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Abstract

Objective—Primary Sjögren’s syndrome (SS) is characterized by autoimmune activation and 

loss of function in secretory epithelia. The present study was undertaken to investigate and 

characterize changes in the epithelia associated with the loss of gland function in primary SS.

Methods—To identify changes in epithelial gene expression, custom microarrays were probed 

with complementary RNA (cRNA) isolated from minor salivary glands (MSGs) of female patients 

with primary SS who had low focus scores and low salivary flow rates, and the results were 

compared with those obtained using cRNA from the MSGs of sex-matched healthy volunteers. 

The effect of bone morphogenetic protein 6 (BMP-6) on salivary gland function was tested using 

adeno-associated virus–mediated gene transfer to the salivary glands of C57BL/6 mice.

Results—A significant increase in expression of BMP-6 was observed in RNA isolated from SS 

patients compared with healthy volunteers. Overexpression of BMP-6 locally in the salivary or 
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lacrimal glands of mice resulted in the loss of fluid secretion as well as changes in the connective 

tissue of the salivary gland. Assessment of the fluid movement in either isolated acinar cells from 

mice overexpressing BMP-6 or a human salivary gland cell line cultured with BMP-6 revealed a 

loss in volume regulation in these cells. Lymphocytic infiltration in the submandibular gland of 

BMP-6 vector–treated mice was increased. No significant changes in the production of 

proinflammatory cytokines or autoantibodies associated with SS (anti-Ro/SSA and anti-La/SSB) 

were found after BMP-6 overexpression.

Conclusion—In addition to identifying BMP-6 expression in association with xerostomia and 

xerophthalmia in primary SS, the present results suggest that BMP-6–induced salivary and 

lacrimal gland dysfunction in primary SS is independent of the autoantibodies and immune 

activation associated with the disease.

A hallmark of primary Sjögren’s syndrome (SS) is the loss of function of secretory epithelia, 

specifically within lacrimal and salivary glands (1). The mechanism(s) driving primary SS 

are poorly understood and may involve a combination of environmental and genetic factors. 

In addition to the loss of secretory function in several epithelial cell types, autoantibodies, 

lymphocytic infiltrates in the secretory epithelia, increased apoptosis, and elevated levels of 

proinflammatory cytokines have been reported in patients with primary SS (1). Patients with 

more severe sicca symptoms report a significantly greater impact of the disease on many 

aspects of their daily life (2). Several lines of research suggest that salivary flow rate is 

independent of lymphocytic infiltration in primary SS (for review, see ref. 3). Seventeen 

percent of the patients who meet the American-European Consensus Group criteria for SS 

(4) have low levels of infiltrating lymphocytic foci with little evidence of acinar cell loss but 

with decreased salivary flow (3), suggesting an alternative mechanism for the loss of gland 

function.

In order to better understand changes in the secretory epithelia associated with the loss of 

gland function in patients with primary SS and low lymphocytic infiltration, we performed 

microarray analysis of RNA isolated from the minor salivary glands (MSGs) of patients with 

primary SS with low focus scores (≤ 2), decreased salivary flow, ocular symptoms, and 

positive autoantibodies, and compared the array results to those obtained with the MSGs of 

healthy volunteers.

MATERIALS AND METHODS

Patient selection criteria

Five female patients with primary SS fulfilling the American-European Consensus Group 

criteria were selected for microarray analysis, along with 6 healthy female volunteers. The 

study was approved by the Institutional Review Board of the National Institute of Dental 

and Craniofacial Research, National Institutes of Health (NIH) and is registered at 

www.clinicaltrials.gov. All subjects provided written informed consent prior to enrollment. 

The patients whose specimens were used in the present analysis were all chosen based on 

low lymphocytic scores (focus score ≤ 2) and low unstimulated salivary flow (<1.5 ml/15 

minutes). Clinical features of the study subjects are summarized in Supplementary Table 1 

(available on the Arthritis & Rheumatism web site at http://onlinelibrary.wiley.com/doi/
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10.1002/art.38123/abstract). Two of the healthy volunteers had low salivary flow but were 

free of any disease and likely represent natural variation in salivary gland activity; they were 

included in the study to better identify changes in gland activity specifically associated with 

primary SS. Four of the 5 patients with primary SS were taking hydroxychloroquine, and 1 

was taking prednisone (5 mg/day). Autoantibody status was tested at the Department of 

Laboratory Medicine, NIH, using a standardized enzyme-linked immunosorbent assay 

(ELISA).

