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Stellingen behorend bij het proefschrift

Sjögren’S Syndrome: new AnimAl modelS And SAlivAry glAnd 
gene TherApieS

jelle l.g. vosters

1. Ondanks de beperkingen blijft het non obese diabetische muismodel het 
beste model voor het syndroom van Sjögren (dit proefschrift).

2. De pro-inflammatoire cytokines interleukine-12 en interferon-γ spelen 
een belangrijke rol in de verminderde speekselkier functie, een belangrijk 
onderdeel in de pathogenese van het syndroom van Sjögren (dit proefschrift).

3. De autoantilichamen tegen het Ro-antigeen in het syndroom van Sjögren 
zijn zelf niet pathogeen, maar het product van een pathogeen proces (dit 
proefschrift).

4. Tumor necrosis factor receptor (Etanercept) is zowel systemisch als lokaal 
niet effectief in het syndroom van Sjögren (dit proefschrift).

5. Positief effect van een interactie met intercellular adhesion molecule-1 is 
afhankelijk van het ziektestadium (dit proefschrift).

6. Selectieve B cell activating factor remming biedt een therapeutisch 
perspectief voor patiënten met het syndroom van Sjögren (dit proefschrift). 

7. A proliferation inducing ligand (APRIL) zou een beschermende rol kunnen 
spelen in de speekselklieren van patiënten met het syndroom van Sjögren 
(dit proefschrift). 

8. Als je de omvang van de gemiddelde Amerikaan ziet, dan begrijp je ook 
waarom daar de gezondheidsverzekering zo duur is.

9. Het krijgen van een 2-eiige tweeling is ook de kunst van de man.

10. De portocabin alias de keet heeft meer inhoud dan je denkt.

11. Artsen in opleiding hebben baat bij een secretaresseopleiding.

12. “Vake be’j te bange” oftewel “Vaak ben je te bang” (wijze spreuk uit het 
Oosten). 

13. In the US is ‘Jelle’ associated with a translucent substance extracted from 
the collagen inside animals’ connective tissue. 

14. ‘Alles sal reg kom’ oftwel alles komt goed (Paul Kruger 1901).
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INTRODUCTION

Sjögren’s syndrome
Gougerot-Sjögren’s syndrome was first described by a French dermatologist and a 
Swedish ophthalmologist: Henry Gougerot and Hendrik Samuel Conrad Sjögren. 
Several years later, Hendrik Sjögren wrote a detailed and comprehensive report of the 
disease in his thesis “Zur Kentniss der Keratoconjunctivitis sicca” (1933). From now 
on, this autoimmune disease is known as Sjögren’s syndrome (SS).

SS refers to a clinical syndrome, specifically characterized by a combination of a dry 
mouth (xerostomia) and dry eyes (keratoconjunctivitis sicca) 1. Other symptoms of this 
disease are painful joints (arthralgia), fatigue and 25% of the patients have involvement 
of the lungs. At the histological level, the salivary and lacrymal glands are characterized 
by lymphocytic infiltrates and destruction of glandular tissue. Moreover, SS patients 
are at increased risk (5%) for developing a B cell non-Hodgkin’s lymphoma. Serological 
findings are characterized by antinuclear antibodies (ANA) and autoantibodies against 
nuclear antigens (Ro and La) 2. Together, these findings resulted in the classification of 
SS as a systemic autoimmune disorder of the exocrine glands. 

SS may occur alone, termed primary SS, or in association with another defined 
autoimmune disease, termed secondary SS. SS is one of the most common autoimmune 
diseases, affecting 0.6% of the total population in the Netherlands with women being 
nine times more likely to be affected than men. In general, there are two age-peaks 
seen in primary SS patients, the first is between 20-30 years and the second is around 
50-60 years. 

Pathogenesis
SS is an autoimmune disorder of unknown etiology, but it is clearly multifactorial. 
One of the aspects is the presence of focal infiltration of T and, to a lesser degree, B 
lymphocytes in the salivary glands. This chronic inflammation in SS patients is reflected 
by an imbalance in cytokines locally in the glands but also systemically in the blood. 
Interferon and associated genes have been shown to be upregulated in minor salivary 
glands of SS patients 6, 7, which might support the interaction between the innate and 
adaptive immune system in SS pathogenesis. Also, salivary epithelial duct cells have 
been shown to present antigens and synthesize immunomodulatory molecules, such 
as cytokines 8. One of these cytokines is the B cell activating factor (BAFF), which is a 
member of the TNF superfamily. In SS, increased BAFF levels have been found in serum 
and salivary glands, correlating with disease activity 9-11. Moreover, BAFF has been 
implicated in the development of B cell lymphoma’s 12, highlighting the pathogenic role 
of B cells in SS. A proliferation inducing ligand (APRIL) is a cytokine related to BAFF. 
In contrast to BAFF, little is known about local and systemic expression levels of APRIL 
and its possible role in SS pathogenesis. Interestingly, although BAFF and APRIL are 
often considered to be similar in function, an inverse association between circulating 
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APRIL levels and disease parameters in systemic lupus erythematosus (SLE) patients 
has been described 13 and BAFF and APRIL serum levels are inversely correlated in SLE 
patients 14. Therefore, there is a need to gain more insight into the role of APRIL in SS. 
Taken together, these data provide also a rationale for targeting B cells in SS.

Current treatment
While there is symptomatic treatment available for the lacrymal manifestations with 
some efficacy, no effective treatment exists for the salivary gland (SG) dysfunction, which 
may cause great discomfort to the patient. Current symptomatic treatment for salivary 
gland dysfunction includes artificial saliva, frequent dental prophylaxis, stimulation 
by muscarinic receptor agonists and the use of steroids and other immunomodulatory 
agents. Systemic immunosuppressive and immunomodulatory therapies, including 
classical immunosuppressants and systemic tumor necrosis factor (TNF) inhibitors, are 
largely ineffective 3, 4. Recently, a clinical trial using the B cell depleting agent rituximab, 
has shown promising results in SS patients 5. Currently, only secretagogues have been 
approved for the alleviation of the dryness, which is unsatisfactory for many patients. 
Therefore, there is a need for development of new treatment strategies for SS patients. 

Pre-clinical models
In order to validate the safety and efficacy of experimental therapeutic approaches, 
such as gene therapy, and gain inside into the biology of SS, development of animal 
models that mimic the disease in patients is critical. Several animal models have been 
developed over the years and each displays different aspects of SS. The histopathology 
of salivary gland infiltrates in SS patients shows mostly CD4-positive T lymphocytes, 
with some CD8-positive T lymphocytes and B lymphocytes. Some animal models have 
the same histopathology within the salivary glands (NOD, Id3-/- and MRL/lpr mice), 
others show CD4-positive T lymphocytes only (NZB/W, Aly/Aly) 15, 16.  A common 
feature theme in all of these models is the presence of inflammatory infiltrates that 
usually precede the secretory dysfunction, a condition that may not parallel the findings 
in patients, where the extent of the inflammation does not always correlate with the 
degree of glandular hypofunction 17. Therefore, there is a need for investigating new 
animal models that mimic SS, such as interleukin (IL)-12 transgenic mice and Ro-
peptide immunization in mice (in this thesis) 18.

The non obese diabetic (NOD) mice are mice that spontaneously develop almost all 
the SS features, including age-dependent lymphocytic infiltrates in the salivary glands, 
autoantibodies in serum, and a loss in salivary gland function. However, these mice also 
develop insulin-dependent diabetes mellitus (IDDM), a condition that is not routinely 
observed in patients. Furthermore, the SS phenotype in this mouse line is genetically 
poorly defined. Despite their limitations, NOD mice are useful in evaluating localized 
gene transfer strategies for SS.  
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Gene therapy 
Gene therapy refers to an experimental procedure to deliver genes encoding proteins 
or inhibitory RNA to a specific target cell. This nucleic acid can act to restore normal 
cellular activity or to augment a cell’s function. An advantage of gene therapy over 
conventional therapies is that expression of the therapeutic molecule can be targeted 
and expressed locally in a few defined cells, or expression can be directed systemically. 
For some therapeutic proteins, localized expression would mimic more closely their 
physiological pattern of expression, thus limiting side effects associated with high 
systemic levels. 

Gene therapy for SS has focused on the salivary glands as a target tissue, because the 
loss of salivary gland function is a central aspect of SS. Delivery of the vector via the 
lumen of the gland is possible through retrograde cannulation of the duct. Retrograde 
cannulation is routinely performed in patients for contrast radiography. This route of 
delivery would result in both local expression of the therapeutic molecule and keep the 
vector at high concentration, which would enhance gene transfer. Salivary epithelial 
cells are also a slowly dividing population, thereby making it possible to use episomal 
vectors for gene transfer.

Recombinant adeno associated virus (rAAV) has the ability to direct long-term 
expression with minimal immune response and there are currently several different 
types of AAV vectors that have different cell tropism in animal models 19. Therefore, 
with the AAV vectors, it might be possible to deliver one gene to ductal cells to alleviate 
xerostomia by creating a de novo salivary flow or target the expression of another gene 
to acinar cells to prevent apoptosis and preserve existing secretory activity. Moreover, 
in the past years, rAAV serotype 2 (rAAV2) vectors have proven useful in gene delivery 
to salivary glands in animal models of SS 20-22.

CONTENT OF THIS THESIS

The general outline of this thesis contains the results of studies in which several aspects 
of SS are described: (1) the evaluation of SS animal models, (2) the investigation of 
salivary gland gene therapy in the NOD mouse model for SS using different targets, 
and (3) an observational study to evaluate the role of APRIL in the salivary glands and 
serum from SS patients. 

Chapter 2 reviews the use of salivary gland gene therapy in SS. The technique is 
described and the benefits of this method and the delivery to the salivary glands are 
discussed. Furthermore, animal models and new future targets for SS are summarized. 

There is still a need for an animal model that resembles all the clinical features of 
SS. Chapter 3 describes IL-12 transgenic mice, a new animal model for SS. These 
mice overexpress the pro-inflammatory cytokine IL-12 in the thyroid gland, and were 
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evaluated for salivary gland function, histopathology of the exocrine glands, and 
autoantibodies against Ro- and La-antigens in serum. 

In chapter 4, another animal model with a different mechanism of induction is 
investigated. Based on the presence of anti-Ro antibodies in serum from SS patients, 
mice were immunized with a 60-kDa Ro-peptide and evaluated for SS symptoms. This 
study was initiated with two goals: (1) to elucidate the mechanism of SG dysfunction 
after Ro-peptide immunization, and (2) to optimize this animal model for therapeutic 
interventions.

The following chapters describe studies of salivary gland gene therapy in NOD mice 
with different targets. Previously, the efficacy of systemic etanercept treatment in SS 
patients was investigated and could not demonstrate clinical benefit 23. Therefore, 
the effects of local TNF blockade (TNFR1-Fc) using gene therapy is evaluated, and 
described in chapter 5. 

Intercellular adhesion molecule-1 (ICAM-1) is involved in migration and co-
stimulation of T and B cells, and membrane bound ICAM-1 is overexpressed in the 
salivary glands of patients with SS. Therefore, this molecule has been proposed as 
a potential therapeutic target. Competition for binding to the receptor lymphocyte 
function-associated antigen-1 (LFA-1) can be achieved by delivery of soluble ICAM-1. 
Chapter 6 describes a study, in which the effect on SG inflammation is evaluated in 
NOD mice by local gene delivery of soluble ICAM-1 before and after the influx of 
immune cells in the salivary glands.

SS patients display activation of B cells and have increased levels of B cell-related 
mediators like BAFF and APRIL. Chapter 7 describes the biological effect of neutralizing 
these cytokines by local gene transfer of their common receptor, transmembrane 
activator and CAML interactor (TACI), in NOD mice. 

Up to now, the exact role of APRIL in SS pathogenesis is unknown. Chapter 8 
describes the presence and localization of APRIL in the salivary glands from SS 
patients. Furthermore, salivary epithelial duct cells are evaluated for APRIL RNA and 
protein expression, before and after stimulation with interferon (IFN)-γ and TNF-α, 
commonly upregulated cytokines in SS.

A summary and general discussion is given in chapter 9. Herein, future plans are 
proposed for the optimal treatment of SS patients.
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ABSTRACT

Sjögren’s syndrome (SS) is a complex autoimmune disorder characterized by 
mononuclear infiltration of the exocrine glands. There is an increased interest to use 
immunomodulatory protein therapy to target inflammatory components thought to 
be important in SS. However, systemic immunomodulatory treatment has several 
limitations and unwanted side effects. One alternative approach is developing 
localized expression via gene therapy in the salivary glands. Genes encoding 
cytokines or cDNAs encoding soluble forms of a key cytokine receptor can be 
introduced directly into the salivary glands, and are likely to alter immune responses 
locally, but not systemically. While the etiology of SS is unclear, several gene targets 
are being examined in pre-clinical studies. The focus of this review is to summarize 
the approach of the development of therapeutic molecules for salivary gland gene 
transfer that may impact the treatment of SS.
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INTRODUCTION

Sjögren’s syndrome (SS) is a systemic autoimmune disorder of unknown etiology, 
characterized by mononuclear cell infiltration in exocrine glands, principally the 
lacrimal and salivary glands. Other organ systems are frequently involved and 5% of SS 
patients develop lymphoma. The inflammation of exocrine glands is most prominent, 
resulting in dry eyes (keratoconjunctivitis sicca) and mouth (xerostomia) 1. SS may 
occur alone, termed primary SS, or in association with another defined autoimmune 
disease, termed secondary SS. Primary SS is one of the most common autoimmune 
diseases. Between half a million and 2 million individuals are affected by this disease in 
the United States with women being nine times more likely to be affected than men. In 
general there are two age-peaks seen in primary SS patients, the first is between 20-30 
years and the second is around 50-60 years. 

The exact pathogenesis of SS is unknown but is clearly multifactorial. The presence 
of multiple autoantibodies and chronic inflammation in the target organ indicate 
an autoimmune response against the exocrine glands. This so called autoimmune 
exocrinopathy is supported by several findings at the histological level. Salivary and 
lacrimal glands in SS are characterized by large persistent mononuclear foci, consisting 
of both T lymphocytes (~80%) and B lymphocytes (~20%). The presence of CD4+ T 
lymphocytes is two fold more than the CD8+ T lymphocytes. Variable degrees of acinar 
cell atrophy and progressing fibrosis can also be observed 2. 

While there is effective palliative therapy for lacrimal manifestations, no effective 
treatment exists for the salivary gland dysfunction. The salivary gland dysfunction 
and associated difficulty in eating and swallowing are the major complaint of patients. 
Current palliative treatment for salivary gland dysfunction include artificial saliva, 
frequent dental prophylaxis, and/or stimulation by muscarinic agonists, such as 
pilocarpine and cevimeline,  and the use of steroids and other immunomodulatory 
agents 1. However, systemic immunosuppressive and immunomodulatory therapies, 
including classical immunosuppressants and tumor necrosis factor (TNF)-α inhibitors, 
are largely ineffective. 

Inhibitors of TNF-α, such as infliximab, were studied in the treatment of SS with 
conflicting results (see below) 3, 4.  However, in a double-blind, randomized pilot study 
of the TNF inhibitor etanercept versus placebo in 28 patients, no efficacy was observed 5.  
Conclusions from this study suggest that there may have been insufficient levels of 
the drug in the target tissues, either because the medication was unable to get to the 
target tissue or because higher doses of the drug are needed in order to demonstrate 
a therapeutic effect. Additionally, long term exposure (1yr) may be required for the 
therapeutic effects to appear.

To overcome these limitations of drug delivery, gene therapy offers the possibility to 
engineer cells to express therapeutic proteins locally at high levels that would not lead 
to major side effects associated with high systemic levels. The salivary glands would be 
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the ideal target organ for SS. In this review, we will discuss the potential use of salivary 
gland gene therapy in SS and potential therapeutic molecules that can be delivered via 
gene therapy.

Gene therapy
Gene therapy refers to an experimental procedure to deliver genes encoding proteins 
or inhibitory RNA to a specific target cell. This nucleic acid can act to restore normal 
cellular activity or to augment a cell’s function. An advantage of gene therapy over 
conventional therapies is that expression of the therapeutic molecule can be targeted 
and expressed locally in a few defined cells, or expression can be directed systemically. 
For some therapeutic proteins, localized expression would mimic more closely their 
physiological pattern of expression, thus limiting side effects associated with high 
systemic levels. 

Gene transfer is accomplished by using either viruses modified to encode the new 
gene or synthetic DNA:polymer complexes that allow efficient entry of the DNA into 
the cell  6. Optimal vector selection depends on the tissue target and the proposed 
therapeutic strategy. This may require only short-term expression to overcome an 
acute condition or require long-term and possibly physiologically regulated expression 
for a chronic condition.

Long-term expression in gene therapy requires the vector to be able to integrate in the 
cells’ genome, for example, using retrovirus- or lentivirus-based vectors 7. A concern 
with this mechanism of persistence is that the integrated gene could disrupt a normal 
gene function, resulting in mutation or disease. This outcome has been observed in 
recent clinical trials with some retroviral-based vectors 8.  Alternatively, if the target 
cell is post-mitotic or slowly dividing, a vector system that remains episomal and 
transcriptionally active may prove to be efficacious.

Gene therapy for SS has focused on salivary glands as a target tissue because the loss 
of salivary gland function is a central aspect of SS. Delivery of the vector via the lumen 
of the gland is possible, via retrograde cannulation of the duct, which is routinely 
performed in the clinic for contrast radiography, and would be very advantageous. This 
route of delivery would result in both local expression of the therapeutic molecule and 
keep the vector at high concentration, which would enhance gene transfer. The salivary 
gland is a natural secretory tissue able to complete most forms of post-translational 
modification and importantly secrete large amounts of protein either into the saliva 
or depending on sorting signal sequences in the gene, the bloodstream 9, 10. Salivary 
epithelial cells also are a slow dividing population, thereby making it possible to use 
episomal vectors for gene transfer.

While a number of viral and non-viral vectors have been tested in salivary glands, 
the two vector systems with the highest overall gene transfer activity are recombinant 
adenoviruses (rAd) and recombinant adeno associated viruses (rAAV) 11.  Important 



21

GENE THERAPY FOR SS

features of recombinant adenoviral vectors include the ability to deliver DNA to a 
variety of cell types within the gland, and the ability to package very large genes or 
multiple genes in a single particle. However, the duration of gene expression from 
most adenoviral vectors is short, and can be accompanied by a significant immune 
response at high doses (>1011 particles). rAAVs have a smaller packaging capacity, 
limiting the vector to delivery just a single therapeutic gene rather than multiple genes, 
and lower level of transgene expression compared with adenovirus vectors. However, 
AAV vectors are able to direct long-term expression with minimal immune response 
and there are currently several different types of AAV vectors that have different cell 
tropism in animal models 12.  Therefore, with the AAV vectors, it might be possible to 
deliver one gene to ductal cells to alleviate xerostomia by creating a de novo salivary 
flow or target the expression of another gene to acinar cells to prevent apoptosis and 
preserve existing secretory activity.

Animal models for Sjögren’s syndrome
SS is a disease of unknown etiology. Therefore, the development of animal models that 
mimic the disease in patients is critical not only for understanding the biology of SS, but 
for validating the safety and efficacy of experimental therapeutic approaches such as gene 
therapy.  Currently, several animal models are reported to display a number of features 
observed in SS patients (Table 1). However, none of these models exactly replicates the 
human condition. Many models lack a decrease in salivary flow, an important clinical 
feature, and others have coexisting diseases, such as diabetes, not routinely observed in 
SS. Table 1 is an overview of the SS animal models. The non obese diabetic (NOD) mice 

Table 1. Overview of features shown in SS patients compared to animal models

Human Id3 -/- NOD SS-A immune NFS/sld IQI/Jic MRL/lpr NZB/W Aly/Aly

Xerostomia √ √ √ √

Keratoconjuctivitis 
sicca √ √ √ √

Auto-antibodies 
(anti-SSA/SSB/MR) √ √ √ √ √ √

Histology: 
CD4+>CD8+>B cells √ √ √ √

Age dependent onset √ √ √ √ √ √

Female > Male √ √ √ √ √

Genetically defined 
phenotype √

Mouse strains: Aly/Aly: alymphoplasia mice lack lymph nodes and Peyer’s patches ; Id3 -/-: Id3 deficient 
mice; IQI/Jic: strain established from ICR mice developing anti-nuclear antibodies after mercuric chloride 
injection; MRL/lpr: mutation in lpr gene (Fas-protein) in MRL mice; NFS/sld: mutant sld gene in NFS 
mice after thymectomy (3 days after birth); NOD: non-obese diabetic; NZB/W: New Zealand Black and 
White F1 hybrids; SS-A immune: Balb/c mice immunized with SS-A antigen, SSA/B: Sjögren’s syndrome 
A/B; MR: muscarinic receptor.
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are the only mice with almost all the SS features. NOD mice develop age-dependent 
histopathological changes in the salivary glands, which are similar to those seen in SS 
patients. The subset of lymphocyte infiltrations in salivary glands are predominantly 
CD4+ T cells over CD8+ T cells and B cells. Furthermore, autoantibodies against 
52-kDa ribonucleoprotein SS-A/Ro, muscarinic receptor (MR) and 120-kDa α-fodrin 
have been detected in serum from NOD mice, although autoantibodies to 60-kDa 
SS-A/Ro or SS-B/La are not detected. Importantly, the development of sialadenitis in 
NOD mice is accompanied by loss of salivary gland function. However, these mice 
also develop insulin dependent diabetes mellitus (IDDM), a condition that is not 
routinely observed in patients.  Furthermore, the SS phenotype in this mouse line is 
highly unstable and genetically poorly defined, which renders it difficult to work with 
or compare results when the mice are obtained from different suppliers 13. Recently, 
a NOD strain (C57BL/6.NODc3.NODc1t) was developed that displays autoimmune 
exocrinopathy, including salivary gland dysfunction and lymphocyte infiltrations as 
seen in SS, without exhibiting autoimmune diabetes 14. Despite their limitations, NOD 
mice are useful in evaluating localized gene transfer strategies for SS.  

Experience to date
Despite the lack of success with systemic administration of immunomodulatory 
proteins such as etanercept or infliximab in clinical trials, the use of gene transfer to 
salivary glands in mice has demonstrated that local expression of immunomodulatory 
proteins can preserve salivary flow and decrease gland infiltrates 15, 16. The first report 
of successful rAAV-immunomodulatory salivary gland gene delivery in NOD mice 
resulted from the retroductal delivery of human interleukin (IL)-10. In that study, we 
demonstrated in vitro and in vivo expression of biologically active human IL-10 and 
clinical benefits 15. Recently, a second successful application of salivary gland gene 
therapy in NOD mice was reported. Vasoactive intestinal peptide (VIP), which is an 
immunomodulatory hormone, was delivered to salivary glands using an AAV-vector. 
This local delivery of VIP resulted in disease-modifying and immunosuppressive 
effects in submandibular salivary glands of NOD mice 16. These two reports show that 
salivary gland gene transfer can provide local beneficial effects. The difficulty using this 
strategy in SS patients is the multifactorial, and currently unclear, pathogenesis of the 
disease. Choosing the right transgene or transgenes is not easy.

What genes to use?
In attempting to develop a gene therapy for salivary glands in SS, a critical question is 
what therapeutic molecule should be delivered? The previously mentioned studies in 
NOD mice demonstrate that local expression of immunomodulatory proteins can be 
effective in the treatment of SS. Owing to the multifactorial nature of SS, in addition 
to immunomodulatory proteins, other candidate genes could act to prevent disease 
progression, blunt the immune response, or restore salivary flow (Tables 2 and 3). 
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Immunological therapy
One of the early inflammatory events in autoimmune exocrinopathy is the recruitment 
of lymphocytes into the exocrine glands. Intercellular adhesion molecule (ICAM)-1, 
vascular cell adhesion molecule (VCAM)-1 and integrins play a crucial role in this 

Table 2. Protein therapeutics in clinical trials of autoimmune diseases

Target Agent Tested disease

ICAM-1 Antisense inhibitor Crohn’s, UC 

VCAM-1 Probucol derivate RA

TNF-α mAb TNF-α RA,SS

TNF receptor/IgG1 RA,SS

IFN-γ mAb IFN-γ RA

IFN-receptor rIFN-α SS

IL-1 IL-1RA RA

Blys mAb Blys SLE

Blys receptor/IgG SLE

CD20 mAb CD20 SS

Blys: B lymphocyte stimulator; ICAM-1: Intercellular adhesion molecule-1; IFN: Interferon; Ig: 
Immunoglobulin; IL-1RA: Interleukin-1 (receptor antagonist); mAb: Monoclonal antibody; RA: 
Rheumatoid arthritis; (r)IFN: (recombinant) interferon; SLE: Systemic lupus erythematosus; SS: 
Sjögren’s syndrome; TNF: Tumor necrosis factor; UC: Ulcerative colitis; VCAM-1: Vascular cell adhesion 
molecule-1.

Table 3. Candidate transgenes for gene therapy in Sjögren’s syndrome

Product Goal

IFN-α Antagonize IFN-γ

sIFNR Antagonize IFN-γ

sTNFR Antagonize TNF-α

IL10 Anti-inflammatory

sICAM-1 Reduce lymphocyte adhesion

sVCAM-1 Reduce lymphocyte adhesion

sCTLA-4, sCD40 Inhibit lymphocyte costimulation 

anti-Blys Decrease autoreactive B cells

sCD20 B cell depletion

AQP-1 Restore fluid secretion

AQP-5 Restore fluid secretion

AQP: Aquaporin; Blys: B lymphocyte stimulator; IFN: Interferon; IL: Interleukin; sCTLA-4: Soluble 
cytotoxic lymphocyte antigen-4; sICAM-1: Soluble intercellular adhesion molecule-1; sIFNR: Soluble 
interferon-γ receptor; sTNFR: Soluble tumor necrosis factor  receptor; sVCAM-1: Soluble vascular cell 
adhesion molecule-1.
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tissue-specific homing 17. Agents that could address this pathway include antisense 
inhibitors of ICAM-1 and a probucol derivative inhibitor of VCAM-1, which are 
designed to inhibit lymphocyte adhesion and penetration of endothelial cell surfaces 18. 

Immune cells use cyto- and chemokines as signals for directing and generating immune 
responses. In 1994, Fox and colleagues proposed a model for the pathogenesis of SS, 
in which TNF-α and interferon (IFN)-γ have important roles as regulatory proteins 
that induce autoimmune sialadenitis. These cytokines are still considered to be prime 
targets in clinical trials of autoimmune disorders. 

TNF-α plays a distinct role in immune system homeostasis and function. In many 
inflammatory and autoimmune diseases, increased TNF-α production is a pathological 
trigger, and agents have been developed to inhibit its overproduction. For example, 
infliximab is a chimeric monoclonal antibody that binds both soluble and trans-
membrane TNF-α, and etanercept, a fusion molecule of TNF receptor p75 (TNFR2) 
and immunoglobulin (Ig)G1, which binds soluble TNF-α; both have been beneficial in 
the treatment of other autoimmune disease. Side effects of systemic anti-TNF antibody 
therapy include lymphoma and infections 19. Salivary gland gene transfer with these 
inhibitors might be an excellent alternative to overcome, at least in theory, the side 
effects and negative results of systemic anti-TNF therapy in SS. The salivary gland 
transfer with these inhibitors may also enable long-term localized expression. A gene 
therapy clinical trial involving local expression of soluble TNFR2-IgG fusion protein 
(e.g., etanercept) in the affected joints of RA patients has recently begun. If this study 
is beneficial, it would reinforce the use of a localized gene-transfer approach for the 
treatment of SS.  

IFN-γ is another key immunoregulator, and its altered expression can cause 
pathological conditions 20, 21. Clinically, inhibition of IFN-γ is possible with inhibitory 
IFN-γ antibodies, and studies in autoimmune disorders, for example, RA, demonstrate 
efficacy after intramuscular injection without serious side effects 21. To date, anti-IFN-γ 
antibodies have not been tested in SS. Intramuscular injection of plasmids encoding 
a recombinant IFN-γ receptor-IgG fusion protein have been effective in treating both 
type 1 diabetes and systemic lupus erythematosus (SLE) in mouse models, and no 
significant side effects are reported 22. 

Type I interferons link innate and adaptive immunity. Recently, increased expression 
of IFN-α-regulated genes was described in the salivary glands of SS patients, raising 
the possibility of IFN-α blockade as a potential therapy 23. Clinical trials of IFN-α in SS 
patients (150 international units [IU] of IFN-α three-times per day by oral lozenges) 
resulted in a significant increase in unstimulated salivary flow, without causing 
significant side effects 24, 25. However, the authors did not observe any difference in 
stimulated flow or change in oral dryness.

