γ has been shown to affect integrity of tight junctions
and thereby implied in disturbances in water transport (27, 28). We thus investigated tight
junction integrity in submandibular gland acini from poly(I:C) and PBS treated mice by
immunohistochemistry by staining for tight junction protein ZO-1. No disruption in tight
junction integrity was observed in submandibular glands from poly(I:C) treated mice.
Collectively these findings suggest that, type I IFN mediated salivary gland hypofunction
must involve the non-apoptotic mechanisms (29).

Saliva production is regulated by parasympathetic and sympathetic stimulation (22).
Following engagement of cholinergic muscarinic receptor 3 by acetylcholine, a sustained
increase in intracellular Ca2+ dictates several downstream events that involve different ion
channel proteins, which lead to increased fluid transport in acini and saliva production. We
thus determined whether poly(I:C) treatment disturbs Ca2+ mobilization in acini. Our data
shows that Ca2+ mobilization is significantly reduced in acini obtained from poly(I:C)
treated mice. This can explain the decrease in pilocarpine mediated saliva production in
poly(I:C) treated mice. The reasons for reduced Ca2+ mobilization in our model system are
currently not known and might involve but are not limited to inositol 1, 4,5 triphosphate
(IP3) levels, effects on IP3 receptors and ryanodine receptors (29, 30), and will be
investigated in future studies. Recently it has been reported that poly(I:C) decreases
histamine mediated Ca2+ mobilization in human gingival fibroblasts through the activation
of protein kinase C and p38 (31). Considering phosphorylation of PKC is involved in
agonist induced salivation (32), it is possible that poly(I:C) effects on this pathway are also
involved in salivary gland hypofunction.

In summary our data suggests that systemic as well as local increase of type I IFNs and IL-6
within salivary glands in different chronic inflammatory conditions such as viral infections
and autoimmune disorders like Sjögren’s syndrome have the potential to impact salivary
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gland function. This can happen without the involvement of tissue destruction. Recently, it
was demonstrated that salivary gland hypofunction occurs in rats with experimental
periodontitis, without any changes in acinar structure (33). Thus, elevated cytokine levels
might be an important biomarker for investigating the causes of xerostomia as well as a
therapeutic target.
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Figure 1. Poly(I:C) induced loss of salivary gland function is much lower in the absence of type I
IFN signaling
IFNAR−/− and IFNAR+/+ (wild type mice) mice were injected either with PBS or poly(I:C)
and pilocarpine induced saliva was measured. The results are expressed as ratio of saliva
volume (μl) to gm body weight. In the IFNAR−/−mice, the mean saliva volume ± SEM in
poly(I:C) group is 5.88 ± 0.07 and in PBS group it is 6.52 ± 0.13. In wild type mice, the
mean saliva volume ± SEM in poly(I:C) group is 3.73 ± 0.15 and in PBS treated group it is
6.33 ± 0.18. Thus, the loss of function in IFNAR−/− mice is 9.6% in comparison to 41% loss
in IFNAR+/+ mice. Similar results were obtained in an independent cohort of mice.
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Figure 2. In presence of type I IFN signaling, gene expression levels of Il-6, Il-10 and Il-27p28 are
amplified within the salivary glands
IFNAR+/+ and IFNAR−/− mice were injected with poly(I:C) and submandibular glands
harvested after 3.5 hr. Expression levels of different genes were determined by real time
PCR using Taqman gene expression assays. Gapdh was used as house keeping gene and
results are expressed as relative change in gene expression. The ratio of mean gene
expression level in IFNAR+/+ mice to that in IFNAR−/− mice is shown as fold (X) increase
or decrease. Mx1 is an IFN responsive gene and was used as positive control. The relative
gene expression levels of Il-6, Il-10 and Il-27p28 were 34, 16 and 11 folds higher in
IFNAR+/+ mice. Similar results were obtained in an additional experiment performed in an
independent cohort of mice.
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Figure 3. IL-6 contributes towards the loss of salivary gland function
Mice deficient in IL-6, IL-10 and IL27B, were either injected with poly(I:C) or PBS and
pilocarpine induced saliva measured. The mean saliva volume in all groups of poly(I:C)
treated mice are significantly lower than the mean saliva volumes in respective PBS treated
controls. Saliva collections in IL-6−/− mice were done at 2 time points (12wks and 30wks of
age) and the loss in function was 26% and 21% respectively. The loss of function in
IL-27−/− (35%) IL-10−/− (38%) mice was comparable to that observed in wild type mice
(41%). Similar results were obtained in an additional experiment.
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Figure 4. Ca2+ mobilization is suppressed in acini from poly(I:C) treated mice
C57BL/6 mice were either treated with poly(I:C) or PBS and submandibular glands were
removed for acinar cell preparation. Cells were loaded with fura-2 AM and one set of cells
were loaded with Cell Tracker Red. Following 30 min incubation, cells were washed, placed
in recording chamber and calcium changes recorded following exposure to 5 μM of
pilocarpine-hydrochloride. The data shown is mean ratio (340/380nm) ± SEM from 5
independent experiments with 70 acini from PBS treated mice and 64 acini from poly(I:C)
treated mice. The panel on left shows the whole trace. The differences in baseline between
poly(I:C) and PBS treated mice were statistically not significant. The right panel shows
baseline subtracted mean ratio ± SEM seen at maximum stimulation. The mean Ca2+

340/380nm ratio in acini from poly(I:C) treated mice is significantly lower (p=0.0003) than
that observed in acini from PBS treated mice.
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