Microarray studies

MSGs were obtained from study participants and stored in RNAlater (Qiagen) until RNA 

extraction. Samples were homogenized with a Bullet-Blender (Next Advance) or an Omni 

TH (Omni International). Total RNA was extracted with an RNeasy Mini kit according to 

the instructions of the manufacturer (Qiagen). The quality of RNA was measured using a 

2100 Bioanalyzer (Agilent). Only RNA samples with a 28S/18S ribosomal RNA ratio of 1.7 

and an RNA integrity number of ≥ 6.5 were used for the arrays. Total RNA from both 

patient and healthy volunteer samples was amplified and labeled with a low RNA input 

linear amplification kit (Agilent). A total of 500 ng of RNA was labeled with Cy3-CTP, and 

the quality and yield of complementary RNA (cRNA) were then analyzed using a NanoDrop 

ND-1000 UV-VIS Spectrophotometer (version 3.2.1). Only cRNA with a total yield of 

>1.65 μg and a specific avidity of > 9.0 pmoles Cy3/μg cRNA was used in the hybridization 

step.

Gene expression analysis involved the use of 4 × 44K microarrays (Agilent) containing 

~41K human oligo probes. Microarrays were hybridized according to the manufacturer’s 

recommendations for One-Color Microarray-Based Gene Expression Analysis. Quality 

control criteria were established based on the results of previously published experiments 

(5). Microarrays that met ≥ 9 of 12 quality control criteria were deemed suitable for 

statistical analysis.

Statistical Analysis of Microarrays

GeneSpring GX 11 (Agilent) was used to normalize and filter the data obtained in this study. 

The gene expression arrays were subjected to a quantile normalization without a baseline 

transformation (an algorithm similar to robust multiarray average normalization techniques 

widely used in Affymetrix microarrays [6–8]).

After normalization, the probes with values below the 20th percentile in >80% of the study 

samples were removed. The resulting filtered sets were compared for genes that were 

differentially expressed (2-fold above or below the median in normal volunteers). An 

unpaired, asymptotic t-test with Benjamini and Hochberg’s false discovery rate (FDR) 

correction was used to identify genes that were statistically significantly up- or down-

regulated (corrected P < 0.05).

The gene list was analyzed for additional pathway information using IPA software. IPA’s 

Molecular Network Analysis algorithm was used to generate candidate gene networks as 

previously described (7). Similarly, biomarker analyses were used for filtering salivary 
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gland–specific genes. FDR-corrected P values were used to generate significant cutoffs 

throughout all of the analytical results obtained with IPA.

Construction of complementary DNA (cDNA) libraries

Purified RNA from the patients was reverse-transcribed using a SuperScript Vilo First-

Strand cDNA synthesis kit (Invitrogen) for 2-step quantitative reverse transcription–

polymerase chain reaction (RT-PCR). Gene expression is represented by the fold change, 

which was calculated, as 2− Δ ΔCt, according to the instructions of the manufacturer (Applied 

Biosystems).

Animals

Female C57BL/6 mice (6–8 weeks old) were obtained from The Jackson Laboratory. 

Animals were housed in a pathogen-free facility. All procedures involving live animals were 

performed in an accredited vivarium according to institutional guidelines and standard 

operating procedures and were in compliance with the NIH Guide for the Care and Use of 

Laboratory Animals.

Administration of recombinant adeno-associated virus type 5 (rAAV5) vector

The construction of rAAV5 encoding green fluorescent protein, luciferase, or bone 

morphogenetic protein 6 (BMP-6) vector (AAV5-GFP, AAV5-Luc, or AAV5-Bmp6, 

respectively), has been described previously (9,10). Vectors were delivered into the 

submandibular gland by retrograde instillation and into the lacrimal gland by injection as 

previously described (10,11). Briefly, AAV5-GFP or AAV5-Bmp6 (1011 particles/mouse [5 

× 1010 particles/gland] in 100 μl) was delivered into the submandibular gland of 6–8-week-

old C57BL/6J mice. A lower dose of AAV5-Luc (109 particles/ gland) was coadministered 

to enable monitoring of the expression of the AAV5 vectors by Xenogeny live imaging of 

the animals (10) (see Supplementary Figure 1, on the Arthritis & Rheumatism web site at 

http://onlinelibrary.wiley.com/doi/10.1002/art.38123/abstract). To transduce the lacrimal 

gland, AAV5-Bmp6 or AAV5-Luc vector was injected at 109 particles/gland/mouse directly 

into the lacrimal gland of 6–8-week-old C57BL/6J mice (10). The vector dose was chosen 

based on previously published results, which showed detectable transgene activity with 

administration of >109 particles/ gland (12,13).