The communication between immune cells offers another point of intervention in 
the treatment of SS. The regulation of the adaptive immune response against foreign 
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antigens is initiated by the activation of T lymphocytes, which promote B cells, 
monocytes and dendritic cells. One strategy to decrease the function of T lymphocytes 
is to block activated or cytotoxic T cells. In localized gene therapy, expression of soluble 
cytotoxic lymphocyte antigen (CTLA)-4, which binds B7 (an important costimulatory 
molecule) and subsequently inhibits costimulation of T and B lymphocytes, may be 
useful. Another potential therapeutic molecule is soluble CD40, which can disrupt the 
CD40-CD40 ligand (CD40-CD154) interaction and also inhibit T and B lymphocytes 
costimulation 26. 

Several studies have documented a pivotal role of B cells in the pathogenesis of 
autoimmune disease, specifically, production of autoantibodies. B lymphocyte stimulator 
(BLys) is responsible for the differentiation, maturation and survival of B cells and has 
been detected in the serum of patients with SS, rheumatoid arthritis (RA) and SLE 27. 
In SLE patients, clinical trials have been initiated to investigate the effect of anti-BLyS 
monoclonal antibodies and BLys receptor-IgG fusion protein. Results from a Phase I 
study in SLE have shown that the antagonist is biologically active and safe 28. No clinical 
trials using BLys antagonists in SS patients have been initiated. Another target is B cell 
surface antigen CD20, which can be inhibited by its antibody, resulting in B cell depletion. 
Clinical trials have been performed that infused anti-CD20 antibodies into patients with 
either early primary SS or primary SS with mucosa-associated lymphoid tissue (MALT)-
type lymphoma. Results have been beneficial for MALT lymphoma, but for patients with 
early primary SS, human antichimeric antibody formation was reported 29, 30. 

Nonimmunological therapy
Dysregulation of apoptosis may play a crucial role in the pathogenesis of SS in two 
ways: the resistance to apoptosis of infiltrating mononuclear cells and an increase in 
apoptosis of the exocrine gland epithelial cells. Apoptosis involves a complex cascade 
that could be influenced at many sites; for example, surface receptors, initiators or 
intracellular targets 31-33. Several molecules might be useful to target apoptosis, such as 
Bcl-2, Bax, FasL, caspase, perforin and granzyme B. Indeed, transplantation and cancer 
studies delivering viral vectors expressing antiapoptotic and proapoptotic molecules 
have been beneficial 34, 35. Similarly, such molecules may be useful for gene therapy 
targeting apoptotic protecting molecules, for example, Bcl-2, expressed by residing 
lymphocytes in the salivary glands of SS patients, by monoclonal antibodies or soluble 
receptors.  

Acetylcholine mediates parasympathetic neurotransmission to salivary and lacrimal 
glands through a family of muscarinic receptor subtypes. Many studies have 
demonstrated an association between inhibition of neurotransmission through 
muscarinic receptor 3 (M3R) and anti-M3R antibodies in SS patients. However, in vivo 
anti-M3R antibodies have not currently been shown to directly affect salivary gland 
function 36, 37. The importance of developing therapies to block anti-M3R antibodies 
requires a better understanding of their role in this disease.
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Aquaporins (AQPs) are membrane proteins that function as water channels and 
enable transcellular movement of water in response to osmotic gradients. A deficiency 
or alteration in these molecules could lead to sicca symptoms within SS patients. In 
2002, Beroukas and colleagues reported a down-regulation of AQP-1 expression in 
myoepithelial cells in SS patients, using high-resolution confocal microscopy 38. 
Although the role of aquaporins in SS pathology is unclear, they may be potentially 
useful therapeutic molecules. For example, following retrograde ductal administration 
of a recombinant adenovirus encoding human AQP-1 within irradiated minipig 
parotid glands there was a significant recovery of secretory function 39.

At present, it is difficult to determine the best single-target gene and it is possible that 
multiple genes must be administered for maximal effect.

CONCLUSION

At present, the primary treatment of autoimmune disorders is immune modulation. The 
production of proinflammatory cytokines by epithelial cells, as well as lymphocytes, in 
SS is a hallmark of this disease. However, the etiology of SS is clearly multifactorial and 
suggests that numerous targets for therapeutic intervention are possible, as indicated 
herein. Using gene therapy directed at the salivary gland would create a local expression 
of the therapeutic molecule that would more closely mimic their natural expression 
and limit side effects associated with systemic expression. Furthermore, the technology 
to deliver genes to the salivary gland already exists, and positive results have been 
reported in proof-of-principle studies in animal models of SS. 

FUTURE PERSPECTIVE

Gene therapy is still very much an experimental therapy. However, advances in vector 
design have made gene therapy a viable approach for the treatment of a variety of 
diseases. In order to rigorously test the feasibility of salivary gland gene therapy for SS, 
it is important to have stable animal models, both to assess potential transgene efficacy 
and increase understanding of the fundamental mechanisms underlying disease 
pathogenesis. SS is a complex disease, and it may require a combinatorial therapy that 
targets different aspects of the disease. In this context, gene therapy may be especially 
promising due to its ability to deliver both secreted and intracellular proteins to defined 
cell types. 
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ABSTRACT

Objective: Interleukin-12 (IL-12) is a pleiotropic cytokine and is elevated in affected 
organs of Sjögren’s syndrome (SS) patients. We have previously reported in CBA mice 
that over-expression of IL-12 leads to mononuclear infiltration of salivary and lacrimal 
glands, as well as expansion of bronchial lymphoid tissue and decreased mucociliary 
clearance. Xerostomia is one of the most important clinical features in SS patients, 
therefore our main objective was to evaluate the salivary gland function in IL-12 
transgenic mice. Our secondary objective was to further characterize this animal 
model and see if these changes are representative for SS. 

Methods: Pilocarpine-stimulated salivary flow was used to address salivary gland 
function in a large group of IL-12 transgenic mice bred onto the autoimmune-prone 
SJL background.  Furthermore, salivary glands were removed at different time points to 
assess the formation of infiltrates in the glands and gland morphology.  Serum was also 
collected from these animals to investigate the formation of autoantibodies. 

Results: Pilocarpine-stimulated salivary flow was significantly lower in IL-12 
transgenics compared with wild type controls. Salivary glands from transgenic mice 
showed both a greater number and size of lymphocytic foci than those of age-matched 
controls. Furthermore, their acini were fewer and larger compared with controls. 
Anti-La antibodies showed an age-dependent increase in IL-12 transgenic mice, 
accompanied by a rise in anti-nuclear antibodies. 

Conclusions: Our findings indicate that SJL IL-12 transgenic mice express a number of 
conditions associated with SS and may serve as a useful model for research on multiple 
aspects of the disease. 
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INTRODUCTION

Sjögren’s syndrome (SS) is an autoimmune disease of unknown etiology. Therefore, 
the development of animal models that mimic the disease in patients is critical not 
only for understanding the biology of SS but also for validating the safety and efficacy 
of experimental therapeutic approaches. The non obese diabetic (NOD) mouse model 
is one of the most widely used models of SS. These mice develop age dependent 
histopathological changes in the salivary glands and autoantibodies in serum similar 
to those seen in SS patients 1, 2. While the development of sialadenitis in NOD mice can 
be accompanied by loss of salivary gland function, this SS-like phenotype is reported to 
be unstable 3. These characteristics make it a difficult model to  work with or compare 
results when the mice are obtained from different suppliers 4, 5. Furthermore, these 
mice classically develop insulin dependent diabetes mellitus (IDDM), a condition not 
routinely observed in SS patients. 

Several other models have been developed over the years and each displays different 
aspects of SS. The histopathology of salivary gland infiltrates in SS patients shows 
mostly CD4-positive T lymphocytes, with some CD8-positive T lymphocytes and B 
lymphocytes. Some animal models have the same histopathology within the salivary 
glands (NOD, Id3-/- and MRL/lpr mice), others show CD4-positive T lymphocytes 
only (NZB/W, Aly/Aly) 6, 7.  A common theme in all of these models is inflammatory 
infiltrates that usually precede the secretory dysfunction, a condition that may not 
parallel the findings in patients in which the extent of the inflammation does not 
always correlate with the degree of glandular hypofunction 4. 

We have previously reported that transgenic expression of interleukin-12 (IL-12) in the 
thyroid gland also leads to elevated serum levels of IL-12 and mononuclear infiltration 
of lungs, salivary glands, and lacrimal glands 8. The lung infiltration was characterized 
by expansion of the inducible Bronchus-Associated Lymphoid Tissue (iBALT), and 
was predominantly composed of B220-positive B lymphocytes and CD4-positive T 
lymphocytes. Lung infiltrates increased with age, and were associated with increased 
oxidative stress, TGF-β1 signaling, and impaired mucociliary clearance 9.  These lung 
findings resembled those reported in patients with SS 10, 11 where lung involvement 
affects about 25% of these patients 12.

IL-12 transgenic mice also developed primary hypothyroidism and mild spontaneous 
lymphocytic infiltration of the thyroid gland, which could be increased by immunization 
with suboptimal doses of mouse thyroglobulin 8.  Autoimmune thyroid diseases (ATD), 
represented by Hashimoto’s thyroiditis and Graves’ disease, occur frequently in SS, and 
similarly SS is common in ATD 13.

Overall, these findings suggest that IL-12 transgenic mice could serve as a new model to 
study the pathogenesis of SS. The present work was designed to better characterize the 
salivary gland function and histopathology in a large cohort of IL-12 transgenic mice. 
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MATERIALS AND METHODS

Mice
IL-12 transgenic mice that express IL-12 heterodimer (p70) in the thyroid gland have 
been described previously 8. Transgenics were bred for more than 8 generations on 
the autoimmune-prone SJL background (Jackson Laboratory, Bar Harbor, ME, USA) 
and maintained as heterozygous. For this manuscript, a total of 31 male and 94 female 
SJL mice were used. Of these mice, 28 males and 20 females were used for the saliva 
data; 36 salivary glands and 20 lacrimal glands were used for histopathology; 14 serum 
samples were used for autoantibody detection and 4 salivary glands were used for 
staining and acinar volume detection. All experiments were conducted in accordance 
with the standards established by the United States Animal Welfare Acts, set forth in 
National Institutes of Health guidelines, and approved by the Johns Hopkins University 
Animal Care and Use Committee. All mice were kept in sterile conditions and received 
water and food ad libitum. 

Saliva and blood collection
Mild anesthesia was induced by ketamine (100 mg/mL, 1 mL/kg body weight; Fort 
Dodge Animal Health, Fort Dodge, IA, USA) and xylazine (20 mg/mL, 0.7 mL/kg body 
weight; Phoenix Scientific, St. Joseph, MO, USA) solution given intramuscularly (im). 
When anesthetized, saliva secretion was induced by subcutaneous (sc) injection of 
pilocarpine (Sigma-Aldrich, St. Louis, MO, USA). In these experiments two different 
concentrations of pilocarpine were used; 0.15 and 0.35 mg/kg bodyweight (BW). 
Stimulated whole saliva was gravimetrically collected at room temperature (RT) for 20 
minutes from the oral cavity with a hematocrit tube (Drummond Scientific Company, 
Broomall, PA, USA) placed into a preweighed 0.5 ml microcentrifuge tube. The volume 
was determined by weight as previously described 14. At the time of sacrificing, blood 
was collected by cardiac puncture in microcentrifuge tubes. Plasma was separated by 
centrifugation for 20 min at 2000×g and stored at -80ºC. 

Histological assessment of salivary and lacrimal glands
Salivary and lacrimal glands were removed for histological analysis from female SJL 
transgenic and wild-type mice at the time of sacrificing.  Salivary and lacrimal glands 
were fixed overnight in Beckstead fixative, processed, and embedded in paraffin. At 
least 5 nonconsecutive 5 µm sections were cut from each gland and subsequently 
stained with hematoxylin and eosin (H&E). Scoring of histological sections was based 
on the focus score used in patients with Sjögren syndrome 15.  Briefly, we reviewed all 
sections from each gland, chose the most severely affected section, and counted the 
number of mononuclear cell foci.  One mononuclear cell focus is an aggregate of 20 
or more mononuclear cells located around vessels or ducts, with adjacent normal-
appearing acini, no dilated ducts and no fibrosis.  Results were expressed as the 
absolute number of foci.
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To analyze the distribution and type of hematopoietic cells infiltrating the salivary 
glands, immunohistochemistry was performed on zinc-fixed, paraffin-embedded 

salivary glands.  Five-micrometer sections were cut, mounted onto SuperFrost plus 
slides (Fisher Scientific, Pittsburgh, PA, USA), deparaffinized, and rehydrated. After 
blocking nonspecific binding (1 h in 5% normal goat serum and 0.02% Triton X-100), 
sections were incubated overnight in a humidified chamber at 4oC with a biotin-
conjugated monoclonal antibody recognizing B220, CD4 or CD8 (BD Biosciences, San 
Jose, CA, USA). After washing, sections were incubated for 1 hour at room temperature 
with biotinylated goat anti-rat IgG (Jackson Immuno Research Lab, West Grove, 
PA, USA).  Sections were washed in PBS and incubated with peroxidase-conjugated 
streptavidin (Dako, Carpinteria, CA, USA) for 30 min in the humidified chamber. 
Reactions were visualized by the addition of a diaminobenzidine substrate (Vector 
Laboratories, Burlingame, CA, USA). Finally, sections were rinsed in distilled  water, 
counterstained with Mayer’s hematoxylin (Polyscientific, Bay Shore, NY, USA), washed 
in running tap water, dehydrated through increasing concentrations of ethanol, and 
mounted with Cytoseal (Richard-Allan Scientific, Kalamazoo, MI, USA).

Determination of autoantibodies in plasma
Plasma samples from female SJL wild-type and transgenic mice were analyzed for 
autoantibodies against nuclear antigens; ANA, Ro/SSA and La/SSB. ANA (total Ig), 
the autoantibody against SSA/Ro (total Ig) and SSB/La (total Ig) were measured by 
a commercial available ELISA kit (Alpha Diagnostic International, San Antonio, TX, 
USA) according the manufacturer’s protocol.

Staining AQP-5, NKCC1 and tight junction complex proteins in salivary glands
Mouse salivary glands were Beckstead fixed and embedded in paraffin. Slides were cut 
at 6 μm. After deparafinizing the slides, heat-induced epitope retrieval (HIER) was 
performed by using a microwave steamer (NordicWare, Minneapolis, MN, USA) for 10 
minutes in 1mM EDTA, pH 8 with 0.05% Tween 20.  After cooling to room temperature, 
slides were blocked with 10% donkey serum in 0.5% BSA/PBS for 30 minutes and 
incubated with the primary antibody overnight at 4 Cº in a humidified chamber.  Three 
different primary antibodies were used: 10 µg/ml  rabbit anti-claudin 3 and -Z01 
(Zymed/Invitrogen, Carlsbad, CA, USA), 5 µg/ml rabbit anti-AQP-5 (Alamone Labs, 
Jerusalem, Israel) and 1:200 dilution of rabbit anti-NKCC1 (generous gift from Dr. R.J. 
Turner, NIDCR, MPTB) all in 0.5% BSA/PBS. After 5 washes in PBS, sections were 
incubated with a 1:100 dilution donkey anti-rabbit IgG Alexa 488 (Molecular Probes/
Invitrogen, Carlsbad, CA, USA) in 0.5% BSA/PBS for 1 hour at room temperature. 
Slides were washed as above and mounted in Vectashield hardset mounting medium 
with DAPI (Vector Laboratories, Burlingame, CA, USA). 
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Imaging and image analysis
Sections were imaged with a Leica SP2 AOBS confocal system using an upright DM-RE7 
microscope with 40x 1.25 NA objective (Exton, PA, USA).  Images were collected as 
XYZ stacks and viewed and analyzed using Volocity (Improvision, Waltham, MA, 
USA).  For each confocal measurement 3-5 stacks (Image thickness 0.1628 μm, voxel 
width and height 0.366 μm) were analyzed from at least 3 different slides from each 
tissue sample. After setting the threshold limits for the sample group, samples were 
analyzed using the following measurement options: object volume measurements, sum 
of pixel x intensity, and skeletal length. 

Statistical analysis
Differences in salivary flow, histopathology scores, and confocal measurements among 
experimental groups were assessed using the non-parametric Wilcoxon’s ranksum test.  
Other experiments were assessed using unpaired student’s t-test to compare differences 
between groups. The histopathology score analysis was performed with Stata statistical 
software (release 9; Stata, College Station, TX, USA) and all the other analyses were 
performed with GraphPad Prism statistical software (GraphPad Software Inc. version 
4.02, La Jolla, CA, USA).  Correlations were assessed using the non-parametric 
Spearman’s rank test in SPSS statistical software (release 15.0.1; SPSS Inc., Chicago, IL, 
USA). P values less than or equal to 0.05 were considered significant. 

RESULTS

SJL IL-12 transgenic mice display salivary gland dysfunction and sex specific growth retardation
As a marker for the overall health of the animals, weight was measured at several time 
points for both sexes. Starting at 13 weeks of age female IL-12 TG mice showed a 
significant decrease in weight compared with WT littermates.  This was not seen in 
males, suggesting a gender specific effect of IL-12 over-expression (p = 0.0260) (Figures 
1A and B). The female TG mice did not display any signs of ill health and no change in 
feeding or behavior was observed in these animals.

To investigate the effect of IL-12 over-expression on salivary gland function in both 
sexes, stimulated saliva flow was measured in four groups; male and female SJL WT and 
IL-12 TG mice. In this experiment, 0.35 mg/kg BW pilocarpine was used. Both female 
and male SJL mice showed a significant decrease in stimulated salivary flow in the 
IL-12 TG group (p = 0.0030) compared with the WT group (p = 0.0069) (Figure 2A). 
This change in salivary gland activity was also statistically significant when adjusted 
for the weight of the animals (p = 0.0113 for female IL-12 TG mice versus WT females, 
and p = 0.0165 for male IL-12 TG mice versus WT males) (data not shown). These data 
suggest that thyroid targeted IL-12 over-expression results in a loss of salivary gland 
function in both males and females and growth retardation in females.  
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Figure 1. Gender dependent growth retardation in SJL IL-12 TG mice. The weight of the mice was 
measured at the indicated times for WT and TG female or male mice. A) Growth retardation in female SJL 
IL-12 TG mice (N=58) compared with SJL WT mice (N=36). B) Normal growth curve in male SJL IL-12 
TG mice (N=12) compared with WT littermates (N=19). Data shown are mean values +/- SD.  Significant 
differences are indicated (*) and were determined by unpaired student’s t-test. WT = wild type, TG = IL-12 
transgenic.

SJL IL-12 TG mice have decreased salivary gland activity 
To determine whether the decreased stimulated salivary flow in both female and male 
IL-12 TG mice is age dependent, we tested the salivary gland function between 7 and 20 
weeks. At all ages the stimulated salivary flow in female IL-12 TG mice was significantly 
lower than in the WT group (Figure 2B). We were not able to detect age-dependent 
differences within the female transgenic mice. On the contrary, young male IL-12 TG 
mice showed comparable salivary flow data with WT littermates (p = 0.1858), but 
starting from 16 weeks of age decreased saliva production was detected in transgenic 
mice (p = 0.0328), suggesting an age dependent decreased salivary flow (Figure 2C). 

The decreased salivary flow in SJL IL-12 TG mice is independent of the dose of pilocarpine
To determine if the change in salivary gland activity was dependent on the dose of 
pilocarpine, saliva flow was tested using 0.15 mg/kg BW pilocarpine (~43% of previous 
dose) in female SJL mice only. Similar to what we have seen with 0.35 mg/ml BW 
pilocarpine, stimulation with 0.15 mg/kg BW pilocarpine produced significantly lower 
amounts of saliva (p = 0.0041) (Figure 2D) in IL-12 TG mice compared with controls. 
These data suggest the lower stimulated saliva production in female IL-12 TG mice is 
not a function of pilocarpine concentration.

SJL IL-12 TG mice display increased mononuclear infiltration in the salivary and lacrimal glands
To determine the effect of elevated levels of IL-12 on salivary gland morphology, we 
analyzed glands of female transgenic mice and controls sacrificed at various ages.  
The mononuclear infiltration was significantly greater in IL-12 transgenics than in 
controls (p = 0.0019) (Figure 3A), and appeared as a focal collection of hematopoietic 
cells scattered throughout the acinar background (Figure 3C).  Similar findings 
were observed for the lacrimal glands (p = 0.0108) (Figure 3B and D). Moreover, 
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mononuclear cell type characterization in the salivary glands showed predominantly 
B220-positive B lymphocytes and CD4-positive T lymphocytes (with a greater number 
of B220+ cells than CD4+ cells), without differences between TG and WT mice (data 
not shown). These data are similar to what we have reported in the lungs of these 
mice 9. Further analysis showed a correlation between mononuclear infiltration and 
glandular hypofunction in female IL-12 TG mice (r = -0.600; p = 0.030), not seen in 
WT mice (r = 0.638; p = 0.173) (data not shown).  

Anti-SSB and nuclear antibodies are increased in SJL IL-12 TG mice
Sjögren’s syndrome patients typically develop antibodies against Ro (Sjögren’s syndrome 
antigen A, SSA), La (Sjögren’s syndrome antigen B, SSB), and nuclear antigens (ANA). 
We compared the serum levels of these three antibodies in IL-12 transgenics and wild 
type controls at 13, 32, and 36 weeks of age. At 13 weeks of age, increased ANA levels 
were detected in IL-12 TG mice (35.61 ± 1.60 µg/ml) compared with WT mice (26.48 
± 1.86 µg/ml; p = 0.0098) (Figure 4A). Increased ANA levels were stable over time, 
showing at 32 weeks 22.48 ± 5.78 µg/ml and 36.65 ± 1.76 µg/ml in WT and TG mice, 
respectively (p = 0.0082) (Figure 4A). The same plasma samples were assayed for 
anti-Ro (60-kDa) antibodies. Although there was a trend towards increased anti-Ro 
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Figure 2. Decreased salivary flow in SJL IL-12 TG mice. Saliva was collected as described in the Materials 
and Methods section over a 20-min period after stimulation with either 0.35 mg/kg BW (A, B, C) or 0.15mg/
kg BW (D) pilocarpine. Animals ranged in age from 7-20 weeks. For this experiment, 28 male and 20 female 
SJL mice were used. Female and male SJL IL-12 TG mice show decreased salivary flow (A). Change in 
salivary flow in female mice (B) was not age or dose (D) dependent. On the contrary, male mice (C) showed 
an age dependent change in salivary flow. Horizontal bars are mean values for each group.  Significant differ-
ences are indicated (*) and were determined by non-parametric Wilcoxon’s ranksum test. WT = wild type, 
TG = IL-12 transgenic, BW = body weight.
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(60-kDa) antibodies in IL-12 TG mice, the change was not statistically significant for 
either age (p = 0.1211 and p = 0.0743 for 13 weeks and 32 weeks of age, respectively) 
(Figure 4B). However, age dependent increases in anti-La antibody levels were observed 
(Figure 4C). At 32 weeks of age, anti-La antibody levels were 4.71 ± 0.04 ng/ml and 
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Figure 3. Salivary and lacrimal gland histopathology and scores. A total number of 13 WT SGs, 23 IL-12 
TG SGs, 8 WT LGs and 12 TG LGs were analyzed. Infiltrates in TG mice appeared periductal and dispersed 
in the acinar tissue. Salivary (A) and lacrimal (B) histopathology scores; salivary (C) and lacrimal (D) his-
topathology in female SJL mice. TG mice showed increased mononuclear infiltrates in both salivary and 
lacrimal glands. Horizontal bars are the mean value of each group. Significant differences are indicated (*) 
and were determined by non-parametric Wilcoxon’s ranksum test. Arrows indicate lymphocytic infiltrates. 
WT = wild type, TG = IL-12 transgenic, SG = salivary gland, LG = lacrimal gland.
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Figure 4.  Increased autoantibodies in female SJL IL-12 TG mice.  Plasma samples were collected and 
autoantibody levels were measured as described in the Material and Methods section. Plasma analysis (N=5 
for WT and N=9 for TG) showed increased ANA levels (A) and age-dependent increased levels of anti-La/
SSB (C). The levels of anti-Ro(60-kDa)/SSA (B) showed a trend to increased levels in TG compared to WT 
mice, but this was not significant. Data shown are mean values +/- SD.  Significant differences are indicated 
(*) and were determined by unpaired student’s t-test. WT = wild type, TG = IL-12 transgenic.
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5.03 ± 0.05 ng/ml in WT and IL-12 TG mice, respectively (p = 0.0007) (Figure 4C). 
These data suggest a consistent upregulation of ANA and an age dependent increase in 
autoantibodies against La in mice over-expressing IL-12. 

Salivary acinar cells show increased volume and decreased numbers in SJL IL-12 TG mice
To better understand the functional changes seen in the salivary glands after IL-12 over-
expression, the expression of tight junction complex (TJC) proteins (zona occludens 1 
(ZO1) and claudin 3 (C3)), a water channel aquaporin-5, (AQP-5), an acinar luminal 
membrane marker, and Na+/K+/2Cl- cotransporter, (NKCC1), an acinar basolateral 
membrane marker were examined in 8, 13 and 19 week old female SJL mice by confocal 
immunofluorescence microscopy. Although no significant change in expression of ZO1 
or C3 expression levels was detected, changes in AQP5, and NKCC1 expression were 
observed. AQP-5 expression, was increased 3.33-fold in IL-12 TG mice compared with 
controls (p = 0.0233) (Table 1). Moreover, immunofluorescence detection of NKCC1 
also showed a 4.00 fold increase in levels in IL-12 TG mice compared with controls (p 
= 0.0018) (Table 1), suggesting either an increase in the number of acinar cells or an 
increase in acinar cell volume. To test for a change in acinar cell size, the skeletal length of 
AQP-5 immunofluorescence was measured as an indication of cell surface area and was 
found to be 1.14-fold greater in TG mice compared with WT mice (p = 0.0304) (Table 
1).  To confirm this finding, 3D image stacks of confocal microscopy labeling for NKCC1 
were reconstructed (with each acinus individually colored for ease of visualization) and 
the average acinar volume was measured for both WT and TG mice (Figures 5 A and B). 
In agreement with the increase in protein expression and skeletal length measurements 
in IL-12 TG mice, the volume of each acinus increased 1.60-fold in TG compared with 
WT (p = 0.0371) (Table 1). Moreover, nuclei counts indicated a decrease (0.89-fold) in 
the numbers of cells per acinus, suggesting a loss of acinar cells (p = 0.0004) (Table 1). 

Figure 4. 
 

 
 
 

 
Figure 5. 
 

    

Figure 5. Acinar cell staining by NKCC1. A representative 3D stack of confocal microscopy labeling was 
reconstructed with each acinus individually colored for ease of visualization. IL-12 TG female mice (A) 
showed on average larger acinar volume compared to WT mice (B).
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DISCUSSION

Interleukin-12 (IL-12) is a heterodimeric cytokine produced predominantly by 
activated monocytes and dendritic cells. It enhances proliferation and cytolytic 
activity of natural killer (NK) and T cells, and stimulates their IFN-γ production 16. 
IL-12 production plays a key role in promoting type 1 T helper cell (Th1) responses, 
however, IL-12 can also trigger  Th1-mediated immunopathology and induction of 
Th1-mediated organ-specific autoimmune diseases, such as rheumatoid arthritis, 
autoimmune thyroiditis and insulin-dependent diabetes mellitus 17. The role of IL-12 
in Th-1 mediated autoimmune diseases has been suggested in other animal models. 
Administration of IL-12 induces rapid onset of IDDM in female NOD mice and severe 
collagen induced arthritis in DBA/1 mice 18, 19. 

In order to better understand the role of IL-12 in SS, we have studied the effect of 
IL-12 on salivary gland function, histopathology, and autoantibody formation in SJL 
IL-12 TG mice and observed a number of changes also seen in SS patients. In addition 
we have noted morphological changes in the salivary glands of TG mice (increased 
acinar cell volume, decrease in the number of cells per acinus) that have previously 
been associated with a loss of gland activity 20.

