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SUMMARY AND GENERAL DISCUSSION

Sjögren’s syndrome (SS) is one of the most common rheumatic diseases and 
predominantly affects women 1. This autoimmune disorder affects exocrine glands, 
such as the salivary and lacrymal glands, but also other tissues and organs may be 
involved. Limited symptomatic therapy for the dry eyes is available, but there is in 
sufficient therapy for the dry mouth. The hypo-salivation in patients causes considerable 
discomfort, leading to oral infections, tooth decay, difficulties with swallowing and 
speaking. Therefore, there is a clear need for new therapies targeting the salivary glands 
in these patients. Moreover, the salivary glands are suitable for local delivery of e.g. 
genes. Administration to the salivary glands is easily accessible, there is limited vector 
spreading outside the gland, and these organs are specialized to synthesize and secrete 
proteins. 

Gene therapy refers to an experimental procedure to deliver genes encoding proteins 
or inhibitory RNA to a specific target cell. The early development of gene therapy was 
focused on monogenetic disorders or single protein diseases, in which a redundant 
gene was replaced by a functional one. More recently, gene therapy was also used in 
animal models of complex autoimmune disorders, e.g. rheumatoid arthritis (RA) and 
SS 2, 3, making progression towards clinical trials. Currently, adenoviral delivery of 
human aquaporin-1 (hAQP-1) into the parotid gland of patients with radiation for 
head and neck cancer is being tested at the National Institute of Dental and Craniofacial 
Research (NIDCR) (clinicaltrials.gov identifier: NCT00372320). This study also serves 
as a proof of principle study for salivary gland gene therapy in SS patients using adeno-
associated viral (AAV) vectors.

Before advancing to clinical trials, pre-clinical development of gene therapy needs to 
be assessed. This thesis contains studies on the development of new animal models and 
several potential targets using gene therapy in the non-obese diabetic (NOD) mouse 
model of SS. Moreover, aspects of human salivary gland pathology are addressed. 

PART 1. PRE-CLINICAL MODELS OF SS

To validate the safety and efficacy of salivary gland gene therapy, and to understand 
the biology of SS, development of animal models that have all the clinical SS features is 
critical. Currently, there is no animal model that exhibits all the SS features. Therefore, 
new animal models were explored and tested for stimulated salivary flow, influx of 
inflammatory cells, and cytokines in the salivary glands, and autoantibodies against 
Ro- and La-antigens.

Interleukin-12 transgenic mice
Interleukin-12 (IL-12) is a pleiotropic cytokine and is also elevated in serum and affected 
organs of SS patients 4. Previously it was shown that CBA mice that overexpress IL-12, 
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develop mononuclear infiltrates in lungs, salivary and lacrymal glands. Moreover, 
expansion of bronchial lymphoid tissue and decreased mucociliary clearance was 
observed 5. Xerostomia is one of the most important clinical features in SS patients, 
therefore our main objective in chapter 3 was to evaluate the salivary gland function 
in IL-12 transgenic (TG) mice. Our secondary objective was to further characterize 
this animal model and see if these changes are representative for SS. SJL IL-12 TG mice 
had increased lymphocytic infiltration in salivary and lacrymal glands predominantly 
composed of B220-positive B lymphocytes and CD4-positive T lymphocytes. Moreover, 
aging IL-12 TG mice developed decreased salivary flow and elevated antibodies against 
nuclear antigens (ANA) and La (Sjögren’s syndrome antigen B; SSB). The functional 
changes in the salivary glands were accompanied by morphologic changes in the 
structure of the salivary glands. IL-12 TG mice had an increased volume per acinus, 
and the number of cells per acinus was decreased, suggesting a loss of acinar cells. Our 
findings indicate that SJL IL-12 TG mice express a number of conditions associated 
with SS and may serve as a useful model for research on multiple aspects of the disease. 
However, at this time, disease induction at later age, and the large efforts and labor 
required to maintain these mice, do not make them suitable as models for salivary 
gland gene therapy. 

