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Sjögren’s syndrome 
Sjögren’s syndrome (SS) is an autoimmune exocrinopathy of unknown etiology, 
mainly affecting the lacrimal and salivary glands. Lymphoid infiltrates, consisting 
of primarily T cells and to a lesser extent B cells and macrophages, cause de-
struction, dysfunction and/or atrophy of the secretory glands, resulting in ocular 
and oral dryness (keratoconjunctivitis sicca and xerostomia).1,2 SS occurs pre-
dominantly in peri- and postmenopausal women. There is a distinction between 
primary SS and secondary SS, the latter developing in the presence of other 
connective tissue diseases, such as systemic lupus erythematosus and rheuma-
toid arthritis.3 Currently, only palliative treatment is available for the exocrine 
dysfunction, although several approaches focusing on immunomodulatory drugs 
have been employed. 
 
The autoimmune exocrinopathy is thought to develop in two separate phases in 
genetically predisposed individuals. An unknown environmental stimulus (e.g., a 
viral infection) initiates the lymphocyte-independent phase in which inappropriate 
apoptosis of epithelial cells gives rise to apoptotic autoantigens. These autoanti-
gens may attract lymphocytes in the second lymphocyte-dependent phase cha-
racterized by the production of cytokines and autoantibodies. This subsequent 
specific immune attack can be exacerbated by a reduced rate of apoptosis 
among lymphocytes, resulting in further epithelial cell death and loss of secreto-
ry function.2,4,5 In addition, dysfunction of residual glandular epithelial cells can 
occur indirectly possibly due to the effects of cytokines, autoantibodies (e.g., 
anti-muscarinic receptor antibodies) or parasympathetic nervous system dys-
function in SS patients.6,7 
 
Although the exact immunopathogenesis has as yet not been elucidated, SS is 
characterized by an imbalance in cytokine production, locally as well as systemi-
cally, depending on disease stage and severity. Only recently has an interna-
tional group agreed on standard primary and secondary outcome measures for 
clinical studies in SS patients.8 Additionally, the pattern of cytokine abnormalities 
is variable in different studies and is not sufficient to distinguish SS patients from 
controls.2,9-12 For example, Pertovåra et al. found a T helper (Th) 2 cytokine pro-
file to be associated with signs of a milder form of primary SS11, and in line with 
this observation Mitsias et al. detected Th2 cytokines in human labial salivary 
glands of SS patients when there was only low-grade infiltration. A Th1 cytokine 
pattern was associated with a later disease stage (definite SS) and advanced 
lymphocytic infiltration.12 However, the cytokine profile in submandibular gland 
biopsies with simultaneous expression of interferon-γ (IFN-γ), interleukin-2 
(IL-2), IL-4 and IL-13 provides an argument against a simple Th1 or Th2 predo-
minance in SS patients.2 It is important to recognize that the division of T-helper 
lymphocytes into Th1 and Th2 subgroups is eminent in animals, but in humans 
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this distinction is not well defined.9,12 
 
Interestingly, recent studies showing an increased expression of interferon and 
associated genes in minor salivary glands of primary SS patients support the 
possible interaction between the innate and adaptive immune system in SS pa-
thogenesis.13,14 In addition, an antigen-driven, germinal center-type B cell re-
sponse has been suggested to take place in the salivary glands of SS patients.15 
These B cells represent a unique, highly selected and differentiated B cell popu-
lation, suggesting a key role of the target organ in recruitment of inflammatory 
cells, lymphoid neogenesis and propagation of the disease process.9 The B-cell-
activating factor (BAFF), or B lymphocyte stimulator (Blys), induced by IFN and 
a member of the tumor necrosis factor-α (TNF-α) superfamily, likely plays an 
important role. Dysregulated BAFF expression has been proposed to lead to 
disease progression, perpetuation of humoral autoimmunity,16-18 and the forma-
tion of germinal centers in SS.18 Moreover, BAFF has been implicated in the 
development of B cell malignancies.18 
 
Gene transfer methods 
Treating a chronic autoimmune disease such as SS requires long-term thera-
peutic approaches. Thus, when using available biological agents, such as re-
combinant proteins that have relatively short half-lives, patients or animals must 
receive frequent injections. This is inconvenient, uncomfortable, and kinetically 
less than ideal. Conversely, gene transfer offers the potential for stable and re-
gulated expression of the therapeutic protein,19 although existing gene transfer 
vectors are imperfect. As yet, no clinical gene transfer studies have been con-
ducted for SS. All studies described herein are from SS animal models.  
 
Several gene delivery systems are currently available. Recombinant viral vectors 
are now particularly useful for their efficiency in mediating gene transfer to tar-
geted cells.19 However, viral vectors elicit host immune responses, may have a 
limited packing capacity, and, for some, random integration into the host ge-
nome is a major concern.20 For example, the non-enveloped adenovirus (Ad) 
conveys robust transgene expression, but this is short-lived (few weeks) due to 
a potent immune response.21 The single-stranded RNA retrovirus integrates in 
the host genome and is thus capable of mediating extremely long-term trans-
gene expression. However, because it is currently only possible to generate low 
titers of retroviral vectors their use is typically limited to ex vivo applications.22 
Furthermore, retroviral vectors pose a major safety concern: insertional mutage-
nesis, as has recently been reported in a severe combined immunodeficiency 
trial.23 Non-viral methods, such as plasmid-cationic liposome mixtures, DNA-
protein conjugates, and naked DNA,20 generally pose less of a safety risk than 
viral vectors, but suffer from low transduction efficiency and very short periods 
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(days) of transgenic protein expression.19 Alternatively, adeno-associated virus 
(AAV), a small, single-stranded DNA, non-pathogenic virus, has shown consi-
derable promise as a viral vector for gene therapy. The widely used recombinant 
serotype 2 AAV vectors (rAAV2) are capable of infecting numerous mammalian 
cells, dividing as well as non-dividing, and elicit a minimal immune response.21,24 
Consequently, transgene expression from rAAV2 vectors, while often more 
modest than that seen with Ad vectors, is very stable and lasts years, and 
rAAV2 vectors have proven to be useful in animal model studies of SS. 
 
 
Content of this Thesis 
 
Part I. Gene Therapy Vectors 
 
Chapter 2  describes the advances made in vector-mediated gene transfer, the-
reby focusing on salivary glands and SS. Ads offer a strong, but rather short-
lived protein expression, as described above. They have merely a place in proof-
of-concept experiments. In Chapter 3  the development of such an Ad vector is 
outlined. It is the first time a viral vector encoding vasoactive intestinal peptide 
(VIP) has been successfully produced and tested.  
 
Part II. Gene Therapy in an Animal Model of Sjögren’s Syndrome 
 
SS patients could potentially benefit from immunomodulatory gene therapy. In 
addition, this form of treatment could offer more insight into the complex and 
largely unknown pathogenesis of SS. The non-obese diabetic (NOD) mouse is 
the most useful, commonly available animal model to examine the SS disease 
characteristics. It develops, besides type I, insulin-dependent diabetes mellitus 
(IDDM), exocrine gland infiltrates and decreased glandular secretion, which are 
age and gender dependent.1,4,25 An rAAV2 encoding human IL-10 (hIL-10) was 
tested in the female NOD mouse, as described in Chapter 4 . Mice were admi-
nistered rAAV2hIL-10 or a control virus expressing β-galactosidase (rAAV2LacZ) 
before or after disease onset. SS, as well as IDDM parameters, were monitored 
and compared. The next two chapters illustrate the testing of VIP (Chapter 5 ) 
and an NF-κB inhibitor, IκBα(sr) (Chapter 6 ), in a comparable setting, only with 
administration before onset of disease. 
 
The most commonly used animal model to study SS uses the NOD mouse. It 
has been known that the IDDM phenotype is not stably expressed and in Chap-
ter 7  several experimental studies are compared to evaluate the expression of 
the SS phenotype in this mouse. 
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In the concluding Chapter 8  a summary of several of the preceding chapters is 
depicted. Additionally, the lessons learned from the use of gene therapeutics 
and biological agents for the exocrine pathogenesis of SS are summarized and, 
based on this information, a potentially optimal treatment for SS is given. 
 
 
Questions in this thesis 
 
1. Can the course of events in SS be altered by gene therapy with immunomo-

dulatory genes? 
2. Is the administration of rAAV2hIL-10 after the onset of disease as effective as 

administration before onset? 
3. Are the purported roles of VIP (immunomodulatory, secretory, trophic stimu-

latory) useful in the management of SS? 
4. Does rAAV2IκBα(sr) alter disease markers in a mouse model of SS? 
5. How stable is the SS phenotype in the NOD mouse model? 
6. What lessons can be learned about the exocrine pathogenesis of SS from 

gene and biological therapeutics? 
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Abstract 
 
Clinical applications of gene transfer technology i nitially targeted the 
treatment of inherited monogenetic disorders and ca ncers refractory to 
conventional therapies. Today, gene transfer approa ches are being devel-
oped for most tissues and for multiple disorders, i ncluding those affecting 
quality of life. The focus herein is eventual appli cation of gene transfer 
technology for the management of organ-directed aut oimmunity. A specif-
ic example is presented: Sjögren’s syndrome and loc alized salivary gland 
gene transfer. The status of relevant pre-clinical gene transfer studies is 
reviewed, with an emphasis on use of adenoviral and  adeno-associated 
viral vectors. Current limitations of effective org an-directed gene transfer 
are also discussed.  
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Introduction  
 
The use of gene transfer technology in developing novel therapies for disorders 
that currently lack effective treatment has markedly increased in the last dec-
ade.1,2 As originally conceived, clinical gene transfer focused on the correction of 
inherited monogenetic disorders and cancers that were refractory to treatment.3 
This somewhat narrow potential usage has now been expanded (at least for pre-
clinical studies) to include a wide spectrum of disorders for which no fully ade-
quate conventional therapy exists, e.g., autoimmune diseases. Virtually all tis-
sues have been targeted and many potential applications address non-life 
threatening disorders, including conditions affecting quality of life. 
 
Gene transfer is accomplished by either of two general methods; use of viral or 
non-viral vectors. In general, viral vectors provide more efficient gene transfer, 
as well as a greater safety risk, than result from use of non-viral vectors. Gene 
transfer can take place ex vivo or in vivo. For ex vivo gene transfer, cells are 
removed from the experimental animal or patient, gene transfer is accomplished 
in the laboratory, and the transduced cells are returned to the host. In vivo gene 
transfer is accomplished directly in the animal model or in the patient.  
 
 
Vector Selection and Delivery 
 
Optimal vector selection depends on the tissue target and therapeutic strategy 
adopted. For target organs in many autoimmune disorders, such as with salivary 
glands, ex vivo gene transfer is not feasible; the parenchymal cells at present 
cannot be readily removed, cultured for long periods of time in the laboratory 
maintaining their differentiated state, and then returned to the host. For such 
organs, effective gene transfer must utilize a vector that can efficiently transduce 
slowly or non-dividing cells in situ. Based on these considerations, we have em-
ployed adenoviral (Ad) and adeno-associated viral (AAV) vectors in our studies 
of salivary gland gene transfer.4 Some general characteristics of these viruses, 
with respect to their use as gene transfer vectors, are shown in Table 1. 
 
Recombinant adenoviral serotype 5 (rAd5) vectors have proven to be extremely 
useful to achieve proofs of concept for salivary gland gene transfer, as with 
many other parenchymal tissues.4 Efficient in vivo gene transfer to salivary 
glands can be accomplished relatively non-invasively through intraoral cannula-
tion of the main excretory ducts,5 providing access of the vector to the luminal 
membranes of almost all parenchymal cells. After delivery of a first generation 
(E1- ± E3-) rAd5 vector in this manner in rats, transduction of all types of epi-
thelial cells, except those of the main excretory ducts, is observed.6 Indeed, we 
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have achieved very high levels of gene transfer in vivo, e.g., approximately 20-
35% of the cells with an rAd5 vector at a dose of 109 plaque-forming 
units/gland.7 
 
 

Characteristic Adenovirus Adeno-associated virus 

Genome size 36 kb 4.7 kb 

DNA double-stranded single-stranded 

Helper virus functiona none needed required 

Virus particle labile stable 

Cellular targets wide wide 

Transgene integration essentially no theoretically possibleb 

Efficiency (gene transfer) high modest 

Stability (expression) no yes 

Titers achieved high modest 

Immune response potent modest 

Biology known considerable little 

Packaging (recombinant) easy laborious 

Table 1. General characteristics of viral vectors e mployed 
aFor production of recombinant vector. 
bFor wild-type AAV2 integration, the expression of the Rep genes is required. Current recombinant 

AAV2 vectors do not contain any Rep gene sequences. 
 
 
However, there is a significant negative side to use of rAd5 vectors; these vec-
tors elicit a potent host immune response (innate, cellular and humoral) in sali-
vary glands,8 as in other tissues. These first generation vectors contain most of 
the Ad5 genome and thus transduced cells produce adenoviral proteins as well 
as the protein encoded by the transgene. Later generation, completely gutted 
rAd5 vectors, without any Ad5 coding sequences, are available, but they are 
more cumbersome to construct and do not result in the high titer preparations 
found with first generation vectors. Recent studies by Crystal and colleagues 
have examined the safety of local delivery (to several sites) of low and interme-
diate doses (≤1011 particles) of rAd5 vectors in humans. They concluded that at 
these doses, rAd5 vectors appear to be well tolerated.9,10 
 
Selection of a vector to mediate gene transfer for the treatment of autoimmune 
diseases can involve multiple considerations,11 including target tissue, length of 
expression desired, and size of the transgene cassette. We began to explore the 
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use of serotype 2 recombinant AAV (rAAV2) vectors for salivary gland gene 
transfer in large part due to the potent rAd5 vector associated immune response, 
in addition to our interest in developing novel and useful therapies for Sjögren’s 
syndrome (SS).12,13 Construction of rAAV2 vectors is considerably more labo-
rious than construction of first generation rAd5 vectors, although recently there 
have been some significant improvements made.14-16 There are many published 
reports employing either rAd or rAAV vectors for pre-clinical models of autoim-
mune diseases (Table 2;17-22). In most studied tissues, including salivary glands, 
the use of rAAV2 vectors results in much longer transgene expression, with sub-
stantially less host immune reactivity, than seen with the use of rAd5 vectors.23,24 
 
 

Autoimmune Disease Vector Transgene Reference 

type I diabetes mellitus rAAV IL-10 Goudy et al.17 

type I diabetes mellitus rAAV vIL-10 Yang et al.18 

uveoretinitis rAd vIL-10 De Kozak et al.19 

rheumatoid arthritis rAAV IL-4 Watanabe et al.20 

rheumatoid arthritis rAd CTLA-4Ig Quattrocchi et al.21 

rheumatoid arthritis rAAV sTNFR1 Zhang et al.22 

Table 2. Examples of viral vectors used for gene tr ansfer to pre-clinical autoimmune disease 
models 
IL-10 – interleukin-10; vIL-10 – viral interleukin-10; IL-4 – interleukin-4; CTLA-4Ig – soluble form of 
cytotoxic T lymphocyte-associated antigen 4; sTNFR1 – soluble form of tumor necrosis factor recep-
tor 1 
 
 
An additional, and particularly important consideration for us choosing to work 
with rAAV2 vectors, is that wild-type AAV2 is not associated with any known 
pathology in humans.23 Consequently, we have decided to routinely use first 
generation rAd5 vectors to demonstrate conceptual feasibility for a given gene 
transfer approach and thereafter utilize an rAAV vector if long-term expression is 
required. However, for certain short-term studies first generation rAd5 vectors 
may still have clinical utility. 
 
As shown in Table 3, we have successfully transferred genes encoding several 
different types of proteins to the salivary glands of Balb/c mice using rAAV2 vec-
tors.12,13,25 Interestingly, we have not been able to use these vectors for gene 
transfer to rat salivary glands,12 which we speculate is due to the absence of 
appropriate rAAV2 receptors (e.g., heparan sulfate proteoglycan26) on luminal 
membranes in these glands. When administered to the salivary glands of Balb/c 
mice, rAAV2 vectors transduce ductal cells (striated and granular convo-
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luted).12,13 We estimate that between 5 and 15% of the glandular cells are trans-
duced after administration of 5x109 to 1x1011 rAAV2 particles/gland. We typically 
follow rAAV2-mediated gene transfer in our studies for 2-4 months, but trans-
gene expression is considerably more long-lived. Indeed, we have ongoing stu-
dies in which rAAV2-mediated transgene expression in salivary glands has ex-
ceeded one year.25 
 
 

Transgene Source Cellular locale Reference 

aquaporin 1 human plasma membrane Braddon et al.12 

β-galactosidase E. coli nuclear, cytosol Yamano et al.13 

interleukin-10 human secreted Yamano et al.13 

erythropoietin human secreted Voutetakis et al.25 

Table 3. Examples of adeno-associated viral (seroty pe 2) vector-mediated gene transfer to 
Balb/c mouse salivary glands 
 
 
 
Gene Transfer Strategy for Sjögren’s Syndrome  
 
SS is a fairly common autoimmune disease that primarily targets the exocrine 
salivary and lacrimal glands, but displays many systemic manifestations.27,28 
Several characteristics of this disorder are listed in Table 4. 
 