Previously it was shown that CBA IL-12 TG mice develop mononuclear infiltrates 
in lungs, salivary, and lacrimal glands 9. Similarly, SJL IL-12 TG mice had increased 
lymphocytic infiltration in salivary and lacrimal glands predominantly composed of 
B220-positive B lymphocytes and CD4-positive T lymphocytes. Interestingly, SJL WT 
mice also had a low degree of mononuclear infiltration in salivary and lacrimal glands, 

Table 1. Membrane protein expression and acinar cell number and volume in the salivary gland of female 
SJL mice

WT TG P-value Fold

AQP-5 4.8 (4.9) 16 (9.6) 0.0233* 3.33

NKCC1 4.8 (2.5) 19 (8.4) 0.0018* 4.00

Z01 0.9 (.36) 1.2 (.75) 0.3912 1.33

C3 3.1 (3.6) 1.9 (1.2) 0.3838 0.61

Skeletal Length 17.6 (2.1) 20.0 (3.6) 0.0304* 1.14

NKCC1 Volume 34.4 (18.5) 55.2 (24.3) 0.0371* 1.60

Nuclei Count 8.9 (2.8) 7.9 (2.3) 0.0004* 0.89

The membrane protein expression data shown are the mean of the number of pixels x their intensity (107) 
+/- (SD). Ten different fields were imaged on at least 3 different non-consecutive slides (N=4). The volume, 
length and nuclei count data shown are the mean of the number of cubic microns (NKCC1 volume), 
microns (skeletal length) and the number of nuclei per acinus (nuclei count) +/- (SD). Between 3-5 stacks 
were imaged on at least 3 different non-consecutive slides (N=3). Significant differences are indicated (*) 
and were determined by unpaired student’s t-test. AQP-5 =Aquaporin-5, NKCC1 = Na+/K+/2Cl- cotrans-AQP-5 =Aquaporin-5, NKCC1 = Na+/K+/2Cl- cotrans-
porter, ZO1 = zona occludens 1, C3 = claudin 3, WT = wild type, TG = IL-12 transgenic.
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suggesting an activated immune system in this strain. Our study suggests a stimulating 
role of IL-12 on the infiltration rates in exocrine glands from SJL mice. Although 
statistical analysis showed a correlation between the degree of mononuclear infiltration 
and salivary gland dysfunction in SJL IL-12 TG mice, the saliva measurement preceded 
the tissue collection by several weeks to months. Therefore, the level of infiltration 
in the glands at the time of the saliva collection may not be the same as observed at 
the time of gland removal and histological analysis which may limit the utility of this 
observation on understanding the pathophysiology of salivary gland dysfunction.  

Autoantibody formation is one of the characteristics of SS patients. Interestingly, over-
expression of IL-12 in SJL mice resulted in elevated levels of ANA and an age-dependent 
increase in anti-SSB/La autoantibodies. Previous publications concerning the role of 
IL-12 in autoantibody formation in autoimmune disease prone mice showed conflicting 
results. Recently, beneficial effects of intermittent IL-12 plasmid administration was 
reported on autoantibody levels and autoimmunity in MRL/lpr mice 21. In contrast, 
daily injection of recombinant IL-12 led to accelerated glomerulonephritis  in MRL/
lpr mice, illustrating the importance of the mode of IL-12 administration 22. Also, an 
association is described between IL-12 (p40) levels and anti-SSA and –SSB in serum 23. 
Our data suggest that over-expression of IL-12 in autoimmune prone mice can induce 
autoantibody formation, as is also seen in SS patients. 

Although the functional changes seen in IL-12 TG salivary glands might be explained by 
the autoantibodies or increased infiltrates, we have also detected morphological changes 
in the structure of the glands of TG mice. Increased AQP-5 and NKCC1 expression 
correlated with an increase in acinar volume and apical surface length. Interestingly 
a similar increase in acinar volume and loss of gland function was also observed in 
AQP-5 null mice 20.  In that study the authors proposed a connection between the 
change in permeability of the tight junction complexes associated with a decrease in 
claudin 3 expression.  While we also see a slight decrease in claudin 3 expression, it 
was not statistically significant. In addition to the increase in acinar volume, the IL-12 
TG mice also have a decrease in the number of cells/acinus. This could be the result of 
either a developmental abnormality or apoptosis of gland tissue. Although we have not 
specifically studied the transcellular and paracellular transport routes in the IL-12 TG 
mice, it remains a possibility that the IL-12 TG mice could also have a similar change 
in permeability. Many phenomena can affect salivary flow (e.g. change in acini, cell 
number, transport properties, signaling cascades etc.) and our results do not address 
the ultimate cause of the decrease in flow observed in these TG mice.  In addition, 
further study will be required in order to understand if similar changes in salivary gland 
morphology are observed in the major salivary glands of SS patients.

In addition to the SS-like characteristics in this animal model, the SJL IL-12 TG 
mice also develop mild autoimmune thyroid disease (ATD) 8. Prevalence studies and 
clinical observations strongly suggest a common etiology and similar pathogenetic 
mechanisms between SS and ATD. Thyroid and salivary glands show a number of 
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functional similarities, including the uptake and concentration of iodine. Moreover, 
lymphocytic infiltrates in the salivary and lacrimal glands and clonal B cell expansion 
observed in SS are similar to those seen in ATD 24. Our data support an association 
between thyroid disease and SS, also seen in patients.
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ABSTRACT

Introduction: Anti-Ro antibodies can be found in the serum of the majority of patients 
with Sjögren’s syndrome (SS). Immunization with a 60-kDa Ro peptide has been shown 
to induce SS-like symptoms in mice. The aim of this study was to investigate factors 
involved in salivary gland (SG) dysfunction after immunization and to test whether the 
induction of SS could be improved.

Methods: Ro60 peptide immunization was tested in Balb/c mice, multiple antigenic 
peptide (MAP)-Ro60 and Pertussis toxin (PTX) were tested in SJL/J mice. In addition, 
two injection sites were compared in these two strains: the abdominal area and the 
tailbase. Each group of mice was tested for a loss of SG function, SG lymphocytic 
infiltration, anti-Ro and anti-La antibody formation, and cytokine production in 
cultured cells or homogenized SG extracts.

Results: Ro60 peptide immunization in the abdominal area of female Balb/c mice led 
to impaired SG function, which corresponded with increased Th1 cytokines (IFN-γ 
and IL-12) systemically and locally in the SG. Moreover, changing the immunization 
conditions to MAP-Ro60 in the abdominal area, and to lesser extend in the tailbase, also 
led to impaired SG function in SJL/J mice. As was seen in the Balb/c mice, increased 
IFN-γ in the SG draining lymph nodes accompanied the SG dysfunction. However, 
no correlation was observed with anti-MAP-Ro60 antibody titers, and there was no 
additional effect on disease onset or severity. 

Conclusions: Effective induction of SG dysfunction after Ro60 peptide immunization 
depended on the site of injection. Disease induction was not affected by changing the 
immunization conditions. However, of interest is that the mechanism of action of Ro60 
peptide immunization appears to involve an increase in Th1 cytokines, resulting in the 
induction of SG dysfunction.
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INTRODUCTION

Sjögren’s syndrome (SS) is a systemic autoimmune disorder of unknown etiology. This 
autoimmune exocrinopathy is characterized by mononuclear cell infiltration in exocrine 
glands, principally the lacrymal and salivary glands (SGs). In serum, >75% of SS 
patients have autoantibodies against the nuclear antigens Ro (SSA) and La (SSB). These 
antibodies are associated with SS, but are not unique to the disease 1. The pathogenic 
relevance of these autoantibodies is not clear and other autoantibodies involved in 
neuronal innervation, aquaporins, matrix metalloproteinases, and apoptosis have also 
been identified to be involved in the pathogenesis of SS (as reviewed in 2). 

To better understand the pathogenesis of the most common autoantibodies in 
SS, various animal models have been established by focusing on anti-Ro and La 
antibodies  3, 4. Balb/c mice immunized with short Ro60 peptides developed anti-Ro 
and -La antibodies, SG lymphocytic infiltrates, and SG dysfunction, also seen in SS 
patients 5. In addition, although the pathogenic function of autoantibodies against 
Ro and La is not clear, a number of previous studies imply that enhanced pro-
inflammatory cytokines, such as interferon (IFN)-γ, interleukin (IL)-18 and IL-17, are 
highly related to increased anti-Ro antibody levels in SS 6. This suggests a possible 
correlation between anti-Ro antibodies and autoimmune T cell mediated responses 
in SS. Moreover, previous studies from our own group have shown the role of T cell 
related cytokines (e.g. IFN-γ and IL-12) in salivary gland dysfunction 4, 7, 8. Therefore, 
we have set up the same model to investigate the induction of SS-like symptoms, and 
the role of cytokines in SG dysfunction after Ro60 peptide immunization. 

It was previously shown that only 30% of the immunized mice develop SG foci and 
variability in SG dysfunction was observed 5. To further optimize this animal model, we 
tested other conditions for SS disease induction using the same peptide, and switched 
to SJL/J mice, a well established autoimmune prone animal model 9, 10. We also added 
Pertussis toxin (PTX) to our peptide emulsion, which is an important additional adjuvant 
in experimental autoimmune uveoretinitis (EAU) in B10.A mice 11. Moreover, based on 
our own experience (unpublished data, Roescher et al.) and on the literature 12, 13, higher 
antibody titers can be achieved by immunizing with a multiple antigenic peptide (MAP) 
instead of the conventional peptide. Therefore, we have immunized mice with MAP-
Ro60 peptide and tested in two different injection sites for its effect on disease onset.

MATERIALS AND METHODS

Animals
Female Balb/c and SJL/J mice (N=80 and N=90 respectively), 6-8 weeks old, were 
obtained from Jackson Laboratory (Bar Harbor, ME, USA). Animals were housed in a 
pathogen-free facility. All procedures involving animals were performed in compliance 
with the National Institutes of Health (NIH) Guidelines on Use of Animals in Research. 
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Animal protocols (#09-512) were approved by the National Institute of Dental and 
Craniofacial Research (NIDCR) Animal Care and Use Committee (ACUC) and the 
NIH Biosafety Committee.

Peptides and immunization
Mice were immunized with Ro60 peptide as described earlier 14. The following peptides 
(University of Oklahoma Health Sciences Molecular Biology core Facility, Oklahoma 
City, OK, USA) were used in this study:  Ro273-289 (NH2-Leu-Gln-Glu-Met-Pro-Leu-
Thr-Ala-Leu-Leu-Arg-Asn-Leu-Gly-Lys-Met-Thr-COOH) for Balb/c immunization 
and MAP-Ro273-289 ((NH2-Leu-Gln-Glu-Met-Pro-Leu-Thr-Ala-Leu-Leu-Arg-Asn-Leu-
Gly-Lys-Met-Thr-Cys)8-COOH) for SJL/J immunization and for detection of anti-Ro60 
antibodies in ELISA (see below). A MAP is made up of a hepta lysine backbone upon 
which are built eight copies of the same peptide sequence (in this case 8 copies of 
Ro273-289). A MAP behaves like a low molecular weight protein. Briefly, on day 0 
mice were immunized with 100 mg Ro60 peptide or phosphate buffered saline (PBS; 
Invitrogen, Carlsbad, CA, USA) emulsified (1:1) in complete Freund’s adjuvant (CFA, 
Sigma-Aldrich, St. Louis, MO, USA). Subsequently, animals were immunized with 
an equal amount of Ro60 peptide or PBS (1:1) in incomplete Freund’s adjuvant (IFA, 
Sigma-Aldrich, St. Louis, MO, USA) on days 17, 37 and 70 post primary immunization 
(100 μl per animal) and sacrificed at day 95. Two subcutaneous (s.c.) injection sites 
were tested: the tailbase and the abdominal area. A separate group in each experiment 
of SJL/J mice was injected intraperitoneal (i.p.) with 0.1µg/mouse PTX in addition to 
each peptide boost.

Plasma preparation
For plasma preparation, blood was obtained via the retro-orbital plexus with a 
hematocrit tube (Drummond Scientific Company, Broomall, PA, USA) before each 
immunization. Plasma was separated by centrifugation at 2300xg for 5 min and stored 
at -80ºC until further analysis. 

Determination of autoantibodies 
Plasma samples were analyzed for autoantibodies against SSA/Ro and SSB/La. The 
enzyme-linked immunosorbant assay (ELISA) used to detect 60-kD MAP-Ro273-

289 antibodies was described earlier 14. The autoantibody against SSB/La (total Ig) 
was measured with a commercial available ELISA kit (Cat#5810, Alpha Diagnostic 
International, San Antonio, TX, USA) according to the manufacturer’s protocol.

Saliva collection
Saliva was collected one day before each boost or sacrifice. Mice differ in their sensitivity 
to pilocarpine, and the dose needs to be optimized so that mice produce measurable 
amounts of saliva but do not over salivate and die due to plugging of the airways (personal 
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observation). Optimal dosage of pilocarpine for Balb/c in our laboratory was set at 0.2 
mg/kg bodyweight (BW) and 0.35 mg/kg BW for SJL/J mice. Saliva secretion was induced 
by s.c. injection of pilocarpine (Sigma-Aldrich, St. Louis, MO, USA) and whole saliva was 
collected for 20 min from the oral cavity, and the volume was determined by weight.

Histopathology
Submandibular glands (SMG) were removed for standard histological analysis using 
hematoxylin and eosin (H&E) staining from mice at the time of sacrifice. Scoring of 
histological sections was based on the focus score used in patients with SS 15. Briefly, 
one of two whole submandibular glands were removed for histological analysis from at 
the time of sacrifice and placed O/N in 10% formaline. After fixation, the tissues were 
dehydrated in ethanol series and embedded in paraffin according standard techniques. 
3 sections from the middle of the gland were cut at 5 µm and subsequently stained with 
hematoxylin and eosin (H&E). A focus is an aggregate of 50 or more lymphocytes and 
histiocytes per 4 mm2. Foci were counted through the whole section, in a total of three 
sections per salivary gland using a 40x magnification. The results were calculated and 
expressed as foci per 4 mm2. The focus scores were assessed blindly by two different 
examiners and the mean scores were determined.

Detection of cytokines from cell cultures and salivary gland homogenates 
Splenocytes obtained from treated mice were isolated and cultured in 24-well plates at 
5x106 cells/mL RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA), containing HL-1 
serum replacement (Cambrex Bioscience, Walkersville, MD, USA), with or without 30 
µg/mL Ro60 peptide. Supernatants were collected after 48 hr incubation. 

Cytokine levels in the SG were determined after extraction of soluble protein from 
the SGs and correction for total protein concentration, which was determined with 
BCA™ protein assay kit (Pierce, Rockford, IL, USA). Cytokines were measured using a 
multiplex sandwich-ELISA assay (Aushon Biosystem, Billerica, MA, USA). Duplicates 
for each sample were tested in three dilutions and the mean values of the duplicates 
from the optimal dilution were reported. Lower detection limits for this assay are: IL-4: 
0.8 pg/ml, IL-10: 1.6 pg/ml, IL-17: 1.6 pg/ml, IFN-γ: 7.8 pg/ml.

Flow cytometric identification of CD4+ IFN-γ+ lymphocytes
One million (106) associated lymph node cells from the SGs (SG LN cells) were isolated 
and cultured in anti-CD3/anti-CD28 coated 24-well plate. Phorbol 12-myristate 13-
acetate (PMA) and ionomycin (Sigma-Aldrich, St. Louis, MO, USA) were added during 
the last 5 hr of total 48 hr incubation. Cells were harvested and stained with PerCP 
conjugated anti-mouse CD4 (BD Pharmingen, San Diego, CA, USA) for 30 min on ice. 
Cells were fixed and permeabilized by a Fixation/Permeabilization kit (BD Pharmingen, 
San Diego, CA, USA) and stained with allophycocyanin (APC)-conjugated anti-mouse 
IFN-γ (BD Pharmingen, San Diego, CA, USA) according manufacturer’s protocol. 
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Data were acquired using a FACSCalibur (BD Biosciences, San Diego, CA, USA), and 
analyzed using Flowjo software (Tree Star Inc., Ashland, OR, USA). 

Statistical analysis
One-way ANOVA and unpaired Student’s t-test were used to compare differences 
between groups. All analyses were performed with GraphPad Prism statistical software 
(GraphPad Software Inc. version 5.01, La Jolla, CA, USA) using a p value ≤0.05 as 
statistically significant.

RESULTS

Induction of anti-Ro60 antibodies and salivary gland dysfunction in Balb/c
Balb/c mice were immunized with Ro60 peptide as previously described 5, and the 
induction of anti-Ro60 antibodies was assessed at day 17, 37 and 70. Both tailbase 
and abdominal area immunized Balb/c mice showed a significant increase in anti-
MAP-Ro60 antibodies (p < 0.0001) following the first boost, and this was sustained 
throughout the whole study (Figure 1A). 

To investigate the effect of Ro60 peptide immunization on SG function, stimulated 
salivary flow was measured. Immunization with Ro60 peptide at the tailbase showed 
on day 70 a modest decrease in salivary flow rate (SFR) compared with controls (p 
= 0.04, Figure 1B). Changing the injection site to the abdominal area resulted in a 
more pronounced decrease in saliva production on day 70 (p < 0.0001, Figure 1B). 
In addition, on day 17, a transient decrease in  SFR following immunization in the 
abdominal area was observed (p = 0.02). These data confirm previous work showing 
that Ro60 peptide immunization in Balb/c mice can lead to a decrease in salivary 
flow. Furthermore, our comparison of immunization sites suggests that impaired SG 
function is affected by the site of injection.

Figure 1.

Figure 2.

Figure 3.

Figure 1. Increased anti-Ro60 antibodies and salivary gland dysfunction in Ro60-immunized Balb/c. 
Balb/c mice were immunized with Ro60 peptide or PBS (mock) in the tailbase or the abdominal area. Plasma 
from all animals were analyzed at the indicated time points for anti-MAP-Ro60 antibodies (A). The same 
mice were analyzed for pilocarpine stimulated salivary flow (B). Data shown are mean values +/- SEM for 
10 mice/group. Significant differences are indicated (*** p < 0.0001; * p < 0.05) and were determined by 
unpaired Student’s t-test.  D = number of days post primary injection.
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Salivary gland dysfunction is dependent on activation of Th1 cells 
In order to understand the mechanism associated with the change in SFR following 
immunization in the abdominal area, as well as the direct role of the Ro60 peptide 
activated lymphocytes, cytokine expression was tested in cultures obtained from 
splenocytes re-stimulated with Ro60 peptide (Table 1). In the spleen, Ro60 specific 
cells from the abdominal area injected mice produced consistently higher levels of 
cytokines, e.g. IFN-γ, IL-12, and IL-10, compared with PBS or tailbase treated mice 
(Table 1). These data suggest a direct stimulation of Ro60 peptide on the splenic T cells 
when administered in vivo. In addition, the higher levels of cytokines in mice injected 
in the abdominal area further supports the abdominal area as the optimal delivery site 
for Ro60 antigen to the systemic immune system.

We also analyzed cytokines in SG homogenates from tailbase or abdominal area 
immunized mice on day 95 post primary immunization. Data obtained from SG 
homogenates showed Th1 cell activation with elevated IFN-γ and IL-12, in abdominal 
area immunized mice compared with either PBS control or tailbase immunized mice 
(Table 2). This local effect on the SG further suggests a role for Th1 cytokines in the loss 
of SG activity in this model.

Table 1. Cytokine production after Ro60 peptide re-stimulated splenocytes from Balb/c mice

Th1-

IL-18

Th17- Th2-

IFN-γ IL-12p40 IL-17 IL-4 IL-10

PBS 1.9 3.9 0.8 0.2 0.0 3.3

Splenocytes Ro60-Tail 156.6 82.2 29.4 51.4 3.2 33.5

Ro60-Abdominal area 313.9 146.7 32.8 36.6 2.7 42.2

Splenocytes were pooled from 10 mice/group. Culture supernatants were collected following incubation 
with or without (medium controls) Ro60 peptide and analyzed for levels of the indicated cytokines (in pg/
mL). Cytokine levels from the medium controls were subtracted from the Ro60  peptide treated cells and 
the mean of each duplicate was used in this table. 

Table 2. Salivary gland cytokines in Ro60-immunized Balb/c mice

 

 

Th1-

IL-18

Th17- Th2-

IFN-γ IL-12p40 IL-17 IL-4 IL-10

PBS 21.3 6.8 165.4 3.2 8.0 12.5

SG homogenates Ro60-Tail 27.0 6.7 88.5 4.0 7.2 16.1

  Ro60-Abdominal area 50.8 13.5 172.1 6.6 10.3 14.3

Cytokine levels in the SG were determined after extraction of soluble protein from the SGs and correction 
for total protein concentration. Data from SG protein extracts are the mean (pg/mL) of 3 random samples 
from 10 mice/group for one experiment.
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Previous research with other immunization models of autoimmune disease has 
suggested that the use of other strains of mice, different forms of peptide, or the use 
of secondary adjuvants can enhance disease onset and penetrance. Therefore, we 
tested disease induction in the autoimmune prone SJL/J mouse strain. This strain of 
mice has been shown to have salivary gland dysfunction following over expression of 
IL-12 in the thyroid gland 4. In addition, we immunized with a MAP version of the 
Ro60 peptide, which is known to induce higher titers of antibodies 12, 13, and added a 
secondary adjuvant (PTX), which has been reported to be critical for disease induction 
in some strains of mice for experimental autoimmune uveoretinitis 11, and studied the 
effect on disease induction.

SJL/J mice do not develop autoantibodies after MAP-Ro60 immunization
Previous research demonstrated that Ro60 peptide immunization can trigger antibody 
formation against the whole 60-kDa Ro protein 16. In contrast to the experience in 
Balb/c mice, MAP-Ro60 immunization of female SJL/J mice only resulted in a significant 
induction of antibodies compared with PBS immunized mice after the third boost in 
tailbase immunized + PTX mice (p = 0.03, Figure 2A). Furthermore, no difference in 
antibodies levels was observed in the mice immunized abdominally +/- PTX (Figure 2B). 

It is not clear if the origin of anti-SSA/Ro and anti-SSB/La is linked, but epitope 
spreading after immunization has been reported 16. Therefore we tested if immunization 
with Ro60 peptides could induce antibodies against the La antigen. In both tailbase 

Figure 1.

Figure 2.

Figure 3.

Figure 2. Induction of autoantibodies in SJL/J mice.  
Plasma from all animals used for saliva collection, were 
analyzed at the indicated time points for anti-MAP-Ro60 
antibodies (A-B) or at the end of the study for anti-La 
antibodies (N=4/group) (C). The location of injection is 
indicated. Data shown are mean values +/- SD (A-B) or 
the mean value alone (C). The P-value is indicated (* p 
< 0.05) and was determined by unpaired Student’s t-test.
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and abdominal area immunized SJL/J mice, no increase in the mean titer of anti-SSB/
La antibodies was detected (Figure 2C). However, 1 out of 4 mice clearly developed 
anti-La antibodies in MAP-Ro60 + PTX immunized mice at each injection site. These 
data show that MAP-Ro60 immunization does not lead to a more pronounced anti-
MAP-Ro60 antibody production in SJL/J mice. Despite the lack of significant antibody 
formation in response to the immunization peptide, anti-La antibodies were detected 
in some of the Ro60 immunized mice indicating a low level of epitope spreading.

No changes in focus score in MAP-Ro60 immunized SJL/J mice
SGs from immunized SJL/J mice were analyzed for lymphocytic infiltrates at the end of 
the study. In general, SJL/J mice showed low-grade local inflammation, as reflected by 
the focus score (average 0.39) at baseline. Although the addition of PTX to MAP-Ro60 
immunized mice compared to PBS controls tended to increase the mean focus scores 
for the tailbase (0.88 versus 0.42, p = 0.15) and abdominal area (0.59 versus 0.36, p = 
0.20) injection sites, this increase did not reach statistical significance (Figure 3). These 
data show that SJL mice are not more prone to the development of SG infiltrates after 
immunization. In addition, immunization with a modified Ro60 peptide, MAP-Ro60, 
does also not lead to an increased focus score. The use of an extra adjuvant, PTX, did 
not increase SG inflammation.

Optimal decrease in salivary flow is dependent on the injection site and use of an adjuvant
Mice immunized in the tailbase showed a transient drop in SG function on day 17 that was 
only significant for the + PTX group (p = 0.04, Figure 4A). However, a sustained decrease 
in saliva production was seen when the abdominal area was immunized (p = 0.04 and 
p = 0.04 for day 70 and 95 respectively) and was more pronounced with the addition of 
PTX (p = 0.04 and p < 0.001 for day 70 and 95 respectively, Figure 4B). Although, these 
data suggest that the presentation of the antigenic peptide (conventional versus MAP) or 
the use of SJL mice does not affect the time of onset of SG dysfunction following Ro60 
peptide immunization, it does confirm the site of injection as being important in disease 
induction. Furthermore, the addition of PTX can increase SG impairment. 

Figure 1.

Figure 2.

Figure 3.

Figure 3. Unchanged salivary gland lymphocytic 
infiltrates in SJL/J mice. SGs from all animals used 
for saliva collection, were analyzed at the end of 
the study for lymphocytic infiltrates. The score of 
each mouse is shown individually. The location of 
injection is indicated. Data shown are mean values. 
P-values are indicated and were determined by 
unpaired Student’s t-test.
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MAP-Ro60 peptide increased IFN-γ producing lymphocytes
Our study with Balb/c mice suggested that proinflammatory cytokines play a critical 
role in the loss of salivary gland activity in these mice. To further study if activated 
T cells were involved directly in the decreased SG function in the SJL mice, Th1 and 
Th17 populations were identified in isolated cells (day 10 post primary immunization) 
from associated lymph nodes (LNs) of the SGs. Around 1% IFN-γ+CD4+/- cells were 
found in control mice. In contrast, immunization with MAP-Ro60 +/- PTX increased 
IFN-γ+ cells (~4-5% CD4+/- cells, Figure 5); no significant change in Th17 (CD4+IL-
17+) was observed (data not shown). These data suggest that injection with MAP-
Ro60 peptide promotes IFN-γ release from lymphocytes, localized in the SG LNs. This 
further confirms that the increase in IFN-γ might play a direct role in SG impairment. 

Figure 4.

Figure 5.

Figure 4.

Figure 5.

Figure 4. Salivary gland dysfunction in SJL/J immunized with MAP-Ro60 +/- PTX. SJL/J mice were 
immunized with MAP-Ro60 +/- PTX or PBS (mock) in the tailbase (A) or the abdominal area (B). Data 
shown are mean values +/- SEM for 10 mice/group. Significant differences are indicated (*** p < 0.0001; 
* p < 0.05) and were determined by unpaired Student’s t-test.  D = number of days post primary injection.

Figure 5. Increased IFN-γ releasing lymphocytes in salivary gland associated lymph nodes from SJL/J 
mice. The SG  lymph nodes cells isolated from mice immunized with PBS (mock) or MAP-Ro60 +/- PTX were 
analyzed by flow cytometry assay for IFN-γ+ and specifically CD4+ IFN-γ+ (Th1) lymphocyte induction 10 
days post primary immunization. The SG lymph node cells from one group (N=10) are pooled and divided 
into 2 samples. Data shown is from one representative experiment.
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DISCUSSION

The involvement of the Ro (SSA) antigen and anti-Ro antibodies in SS is shown in 
several studies 17, 18. The majority of SS patients are seropositive for anti-Ro antibodies 
and these antibodies have been described to correlate with diseases activity 19. These 
data suggest an important role for anti-Ro antibodies in SS, but the exact relevance of 
this antibody has not been elucidated yet.

In animal models, it has been shown that repetitive immunization with a Ro60 peptide 
or Ro60 protein can induce a mild SS-like disease, with reduced salivary flow and a low 
grade monocytic infiltration of the SG. Several controls in these studies, such as reverse 
and scrambled peptides as well as MAP backbone immunization, have established the 
specificity of the immune response to Ro273-289 20. However, the mechanism by which 
Ro60-immunization causes SS is still unknown. A direct debilitating effect of the 
autoantibodies is unlikely, since only several re-immunizations induce the onset of the 
disease and the presence of antibodies does not directly correlate with salivary gland 
dysfunction 5. We therefore wanted to reproduce the effects of Ro60-immunization in 
Balb/c mice as previously described 5, and studied the cytokines that accompanied the 
SG dysfunction in order to get more insight into this phenomenon.

Ro60 immunized Balb/c mice developed autoantibodies to Ro60 peptide as expected. 
Over time, decreased salivary flow was observed as previously described 5. When mice 
were immunized in the abdominal area as opposed to the tail base, more pronounced 
loss of function was observed. Recently, other investigators reported a similar injection 
site specific effects, in which flank injection with an autoantigen in an experimental 
autoimmune encephalomyelitis (EAE) mouse model was shown to be more effective in 
eliciting disease compared to footpad and tailbase injection 21.

Since the induction of antibodies was not significantly different between tailbase or 
abdominal area  immunized Balb/c mice, this cannot be explained by a direct effect 
of these autoantibodies on SG dysfunction. Furthermore, SJL/J mice immunized with 
Ro60 peptide did not show anti-MAP-Ro60 antibodies or increased focus scores, 
again suggesting these changes do not directly account for the decreased SG function. 
Alternatively, induction of pro-inflammatory cytokines could be involved. Ro60-
specific cells in the spleen of the  abdominal area immunized Balb/c mice that developed 
xerostomia, produced consistently higher levels of IFN-γ and IL-12, compared with 
PBS or tailbase immunized mice. Also SG extracts of these mice contained higher 
levels of both IFN-γ and IL-12. This suggests that immunization in the abdominal 
area induces a more vigorous immune response than immunization at the tailbase, 
but the exact pathway remains to be elucidated. These data also emphasize the effect 
of IFN-γ on the SG dysfunction in Ro60 peptide immunized Balb/c, and add to data 
that show the important role of IFN-γ on the growth and function of human SG cells 
7, 8. It also confirms the importance of IL-12 in SG dysfunction, as we have previously 
demonstrated in IL-12 transgenic mice 4.
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It is further notable that the level of SG lymphocytic infiltrates did not correlate with 
changes in cytokines in the SG. Conceivably, systemic cytokines induced by Ro60-
immunization circulate from the spleen and draining lymph nodes into the SG, or the 
epithelial cells within the SG serve as “lymphoid” cells and produce cytokines locally 
that later impair the function of the gland 22. As shown for Balb/c mice, increased IFN-γ 
positive cells in the SG associated LNs of SJL/J following Ro60 peptide immunization 
also suggests the underlying mechanism of xerostomia is related to IFN-γ production. 
Overall, these data suggest that a Th1 cell mediated immune response with the secretion 
of cytokines plays a crucial role in the xerostomia observed in this model.