60-kDa Ro-peptide immunized murine model of SS
SS patients have elevated anti-Ro antibodies in the serum. Immunization of mice with a 
60-kDa Ro-peptide may give more insight into the role of Ro60-peptide and anti-Ro60 
antibodies in the development of SS features in the 60-kDa Ro-peptide immunized 
murine model of SS. Moreover, fast disease induction would be beneficial for testing 
new salivary gland gene therapies. Chapter 4 describes Ro60-peptide immunization 
in two mouse strains, Balb/c and SJL mice. Both strains showed decreased salivary 
flow after multiple boosters in the abdominal area. Unfortunately, the late development 
of salivary gland dysfunction does not make this model suitable for pre-clinical gene 
therapy development. Moreover, only Balb/c mice showed induction of anti-Ro60 
antibodies, not seen in SJL/J mice. In contrast, SJL mice had salivary gland infiltrates, 
as Balb/c mice did not show focal mononuclear infiltrates. These results suggest that 
salivary gland dysfunction is not necessarily dependent on systemic autoantibodies 
and salivary gland infiltrates, but might be induced by other factors, e.g. cytokines. 
Additional analysis showed that ex vivo re-stimulation of splenocytes with Ro60-
peptide resulted in increased interferon (IFN)-γ and IL-12 expression.  Moreover, these 
two cytokines were also upregulated in salivary gland homogenates in Ro60-peptide 
immunized mice, emphasizing the crucial role of IFN-γ and IL-12 in SG dysfunction.
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PART 2. LOCAL GENE THERAPY USING DIFFERENT TARGETS

The NOD mouse is a model with relatively fast naturally occuring development of 
disease characteristics, representing almost all SS features. Therefore, we used this 
model for testing our gene therapy approaches. 

Local expression of soluble tumor necrosis factor-receptor 1 results in salivary gland dysfunction
Previously, the NIDCR Sjögren’s clinic investigated the effect of systemic tumor 
necrosis factor-receptor (TNFR; etanercept) in SS patients, and could not demonstrate 
clinical benefit 6.  The reason for the failed clinical trial is not well understood, but 
it is conceivable that the effects would be different if a more localized approach was 
used. Therefore, we have tested the effect of soluble human TNFR1 in the salivary 
glands of NOD mice (chapter 5). Surprisingly, local expression of soluble TNFR1 
resulted in decreased saliva flow over time, without changes in lymphocytic infiltrates 
or autoantibody levels. Moreover, reduced Th1, Th2 and Th17 cytokine levels were 
detected in the salivary gland accompanied by increased levels of Th1 and Th2 cytokines 
in plasma. These data do not support the notion that local TNF blockade may have a 
beneficial effect in SS. In contrast, TNF blockade might worsen salivary gland function 
in this disease.

Timing is essential in local treatment with soluble ICAM-1
Intercellular adhesion molecule-1 (ICAM-1) binds to lymphocyte function-associated 
antigen-1 (LFA-1), and is involved in migration and co-stimulation of T and B cells. 
Membrane bound ICAM-1 is overexpressed in the salivary glands of patients with SS 
and has therefore been proposed as a potential therapeutic target. Competition for 
binding to LFA-1 can be achieved by delivery of soluble ICAM-1. In chapter 6, the 
effect on salivary gland inflammation was tested by local gene delivery of soluble 
ICAM-1 before (early treatment) and after (late treatment) the influx of immune cells 
into the salivary glands. Early treatment with soluble ICAM-1 resulted in decreased 
numbers of inflammatory foci. In contrast, late treated mice did not show any change 
in focus scores, but increased CD8+ and CD4+ T cell numbers. Moreover, early treated 
mice showed decreased immunoglobulin M (IgM) within the salivary glands, whereas 
late treated mice had increased IgM levels, and on average higher IgG and IgA. These 
data suggest that intervention in the ICAM-1 pathway depends on the stage of the 
disease. As a treatment for human SS, the administration of soluble ICAM-1 might not 
be suitable for patients, since most patients will be diagnosed when inflammation is 
clearly present within the salivary gland. 