 

• Autoimmune exocrinopathy or epitheliitis with systemic manifestations 

• Pathogenesis is unknown 

• No completely effective therapy available 

• Characterized by diffuse lymphoid cell infiltration into salivary and lacrimal glands 

• Classic symptoms of dry eyes and dry mouth 

• Affects circa 1-2 million Americans with similar prevalence in Europe 

• Female: male ratio is 9:1 

Table 4. General characteristics of Sjögren’s syndr ome 
 
 
A key characteristic is that the pathogenesis of SS is unknown. In trying to de-
velop a gene transfer approach for management of these patients, thus far we 
have relied on more general immunomodulatory targets as well as strategies 
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utilized to manage other autoimmune diseases, notably rheumatoid arthritis. In 
particular, we have focused on a hypothesis that T helper 1 (Th1) type inflamma-
tory cytokines stimulate cytotoxic processes within the salivary glands,28,29 which 
provides a strategic approach that seems reasonable at present.30 We are ex-
amining several potentially therapeutic transgenes in the non-obese diabetic 
(NOD) mouse model of SS, including human interleukin-10 (hIL-10), vasoactive 
intestinal peptide, transforming growth factor-β1, and a soluble form of tumor 
necrosis factor-α receptor 1.28 We have recently shown that an rAAV2 vector 
encoding hIL-10 can mediate functional hIL-10 gene transfer to mouse salivary 
glands in vivo.13 
 
 
General Limitations to Effective Gene Transfer  
 
There are numerous current general limitations to effective gene transfer in sali-
vary glands and other tissues, especially when the gene transfer is directed at 
management of an autoimmune disease (Table 5).  
 
 

Limitations Salivary gland status a 

Vectors available rAAV2 useful for salivary glandsb 

Host immune response modest with rAAVb 

Dissemination of vector beyond target glands well-encapsulatedc 

Stability of transgene expression excellent with rAAV2 (>1 year)b 

Adequacy of transgene expression yes, for several applicationsb 

Regulation of transgene expression yes, shown with rAd5d 

Ability to scale to larger animal yes, shown with rAd5e 

Do animal model studies predict human results? requires human studies 

Table 5. General limitations to effective gene tran sfer: status in salivary glands 
aBased on in vivo results using either rAd5 or rAAV2 vectors 
bBased on studies in mice with rAAV2 vectors 
cIn mouse studies essentially no rAAV2 is detected beyond targeted gland 
dBased on studies in rats with rAd5 vector 
eBased on studies in minipigs with rAd5 vector 
 
 
First, the most significant current limitations lie with the vectors available; there 
is no perfect vector at this time.1,4,23 In our view, rAAV2 vectors are very useful 
for gene transfer to salivary glands and several other tissues. Host immune res-
ponses to vectors are a second significant concern. However, as mentioned 
earlier, rAAV2 vectors result in only a modest immune response that for many 
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tissues does not significantly compromise the extent of transgene expression. A 
third significant concern, when administering a vector encoding an immunomo-
dulatory gene, is the possible dissemination of the vector beyond the target tis-
sue. Salivary glands are generally well encapsulated, especially in humans, 
which likely limits the undesirable spread of vector beyond the glands. Other 
tissues also may present natural barriers to vector dissemination, e.g., the joint 
capsule. However, as an added safety factor we, and many others, have begun 
to develop vectors that contain promoters that are relatively tissue specific.31,32 
Thus, in the event of any unexpected spread of a vector beyond the targeted 
organ (here, the salivary glands), vectors containing salivary-specific promoters, 
and/or other salivary specific elements, would not be able to drive undesirable 
transgene expression in other tissue sites. 
 
A fourth significant concern is the stability of transgene expression from the cho-
sen vector. As indicated above, rAAV2 vectors appear to result in long-lived 
transgene expression in murine salivary glands. Similar results have been re-
ported in several other tissues, e.g., liver, lung and muscle.33-35 A fifth concern is 
whether the vector-mediated transgene expression is adequate to elicit the de-
sired therapeutic effect. This of course is critically dependent on the protein and 
biological activity under consideration, but there are many examples showing 
that rAAV2 vectors can achieve adequate transgene expression for diverse ap-
plications. For example, we have shown that an rAAV2 vector encoding hIL-10 
can protect an IL-10 knockout mouse from endotoxic shock induced by lipopoly-
saccharide with serum hIL-10 levels of ~0.5 pg/mL.36 Conversely, the treatment 
of α1-antitrypsin deficiency requires much higher levels of the transgene product 
(~800 µg/mL in serum), which can also be achieved with an appropriately de-
signed rAAV2 vector.37 
  
Most of the vectors that have been used in pre-clinical animal model studies 
express transgenes continuously, i.e., the production is unregulated. As with 
conventional pharmaceuticals, using genes as drugs requires the transgene-
encoded protein to be produced at levels within the appropriate therapeutic win-
dow, as well as delivered on an appropriate schedule. Although there are no 
systems approved for clinical use in regulating transgene expression, there are 
some that have been shown to be quite useful in animal models, e.g., the tetra-
cycline response system38 and the rapamycin-based dimerizer system.35,39 In-
deed, ongoing experiments in our laboratory suggest the rapamycin-based sys-
tem is useful for regulation of transgene expression in salivary glands. 
 
Two final important concerns focus on moving initial animal model studies into 
the clinic. Thus, it is necessary to demonstrate that the results of gene transfer 
experiments in rodent models can be scaled up to a significantly larger animal 
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species, as well as to show that results obtained in studied animal models are in 
fact predictive of results in human studies. The former we have achieved in sali-
vary gland studies (comparing mouse and minipig) using an rAd5 vector,40 but 
we have yet to examine this issue of scaling using rAAV2 vectors. The latter 
concern can only be evaluated after human studies are initiated, and as yet 
there have been no approved clinical trials examining gene transfer to salivary 
glands. 
 
 
Clinical Gene Transfer 
 
The period of the early 1990s was one of considerable enthusiasm for clinical 
gene therapy.2 However, by the mid-1990s, it was becoming clear that positive 
results from clinical gene therapy trials would be slow to come.1,2,41 By the late 
1990s the field faced its first serious problem; the death of a subject enrolled in a 
phase I trial evaluating the utility of an E1-, E4- rAd5 vector encoding ornithine 
transcarbamylase at the University of Pennsylvania.42 While this event appro-
priately led to considerable examination of the safety and toxicity of adenoviral 
vectors,9,10,43 it also spread a mantle of significant doubt over the entire field. 
However, circa seven months after this tragic episode the first report of the clini-
cal success of a gene therapy protocol in France was published: the correction 
of SCID-X1 disease through retrovirus (Moloney murine leukemia virus)-
mediated delivery of the γc cytokine receptor subunit of the receptor for the inter-
leukins IL-2, IL-4, IL-7, IL-9, and IL-15.44 This initial report of results in two pa-
tients, and a total of five patients described in a subsequent publication,45 reinvi-
gorated the gene therapy community. Unfortunately, the enthusiasm was short-
lived, as approximately eight months later, in a published letter,46 the French 
researchers described a serious adverse event in two of the treated children: the 
development of leukemia due to vector-mediated integration events in the trans-
duced lymphocytes. This eventually led to a halt on similar trials being con-
ducted in the USA.47,48 Additionally, about this time concern was raised over 
possible germ line transmission of an rAAV2 vector in a phase I trial in the USA 
examining the use of gene therapy for treatment of Factor IX deficiency.49 The 
trial was temporarily halted while this possibility was carefully examined and 
subsequently the concern was deemed unwarranted. The overall effect of these 
episodes was to raise numerous questions about the ultimate clinical applicabili-
ty of gene therapy.1,2 However, we think Jeffrey Leiden’s assessment of the sta-
tus of gene therapy in a 1995 editorial still has merit today.50 He suggested then 
that gene therapy was in its infancy, but it was grounded on solid scientific prin-
ciples, and despite the occurrence of negative results and significant problems 
with early clinical trials, there was reason to be optimistic. We are similarly opti-
mistic for the same reasons. 
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Abstract 
 
OBJECTIVE: Vasoactive intestinal peptide (VIP) is a  small neuropeptide, 
which exerts pleiotropic functions. Based on its im munomodulatory, se-
cretory and possibly trophic effects, VIP is a valu able candidate molecule 
for the management of autoimmune disease. The purpo se of this study 
was to develop a recombinant viral vector capable o f directing the expres-
sion of functional VIP. METHODS: The vector rAd5CMV hVIP was con-
structed and used to infect 293 cells. VIP expressi on was measured by an 
ELISA and function evaluated by measurement of intr acellular cAMP for-
mation. RESULTS/DISCUSSION: rAd5CMVhVIP directed VI P expression 
and the transgenic VIP elicited a dose-dependent in crease of intracellular 
cAMP, mediated through the VIP receptor VPAC 1. This is the first report 
showing the construction of a recombinant viral vec tor encoding biologi-
cally active VIP. 
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Introduction 
 
Vasoactive intestinal peptide (VIP) is a 28-amino acid neuropeptide. Originally 
thought to be solely a gastrointestinal peptide, it is widely distributed and has 
pleiotropic functions in the digestive tract, central nervous system, cardiovascu-
lar circuit, respiratory tract, endocrine glands, immune milieu and metabolic 
processes.1 Based on its immunomodulatory properties, VIP may be useful in 
the management of several autoimmune disorders.2 For example, in a mouse 
model for rheumatoid arthritis, systemic administration of VIP led to clinical im-
provement and a decrease in pro-inflammatory, and an increase in anti-
inflammatory, mediators.3 In addition, VIP is a non-cholinergic, non-adrenergic 
neurotransmitter with secretory and possibly trophic effects.4,5 
 
The stability, and therefore the bioavailability, of exogenous VIP is limited due to 
its rapid degradation and inactivation.6 Gene transfer potentially offers a means 
of sustained expression of a VIP transgene. Since high serum VIP levels are 
associated with secretory diarrhea in patients with a VIPoma,7 local therapy of 
VIP is preferable. For example, salivary glands provide an excellent target site 
for localized gene transfer following retrograde ductal infusion of vectors.8 
Sjögren’s syndrome (SS) is an autoimmune exocrinopathy of unknown etiology, 
mainly affecting the salivary and lacrimal glands, and could potentially benefit 
from VIP gene therapeutic treatment. The purpose of this study was to develop a 
recombinant viral vector encoding human VIP, as well as to examine VIP ex-
pression and biofunctionality in vitro. 
 
 
Materials and Methods 
 
Construction of viral vector encoding functional VIP 
VIP cDNA was obtained by RT-PCR of female fetal human brain mRNA (Strata-
gene, La Jolla, CA, USA) with specific VIP primers (Figure 1). The specific oli-
gonucleotide primers, containing NotI sites (underlined), used were: sense pri-
mer 5’-AAGCGGCCGCCCTAAGACAGCTCCAAAACAAACC-3’ and anti-sense 
primer 5’-ATAGCGGCCGCGGGAAGTTGTCATCAGCTTTGC-3’. The PCR, 
using PfuTurbo® DNA polymerase (Stratagene), was performed as follows: de-
naturing at 95ºC for 30 s, extension at 68ºC for 30 s, and annealing at 74ºC for 1 
minute for 35 cycles, followed by 72ºC for 10 minutes. 
 
The PCR-amplified VIP cDNA (640 bp) was verified by restriction digests (Fig-
ure 1) and by sequencing (not shown). The cDNA was digested with NotI and 
inserted into the pAC shuttle plasmid9 to yield pAC-CMV-hVIP (size 9440 bp). 
The serotype 5 adenoviral vector, rAd5CMVhVIP, was generated by homolog-
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ous recombination after cotransfection with pJM17 in 293 (Microbix; see below) 
cells as described.9 The infectious titer was determined by limiting dilution pla-
que assay and the particle titer by real-time quantitative PCR (Q-PCR; Applied 
Biosystems, Foster City, CA, USA) using specific VIP Q-PCR primers: sense 
primer 5’-CCAGCTCCTTGTGCTCCTG-3’ and anti-sense primer 5’-TGTAAAGA 
GGCCATGCCGA-3’. 
 
 

 

Figure 1. Generation of VIP cDNA by RT-PCR 
A. Organization of the human VIP/PHM-27 gene: seven exons (black boxes) and six introns (white 
boxes). VIP cDNA, obtained by RT-PCR of female fetal human brain mRNA, was derived from exons 
I-VI (arrow). B. Lane 1 shows the PCR product, corresponding to the VIP cDNA (640 bp). Lane 2 
shows the VIP cDNA after digestion with HincII, yielding expected 365 bp and 275 bp cDNA frag-
ments. Samples were run on a 3% agarose gel with a DNA ladder (left side). VIP cDNA was also 
verified by sequencing. 
 
 
Reagents and cell lines 
The cell lines used were human embryonic kidney (HEK) 293 cells (ATCC, Ma-
nassas, VA, USA), 293 Microbix cells (Microbix Biosystems Inc., Toronto, Cana-
da) and a murine pituitary tumor cell line (AtT20 cells; a generous gift of Dr. N.X. 
Cawley, NICHD, NIH). 293 cells were grown in Improved Minimum Essential 
Medium, Eagle’s (IMEM) and AtT20 cells in high-glucose Dulbecco’s Modified 
Eagle’s Medium (DMEM). All media were supplemented with 10% 55ºC heat-
inactivated fetal bovine serum (Life Technologies, Rockville, MD, USA), 2 mM 
glutamine, penicillin (100 U/mL), and streptomycin (100 mg/mL; Biofluids, Rock-
ville, MD, USA). 
 
VIP measurement assay 
Recombinant vector was used to infect cells. VIP expression and secretion were 
measured by an ELISA (Peninsula Laboratories, San Carlos, CA, USA) of cul-
ture media and cell lysates. The assay sensitivity was ~0.05 ng/mL. 
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cAMP assay 
Intracellular cAMP formation was measured after incubating naïve 293 cells, 
which possess VPAC1-receptors,10 in conditioned media obtained from 293 cells 
previously infected with rAd5CMVhVIP at a multiplicity of infection (MOI) of 320. 
Transgenic VIP in media was concentrated with dialyzers (Sigma, St. Louis, MO, 
USA, catalognr. Z36,841-5) and diluted with non-conditioned media to yield the 
VIP concentrations shown in Figure 3. Concentrated media from uninfected cells 
were used as a control and diluted as described above. The phosphodiesterase 
inhibitor 3-isobutyl-1-methylxanthine (IBMX; 10-4 M; Sigma) was added to mini-
mize cAMP degradation. Intracellular cAMP formation was determined with a 
cAMP (low pH) ELISA (R&D Systems, Minneapolis, MN, USA). The lower detec-
tion limit was ~0.39 pmol/mL. To block the VPAC1 receptor, the selective 
VPAC1-receptor antagonist ([Ac-His1, D-Phe2, K15, R16, L17]VIP(3-7)/GRF(8-
27))11, at either 30 or 300 nM, was incubated with concentrated conditioned or 
unconditioned media and cAMP assays, as above, were performed. 
 