In conclusion, our data first show that reduced SG activity after repeated immunization 
is affected by the injection site: with the abdominal area injection leading to a more 
immunogenic and pathogenic effect than tailbase injections. The mechanism by which 
Ro60-immunization affects the salivary gland, appears to involve the induction of a 
Th1 cell response, emphasizing the crucial role of IFN-γ in SG dysfunction. 
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ABSTRACT

Introduction: Tumor necrosis factor is a pleiotropic cytokine with potent immune 
regulatory functions. Although tumor necrosis factor inhibitors have demonstrated 
great utility in treating other autoimmune diseases, such as rheumatoid arthritis, 
there are conflicting results in Sjögren’s syndrome. The aim of this study was to assess 
the effect of a locally expressed tumor necrosis factor inhibitor on the salivary gland 
function and histopathology in an animal model of Sjögren’s syndrome.

Methods: Using in vivo adeno associated viral gene transfer, we have stably expressed 
soluble tumor necrosis factor-receptor 1-Fc fusion protein locally in the salivary glands 
in the non obese diabetic model of Sjögren’s syndrome. Pilocarpine stimulated saliva 
flow was measured to address the salivary gland function and salivary glands were 
analyzed for focus score and cytokine profiles. Additionally, cytokines and autoantibody 
levels were measured in plasma.

Results: Local expression of tumor necrosis factor-receptor 1:immunoglobulin G fusion 
protein resulted in decreased saliva flow over time.  While no change in lymphocytic 
infiltrates or autoantibody levels was detected, statistically significant increased levels 
of tumor growth factor-β1 and decreased levels of interleukin-5, interleukin-12p70 
and interleukin-17 were detected in the salivary glands. In contrast, plasma levels 
showed significantly decreased levels of tumor growth factor-β1 and increased levels of 
interleukin-4, interferon-γ, interleukin-10 and interleukin-12p70.

Conclusions: Our findings suggest that expression of tumor necrosis factor inhibitors 
in the salivary gland can have a negative effect on salivary gland function and that 
other cytokines should be explored as points for therapeutic intervention in Sjögren’s 
syndrome.
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INTRODUCTION

Sjögren’s syndrome (SS) is a systemic autoimmune disorder affecting secretory tissue, 
including the lacrimal and salivary glands (SGs), resulting in keratoconjunctivitis sicca 
and xerostomia. SS is characterized by mononuclear cell infiltrates in the salivary and 
lacrimal glands as well as the presence of autoantibodies in serum. Other organ systems 
may be involved as well and around 5% of the patients develop B cell lymphoma 1, 2. 
There is still an unmet need for the development of effective treatment of SS.

Anti-tumor necrosis factor (TNF) therapies have been widely used successfully in 
several chronic autoimmune diseases, such as rheumatoid arthritis (RA) and Crohn’s 
disease. Clinical trials with anti-TNF antibodies and etanercept showed improvement 
in 60-70% of the RA patients 3, 4. Patients with SS patients have been reported to have 
elevated serum pro-inflammatory cytokine levels compared with normal volunteers 5, 6 
and TNF is also overexpressed in the SGs  of SS patients 7. However, the use of anti-TNF 
agents in patients with the autoimmune disease SS has shown conflicting results  8, 9. 
Beneficial results were shown in an open study, while inefficacy of anti-TNF was shown 
in a randomized, double-blind, placebo-controlled trial.

TNF promotes inflammation by stimulating and inducing other inflammatory 
cytokines and adhesion molecules and is a key player in the cytokine balance 4. In 
contrast, TNF can also exhibit anti-inflammatory activities, for instance by blocking 
the development of autoreactive T cells 10. Moreover, adoptive transfer of ex vivo TNF 
treated splenocytes from autoimmune diabetic female non obese diabetic (NOD) mice 
into irradiated pre-diabetic male mice prevented the development of hyperglycemia 
in 80% of the recipients 10. Recently, a T cell based mechanism has been proposed to 
explain the dual effect of anti-TNF therapy in the treatment of autoimmune diseases in 
which TNF can function as a pro-inflammatory cytokine as well as an anti-inflammatory 
immunoregulatory molecule by altering the balance of regulatory T cells 11. 

The National Institute of Dental and Craniofacial Research (NIDCR) Sjögren’s clinic 
has previously investigated the efficacy of systemic etanercept treatment in SS patients 
and could not demonstrate clinical benefit 12.  Follow-up studies of cytokine levels 
in these patients before and after treatment revealed no decrease in TNF and other 
pro-inflammatory cytokines 13, 14. The reasons for the failed clinical trials are not well 
understood, but it is conceivable that the effects would be different if a more localized 
approach was used. Gene therapy offers the possibility to engineer cells to express 
therapeutic proteins locally at high levels. Previously, we reported successful gene 
transfer of interleukin (IL)-10 and vasoactive intestinal peptide (VIP) to mouse SGs 15, 16. 
To investigate the effects of local TNF blockade using gene therapy, we evaluated the 
effect of a locally expressed TNF inhibitor on the SG function and histopathology in 
the NOD model of SS. 



64

TNFR1/FC GENE THERAPY

MATERIALS AND METHODS

Cell lines 
Human embryonic kidney 293T cells were grown in DMEM (Invitrogen, Carlsbad, CA, 
USA). This medium was supplemented with 10% heat-inactivated fetal bovine serum 
(FBS, Life Technologies, Rockville, MD), 2 mM L-glutamine, penicilline (100 U/ml), 
and streptomycin (100 µg/ml; Biofluids, Rockville, MD, USA) as previously described 15. 
Human fibrosarcoma (WEHI) cells were grown in RPMI 1640 (Invitrogen, Carlsbad). 
This medium was supplemented with 10% FBS, 2 mM L-glutamine, penicilline (100 U/
ml) and streptomycin (100 µg/ml), gentamycin (10 mg/ml; Invitrogen) and 1M hepes 
(Invitrogen).

Construction, expression and biological activity of the plasmid 
We previously reported the construction of recombinant adeno associated virus (rAAV)-
LacZ reporter gene encoding β-galactosidase 17. In this study we used the extra-cellular 
domain of human 55 kDa Tumor Necrosis Factor Receptor type 1 (hTNFR1; p55) 
coupled to the Fc-part of mouse Immunoglobulin G1 (IgG1), kindly provided by Dr 
J. Kolls 18. This gene was cloned into the rAAV plasmid containing a Cytomegalovirus 
(CMV) promoter and the Inverted Terminal Repeat (ITRs) sequences for AAV serotype 
2 (AAV2). The resulting plasmid (pAAV2-CMV-hTNFR1-mIgG1) was transfected into 
293T cells and secretion of the protein in the supernatant was measured by western 
blotting and an ELISA-kit for hTNFR1 (R&D systems, Minneapolis, MN, USA). The 
biological activity was measured in an assay using WEHI fibrosarcoma cells. This 
assay is based on the cytotoxic effect of TNF-α on WEHI and the neutralizing effect of 
soluble hTNFR1 on bioactive TNF 19.

Vector production 
To generate rAAV serotype 2 vectors (rAAV2), we used the adenoviral helper packaging 
plasmid pDG. Plates (15 cm) of ~40% confluent 293 T cells were cotransfected with 
either pAAV-LacZ, pAAV-TNFR1 or pAAV-Luc and pDG according to standardized 
methods 20. Clarified cell lysates were adjusted to a refractive index of 1.372 by 
addition of Cesium Chloride (CsCl) and centrifuged at 38,000 rpm for 65 hr at 20°C 21. 
Equilibrium density gradients were fractionated and fractions with a refractive index 
of 1.369-1.375 were collected.  The titer of DNA physical particles in rAAV stocks was 
determined by quantitative-polymerase chain reaction (Q-PCR) and the vectors were 
stored at -80°C. On the day of vector administration to NOD mice, the vector was 
dialyzed for 3 hr against saline.

Animals 
Female NOD mice used in this study were obtained from the University of Florida 
College of Medicine, Department of Pathology, Immunology and Laboratory Medicine. 
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All the mice were bred and maintained under specific pathogen free conditions in the 
animal facilities of the National Institute of Molecular Physiology and Therapeutics 
Branch (MPTB). All the animals were kept under specific conditions as described in 
Table 1. Animal protocols were approved by MPTB Animal Care and Use Committee 
and the National Institutes of Health (NIH) Biosafety Committee. All mice received 
water and food ad libitum. Blood glucose levels were measured by tail cut once a week 
starting at 12 weeks of age, using a OneTouch monitor (LifeScan, Milpitas, CA, USA). 
Mice with blood glucose levels > 400 mg/dl were treated by subcutaneous injection 
(1U/24h) with long acting Humalin N (Eli Lilly, Indianapolis, IN, USA). The blood 
sugar level was monitored previously in other studies with NOD mice and does not 
appear to affect their behavior, feeding activity, or SG activity compared with non-
diabetic NOD mice 15.

rAAV2 vector administration and plasma/saliva collection
Vectors were delivered into the submandibular glands by retrograde instillation as 
previously described 15. Briefly, mild anesthesia was induced by ketamine (100 mg/
mL, 1 mL/kg body weight; Fort Dodge Animal Health, Fort Dodge, IA, USA) and 
xylazine (20 mg/mL, 0.7 mL/kg body weight (BW); Phoenix Scientific, St. Joseph, MO, 
USA) solution given intramuscularly (im). Ten minutes after im injection of atropine 
(0.5 mg/kg BW; Sigma, St. Louis, MO, USA), female NOD mice at the age of 8 weeks 
were administered 50 µl vector into both submandibular glands by retrograde ductal 
instillation (1x1010 particles/gland) using a thin cannula (Intermedic PE10, Clay 
Adams, Parsippany, NJ, USA). The vector dose was chosen based on previously published 
results, which showed detectable transgene activity above 109 particles/gland 15. Saliva 
collection was done at several time points: baseline (6 wks of age), 16, 20 and 24 weeks 

Table 1. Specific conditions for NOD mice

Food Teklad  Global 18% Protein Rodent Diet (2018S), Harlan

Water Autoclaved

Bedding Care fresh (non-bleached)

Day/Night light cycle 14/10 hours

Racks Vented hepa-filtered microisolator

Cage changing 1/week

Cleaning agents Clidox 1:18:1

Cage set up Autoclaved

Helicobacter Tested negative

MPV Tested negative

MVM Tested negative

MNV Tested negative

MPV = mouse parvovirus, MVM = minute virus of mice, MNV = mouse norovirus
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of age. Mice were anesthetized as described above and saliva secretion was induced by 
subcutaneous (sc) injection of pilocarpine (0.5 mg/kg BW; Sigma-Aldrich, St. Louis, 
MO, USA). Stimulated whole saliva was gravimetrically collected for 20 minutes from 
the oral cavity with a hematocrit tube (Drummond Scientific Company, Broomall, 
PA, USA) placed into a preweighed 0.5 ml microcentrifuge tube, and the volume was 
determined by weight as previously described 15. The presented saliva data are the 
result of 2 independent experiments (N=20 for LacZ and N=19 for TNFR1:IgG). Blood 
was collected at the saliva collection time points by retro-orbital plexus bleeding, from 
which plasma was separated by centrifugation for 5 minutes in an eppendorf tube 
centrifuge. Plasma was stored at -80°C until further analysis. 

Histologic assessment of submandibular glands
Submandibular glands were removed for histologic analysis from NOD mice at 
the time of sacrifice, 24 weeks of age, and placed overnight in 10% formalin. After 
fixation, the tissues were dehydrated in ethanol series and embedded in paraffin 
according to standard techniques. Sections were cut at 5 µm with 50 μm between 
consecutive sections and subsequently stained with hematoxylin and eosin (H&E). 
Histopathologic scoring was performed using the focus score system in which a focus 
is defined as an aggregate of 50 or more lymphocytes. A total of three sections per SG 
were scored and the results were calculated and expressed as foci per 4 mm2. The focus 
scores were assessed blindly by three different examiners (JV, HY, NR) and the mean 
scores were determined.

Immunohistochemistry
Infiltrating lymphocytic cells were phenotyped on frozen SG sections by 
immunohistochemistry with antibodies directed towards CD4 (clone L3T4, 
eBioscience, San Diego, CA, USA), CD8 (clone 53-6.7, eBioscience), CD19 (clone ID3, 
BD, Breda, The Netherlands), and CD138 (clone 281-2, BD). Sections were blocked 
with endogenous peroxidase with 1% H2O2. Aspecific binding was reduced by blocking 
with  PBS/1% BSA (Bovine Serum Albumin) + 10% goat serum for 30 min at room 
temperature (RT). After blocking, the sections were incubated with primary antibody at 
4˚C overnight (O/N). Stainings were visualised with a horseradish-peroxidase (HRP)-
labelled goat-anti-rat secondary antibody (Southern Biotechnology, Birmingham, 
USA) and developed by AEC substrate (Dako, Glostrup, Denmark). Concentration- 
and isotype-matched control antibodies were included as negative control. All sections 
were coded and randomly analyzed by computer-assisted image analysis.  For all 
markers, 18 high-power fields were analyzed. The images of the high-power fields 
were analyzed using the Qwin analysis system (Leica, Cambridge, UK), as described 
previously 22. Positive staining of the cellular markers was expressed as the number of 
positive cells/mm2.
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Quantification of cytokine profiles
The levels of several cytokines were determined after extraction of soluble protein from 
the SGs. After measuring the wet weight, SGs were homogenized in protease buffer 
(phosphate buffered saline (PBS) and complete protease inhibitor cocktail (Roche Applied 
Science, Indianapolis, IN). The excessive connective tissue and large aggregate debris 
were removed by 15 minutes centrifugation at 1500xg. Total protein in the supernatant 
was determined with BCA™ protein assay kit (Pierce, Rockford, IL, USA) according to the 
manufacturer’s instructions. Human sTNFR1 was measured by a commercial available 
ELISA kit (R&D Duokit, Minneapolis, MN, USA). mIL-4, mIL-5, mIL-6, mIL-10, mIL-
12p70, mIL-17, MCP-1, mTGF-β1, mIFN-γ and mTNF-α were measured commercially 
using SearchLight proteome assay (Pierce Biotechnology, Woburn, MA, USA). This assay 
is a multiplexed sandwich ELISA procedure for detecting multiple cytokines in the same 
minimal sample. The same analytes were determined in plasma samples. Lower detection 
limits for this assay are: mIL-4: 1.2 pg/ml, mIL-5: 2.3 pg/ml, mIL-6: 5.5 pg/ml, mIL-10: 
1.6 pg/ml, mIL-12p70: 0.78 pg/ml, mIL-17: 1.6 pg/ml, MCP-1: 0.78 pg/ml, mTGF-β1: 6.8 
pg/ml, mIFN-γ: 7.8 pg/ml, mTNF-α: 3.1 pg/ml. 

Determination of autoantibodies
Plasma samples of 24 wk old NOD mice were analyzed for autoantibodies against 
nuclear antigens (ANA), Sjögren’s syndrome (SS) A/Ro and SSB/La. ANA (total Ig), 
the autoantibody against SSA/Ro (total Ig) and SSB/La (total Ig) were measured by 
a commercial available ELISA kit (Alpha Diagnostic International, San Antonio, TX, 
USA) according the manufacturer’s protocol.

Statistical analysis 
Differences in salivary flow, cytokines and lymphocytic cell type characterization among 
experimental groups were assessed using the non-parametric Wilcoxon’s ranksum test.  
The focus scores and autoantibodies were assessed using unpaired Student’s t-test to 
compare differences between groups. Non-parametric correlations were assessed using 
Spearman’s Rho test and was performed with SPSS for Windows (SPSS version 16.0.02, 
Chicago, IL, USA) and all the other analyses were performed with GraphPad Prism 
statistical software (GraphPad Software Inc. version 4.02, La Jolla, CA, USA) using a P 
value less than 0.05 as statistically significant.

RESULTS

Biological activity of TNFR1:IgG
Prior to stable expression of TNFR1:IgG in the SGs of NOD mice, we confirmed that 
the fusion protein was biologically active in blocking TNF activity in vitro. To test for 
biologic activity of TNFR1:IgG, dilutions of supernatant from TNFR1:IgG expressing 



68

TNFR1/FC GENE THERAPY

cells were preincubated with 62.5 pg/ml hTNF, this mixture was added to WEHI cells 
(a TNF sensitive cell line) overnight, and cell death was measured. In the absence of 
TNFR1:IgG, 62.5 pg/ml hTNF was sufficient to kill 100% of the cells.  Increasing amounts 
of TNFR1:IgG showed an inhibitory effect on TNF induced apoptosis in WEHI cells 
(Figure 1) suggesting TNFR1:IgG was able to block TNF activity in vitro. Although not 
tested in this study,  previous studies have demonstrated  the efficacy of human TNFR1 
on inhibiting rodent TNF-α in animal models of autoimmune diseases 23, 24.

Autoimmune diseases in female NOD
For over 2 years we have maintained a colony of NOD mice under defined conditions 
and carefully monitored the onset of both diabetes and change in SG function. Blood 
glucose levels were monitored starting from 12 weeks of age and the mice were 
administered daily insulin when they became hyperglycemic (>400 mg/dl). SG activity 
was monitored by measuring the change in volume of pilocarpine stimulated saliva 
flow over 20 minutes with respect to bodyweight (BW) at 6, 16, 20 and 24 weeks.

The incidence of hyperglycemia increased with age, starting at week 16 (Figure 2A, 
untreated). At 24 weeks of age, 75% of the mice were hyperglycemic. In contrast, no 
change in SG activity was detected in these mice (Figure 2B, untreated). 

Stimulated salivary flow was initiated by subcutaneous injection of 0.5 mg/kg BW 
pilocarpine and saliva was collected by capillary tube over 20 min. At 6 weeks of 
age, the mean saliva volume was 2.81 ± 0.72 µl/g BW (mean ± SEM).  Mean saliva 
volume increased over time to 3.96 ± 0.78 and 4.63 ± 0.69 µl/g BW at 16 weeks and 
20 weeks respectively. At the end of the study (24 weeks), the mean saliva volume 
decreased slightly to 3.52 ± 1.08 µl/g BW, but was not lower than the 6 wk value and 
no statistically significant difference was measured at any time point. Moreover, these 
mice developed sialadenitis with a mean focus score of 2.2 (Figure 3A). This phenotype 
has been confirmed over multiple generations of mice with similar results suggesting 
a stable phenotype in this environment. Furthermore, these measures are independent 
of the diabetic state of the mouse at these time points.

Figure 1.

Figure 2.

Figure 1. In vitro biological activity 
assay for TNFR1:IgG. The biologi-
cal activity of the TNFR1:IgG was 
determined by adding supernate from 
TNFR1:IgG expressing cells to WEHI 
fibrosarcoma cells and measuring 
its ability to block TNF induced 
apoptosis in these cells.  Increas-
ing concentrations of TNFR1:IgG 
resulted in inhibiting TNF (62.5 pg/
ml) induced apoptosis of WEHI cells. 
Data shown are mean ± SD (N=2 in-
dependent experiments).
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Figure 2. Diabetes, salivary flow, and body weight in 
untreated and vector treated groups . A) Blood sugar 
was monitored starting at week 13 (5 weeks post vector 
delivery) as described in the Materials and Methods 
section. Data shown are the mean percentage from 2 
independent experiments (N=8 for untreated, N=20 for 
LacZ and N=19 for TNFR1:IgG). B) Saliva was collected 
as described in the Materials and Methods section over 
a 20-min period after stimulation with 0.5 mg/kg BW 
pilocarpine. Data shown are mean values +/- SEM (N=8 
for untreated, N=20 for LacZ and N=19 for TNFR1:IgG). 
P-values are indicated and were determined by non-para-
metric Wilcoxon’s ranksum test. Delivery of TNFR1:IgG 
resulted in significant decreased saliva flow not seen 
in control groups. C) The weight of the mice (in grams) was measured at the indicate times for LacZ, 
TNFR1:IgG, and untreated mice. There were no significant changes in bodyweight between all three groups 
as determined by unpaired student’s t-test. Data shown are the mean (+/- SD) of two independent experi-
ments (N=8 for untreated, N=11 for LacZ and N=12 for TNFR1:IgG per experiment).

TNFR1:IgG expression in the salivary gland does not affect the rate of hyperglycemia or bodyweight 
Stable TNFR1:IgG expression in the SGs was achieved by cannulation of the glands 
and retrograde delivery of the adeno associated virus (AAV) vector encoding either 
TNFR1:IgG (rAAV2-hTNFR1-mIgG1) or a control vector expressing β-galactosidase 
(rAAV2-LacZ) to both submandibular SGs of 8 week old mice (N=20 mice in the 
LacZ group and N=21 mice in the TNFR1:IgG group). Vector DNA was detected by 
Q-PCR on extracted total DNA from 20 week old SGs confirming gene transfer (data 
not shown) and human sTNFR1 was detected in extracted protein confirming protein 
expression (Table 2). Blood sugar levels were followed starting at 12 weeks of age. In 
two independent experiments, between 14 weeks and 19 weeks of age the TNFR1:IgG 
treated group did not show a statistically significant difference in the rate of IDDM 
compared with the LacZ treated group.  At 14 weeks of age, an average of 18% of 
the animals receiving TNFR1:IgG showed hyperglycemia (blood sugar >400 mg/dl) 
compared with 16% in the vector control group and by 24 weeks 73% in both vector 
treated groups had severe hyperglycemia (Figure 2A). This incidence of IDDM was 
similar to our historic rate in untreated mice (Figure 2A). 

Figure 1.

Figure 2.

Figure 1.

Figure 2.
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Figure 3.
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Figure 3. Focus score and infiltrate analysis in untreated and vector treated groups. A) Salivary glands were 
removed for histologic analysis at 24 weeks, fixed and stained with Hematoxylin and eosin. Histopathologic 
assessment was performed and presented as a focus score (see Materials and Methods). Data shown are the 
mean (+/- SD). No significant change was detected by 1-way ANOVA test followed by unpaired student’s 
t-test. Untreated (N=7), LacZ (N=8) and TNFR1:IgG (N=6) mice. B) Acetone fixed frozen sections from SGs 
were analyzed for CD4, CD8, CD19 and CD138 by immunohistochemistry followed by digital analysis as 
described in the Material and Methods section. Data shown are the mean positive cell counts per mm2 (+/- 
SEM). Higher means were observed for CD4, CD8 and CD138 in the TNFR1:IgG treated mice, but no signifi-
cant changes were detected by non-parametric Wilcoxon’s ranksum test. LacZ (N=4) and TNFR1:IgG (N=8).

Increased disease activity can cause growth retardation; therefore bodyweights were 
measured in the vector treated groups between 6 and 24 weeks of age and compared to 
untreated mice. We saw a normal age-dependent increase in bodyweight over time in 
all three groups, with no significant differences between the groups (Figure 2C). These 
results suggest that stable TNFR1:IgG expression in the SGs does not affect the rate of 
hyperglycemia or bodyweight in NOD mice. 

Stimulated salivary flow is inhibited by TNFR1:IgG treatment 
To investigate the effect of TNFR1:IgG expression on SG function, stimulated salivary 
flow was measured at 6,16, 20 and 24 weeks. Before vector delivery, the mean saliva 
volume/gram body weight was measured in each group. At 6 weeks of age, the mean 
volumes for LacZ (N=20) and TNFR1:IgG (N=21) were 3.88 ± 0.32 and 4.30 ± 0.49 
µl/g BW respectively. After vector delivery, the saliva volumes within the control group 
followed a similar course observed in our longitudinal studies in untreated mice (Figure 
2B). There was no significant difference (p = 0.6111) between the mean saliva volume 
before vector delivery and at 24 weeks (16 weeks post cannulation). In contrast, the 
saliva volume decreased at all time points in mice receiving TNFR1:IgG compared with 
the baseline value (4.65 ± 0.32 µl/g BW) prior to cannulation. Salivary flows were 4.04 
± 0.49, 3.80 ± 0.29 and 2.67 ± 0.48 µl/g BW at 16, 20 and 24 weeks respectively (Figure 
2B). Stimulated saliva volumes of animals at 20 and 24 weeks receiving TNFR1:IgG 
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locally in both submandibular glands were significantly decreased compared to their 
baseline levels (p = 0.0302 and p = 0.0038, respectively).  We were unable to detect any 
correlation between saliva volumes and blood glucose levels in individual NOD mice 
(data not shown). These data suggest that expression of a TNF inhibitor in the SGs of 
NOD mice results in decreased salivary flow. 

The effect of TNFR1:IgG therapy on inflammation in the salivary glands
To determine if this loss of SG activity was the result of autoimmune activity in the 
glands, we compared the number of focal infiltration of inflammatory cells within the 
SGs 25. Sections from the submandibular glands of TNFR1:IgG (N=6) and LacZ (N=8) 
treated mice sacrificed at 24 weeks were examined histologically with H&E staining 
to assess inflammatory infiltrates. The focus score (mean ± SD) of mice receiving 
TNFR1:IgG (2.68 ± 0.42) compared with 2.27 ± 0.43 and 2.17 ± 0.97 for mice receiving 
LacZ or untreated respectively was slightly increased (Figure 3A). This increase in focus 
score was not statistically significant when assessed by 1-way ANOVA (p = 0.4256, not 
shown). Thus far, our findings suggest no difference in SG activity or histology as a 
result of AAV vector delivery or LacZ expression which is in agreement with previous 
studies 15, 16. Therefore, we decided to collect cytokine data from the LacZ vector 
treated groups to focus on any cytokine changes that were the result of expression 
of the hTNFR1 study drug. In addition to scoring the number of foci, infiltrating 
lymphocytes were phenotyped in both vector treated groups. For both groups, CD4+ 
and CD8+ T lymphocytes were most prominent followed by B (CD19+) lymphocytes 
and plasma (CD138+) cells (Figure 3B). Both CD4+ and CD8+ T lymphocytes were 
slight increased in TNFR1:IgG treated mice with 1004 ± 208 (mean positive cells/mm2 
± SEM) and 927 ± 158 respectively compared to mice receiving LacZ (788 ± 115 and 
782 ± 117 respectively; Figure 3B). Although with higher variability, the same pattern 
was seen for plasma cells. Control vector treated mice showed 282 ± 45 plasma cells 
compared to 724 ± 227 in TNFR1:IgG treated mice. No difference for B lymphocytes 
was detected between the vector treated groups (Figure 3B). All the differences 
detected in lymphocytic cell types were not statistically significant when assessed by 
non-parametric Wilcoxon’s ranksum test.

TNFR1:IgG expression alters cytokine levels in the salivary glands and plasma
To investigate if local expression of TNFR1:IgG in the SG could change cytokine levels 
either systemically in the plasma or locally in the SGs, plasma samples and SG protein 
extracts were obtained from mice at 20 weeks (12 weeks post cannulation) and cytokine 
levels were measured by multiplex analysis (Table 2).  Expression of TNFR1:IgG in the 
SG did not change the level of murine TNF-α, MCP-1, or IL-6 in either plasma or 
SG samples. In the SG samples, cytokines from the Th1, Th2 and Th17 lineage (mIL-
12p70, mIL-5 and mIL-17) were significantly decreased in the TNFR1:IgG SG samples 
compared with control samples. In contrast, we observed a significant increase in 
murine tumor growth factor (mTGF)-β1. No significant change in mIFN-γ or mIL-4 
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expression in the SG samples from the TNFR1:IgG treated group compared with the 
control group (Table 2). Further analysis showed a correlation between SG hTNFR1 
levels and salivary flow (r = -0.833, p = 0.001; Figure 4A). Moreover, SG mTGF-β1, 
IL-5, IL-12p70 and IL-17 showed also a correlation with salivary flow (r = -0.641, p = 
0.034; r = 0.604, p = 0.049; r = 0.659, p = 0.027 and r = 0.604, p = 0.049 respectively, 
data not shown).

Interestingly, many cytokines showed an opposite pattern of expression in the plasma 
samples compared with the SG samples. Plasma levels of murine IL-4, IL-10, IL-12p70 
and IFN-γ were significantly increased and mTGF-β1 was significantly decreased in the 
TNFR1:IgG treated mice compared with controls (Table 2). IL-5 expression was also 
increased in plasma TNFR1:IgG treated samples compared with the decrease in the SG 
sample but the change was not statistically significant.  In contrast to the SG samples, 
IL-17 in the plasma remained unchanged.  Also, plasma IL-12p70 showed a correlation 
with salivary flow (r = -0.843, p = 0.001, Figure 4B). Similar results were obtained for 
plasma IL-4 (r = -0.889, p < 0.001, Figure 4C), IL-5 (r = -0.838, p = 0.001, Figure 4D), 
and IFN-γ (r = -0.682, p = 0.021, data not shown). These data imply a local effect of 
TNF-inhibitors, showing increased levels of TGF-β1 and decreased levels of IL-5, IL-
12p70 and IL-17 in SGs, accompanied by decreased levels of TGF-β1 and increased 
levels of IL-4, IFN-γ, and IL-12p70 in plasma. Correlation analysis also suggests that 
changes in expression of several of these cytokines may be closely linked with changes 
in salivary gland activity as measured by changes in salivary flow rates (Figure 4).