Saliva and tear collection, and assessment of saliva ion concentrations and serum 
autoantibody status

Pilocarpine-stimulated salivary flow rate and tear flow rate were determined (10,14). In 

mice that were administered AAV5-Bmp6 or AAV5-GFP into the lacrimal gland, 

unstimulated tear volume was measured (10). Serum was collected at the end of the study as 

described previously (15), and potassium and sodium ion concentrations were measured 

(16). Autoantibodies against Ro/SSA (multiantigenic peptide Ro 273) and La/SSB were 

detected as described previously (15).
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Histopathologic analysis

After the mice were killed, whole salivary glands were surgically removed. Hematoxylin 

and eosin (H&E)–stained sections were obtained, and lymphocytic infiltration was assessed 

and a focus score assigned (15). Unstained sections were used for immunofluorescence and 

immunochemistry staining as previously described (14).

Immunofluorescence staining

Aquaporin 5 (AQP-5) was detected as previously described (13). BMP-6 expression in 

human tissue was determined by blocking with 10% donkey serum in 0.5% bovine serum 

albumin (BSA) in phosphate buffered saline (PBS) diluent for 30 minutes at room 

temperature in a humidity chamber, followed by incubation overnight at 4°C with 100 μl of 

10 μg/ml Mouse Monoclonal Anti–BMP-6 Primary Antibody (Abcam) in 0.5% BSA in 

PBS. Control specimens were incubated overnight at 4°C with 100 μl of 10 μg/ml 

ChromPure Mouse IgG, Whole Molecule (Jackson ImmunoResearch) in 0.5% BSA in PBS. 

Slides were washed in 5 changes of PBS for 5 minutes each and then incubated with a 1:100 

dilution of 2 mg/ml Alexa Fluor 488 Goat Anti-Mouse IgG Secondary Antibody 

(Invitrogen) for 1 hour at room temperature in the dark, followed by washing in 5 changes of 

PBS for 5 minutes each and counterstaining with DAPI mounting medium.

BMP-6 expression in mouse tissue was detected by direct labeling of anti–BMP-6 antibody 

using a Zenon labeling kit (Invitrogen) and counterstaining with DAPI mounting medium. 

Control specimens were incubated with 100 μl of 10 μg/ml ChromPure Mouse IgG, Whole 

Molecule in similarly conjugated PBS. Confocal images were acquired using a FluoView 

1000 (Olympus) with a 40× objective. Fluorescence intensity was quantified using Volocity 

software (PerkinElmer) and a pixel intensity range between 1,500 and 4,095.

Detection of cytokine and chemokine production

Serum and salivary gland homogenates were prepared from whole blood as previously 

described (15). Cytokines and chemokines were assayed in the local (submandibular gland 

draining lymph node cell culture) and systemic (splenocyte culture and serum) immune 

systems. BMP-6 expression in serum was measured using a Duo-kit ELISA (R&D Systems) 

and detected on a plate reader according to the instructions of the manufacturer (Meso Scale 

Discovery).

Regulated volume decrease (RVD) measurement

Salivary gland cells from mice transduced with either AAV5-GFP or AAV5-Bmp6 

administered to the salivary gland were isolated and RVD measured as described previously 

(17). RVD was induced by application of hypotonic media of 150 mOsm, and relative cell 

volume was measured before and after hypotonic stress stimulation.
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RESULTS

Transcriptome of MSGs from SS patients is distinct from that of MSGs from healthy 
volunteers

In order to identify the candidate genes responsible for impaired salivary gland function in 

patients with primary SS and low levels of inflammation, RNA samples were collected from 

MSGs of 5 female patients who had primary SS that met the American-European Consensus 

Group criteria and had low focus scores (≥ 2), positive autoantibodies, and impaired salivary 

flow. Four of the 5 patients also reported ocular symptoms. MSGs from 6 sex-matched 

healthy volunteers who were free of lymphocytic foci and autoantibodies were also studied. 

Four of the 6 healthy volunteers had normal salivary flow (Supplementary Table 1, http://

onlinelibrary.wiley.com/doi/10.1002/art.38123/abstract).

Prior to analysis, signal intensity was adjusted between samples using a quantile 

normalization protocol. Genes that were differentially expressed between patients with 

primary SS and healthy volunteers were identified based on statistical significance (P < 0.05 

after adjustment by Benjamini and Hochberg’s FDR correction). By unsupervised cluster 

analysis, patients with primary SS and healthy volunteers segregated into 2 distinct groups 

(Supplementary Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/art.38123/abstract). 