 
Results and Discussion 
 
The infectious titer of the rAd5CMVhVIP vector was 7.0x1011 plaque forming 
units/mL and the physical titer 6.5x1012 particles/mL. To determine if this vector 
directed VIP protein expression, both 293 and AtT20 cells were infected. Typi-
cally, 3.2x102 particles of rAd5CMVhVIP/cell resulted in ~3.3 ng VIP (32-fold 
increase over background) in the culture medium per 106 infected 293 cells (Fig-
ure 2). 
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Figure 2. VIP expression in 
rAd5CMVhVIP-infected 
cells 
Culture media was assayed 
for VIP by an ELISA as de-
scribed in Materials and 
Methods. Data shown are the 
total amount of VIP (ng) per 
106 infected 293 cells (multip-
licity of infection [MOI] 
3.2x102) per 24 hours. The 
results are representative of 
five experiments with 2-4 
replicates. 
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Similar results were found in an experiment conducted with AtT20 cells (3.4 
ng/106 cells in 24 hours, MOI 3.2x102). Transfected cell lysates did not result in 
measurable VIP levels (data not shown), indicating all produced VIP was se-
creted by the cells. The biological function of the transgenic VIP secreted into 
the culture media was evaluated by measuring intracellular cAMP formation after 
incubating naïve 293 cells in conditioned media obtained from 293 cells pre-
viously infected with vector. Transgenic VIP elicited a dose dependent increase 
in cAMP at concentrations from 10-12 to 10-8 M with maximal increases in cAMP 
levels achieving approximately 5–10-fold of the basal level (IBMX alone; Fig-
ure 3). This corresponded to a value of ~15 pmol cAMP per 106 cells. Next, we 
used a selective VPAC1-antagonist to determine if transgenic VIP elicited cAMP 
formation in a receptor-specific manner. The antagonist used, [Ac-His1, D-Phe2, 
K15, R16, L17]VIP(3-7)/GRF(8-27), resulted in a dose-related decrease in cAMP 
formation elicited by transgenic VIP (Figure 4). At 300 nM antagonist, transgenic 
VIP induced cAMP elevations were blocked by more than 80%. 
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Figure 3. Transgenic VIP stimulation of 
intracellular cAMP formation 
Naïve 293 cells were incubated in concen-
trated media obtained from 293 cells pre-
viously infected with rAd5CMVhVIP (multip-
licity of infection [MOI] 3.2x102) or concen-
trated control media from uninfected cells. 
Intracellular cAMP formation was deter-
mined as described in Materials and Me-
thods. The data are expressed as fold sti-
mulation of cAMP levels compared to basal 
levels and are means ± SEM (n = 3). Each 
experiment was assayed in duplicate. 
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Figure 4. Effect of a VPAC1 antagonist on 
intracellular cAMP formation elicited by 
transgenic VIP 
Naïve 293 cells were incubated with condi-
tioned media from VIP vector infected cells 
(VIP 10-8 M, obtained as in Figure 3) and the 
selective VPAC1-receptor antagonist ([Ac-
His1, D-Phe2, K15, R16, L17]VIP(3-7)/GRF(8-
27)) at either 30 and 300 nM. Intracellular 
cAMP formation was determined as de-
scribed in Materials and Methods. The data 
are expressed as fold stimulation of cAMP 
levels compared to basal levels and are 
means ± SEM (n = 2). Each experiment was 
assayed in duplicate. 

 
 
Recombinant VIP protein leads to clinical improvement in a mouse model for 
rheumatoid arthritis.3,12 This result suggested the possible advantageous effects 
of VIP in other autoimmune diseases.2,3,13 To our knowledge, this is the first re-
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port of the development of a gene transfer vector encoding functional VIP for 
such potential therapeutic use. Indeed, we are aware of only one report about 
the expression of the human VIP gene in transgenic mice.14 The likely reason for 
this minimal study is the complex nature of the VIP gene and the extensive 
processing that is required prior to the generation of functional VIP protein (see 
below). In the present study, we constructed a recombinant virus, 
rAd5CMVhVIP, to examine the in vitro expression and function of the VIP trans-
gene product. 
 
VIP, together with pituitary adenylate cyclase-activating polypeptide (PACAP) 
and peptide histidine-methionine (PHM-27), is a member of the gluca-
gon/secretin superfamily.15 The precursor protein, prepro-VIP/PHM-27, is en-
coded on human chromosome 616 and the 8,837 bp spanning gene contains 
seven exons and six introns17 (Figure 1). Extensive post-translational processing 
of the prepro-protein takes place during formation and maturation of secretory 
granules.18,19 Additionally, as with many neuropeptides, amidation of the 
C-terminal amino acid (in the case of VIP, glycine in the C-terminal sequence) is 
important for biological activity.20,21 Although functional VIP generation typically 
requires this extensive post-translational processing, Simoncsits et al. showed 
that elongated precursors of human VIP that have not undergone alpha-
amidation were functionally active.22 In addition, biologically active VIP with a 
C-terminal extension of glycine-lysine-arginine has been isolated from porcine 
intestinal extracts.23 This suggests that in tissues or cells lacking amidation en-
zymes it may still be possible to generate functional VIP. 
 
The neuro-endocrine cell line AtT20 contains secretory granules and key en-
zymes needed for VIP processing.20,24,25 While 293 cells lack regulated secretory 
granules and at least some key processing enzymes,25 when both cell types 
were infected with rAd5CMVhVIP, we observed similar levels of VIP expression. 
Since 293 cells have VIP receptors, we chose to perform additional studies with 
these cells. Transgenic VIP elicited a dose-dependent increase of intracellular 
cAMP formation in 293 cells, an effect mediated through the specific VIP cell 
surface receptor, VPAC1, as shown by inhibition of cAMP increases by the 
VPAC1-antagonist [Ac-His1, D-Phe2, K15, R16, L17]VIP(3-7)/GRF(8-27). VIP in the 
immune system can act as an autocrine regulator.26 These effects, mainly me-
diated through the VPAC1-receptor, are wide ranging; including the inhibition of 
several macrophage functions, T cell proliferation, lymphocyte migration and the 
expression of chemokines and pro-inflammatory cytokines.13,26,27 
 
Conclusion 
This is the first report of the development of a recombinant viral vector capable 
of directing biologically functional transgenic VIP. As such, this vector likely will 
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be useful for numerous investigators interested in studying VIP biology in di-
verse model systems. Whether the vector will be useful for local management of 
autoimmune disease, however, remains to be established. 
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Abstract  
 
OBJECTIVE: Female non-obese diabetic (NOD) mice dev elop spontaneous 
autoimmune sialadenitis and loss of salivary flow, and are a widely used 
model of Sjögren's syndrome (SS). We examined the f easibility of local 
salivary gland immunomodulatory gene delivery to al ter these sequelae in 
NOD mice. METHODS: We constructed recombinant adeno -associated 
viral (rAAV) vectors encoding either human interleu kin-10 (rAAVhIL-10) or 
β-galactosidase (rAAVLacZ, control vector). Mice rec eived rAAVhIL-10 or 
rAAVLacZ by retrograde submandibular ductal instill ation either at age 8 
weeks (early, before onset of sialadenitis), or at 16 weeks (late, after onset 
of sialadenitis). As a systemic treatment control, separate mice received 
intramuscular delivery of rAAVhIL-10 at each time p oint. RESULTS: Both 
submandibular and intramuscular delivery of vector led to low circulating 
levels of hIL-10. After submandibular administratio n of rAAVhIL-10, sali-
vary flow rates at 20 weeks for both the early and late treatment groups 
were significantly higher than for both rAAVLacZ-ad ministered and un-
treated mice. Systemic delivery of rAAVhIL-10 led t o improved salivary 
flow in the late treatment group. Inflammatory infi ltrates in submandibular 
glands, however, were significantly reduced only in  mice receiving rAAV-
hIL-10 locally in the salivary gland compared with mice receiving this vec-
tor intramuscularly, rAAVLacZ or no treatment. In a ddition, after subman-
dibular rAAVhIL-10 delivery, NOD mice exhibited sig nificantly lower blood 
glucose, and higher serum insulin, levels than all other groups, indicating 
some systemic benefit of this treatment. CONCLUSION S: These studies 
show that expression of hIL-10 by rAAV vectors can have disease-
modifying effects in the salivary glands of NOD mic e and suggest that lo-
cal immunomodulatory gene transfer may be useful fo r managing the sali-
vary gland pathology in SS. 
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Introduction 
 
Sjögren’s syndrome (SS) is an autoimmune disease, characterized by a focal 
and diffuse lymphoid cell infiltration into the salivary and lacrimal glands, that 
affects 0.3-4.8% of the population in the United States.1 The consequence of 
chronic immune cell activation in these exocrine glands is diminished secretory 
function, which leads to symptoms of dry mouth and dry eyes. The non-obese 
diabetic (NOD) mouse, which is recognized as an animal model for autoimmune 
type I, insulin-dependent diabetes mellitus, also develops exocrine gland infil-
trates and, as in SS, a loss of salivary flow that is age and gender dependent. 
The female NOD mouse is considered an excellent model for SS.2-4 Analyses of 
lymphocyte populations infiltrating the exocrine tissues have revealed similar 
profiles in the salivary glands of NOD mice and in the salivary glands of patients 

with SS, with a predominance of CD4
+ 

T cells and significantly fewer CD8
+ 

T 
cells or B cells.5 In addition, we and others have previously shown that the de-
structive immune response in salivary glands of NOD mice is biased toward a 
helper T cell type 1 (Th1) like profile.6-8 Upregulation of pro-inflammatory cyto-
kine genes may be responsible or necessary for the development of autoim-
mune diseases.9,10 
 
Interleukin-10 (IL-10) is a homodimeric cytokine with a wide spectrum of immu-
nosuppressive activities. IL-10 is a potent inhibitor of tumor necrosis factor-α 
(TNF-α), IL-1, IL-6, IL8, and granulocyte-macrophage colony stimulating factor 
(GM-CSF) synthesis by monocytes and macrophages.11,12 IL-10 also directly 
suppresses the synthesis of interferon-γ (IFN-γ) by Th1 lymphocytes in vitro.13,14 
Administration of IL-10 protein has proven therapeutically useful in several pre-
clinical models of autoimmune diseases.15-17 Several studies, using both viral 
and non-viral vectors, have reported that treatment with the IL-10 gene, with or 
without the IL-4 gene, can inhibit the development of autoimmune diseases, 
including type I diabetes mellitus in NOD mice.18-23 As an alternative to cytokine 
protein therapeutics, cytokine-based gene therapy would obviate the need for 
multiple injections as typically required with protein delivery.24 To our knowledge, 
there are no published reports examining any effects of either IL-10 protein or 
gene therapy on the autoimmune sialadenitis that occurs in female NOD mice. 
 
Salivary glands offer an unusual, but potentially useful, target site for both local 
and systemic gene therapeutics.25-28 For example, using recombinant adenoviral 
vectors we have shown that gene transfer to salivary glands can lead to the 
augmentation of saliva with an antifungal polypeptide,29 as well as provide the 
delivery of biologically active growth hormone into the bloodstream.30 Further-
more, undesirable vector dissemination is limited beyond the well encapsulated 
salivary glands.31 However, in salivary as in other cell types, recombinant ade-
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noviral vectors induce a potent host immune response,32 provide only transient 
expression of the transgene,33 and can elicit direct target cell toxicity.34 For gene 
transfer to be clinically useful these untoward events must be avoided. 
 
Adeno-associated virus (AAV) is a unique, non-pathogenic member of the Par-
voviridae family of small, single-stranded DNA animal viruses. Vectors based on 
the serotype 2 recombinant AAV (rAAV) have proven to be especially useful for 
in vivo gene transfer.35-37 rAAV vectors infect both dividing and non-dividing cells, 
elicit relatively modest host immune responses compared with adenoviral vec-
tors,38-40 and have demonstrated long-term persistence in a number of in vivo 
studies. We have shown that rAAV serotype 2 vectors are able to mediate the-
rapeutic gene transfer (human IL-10 [hIL-10], and a plasma membrane water 
channel, aquaporin 1) to murine salivary glands.41,42 Because of the positive 
features offered by rAAV-mediated gene transfer, we hypothesized that an rAAV 
encoding hIL-10 could be useful to modulate inflammatory reactions locally in 
the salivary glands of patients with SS.43 In the present study, for the first time, 
we show the ability of in vivo immunomodulatory gene transfer by rAAVhIL-10 to 
blunt the immunopathological and functional sequelae characteristic of SS-like 
autoimmune sialadenitis in NOD mice. 
 
 
Materials and Methods  
 
Cell lines  
The human embryonic kidney (HEK) 293 T cell line expresses the simian virus 
40 (SV40) large T antigen in a stable manner.44 The COS cell line is derived 
from monkey kidney epithelial cells.45 293 T and COS cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM). All media were supplemented with 
10% heat-inactivated (55ºC; 30 minutes) fetal bovine serum (Invitrogen Life 
Technologies, Gaithersburg, MD, USA), 2 mM glutamine, penicillin (100 U/mL), 
and streptomycin (100 mg/mL; Biofluids, Rockville, MD, USA). 
 
Mice  
Animal studies were approved by the National Institute of Dental and Craniofa-
cial Research (NIDCR) Animal Care and Use Committee and the National Insti-
tutes of Health (NIH) Biosafety Committee. All procedures were conducted in 
accordance with IASP (International Association for the Study of Pain) stan-
dards. Female NOD/LtJ mice (stock 001976) were obtained from The Jackson 
Laboratory (Bar Harbor, ME, USA), and male Balb/c mice were obtained from 
the Division of Cancer Treatment (National Cancer Institute [NCI], Bethesda, 
MD, USA). Mice were maintained throughout the course of the study in the 
NIDCR animal facility (Bethesda, MD) in accordance with Federal guidelines. 
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Blood glucose levels were measured once per week starting at age 12 weeks, 
using a OneTouch monitor (LifeScan, Milpitas, CA, USA). All mice with blood 
glucose levels ≥400 mg/dL were given Ultralente insulin (Eli Lilly, Indianapolis, 
IN, USA) injections (4 U/mouse, every 24 hours) to limit diabetes-related dehy-
dration. We chose not to treat mice until this rather high blood glucose level was 
reached, because we wished to examine their insulin production. Serum insulin 
levels were measured with a rat insulin radioimmunoassay kit with a sensitivity 
of 0.1 ng/mL (LINCO Research, St. Charles, MO, USA). 
 
Gene transfer, and saliva and serum collection 
The experiments described in this paper represent one of three separate stu-
dies, over the indicated 8- to 20-week time course, that we conducted to investi-
gate the effects of rAAVhIL-10 administration on salivary gland function and 
histopathology in NOD mice. All three studies gave comparable results, regard-
ing the efficacy of salivary gland delivery. However, in two earlier studies that 
are not presented herein, the only control group used consisted of untreated 
mice. Mild anesthesia was induced with ketamine (60 mg/mL, 1 mL/kg body 
weight; Phoenix Scientific, St. Joseph, MO, USA) and xylazine (8 mg/mL; Phoe-
nix Scientific) solution given intramuscularly. Six study groups were employed. 
After an intramuscular injection of atropine (0.5 mg/kg; Sigma, St. Louis, MO, 
USA), two groups of female NOD mice received early treatment (8 weeks; be-
fore onset of sialadenitis) with either rAAVhIL-10 (n = 4) or rAAVLacZ (n = 3) 
and two groups received late treatment (16 weeks; after onset of sialadenitis) 
with either rAAVhIL-10 (n = 6) or rAAVLacZ (n = 4) administered to both sub-

mandibular glands by retrograde ductal instillation (2.5x10
10

 genomes per 
gland). Two additional groups of mice received, at 8 weeks (n = 6) or 16 weeks 
(n = 5), intramuscular injections of rAAVhIL-10 into the quadriceps muscle 

(5x10
10 

genomes). Salivary flow rates were measured at 8 weeks (baseline, un-
treated, not manipulated before saliva collection) and at 12, 16, and 20 weeks of 
age. Blood glucose and insulin levels were measured at 16 and 20 weeks of 
age. Whole saliva was collected after stimulation of secretion, using pilocarpine 
(0.5 mg/kg body weight) administered subcutaneously.8,42 Saliva was obtained 
from the oral cavity by micropipette and placed into pre-weighed 0.5-mL micro-
centrifuge tubes, and volume was determined gravimetrically as previously de-
scribed, with comparable results.8,42 
 
Construction of rAAVhIL-10 and rAAVLacZ  
We previously reported construction of rAAVhIL-1042,46 and rAAVLacZ (encoding 
β-galactosidase47). For the present study, a plasmid containing hIL-10 cDNA (0.6 
kb), pH15C,48 was obtained from the American Type Culture Collection (Manas-
sas, VA, USA), and was amplified to include NotI sites for cloning by PCR em-
ploying a GeneAmp PCR reagent kit (Applied Biosystems, Foster City, CA, 
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USA). The PCR-amplified hIL-10 cDNA was inserted into the NotI site of pAAV47 
to yield the plasmid pAAVhIL-10, with the hIL-10 cDNA driven by the cytomega-
lovirus promoter-enhancer. To generate the rAAV vectors, the adenoviral helper 
packaging plasmid pDG (a gift from Prof. J.A. Kleinschmidt49) was used. Plates 
(15 cm) of ~40% confluent 293 T cells were cotransfected with either pAAVhIL-
10 or pAAVLacZ, and pDG at a ratio of 1:2, using a calcium phosphate precipita-
tion procedure.50 Two days after transfection cells were harvested. Clarified cell 
lysates were adjusted to a refractive index of 1.372 by addition of CsCl and cen-
trifuged at 38,000 rpm for 65 hours at 20ºC. Equilibrium density gradients were 
fractionated and fractions with a refractive index of 1.369–1.375 were collected 
and stored at 4ºC. Immediately before use for experiments, the virus was di-
alyzed against 0.15 M NaCl. The titer of DNA physical particles in rAAV stocks 
was determined by real-time PCR (see below; Applied Biosystems). Infectious 
vectors were demonstrated by infecting COS cells with 2 µl of each CsCl fraction 

in the presence of 2.4x10
8 

particles of wild-type adenovirus. As appropriate, ei-
ther supernatants from infected cells were analyzed in an ELISA for hIL-10 (see 
below) or cells were stained for β-galactosidase activity with 5-bromo-4-chloro-3-
indolyl-β-D-galactopyranoside (X-Gal).47 
 
Quantification of cytokines  
Secretion of hIL-10 and IFN-γ in cell culture media, mouse sera and saliva was 
determined with an ELISA, using commercial kits for hIL-10 (R&D Systems, 
Minneapolis, MN, USA and Biosource International, Camarillo, CA, USA) and 
mouse IFN-γ (mIFN-γ; Endogen, Woburn, MA, USA). The lower limit of detection 
was 5 pg/mL for hIL-10 in experiments performed in vitro, 0.2 pg/mL in a high 
sensitivity assay for hIL-10 in experiments performed in vivo, and 10 pg/mL for 
mIFN-γ in experiments performed in vivo. Assays were performed according to 
the manufacturers’ instructions. The levels of several cytokines were also de-
termined after extraction of soluble protein from murine salivary glands. After 
measuring the wet weight, salivary glands were homogenized in buffer (phos-
phate buffered saline [PBS] and complete protease inhibitor cocktail; Roche 
Molecular Biochemicals, Indianapolis, IN, USA). Thereafter, crude extracts were 
centrifuged at ~325 x g and total protein in the supernatant was determined with 
a Bio-Rad (Hercules, CA, USA) protein assay according to the manufacturer’s 
instructions. mIL-4, mIFN-γ, mIL-6, mIL-12, mRANTES, mIL-10, and hIL-10 were 
measured commercially in SearchLight proteome arrays (Endogen), which are 
multiplexed assays involving a sandwich ELISA procedure. 
 