Local soluble TACI delivery results in decreased autoimmune inflammation
Patients with SS display increased activated B cells, and have increased B cell growth 
factors, like B cell activating factor (BAFF) and a proliferation-inducing ligand (APRIL) 
7-9. The common receptor for both ligands is transmembrane activator and CAML 
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interactor (TACI). The soluble form of TACI has the ability to neutralize BAFF and 
APRIL, and thus can reduce the pro-inflammatory effects of these cytokines. Chapter 
7 describes a study in which the B cell compartment is targeted by local delivery of 
soluble TACI. Expression of soluble TACI locally in the salivary glands of NOD mice 
resulted in a decreased number of infiltrates. T cell numbers were not affected, but 
overall B cell numbers were lower, and treated mice had significantly reduced numbers 
of IgD+ mature peripheral B cells and plasma cells. Interestingly, the reduction in 
plasma cells was accompanied by decreased levels of IgG and IgM, but not IgA, in the 
salivary glands. In conclusion, local delivery of soluble TACI to the salivary glands 
of NOD mice leads to beneficial effects on autoimmune salivary gland inflammation 
at both the cellular and immunoglobulin levels, supporting the role of B cells as a 
therapeutic target in SS.

PART 3. SALIVARY GLAND PATHOGENESIS IN SS PATIENTS

The pathogenesis of SS is largely unknown. SS is a systemic autoimmune disease, but 
there has also been a focus on the major affected organs, e.g. the salivary glands. These 
organs have complex and specific features, such as saliva production, synthesis and 
secretion of proteins, and antigen presentation by salivary ductal epithelial cells 10. The 
epithelial cells are capable of synthesis and secretion of cytokines, e.g. BAFF 11, and 
play an important role in the pathogenesis of inflammation in the salivary glands of 
SS patients.

Local and systemic APRIL expression in SS patients
In SS, BAFF has been reported to be increased in serum and salivary glands and to 
correlate with disease parameters 7, 12, 13. Little is known, however, about local and 
systemic expression levels of a BAFF-related cytokine, APRIL, and its possible role in 
SS pathogenesis . Therefore, we undertook a study (chapter 8) to detect the presence of 
APRIL in the salivary glands and serum from SS patients. Human salivary gland (HSG) 
cells showed in vitro mRNA APRIL expression and intracellular protein expression, 
but no secretion into the medium. Inflammatory stimuli (IFN-γ and tumor necrosis 
factor (TNF)) mildly and transiently increased intracellular APRIL RNA and protein 
levels. In patients, APRIL had a lower expression in minor salivary gland (MSG) 
biopsies compared with controls and sicca patients, and the expression was primarily 
located in the epithelial ductal cells. Soluble APRIL levels in serum were increased in 
SS patients and correlated with the presence of autoantibodies. In conclusion, systemic 
APRIL levels seem to be related to the presence of autoantibodies, but compared with 
BAFF, APRIL may have a less pronounced pro-inflammatory role in the pathogenesis 
of inflamed MSGs in SS patients.
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CONCLUDING REMARKS AND FUTURE RESEARCH

Exploration of animal models for SS may provide a better insight into the salivary gland 
pathophysiology of this disease. Interestingly, salivary gland dysfunction is not always 
associated with the degree of local inflammation. This phenomenon is also seen in SS 
patients. As described in this thesis, animal models show a central role for cytokines in 
salivary gland dysfunction. Previously, our group also showed in vitro effects of IFN-γ 
on growth and function of human salivary gland cells. Together with our animal model 
studies, this indicates an important role for IFN-γ in xerostomia. Furthermore, both 
animal models showed an association between IL-12 and salivary gland dysfunction, 
supporting a prominent role of this cytokine in SS pathophysiology.

Adeno associated viral (AAV) gene therapy is believed to be an elegant and promising 
treatment application. Previously, we have shown that the salivary gland is a promising 
target site for AAV serotype 2 (AAV2) delivery. Testing different transgenes, which 
targeted different pathways, provided insight into the pathogenesis of the NOD 
salivary gland as well as possible future therapies for SS. Clearly, targeting B cell related 
factors had an effect in the NOD mouse model for SS. As shown in this thesis, the role 
of APRIL in SS pathogenesis is still unclear, and it might have unexpected protective 
effects in the salivary glands. Soluble TACI is blocking the effects of both BAFF and 
APRIL. Therefore, future studies would need to focus on BAFF neutralization alone, 
to elucidate whether this is a more potent therapy in SS. Studies targeting BAFF alone 
have recently been initiated in our laboratory. Moreover, B cells appear to represent an 
important target in the treatment of SS. In conclusion, the research presented in this 
thesis supports the development of salivary gland gene therapy in SS patients.   
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