Genes shown to be differentially expressed (Supplementary Table 2) included several that 

have been previously reported to be associated with SS, including CCR5, IRF5, GZMK, and 

MMP9 (18–21).

Two-step quantitative RT-PCR was performed on a subset of genes representative of the 

microarray signature. Validation studies were carried out using template cDNA prepared 

from biopsy samples from the patients with primary SS in the microarray study. A total of 

14 transcript changes were verified by quantitative PCR (Supplementary Figure 3), and all 

were in accordance with the microarray gene expression data.

In order to focus on salivary gland–specific genes, a biomarker filter (GeneSpring 9.0) was 

used to narrow the results to genes that were previously reported to be expressed in normal 

salivary gland epithelia. Among these, the gene for BMP-6 was highly up-regulated (Table 

1). Expression of BMP-6 was also confirmed by hybridization of additional microarrays 

with RNA isolated from additional samples from healthy volunteers and SS patients with 

low gland function and low focus scores (Supplementary Figure 4).

Overexpression of BMP-6 in the MSGs of SS patients and NOD mice

The elevated BMP-6 RNA in patients was reflected by an increase in protein levels, as 

detected by confocal imaging. Relative fluorescence intensity assessment across a 3-

dimensional stack of images showed an increase in BMP-6 protein in representative glands 

from SS patients (n = 2) compared to a healthy volunteer (Figure 1A). This increase in 

BMP-6 expression appeared to be independent of the focus score, with 5 of the 6 patients 

with scores of > 2 also exhibiting a significant increase in BMP-6 protein within the gland 

(Supplementary Figure 5, http://onlinelibrary.wiley.com/doi/10.1002/art.38123/abstract). 

Slides from the 1 patient who did not have an increase in BMP-6 had minimal epithelial 

tissue remaining (focus score 7) compared with the slides used from the healthy volunteers, 
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likely affecting the level of BMP-6 detected (data not shown). To determine whether the 

increased expression in the salivary gland reflects a general overexpression of BMP-6 in the 

serum of SS patients, we developed an ELISA with a sensitivity for detection of serum 

BMP-6 levels as low as 50 pg/ml. In serum samples from a randomly selected population of 

patients with primary SS (n = 20) or healthy volunteers (n = 2), BMP-6 levels above the 50 

ng/ml level of sensitivity of the ELISA were not observed, suggesting that BMP-6 may 

remain localized at the site of expression as previously reported (22).

Autoimmune-prone NOD mice spontaneously develop a primary SS–like phenotype and are 

often used as a model for studying SS (23). Female NOD mice develop salivary gland focal 

infiltration starting at 8 weeks of age and show a decline in salivary gland function by 20 

weeks (16,24). Investigation for BMP-6 expression revealed elevated levels of BMP-6 in 

salivary glands from 8-week-old NOD mice compared with BALB/c mice (Figure 1B). By 

20 weeks, BMP-6 expression had continued to increase, suggesting that BMP-6 expression 

is associated with an SS-like phenotype in mice as well as humans.

Local overexpression of BMP-6 induces salivary and lacrimal gland dysfunction in mice

The effect of elevated BMP-6 expression on salivary gland function was tested by infusing 

AAV5 vectors encoding BMP-6 into the salivary glands of female C57BL/6J mice. AAV 

vectors were chosen because of their ability to direct long-term expression following 

localized delivery to the salivary glands of mice, with minimal host response to the vector 

(9). Previous work from our group has established that >90% of the infused vector remains 

localized to the gland and AAV5 is able to transduce 50% of the striated ductal cells within 

the gland (12). Four-to-six weeks post–vector delivery, expression of luciferase in the region 

of the salivary gland suggested successful infusion of the AAV5 vectors (Supplementary 

Figure 1A, http://onlinelibrary.wiley.com/doi/10.1002/art.38123/abstract). BMP-6 protein 

was detected in the ducts (Supplementary Figure 1B), and this was further confirmed by RT-

PCR (results not shown). We then examined salivary gland and lacrimal gland function in 

the mice that received AAV-Bmp6.