Determination of serum antibodies to hIL-10  
Initially, to determine the presence of antibodies directed against hIL-10 in NOD 
mouse sera, aliquots of undiluted sera from animals of different rAAV vector 
treatment groups were obtained at 20 weeks and pooled by group. To 200 mL of 
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standard concentrations (0.78-50 pg/mL) of recombinant hIL-10 (R&D Systems) 
8 ml of pooled serum was added to obtain a final serum dilution of 1:26. The 
samples were then incubated at 37ºC for 30 minutes. An hIL-10 high sensitivity 
ELISA, containing polyclonal mouse antihuman antibodies (R&D Systems), was 
then used to detect hIL-10 protein according to the manufacturer’s instructions. 
A change in the ELISA standard curve provided evidence of the presence of 
anti-hIL-10 antibodies in NOD mouse sera. Thereafter, serum samples (at dilu-
tions of 1:50-1:2,000) from individual mice were added to 27 pg (in 200 µl) of 
hIL-10 standard recombinant protein. The samples were incubated at 37ºC for 
30 minutes and an hIL-10 ELISA was performed. The maximal serum-mediated 
reduction in ELISA color development was ~60%. A dilution of serum that re-
duced this maximum by 50% indicated the titer of anti-hIL-10 antibody present. 
 
Quantitative real-time PCR  
Genomic DNA was isolated from submandibular glands, draining lymph nodes, 
and spleens of all treated mice, using a DNeasy isolation kit (Qiagen, Chats-
worth, CA, USA). Quantitative (Q) PCR amplification (final volume 20 µl) of the 
DNA (100 ng) was performed with an ABI PRISM 7700 sequence detection sys-
tem (Applied Biosystems) by using the SYBR Green PCR Master Mix (Applied 
Biosystems) and a specific primer pair (sense: 5’-ATCTACGTATTAGTCAT 
CGCTATTACCAT-3’; and antisense: 3’-TGGAAATCCCCGTGAGTCA-5’; both 
0.3 µM) for the cytomegalovirus (CMV) promoter. A PCR thermal profile of hold-
ing at 95ºC for 10 min, denaturing at 95ºC for 15 s, and annealing and extending 
at 60ºC for 1 minute was performed for 40 cycles. A standard curve, employing 
pAAVCMV and including 100 ng of genomic DNA from untreated animals for 
each specific tissue, was included for each Q-PCR reaction. Multiple samples of 
different tissues were included in a single run and the ratio (number of copies) 
between these samples was used to normalize data obtained from different 
Q-PCR assays performed during the study. The detection limit of this assay was 
10 vector copies. 
 
Histological assessment of submandibular glands  
Submandibular glands were removed for histological analyses from NOD mice 
at the time of sacrifice, at 20 weeks of age, unless otherwise stated, and placed 
in 10% formalin. After fixation, the tissues were dehydrated in a series of graded 
ethanol solutions and embedded in paraffin according to standard technique. 
Sections were cut at a thickness of 5 µm and subsequently stained with hema-
toxylin and eosin. Histopathologic scoring was performed on the basis of a focus 
score (in which a focus is an aggregate of 50 or more lymphocytes and histi-

ocytes, per 4 mm
2
).51 Foci were counted in at least three different areas of three 

sections (total of nine fields) from each gland sample, using a graticule at 40x 

magnification. The results were calculated and expressed as foci per 4 mm
2
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The focus scores were assessed blindly by three different examiners (MRK, 
BML, RIC). The mean of the scores determined by each of the three observers 
was calculated. 
 
Statistical analysis  
Descriptive statistics were calculated and reported as means ± SEM. The Stu-
dent’s t test for unpaired variables was used to compare differences between 
groups. p-Values less than or equal to 0.05 were considered significant. 
 
 
Results 
 
Characteristics of rAAVhIL-10 and rAAVLacZ preparations  
Aliquots of peak fractions obtained by CsCl centrifugation were pooled after 
measurement of hIL-10 secretion from, or LacZ expression in, COS cells coin-
fected with wild-type adenovirus. All experiments reported herein were per-
formed with a single preparation of rAAVhIL-10 or rAAVLacZ having a virus par-

ticle titer (i.e., number of genomes) of ~5x10
12 

genomes/mL. As reported, we 
have extensively tested rAAVhIL-10 to show that the encoded transgene prod-
uct, hIL-10, is functional in vitro and in vivo.42,46 
 
rAAVhIL-10 transduction of salivary glands and quadriceps muscle  
Six groups of mice were employed for the present study. NOD mice received 
either early treatment with rAAVhIL-10 or rAAVLacZ at age 8 weeks or late 
treatment at 16 weeks, to both submandibular glands by retrograde ductal instil-
lation. The remaining two groups were administered (at 8 or 16 weeks) rAAV-
hIL-10 via the quadriceps muscle to examine any effect of systemic delivery of 
the experimental vector. To assess systemic transgene expression, serum 
hIL-10 levels were determined. At 20 weeks, 3 of 9 early-treated mice (two sali-
vary gland and one intramuscular) and 4 of 11 late-treated mice (two salivary 
gland and two intramuscular) showed relatively modest, but measurable hIL-10 
levels in serum (0.3-9.0 pg/mL; detection limit 0.2 pg/mL). No measurable hIL-10 
was detected in serum from animals not treated with rAAVhIL-10. Similar results 
were found in the two earlier experiments performed after rAAVhIL-10-mediated 
gene transfer to NOD mouse submandibular glands (data not shown). These 
results are also comparable to those reported by us after rAAVhIL-10 delivery to 
salivary glands and quadriceps muscle of Balb/c mice.42,46 In addition, we tested 
serum samples, obtained at 20 weeks from animals receiving treatment with the 
rAAVhIL-10 vector at the early time point, for the presence of antibodies to 
hIL-10. Maximal differences between serum samples were seen at a 1:50 dilu-
tion. Most sera tested (8 of 10) from mice receiving rAAVhIL-10 by intramuscular 
injection and by salivary gland administration exhibited low levels of anti-hIL-10 
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antibodies (at this dilution leading to ~60% reduction in ELISA color develop-
ment). Seven of the 10 tested samples showed no detectable serum hIL-10 (all 
seven sera exhibited the maximal level of anti-hIL-10 antibodies). The remaining 
three samples had either no detectable antibodies to hIL-10 (two samples, both 
with clearly measurable serum hIL-10; 3.6 and 9.0 pg/mL) or a relatively low 
anti-hIL-10 antibody titer and a low level of serum hIL-10 measured (0.3 pg/mL). 
Importantly, none of the mice (0 of 3) given rAAVLacZ in their salivary glands 
exhibited antibodies to hIL-10 in their sera (data not shown). 
 
Effect of hIL-10 cDNA delivery on salivary function in NOD mice  
The age- and gender-dependent decline in salivary flow rates in NOD mice be-
gins between 8 and 12 weeks of age, and salivary flow rates steadily decrease 
thereafter.8 To investigate the effect of rAAVhIL-10 administration on saliva se-
cretion, pilocarpine-stimulated salivary flow rates were measured at 8, 12, 16, 
and 20 weeks. At 8 weeks, before any treatment, 10 randomly selected mice 
showed an average salivary flow rate (microliters per 20 minutes; mean ± SEM) 
of 186 ± 25 (baseline). In the early treatment group, administered rAAVhIL-10 
via the submandibular glands, the salivary flow rate was 192 ± 10 at 12 weeks, 
168 ± 20 at 16 weeks, and 121 ± 33 at 20 weeks, whereas for intramuscularly 
treated animals the salivary flow rate was 99 ± 23 at 16 weeks and 100 ± 43 at 
20 weeks (Figure 1). 
 
In the late treatment group, the average salivary flow rate (microliters per 20 
minutes; mean ± SEM) at 16 weeks (before treatment) was 74 ± 16. After rAAV-
hIL-10 administration, salivary flow at 20 weeks was 93 ± 23 with salivary gland 
delivery and 112 ± 16 with intramuscular treatment. Conversely, for mice receiv-
ing rAAVLacZ at week 8 the average salivary flow rate was 125 ± 45 at 12 
weeks, 60 ± 16 at 16 weeks (which was similar to the salivary flow rate of un-
treated mice at this time point), and 28 ± 13 at 20 weeks; and the average sali-
vary flow rate was 31 ± 28 at 20 weeks for mice receiving this vector at week 16. 
Salivary flow rates of animals receiving rAAVhIL-10 locally in their submandibu-
lar glands, both at early and late treatment times, were significantly increased in 
comparison with those measured in rAAVLacZ-treated mice at both the 16- and 
20-week time points (both p < 0.05). In two separate earlier experiments con-
ducted by us, salivary flow rates after local administration of rAAVhIL-10 were 
similarly greater than those measured for untreated controls (data not shown). 
 
Salivary flow rates of mice receiving intramuscular delivery of rAAVhIL-10 were 
significantly increased in comparison with flow rates measured in rAAVLacZ-
treated mice only at the 20-week time point and only for the late treatment (deli-
very at 16 weeks; p < 0.05). The salivary flow rates at 16 weeks among mice 
receiving rAAVhIL-10 by intramuscular administration at the early time point did 
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not differ significantly from those of animals receiving rAAVLacZ. We were una-
ble to detect any consistent relationship between salivary flow rates and the 
presence of blood glucose levels of greater or less than 400 mg/dL in individual 
NOD mice (data not shown). 
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Figure 1. Effect of rAAVhIL-10 or rAAVLacZ administ ration on saliva production in NOD mice 
NOD mice received either early treatment (ET) with rAAVhIL-10 (hIL-10) at age 8 weeks, before the 
onset of sialadenitis, or late treatment (LT) at 16 weeks, after the onset of sialadenitis, via both sub-
mandibular glands (SG) by retrograde ductal instillation (2.5x1010 genomes per gland) or in-
tramuscular injection (IM) to the quadriceps muscle, as a systemic treatment control (5x1010 ge-
nomes). The salivary gland-treated control group received submandibular gland administration of 
rAAVLacZ (LacZ) at the same time points and doses as the rAAVhIL-10 groups. The untreated 
control group was not manipulated before saliva collection. Saliva was collected as described in 
Materials and Methods over a 20-minute period after stimulation with pilocarpine at 8, 12, 16, and 20 
weeks of age. The absence of a response column for any treatment group indicates that no saliva 
collection was performed for that group at that time point. Data represent means ± SEM. Significant 
differences are indicated and were determined by the Student’s t test. 
 
 
Effects of hIL-10 cDNA delivery on inflammatory cell infiltration of salivary glands 
in NOD mice  
An important feature of this murine model for SS is the focal infiltration of in-
flammatory cells within the salivary glands.8 Accordingly, sections from the sub-
mandibular glands of rAAVLacZ- and rAAVhIL-10-treated (early and late) NOD 
mice killed at 20 weeks were examined histologically for inflammatory changes. 
Early signs of inflammatory cell infiltration can be detected in few mice at 8 
weeks, whereas typical signs of autoimmune sialadenitis, similar to that seen in 
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human SS,51 are frequently observed in mice of 12 weeks old.8 At circa 20 
weeks of age, moderate to severe inflammatory cell foci in the salivary glands 
are seen in NOD mice.8 
 
As noted earlier, we determined the severity of the sialadenitis according to the 

number of inflammatory foci present per 4 mm
2 

of salivary tissue (focus score). 
The number of foci present in salivary glands of mice receiving rAAVhIL-10 lo-
cally in their submandibular glands at the early (8-week) time point was clearly 
reduced compared with submandibular glands from animals administered rAAV-
LacZ (Figure 2). Specifically, we observed that at 20 weeks submandibular 
gland sections from all mice receiving vector in this manner contained fewer 
inflammatory cell lesions, as well as lesions that demonstrated a more moderate 
inflammation. In the salivary gland-administered rAAVhIL-10 treatment group no 
focus score was larger than two, and the range of scores measured was narrow 
(1.2-2.0; Figure 3). Conversely, in both the rAAVLacZ-treated groups and the 
mice receiving rAAVhIL-10 via intramuscular injection, large and small foci, 
which were both perivascular and periductal in location, were seen in the sub-
mandibular glands at 20 weeks. Within large and confluent foci in these sam-
ples, there was an observable tissue disorganization and replacement of normal 
salivary gland structure (Figure 2B). Several glands from the rAAVhIL-10 (intra-
muscularly administered) and rAAVLacZ early treatment groups exhibited high 
focus scores (≥3) and overall a wider range of scores (2.3-4.4) was detected 
(Figure 3). The median focus score of mice receiving rAAVhIL-10 in their sub-
mandibular glands (1.4) was significantly lower than that of mice receiving 
rAAVLacZ (3.0) in their submandibular glands (p = 0.013) and that of mice re-
ceiving rAAVhIL-10 (2.6) by intramuscular injection (p = 0.004). At the 20-week 
time point the focus scores of glands from mice treated at 16 weeks with rAAV-
hIL-10 by salivary administration were also significantly different (p < 0.05) from 
those of the rAAVLacZ (intramuscularly administered) mice (Figure 3). This 
same general conclusion was gained from mice examined at 12 and 16 weeks. 
Focus scores at 12 weeks in mice administered rAAVLacZ via their submandibu-
lar glands at 8 weeks averaged 2.9 ± 0.3 (mean ± SEM), whereas animals 
treated with rAAVhIL-10 had much lower values (1.5 ± 0.3; p = 0.03). Similarly, 
focus scores of mice administered rAAVhIL-10 by intramuscular injection at 8 
weeks averaged 2.2 ± 0.2 at 16 weeks versus 1.1 ± 0.1 (p = 0.02) for mice given 
this vector via their submandibular glands. These data suggest that rAAVhIL-10 
gene transfer can at least in part inhibit SS-like murine salivary gland disease by 
reducing the severity of the sialadenitis present. 
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Figure 2. Effect of rAAVhIL-10 administration on th e histological appearance of submandibu-
lar glands of NOD mice 
NOD mice received treatments as described in the legend to Figure 1. Glands were removed for 
histological analysis from rAAVhIL-10-treated and rAAVLacZ-treated NOD mice at the time of sacri-
fice (20 weeks). Histopathologic assessment was performed and presented as a focus score (see 
Materials and Methods and the legend to Figure 3). A. Section from a submandibular gland of a 
NOD mouse treated early with rAAVhIL-10. A single focus of lymphocytes is detected in the section 
shown (arrow). B. Foci were more frequently seen in the glands of NOD mice administered rAAV-
LacZ via their submandibular glands. As shown in this section, the foci were both perivascular and 
periductal. Within large and confluent foci, there also was observable tissue disorganization and 
replacement of normal salivary gland structure. Arrows indicate foci in this gland. Hematoxylin and 
eosin staining; original magnification 40x. 
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Figure 3. Effect of rAAVhIL-10 administration on in flammatory infiltrates in the submandibular 
glands of NOD mice 
NOD mice received treatments as described in the legend to Figure 1. Submandibular glands were 
removed for histological analysis at the time of sacrifice (20 weeks). Histopathologic scoring was 
performed by using the focus score (y axis; focus, an aggregate of 50 or more lymphocytes and 
histiocytes, per 4 mm2; see description in Materials and Methods; see also Yamano et al.8). Three 
different examiners assigned focus scores after blindly reviewing at least nine different fields from 
each gland. Each diamond represents the mean score of a single mouse. Horizontal bars represent 
the median value for each group. Statistical analyses compared the three different vector treatment 
groups (rAAVLacZ, rAAVhIL-10 salivary gland [SG] administration, and rAAVhIL-10 intramuscular 
[IM] administration) within each treatment time (ET – early; and LT – late) separately. Significant 
differences are indicated (*) and were determined by a Student’s t test.  
 