Table 2. Cytokines in salivary gland extract and plasma

Salivary gland extract (pg/ml per 20 mg wet SG) Plasma (pg/ml)

LacZ TNFR1:IgG p value LacZ TNFR1:IgG p value

mTNF-α 73.0 (53.0) 24.6 (2.5) 0.9273 21.2 (5.3) 45.5 (15.3) 0.3152

MCP-1 325.0 (222.7) 254.6 (70.6) 1.0000 182.0 (49.0) 95.1 (10.8) 0.0727

mIL-4 23.0 (12.2) 3.8 (1.0) 0.0727 1.2 (0.05) 16.1 (2.3) *0.0061

mIL-5 94.5 (41.4) 7.3 (1.9) *0.0061 2.3 (0.04) 30.7 (8.3) 0.0727

mIL-6 109.9 (61.4) 42.4 (15.2) 0.3152 20.7 (8.8) 37.0 (5.7) 0.1636

mIFN-γ 657.9 (305.5) 614.9 (216.1) 0.5273 192.9 (28.5) 511.7 (75.0) *0.0061

mIL-10 37.6 (14.8) 7.7 (2.0) 0.0727 3.0 (0.4) 27.5 (3.3) *0.0061

mTGF-β1 4342 (1742) 3.0E6 (7.8E5) *0.0061 7.8E5 (8.1E4) 1840 (187.7) *0.0061

mIL-12p70 130.2 (54.3) 6.3 (2.3) *0.0061 18.3 (11.0) 65.8 (7.4) *0.0242

mIL-17 53.2 (24.3) 5.4 (1.6) *0.0242 6.4 (3.1) 12.1 (1.8) 0.1636

hTNFR1 0.0 (0.0) 114.4 (43.5) ND

Protein expression of immunomodulatory molecules after administration of LacZ and TNFR1:IgG 
in salivary gland extract and plasma. Data shown are mean values +/- SEM.  Significant differences 
are indicated (*) and were determined by non-parametric Wilcoxon’s ranksum test. LacZ (N=4) and 
TNFR1:IgG (N=7). ND = not determined.
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The effect of TNFR1:IgG treatment on autoantibody formation
Sera from SS patients contain a number of identifiable autoantibodies directed against 
nuclear, cytoplasmic and cell surface components. Autoantibodies have also been 
reported to occur in patients receiving anti-TNF therapy and in NOD mice 1, 26-28. 
Therefore, we compared autoantibody levels in plasma samples from untreated 6 week 
old mice (N=4, pooled), 24 weeks old TNFR1:IgG (N=6) treated and control LacZ 
(N=8) treated mice. As shown in Figure 5, autoantibodies did increase with age but 
there was no clear cut difference between the LacZ and TNFR1:IgG treated groups for 
anti-SSA antibodies (Figure 5A). There was perhaps a minor trend towards increased 
levels of anti-SSB (Figure 5B) and ANA (Figure 5C), which did not reach statistical 
significance. These results imply that characteristic SS autoantibodies are produced 
over time in NOD mice, but there is no clear cut effect of local TNF blockade on the 
autoantibody profile.

Figure 3.

Figure 4.
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Figure 4. Correlation cytokines with salivary flow. Cytokine data were analyzed for correlation with 
salivary flow from mice at 20 weeks of age using the non-parametric Spearman’s Rho test. The correlation 
coefficient (r) and P-values are indicated. Data on the x-axis for figure A are plotted in log-scale. Strong cor-
relations were found for hTNFR1 (A) in SGs and IL-12p70 (B), IL-4 (C), IL-5 (D) in plasma.
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DISCUSSION

In order to better understand the local role of TNF and the effect of TNF soluble 
receptor based therapies on SG activity, we have stably expressed soluble TNFR1:IgG 
fusion protein locally in the SGs of NOD mice and followed stimulated saliva flow, 
sialadenitis, cytokine production, autoantibody levels, and insulin-dependent diabetes 
mellitus (IDDM) over 18 weeks. This local therapy resulted in decreased stimulated 
saliva flow and reduced Th1, Th2 and Th17 cytokine levels in the SG accompanied by 
increased levels of Th1 and Th2 cytokines in plasma.

The reduced SG activity after local TNF blockade suggests a protective role for TNF 
in SG function. TNF has been reported to exhibit anti-inflammatory activities, for 
instance by blocking the development of autoreactive T cells or by altering the balance 
of regulatory T cells 10, 11. Recently, the anti-inflammatory effects of TNF were reported 
to be mediated through TNFR2 in tolerogenic TGF-β treated antigen presenting cells 
(APC) and blocking of TNFR1 signaling enhanced the ability of APCs to secrete 
TGF-β in response to TGF-β exposure 29. Consistent with this notion, TNFR1:IgG 
treatment resulted in increased TGF-β1 tissue levels. The unaltered IFN-γ and MCP-1 
levels suggest an IFN-γ independent pathway. In plasma we found an opposite pattern 
after TNFR1:IgG treatment, with increased levels of IL-4, IL-12p70 and, IFN-γ and 
decreased expression of TGF-β1. Of interest, IL-12p70 (together with IFN-γ) has been 

Figure 5.

Figure 5. Autoantibodies in plasma. Plasma 
samples were collected and autoantibody levels 
were measured as described in the Material and 
Methods section using samples collected at 24 
weeks and compared with 4 different pools of 
pre-disease 6 week old mice. Antibody levels for 
SSA/Ro (A), SSB/La (B) and ANA (C) are shown 
(mean ± SD). Significant differences are indicated 
(*) and were determined by 1-way ANOVA test 
followed by unpaired student’s t-test. LacZ (N=8) 
and TNFR1:IgG (N=6).
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reported to be elevated in serum of SS patients 30. Moreover, recently we have reported 
salivary dysfunction in IL-12 transgenic mice, providing a new model for SS  31. The 
systemic decrease of TGF-β1 levels found in the present study is in agreement with the 
SS-like lymphoproliferation seen in TGF-β KO mice 32. Our data indicate that systemic 
upregulation of IL-12p70 and downregulation of TGF-β1 may play an important role 
in SS and these cytokines might promote SG dysfunction after anti-TNF treatment. 
The change in SG function after TNFR1:IgG treatment is in line with previous 
observations showing that under certain circumstances patients on anti-TNF therapy 
may develop additional autoimmune complications (e.g. demyelinating events)  33-36. 
TNF blockers have also been shown to induce antinuclear antibodies (ANA) and 
antibodies directed against double stranded (ds) DNA in autoimmune diseases, such 
as RA, spondyloarthritis (SpA) and systemic lupus erythematosus (SLE) 27, 28. 

There was no statistically significant change in focal infiltration of the gland or 
autoantibody levels in our study. Similarly, we previously found that SG activity can 
be affected  by the local expression of immunomodulatory proteins independent of the 
focus score 16. Additionally, phenotyping of the infiltrating lymphocytes showed a trend 
to increased positive cell counts for plasma cells, CD4+ and CD8+ T lymphocytes in 
TNFR1:IgG treated SGs. Our data suggest that i) expression of TNFR1:IgG does not 
impair the ability of lymphocytes to migrate to areas of inflammation and ii) there is 
no clear cut correlation between decreased saliva flow and the severity of inflammation 
within the glands. A large body of literature has determined that in rodents, AAV2 
based vectors only trigger a minimal and largely transient immune response. Although, 
we have not specifically tested for the generation of anti-AAV2 antibodies or cytotoxic T 
lymphocytes (CTLs) in this study, the SG activity and infiltrate scores were very similar 
for both untreated mice and those cannulated with AAV2 LacZ vector, suggesting the 
AAV2 vector itself has minimal response. In other studies we have also used a vector that 
does not encode a transgene such as LacZ and found similar results (data not shown).

There is at present no generally accepted animal model for SS, which represents all 
the features of this condition. However, in addition to its utility in studying IDDM, 
the NOD mouse can also develop other autoimmune conditions such as gender- and 
age-specific mononuclear gland infiltrates and exocrine dysfunction of salivary and 
lacrimal glands that resemble Sjögren’s syndrome 37. We have previously used this 
model successfully to demonstrate the stimulatory effect of IL-10 15 and vasoactive 
intestinal peptide gene transfer 16 on SG activity. The development of autoimmune 
disease in these mice can, however, be affected by environmental and experimental 
conditions and is also dependent on the specific substrain of the NOD mice 38-40. Over 
the last 2 years we have maintained a colony of NOD mice under defined conditions 
that develop sialadenitis. Consistent with our recent observations 38, the mice developed 
SG infiltrates and autoantibodies without developing a spontaneous loss of SG activity. 
Also, other NOD-derived strains have been reported as SS animal models, such as 
NOD.B10-H2b 41 and C57BL/6.NOD-Aec1 Aec2 42. Each of these strains has advantages 
compared with NOD/LTJ mice and as they become more widely studied, may be useful 
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models for examining the long term effects of immunomodulatory proteins which is 
difficult in NOD/LTJ mice. 

The results presented here also show that local TNFR1:IgG treatment administered 
to the SG does not affect the incidence of diabetes in this model. Several studies have 
indicated that systemically increasing TNF levels can prevent the onset of IDDM in 
NOD mice 11, 43. Potential mechanisms include the effect of TNF on signal transduction 
through the T-Cell Receptor (TCR), including NF-κB expression, and/or a direct 
effect of TNF on T-cell apoptosis in the periphery 11, 44. On the other hand, systemic 
TNFR1:IgG treatment prevented diabetes in NOD mice 45. Taken together, the role of 
TNF in the pathogenesis of diabetes in NOD mice is still controversial 43. Conceivably, 
the systemic levels of TNFR1:IgG  in our study were too low to influence the disease 
proves in the pancreas. 

In contrast to TNFR2, the type 1 TNF receptor can bind both TNF-α and lymphotoxin 
(LT)-α. The results shown in our experiments are likely the result of binding both 
cytokines. At this point, we are not able to distinguish between both effects and 
therefore cannot conclude that the effect on gland activity is caused by blocking TNF-α 
alone. Further mechanistic experiments are needed to explain the exact role of anti-
TNF in SS. 

In conclusion, the data presented here do not support the notion that local TNF 
blockade may have a beneficial effect in SS. In contrast, TNF blockade might worsen 
SG function in this disease.
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ABSTRACT

Introduction: Intercellular adhesion molecule-1 (ICAM-1) is involved in migration 
and co-stimulation of T and B cells. Membrane bound ICAM-1 is over expressed in 
the salivary glands (SG) of Sjögren’s syndrome (SS) patients and has therefore been 
proposed as a potential therapeutic target. To test the utility of ICAM-1 as a therapeutic 
target, we used local gene therapy in non obese diabetic (NOD) mice to express soluble 
(s)ICAM-1/Fc to compete with membrane bound ICAM-1 for binding with its receptor. 
Therapy was given prior to and just after the influx of immune cells into the SG.

Methods: A recombinant serotype 2 adeno associated virus (rAAV2) encoding ICAM-1/
Fc was constructed and its efficacy tested in the female NOD mice after retrograde 
instillation in the SG at eight (early treatment) and ten (late treatment) weeks of age. SG 
inflammation was evaluated by focus score and immunohistochemical quantification 
of infiltrating cell types. Serum and SG tissue were analyzed for immunoglobulins (Ig).

Results: Early treatment with ICAM-1/Fc resulted in decreased average number of 
inflammatory foci without changes in T and B cell composition. In contrast, late treated 
mice did not show any change in focus scores, but immunohistochemical staining 
showed an increase in the overall number of CD4+ and CD8+ T cells. Moreover, early 
treated mice showed decreased IgM within the SGs, whereas late treated mice had 
increased IgM levels, and on average higher IgG and IgA levels. 

Conclusions: Blocking the ICAM-1/LFA-1 interaction with ICAM-1/Fc may result in 
worsening of a SS like phenotype when infiltrates have already formed within the SG. 
As a treatment for human SS, caution should be taken targeting the ICAM-1 axis since 
most patients are diagnosed when inflammation is clearly present within the SG.
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INTRODUCTION

Intercellular adhesion molecule-1 (ICAM-1) binds to lymphocyte function-associated 
antigen-1 (LFA-1) and macrophage-1 antigen (Mac-1) on immune cells, and is 
involved in adhesion and migration of leucocytes in an inflammatory environment. 
ICAM-1 also plays an important role in the co-stimulatory pathway involved in T cell 
activation and clonal expansion 1, and T cell dependent B cell activation 2. ICAM-1 
is upregulated in endothelial cells, lymphocytes, fibroblasts, and ductal epithelium 
of salivary glands (SG) from Sjögren’s syndrome (SS) patients 3-6. SS is a systemic 
autoimmune disorder affecting secretory tissue, including the lacrymal and salivary 
glands, resulting in keratoconjunctivitis sicca (dry eyes) and xerostomia (dry mouth). 
One of the pathological hallmarks of the disease is the focal infiltration of mononuclear 
cells into these secretory glands.

Currently, there is no effective treatment for SS. Since ICAM-1 is consistently found to 
be upregulated in SS, it has been suggested that targeting ICAM-1 and the interaction 
with its ligands may positively affect the disease outcome 7, 8. In previous studies, 
blocking ICAM-1 interaction by systemic administration of ICAM-1/Fc, has proven 
to be an effective therapy for autoimmune diabetes in the non obese diabetic (NOD) 
mouse. Intraperitoneal (ip) injection with ICAM-1/Fc before the clinical onset of 
disease in NOD mice, resulted in decreased monocytic infiltration into the pancreas, 
reduced Th1 cytokines levels and a lower diabetes incidence 9. Another study showed 
that treatment of NOD mice with ICAM-1/Fc after the onset of diabetes resulted in 
long-term remission of diabetes in >50% of treated mice. Interestingly, remission 
was not accompanied by decreased diabetogenic T cells and did not result in overall 
immunosuppression, suggesting induction of tolerance by ICAM-1/Fc 10. 

Independent of diabetes 11, the NOD mice also spontaneously develop a complex 
of features that resembles SS in humans 11. These mice spontaneously develop SG 
focal infiltrates, mainly consisting of B and T cells, and within the inflamed SG, 
membrane bound endothelial and epithelial ICAM-1 and LFA-1 are upregulated 12. 
These characteristics make the NOD mouse a reasonable model to study the potential 
therapeutic effect of ICAM-1 interference on the development of SS.

Since ICAM-1 plays a role in the migration of immune cells into tissue, we tested the 
effect of ICAM-1/Fc overexpression and secretion by ductal cells in SG of NOD mice, 
before (early treatment) and after (late treatment) the influx of inflammatory cells, to 
see whether we can intervene with the formation of the first focal infiltrates. The ductal 
cells are thought to play a crucial role in the pathogenesis of SS 13 since focal infiltrates 
in SS are mainly found surrounding the ductal epithelial cells. Moreover, ductal cells 
produce high levels of pro-inflammatory cytokines and can act as nonprofessional 
antigen presenting cells 14, making these cells an attractive target. In this study, we 
investigated whether sustained expression of ICAM-1/Fc by ductal epithelial cells via 
local gene therapy in the SG of NOD mice could affect the development of SS-like 
clinical and immunological symptoms.
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MATERIALS AND METHODS

Vector design and in vitro expression
The plasmid for mouse ICAM-1 coupled to the Fc-part of mouse immunoglobulin G1 
(IgG1) was kindly provided by Dr. Lemarchand (Université René Descartes, France). 
We previously reported the construction of recombinant (r)AAV-LacZ encoding 
β-galactosidase 15. The plasmid for rAAV-luciferase was a kind gift of Dr. Mizukami 
(Jichi Medical School, Japan). Each gene was cloned into a rAAV plasmid containing 
a cytomegalovirus (CMV) promoter and the inverted terminal repeat (ITR) sequences 
for AAV2. 

The resulting plasmid (pAAV2-CMV-mICAM-1-mIgG1) was transfected into HEK 
293 T cells and protein secretion into the supernatant was quantified by an ELISA kit 
for mouse ICAM-1 (R&D systems, Minneapolis, MN, USA). The size of the fusion 
protein (ICAM-1/Fc) was confirmed by western blotting of the supernatant after 
transfection under reduced and nonreduced conditions using a 10% SDS gel, rat anti-
mouse ICAM-1 (R&D systems) as a primary antibody and a labeled (IRDye 800 CW) 
goat anti-rat IgG (Li-Cor, Lincoln, NE, USA) as a secondary antibody. A recombinant 
mouse ICAM-1/Fc chimera (R&D systems) was used as a positive control.

In vitro biological activity
The biological activity of the expressed soluble ICAM-1/Fc was tested in vitro for the ability 
to bind LFA-1. A flat bottom 96-well plate was coated overnight at 4⁰C with supernatant 
containing ICAM-1/Fc or recombinant ICAM-1/Fc (R&D systems) as positive control. 
Human T cell blastoma cells (HSB2, ATCC, Manassas, VA, USA) were stimulated with 
phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA) at 50 
nM final concentration for 30 minutes (min) at 37⁰C to increase LFA-1 expression on 
the membrane. Cells were labeled with fluorescent calcein-AM solution (Invitrogen, 
Carlsbad, CA, USA) at 25 μM final concentration for 30 min at 37⁰C. Stimulated and 
labeled HSB2 cells (5x104 cells/well) were incubated for 1.5 hr at 37⁰C in the pre-coated 
wells. The plate was read before and after washing at 485-538 nm in a Spectramax M2 
plate reader (Molecular Devices Corporation, Sunnyvale, CA, USA). The difference in 
optical density between before and after washing was expressed as percentage adhesion.

Mice
NOD mice (001976 NOD/ShiLtJ, Jackson, Bar Harbor, ME, USA) were ordered at 
6 weeks of age and were kept in pathogen-free conditions. All procedures involving 
animals were performed in compliance with the National Institutes of Health (NIH) 
Guidelines on Use of Animals in Research. Animal protocols were approved by the 
National Institute of Dental and Craniofacial Research (NIDCR) Animal Care and Use 
Committee (ACUC) and the NIH Biosafety Committee. The approval identification 
number is 09-512.
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In vivo vector delivery and detection
Prior to SG administration, all vectors were dialyzed for 3 hours (hrs) against saline. 
Eight (early treatment) or ten (late treatment) week old mice were anesthetized 
intramuscularly (im) with a combination of ketamine (100 mg/mL, 1 mL/kg body 
weight; Fort Dodge Animal Health, Fort Dodge, IA, USA) and xylazine (20 mg/mL, 0.7 
mL/kg body weight; Phoenix Scientific, St. Joseph, MO, USA). To each submandibular 
gland 50 µl vector solution, containing 1x1011 vector (ICAM-1/Fc or control vector 
LacZ) particles plus 1x109 luciferase reporter vector, was administered by retrograde 
ductal instillation using a thin cannula (Intermedic PE10, Clay Adams, Parsippany, NJ, 
USA), as previously described 7. This way of administration is known to effectively and 
stably transduce the epithelial ductal cells in the SG 16. At the end of the treatment (20 
weeks of age), localization of vector delivery was confirmed by luciferase activity after 
ip injection of 100 μl (40 mg/ml) luciferin (Gold Biotechnology, St. Louis, MO, USA) 
and luminescence was imaged by an in vivo luminescence imager (Xenogen IVIS® 
imager using living® image software, Alameda, CA, USA). Vector DNA delivery was 
also confirmed by homogenization of SG and total genomic DNA was isolated using 
DNeasy blood & tissue kit (Qiagen, Venlo, the Netherlands). The vector was detected 
using on an ABI StepOnePlus Real-Time PCR system (Applied Biosystems, Carlsbad, 
CA, USA) using the following primers specific for the therapeutic gene region: forward 
5’-TAGAATTCGCAATGGCTTCA-‘3, reverse 5’-CTTCTCTGGGATGGATGGAT  
and probe 5’-CACCAGGCCCAGGGATCACA-3’. 

Saliva collection and sacrifice
Mice were anesthetized as described above and saliva secretion was induced by 
subcutaneous injection of pilocarpine (0.5 mg/kg BW; Sigma-Aldrich, St. Louis, 
MO, USA). Stimulated whole saliva was collected for 20 minutes from the oral cavity 
with a hematocrit tube (Drummond Scientific Company, Broomall, PA, USA) placed 
into a preweighed 0.5 ml microcentrifuge tube, and the volume was determined 
gravimetrically. At time of sacrifice, serum and the SGs were collected to analyze the 
effect of treatment compared with the controls. 

Histological assessment and immunohistochemistry
At the end of the study the mice were euthanized and one cross sectional part of the 
SG was embedded in paraffin and sections were cut at 5 µm. Three non-consecutive 
sections were stained with hematoxylin and eosin (H&E). The FS was determined for 
each mouse, in which one focus is defined as an aggregate of 50 or more lymphocytes 
and the FS defined as the average foci per 4 mm2 SG tissue. Slides were scored blindly 
by at least 2 different researchers. Other paraffin sections were stained with rat anti-
mouse B220 (kindly provided by Dr. K. van Gisbergen, University of Amsterdam, the 
Netherlands) after heat-induced citrate antigen-retrieval. Another cross-sectional 
part of the SG was collected and frozen into OCT compound (Tissue-Tek, Sakura, 
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Zoeterwoude, the Netherlands) and sections were cut at 5 µm. Sections were stained 
with rat anti-mouse CD4 (eBioscience, San Diego, CA, USA), rat anti-mouse CD8 
(eBioscience), rat anti-mouse CD68 (Abcam, Cambridge, MA, USA), and hamster 
anti-mouse CD11c (Abcam), each at a 1:100 dilution. Anti-Foxp3 (eBioscience) was 
used at a 1:50 dilution using an extra amplification step with biotin labeled tyramide 
(PerkinElmer, Waltham, MA, USA) and streptavidin labeled HRP (PerkinElmer). 
Foxp3 is considered a reasonable marker for the presence of Tregs in tissue.

For endogenous ICAM-1 expression, salivary glands of 8, 12, 16 and 20 week old non-
treated NOD mice were frozen in OCT compound, sections were cut at 7 μm and were 
stained with rat anti-mouse ICAM-1 (Abcam). As secondary antibodies goat anti-rat-
HRP (Southern Biotechnology, Birmingham, AL, USA) and goat anti-hamster-HRP 
(Jackson Immunoresearch, Suffolk, UK) were used. Staining was developed with AEC 
substrate (Dako, Glostrup, Denmark). Images of the high-power fields taken of the foci 
were analyzed using the Qwin analysis system (Leica, Cambridge, UK), as described 
previously 17. Within each group of treated and control mice, absolute staining intensity 
values were divided by the average of controls and expressed as relative IOD. In 
addition, the percentage of total SG tissue surface area taken up by foci was quantified 
for each section.

Detection of IgA, IgG and IgM in serum and salivary glands
Serum was collected by heart puncture just after sacrifice, blood was left to clot for 
3 hrs on ice and was spun down for 25 minutes at 2500xg at 4˚C. SG homogenates 
were made by homogenizing a part of the frozen SG in HEPES lysis buffer containing 
protease inhibitors (Roche, Indianapolis, IN, USA) overnight at 4˚C and total protein 
was determined with BCA™ protein assay kit (Pierce, Rockford, IL, USA). IgA, IgG and 
IgM in serum and tissue homogenates were determined using commercially available 
ELISA kits (Bethyl Laboratories, Montgomery, TX, USA) and final concentrations 
were corrected for total protein concentration.

Statistical analysis
Differences between experimental groups in focus scores were assessed using Student’s 
t-tests. Differences in all other experiments were assessed using the non-parametric 
Wilcoxon’s ranksum test or the parametric Student’s t-test depending on the Gaussian 
distribution. All the analyses were performed with GraphPad Prism statistical software 
(GraphPad Software Inc. version 5.01, La Jolla, CA, USA). A P value ≤ 0.05 was 
considered to be statistically significant.
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RESULTS

Natural expression of ICAM-1 in the salivary glands of NOD mice
ICAM-1 expression was determined in the SGs of NOD mice at the age of 8, 12, 16 and 
20 weeks. Eight week old NOD mice do not have focal infiltrates, but already expressed 
ICAM-1 in the ductal and endothelial epithelium (Figure 1A). From 12 weeks to 20 weeks 
of age, when infiltrating lymphocytes are clearly present, ICAM-1 was still expressed 
within the epithelial and endothelial cells, but was also strongly expressed in the focal 
infiltrates (Figure 1B-D). Quantification of ICAM-1 showed a nearly 10-fold increase 
(p < 0.005) of expression levels between 8 and 12 weeks of age, and this stayed stable 
after 12 weeks (Figure 1E). This increase was based on infiltrating cells, since increase in 
expression of the ductal and endothelial cells did not change (data not shown). 

In vitro ICAM-1/Fc is secreted as a dimer and is biologically active 
ICAM-1/Fc was cloned into an AAV2 vector and the vector was tested for protein 
expression after transfection of human embryonic kidney (HEK 293) T cells. 
Supernatant was harvested 48 hrs after transfection and a western blot was performed 
under reducing and nonreducing conditions. ICAM-1/Fc secreted in the supernatant 
migrated as expected as a dimer with a molecular mass of approximately 240 kDa under 
nonreducing conditions and as a monomer at 120 kDa under reducing conditions, 
similar to commercially available recombinant ICAM-1/Fc (Figure 2A). Supernatant 
was tested in an ELISA and 0.62 ug/ml of fusion protein was detected, which was within 
the expected range for AAV-plasmid expression (data not shown). An in vitro biological 
activity assay showed a 52% binding of activated lymphocytes, over expressing LFA-1, 
to wells coated with supernatant containing ICAM-1/Fc, similarly to the commercially 
available recombinant ICAM-1/Fc (Figure 2B). 

Confirmation of local transgene delivery and stable transduction of the salivary gland in vivo 
after local administration
SGs of NOD mice of 8 or 10 weeks of age were cannulated with AAV2-vectors 
containing ICAM-1/Fc or LacZ together with a luciferase reporter vector. We used 
1x1011 viral particles per SG since previous studies from our group have shown 
that the optimal dose for protein expression without causing a significant immune 
response lies between 1x1010 and 1x1011 particles per gland 18, 19. Prior to sacrifice, 
mice were anesthetized and were given luciferin ip, after which luminescence was 
measured by an in vivo luminescence imager (IVIS) to ensure localized transfer of 
the vectors to the SGs. Figure 2C shows a representative mouse expressing luciferase 
in the SG, 10 weeks after a single administration. Vector delivery was also confirmed 
using quantitative polymerase chain reaction (qPCR) on total DNA extracted from 
treated SGs (data not shown). In agreement with previous studies by our group 
expression was localized to the salivary gland and not detected in other tissues of the 
animal (data not shown)
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Figure 1.

Figure 2.

Figure 2. In vitro and in vivo expression and biological activity of 
ICAM-1/Fc. A) In vitro expression of ICAM-1/Fc was shown using a 
reducing and nonreducing SDS-PAGE gel. Under reducing conditions, 
ICAM-1/Fc migrated as a monomer with a molecular mass of approximately 
120 kDa and under nonreducing conditions as a dimer with a molecular 
mass of approximately 240 kDa. Lane 1 is recombinant ICAM-1/Fc and lane 
2 is supernatant of transfected HEK 293 T cells with ICAM-1/Fc. B) The bio-
logical activity of the ICAM-1/Fc was determined by adding stimulated and 
labeled T cell blastoma cells to plates coated with ICAM-1/Fc-transfected 
supernatant. The optical density between before and after washing the wells 
is expressed as percentage binding to LFA-1. Data shown are mean values 
+/- SD of 3 experiments. PBS = phosphate buffered saline coated wells, mock 
= mock-transfected supernatant coated cells. C)  In vivo imaging of lucifer-
ase expression within the SGs. One representative mouse is shown.

Figure 1.

Figure 2.

Figure 1. Natural ICAM-1 expression in NOD salivary 
glands. Frozen sections from 8 (N = 5), 12 (N = 5), 16 (N = 4), 
and 20 (N = 5) week old non-treated NOD SGs were analyzed 
and quantified for natural ICAM-1 expression. Representa-
tive images (400x magnification) of ICAM-1 expression in 
NOD SGs are shown at 8 (A), 12 (B), 16 (C), and 20 (D) 
weeks of age. Arrows indicate ICAM-1 expression at ductal 
and endothelial epithelium. E) Quantification of ICAM-1 ex-
pression for all ages. Data shown are mean values +/- SD. The 
P-value was determined by the parametric Student’s t-test.
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Early treatment decreased overall inflammation of the salivary glands 
To determine the effect of treatment with ICAM-1/Fc on inflammation of the SGs, 
NOD mice treated at 8 weeks (early treatment) or at 10 weeks (late treatment) of age 
were euthanized at 20 weeks and the focus score (FS) was determined. FS in early 
ICAM-1/Fc-treated mice were significantly lower compared with LacZ-treated mice 
(2.3 ± 0.9 versus 3.3 ± 1.0, p < 0.005). In contrast, late treatment did not affect the FS 
(3.2 ± 1.4 versus 3.0 ± 1.1, p = 0.78) (Figure 3).