Measurement of pilocarpine-stimulated salivary flow rate showed a statistically significant 

decrease in the AAV5-Bmp6–treated group compared with control AAV5-GFP vector–

treated mice (mean ± SEM 1.03 ± 0.3 μl/gm body weight/20 minutes and 1.72 ± 0.18 μl/gm 

body weight/20 minutes, respectively; P = 0.0311) (Figure 2A). Of the 20 mice cannulated 

with AAV5-Bmp6, 8 had no detectable saliva flow. The expression of BMP-6 in the subset 

of AAV5-Bmp6–treated mice with normal salivary flow rates was 10–100-fold lower than 

the level of BMP-6 expression in mice with low salivary flow activity (Supplementary 

Figure 6). In parallel with the loss of saliva flow, the ion composition of the saliva was also 

changed as a result of BMP-6 expression. The sodium level in the saliva of mice 

administered AAV5-Bmp6 into the salivary gland was significantly reduced (mean 56.1 

mM, versus 72.0 mM in mice treated with AAV5-GFP; P = 0.0194). Potassium was also 

decreased in the saliva of AAV5-Bmp6–treated mice, but the decrease was not statistically 

significant (26.1 mM versus 31.41 mM; P = 0.0822) (Figure 2B).

The effect of BMP-6 is reported to be very cell-specific and localized (25). To investigate if 

local delivery of Bmp6 could affect secretory function in distal tissue, lacrimal gland 
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function was tested by measuring pilocarpine-stimulated tear flow after administration of 

treatment to the salivary gland. In this assay, no statistically significant difference was 

detected between the AAV5-GFP–treated and AAV5-Bmp6–treated mice (mean ± SEM 

0.20 ± 0.04/30 seconds and 0.17 ± 0.02 mm/30 seconds, respectively) (Figure 2C). To 

confirm that lacrimal glands could be responsive to BMP-6, we transduced the lacrimal 

glands of mice by direct injection of either AAV5-Bmp6 or AAV5-Luc and monitored 

lacrimal gland function over time (10). A statistically significant decrease in tear flow was 

detected at 45 days post–vector delivery and persisted for at least 60 days (mean ± SEM 7.0 

± 1.6 mm versus 3.6 ± 0.48 mm in the AAV5-Luc– and AAV5-Bmp6–treated groups, 

respectively, on day 45 and 6.0 ± 1.14 mm versus 2.4 ± 0.31 mm, respectively, on day 60; P 

= 0.0194 on day 45 and P = 0.0014 on day 60) (Figure 2D).

Minimal effect of BMP-6 expression on immune activation

A hallmark of primary SS is lymphocytic infiltration in the exocrine glands, especially the 

salivary and lacrimal glands. To determine the effect of elevated BMP-6 on the local 

immune environment of the salivary gland, foci of lymphocytic infiltrates were quantified in 

both the salivary and lacrimal glands 20 weeks after cannulation. In addition to the decrease 

in gland function, with AAV5-Bmp6 treatment a statistically significant increase in focus 

score was observed in the salivary gland (mean ± SEM 0.58 ± 0.1, versus 0.19 ± 0.1 with 

AAV5-GFP treatment) (Figure 3A) but not the lacrimal gland (3.51 ± 0.7 and 3.22 ± 0.8, 

respectively) (Figure 3B). No increase in the focus score was observed in mice in which 

AAV5-Bmp6 was administered directly into the lacrimal gland. Furthermore, there were no 

significant changes in the serum levels of anti-Ro/SSA or anti-La/ SSB in the animals 

injected in the salivary gland with AAV5-Bmp6 compared with those injected with AAV5-

GFP (mean ± SEM optical density at 450 nm 0.35 ± 0.1 and 0.74 ± 0.2, respectively [anti-

Ro/SSA] and 605.5 ± 79.8 and 589.6 ± 103.5, respectively [anti-La/SSB]) (Figures 3C and 

D). Cytokine analysis of salivary gland homogenates indicated minimal change between 

AAV5-Bmp6–treated mice and control AAV5-GFP–treated mice (Supplementary Table 3, 

http://onlinelibrary.wiley.com/doi/10.1002/art.38123/abstract). Taken together, these data 

suggest that BMP-6 overexpression in the salivary gland has minimal effect on local and 

systemic immune activation.

Histologic and morphologic changes in protein expression following BMP-6 expression in 
the salivary glands of mice

To better understand the mechanism associated with the loss of salivary gland function 

induced by increased BMP-6 expression, the overall structure of the salivary glands as well 

as the distribution of specific salivary gland proteins were investigated (Figure 4). Although 

no gross morphologic changes were observed by H&E staining, there appeared to be a 

redistribution of the extracellular matrix in mice that received AAV5-Bmp6 compared with 

the AAV5-GFP control vector–treated mice. This change in extracellular matrix was 

confirmed by staining with trichrome and fluorescent imaging. In addition to the altered 

extracellular matrix in the AAV5-Bmp6–treated mice, detection of the acinar-specific 

protein AQP-5 appeared to be less well defined on the apical surfaces in the AAV5-Bmp6–

treated mice compared with controls, suggesting alterations in protein distribution on the cell 
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surface or in acinar organization. Decreased AQP-5 messenger RNA expression was also 

detected on the microarray and confirmed by quantitative PCR.