 
Effect of hIL-10 cDNA transfer on cytokine expression in submandibular glands  
To help understand the mechanism underlying the overall tissue responses seen 
in salivary glands after rAAVhIL-10 administration, we examined the local ex-
pression of several important inflammatory mediators. As shown in Figure 4, we 
determined the expression of mIL-4, mIFN-γ, mIL-6, mIL-12, mRANTES, 
mIL-10, and hIL-10 proteins in extracts of salivary glands. Protein was prepared 
from submandibular glands of NOD mice at 20 weeks of age after treatment with 
either rAAVhIL-10 (salivary or intramuscular) or rAAVLacZ. For comparison, 
gland extracts of Balb/c mice (normal control mice) were also tested. None of 
the inflammatory mediators (shown only for mRANTES in Figure 4) was detect-
able in the Balb/c mice, whereas all NOD mice exhibited readily measurable 
values, consistent with the presence of autoimmune disease. Little difference 
was seen between the treatment groups for mIFN-γ, mIL-10, and mRANTES. 
However, glands obtained from mice receiving salivary gland administration of 
rAAVhIL-10 in the early treatment group showed higher levels of mIL-4 
(p = 0.06), mIL-6 (p =0.025), mIL-12 (p = 0.039), as well as hIL-10 (p = 0.031) 
compared with other treatment groups. Interestingly, animals receiving rAAV-
hIL-10 by intramuscular injection at the early time point also exhibited a higher 
level of hIL-10 (p = 0.009). However, gland extracts from these mice displayed 
no other significant changes in the profile of inflammatory mediators present. We 
did not detect hIL-10 in gland extracts from mice receiving salivary gland  



 

rA
A

V
h-

IL
10

 in
 a

 M
ur

in
e 

M
od

el
 o

f S
S

 

58 

C
ha

pt
er

 4
 

0

200

400

600

800

1000

1200

1400

mRANTES

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

mIL-4 • p = 0.06

•

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

mIL-12
* p = 0.039

*

0.0

1.0

2.0

3.0

4.0

5.0

mIFN-γ

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

mIL-10

0.00

0.05

0.10

0.15

0.20

0.25

0.30

hIL-10

*

* p = 0.031
+ p = 0.009

+

0
1
2
3
4
5
6
7
8
9

mIL-6
* p = 0.025

*

pg
/m

g 
w

et
 w

ei
gh

t

 

Figure 4. Effect of rAAVhIL-10 administration on cy tokine expression in submandibular 
glands of NOD mice 
NOD mice received treatments as described in Materials and Methods and the legend to Figure 1. 
Submandibular glands were removed at the time of sacrifice from NOD mice, at age 20 weeks. 
Protein was obtained as described in Materials and Methods and individual cytokines were meas-
ured commercially in SearchLight proteome arrays (Endogen), multiplexed assays involving a sand-
wich ELISA procedure. Data are shown as picograms per milligram wet weight of the submandibular 
gland and represent means ± SEM. The number of glands assayed per treatment group is the same 
as indicated in Figure 3. For the salivary gland administered, early treatment group, statistically 
significant differences are shown (*) in the panels for mouse (m) IL-12, hIL-10 (also for intramuscu-
larly administered, +), and mIL-6, as are the respective probability values, as determined by a Stu-
dent’s t test. The expression of mIL-4 was of borderline significance (p = 0.06) and is indicated by a 
solid circle. ET – early treatment; LT – late treatment; LacZ – LacZ vector; hIL-10 – hIL-10 vector; 
SG – salivary gland; IM – intramuscular. 
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administration of rAAVhIL-10 in the late treatment group. For this group of mice, 
vector delivery was four weeks before sacrifice (versus 12 weeks for mice in the 
early treatment group) and it is likely that hIL-10 protein present in gland extracts 
was too low to be distinguished from background with our assay. 
 
Detection of vector after administration of rAAV to the salivary glands or to the 
quadriceps muscle  
We next examined salivary glands, draining lymph nodes and spleens of mice 
by Q-PCR to determine the viral copy number in these different tissues. As 
shown in Table, after salivary gland administration of either rAAVhIL-10 or 
rAAVLacZ, little rAAV vector was found in either the draining lymph nodes or 
spleen. This result strongly suggests that administered vector was minimally 
disseminated. Interestingly, after intramuscular injection of rAAVhIL-10 at the 
16-week time point (late treatment), similarly low levels of viral DNA were found 
in the spleen, lymph nodes and salivary glands (Table). 
 
 

 SG delivery IM injection 

 LacZ ET 
(n = 3) 

LacZ LT 
(n = 4) 

hIL-10 ET 
(n = 4) 

hIL-10 LT 
(n = 6) 

hIL-10 ET 
(n = 6) 

hIL-10 LT 
(n = 4) 

Salivary glands 
29,700 

(29,500) 
19,500 

(23,200) 
25,700 
(8,300) 

30,100 
(18,300) 

605 
(200) 

577 
(330) 

Draining lymph 
nodes 

1,060 
(1,452) 

ND ND ND ND 
293 

(128) 

Spleen ND ND 
96 

(169) 
237 

(269) 
ND 

1,086 
(665) 

Table. Presence of rAAV2 vector DNA in salivary gla nds, draining lymph nodes, and spleens 
At 20 weeks after rAAV administration to NOD mice, as described in Materials and Methods and in 
the legend to Figure 1, the submandibular glands, draining lymph nodes, and spleens were removed 
at the time of sacrifice. DNA was obtained as described in Materials and Methods. Data represent 
means (SEM). Multiple Q-PCR runs were performed for each tissue. A separate assay, containing 
several different samples from all studied tissues, was used to normalize data from the different 
assays. Tissues from naïve animals (i.e., received no rAAV vector) yielded an average background 
with this assay (in number of vector copies) of 325 ± 185 for salivary gland, 401 ± 203 for draining 
lymph node, and 678 ± 96 for spleen DNA. This background was subtracted from each experimental 
value to yield the results presented. Data are shown as DNA copy number per 100 ng total DNA. ND 
– not detected above background level; ET – early treatment; LT – late treatment; LacZ – LacZ 
vector; hIL-10 – hIL-10 vector; SG – salivary gland; IM – intramuscular. 
 
 
Effect of administration of rAAVhIL-10 on blood glucose and insulin levels in 
NOD mice 
Because NOD mice develop severe autoimmune diabetes, throughout this study 
we monitored blood glucose levels in all mice and administered insulin every 24 
hours when they became hyperglycemic (defined for the present study as a 
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blood glucose level ≥400 mg/dL). Although it was not a focus of this study, we 
consistently observed that rAAVhIL-10 delivery to salivary glands reduced 
hyperglycemia in NOD mice, that is, in the present cohort of mice as well as in 
our earlier two experiments (data not shown). Thus, at 20 weeks the median 
blood glucose level in mice receiving the rAAVLacZ vector was between 500 
and 600 mg/dL, whereas insulin levels were barely detectable (Figure 5). Admin-
istration of rAAVhIL-10 by intramuscular injection lowered blood glucose levels 
(median, ~400 mg/dL) but had no significant effect on insulin levels. Conversely, 
mice administered rAAVhIL-10 via their salivary glands showed significant re-
ductions in blood glucose by 20 weeks: median, ~190 and ~250 mg/dL in the 
early (p < 0.05) and late (p = 0.054) treatment groups, respectively. Insulin levels 
were significantly raised at 20 weeks in mice that had received rAAVhIL-10 in 
their salivary glands at 8 weeks (early treatment) with a median level of 
~0.43 ng/mL (p < 0.05). 
 
 
Discussion 
 
These studies have directly examined the potential utility of rAAV-mediated 
hIL-10 gene transfer as a novel approach for the management of the salivary 
gland pathology and morbidity associated with SS. We hypothesized that rAAV-
mediated local hIL-10 gene delivery would be useful to treat the development of 
murine SS-like disease by modulation of inflammatory reactivity in the salivary 
glands. As shown herein, as well as in two other similar sets of experiments that 
are not presented, local delivery of rAAVhIL-10 to salivary glands appears useful 
to limit SS-like glandular pathology. 
 
Previously, we have demonstrated that an rAAV serotype 2 vector containing the 
hIL-10 cDNA, rAAVhIL-10, directs functional hIL-10 production in vitro and in 
vivo. Low levels of hIL-10 were secreted into the bloodstream for more than two 
months (longest time studied) after local salivary gland delivery of this vector.42 
We further showed that the vector-encoded hIL-10 was biologically active in vivo 
by challenging rAAVhIL-10-treated IL-10 knockout mice with lipopolysaccharide 
to induce endotoxic shock eight weeks following systemic vector delivery.46 
 
We and others have shown that significant levels of various secretory transgene 
products can be secreted into the bloodstream directly from salivary glands, 
using other (adenoviral and non-viral) gene transfer vectors.26,52-54 In the present 
study, we administered lower (circa 25%) doses of rAAVhIL-10 to salivary 
glands than we previously reported and only modest hIL-10 levels were detected 
in serum (and not in all animals); a result that is consistent with our earlier 
study.42 We reasoned that employing a lower vector dose should lead to less  
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Figure 5. Effect of rAAVhIL-10 administration on bl ood glucose and insulin levels in NOD 
mice 
NOD mice received treatments as described in Materials and Methods and the legend to Figure 1. 
Blood glucose (A) and insulin (B) levels presented are from mice at 20 weeks. As described in Mate-
rials and Methods, mice were treated with insulin when blood glucose measured ≥400 mg/dL. Each 
diamond represents values from an individual mouse. Circles indicate mice that received insulin 
treatment (Humalog), 4 U every 24 hours. Horizontal bars represent the median value for all mice in 
each group. Results with insulin-treated mice were excluded from statistical analyses. Significant 
differences are as indicated (* or +) and were determined by a Student’s t test. 
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systemic cytokine delivery, while keeping a more local, intra- and periglandular 
distribution of the transgene product. Nonetheless, systemic effects were evident 
after salivary gland administration of rAAVhIL-10, i.e., lower blood glucose, and 
higher serum insulin, levels (Figure 5). In addition, dissemination of vector 
beyond target tissues is a significant concern, which can be minimized after 
salivary gland delivery of the transgene,31 but also not eliminated as shown here-
in. Systemic delivery of a gene transfer vector encoding a cytokine, such as 
hIL-10, is undesirable because of the considerable potential for adverse effects. 
We also observed the formation of low levels of antibodies to the hIL-10 trans-
gene product in most animals (8 of 10 tested) given the rAAVhIL-10 vector at the 
early treatment point by intramuscular injection and locally in their submandibu-
lar glands. 
 
Previously, we and others have demonstrated that a decline in salivary flow 
rates in NOD mice begins between 8 and 12 weeks of age, and salivary flow 
rates steadily decrease thereafter.8 Thus, an important finding in the present 
study, as well as in two similar earlier experiments not reported here, was that 
long-term (20 weeks) salivary function is dramatically improved (circa threefold) 
in NOD mice following rAAVhIL-10 delivery directly to the submandibular glands 
both at the early (8 weeks) and late treatment point (16 weeks). Additionally, 
there was clearly some benefit following systemic delivery (intramuscular) of 
rAAVhIL-10 observed after late treatment. This latter finding may reflect either 
the circulation or accumulation of hIL-10 protein in the salivary glands (Figure 4) 
or the dissemination of low levels of rAAVhIL-10 to the submandibular glands 
following intramuscular injection (Table). Salivary flow rates in both early- and 
late-treated NOD mice (rAAVhIL-10 salivary gland administration) were signifi-
cantly enhanced compared to those seen in the salivary rAAVLacZ-treated NOD 
mice. Interestingly, we did not observe a difference in salivary flow between 
rAAVLacZ-locally treated mice and untreated mice. This suggests the absence 
of any adverse effects of rAAV vectors and β-galactosidase protein on murine 
salivary gland function (Figure 1), a finding consistent with our two earlier stu-
dies that employed untreated mice as the only control group (data not shown). 
 
In addition to the effects on salivary function, rAAVhIL-10 administration led to 
marked improvements in histologically assessed inflammatory changes (focus 
scores) in the submandibular glands. At 20 weeks of age or later, moderate to 
severe focal accumulations of inflammatory cells are seen in the salivary glands 
of NOD mice (Yamano et al.8 and herein). However, significantly fewer foci were 
found in the glands of mice treated locally in the submandibular glands at the 
early time point with rAAVhIL-10 compared to rAAVLacZ-treated animals and 
mice receiving intramuscular injections of rAAVhIL-10. Although the focal in-
flammatory changes in the salivary glands of these mice were not completely 



 

C
hapter 4 

63 

rA
A

V
h-IL10 in a M

urine M
odel of S

S
 

 

eliminated, the occurrence of moderate to severe accumulations of inflammatory 
cells was dramatically reduced (approximately 50%). These data suggest that 
rAAV-mediated hIL-10 cDNA delivery to the salivary glands of NOD mice before 
frank onset of sialadenitis, exerts a local immunomodulatory effect, consistent 
with our hypothesis. This local effect appears to in part inhibit the progression of 
SS-like gland dysfunction by reducing the severity of sialadenitis. In the late-
treated NOD mice administered rAAVhIL-10 in the submandibular glands, there 
was also a significant difference in the number of foci present from that observed 
with the rAAVLacZ-treated group at 20 weeks. This suggests local administra-
tion of rAAVhIL-10 can provide potential treatment after disease onset, as is the 
case with SS patients seen in the clinic. However, since intramuscular injection 
of rAAVhIL-10 led to some improvement in salivary flow rate, local gene delivery, 
and subsequent reductions in glandular inflammatory infiltrates, are not entirely 
responsible for the improvements in salivary gland function observed. Interes-
tingly, we found no consistent relationship between the salivary flow rate and 
focus score, for individual mice (not shown). Indeed, the relationship between 
salivary flow rates and extent of sialadenitis, and focus score, in SS patients is 
still not well understood.51 
 
We originally hypothesized that local salivary gland expression of transgenic 
hIL-10 would lead to a downregulation of mIFN-γ levels, and a general shift from 
a Th1-like cytokine profile, compared with results from the untreated or rAAV-
LacZ-treated mice. However, the expression of mIFN-γ was minimally affected. 
Furthermore, after local rAAVhIL-10 administration we saw increased levels of 
the pro-inflammatory cytokines mIL-6 and mIL-12, as well as an increase in 
mIL-4 (Figure 4). Thus, despite the overall improvement in salivary function and 
histological appearance with rAAV-mediated hIL-10 cDNA delivery to submandi-
bular glands of NOD mice, we did not find the hypothesized simple local altera-
tion in cytokine profiles (increase in Th2 versus Th1 cytokines) in treated salivary 
glands. Clearly, vector copy numbers in glands from the rAAV vector-treated 
mice were quite high after salivary gland delivery (Table). mRANTES levels in 
the salivary glands of NOD mice were higher than those in untreated Balb/c 
animals, consistent with earlier findings that show elevation of RANTES levels in 
NOD salivary glands as well as in the salivary glands of SS patients.55,56 The 
lack of a reduction in steady state levels of pro-inflammatory cytokines in the 
salivary glands of NOD mice may reflect a more important therapeutic role for 
hIL-10 in the earliest phases of disease development. However, it seems likely 
that the failure to reduce Th1-like cytokines locally in the glands after rAAV-
hIL-10 administration reflects the occurrence of a more complex immune dysre-
gulation than previously considered. Several reports examining the utility of 
IL-10 gene transfer for the autoimmune diabetes in NOD mice are consistent 
with these views.18,21,22 Although using higher doses of rAAVhIL-10 could lead to 
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higher levels of hIL-10 expression in salivary glands, possibly capable of inhibit-
ing steady state pro-inflammatory cytokine expression, unlike our present re-
sults, such a maneuver could lead to undesirable immunomodulatory effects 
systemically. Although, rAAVhIL-10 delivery to salivary glands of NOD mice 
clearly results in dramatically improved saliva secretion and reduced sialadenitis, 
more studies are needed to clarify the specific mechanism(s) by which this oc-
curs. 
 