Late ICAM-1/Fc treatment increased CD4+ and CD8+ T cells in the salivary gland
To identify the cell types affected by the ICAM-1/Fc treatment, we performed 
immunohistochemistry (IHC) analysis and quantification of the foci of SG sections 
from early and late treated mice. Despite the reduced number of foci, no specific cell 
type was found to be reduced within these foci (Figure 4). In contrast, late treated 
mice showed a significant number of mice with an increased relative integrated 
optical density (IOD) of positive CD4+ (p = 0.03) and CD8+ T cell staining (p < 0.01) 
(Figure 4A). No differences in the relative IOD of macrophages (CD68), dendritic cells 
(CD11c), B cells (B220+) and Treg (Foxp3+) were detected in both early (p = 0.97, p = 
0.99, p = 0.40, and p = 0.94 respectively) and late (p = 0.45, p = 0.41, p = 0.61, and p = 
0.78 respectively) treated mice (Figure 4B-C).

ICAM-1/Fc can affect local and systemic immunoglobulin levels depending on disease stage
ICAM-1 is involved in T cell activation and T cell dependent B cell activation. Therefore, 
we studied whether interrupting the ICAM-1/LFA-1 interaction would alter local and 
systemic immunoglobulin (Ig) levels. Early treatment showed decreased levels of IgM 
in the ICAM-1/Fc treated SGs compared to LacZ controls (0.42 ± 0.13 μg/ml versus 
0.54 ± 0.17 μg/ml, p = 0.02); IgG (p = 0.47) and IgA (p = 0.44) levels were unchanged 
(Figure 5A). In contrast, late treatment with ICAM-1/Fc resulted in increased levels of 
IgM (0.93 ± 0.35 μg/ml versus 0.60 ± 0.29 μg/ml, p = 0.04) in the SGs, and tended to 
increase local IgG (5.36 ± 1.47 μg/ml versus 3.90 ± 1.82 μg/ml, p = 0.08) and IgA levels Figure 3.

Figure 4.

Figure 3. Decreased focus score in early treated 
mice. SGs from early treated mice (N = 16 for LacZ 
and N = 19 for ICAM-1/Fc) and late treated mice 
(N = 8 for LacZ and N = 9 for ICAM-1/Fc) were 
removed for histologic analysis to assess the overall 
inflammation. Data are shown as box and whisker 
plots with the mean and 5-95 percentile. The P-value 
was determined by the parametric Student’s t-test. 
ET = early treatment, LT = late treatment.
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Figure 3.

Figure 4.

Figure 3.

Figure 4.

Figure 3.

Figure 4.

Figure 4. Increased relative IOD of CD4+ and CD8+ T cells in late treated mice. SGs from early and 
late treated mice with an average of 7 mice per group were quantified for CD4+ T cells, CD8+ T cells (A), 
CD68+ macrophages, CD11c+ dendritic cells (B), and B220+ B cells and Foxp3+ regulatory T cells (C). Data 
shown are the mean relative IOD. The P-value was determined by the parametric Student’s t-test or the non-
parametric Wilcoxon’s ranksum test depending on the Gaussian distribution for each staining.

(5.78 ± 2.34 μg/ml versus 3.85 ± 2.19 μg/ml, p = 0.08) (Figure 5B). Ig serum levels in 
the early treated mice were unaltered (Figure 5C). In contrast, late ICAM-1/Fc treated 
mice showed increased serum levels of IgM (0.52 ± 0.06 mg/ml versus 0.36 ± 0.11 mg/
ml, p < 0.005), and IgA (0.78 ± 0.19 mg/ml versus 0.57 ± 0.19, p = 0.05), and tended 
to increase serum IgG levels (1.71 ± 0.44 mg/ml versus 1.34 ± 0.51 mg/ml, p = 0.19) 
(Figure 5D). 
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Salivary flow was unaltered after ICAM-1/Fc delivery
NOD mice in our facility start to develop decreased salivary flow from 16 weeks of age 
(Roescher et al, unpublished data). To study whether the reduced SG inflammation 
after ICAM-1/Fc treatment affected the salivary flow, we measured stimulated salivary 
flow at the end of study (age 20 weeks). Despite the observed reduction in focus score, 
stimulated salivary flow was not improved in early treated mice. In addition, to make 
sure we did not miss the window of effect for ICAM-1/Fc, we also tested early treated 
mice at 16 weeks of age and also in this group no difference in salivary flow was 
observed. In the late treatment group also no differences were seen in salivary flow 
compared with controls despite the increase observed in SG infiltrating T cells (data 
not shown). Figure 5.

Figure 5.

Figure 5. The timing of ICAM-1/Fc delivery affects local and systemic immunoglobulin levels. SG ho-
mogenates (A-B) and serum (C-D) from early (average of N = 8 per group) and late (average of N = 18 per 
group) treated mice were analyzed for IgG, IgA and IgM. Data shown are mean +/- SD. The P-value was 
determined by the parametric Student’s t-test or the non-parametric Wilcoxon’s ranksum test depending on 
the Gaussian distribution for each Ig.
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DISCUSSION

ICAM-1 is upregulated in many inflammatory diseases. It functions as an adhesion 
molecule and plays a role in the interaction and reciprocal activation of B and T cells by 
binding to LFA-1 and Mac-1. Targeting the interaction between ICAM-1 and LFA-1 as 
a treatment for (auto)immunity has been the subject in a number of studies (reviewed 
in 20), and was shown to have beneficial effects in animal models for autoimmune 
diseases 9, 10. ICAM-1 and LFA-1 are upregulated in SG of SS patients 3-6 suggesting 
an important role for these molecules in this disease. This is further supported by the 
observation that systemic administration of antibodies to LFA-1 in NOD mice resulted 
in inhibition of infiltration of the lacrymal glands 21. Moreover, in vitro stimulation of 
human salivary gland (HSG) ductal cells with interferon (IFN)-γ gamma, a cytokine 
central to SS 22, in the presence or absence of tumor necrosis factor (TNF), increased 
the expression of ICAM-1 on the cell surface 23. It has therefore been speculated that 
interfering with the ICAM-1/LFA-1 interaction may improve the clinical outcome in 
SS. To study this, ICAM-1/Fc was expressed in the SG of NOD mice in an initiation 
phase and in a more advanced stage of a SS-like disease and the effect on inflammatory 
parameters was assessed.

NOD mice start to form SG infiltrates from around 8 weeks of age. At this age, prior to 
the development of infiltrates, mice clearly expressed ICAM-1 in the ductal epithelium 
and endothelium. Four weeks later the overall ICAM-1 expression was increased 
10 fold, based on the expression of newly infiltrated cells. These data confirm that 
endothelium and epithelium are already activated prior the influx of lymphocytes 
and suggest that ICAM-1 signaling is important in an early phase of the pathogenesis 
of SS in these mice. Based on these results and on existing literature indicating that 
timing of ICAM-1 interference can determine the outcome 24, we hypothesized that 
treatment with ICAM-1/Fc at an initiation phase of the disease may differ from and be 
more effective than treatment later in the disease course. Therefore we treated 8 week 
old mice, just before inflammatory cells are entering the SG, and at 10 weeks at an 
accelerated phase of the disease when distinct foci have formed in the majority of mice 
(N. Roescher et al, manuscript in preparation). 

Mice were cannulated with a non-replicating AAV type 2 vector, known to stably 
transduce ductal epithelial cells in the SG 25. Indeed, at the age of 20 weeks, vector DNA 
of ICAM-1/Fc was still detected in the SG indicating stable transduction. Moreover, in 
vivo imaging of luciferase activity, which was cotransduced during administration of 
ICAM-1/Fc, showed localized expression in the SG. No luciferase activity was detected 
in the liver or in any other organ, indicating no systemic spread (data not shown). 

Inflammation of the SG was reduced in the early treated mice, although no reduction of 
any specific cell type was found within the foci, suggesting a general block on the influx 
of cells into the SG. Interestingly, although the absolute FS was unchanged in the late 
treatment group, the relative IOD of CD8+ cells and CD4+, but not of Treg (Foxp3+) 
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cells was increased compared with the control mice. We also noted a ~2 fold increase in 
the average size of the foci (data not shown), suggesting a specific recruitment to or local 
expansion of effector T cells in the SG foci. These data are consistent with previously 
reported T cell proliferation and IL-2 secretion after incubation with ICAM-1/Fc in 
vitro, indicating direct or indirect T cell activation by ICAM-1/Fc 10. In addition, the 
contrasting effects observed in the different timing of treatment indicate a shift in the 
role for therapeutic ICAM-1/Fc over the course of disease progression. Although we did 
not study this in detail, this notion is also supported by literature. Recently, anti-ICAM-1 
antibodies have been shown to positively affect the clinical course of experimental 
autoimmune encephalitis (EAE) when given in an early phase of the disease, whereas 
treatment given in a later phase, worsened the clinical score of the treated mice 24. Based 
on these data and on the early expression of endogenous ICAM-1 in the SG of mice, 
it would be interesting to study ICAM-1/Fc delivery at an earlier age than 8 weeks. 
However, the SG of NOD mice are not fully developed until the age of 8 weeks and hence 
the orifices of the main ducts of the submandibular gland draining into the oral cavity 
are very small making it technically not feasible to cannulate the glands before this age.

In parallel to our animal study, a clinical study was undertaken at the National Institutes 
of Health (NIH) in patients with SS using a monoclonal antibody to the CD11a subunit 
of LFA-1 (efalizumab), a ligand of ICAM-1. Unexpectedly, this treatment increased 
inflammation in minor salivary glands and development of de novo autoantibodies 
was detected in some patients 26. Although this therapeutic approach is different from 
the approach we present in this paper (e.g. the use of a monoclonal antibody versus a 
soluble molecule), these results may further indicate that blocking the ICAM-1/LFA-1 
interaction may cause adverse effects once inflammation is established.

Many SS patients have high levels of circulating immunoglobulins, indicating B cell 
activation. Since ICAM-1 is involved in T cell dependent B cell stimulation, directly 
or via the production of IL-2 by activated T cells, we measured the effect of ICAM-1/
Fc on local immunoglobulin production. Immunoglobulin levels in the SG were 
differentially affected based on the timing of ICAM-1/Fc expression, with the most 
striking differences observed in IgM levels, suggesting again a dichotomous role for 
ICAM-1/Fc in the course of murine SS. Little is known about the direct role of ICAM-1 
on immunoglobulin synthesis, but the effects observed could be the result of direct 
B cell stimulation or indirect stimulation via activation of T cells by ICAM-1/Fc. 
Additional research is required to elucidate the exact mechanism.

Stimulated salivary flow was unchanged despite reduced inflammation in the early 
treatment group, indicating that infiltration of the SG by lymphocytes in the early 
treated group was not sufficiently suppressed. On the other hand, salivary flow was 
also unchanged in the late treatment group, despite the increase of CD4+ and CD8+ T 
cells in the SG, suggesting that T cells may not play a direct role in SG dysfunction of 
the inflamed glands. Most importantly, these data imply that the loss of salivary flow 
in SS is the end result of a complicated pathological process that is poorly understood.
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In summary, the expression of ICAM-1/Fc in the SG of NOD mice led to a modest 
decrease in autoimmune sialadenitis when treatment was given at an early stage of the 
disease. However, late treatment increased the number of CD4+ and CD8+ T cells in the 
SG, and immunoglobulin levels in the SG and serum, indicating a dichotomous role for 
ICAM-1/Fc on the pathogenesis of murine SS depending on disease stage. These data 
also indicate that caution must be taken in treating human SS with therapies targeting 
the ICAM-1/LFA-1 interaction, since it is likely that most patients are diagnosed and 
request treatment in a more progressed stage of the disease.
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ABSTRACT

Introduction: Patients with Sjögren’s syndrome (SS) display activation of B cells and 
have increased levels of B cell-related mediators like B cell activating factor (BAFF) and 
a proliferation-inducing ligand (APRIL). We studied the biological effect of neutralizing 
these cytokines by local gene transfer of their common receptor, transmembrane 
activator and CAML interactor (TACI), in an animal model of SS. 

Methods: A recombinant serotype 2 adeno associated virus (rAAV2) encoding 
TACI-Fc was constructed and its efficacy tested in the female non obese diabetic (NOD) 
mouse model after retrograde instillation in submandibular salivary glands (SG). Ten 
weeks later, SG inflammation was evaluated by focus score, immunohistochemical 
characterization, and quantification of individual cell types within the inflammatory 
foci. Serum and SG tissue were analyzed for inflammatory markers including 
immunoglobulins (Ig) and cytokines. 

Results: AAV2-TACI-Fc gene therapy significantly reduced the number of inflammatory 
foci in the SG, due to a decrease in IgD+ cells and CD138+ cells, as well as, to a lesser 
extent, CD19+ cells. Moreover, IgG and IgM levels, but not IgA levels were reduced in 
the SG. Overall expression of mainly pro-inflammatory cytokines tended to be lower 
in AAV2-TACI-Fc treated mice compared to control mice treated with AAV2-LacZ. 

Conclusions: Local expression of soluble TACI-Fc reduced inflammation in the SGs of 
NOD mice by reducing the number of B and plasma cells as well as IgG and IgM levels. 
These data support the rationale for future studies evaluating the effects of blockade of 
APRIL and BAFF in the SGs of patients with SS.
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INTRODUCTION

Sjögren’s syndrome (SS) is a systemic autoimmune disorder characterized by 
lymphocytic infiltration of the exocrine glands. The important role of B cells in the 
disease is demonstrated by the recruitment of activated and memory B cells in salivary 
gland (SG) infiltrates 1, the presence of autoantibodies to the nuclear antigens Ro and 
La, germinal center formation, and an increased risk for SS patients to develop B cell 
non-Hodgkin’s lymphoma 2-4. 

Newly described cytokines leading to B cell activation and survival, B cell-activating 
factor (BAFF or BLyS) 5 and a proliferation-inducing ligand (APRIL) 6, show increased 
expression in SS patients, which might explain the activation and survival of pathogenic 
B cells in this condition 7-10. The potential role of BAFF and APRIL in SS is supported by 
animal models. BAFF transgenic (Tg) mice overexpress BAFF, and develop a systemic 
lupus erythematosus (SLE)-like disease with elevated numbers of mature B cells and 
effector T cells, and high levels of rheumatoid factor, anti-DNA autoantibodies as well 
as  immunoglobulin deposition in the kidneys 11. In addition, with age these mice 
show increased inflammation of the SGs and decreased salivary flow, resembling SS in 
humans 12. Young APRIL Tg mice have no signs of B cell hyperplasia, but they show 
enhanced survival of CD4+ T cells without an increase in T cell number, enhanced 
IL-2 production of CD8+ T cells ex vivo and enhanced T cell dependent IgM and T cell 
independent IgM and IgG responses 13. At a later age, these mice develop progressive 
hyperplasia and prolonged survival of B1 B cells in mesenteric lymph nodes and Peyer’s 
patches and disorganization of affected lymphoid tissue 14. 

Blockade of APRIL and BAFF by intraperitoneal (ip) injection of soluble human 
transmembrane activator and CAML interactor (TACI), the common receptor for 
BAFF and APRIL, coupled to an immunoglobulin heavy chain (TACI-Fc), has been 
shown to delay disease onset in SLE-prone NZB/W F1 mice 15. Also, in several SLE-
prone mouse strains, a single injection of adenovirus serotype 5 (Ad5) encoding murine 
TACI-Fc resulted in prolonged survival, depletion of plasma cells, marginal zone (MZ) 
and follicular B cells, and decreased IgM and IgG serum levels 16, 17. These findings have 
led to the development of clinical studies with human TACI-Fc (atacicept) in patients 
with SLE, multiple sclerosis (MS) and rheumatoid arthritis (RA) 18-20.

In this proof of concept study we evaluated the biological effects of adeno associated 
virus (AAV)-based transfer of the gene encoding TACI-Fc into the SG in an animal 
model of SS. 
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MATERIALS AND METHODS

Construction, expression and biological activity of the plasmid
The murine extra-cellular domain (ED) of TACI was synthetically designed using 20 
partially overlapping 40-mer oligonucleotides spanning the TACI-ED sequence, and 
synthesized using regular polymerase chain reaction (PCR) 21. This gene was cloned into 
the rAAV plasmid containing a cytomegalovirus (CMV) promoter, the Fc-region of mouse 
IgG1 and the inverted terminal repeat (ITR) sequences for AAV serotype 2 (AAV2). The 
resulting plasmid (pAAV2-CMV-mTACI-mIgG1) was transfected into human embryonic 
kidney (HEK 293) T cells and protein secretion into the supernatant was quantified by an 
ELISA kit for mouse TACI (R&D systems, Minneapolis, MN, USA). The size of the fusion 
protein was confirmed by western blotting under reduced conditions using a 10% SDS gel 
and a labeled (IRDye 800 CW) anti-mouse IgG (Li-Cor, Lincoln, NE, USA). 

Vector production 
rAAV serotype 2 vectors (rAAV2) were generated as previously described 22. The titer 
of DNA physical particles in rAAV stocks was determined by quantitative (q)-PCR 
and the vectors were stored at -80ºC. On the day of vector administration to non obese 
diabetic (NOD) mice, the vector was dialyzed for 3 hr against saline. Construction 
and vector production of the rAAV-LacZ encoding β-galactosidase control vector was 
previously described 23.

Animals, vector administration and detection
Female NOD mice (Jackson Laboratory, Bar Harbor, ME, USA) were kept under 
specific pathogen-free conditions in the animal facilities of the National Institute of 
Dental and Craniofacial Research (NIDCR). Animal protocols were approved NIDCR 
Animal Care and Use Committee and the National Institutes of Health (NIH) Biosafety 
Committee. Vectors were delivered into the submandibular glands by retrograde 
instillation as previously described 22. In short, 10 week old female NOD mice were 
anesthetized with a mild anesthesia (a combination of ketamine and xylazine) and 50 
µl containing 1x1011 vector particles was administered to each submandibular gland 
by retrograde ductal instillation using a thin cannula (Intermedic PE10, Clay Adams, 
Parsippany, NJ, USA). Mice were sacrificed at 20 weeks of age. At time of sacrifice, SGs 
were removed and cut in 4 equal parts. One part was homogenized and total genomic 
DNA was isolated using DNeasy blood & tissue kit (Qiagen, Venlo, The Netherlands). 
Vector was detected using q-PCR on an ABI StepOnePlus Real-Time PCR system 
(Applied Biosystems, Carlsbad, CA, USA).

Saliva collection 
Saliva was collected at 20 weeks of age under anesthesia (described above). Saliva 
secretion was induced by subcutaneous (sc) injection of pilocarpine (0.5 mg/kg 
BW; Sigma-Aldrich, St. Louis, MO, USA) and stimulated whole saliva was collected 
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for 20 minutes (min) from the oral cavity by gravity with a hematocrit tube 
(Drummond Scientific Company, Broomall, PA, USA) placed into a preweighed 0.5 ml 
microcentrifuge tube. Saliva volume was determined by weight and expressed as μl/20 
min/gram body weight. 

Histological assessment and immunohistochemistry
One cross-section of the submandibular gland was embedded in paraffin and sections 
were cut at 5 µm. Three sections were stained with hematoxylin and eosin (H&E). Focus 
score (FS) was determined by averaging the number of aggregates (>50 lymphocytes) 
per 4 mm2 of SG tissue per mouse. Other slides were stained with anti-CD138 (BD, 
Breda, The Netherlands), anti-BAFF (Alexis Biochemicals, San Diego, CA, USA), and 
anti-APRIL (Abcam, Cambridge, MA, USA) after heat-induced antigen-retrieval with 
citrate.

Another cross-section of the SG was collected frozen in OCT compound. Sections 
(5 μm) were stained with anti-CD4 (eBioscience, San Diego, CA, USA), anti-CD8 
(eBioscience), anti-CD19 (BD), and anti-IgD (eBioscience), followed by goat anti-
rat-HRP (Southern Biotechnology, Birmingham, AL, USA) and developed with 
AEC substrate (Dako, Glostrup, Denmark). All sections were randomly analyzed by 
computer-assisted image analysis. The images of the high-power fields using 400x 
magnification, were analyzed using the Qwin analysis system (Leica, Cambridge, UK), 
as described previously 24. Positive staining for the cellular markers was expressed as the 
number of positive cells/mm2 and the staining for the cytokine markers as integrated 
optical density (IOD)/mm2.

Determination of immunoglobulin levels
IgG, IgA, and IgM levels were determined in serum and SG protein extract. SGs were 
homogenized and the total protein was determined with BCA™ protein assay kit (Pierce, 
Rockford, IL, USA). IgG, IgA and IgM (Bethyl Laboratories, Montgomery, TX, USA) 
were measured by commercially available ELISA kits according to the manufacturer’s 
protocol. 

Quantification of cytokines
Cytokines in serum and homogenates of SG were measured commercially using a 
multiplex sandwich-ELISA assay (Aushon Biosystem, Billerica, MA, USA). Values 
were corrected for total protein content in the SG protein homogenates.

Statistical analysis
Differences in cytokine levels between experimental groups were assessed using the 
non-parametric Wilcoxon’s rank-sum test or parametric Student’s t-test depending on 
the Gaussian distribution. Differences in all the other experiments were assessed using 
Student’s t-tests. Correlations between vector copy number and FS were assessed using 
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Spearman’s Rho test (non-parametric) and between BAFF and APRIL using Pearson 
correlation coefficient (parametric). Both were performed with SPSS for Windows 
(SPSS version 16.0.02, Chicago, IL, USA). All other analyses were performed with 
GraphPad Prism statistical software (GraphPad Software Inc. version 5.01, La Jolla, 
CA, USA).  A P value ≤ 0.05 was considered to be statistically significant.

RESULTS

In vitro AAV2-TACI-Fc transfection leads to expression of TACI-Fc
We confirmed that the fusion protein was expressed in vitro. In a western blot, TACI-Fc 
migrated as a monomer with an expected molecular mass of approximately 40 kDa 
(Figure 1A). The concentration of the secreted protein in the supernatant from TACI-Fc 
expressing cells was measured at 562 ng/ml. 

AAV2-TACI-Fc stably transduces the salivary gland and results in significant soluble receptor 
expression
In our facility, SG inflammation in NOD mice becomes histologically evident at the 
age of 8 weeks, and progressively increases with age (N. Roescher et al. manuscript in 
preparation). In order to evaluate the therapeutic potential of this molecule, to treat 
rather than to prevent the disease, the vector was delivered to the mice by retrograde 
instillation of the submandibular glands after the onset of disease at 10 weeks of age. 
Vector delivery was confirmed by q-PCR detection of vector DNA in SGs isolated 
from cannulated mice at the end of the experiment (data not shown). Local expression 
of the fusion protein was determined by measurement of the TACI level in protein 
homogenates from the SGs of treated mice and LacZ-treated mice. TACI levels were Figure 1.

Figure 2.

Figure 1. In vitro and in vivo expression of TACI-Fc. A) In vitro expression of TACI-Fc is shown using a 
reducing SDS-PAGE gel. The disulfide-linked homodimer protein migrates as a monomer with a molecular 
mass of approximately 40 kDa (Lane 2). Lane 1 is mock-transfected and lane 2 is TACI-Fc-transfected super-
natant. B) In vivo expression of TACI-Fc in homogenized SGs as measured by ELISA. Data shown are mean 
values +/- SD. P-values were determined by a Student’s t-test.
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significantly higher in TACI-Fc-treated mice compared with control mice (mean ± SD; 
369.2 ± 110.7 pg/ml versus 201.7 ± 172.2 pg/ml; p = 0.03) (Figure 1B). TACI-Fc protein 
could not be detected in serum (data not shown). 

Expression of TACI-Fc dampens salivary gland inflammation in NOD mice and reduces the 
number of infiltrating mature B and plasma cells
To determine the effect of local expression of TACI-Fc on general SG inflammation, 
the FS was determined. Treatment with TACI-Fc locally in the gland reduced the FS 
compared with controls (mean ± SD; 2.63 ± 0.57 versus 3.79 ± 0.78; p <0.005) (Figure 
2A). The decreased FS correlated with the detected number of vector copies (r = -0.833 
and p = 0.01, data not shown). 

Focal infiltrates were characterized by quantitative immunohistochemical analysis. 
CD4+ and CD8+ T cell population numbers were similar for TACI-Fc and LacZ groups 
(p = 0.94 and p = 0.54 for CD4+ and CD8+ respectively) (Figure 2B). CD19+ B cell 
numbers tended to be lower in the TACI-Fc-treated mice, nearly reaching significance 
(p = 0.06) (Figure 2C). Moreover, non-switched mature B cells (IgD+, p = 0.02) and 
plasma cells (CD138+, p = 0.03) (Figure 2C and D) were significantly decreased in 
TACI-Fc-treated SGs. In contrast to these findings, BAFF expression in the SGs of 

Figure 1.

Figure 2.

Figure 2. Decreased focus score, peripheral mature B cells and plasma cells. SGs (N = 9 for LacZ and 
N = 8 for TACI-Fc) were removed for histologic analysis to assess the overall inflammation (A), and for 
quantification of CD4+ T cells, CD8+ T cells (B), CD19+ cells, IgD+ cells (C) and CD138+ plasma cells 
(D). Data shown are the mean +/- SD (A) or the mean +/- SD positive cell counts per mm2 tissue (B-D). 
The P-values were determined by Student’s t-tests.
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TACI-Fc-treated mice was significantly increased compared with LacZ-treated mice 
(p <0.005), and APRIL expression showed no significant difference in TACI-Fc-treated 
mice (p = 0.18) (Figure 3A and B). BAFF and APRIL were both expressed in ductal 
epithelial cells and infiltrating foci (Figure 3A and B). 

TACI-Fc decreases IgG and IgM levels, but does not change IgA in the salivary gland
BAFF and APRIL stimulate B cells to produce immunoglobulins and, in autoimmune 
diseases, to produce autoantibodies 5, 6. Therefore, we investigated whether TACI-Fc 
affects immunoglobulin levels. Treatment with TACI-Fc resulted in significantly lower 
SG concentrations of IgG (1.45 ± 0.54 μg/ml) and IgM (0.32 ± 0.19 μg/ml) compared 
with SG levels of IgG (3.05 ± 1.80 μg/ml) and IgM (0.54 ± 0.21 μg/ml) from LacZ treated 
mice (p = 0.03 and p = 0.05 respectively), while IgA concentrations did not change 
(7.62 ± 5.00 versus 6.57 ± 2.43 μg/ml respectively; p = 0.60) (Figure 4A). In serum, 
no significant difference in immunoglobulin levels was found between the TACI-Fc-
treated and the control groups (Figure 4B). Treatment of SGs with TACI-Fc resulted in 
an increased IgA:IgG ratio within the SGs compared with controls (Figure 4C). 

Lower IL-2 levels in TACI-Fc-treated salivary glands
BAFF and APRIL have effects on both B and T cells, and might influence the 
cytokine balance 25. To investigate if local expression of TACI-Fc in the SG could 
change cytokine levels either systemically in the serum or locally in the SGs, serum 
samples and SG protein extracts were obtained from mice at time of sacrifice and 
cytokine levels were measured by multiplex analysis. Interestingly, TACI-Fc-treated 

Figure 3.

Figure 4.

Figure 3. Increased BAFF detection in TACI-Fc-treated mice. SGs (N = 10 for LacZ and N = 9 for TACI-Fc) 
were stained and quantified for BAFF (A) and APRIL (B) expression. For each isotype and staining a repre-
sentative picture (400X) is shown. Arrows indicate a positive staining of ductal epithelial cells. Data shown 
are the mean +/- SD integrated optical density (IOD) per mm2 tissue. The P-values were determined by 
Student’s t-tests.
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SGs showed decreased levels of IL-2 (p = 0.05), a cytokine which modulates activated 
T cells and immunoglobulin synthesis. Moreover, levels of other cytokines (IL-1β, 
IL-4, IL-6, IL-10 and IL-17) were suppressed after TACI-Fc delivery, although this 
did not reach statistical significance. No differences were detected for IFN-γ and IL-
12p40 (Figure 5). Serum levels of cytokines were unaffected (data not shown). 

Stimulated salivary flow is unchanged after treatment 
To investigate if TACI-Fc mediated reduction in SG inflammation affected SG 
function, pilocarpine-stimulated salivary flow was measured at 20 weeks. There was 
no difference between the control group and TACI-Fc-treated mice (2.18 ± 0.67 μl/
gram bodyweight versus 1.74 ± 0.71 μl/gram bodyweight respectively; p = 0.20, data 
not shown).