Loss of regulated volume decrease function in salivary gland cells induced by BMP-6 
overexpression both in vivo and in vitro

Cell volume changes are induced by anisosmotic conditions. For example, hypo-osmotic 

solutions cause hypotonic stress, which causes cell volume to increase. The cells trigger an 

RVD mechanism to recover their original volume. All of these changes in cell volume are 

initiated by ion and water fluxes (26). AQP-5 is the main water channel for salivary fluid 

secretion. Mice deficient in AQP-5 secrete a lower volume of saliva after pilocarpine 

stimulation, and acini isolated from these mice display attenuations in the cell RVD 

response to hypotonic stress (17,26).

Comparison of isolated salivary gland cells showed a significant decrease in cell volume 

recovery following hypotonic stress in cells from AAV5-Bmp6–treated mice compared with 

those from the AAV5-GFP–treated control group (mean ± SEM RVD 21.84 ± 1.0% and 

89.33 ± 0.8%, respectively) (Figure 5B). These data are consistent with the loss of salivary 

gland fluid secretion and the change in the localization of AQP-5 following BMP-6 

expression in mouse salivary glands.

To more directly test for the effect of BMP-6 on RVD, HSG cells (a human salivary gland 

cell line) were treated with 6 ng/ml of recombinant BMP-6 for 4 days and then assayed for 

RVD activity (Figure 5C). Cell division and viability were unaffected by BMP-6 at this 

dose. As was seen in primary salivary gland cells isolated from the AAV5-Bmp6–

transduced mice, a loss of RVD was detected following treatment of HSG cells with BMP-6 

(mean ± SEM RVD 17.95 ± 1.0% and 90.45 ± 0.6% in HSG cells cultured in media with 

BMP-6 and without BMP-6, respectively; P < 0.0001) (Figure 5D). This strongly suggests 

that BMP-6 can directly affect fluid movement in salivary gland cells, which could account 

for the substantial loss of salivary secretion in patients with primary SS and in mice.

DISCUSSION

A critical question in primary SS is the connection between the immune activation and the 

loss of gland activity. Herein we report a novel link between an increase in BMP-6 

expression and the development of xerostomia in primary SS. Furthermore, in vivo 

experiments using AAV-mediated expression of BMP-6 in mouse salivary glands resulted in 

xerostomia accompanied by moderate lymphocytic infiltration, but with no evidence of an 

increase in levels of proinflammatory cytokines or autoantibodies, indicating little immune 

activation, either within the gland or systemically. Similarly, overexpression of BMP-6 in 

lacrimal glands reduced tear flow in mice, but this was not accompanied by lymphocytic 

infiltration. Thus, we have identified BMP-6 as a novel, nonimmunologic factor related to 

primary SS. More broadly, our findings suggest that the loss of salivary gland function in SS 

patients may not be directly related to the overt immune activation observed in the disease, 

but may result from changes in epithelial function induced by BMP-6 expression.
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To date, little is known about the role of BMPs in primary SS, and the present report is, to 

our knowledge, the first to describe an association. A likely mechanism for the loss of gland 

function is through changes in AQP-5 expression, but this will require further study. 

Elevated BMP-6 expression in the skin of mice has been reported to induce a psoriasis-like 

condition, suggesting that this cytokine may be involved in the development of other 

autoimmune diseases depending on the site of expression (25). Decreased expression has 

been linked with renal fibrosis, iron overload, and some forms of lymphoma (27,28). BMP-6 

has emerged as a key regulator of iron metabolism in the liver through the expression of 

hepcidin. Bmp6-null mice develop massive iron overload in the liver, much like that seen in 

the severe childhood-onset forms of human hemochromatosis. Although the effect of 

elevated BMP-6 expression on iron metabolism has not been reported, elevated expression 

of hepcidin resulting from overexpression of BMP-6 could lead to microcytic hypochromic 

anemia (29). Of interest, 51% of patients with primary SS have been reported to have low 

iron levels, with anemia reported in 21% (30).

Extensive changes in the extracellular matrix of BMP-6–expressing mice were observed in 

our study, and these may be related to the fibrosis associated with primary SS. During fetal 

development, high levels of BMP-6 expression coincide with active proliferation in the 

epidermis, stratification, and wound healing. Low levels of expression are seen in normal 

adult epidermis. A direct correlation between BMP-6 expression and acanthosis, as well as 

localization to hypertrophic cartilage, has also been reported (31). In keratinocytes, strong 

expression of BMP-6 in the suprabasal layers of the epidermis results in severe repression of 

cell proliferation, whereas weak and patchy expression results in strong hyperproliferation 

as well as parahyperkeratosis in adult epidermis. An increased rate of apoptosis among 

keratinocytes, as well as a down-regulation of the activator protein 1 family of transcription 

factors, was detectable in BMP-6–transgenic mice (31).