Fleck et al. described a gene transfer approach in another murine model of SS, 
murine cytomegalovirus-infected B6-gld/gld mice. They reported that local ade-
noviral-mediated FasL gene transfer reduced infiltrating mononuclear cells in 
salivary glands.57 Although these results demonstrate proof of concept that local 
immunomodulatory gene transfer can improve sialadenitis in a murine model of 
SS, the ultimate clinical utility (restoration of salivary function) of this approach is 
not clear. In addition, recombinant adenoviral vectors elicit potent host immune 
responses compared to rAAV vectors;38-40,53,58-60 clearly an undesirable feature 
for managing an autoimmune disease. Although conventional adenoviral vectors 
direct high levels of transgene expression when compared to rAAV vectors, this 
expression is close to background levels in salivary glands in vivo by two 
weeks.32,53 Thus, rAAV vectors may be especially valuable for the transfer of a 
variety of immunomodulatory genes61,62 in different tissues. 
 
In several studies, it has been reported that systemic (intramuscular, intraven-
ous) treatment with the IL-10 gene can inhibit the development of autoimmune 
type I diabetes mellitus in NOD mice, presumably a result of circulating levels of 
hIL-10 protein.18,21,22,63 In the present study, we also found that blood glucose 
levels at 20 weeks in mice administered rAAVhIL-10 via their salivary glands 
were significantly lower than those measured in mice receiving rAAVLacZ in this 
tissue. In addition, median insulin levels were higher in mice administered rAAV-
hIL-10 than those measured in rAAVLacZ-treated mice at 20 weeks. Two 
months after local rAAVhIL-10 delivery to salivary glands, high levels of vector 
were still present in the target gland, but little to no vector could be detected in 
the spleen, consistent with localization of vector in the encapsulated glands.31 
This suggests that even the low serum hIL-10 levels resulting from salivary 
gland hIL-10 gene transfer in the present study were partially effective in ameli-
orating the hyperglycemia of NOD mice. These results also demonstrate that the 
effects of local salivary gland delivery of a transgene encoding a constitutive 
pathway secretory protein are not limited to the immediate glandular environ-
ment. 
 
Conclusion 
Our findings represent the first report of successful rAAV-immunomodulatory 
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gene-based therapeutics in a pre-clinical model of SS. rAAV-mediated delivery 
of immunomodulatory genes may offer the possibility of persistent local trans-
gene expression to facilitate management of this chronic immunopathological 
disease. 
 
 
Acknowledgements  
 
The authors wish to thank Ms. Corinne M. Goldsmith for help in subcloning the 
hIL-10 cDNA; Drs. Jane C. Atkinson, Philip C. Fox and Simon D. Tran for their 
helpful discussions about the strategy used in this study; and Dr. M. Kriete and 
Mr. M. Papa for invaluable help with animal studies. P.P. Tak is supported by 
Dutch Arthritis Foundation project NR 02-01-302. 
 
 
References 
 
1. Pillemer SR, Matteson EL, Jacobsson LT, Martens PB, Melton LJ, 3rd, O'Fallon WM, 

et al. Incidence of physician-diagnosed primary Sjogren syndrome in residents of 
Olmsted County, Minnesota. Mayo Clin Proc 2001;76:593-9. 

2. Hu Y, Nakagawa Y, Purushotham KR, Humphreys-Beher MG. Functional changes in 
salivary glands of autoimmune disease-prone NOD mice. Am J Physiol 
1992;263:E607-14. 

3. Humphreys-Beher MG, Brinkley L, Purushotham KR, Wang PL, Nakagawa Y, Dusek 
D, et al. Characterization of antinuclear autoantibodies present in the serum from no-
nobese diabetic (NOD) mice. Clin Immunol Immunopathol 1993;68:350-6. 

4. Kok MR, Baum BJ, Tak PP, Pillemer SR. Use of localised gene transfer to develop 
new treatment strategies for the salivary component of Sjogren's syndrome. Ann 
Rheum Dis 2003;62:1038-46. 

5. Skarstein K, Wahren M, Zaura E, Hattori M, Jonsson R. Characterization of T cell 
receptor repertoire and anti-Ro/SSA autoantibodies in relation to sialadenitis of NOD 
mice. Autoimmunity 1995;22:9-16. 

6. Robinson CP, Cornelius J, Bounous DE, Yamamoto H, Humphreys-Beher MG, Peck 
AB. Characterization of the changing lymphocyte populations and cytokine expression 
in the exocrine tissues of autoimmune NOD mice. Autoimmunity 1998;27:29-44. 

7. Yanagi K, Ishimaru N, Haneji N, Saegusa K, Saito I, Hayashi Y. Anti-120-kDa alpha-
fodrin immune response with Th1-cytokine profile in the NOD mouse model of Sjog-
ren's syndrome. Eur J Immunol 1998;28:3336-45. 

8. Yamano S, Atkinson JC, Baum BJ, Fox PC. Salivary gland cytokine expression in NOD 
and normal BALB/c mice. Clin Immunol 1999;92:265-75. 

9. Liblau RS, Singer SM, McDevitt HO. Th1 and Th2 CD4+ T cells in the pathogenesis of 
organ-specific autoimmune diseases. Immunol Today 1995;16:34-8. 

10. Adorini L and Sinigaglia F. Pathogenesis and immunotherapy of autoimmune 
diseases. Immunol Today 1997;18:209-11. 

11. de Waal Malefyt R, Abrams J, Bennett B, Figdor CG, de Vries JE. Interleukin 10 
(IL-10) inhibits cytokine synthesis by human monocytes: an autoregulatory role of IL-
10 produced by monocytes. J Exp Med 1991;174:1209-20. 

12. Fiorentino DF, Zlotnik A, Vieira P, Mosmann TR, Howard M, Moore KW, et al. IL-10 
acts on the antigen-presenting cell to inhibit cytokine production by Th1 cells. J Im-
munol 1991;146:3444-51. 



 

rA
A

V
h-

IL
10

 in
 a

 M
ur

in
e 

M
od

el
 o

f S
S

 

66 

C
ha

pt
er

 4
 

13. Mosmann TR and Coffman RL. TH1 and TH2 cells: different patterns of lymphokine 
secretion lead to different functional properties. Annu Rev Immunol 1989;7:145-73. 

14. Powrie F and Coffman RL. Cytokine regulation of T-cell function: potential for 
therapeutic intervention. Immunol Today 1993;14:270-4. 

15. Rott O, Fleischer B, Cash E. Interleukin-10 prevents experimental allergic 
encephalomyelitis in rats. Eur J Immunol 1994;24:1434-40. 

16. Wogensen L, Lee MS, Sarvetnick N. Production of interleukin 10 by islet cells 
accelerates immune-mediated destruction of beta cells in nonobese diabetic mice. J 
Exp Med 1994;179:1379-84. 

17. Bai XF, Zhu J, Zhang GX, Kaponides G, Hojeberg B, van der Meide PH, et al. IL-10 
suppresses experimental autoimmune neuritis and down-regulates TH1-type immune 
responses. Clin Immunol Immunopathol 1997;83:117-26. 

18. Nitta Y, Tashiro F, Tokui M, Shimada A, Takei I, Tabayashi K, et al. Systemic delivery 
of interleukin 10 by intramuscular injection of expression plasmid DNA prevents au-
toimmune diabetes in nonobese diabetic mice. Hum Gene Ther 1998;9:1701-7. 

19. Batteux F, Trebeden H, Charreire J, Chiocchia G. Curative treatment of experimental 
autoimmune thyroiditis by in vivo administration of plasmid DNA coding for interleukin-
10. Eur J Immunol 1999;29:958-63. 

20. Fellowes R, Etheridge CJ, Coade S, Cooper RG, Stewart L, Miller AD, et al. Ameliora-
tion of established collagen induced arthritis by systemic IL-10 gene delivery. Gene 
Ther 2000;7:967-77. 

21. Koh JJ, Ko KS, Lee M, Han S, Park JS, Kim SW. Degradable polymeric carrier for the 
delivery of IL-10 plasmid DNA to prevent autoimmune insulitis of NOD mice. Gene 
Ther 2000;7:2099-104. 

22. Goudy K, Song S, Wasserfall C, Zhang YC, Kapturczak M, Muir A, et al. Adeno-
associated virus vector-mediated IL-10 gene delivery prevents type 1 diabetes in 
NOD mice. Proc Natl Acad Sci U S A 2001;98:13913-8. 

23. Ko KS, Lee M, Koh JJ, Kim SW. Combined administration of plasmids encoding IL-4 
and IL-10 prevents the development of autoimmune diabetes in nonobese diabetic 
mice. Mol Ther 2001;4:313-6. 

24. Vervoordeldonk MJ and Tak PP. Gene therapy in rheumatic diseases. Best Pract Res 
Clin Rheumatol 2001;15:771-88. 

25. Kagami H, O'Connell BC, Baum BJ. Evidence for the systemic delivery of a transgene 
product from salivary glands. Hum Gene Ther 1996;7:2177-84. 

26. Goldfine ID, German MS, Tseng HC, Wang J, Bolaffi JL, Chen JW, et al. The 
endocrine secretion of human insulin and growth hormone by exocrine glands of the 
gastrointestinal tract. Nat Biotechnol 1997;15:1378-82. 

27. Baum BJ, Berkman ME, Marmary Y, Goldsmith CM, Baccaglini L, Wang S, et al. 
Polarized secretion of transgene products from salivary glands in vivo. Hum Gene 
Ther 1999;10:2789-97. 

28. Baum BJ and O'Connell BC. In vivo gene transfer to salivary glands. Crit Rev Oral 
Biol Med 1999;10:276-83. 

29. O'Connell BC, Xu T, Walsh TJ, Sein T, Mastrangeli A, Crystal RG, et al. Transfer of a 
gene encoding the anticandidal protein histatin 3 to salivary glands. Hum Gene Ther 
1996;7:2255-61. 

30. He X, Goldsmith CM, Marmary Y, Wellner RB, Parlow AF, Nieman LK, et al. Systemic 
action of human growth hormone following adenovirus-mediated gene transfer to rat 
submandibular glands. Gene Ther 1998;5:537-41. 

31. O'Connell BC, Zheng C, Jacobson-Kram D, Baum BJ. Distribution and toxicity 
resulting from adenoviral vector administration to a single salivary gland in adult rats. 
J Oral Pathol Med 2003;32:414-21. 

32. Kagami H, Atkinson JC, Michalek SM, Handelman B, Yu S, Baum BJ, et al. Repetitive 
adenovirus administration to the parotid gland: role of immunological barriers and 
induction of oral tolerance. Hum Gene Ther 1998;9:305-13. 



 

C
hapter 4 

67 

rA
A

V
h-IL10 in a M

urine M
odel of S

S
 

 

33. Adesanya MR, Redman RS, Baum BJ, O'Connell BC. Immediate inflammatory res-
ponses to adenovirus-mediated gene transfer in rat salivary glands. Hum Gene Ther 
1996;7:1085-93. 

34. Zheng C, Goldsmith CM, O'Connell BC, Baum BJ. Adenoviral vector cytotoxicity 
depends in part on the transgene encoded. Biochem Biophys Res Commun 
2000;274:767-71. 

35. Kessler PD, Podsakoff GM, Chen X, McQuiston SA, Colosi PC, Matelis LA, et al. 
Gene delivery to skeletal muscle results in sustained expression and systemic 
delivery of a therapeutic protein. Proc Natl Acad Sci U S A 1996;93:14082-7. 

36. Russell DW and Kay MA. Adeno-associated virus vectors and hematology. Blood 
1999;94:864-74. 

37. Monahan PE and Samulski RJ. Adeno-associated virus vectors for gene therapy: 
more pros than cons? Mol Med Today 2000;6:433-40. 

38. Xiao X, Li J, Samulski RJ. Efficient long-term gene transfer into muscle tissue of im-
munocompetent mice by adeno-associated virus vector. J Virol 1996;70:8098-108. 

39. Fisher KJ, Jooss K, Alston J, Yang Y, Haecker SE, High K, et al. Recombinant adeno-
associated virus for muscle directed gene therapy. Nat Med 1997;3:306-12. 

40. Jooss K, Yang Y, Fisher KJ, Wilson JM. Transduction of dendritic cells by DNA viral 
vectors directs the immune response to transgene products in muscle fibers. J Virol 
1998;72:4212-23. 

41. Braddon VR, Chiorini JA, Wang S, Kotin RM, Baum BJ. Adenoassociated virus-
mediated transfer of a functional water channel into salivary epithelial cells in vitro and 
in vivo. Hum Gene Ther 1998;9:2777-85. 

42. Yamano S, Huang LY, Ding C, Chiorini JA, Goldsmith CM, Wellner RB, et al. 
Recombinant adeno-associated virus serotype 2 vectors mediate stable interleukin 10 
secretion from salivary glands into the bloodstream. Hum Gene Ther 2002;13:287-98. 

43. Yamano S and Baum BJ. Prospects for gene-based immunopharmacology in salivary 
glands. Jpn J Pharmacol 2000;82:281-6. 

44. DuBridge RB, Tang P, Hsia HC, Leong PM, Miller JH, Calos MP. Analysis of mutation 
in human cells by using an Epstein-Barr virus shuttle system. Mol Cell Biol 
1987;7:379-87. 

45. Gluzman Y. SV40-transformed simian cells support the replication of early SV40 
mutants. Cell 1981;23:175-82. 

46. Yamano S, Scott DE, Huang LY, Mikolajczyk M, Pillemer SR, Chiorini JA, et al. Pro-
tection from experimental endotoxemia by a recombinant adeno-associated virus en-
coding interleukin 10. J Gene Med 2001;3:450-7. 

47. Kaludov N, Brown KE, Walters RW, Zabner J, Chiorini JA. Adeno-associated virus 
serotype 4 (AAV4) and AAV5 both require sialic acid binding for hemagglutination and 
efficient transduction but differ in sialic acid linkage specificity. J Virol 
2001;75:6884-93. 

48. Vieira P, de Waal-Malefyt R, Dang MN, Johnson KE, Kastelein R, Fiorentino DF, et al. 
Isolation and expression of human cytokine synthesis inhibitory factor cDNA clones: 
homology to Epstein-Barr virus open reading frame BCRFI. Proc Natl Acad Sci U S A 
1991;88:1172-6. 

49. Grimm D, Kern A, Rittner K, Kleinschmidt JA. Novel tools for production and 
purification of recombinant adenoassociated virus vectors. Hum Gene Ther 
1998;9:2745-60. 

50. Xiao X, Li J, Samulski RJ. Production of high-titer recombinant adeno-associated 
virus vectors in the absence of helper adenovirus. J Virol 1998;72:2224-32. 

51. Greenspan JS, Daniels TE, Talal N, Sylvester RA. The histopathology of Sjogren's 
syndrome in labial salivary gland biopsies. Oral Surg Oral Med Oral Pathol 
1974;37:217-29. 



 

rA
A

V
h-

IL
10

 in
 a

 M
ur

in
e 

M
od

el
 o

f S
S

 

68 

C
ha

pt
er

 4
 

52. Wang C, Chao C, Chao L, Chao J. Expression of human tissue kallikrein in rat saliva-
ry glands and its secretion into circulation following adenovirus-mediated gene trans-
fer. Immunopharmacology 1997;36:221-7. 

53. Wang S, Baum BJ, Yamano S, Mankani MH, Sun D, Jonsson M, et al. Adenoviral-
mediated gene transfer to mouse salivary glands. J Dent Res 2000;79:701-8. 

54. Hoque AT, Baccaglini L, Baum BJ. Hydroxychloroquine enhances the endocrine 
secretion of adenovirus-directed growth hormone from rat submandibular glands in vi-
vo. Hum Gene Ther 2001;12:1333-41. 

55. Cuello C, Palladinetti P, Tedla N, Di Girolamo N, Lloyd AR, McCluskey PJ, et al. 
Chemokine expression and leucocyte infiltration in Sjogren's syndrome. Br J Rheuma-
tol 1998;37:779-83. 

56. Tornwall J, Lane TE, Fox RI, Fox HS. T cell attractant chemokine expression initiates 
lacrimal gland destruction in nonobese diabetic mice. Lab Invest 1999;79:1719-26. 

57. Fleck M, Zhang HG, Kern ER, Hsu HC, Muller-Ladner U, Mountz JD. Treatment of 
chronic sialadenitis in a murine model of Sjogren's syndrome by local fasL gene trans-
fer. Arthritis Rheum 2001;44:964-73. 