DISCUSSION

B cells and their growth factors, BAFF and, to a lesser extent, APRIL, are increasingly 
recognized as important factors in the pathogenesis of SS; patients have elevated serum 
levels of BAFF and APRIL 7, 9. These factors may be involved in the pathogenic B cell 
differentiation, survival and the increased risk of lymphoma development associated 

Figure 3.

Figure 4.

Figure 4. Decreased salivary gland IgG and IgM after 
TACI-Fc delivery. SG homogenates (N = 7 for LacZ and N = 
8 for TACI-Fc) (A) and serum (N = 6 for LacZ and N = 9 for 
TACI-Fc) (B) from 20-week-old mice were analyzed for IgG, 
IgA and IgM. Data shown are mean +/- SD, the P-values were 
determined by Student’s t-tests. Additional analysis showed 
an increased IgA:IgG ratio in the SGs (C).
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with the disease 3. Currently, there is no universally effective therapy available, however 
some patients have benefited from the B cell depleting agent rituximab, validating the 
B cell compartment as a therapeutic target 26. Another B cell-directed therapeutic 
approach is the neutralization of BAFF and APRIL by expression of soluble TACI, their 
common receptor. In this study, we show that expression of soluble TACI in the SG of 
NOD mice that spontaneously develop a SS-like syndrome reduces autoimmune SG 
inflammation via effects on the B cell compartment.

Expression of soluble TACI-Fc 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+ 
non-switched mature B cells and plasma cells. The decrease in B cells in the SG can be 
explained by less survival of B cells infiltrated in the gland or, since BAFF is also known 
to play a role in chemotaxis 27, reduced B cell recruitment to the SG due to the decreased 
availability of free BAFF. The observed decrease of plasma cells within the SGs, can not 
be directly explained, since it is not known whether plasma cell differentiation takes 
place in the SG. The decrease could therefore be the direct result of less recruitment 
of peripheral plasma cells into the SG. Alternatively, since BAFF levels correlate with 
ectopic germinal centers (GCs) 7, a pathological feature commonly found in the SG 
of SS patients 28 and NOD mice 29, the decrease could be the result of altered ectopic 
GC formation or interactions within these GCs in the SG resulting in decreased B cell 
to plasma cell switching. Future research will have to elucidate the exact mechanism. 
Taken together, these data suggest that soluble TACI affects B cell proliferation and 
differentiation without affecting T cell numbers. 

Interestingly, the reduction in plasma cells was accompanied by decreased levels of IgG 
and IgM, but not IgA, in the SGs. These findings are supported by prior studies utilizing 
systemic administration of soluble murine and human TACI to murine models of SLE, 
which showed decreased B cells and plasma cells in the spleen as well as decreased 
serum levels of IgM and IgG 16, 17, 30. In these studies, IgA levels were not reported. IgA is 
known to have an important role in mucosal immunity and the majority of plasma cells 
in the mucosal immune system of the SG express IgA 31. A lower percentage of IgA and 
a higher percentage of IgG-producing plasma cells resulting in a decreased IgA/IgG 
ratio has been found in the SGs of patients with SS 31. In our study, expression of soluble 
TACI in the SGs led to a significant improvement of the IgA/IgG ratio when compared 
with the control group, suggesting a restoration of mucosal immunity.

The APRIL-TACI axis is thought to be critical in the class switching to IgA, but not 
IgG and IgM 32, 33. Soluble TACI binds to both APRIL and BAFF with varying affinities 
depending on dimerization/heteromerization of the ligands 34, 35. Since soluble TACI 
affected IgM and IgG but not IgA, it can be speculated that soluble TACI affects BAFF 
more than APRIL, possibly due to a difference in binding affinity for the soluble receptor. 
This is supported by the significant increase in BAFF, but not APRIL, expression levels 
in treated SGs, suggesting that more BAFF is stably bound by soluble TACI compared 
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with APRIL. A similar phenomenon has been described previously in a clinical trial 
with atacicept in rheumatoid arthritis patients 18. Herein, the atacicept-BLyS complex 
has been shown to accumulate in the high dose atacicept group. Another interesting 
finding is the expression of BAFF and APRIL in both inflammatory foci and ductal 
epithelial cells. Previously we found the same staining pattern in human minor salivary 
glands (J.L. Vosters et al. submitted manuscript). In a future study, the effect of APRIL 
and BAFF blockade should be studied separately, since previous studies 36, 37 also hint at 
an opposing role for APRIL in autoimmune diseases compared to BAFF.  

We detected an overall mild reduction in pro-inflammatory cytokines with IL-2 
reaching statistical significance (p = 0.05). IL-2, a classical Th1 cytokine, is produced 
by activated T cells and leads to both activation of T cells and B cell differentiation. 
Besides B cell activation and stimulation, BAFF and APRIL were also found to induce 
IL-2 secretion by T cells 13, 38. We did not analyze T cell activation specifically, but 
the decrease in IL-2 in the SGs of treated mice in our study implies inhibition of T 
cell activation without a change in T cell numbers. Further studies are necessary to 
elucidate the exact mechanism of this inhibition.

Although SG inflammation was reduced, stimulated salivary flow was not increased 
after treatment. One reason could be that inflammation was not sufficiently suppressed. 
Although treated mice had reduced inflammation, there were still inflammatory foci 
present in the SG after 10 weeks of treatment. The timing of our treatment may be 
another reason for lack of physiological improvement after treatment. A decline in 
salivary flow is usually not detected until 16-20 weeks of age; however, at the time of 
treatment, NOD mice already had evidence of inflammation and the processes leading 
to SG dysfunction may already have been initiated. Previously, our group has shown 
physiological and immunological effects of IFN-γ on human salivary gland (HSG) cells 
39. Moreover, we have shown that overexpression of IL-12 in mice leads to salivary gland 
dysfunction 40 suggesting important roles for IFN-γ and IL-12 in the pathogenesis and 
function of the SGs. Therefore, the lack of improvement in the SG function may be due 
to unchanged levels of IFN-γ and IL-12 in the SGs. 

In conclusion, local delivery of soluble TACI-Fc to the SGs of NOD mice leads to beneficial 
effects on autoimmune SG inflammation at both the cellular and immunoglobulin levels, 
supporting the notion that B cells represent a therapeutic target in SS. 
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ABSTRACT

Objective: A proliferation inducing ligand (APRIL) and B cell-activating factor (BAFF) 
are B cell-related mediators and might play a role in the activated B cells in Sjögren’s 
syndrome (SS). In this descriptive study we assessed the expression of APRIL and 
BAFF in the minor salivary gland (MSG) and serum from SS patients.

Methods: The human salivary gland (HSG) cell was analyzed for APRIL mRNA 
expression by quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR) and protein expression by enzyme-linked immunosorbent assay (ELISA). 
Paraffin-embedded MSG sections from SS patients and controls were analyzed by 
immunohistochemistry (IHC). Digital image quantification was performed to evaluate 
the expression of BAFF, APRIL, and their receptors. Furthermore, serum was analyzed 
for soluble BAFF and APRIL levels by ELISA.

Results: HSG cells showed APRIL mRNA expression and intracellular protein 
expression, but no secretion into the medium. Stimulation by interferon (IFN)-γ and 
tumor necrosis factor (TNF) showed a modest and transient increase in intracellular 
APRIL mRNA and protein levels. APRIL expression was lower in MSG biopsies from 
SS patients compared with controls and sicca patients, whereas BAFF expression 
was similar in both groups. Soluble APRIL levels in serum were increased only in 
autoantibody positive patients.

Conclusions: These data do not support the rationale for targeting APRIL as a local 
therapeutic approach in SS SGs, as the tissue levels are decreased in this condition. 
Moreover, it is tempting to suggest that APRIL might have locally anti-inflammatory 
effects in SS, but at this time, data are lacking to support this notion.
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INTRODUCTION

Sjögren’s syndrome (SS) is a systemic autoimmune disorder characterized by 
lymphocytic infiltration in the exocrine glands and the recruitment of activated and 
memory B cells in the salivary gland infiltrates 1. A proliferation inducing ligand 
(APRIL) and B cell-activating factor (BAFF) have important roles in B cell biology. 
They are involved in augmentation of B cell antigen presentation, co-stimulation of 
B cell activation, enhancement of B cell survival, regulation of B cell tolerance and 
germinal center formation 2. These ligands share two tumor necrosis factor (TNF) 
family member receptors, transmembrane activator and CAML interactor (TACI) and 
B cell maturation antigen (BCMA). In addition, BAFF binds BAFF-receptor (BAFF-R) 
and APRIL binds heparin sulphate proteoglycans (HSPGs). Unlike BAFF, APRIL does 
not exist in a membrane-bound form, although an alternative membrane-bound form 
is described as TWE-PRIL 3, 4. 

Recent studies have localized APRIL to immune cell subsets that also produce BAFF: 
monocytes, macrophages, dendritic cells, and T cells. Moreover, stimulation of these 
cells with interferon (IFN)-γ and IFN-α, results in upregulation of APRIL and BAFF 
mRNA 5, 6. Additionally, non-immune cells can express APRIL, including osteoclasts 7 
and tumor tissues 8. BAFF is also expressed by cells outside the immune system, such 
as fibroblast-like synoviocytes (FLS) in the synovium of patients with rheumatoid 
arthritis (RA) 9 and salivary gland epithelial cells (SGECs) in both patients with SS and 
healthy individuals 10. IFN induces BAFF mRNA and protein secretion in SGECs and 
the human salivary gland cell line (HSG), with a higher increase in SGECs derived from 
SS patients compared with controls. BAFF induction is independent of interleukin-10 
(IL-10) and tumor necrosis factor (TNF)-α alone 11. 

In SS, increased BAFF has been reported in serum and salivary glands, and correlates 
with disease parameters 12-15. Similarly, increased serum APRIL levels correlate with 
focus score and serum IgG 14. Recently, APRIL production in the SG was found to 
be low in SS patients 16. In that study, sicca controls were not investigated and no 
association with other systemic and local symptoms were made. The reduced or absent 
expression of APRIL in the SG is surprising since it is thought to play a similar role 
as BAFF in autoimmune diseases like RA, in which it is often found to be upregulated 
17. In addition, an inverse association between circulating APRIL levels and disease 
parameters in systemic lupus erythematosus (SLE) patients has been described 18, 19. 

Although the exact role of APRIL in SS is largely unknown, APRIL has been brought 
up as a therapeutic target for  SS 20. Therefore, we studied the presence of APRIL mRNA 
and protein in HSG cells in vitro. Furthermore, we studied the expression of APRIL, 
BAFF and their receptors in minor salivary gland (MSG) biopsies and APRIL and 
BAFF in serum from SS patients, sicca controls and healthy controls. 
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MATERIALS AND METHODS

Patients
All 17 patients included in this study fulfilled the European-American (EA)  
criteria 21 for primary SS (pSS) and were recruited from the Sjögren’s syndrome clinic at 
the National Institutes of Dental and Cranial Research (NIDCR), National Institutes of 
Health (NIH), Bethesda, MD, USA. The control group consisted of 5 gender and age-
matched healthy volunteers (HV) and 9 gender and age-matched patients evaluated 
for sicca symptoms not meeting the European-American (EA) criteria for pSS (N) 
(Table 1). All subjects signed an informed consent and the study was approved by the 
Institutional Review Board (IRB) of the NIDCR.

Laboratory assays
Data on serum autoantibodies, immunoglobulins (IgG, IgM, IgA), erythrocyte 
sedimentation rate (ESR), MSG focus score (FS), and stimulated salivary flow 
were obtained by NIDCR’s Sjögren’s clinic staff and evaluated as part of the routine 
diagnostic evaluation for SS. BAFF and APRIL levels in serum were determined 
using a commercial ELISA kit (R&D systems, Minneapolis, MN, USA) according to 
the manufacturer’s protocol. Before BAFF detection, serum samples were pre-treated 
with protein-A sepharose (Sigma-Aldrich, St. Louis, MO, USA) to prevent possible 
interference with rheumatoid factor (RF) immunoglobulin (Ig). 

Cell line and treatment
HSG cells, an immortalized cell line derived from human epithelial ductal cells of 
the salivary gland, were grown in DMEM/Ham’s F12 supplemented with 10% FCS, 
penicillin (100 U/ml) and streptomycin (100 μg/ml). Cells were incubated at 37ºC in 
5% CO2. At 80-90% confluence, 1*105 cells/well (12-well plate) were stimulated with 
human IFN-γ (5 ng/ml) + TNF-α (1 ng/ml; R&D systems). The combination and 
concentration of these cytokines were chosen based on effects of BAFF production 
achieved in HSG cells 11. At 6, 24 and 48 hours after stimulation, cells were collected 
for analysis. 

qRT-PCR and ELISA
At the different time points, total RNA from HSG cells was isolated using Trizol reagent 
(Invitrogen, Breda, the Netherlands). cDNA was synthesized using iscript select cDNA 
synthesis kit (Biorad, Veenendaal, the Netherlands). The reverse transcriptase step was 
performed using random primers according to the manufacturer’s protocol. Human 
APRIL and GAPDH PCR products were detected using pre-developed gene expression 
assays (Applied Biosystems, Carlsbad, CA, USA) with a StepOne Plus Real-Time PCR 
system (Applied Biosystems) and each sample was processed in triplicate. To correct 
for variations in reverse transcriptase yield, APRIL cDNA levels were normalized 
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Table 1. Clinical, laboratory and histological characteristics

Characteristics HV (n=5) N (n=9) SS (n=17)

Age (yr), mean (sd) 53.0 (12.0) 46.8 (12.2) 53.4 (15.0)

Female, n (%) 5/5 (100.0) 9/9 (100.0) 16/17 (94.1)

ANA positive, n (%) 1/5 (20.0) 3/9 (33.3) 13/16 (82.3)

ENA positive, n (%) 0/5 (0.0) 0/9 (0.0) 11/16 (68.8)

SSA/Ro positive, n (%) 0/5 (0.0) 0/9 (0.0) 8/17 (47.1)

SSB/La positive, n (%) 0/5 (0.0) 0/9 (0.0) 10/17 (58.8)

SSA+SSB positive, n (%) 0/5 (0.0) 0/9 (0.0) 8/17 (47.1)

ESR,  mean (sd) 17 (11) 29 (27)

IgG (mg/dL), mean (sd) 971 (188) 1447 (669)

IgA (mg/dL), mean (sd) 165 (99) 331 (155)

IgM (mg/dL), mean (sd) 108 (41) 156 (90)

Treatment

 Hydroxychloroquine, n (%) 4/9 (44.4) 2/17 (11.8)

 Dose 1/17: 200 mg/day

3/9: 400 mg/day -

1/9: 600 mg/day 1/17: 600 mg/day

 Oral steroids, n (%) 2/9 (22.2) 2/17 (11.8)

 Dose - 1/17: 5 mg/day

1/9: 10 mg/day -

1/9: 40 mg/day -

- 1/17: 60 mg/day

 Methotrexate, n (%) 1/9 (11.1) 0/17 (0.0)

 Dose 10 mg/week -

MALT lymphoma, n (%) 0/5 (0.0) 0/9 (0.0) 1/15 (6.7)

Focus score, mean (sd) 1.00 (0.45) 0.44 (0.88) 4.24 (3.47)

EGM, n (%) 0/5 (0.0) 0/9 (0.0) 5/17 (29.4)

 Vasculitis 1/17 (5.9)

 Peripheral neuropathy 2/17 (11.8)

 Arthritis 2/17 (11.8)

ANA: antinuclear antibodies; ENA: antibodies to extractable nuclear antigens; EGM: extra glandular 
manifestation; ESR: erythrocyte sedimentation rate; SSA: antibodies to Ro antigens; SSB: antibodies to 
La antigens; SS: patients fulfilling the European-American (EA) criteria for primary Sjögren’s syndrome 
(pSS); HV: healthy volunteers (n=5); N: patients evaluated for sicca symptoms not meeting the EA criteria 
for pSS (n=9).
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to GAPDH. Results were expressed as a fold difference over untreated cells at the 
corresponding time point.

In separate experiments, cells were treated and handled under the same conditions 
and cell lysates were made using a mixture of Cellytic (Sigma Aldrich) and protease 
inhibitor cocktail (Roche, Woerden, the Netherlands). Total protein concentration was 
determined with BCA™ protein assay kit (Pierce, Rockford, IL, USA). The APRIL levels 
were measured in cell lysates and supernatant by ELISA (R&D systems) according to 
the manufacturer’s protocol and normalized for protein concentration.

Immunohistochemistry (IHC) and digital quantification
Paraffin sections of MSG biopsies were stained after heat induced citrate antigen 
retrieval with the following antibodies: mouse anti-human APRIL (Aprily-2, 
Alexis Biochemicals, San Diego, CA, USA), rat anti-human BAFF (Buffy-2, Alexis 
Biochemicals), rabbit anti-human BCMA (ProSci Incorporation, Poway, CA, USA), 
mouse anti-human TACI (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse 
anti-human BAFF-R (Alexis Biochemicals), and rabbit anti-Perlecan (H-300, Santa 
Cruz Biotechnology). For each staining, isotype controls were included; mouse IgG1 
(Dako, Carpinteria, CA, USA), rat IgM (BD biosciences, San Jose, CA, USA), and rabbit 
IgG (R&D systems). The secondary antibodies goat anti-mouse HRP (Dako), goat anti-
rat HRP (Southern Biotechnology, Birmingham, AL, USA), and goat anti-rabbit HRP 
(Dako) were used. Staining was developed with AEC substrate (Vector Laboratories, 
Burlingame, CA, USA). All sections were randomly analyzed by computer-assisted 
image analysis using 400x magnification. The images of the high-power fields were 
analyzed both within and outside infiltrates, using the Qwin analysis system (Leica, 
Cambridge, UK), as described previously 22. Positive staining for the cellular markers 
was expressed as the number of positive cells/mm2 and the staining for the cytokine 
markers as integrated optical density (IOD)/mm2.

Statistical analysis
Differences in IHC, serum APRIL and serum BAFF between experimental groups (>2 
groups) were assessed using the Kruskal-Wallis test followed by the non-parametric 
Mann Whitney test. The p-values were not adjusted for multiple comparisons. All  
analyses were performed with GraphPad Prism statistical software (GraphPad Software 
Inc. version 5.01, La Jolla, CA, USA) using a p-value ≤ 0.05 as statistically significant.

RESULTS

Salivary epithelial duct cells express APRIL mRNA and protein
In SS, salivary epithelial cells are known to present antigens 23 and to express and 
secrete BAFF 11. Currently, there is no data on the effect of inflammatory stimuli on 
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APRIL expression in epithelial cells. Therefore, we analyzed HSG cells over time, with 
and without stimulation, for APRIL mRNA and protein expression. We chose IFN-γ 
and TNF-α as inflammatory agents since these cytokines have been shown previously 
to induce BAFF in HSG cells 11.  After 24 hours, stimulated (IFN-γ + TNF-α) HSG 
cells showed a modest transient 2-fold increase in APRIL mRNA expression, which 
returned to baseline at 48 hours (Figure 1A). Intracellular APRIL protein levels 
followed a similar pattern (Figure 1B). APRIL was not detected in the supernatant 
from HSG cells (data not shown). 

Decreased APRIL and TACI expression in the salivary glands from SS patients
MSG sections from HV, sicca controls (N) and SS patients were analyzed using 
immunohistochemistry and quantitative digital image analysis to locate and quantify 
the expression of APRIL, BAFF and their receptors, TACI and BCMA, respectively. In 
each subject, three areas with foci and 3 areas without foci were analyzed and averaged, 
to randomize the expression of the markers for localization within the SG. APRIL, 
BAFF, TACI and BCMA were expressed in the salivary duct cells of each group (Figure 
2). In SS patients, BAFF and BCMA showed a distinct staining pattern compared with 
APRIL and TACI, with more pronounced BAFF and BCMA staining in ductal cells 
and inflammatory foci (Figure 2). Quantification of the immunohistochemical staining 
revealed decreased APRIL expression in the MSG of SS patients compared with HV 
(18123 IOD/mm2 and 41283 IOD/mm2 respectively, p = 0.02), and the expression in 
sicca patients was similar to those with HV (p = 0.52) (Figure 3A). In contrast, BAFF 
expression was similar between both SS (320655 IOD/mm2) and HV (411685 IOD/
mm2, p = 0.35), and SS and sicca controls (269056 IOD/mm2, p = 0.36) (Figure 3A). 
TACI expression, like APRIL, was decreased in SS compared with HV (16.0 counts/
mm2 and 158.0 counts/mm2 respectively, p = 0.02), but not in sicca controls (29.0 
counts/mm2, p = 0.55). Although numerically more individuals with sicca complaints Figure 1.

Figure 2.

Figure 1.  In vitro expression of APRIL in salivary epithelial duct cells. Time course of induction of APRIL 
mRNA (A) and protein expression (B) in the HSG cell line 6, 24 and 48 hours after stimulation with IFN-γ 
+ TNF-α. Data shown are mean values +/- SD of 2 independent experiments and the results were expressed 
as a fold difference over untreated cells at the corresponding time point.
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had lower TACI levels compared with HV, no statistical significance was reached (p 
= 0.08) (Figure 3B). The other shared receptor for APRIL and BAFF, BCMA, was not 
differentially expressed in SS patients compared with HV (p = 0.48). Interestingly, 
the expression of the receptor was significantly different for SS compared with sicca 
controls (2035 counts/mm2 and 813 counts/mm2 respectively, p = 0.02) (Figure 3B). 
Heparan sulfate proteoglycans (HSPG, Perlecan) on the cell surface have recently been 
described as interactors with APRIL 24, but staining for these molecules did not show 
any difference for the 3 groups (data not shown). 

Increased APRIL serum levels in anti-Ro and -La positive SS patients
APRIL and BAFF are elevated in serum in other autoimmune diseases, e.g. SLE. 
Therefore, we measured APRIL and BAFF levels in the serum from SS patients. SS 
patients showed higher systemic levels of APRIL compared with HV (3.95 ng/ml 
versus 1.83 ng/ml; p = 0.02) and sicca controls (2.16 ng/ml; p = 0.03) (Figure 4A). In 
41% (7 out of 17) of the SS patients, APRIL was detectable above baseline levels, and 
sub analysis of the SS group showed that 63% (5 out of 8) of the patients with positive 

Figure 1.

Figure 2.

Figure 2. APRIL, BAFF, TACI and BCMA expression in salivary glands. Immunohistochemical analysis 
of APRIL, BAFF, TACI and BCMA expression (red staining) in MSG biopsies from healthy volunteers (HV), 
sicca controls (N) and SS patients. For each antibody staining (in red) the isotype control and representative 
examples are shown. Original magnification: 400x.
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autoantibodies against Ro/SSA and La/SSB had high (> 20 ng/ml) APRIL levels  
(Figure 4B). APRIL expression was not different between SS patients with and without 
extra glandular manifestations (EGM) (data not shown). Serum BAFF levels in SS 
patients (759 pg/ml) were not significantly different when compared with HV (743 pg/
ml, p = 0.59), or with sicca controls (545 pg/ml, p = 0.12) (Figure 4C).

Patients with decreased salivary flow have increased serum APRIL and SG TACI
One of the hallmarks of SS is decreased salivary flow. Therefore, data from all the 
markers in the SG and serum were analyzed for decreased and normal stimulated 
salivary flow, using 1.5ml/15min as a cutoff, independent of the classification. Serum 
APRIL and SG TACI levels were significantly increased in subjects with decreased 
salivary flow (Figure 5 A and B respectively, both p = 0.02). For all the other markers, 
no significant changes were found.

Figure 3.

Figure 4.

Figure 5.

Figure 3.  Decreased APRIL and TACI expression in ductal cells from SS MSGs.  Quantification of APRIL, 
BAFF (A), TACI, and BCMA (B) expression using digital image analysis. Soluble cytokines (APRIL and 
BAFF) are expressed as integrated optical density (IOD)/mm2 and receptors (TACI and BCMA) are given 
as positive cell count/mm2. The horizontal bar is the median value and the p-values were determined by the 
Kruskal-Wallis test followed by the non-parametric Mann Whitney test. HV = healthy volunteers, N = sicca 
controls, SS = Sjögren’s syndrome patients.
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Figure 3.

Figure 4.

Figure 5.

Figure 4. Increased APRIL serum levels in 
anti-SSA/SSB positive SS patients. Serum from 
healthy volunteers (HV), sicca controls (N), and 
Sjögren’s syndrome patients (SS) were analyzed for 
APRIL (A) and BAFF (C) levels using ELISA. In 
the SS group, the serum APRIL levels were sub-
divided for the presence of autoantibodies (B) 
against SSA and SSB. The horizontal bar is the 
median value and the p-values were determined 
by the Kruskal-Wallis test followed by the non-
parametric Mann Whitney test. Data on the y-axis 
for figure B is plotted in log-scale. SSA = Sjögren’s 
syndrome A/Ro, SSB = Sjögren’s syndrome B/La.

Figure 3.

Figure 4.

Figure 5.

Figure 5. Association of decreased salivary flow with increased serum APRIL and salivary gland TACI 
expression. All subjects were divided in two groups: normal and decreased stimulated salivary flow with a 
1.5ml/15min cutoff. Plotted are APRIL expression in serum (A) and TACI expression in the SGs (B). The hori-
zontal bar is the median value and the p-values were determined by the non-parametric Mann Whitney test.
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DISCUSSION

APRIL has been shown to be upregulated in RA and SLE 25. Recently, APRIL expression 
in the SG of SS patients was found to be low compared with healthy controls. In that 
study, no sicca controls were tested and APRIL levels were not correlated with systemic 
features or salivary flow 16. It is known that epithelial SG cells of SS patients play a role 
in the presentation of antigens 23, and that these are potent producers and secretors 
of BAFF 11, a cytokine thought to be very similar in action to APRIL. Therefore, we 
studied APRIL expression in salivary epithelial duct cells in vitro, and in serum and 
MSGs in vivo. In addition, we assessed the expression of the receptors for BAFF and 
APRIL. Consistent with recent observations 16, we found that APRIL is synthesized 
in SG epithelial cells. The production of APRIL by ductal cells in vitro was confirmed 
in human subjects by immunohistochemical analysis of MSG tissue, showing APRIL 
expression in the ductal epithelium of all individuals. Interestingly, MSG biopsies 
of SS patients showed decreased APRIL expression compared with control groups. 
Systemically, APRIL levels were high in 41% of the patients and all these patients were 
double positive for Ro and La autoantibodies. 

SG epithelial cells have an important immunological role within the salivary glands. 
In vitro, unstimulated HSGs express APRIL mRNA and protein synthesis within the 
cell, but the protein was undetectable in the supernatant, suggesting no secretion or 
secretion below detection level. 

We showed the presence of the receptors TACI and BCMA in the SG of all groups 
in vivo. Interestingly, staining of these receptors was primarily seen in epithelial duct 
cells. In addition, BCMA was also detected in the infiltrating cells. Although these 
receptors are known for their expression on lymphocytes, BAFF/APRIL receptors are 
also detected on non-immune cells. Expression of BAFF-R and TACI, for instance, has 
been observed in mammary epithelial cells and normal thyroid gland 26, 27. Adipocytes 
also express BAFF and APRIL, together with their receptors, and are thought to act in 
an auto/paracrine way for regulation and differentiation of these cells 28. It is possible 
that a similar regulatory mechanism takes places in the SG epithelial cells. Further 
research is necessary to confirm this finding.

TACI expression in MSG biopsies from SS patients was decreased compared with 
HV. In contrast, BCMA expression was upregulated in SS MSG compared with sicca 
controls, but showed no difference when compared with HV. Previously, microarray 
studies showed increased BCMA gene expression in SS MSGs compared with sicca 
controls 29. Taken together, TACI and BCMA are differentially expressed in MSGs from 
SS patients. 

Previous studies have shown overexpression of BAFF in lymphocytes in MSG from SS 
patients and equal expression in epithelial cells compared with HV 11, 13, 30. Our data 
showed expression of BAFF in lymphocytic infiltrates in SS as well as duct epithelial 
cells of both HV and SS patients. However, we did not detect an overall difference in the 
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expression of BAFF in SS MSGs compared with our control group. It is possible that the 
total BAFF expression did not change, when infiltrates and epithelium were assessed. 
In addition, the similar levels may be due to intrinsic limitations of IHC, which is 
a very informative method to detect overall expression levels in tissue, but does not 
distinguish the specific cell types expressing the protein of interest. In addition, it may 
be that BAFF is only transiently expressed in patients, which is supported by a previous 
study that showed that mRNA levels of BAFF are similar in SS and control salivary 
epithelial cells. Only ex vivo stimulation with TNF-α and IFN-γ resulted in increased 
BAFF mRNA expression in SS patients compared with sicca controls 11.

In contrast to BAFF expression, MSG biopsies showed APRIL expression mainly in the 
ductal epithelial cells, and not in the inflammatory foci and overall APRIL expression 
was decreased in SS patients compared with HV. Previously, gene expression profiling 
of MSG by microarray, showed lower APRIL expression in SS patients, but this change 
was not significant 29. Our data are in line with a recent report, showing no upregulation 
of APRIL in Sjögren’s sialadenitis lesions 16. These observations suggest that APRIL 
expression may not serve a pro-inflammatory role in the SGs of SS patients. 