Changes in cell volume are involved in several cellular processes including gene 

transcription and proliferation, as well as driving fluid secretion in exocrine cells (32,33). 

Experimentally, cell volume regulation can be induced by hypotonic swelling, triggering a 

rise in calcium entry that is critical for the activation of water channels and the ion flux 

necessary for restoring cell volume (32,34–36). Although the mechanisms responsible for 

sensing the change in cell volume are not completely understood, transient receptor potential 

vanilloid channel 4 (TRPV-4) and AQP-5 are reported to play important roles in this 

process, with TRPV-4 activation following swelling being dependent on the presence of 

functional AQP-5 channels (17). Although some AQP-5 protein is detected in the acinar 

cells of mice treated with BMP-6, it is possible that the protein lacks a posttranslational 

modification necessary for function. An alternative explanation, based on our confocal 

imaging results, is that the dysfunction is related to the missorting of AQP-5 channels, as has 

been previously observed in biopsy specimens from patients with primary SS (37).

One of the most intriguing of our findings was the lack of immune activation despite the 

induction of severe xerostomia in animals receiving local AAV-Bmp6. Although we 

monitored the mice for 20 weeks post–vector delivery and observed little change in immune 

activation, in many other mouse models of SS the mice are at least 9–13 months of age 

before markers of systemic immune activation develop (38,39). Our microarray analysis did 
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reveal increased levels of a number of proinflammatory cytokines, including CXC9, CCL19, 

interleukin-15, and interleukin-23, in SS patients. Although these cytokines could be 

activated by BMP-6 signaling, it is also possible that their expression is independent of or 

upstream of BMP-6 and that they are all triggered by some common insult to the gland.

An important unanswered question in this study is what factor(s) might trigger elevated 

BMP-6 expression. As in other autoimmune diseases, several lines of evidence point to a 

viral infection triggering the disease. Indeed, several viruses have been proposed as triggers 

of primary SS, including Tax 1 expression from human T lymphotropic virus type I, 

coxsackievirus, and RNA viruses (40–42). Although infection with these viruses has not 

been associated with elevated levels of BMP-6, reovirus infection can activate transforming 

growth factor β and the BMP-6 signaling pathway (43). This activation of BMP-6 has been 

suggested to be a protective cellular response to limit apoptosis of neuronal cells during 

virus infection. Our data further suggest that in epithelial cells, it could induce a loss of 

secretory function. Further understanding of how this signal transduction pathway interacts 

with other important cell signaling pathways associated with primary SS, such as interferon-

induced signal transduction, may provide new potential therapeutic targets for restoring 

gland function.
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Figure 1. 
Increased expression of bone morphogenetic protein 6 (BMP-6) in the salivary glands of 

patients with primary Sjögren’s syndrome (SS) and NOD mice. A, Confocal images 

demonstrating expression of BMP-6 in the salivary glands of a representative patient and 

healthy volunteer (HV). As a control, the patient slide was stained with isotype control 

antibody. B, Expression of BMP-6 in the salivary glands of a representative BALB/c mouse 

and of representative NOD mice before (8 weeks) and after (20 weeks) onset of the SS-like 

phenotype. Samples were stained with anti–BMP-6 antibody. Original magnification ×40.
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Figure 2. 
Salivary and lacrimal gland function in mice treated with adeno-associated virus type 5 

encoding bone morphogenetic protein 6 (AAV5-Bmp6) and AAV5 encoding green 

fluorescent protein (AAV-GFP) (control). Saliva and tear flow and ion concentration were 

measured as described in Materials and Methods. A, Mice cannulated with AAV5-Bmp6 

vector (n = 20) exhibited a significant decrease in salivary flow rate compared with control 

mice (n = 10). B, The level of sodium was significantly decreased in saliva from mice 

cannulated with AAV5-Bmp6 vector (n = 14) compared with control mice (n = 10). The 

potassium level was also decreased in the AAV5-Bmp6–treated mice, but the difference 

from controls was not statistically significant. C, Delivery of vector into the salivary gland 

(SG) did not result in a systemic effect, as determined by a lack of change (P = 0.5308) in 

lacrimal gland (LG) tear flow rate (n = 5 in the AAV5-GFP–treated group, n = 17 in the 