58. Halbert CL, Standaert TA, Wilson CB, Miller AD. Successful readministration of ade-
no-associated virus vectors to the mouse lung requires transient immunosuppression 
during the initial exposure. J Virol 1998;72:9795-805. 

59. Chirmule N, Xiao W, Truneh A, Schnell MA, Hughes JV, Zoltick P, et al. Humoral 
immunity to adeno-associated virus type 2 vectors following administration to murine 
and nonhuman primate muscle. J Virol 2000;74:2420-5. 

60. Xiao W, Chirmule N, Schnell MA, Tazelaar J, Hughes JV, Wilson JM. Route of admi-
nistration determines induction of T-cell-independent humoral responses to adeno-
associated virus vectors. Mol Ther 2000;1:323-9. 

61. Watanabe S, Imagawa T, Boivin GP, Gao G, Wilson JM, Hirsch R. Adeno-associated 
virus mediates long-term gene transfer and delivery of chondroprotective IL-4 to muri-
ne synovium. Mol Ther 2000;2:147-52. 

62. Zhang HG, Xie J, Yang P, Wang Y, Xu L, Liu D, et al. Adeno-associated virus produc-
tion of soluble tumor necrosis factor receptor neutralizes tumor necrosis factor alpha 
and reduces arthritis. Hum Gene Ther 2000;11:2431-42. 

63. Moritani M, Yoshimoto K, Ii S, Kondo M, Iwahana H, Yamaoka T, et al. Prevention of 
adoptively transferred diabetes in nonobese diabetic mice with IL-10-transduced islet-
specific Th1 lymphocytes. A gene therapy model for autoimmune diabetes. J Clin 
Invest 1996;98:1851-9. 

 
 



 

CHAPTER 5 
 
 
 

Effect of Human Vasoactive Intestinal 
Peptide Gene Transfer in a Murine Model 

of Sjögren’s Syndrome 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Beatrijs M. Lodde1,2, Fumi Mineshiba1, Jianghua Wang1, 
Ana P. Cotrim1, Sandra Afione1, Paul P. Tak2, Bruce J. Baum1 

 
 
1 Gene Therapy and Therapeutics Branch/NIDCR, National Institutes of 

Health, DHHS, Bethesda, MD, USA; 
2 Clinical Immunology and Rheumatology, Academic Medical Center/University 

of Amsterdam, Amsterdam, the Netherlands. 
 
 
Ann Rheum Dis 2006;65:195-200 
 
 
 
 



 

70 

rA
A

V
2h

V
IP

 in
 a

 M
ur

in
e 

M
od

el
 o

f S
S

 
C

ha
pt

er
 5

 
Abstract  
 
OBJECTIVE: Sjögren’s syndrome (SS), an autoimmune e xocrinopathy 
mainly affecting lacrimal and salivary glands, resu lts in ocular and oral 
dryness (keratoconjunctivitis sicca and xerostomia) . The etiology and pa-
thogenesis are largely unknown; currently, only pal liative treatment is 
available. Gene transfer of vasoactive intestinal p eptide (VIP), based on its 
immunomodulatory properties, potentially may be use ful in management 
of SS. METHODS: A serotype 2 recombinant adeno-asso ciated virus en-
coding the human VIP transgene (rAAV2hVIP) was cons tructed and its 
efficacy tested in the female non-obese diabetic (N OD) mouse model for 
SS following retrograde instillation in salivary gl ands. 10 10 particles/gland 
of rAAV2hVIP or rAAV2LacZ (encoding β-galactosidase; control vector) 
were administered at 8 weeks of age (before sialade nitis onset). Salivary 
flow rates were determined before vector delivery a nd at time of sacrifice 
(16 weeks). After sacrifice, saliva, serum, and sal ivary glands were har-
vested. Analysis of salivary output, inflammatory i nfiltrates (focus scores), 
VIP protein expression, cytokine profile, and serum  anti-VIP antibodies 
was performed. RESULTS: rAAV2hVIP led to significan tly improved sali-
vary flow, increased salivary gland and serum expre ssion of VIP, and re-
duction of salivary gland cytokines IL-2, IL-10, IL -12(p70) and TNF-α, and 
serum RANTES, compared with control vector. There w as no difference in 
focus scores or apoptotic rates; neutralizing antib odies were not detected. 
CONCLUSIONS: This study shows local delivery of rAA V2hVIP can have 
disease-modifying and immunosuppressive effects in salivary glands of 
the NOD mouse model of SS. The novel strategy of em ploying VIP prophy-
lactically may be useful for both understanding and  managing the salivary 
component of SS. 
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Introduction  
 
Sjögren’s syndrome (SS) is an autoimmune exocrinopathy of unknown etiology, 
predominantly affecting peri- and postmenopausal women.1 Although the main 
symptoms consist of ocular and oral dryness (xerophtalmia and xerostomia), 
there are also systemic effects. Affected glands are featured by infiltrating, apop-
tosis-resistant CD4+ T cells, and to a lesser extent CD8+ T cells, B cells and ma-
crophages, and by pro-inflammatory cytokines secreted from both lymphocytes 
and epithelial cells, together leading to inflammatory infiltrates, acinar atrophy 
and destruction.2,3 At present, patients are only offered symptomatic treatment, 
which is often unsatisfactory. 
 
Initially discovered as a gastrointestinal hormone, vasoactive intestinal peptide 
(VIP) exhibits abundant functions, ranging from neurotransmitter, vasodilator, 
and bronchodilator effects to acting as a trophic agent, secretagogue, and im-
munomodulator.4-7 VIP belongs to the glucagon/secretin superfamily.8 Its precur-
sor protein, prepro-VIP/PHM-27, encoded on human chromosome 6,9 is a 8,837 
bp gene, containing seven exons and six introns and yielding the 28-amino acid 
VIP.10 The amino acid sequence has been completely preserved in humans and 
mice11,12 and transgenic human VIP (hVIP) has been shown to act through 
mouse VIP receptors in transgenic mice.13 
 
Based on its immunomodulatory properties, VIP possibly may be useful in the 
management of several autoimmune disorders,14 but a short half-life could limit 
the applications of protein-based therapy. In contrast, gene transfer potentially 
offers a means of sustained expression of a transgene like VIP.7 Since high se-
rum VIP levels are associated with secretory diarrhea in patients with a VIPo-
ma,15 local therapy of VIP is preferable. Salivary glands provide an excellent 
target site for localized gene transfer following retrograde ductal infusion of vec-
tors.16 
 
Recently, we have constructed a recombinant serotype 5 adenovirus encoding 
the human VIP cDNA (rAd5CMVhVIP) and shown expression and function of the 
transgene.17 Recombinant adenoviral vectors offer strong, but short-term, protein 
expression due to a potent immune response by the host.18 Adeno-associated 
virus (AAV), a small, single-stranded DNA, non-pathogenic virus, has shown 
considerable promise as a viral vector for gene therapy. For recombinant sero-
type 2 AAV vectors (rAAV2) this is attributable to its capacity to infect numerous 
mammalian cells, dividing as well as non-dividing, and a minimal immune re-
sponse.18,19 In previous in vivo studies we have shown therapeutic effects of 
different transgenes encoded by rAAV2 vectors, currently the most widely used 
serotype, when delivered to murine submandibular glands,20-22 including local 
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delivery of an rAAV2 encoding human interleukin-10 (hIL-10) to the non-obese 
diabetic (NOD) mouse.23 The NOD mouse develops, besides type I, insulin-
dependent diabetes mellitus, exocrine gland infiltrates and decreased glandular 
secretion, which are age and gender dependent,2,24,25 making it the most useful, 
commonly available animal model to study the disease properties of SS. 
 
In the present study, we have constructed the vector rAAV2hVIP and examined 
its ability to alter the progressive, SS-like dysfunction in NOD mice after local 
salivary gland delivery before disease-onset. 
 
 
Materials and Methods  
 
Construction of viral vector encoding functional hVIP 
We previously reported construction of the hVIP cDNA and the generation of a 
recombinant serotype 5 adenoviral vector rAd5CMVhVIP.17 The cytomegalovirus 
(CMV) promotor/enhancer, hVIP cDNA and simian virus 40 (SV40) poly adeny-
lation signal from pAC-CMV-hVIP were subcloned into the rAAV2 plasmid 
pDT1.1 (containing the ampicillin resistance gene; described as pAAV-MCS2.7 
in Braddon et al.20), resulting in pAAV2CMVhVIP (6391 bp, 1937 bp between 
inverted terminal repeats, ITRs). The correct construct was verified by restriction 
digests and sequencing, and the presence of the ITRs was confirmed by a SmaI 
digest (not shown). rAAV2hVIP was generated by subsequently cotransfecting 
this plasmid with the adenoviral helper packaging plasmid pDG, a generous gift 
from Prof. J.A. Kleinschmidt, at a ratio of 1:3 in 15 cm plates of ~40% confluent 
293 T cells using a calcium phosphate precipitation procedure.26 Additional de-
tails can be found in the supplementary information. 
 
Infectious vectors were demonstrated by transducing 1.4x104 human embryonic 
kidney (HEK) 293 cells on 96-well plates with serial dilutions of each aliquoted 
CsCl fraction in the presence of 1.5x107 particles of wild-type adenovirus. After 
24 hours of incubation, supernatants from infected cells were analyzed with an 
ELISA for VIP (see below). 
 
Construction of rAAV2LacZ 
Previously, we reported construction, expression, and function of rAAV2LacZ 
(encoding β-galactosidase; described as rAAVRnLacZ in Chiorini et al.23,27). 
 
Mice 
Animal studies were approved by the National Institute of Dental and Craniofa-
cial Research (NIDCR) Animal Care and Use Committee and the National Insti-
tutes of Health (NIH) Biosafety Committee. All procedures were conducted in 
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accordance with IASP (International Association for the Study of Pain) stan-
dards. Female NOD/LtJ mice (stock 001976) were obtained from The Jackson 
Laboratory (Bar Harbor, ME, USA). Additional details can be found in the sup-
plementary information. 
 
Mice were maintained throughout the course of the study in the NIDCR animal 
facility (Bethesda, MD, USA) in accordance with Federal guidelines. Starting at 
age 10 weeks, body weights were measured weekly, as well as blood glucose 
levels (obtained by tail cut), using a OneTouch monitor (LifeScan, Milpitas, CA, 
USA). All mice with blood glucose levels ≥400 mg/dL were given Ultralente insu-
lin (Eli Lilly, Indianapolis, IN, USA) injections subcutaneously (5 U/mouse, every 
24 hours) to limit diabetes-related dehydration, as described.23 
 
Gene transfer, and saliva, serum and salivary gland collection 
Initially, to investigate the effects of rAAV2hVIP administration on salivary gland 
function in NOD mice, we tested two rAAV2hVIP vector doses (109 and 1010 
particles, 7 animals/group) per salivary gland (both glands targeted), with the 
latter dose yielding the best results. For the second study, we instilled only one 
dose, 1010 particles in each gland (8 animals/group). The experiments described 
herein report the 1010 particles/gland data from the two separate studies, over 
the indicated 8- to 16-week time course. Both studies gave comparable results. 
Vector delivery and saliva collection (at 8 weeks of age), and saliva, salivary 
gland and blood collections (16 weeks) were performed, as described in pre-
vious reports from our laboratory.20-23 Additional details can be found in the sup-
plementary information. 
 
Transgene expression 
VIP expression and secretion were measured by an ELISA (Peninsula Laborato-
ries, San Carlos, CA, USA) of cell supernatants, and murine saliva, serum, and 
salivary gland extracts. The assay sensitivity was ~0.016 ng/mL; the polyclonal 
rabbit antibody was known to cross-react with mouse and rat VIP. Murine sam-
ples were spiked with standard concentrations of recombinant VIP (Peninsula 
Laboratories), and different dilutions in assay buffer were used to investigate 
assay interference in biological samples. 
 
Determination of serum antibodies against VIP 
Serum antibodies to VIP were determined as follows. Aliquots of undiluted 
mouse sera were obtained at 16 weeks and pooled by vector group. To 50 µl of 
standard concentrations (0.016-10 ng/mL) of recombinant VIP (Peninsula La-
boratories), 2 µl of pooled serum was added to obtain a final serum dilution of 
1:26. Next, the samples were incubated at 37ºC for 30 minutes. The VIP ELISA, 
containing polyclonal rabbit anti-VIP antibodies (Peninsula Laboratories), was 
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then used to detect unbound VIP protein, according to the manufacturer’s in-
structions. A change in the ELISA standard curve, where the optical density 
(OD) is inversely related to the protein concentration, was used to detect the 
presence of anti-VIP antibodies in NOD mouse sera. 
 
Quantification of cytokines 
IL-2, IL-4, IL-6, IL-10, IL-12(p70), interferon-γ (IFN-γ), tumor necrosis factor-α 
(TNF-α), and RANTES were measured commercially in SearchLight proteome 
arrays (Pierce Biotechnology, Woburn, MA, USA), which are multiplexed assays 
involving a sandwich ELISA procedure.23 Additional details can be found in sup-
plementary information. 
 
Histological assessment of salivary glands 
Part of each salivary gland was fixed in 10% formalin overnight. Thereafter, the 
tissues were dehydrated in a series of graded ethanol solutions and embedded 
in paraffin. Three sections (5 µm thick), each one 50 µm apart from the previous, 
were mounted on poly-L-lysine coated slides and stained with hematoxylin-
eosin. Histopathologic scoring of all three sections was performed by counting 
the number of foci present (one focus is an aggregate of 50 or more lympho-
cytes or histiocytes per 4 mm2).23,28,29 The scoring was done blindly by three 
examiners (BML, FM, APC) and the mean of all focus scores per animal was 
then calculated. 
 
Apoptosis of salivary gland epithelial cells 
VIP reportedly can protect cells from apoptosis.30 Apoptotic epithelial cells were 
identified in salivary gland paraffin-embedded sections by a Terminal Deoxynuc-
leotidyl Transferase (TdT)-Mediated dUTP-Biotin Nick-End Labeling (TUNEL) 
Assay using a cell death detection kit (Chemicon, Temecula, CA, USA), accord-
ing to the manufacturer’s instructions and as previously described.31 During sub-
sequent visualization by light microscopy, the number of apoptotic epithelial cells 
was counted blindly by three examiners (BML, FM, APC) and the apoptotic in-
dex determined as the percentage of apoptotic cells divided by total amount of 
epithelial cells (counted with Scion Image Software [Scion Corporation, Frede-
rick, MD, USA]). For each animal, three different fields in one section were ex-
amined. The mean of all apoptotic indices per animal was then calculated. 
 
Statistical analysis 
Data analysis consisted of descriptive statistics, reported as means ± SEM or 
medians, unpaired Student’s t tests and Mann-Whitney Rank Sum Tests, as 
appropriate. 
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Results 
 
VIP expression by rAAV2hVIP in vitro 
The highest particle titers of rAAV2hVIP were typically found in fractions with a 
refractive index of ~1.372, equivalent to a buoyant density of ~1.4 g/mL, and 
corresponded to 1.4x1013 particles/mL. VIP expression after transduction of HEK 
293 cells with these fractions showed that 4.9x103 particles rAAV2hVIP per cell 
resulted in 1.5 ng VIP/mL culture medium (sevenfold increase over background; 
Figure 1). Functional activity of the hVIP transgene expressed from this trans-
gene cassette has been previously described.17 
 
VIP expression in vivo 
VIP expression was measured in saliva, serum, and protein extracts of salivary 
glands. Reliable results were obtained for serum and salivary gland extracts 
(see supplementary Table 1). Animals administered the rAAV2hVIP vector exhi-
bited significantly higher levels of VIP (ng/mL, mean ± SEM) compared to control 
in salivary gland extracts (0.49 ± 0.03 vs. 0.36 ± 0.05, p = 0.039), and serum 
(0.16 ± 0.01 vs. 0.13 ± 0.01, p = 0.030). It was not possible to discern salivary 
VIP expression accurately, because of a complex cross-reactivity in salivary 
samples (data not shown). 
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Figure 1. In vitro VIP ex-
pression directed by 
rAAV2hVIP 
Transduction of HEK 293 
cells with rAAV2hVIP (mul-
tiplicity of infection [MOI] 
4.9x103), in the presence of 
wild-type adenovirus (MOI 
1.0x103); control represents 
identical amount of HEK 293 
cells infected with wild-type 
adenovirus alone. This 
experiment was analyzed in 
duplicate and is representa-
tive of four separate experi-
ment. 
 