Our and other studies show conflicting results on the BAFF levels in sera from SS 
patients 31, 32. It is possible that BAFF fluctuates with changes in disease activity. 
Technical limitations of the chosen assay and the stability of the BAFF protein may 
also explain differences in the results. Recently, a new ELISA has been developed for 
detection of both glycosylated and nonglycosylated BAFF, without being influenced by 
rheumatoid factor. This ELISA may lead to more consistent results 33. 

In contrast to the expression in SGs, APRIL levels in serum were elevated in anti-Ro/
La positive SS patients. Together with the data on local SG expression, these data 
suggest that APRIL may play an opposing role in systemic inflammation versus local 
SG inflammation. Additional research will have to show where the circulating APRIL 
is produced. Based on our data and on a previous study 16, it is unlikely that this 
comes from the SG, since HSG did not secrete APRIL into the medium in vitro and 
IHC showed that APRIL is primarily present inside the epithelial cells and not in the 
inflammatory foci. 

Interestingly, serum APRIL levels and TACI expression in the SG was also increased in 
subjects with decreased salivary flow, independent from the diagnosis of SS, suggesting 
that higher TACI levels in the SG are associated with salivary gland dysfunction. One 
may postulate that this association is altered in the presence of inflammation and that 
increased BAFF binding to TACI in SS may lead to internalization of the receptor or 
may mask the receptor from antibody binding in IHC. Further studies are needed to 
evaluate any causal relationship between TACI and SG dysfunction.

In conclusion, compared to BAFF, APRIL may have a less pronounced pro-inflammatory 
role in MSG pathogenesis in SS patients. Moreover, it is tempting to suggest that APRIL 
could have anti-inflammatory effects in the MSG, but at this point, data are lacking 
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to support this notion. These data implicate that development of new local therapies 
for SS patients may benefit more from BAFF blockade alone, instead of targeting both 
APRIL and BAFF.
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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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Het syndroom van Sjögren (SS) is een chronische gegeneraliseerde ontstekingsziekte 
en valt in de categorie van de auto-immuun ziekten. Patiënten met deze aandoening 
hebben voornamelijk klachten van een droge mond en/of droge ogen (ook wel sicca 
klachten genoemd), welke worden veroorzaakt door verminderde en/of veranderde 
samenstelling van speeksel en traanvocht. Zeer frequent worden er in de speeksel- en 
traanklier focale ontstekingsinfiltraten gezien, voornamelijk bestaande uit zowel T als B 
lymfocyten. Tevens hebben SS patiënten een verhoogd risico (~5%) op het ontwikkelen 
van een B cel lymfoom. Naast de sicca klachten hebben de patiënten vaak ook andere 
systemische klachten, zoals vermoeidheid en gewrichtspijn/ontsteking. In bijna alle 
patiënten leidt de ziekte tot ernstige hinder in het dagelijks functioneren. 

Zoals ook bij andere auto-immuun ziekten, bijvoorbeeld reumatoïde artritis (RA), 
treft SS met name vrouwen van middelbare leeftijd. Wanneer SS zich ontwikkelt in 
aanwezigheid van een andere auto-immuunziekte, zoals RA of systemische lupus 
erythematosus (SLE), dan spreekt men van secundaire SS. Indien dit niet het geval is, 
dan spreekt met van primaire SS. 

De oorzaak en ziektemechanisme van SS zijn grotendeels onbekend, hetgeen het 
ontwikkelen van een curatieve therapie op dit moment vrijwel onmogelijk maakt. De 
hedendaagse therapie voor SS is gericht op symptoombestrijding. Helaas is de huidige 
therapie voor met name de droge mond vaak niet afdoende, leidend tot infecties in 
de mond, een slecht gebit en moeite met spreken en slikken. Dit heeft geleid tot het 
ontwikkelen van een lokale therapie in de speekselklieren. Het voordeel van lokale 
therapie is, dat het minder bijwerkingen heeft dan systemische therapieën en dat het 
direct in het doelorgaan kan worden toegepast. Daarnaast hebben de speekselklieren 
nog meer voordelen voor het toepassen van gentherapie: de klier is via de mondholte 
gemakkelijk te bereiken,  produceert en scheidt zelf eiwitten uit en is een solide orgaan 
waardoor er weinig spreiding is van de vector gebruikt voor gentherapie. 

Gentherapie, zoals toegepast in dit proefschrift, maakt gebruikt van virussen om het 
therapeutische genetisch materiaal in de gastheercel van het aangedane orgaan af te 
leveren. Dit resulteert in het aflezen van de genetische code in de gastheercel en de 
productie van het therapeutische eiwit. In onze studies is de ductale epitheel cel van 
de speekselklier de gastheercel. Voor dit proces worden vaak diverse virussen (ook wel 
vectoren genoemd) gebruikt, zoals het adenovirus, adeno-geassocieerd virus (AAV) of 
het retrovirus. In onze studies hebben wij alleen AAVs gebruikt, aangezien dit virus zorgt 
voor een langdurige productie van het gewenste eiwit en niet door het lichaam wordt 
afgestoten.  Op dit moment wordt in het National Institutes of Health (NIH) gentherapie 
getest in de speekselklier bij patiënten met bestralingsschade bij hoofd- en halskanker. 
Hierbij wordt gebruik gemaakt van een adenovirus, welke het genetische materiaal voor 
een waterkanaal (aquaporine 1) aflevert. Deze klinische studie fungeert als ‘proof-of-
principle’ studie voor lokale AAV-gentherapie in SS patiënten. Hoofdstuk 2 geeft een 
uitgebreide beschrijving van gentherapie en mogelijke therapeutische eiwitten voor SS.
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DEEL 1. MUISMODELLEN VOOR SS

Muismodellen met het SS fenotype zijn noodzakelijk om de veiligheid en effectiviteit 
van speekselklier gentherapie te valideren. Tevens kunnen muismodellen gebruikt 
worden om meer inzicht te krijgen in de pathogenese van de ziekte. Op dit moment 
is er geen muismodel die alle SS kenmerken heeft. Daarom hebben we in dit 
proefschrift twee muismodellen getest op gestimuleerde speekselvloed, infiltraten en 
cytokines in de speekselklieren en de aanwezigheid van autoantilichamen tegen Ro- 
en La-antigenen. In hoofdstuk 3 wordt er een muismodel beschreven die het pro-
inflammatoire cytokine interleukine (IL)-12 tot over-expressie brengt (IL-12 transgene 
muis). IL-12 is een cytokine met pro-inflammatoire eigenschappen en is verhoogd in 
serum en eindorganen van SS patiënten. Het IL-12 transgene muismodel liet meerdere 
SS klinische kenmerken zien, zoals leeftijd afhankelijke verminderde speekselvloed, 
toegenomen autoantilichamen tegen nucleaire antigenen (ANA) en La-antigenen, en 
toegenomen infiltraten in de speekselklieren bestaande uit B en T lymfocyten. Aangezien 
het een aantal maanden duurt voordat deze kenmerken tot expressie komen, en het 
veel tijd kost om dit muismodel te onderhouden, is het desondanks de vele positieve 
eigenschappen geen ideaal model om een therapie in te testen. Dit zelfde gold voor 
het geteste diermodel in hoofdstuk 4. Hierin werden muizen geïmmuniseerd met een 
stukje eiwit van het Ro antigen. Een groot aantal SS patiënten heeft autoantilichamen 
tegen Ro, vandaar dat dit antigeen als pathogeen wordt beschouwd. De inductie van SS 
kenmerken varieerde tussen twee muisstammen en de locatie van immunisatie. Over het 
algemeen werd er pas een reductie van speekselvloed gezien na een aantal immunisatie 
boosters. Tevens was er geen correlatie met de mate van ontsteking in de speekselklier 
en de verminderde speekselvloed, een fenomeen dat ook bij patiënten wordt gezien. 
Daarentegen laat deze studie zien dat er waarschijnlijk een rol is weggelegd voor pro-
inflammatoire cytokines, zoals interferon (IFN)-γ en IL-12, in het mechanisme van de 
verminderde speekselvloed.

DEEL 2. LOCALE GENTHERAPIE MET VERSCHILLENDE THERAPEUTISCHE EIWITTEN

Het non obese diabetische (NOD) muismodel is wereldwijd nog steeds het meest 
gebruikte muismodel voor SS. Het is een spontaan model met een relatieve snelle 
ontwikkeling van bijna alle SS kenmerken. Daarom hebben wij voor het testen van 
lokale gentherapie dit muismodel gebruikt.

Etanercept is een tumor necrosis factor (TNF) receptor, dat systemisch het pro-
inflammatoire cytokine TNF neutraliseert. Etanercept is één van de eiwitmodulerende 
middelen die in RA zeer effectief is, maar helaas is deze biological in SS niet effectief 
gebleken. De reden voor het falen van deze klinische studie is nog onduidelijk, maar 
mogelijk zou er met een lokale therapie meer effect gezien zijn. Daarom hebben wij 
dit eiwit lokaal in de speekselklier tot expressie gebracht met behulp van gentherapie, 
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zoals beschreven in hoofdstuk 5. Verrassend genoeg liet dit juist een verslechtering 
van de speekselproductie zien, zonder verbetering van het lokale ontstekingsproces. 
Daarbij resulteerde deze behandeling in een systemische toename van T helper 1 (Th1) 
en Th2 cytokines, wat overigens ook werd gezien in de klinische studie met Etanercept. 
Deze studie laat zien dat lokale TNF blokkade resulteert in verslechtering van de 
speekselklierfunctie en bevestigt de resultaten van de klinische studie met Etanercept.

Intercellular adhesion molecule (ICAM)-1 is betrokken bij de migratie en costimulatie 
van T en B cellen. Membraan gebonden ICAM-1 komt tot over-expressie in de 
speekselklieren van SS patiënten en wordt daarom beschouwd als een mogelijke 
therapeutisch doel. Competitie voor de binding met de receptor op lymfocyten kan 
worden bewerkstelligd door de oplosbare vorm van ICAM-1 tot over-expressie te 
brengen met behulp van gentherapie. In hoofdstuk 6 beschrijven wij een studie waarin 
we het effect hiervan testen op het ontstekingsproces in de speekselklier. In deze studie 
wordt het effect getest voordat (vroege behandeling) en nadat (late behandeling) de 
infiltraten aanwezig zijn. De vroege behandeling resulteerde in een verminderde mate 
van ontsteking in de speekselklier, maar zonder dat de samenstelling van de cel soorten 
in het ontstekingsproces veranderde. Dit in tegenstelling tot de late behandeling, 
waarin geen effect werd gezien op de mate van ontsteking, maar wel een toename 
van twee T lymfocyten populaties (CD4 en CD8 positief). Tevens resulteerde een 
vroege behandeling in een vermindering van immunoglobulinen (IgM), terwijl de 
late behandeling juist een toename van IgM (en minder mate IgG en IgA) liet zien. 
Aangezien we geen direct effect op B cellen zagen, impliceren deze resultaten dat 
ICAM-1 effect heeft op T cel afhankelijke B cel stimulatie. Deze data laten zien dat 
een interventie in ICAM-1 interacties afhankelijk is van het stadium van de ziekte. 
Tevens is deze behandeling waarschijnlijk niet geschikt voor SS patiënten, aangezien 
deze populatie de diagnose krijgt als er al duidelijke ontsteking is in de speekselklier.

SS patiënten hebben als kenmerk dat ze een verhoogde B cel activiteit en B cel 
groeifactoren hebben. Twee van deze factoren zijn B cell activating factor (BAFF) en a 
proliferation inducing ligand (APRIL). De gezamenlijk receptor voor BAFF en APRIL is 
transmembrane activator and CAML interactor (TACI). In hoofdstuk 7 hebben we een 
studie beschreven waarin we TACI tot over-expressie brengen in de speekselklier, met 
als doel BAFF en APRIL te neutraliseren. Deze therapie resulteerde in een verminderde 
ontsteking in de speekselklieren met in aantal verlaagde B en plasmacellen, wat weer 
lokaal resulteerde in verminderde immunoglobulinen (IgG en IgM). Helaas had dit 
proces geen positief effect op de speekselproductie. Naast de bewijzen in de literatuur, 
laat ook deze studie zien dat B cellen en B cel groeifactoren belangrijke therapeutische 
doelen zijn in SS.
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DEEL 3. PATHOGENESE VAN DE SPEEKSELKLIER IN SS PATIËNTEN

De pathogenese van SS is grotendeels onbekend. De speekselklieren vormen een 
belangrijk aangedaan orgaan bij SS patiënten. Speekselklieren hebben een complexe en 
specifieke kenmerken, zoals speekselproductie, productie en secretie van eiwitten en 
antigeen presentatie door ductale epitheel cellen. Deze cellen kunnen zelf ook cytokines 
produceren, zoals het hierboven beschreven BAFF, en spelen een belangrijke rol in de 
pathogenese van SS. In de literatuur is veel bekend over de rol van BAFF in SS, maar over 
een gerelateerd eiwit, APRIL, is veel minder bekend. Daarom hebben wij in hoofdstuk 8 
een studie opgezet waarin de aanwezigheid van APRIL in speekselklieren en serum van SS 
patiënten wordt onderzocht. Allereerst werd de expressie van APRIL in human salivary 
gland (HSG) cellen, een cellijn van humane ductale epitheel cellen, aangetoond, zonder 
dat er uitscheiding in het medium was. In speekselklier biopten van SS patiënten werd 
een verminderde expressie van APRIL gezien ten opzichte van controle groepen en de 
expressie was primair in ductale epitheel cellen. In tegenstelling tot deze lokale expressie 
was APRIL verhoogd in serum van SS patiënten en correleerde dit met de aanwezigheid 
van circulerende autoantilichamen. Deze studie laat een discrepantie zien tussen lokale 
en systemische expressie van APRIL. Tevens is het mogelijk dat APRIL in de speekselklier 
een veel minder pro-inflammatoire rol vervult dan BAFF. Dit zou overigens een mogelijke 
verklaring kunnen zijn voor het ontbreken van verbeterde speekselklierfunctie na lokale 
neutralisatie van BAFF en APRIL door TACI (hoofdstuk 7).  
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CONCLUSIES EN VERVOLG ONDERZOEK

Onderzoek naar nieuwe muismodellen voor SS geeft meer inzicht in de pathogenese 
van de speekselklier van deze ziekte. Identiek aan de situatie in patiënten, is de 
verminderde speeksel productie niet altijd gecorreleerd aan de mate van ontsteking. 
Dit suggereert een rol voor andere factoren, zoals cytokines. Zoals beschreven in dit 
proefschrift en eerder in vitro werk van onze groep, laten de cytokines IL-12 en IFN-γ 
een prominente rol zien in verminderde speekselklierfunctie.

AAV-gentherapie wordt gezien als een elegante en veelbelovende therapeutische optie. 
Eerdere publicaties van onze groep liet al zien dat de speekselklier een goed doelorgaan 
is voor AAV2 gentherapie. Met het testen van verschillende transgenen krijgen we 
meer inzicht in de pathogenese van de speekselklier van een SS muismodel en bereiken 
we mogelijk nieuwe therapeutische opties voor SS patiënten. Zoals beschreven 
in dit proefschrift heeft APRIL een nog onduidelijke rol in de pathogenese van SS, 
met mogelijk een beschermende functie. Het tot over-expressie brengen van TACI 
resulteert in het neutraliseren van zowel BAFF als APRIL, wat mogelijk niet wenselijk 
is. Daarom zullen de vervolgstudies zich focussen op selectieve BAFF blokkade, wat op 
dit moment reeds geïnitieerd is binnen onze afdeling. Tevens blijkt ook uit onze studies 
dat B cellen een belangrijk therapeutisch doel zijn voor de behandeling van SS. Hierbij 
zou het gebruik maken van lokale gentherapie een belangrijke aanvulling kunnen zijn.





147

ADDENDUM

CURRICULUM VITAE

Jelle Lucas Guido Vosters werd geboren op 2 juli 1977 te Groenlo. In 1996 haalde hij 
het V.W.O. diploma aan het R.K.S.G. Marianum te Groenlo en begon hij met de studie 
Medische Biologie aan de Universiteit van Amsterdam (UvA). In 1998 heeft hij een 
wetenschappelijke stage gedaan bij de Experimentele Immunologie (Prof. Dr. R.J.M. ten 
Berge) van het Academisch Medisch Centrum (AMC) te Amsterdam naar de frequentie 
van allospecifieke T cellen bij niertransplantaten. In 1999 is hij gestart met de studie 
Geneeskunde aan de UvA en in 2000 heeft hij het doctoraal Medisch Biologie gehaald. 
Voor de start van zijn co-schappen heeft hij een tweede wetenschappelijke stage gedaan 
bij het laboratorium van de Vasculaire Geneeskunde (Dr. Ir. J.A. Kuivenhoven) van het 
AMC naar de rol van transcriptionele regulatie van het CETP gen bij LXR en RXR. Na 
het doorlopen van zijn co-schappen heeft hij in 2005 zijn arts-examen gehaald.

Direct na het behalen van zijn arts-examen is hij gestart met zijn promotie-onderzoek 
bij de afdeling Klinische Immunologie en Reumatologie (KIR) aan het AMC onder 
begeleiding van Prof. Dr. P.P. Tak. De eerste 2 jaar van zijn promotie-onderzoek (2005-
2007) heeft hij als visiting-fellow gewerkt bij het National Institutes of Health (NIH) 
in Bethesda, Maryland, VS onder begeleiding van Dr. J.A. Chiorini. Hij heeft zijn 
promotie afgerond bij het AMC en bij Arthrogen, een spin-off bedrijf van het AMC.

In oktober 2010 is hij begonnen met de vooropleiding Interne Geneeskunde (opleider: 
Prof. Dr. J.B.L. Hoekstra) als onderdeel van zijn opleiding tot reumatoloog (opleider: 
Prof. Dr. P.P. Tak) in het AMC te Amsterdam.

De promovendus is getrouwd met Kim Vosters-Penterman en samen hebben zij 2 
zonen: Sven (2009) en Cas (2009).





149

ADDENDUM

LIST OF PUBLICATIONS

Vosters JL, Roescher N, Polling EJ, Illei GG, Tak PP. The Expression of APRIL, BAFF, TACI, 
and BCMA in Sjögren’s Syndrome: Aberrant Expression of APRIL in the Salivary Gland.
Submitted for publication.

Vosters JL, Roescher N, IIlei GG, Chiorini JA, Tak PP. Local TACI-Fc Gene Therapy 
in Sjögren’s Syndrome-Prone Mice Reduces Auto-Immune Inflammation by Affecting 
the B Cell Compartment. 
Submitted for publication.

Roescher N, Vosters JL, Yin H, lllei GG, Tak PP, Chiorini JA. Effect of Soluble ICAM-1 
on a Sjögren’s Syndrome-like phenotype in NOD mice is Disease Stage Dependent.
PLoS ONE 2011; 6(5): e19962.

Roescher N, Vosters JL, el Saleh G, Dreyfus P, Jacques S, Garcia L, Giocchia G, 
Francoise A, Sibilia J, Tak PP, Chiorini JA, Mariette X, Gottenberg JE. Targeting the 
splicing of mRNA in autoimmune diseases: BAFF inhibition in Sjögren’s syndrome as 
a proof of concept.
Manuscript in preparation.

Roescher N, Yin Y, Vosters JL, Tak PP, Illei GG, Chiorini JA. Temporal changes in the 
salivary glands of NOD mice: understanding Sjögren’s syndrome.
Submitted for publication.

Yin H, Vosters JL, Roescher N, D’Souza A, Kurien BT, Tak PP, Chiorini JA. Location of 
Immunization and Interferon-γ are Central to Induction of Salivary Gland Dysfunction 
in Ro60 Peptide Immunized Model of Sjögren’s Syndrome.
PLoS ONE 2011;6(3):e18003.

Vosters JL, Yin H, Roescher N, Kok MR, Tak PP, Chiorini JA. Local Expression of 
Tumor Necrosis Factor-Receptor 1:Immunoglobulin G can Induce Salivary Gland 
Dysfunction in a Murine Model of Sjögren’s Syndrome.
Arthritis Research and Therapy 2009;11(6):R189.

Vosters JL, Landek-Salgado MA, Yin H, Swaim WD, Kimura H, Tak PP, Caturegli P, 
Chiorini JA. Interleukin-12 Induces Salivary Gland Dysfunction in Transgenic Mice, 
Providing a New Model for Sjögren’s Syndrome.
Arthritis and Rheumatism 2009;60(12):3633-3641.

Vosters JL, Baum BJ, Tak PP, Illei GG, Chiorini JA. Developing Gene Therapy for 
Sjögren’s Syndrome.
Future Rheumatology 2006;1(4):433-440.

Rentenaar RJ, Vosters JL, van Diepen FN, Remmerswaal EB, van Lier RA, ten Berge IJ. 
Differentiation of human alloreactive CD8(+) T cells in vitro. 
Immunology 2002;105(3):278-285.

Rentenaar RJ, Vosters JL, van Lier RA, ten Berge IJ. Detection of allospecific T cells by 
intracellular cytokine staining and flowcytometry.
Transplantation Proceedings 2001;33(1-2):426-427.





151

ADDENDUM

DANKWOORD / ACKNOWLEDGEMENT

First things first: ik wil iedereen bedanken die mij hebben geholpen met het tot stand 
komen van mijn proefschrift! Het is een paar jaar werken, maar dan heb je ook wat. Ik 
wil hiernaast nog een speciaal dankwoord richten tot een aantal personen:

Mijn promotor, Paul-Peter Tak. Beste PP, allereerst wil ik je bedanken voor de 
mogelijkheid om naar de VS te gaan. Dit was een prachtige en unieke ervaring, die 
ik voor geen goud had willen missen. Daarnaast heb ik enorm geleerd van jouw 
doelgerichtheid en time-management, waar ik op de dag van vandaag profijt van 
heb. Daarnaast ben ik blij dat ik alle vrijheid heb gekregen om mijn eigen klusjes te 
klaren, dat past ook meer bij mijn persoonlijkheid. Dank voor alle steun en oneindige 
inspiratie.

My co-promotor, Jay Chiorini. Dear Jay, not sure what you thought when I came into 
your office at the first day NIH. Jelle, is kind of a weird first name, which could be a male 
or a female. Well, it is a male! I could not wish a better supervisor when starting my 
Ph.D. abroad. Thanks for everything: your hospitality, positive energy, your patience, 
etc. Even when I was back in the Netherlands, we talked on the phone on regular base. 
You kept your responsibility as a supervisor till the end, which was very helpful to me. 

Overige leden van mijn promotiecommissie: Prof. dr. W.J. Fokkens, Prof. dr. C.G.M. 
Kallenberg, Prof. dr. R.A.W. van Lier, Prof. dr. C.J.M. van Noesel, Dr. R.J.E.M. Dolhain, 
Dr. C.M. van Drunen, Dr. R.J. Bende. Hartelijk dank voor de bereidheid om in de 
commissie zitting te nemen en mijn proefschrift op de wetenschappelijke waarde te 
beoordelen.

Bruce Baum. Dear Bruce, to me you are a kind of ‘founding-father’. You created together 
with Paul-Peter this opportunity. If there were problems, we could always talk to you, 
which was very helpful. We have not worked together, but I would like to thank you for 
this opportunity and all your help and inspiration!

Jay’s group: dear Beverly, thanks for all your nice stories and virus-preps, it was never 
boring! Dear Sandra, thank God somebody liked soccer in the US, and more important, 
can talk about soccer. Thanks for all the Argentinian inside information, and yes, Messi 
is the best. Dear Kathrina, also with you, it was never boring with a talkative Irish 
person like you. Hope you find a job very soon! Dear Gio, your Italian style of doing 
things is interesting, but I like it in some way. Thanks for all the parties at your place 
and say hi to your neighbours. Dear Melody, your room is an oasis of rest, compared 
to the others. I know that’s good, because people don’t publish everyday in Nature 
Medicine. Respect! Dear Hongen, I am very thankful for taking over my work at the 
NIH, which resulted in publications. I hope you will stay for a long time in the US and 
wish you all the best.
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Gabor Illei. Dear Gabor, thanks for the critical discussions, most often during the 
Sjögren’s syndrome RIP (Research In Process) meeting. To me, the abbreviation of the 
meeting is still kind of weird.

Dear Marsha, thanks for helping with all the paperwork. You always kept track on 
renewals etc, others would forget or tell you when it is too late. And yes, will sent you 
soon updated pictures of my boys.

All the co-workers from the NIH/NIDCR/MPTB: thanks for the pleasant atmosphere 
at work and all your kindness.

Paranymf, Nienke: jou kan ik echt voor alles bedanken! Samen hebben we vanaf het 
begin van onze promotie alles meegemaakt zowel in de VS als in NL. Eigenlijk het 
allerbelangrijkste is dat we naast werk ook sociaal heel wat hebben ondernomen. Jouw 
energie, ondernemingsdrift, gezelligheid is een luxe om als collega te hebben. En ik 
kon me geen betere en gezelligere collega bedenken om dit buitenlandse avontuur 
aan te gaan. Ik denk dat we samen ook een behoorlijk eind zijn gekomen in de 
onderzoekswereld van de Sjögren. Ik wens jou heel veel succes en plezier met jouw 
volgende stap in de medische wereld en het afronden van jouw proefschrift.

Paranymf, Jonathan: vanaf dag 1 in Amsterdam ken ik jou en hebben we ook hetzelfde 
pad bewandeld; behalve dan nu het laatste deel. Dank voor alle gezelligheid in de 
afgelopen jaren en alvast dank voor de mentale en fysieke ondersteuning tijdens mijn 
openbare verdediging. Ik neem dat een neuroloog mij op reumatologisch vlak wel 
moet kunnen bijstaan!

Mijn portocabin roomies en soulmates: Caro en Frieda. Wat is een promotieonderzoek 
zonder goede roomies. Een essentieel onderdeel dat vaak onderschat wordt. Dank voor 
al jullie afleidende momenten, en ja, misschien was ik daar ook debet aan. Leuk hoor, 
onderling documenten aan maken voor elkaars promotiefilmpjes, ik neem aan dat jullie 
ondertussen een waslijst voor mij hebben gemaakt. Het resultaat zal ik waarschijnlijk 
snel zien. Uiteraard heel erg veel dank voor al jullie gezelligheid, discussie (zowel 
zinnig als niet-zinnig), en uitgesproken meningen!

Mijn Arthrogen-collega’s: heel veel dank voor het feit dat jullie mij als buitenbeentje 
met onderzoek naar speekselklieren hebben opgenomen binnen jullie ‘gen-therapie 
familie’. Het was prettig samenwerken, gezellig en heb het altijd naar mijn zin gehad.

Alle collega’s van de KIR: bedankt voor de vele gezellige borrels, etentjes, congressen 
en een leuk zeilweekend. De positieve en constructieve sfeer heb ik als zeer plezierig 
ervaren. De leuke groep jongen mensen heeft mij overtuigd om voor mijn opleiding tot 
reumatoloog in het AMC te solliciteren. Voor mijn collega’s in opleiding: ik verheug me 
al op het feit dat we weer samen in de reumatologische kliniek werken.

All the national and international collaborators: thanks for sharing the experience and 
good discussions. Especially, Jacques-Eric Gottenberg: it was always good to see and 



153

ADDENDUM

discuss with you at meetings. Our DC-trip to cannulate mice was a nice start for a good 
collaboration. I hope this will not stop after my thesis-defense. 

Daniel, Danny, Remco en Matthijs: gelukkig zijn jullie vrienden die Geneeskunde 
hebben gestudeerd, maar niet alleen over geneeskunde kunnen en hoeven te praten. 
Dank voor alle leuke sociale ‘events’, zowel in binnenland als buitenland. 

Jaargenoten van het jaar 9-7: Rogier, Jurriaan, Diederik, Jeroen, Bob en Steven. De 
frisse blik van niet-medici doet wonderen. Het eeuwige ge-ouwehoer op borrels is een 
lust voor het leven en hoop dat nog lang te doen met jullie. 

Vrienden en familie: dank voor al jullie mentale hulp en dank voor het feit dat ik niet 
telkens hoefde uit te leggen waar ik mee bezig was. Dat weten jullie namelijk wel!

Lieve grote broer en zus: 2 grote voorbeelden boven mij! Dank voor al jullie gezelligheid 
en steun en voor het feit dat jullie mijn broer en zus zijn.

Lieve pa en ma: denk dat jullie de bron van het succes zijn. Ik weet dat jullie trots 
zijn op wat jullie kinderen bereiken, en die credits horen jullie te krijgen. De liefde en 
steun geeft een enorme stimulus, en ik kan niets beter wensen dan mijn ouders trots te 
maken. Bij deze!

En natuurlijk, lieve Kim, mijn liefde, steun en toeverlaat. Dit is ook zeker ons avontuur 
geweest en ik heb geluk dat ik die met jou mocht beleven. Dank voor al jouw steun, 
liefde, gezelligheid en ik kijk uit naar de vele dingen die we nog samen gaan mee maken 
met onze boys!
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