AAV5-Bmp6–treated group). D, Delivery of AAV5-Bmp6 (n = 10) to the lacrimal gland 

reduced the tear flow rate compared with that in control mice administered AAV5-luciferase 

(Luc) (n = 5). Bars show the mean ± SEM. P values were determined by Mann-Whitney U 

test (A and D) or by Student’s unpaired t-test (B and C).
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Figure 3. 
Lymphocytic infiltration and autoantibody production in AAV5-Bmp6– and AAV5-GFP–

treated mice. Lymphocytic infiltrates were determined as described in Materials and 

Methods, and a focus score of lymphocytic foci (LF) per 4 mm2 was assigned. A, The focus 

score in salivary glands from AAV5-Bmp6–treated mice (n = 13) was significantly 

increased compared with that in salivary glands from AAV5-GFP–treated mice (n = 5). B, 

After delivery of vector to the salivary glands, the lacrimal gland focus score did not differ 

significantly (P = 0.8215) between the AAV5-Bmp6–treated group (n = 9) and the AAV5-

GFP–treated group (n = 3). C and D, Serum levels of anti-Ro/SSA (C) and anti-La/SSB (D), 

as determined by enzyme-linked immunosorbent assay, did not differ significantly (P = 

0.0685 for anti-Ro/SSA, P = 0.0987 for anti-La/SSB) between groups (n = 5 in the AAV5-

GFP–treated group, n = 15 in the AAV5-Bmp6–treated group in C; n = 3 in the AAV5-

GFP–treated group, n = 9 in the AAV5-Bmp6–treated group in D). Bars show the mean ± 

SEM. P values were determined by Student’s unpaired t-test. See Figure 2 for other 

definitions.
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Figure 4. 
Morphologic changes in the salivary glands of AAV5-Bmp6–treated mice. Changes in 

morphology and in protein expression or distribution were assessed by hematoxylin and 

eosin (H&E) or trichrome staining or immunofluorescence confocal imaging for aquaporin 5 

(AQP-5). Each image is representative of 4 samples tested. No gross changes in morphology 

were observed with H&E staining. Trichrome staining revealed a redistribution of the 

extracellular matrix material in AAV5-Bmp6–treated mice compared with AAV5-GFP–

treated controls. AQP-5 appeared to be less well defined on the apical surfaces in the 

AAV5-Bmp6–treated mice compared with the AAV5-GFP–treated mice. Original 

magnification × 40 (H&E) or × 100 (trichrome and AQP-5). See Figure 2 for other 

definitions.
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Figure 5. 
Regulated volume decrease (RVD) following treatment with bone morphogenetic protein 6 

(BMP-6) in vivo and in vitro. Salivary glands from AAV5-Bmp6–treated mice (n = 2) and 

AAV5-GFP–treated controls (n = 2) were collected, and cells were isolated. A, Relative cell 

volume was measured before and after hypotonic stress (HTS) stimulation in isolated 

primary salivary cells from AAV5-Bmp6–treated mice and AAV5-GFP–treated controls. B, 
The maximal percent RVD was determined, with a significant decrease observed in isolated 

primary salivary gland cells from mice treated with AAV5-Bmp6 compared with AAV5-

GFP–treated controls. C, Relative cell volume was measured before and after hypotonic 

stress stimulation in HSG cells treated with recombinant BMP-6 in vitro or cultured with 

media alone (control). D, The maximal percent RVD was determined, with a significant 

decrease observed in HSG cells treated with recombinant BMP-6 in vitro compared with 

HSG cells cultured with media alone. Values in B and D are the mean ± SEM. P values 

were determined by Student’s unpaired t-test. See Figure 2 for other definitions.
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Table 1

Salivary gland–specific genes that were differentially expressed, as identified using a biomarker filter

Gene Entrez gene name Fold change P

BMP6 Bone morphogenetic protein 6 4.465 0.004

ARSJ Arylsulfatase family, member J 2.103 0.032

ND5 NADH dehydrogenase, subunit 5 (complex I) −2.007 0.005

SLC22A17 Solute carrier family 22, member 17 −2.008 0.001

STAC2 SH3 and cysteine-rich domain 2 −2.134 0.02

CRISP3 Cysteine-rich secretory protein 3 −2.179 0.039

AQP5 Aquaporin 5 −2.19 0.043

PITX1 Paired-like homeodomain 1 −2.215 0.006

TEAD3 TEA domain family member 3 −2.464 0.023

CLDN3 Claudin 3 −2.605 0.01

METRN Meteorin, glial cell differentiation regulator −2.781 0.019

ARTN Artemin −4.809 0.03
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