 
Serum anti-VIP antibodies 
To determine the presence of serum anti-VIP antibodies pooled sera of 
16-week-old mice treated with rAAV2LacZ or rAAV2hVIP were incubated with 
standard concentrations of recombinant VIP and assessed by an ELISA. No 
differences were seen between the two vector groups indicating local delivery of 
rAAV2hVIP did not result in the development of serum anti-VIP antibodies eight 
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weeks after vector delivery (see supplementary Figure 2). 
 
Effect of rAAV2hVIP and rAAV2LacZ on salivary function in NOD mice 
Female NOD mice show a progressive decline in salivary flow rates starting 
between 8 and 12 weeks of age.28 We examined salivary flow before virus ad-
ministration at 8 weeks of age (baseline) and at the time of sacrifice (16 weeks). 
At baseline, the average salivary flow rate (microliters/body weight [grams] in 20 
minutes; mean ± SEM) was 3.81 ± 0.47. At 16 weeks of age, eight weeks after 
vector delivery, the salivary flow rates for the rAAV2LacZ and rAAV2hVIP group 
were, respectively, 2.05 ± 0.36 and 4.32 ± 0.47 (p < 0.001; Figure 2). The de-
crease in flow rate of mice treated with rAAV2LacZ at 16 weeks compared with 8 
weeks was also statistically significant (p = 0.01). 
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Figure 2. Effect of rAAV2hVIP and rAAV2LacZ on sali vary flow rate in NOD mice 
Mice were anesthetized and pilocarpine-stimulated whole saliva was collected, as described in 
Materials and Methods. Salivary flow rate (microliters per gram body weight in 20 minutes) at 8 
weeks (n = 19; untreated mice, randomly selected from both groups) and mice at 16 weeks of age 
either treated with rAAV2LacZ (LacZ, n = 13) or rAAV2hVIP (hVIP, n = 15) is shown. Bars represent 
means ± SEM. Student’s t tests were performed and p-values for the differences are indicated. 
 
 
Effect of rAAV2hVIP and rAAV2LacZ on inflammatory infiltrates in salivary 
glands of NOD mice 
Female NOD mice start developing characteristic focal inflammatory infiltrates in 
salivary glands after 8 weeks of age;28 such local changes also form an impor-
tant clinical feature in SS patients. Salivary gland sections of 16-week-old 
rAAV2hVIP-treated mice showed no difference in focus scores (mean ± SEM) 
from the group treated with rAAV2LacZ (1.93 ± 0.11 versus 1.85 ± 0.26, 
p = 0.75). 
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Effect of rAAV2hVIP and rAAV2LacZ on apoptotic rate in salivary glands of NOD 
mice 
The median apoptotic index, as an indication of the apoptotic rate, of epithelial 
cells in salivary glands was not different between the rAAV2LacZ and 
rAAV2hVIP group (medians 0.15 vs. 0.16, respectively, p = 0.45). 
 
Effect of rAAV2hVIP and rAAV2LacZ on cytokine expression in salivary gland 
extracts and sera of NOD mice 
VIP can act as an immunomodulator, inhibiting levels of pro-inflammatory cyto-
kines32,33 and increasing levels of anti-inflammatory cytokines.34 We examined 
protein expression of several pro- and anti-inflammatory cytokines and one 
chemokine, locally in extracts of salivary glands, as well as systemically in se-
rum, in treated mice at 16 weeks of age. Aqueous salivary gland extracts from 
NOD mice treated with rAAV2hVIP showed lower levels of IL-2 (p = 0.001), IL-10 
(p = 0.054), IL-12(p70) (p = 0.008), and TNF-α (p = 0.021) than those from mice 
treated with rAAV2LacZ (Table). IL-4, IL-6, IFN-γ and RANTES levels in salivary 
gland extracts were not significantly different between these groups. Serum le-
vels of all measured cytokines were not different between the two vector groups 
(supplementary Table 2). However, levels of RANTES in serum were significant-
ly lower in rAAV2hVIP-treated mice (6.8 vs. 12.2 pg/mL, p = 0.040). 
 
 

Cytokine LacZ (SEM) hVIP (SEM) p-Value 

IL-2 0.13 (0.03) 0.01 (0.01) 0.001 

IL-4* 0.00 0.00 1.000 

IL-6* 0.00 0.00 0.397 

IL-10* 0.05 0.00 0.054 

IL-12(p70) 0.10 (0.00) 0.05 (0.01) 0.008 

TNF-α* 0.05 0.00 0.021 

IFN-γ 6.46 (1.19) 5.97 (0.59) 0.708 

RANTES 3.75 (0.39) 2.68 (0.54) 0.142 

Table. Levels of inflammatory molecules in salivary  gland extracts 
Protein expression of immunomodulatory molecules (pg/mg wet weight) in salivary gland extracts 
after administration of rAAV2LacZ (LacZ, n = 7) or rAAV2hVIP (hVIP, n = 8). Means (SEM) are 
shown unless otherwise noted. *Mann-Whitney Rank Sum Test with median values. 
 
 
Discussion  
 
This is the first report examining the efficacy of transgenic VIP in a model of SS. 
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Additionally, we are not aware of any publications using protein-based VIP ther-
apy to alter the disease course of SS, although administration of the protein VIP 
has been successfully employed in other models of autoimmune diseases, such 
as collagen-induced arthritis35,36 and experimental autoimmune uveoretinitis.37 
An rAAV2hVIP was constructed and its immunomodulatory and clinical efficacy 
tested in the NOD mouse model for SS. For the present study, we chose to treat 
the animals early before disease onset, i.e., a prevention, not treatment, model. 
Based on the results, in the future, we will test rAAV2hVIP’s effects upon admin-
istration after disease of onset, more closely resembling a clinical situation. In-
stillation of rAAV2hVIP in the salivary glands of NOD mice led to higher salivary 
flow rates, increased salivary gland and serum expression of VIP, a reduction of 
cytokines IL-2, IL-10, IL-12(p70) and TNF-α in salivary gland extracts and of 
serum RANTES, but no difference in focus scores or apoptotic rates, compared 
with results with the control vector. 
 
Salivary gland cells are polarized and can secrete transgene-encoded proteins 
either via the constitutive pathway across the basolateral membrane, or upon 
stimulation via the regulated pathway into saliva.38-40 Pre/pro-VIP protein con-
tains a recognition signal directing it into secretory granules during post-
translational processes.41 Since the hVIP cDNA used here should contain that 
signal,17 salivary cells are to secrete hVIP mostly via the regulated pathway into 
saliva, with only a small proportion exiting to the interstitium and serum.38,39,42 
VIP is a small neuropeptide, quickly degraded and inactivated, rendering a li-
mited bioavailability.43 However, by adding protease inhibitors/EDTA to samples 
herein, as well as by performing multiple dilution and spiking experiments, we 
were able to determine accurate VIP levels in both serum and salivary gland 
extracts. rAAV2hVIP-treated mice showed significantly higher VIP expression in 
salivary gland extracts and serum than control rAAV2LacZ-treated mice. Unfor-
tunately, due to a complex cross-reactivity pattern, we were unable to discern 
reliable salivary VIP expression, despite multiple controls and precautions. We 
have not studied VIP levels in human saliva, but this was previously done in 
studies employing the same precautions as we did.44,45 The protein levels ex-
pressed from the rAAV2hVIP vector in vivo, while low, are reasonable and com-
parable to those of other transgenic secretory proteins in rAAV2 experiments.21,22 
 
We observed a decrease in the levels of several pro-inflammatory cytokines, 
IL-2, IL-12(p70) and TNF-α, but also in the anti-inflammatory cytokine IL-10, in 
salivary gland extracts after hVIP gene transfer. Importantly, serum cytokines 
were not different between the two rAAV vector groups, with only levels of the 
chemokine RANTES being lower in serum of rAAV2hVIP-treated animals. Sev-
eral previous studies with untreated NOD/LtJ mice, of approximately the same 
age as the NOD mice studied by us, showed comparable serum cytokine levels 
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to our data (e.g., see Yang et al.46,47). To our knowledge, submandibular gland 
cytokine protein levels of 16-week-old NOD/LtJ mice have not been previously 
reported. 
 
In the immune system VIP acts as an autocrine regulator.32 The VIP/PACAP 
receptor family consists of three G-protein coupled receptors, two of which, 
VPAC1 and VPAC2, are present on macrophages, and CD4+ and CD8+ T lym-
phocytes.48,49 Effects of VIP are broad, including the inhibition of several macro-
phage functions, T cell proliferation, lymphocyte migration, and expression of 
chemokines and pro-inflammatory cytokines.7,32,33 Conversely, the production of 
IL-10 is reportedly stimulated by VIP.34 Pozo et al. postulated VIP to be a Th2 
cytokine with a key role in neuroimmunology,34,50 i.e., VIP production by Th2 
cells, as well as VIP stimulation of Th2, and inhibition of Th1, functions. While 
VIP may exert these effects in some autoimmune diseases with a balance 
shifted towards Th1 response, such as rheumatoid arthritis,51 our results here 
suggest it may be a different case in the NOD mouse model and SS. Upon gene 
transfer of hVIP, we did not observe a significant shift from Th1 to Th2 cytokine 
production. In fact, hVIP gene transfer led to an unexpected downregulation of 
salivary gland IL-10 levels and could indicate that VIP acts as a more overall 
immunosuppressant than strict Th2 cytokine in this SS model. In SS patients, 
salivary gland and serum IL-10 levels are actually increased, depending on dis-
ease stage and activity, and might be a sign of B cell activation and lymphoma 
development.5255 As recently stated by Delaleu et al., “further approaches mod-
ulating cytokines are warranted in SS”.56 
 
Although the exact immunopathogenesis still waits to be elucidated, SS is 
thought to resemble an imbalance in cytokine production, locally as well as sys-
temically, depending on disease stage and severity.3,56 However, the cytokine 
profile in submandibular gland biopsies with simultaneous expression of IFN-γ, 
IL-2, IL-4 and IL-13 provides an argument against a simple Th1 or Th2 predo-
minance in SS.3 Clearly, hVIP gene transfer to submandibular glands in the 
present study resulted in local immunomodulatory activity. 
 
Salivary flow rates were increased in the rAAV2hVIP group, but lymphocytic 
infiltrates (focus scores) were unaffected. Although historically xerostomia in SS 
patients was solely attributed to a destruction of glandular tissue, a well-
recognized incongruity exists between the reduction in salivary flow and the 
extent of focal lymphoid infiltration.57,58 Hypofunction of salivary epithelial cells 
might be, in addition, due to the effects of cytokines or autoantibodies (e.g., anti-
muscarinic receptor antibodies) in SS patients.59,60 Thus, it is not entirely unex-
pected that a dissociation was seen in rAAV2hVIP effects on salivary flow rate 
and focal salivary gland inflammatory infiltrates. 



 

80 

rA
A

V
2h

V
IP

 in
 a

 M
ur

in
e 

M
od

el
 o

f S
S

 
C

ha
pt

er
 5

 
Salivary glands consist of acinar cells, forming the primary saliva, and ductal 
cells, which primarily reabsorb NaCl, but are relatively impermeable to water.16 
rAAV2 vectors appear to transduce only ductal cells, not acinar cells.21,22 There-
fore, we suggest that transgenic hVIP secreted by the murine transduced ductal 
cells will bind to VIP receptors on surrounding lymphocytes, as well as conceiv-
ably membranes of adjacent acinar cells, thereby influencing the immune milieu 
and/or directly facilitating enhanced salivary secretion. 
 
In human submandibular glands, VIP receptors are found on both luminal and 
basal membranes of mucous acinar cells, as well as intercalated ducts.61 In hu-
man labial salivary glands, VIP binding sites are detected on the basal mem-
branes of mucous acini62 and the presence of a functional VIP receptor system 
in vitro has been demonstrated on isolated acinar cells.63 There are no data on 
VIP receptors in epithelial cells of mouse submandibular glands. In addition, 
several studies of SS patients have shown the existence of immunoreactive VIP 
nerve fibers in human submandibular glands61 and human labial salivary 
glands,63,64 where VIP containing nerves are in close contact with the acinar 
cells, inside the acinar basement membrane.44 Taken together, it is thought that 
VIP plays a role in several components of reflex salivary secretion.62,65 
 
Conclusion 
This is the first study describing the effect of VIP gene transfer in a model of SS. 
We have employed local administration of an rAAV2 vector encoding hVIP to 
murine salivary glands and shown local disease modifying and immunosuppres-
sive effects. The data suggest that VIP may be useful in the management of the 
salivary component of SS. 
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SUPPLEMENTARY INFORMATION 
 
Materials and Methods  
 
Cell lines 
The cell lines used were HEK 293 cells and 293 T cells, which express the si-
mian virus 40 (SV40) large T antigen in a stable manner66 (ATCC, Manassas, 
VA, USA). HEK 293 cells were grown in Improved Minimum Essential Medium, 
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Eagle’s (IMEM) and 293 T cells in Dulbecco’s Modified Eagle’s Medium 
(DMEM). All media were supplemented with 10% 55ºC heat-inactivated fetal 
bovine serum (Life Technologies, Rockville, MD, USA), 2 mM glutamine, penicil-
lin (100 U/mL), and streptomycin (100 mg/mL; Biofluids, Rockville, MD, USA). 
 
Construction of viral vector encoding functional hVIP 
Two days after transfection, cells were harvested. Clarified cell lysates were 
treated with benzonase (100 U/mL lysate, incubated for 45 minute at 37ºC) and 
0.5% sodium deoxycholate, adjusted to a refractive index of 1.372 by addition of 
CsCl and centrifuged at 38,000 rpm for 65 hr at 20ºC. Equilibrium density gra-
dients were fractionated and fractions with a refractive index of 1.366–1.3765 
were collected and stored at 4ºC. The particle titer was determined by real-time 
quantitative (Q) PCR using an ABI PRISM 7700 sequence detection system 
(Applied Biosystems, Foster City, CA, USA), the SYBR Green PCR Master Mix 
(Applied Biosystems) and a specific 5’ (0.3 µM; GATGCGGTTTTGGCAGTA 
CATC) and 3’ (0.3 µM; TGGGGTGGAGACTTGGAAATC) primer pair for the 
CMV promoter. The Q-PCR was performed with the following conditions: holding 
at 95ºC for 10 min, denaturing at 95ºC for 15 s, and extension and annealing at 
60ºC for 1 minute for 40 cycles. A standard curve employing pAAV2CMVhVIP 
was included and duplicate samples were assayed; the detection limit of the 
assay was 10 vector copies. 
 
Mice 
Over the past two years, we have observed variability in many different cohorts 
of NOD mice purchased from The Jackson Laboratory with regard to prevalence 
and severity of sialadenitis and type I diabetes mellitus. More specifically, the 
salivary flow rate reductions and focus scores in these cohorts were not to the 
same extent as we have seen previously. Therefore, we compared untreated 
NOD mice from two different sources, i.e., Taconic (Germantown, NY, USA) and 
The Jackson Laboratory, as SS models. In our study, Taconic NOD mice 
showed no decrease in salivary flow rate, lower focus scores and decreased 
prevalence of type I diabetes mellitus at 20 weeks of age, compared to mice 
from The Jackson Laboratory. We concluded the Taconic NOD mice did not 
comprise a reliable SS model in which to study the efficacy of gene transfer pro-
cedures, and all studies reported here were conducted with NOD mice pur-
chased from The Jackson Laboratory. 
 
Gene transfer, and saliva and serum collection 
Mild anesthesia was induced with a 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. After an intramuscular injection of atropine (0.5 mg/kg body 
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weight; Sigma, St. Louis, MO, USA) rAAV2hVIP or rAAV2LacZ (n = 15 each) 
were administered to both submandibular glands of NOD mice by retrograde 
ductal instillation (1010 genomes per gland) at 8 weeks of age. Salivary flow 
rates were measured at 8 weeks (baseline, untreated, not manipulated before 
saliva collection) and 16 weeks of age (time of sacrifice). After induction of anes-
thesia and stimulation of secretion, using pilocarpine (0.5 mg/kg body weight; 
Sigma) administered subcutaneously,21,28 whole saliva was collected from the 
oral cavity with a microhematocrit capillary tube (Fisher Scientific, Hampton, NH, 
USA). This microcapillary tube was placed in an ice-cold pre-weighed 0.5-mL 
microcentrifuge tube, containing complete protease inhibitor cocktail (Roche 
Molecular Biochemical, Indianapolis, IN, USA) and 10 mM Ethylenediaminete-
traacetic Acid (EDTA), and saliva volume was determined gravimetrically as 
previously described, with comparable results.21,23,28 After sacrifice, blood was 
collected in ice-cold 1.1-mL Z-gel tubes (Sarstedt, Newton, NC, USA), contain-
ing complete protease inhibitor cocktail (Roche) and 3.4 mM EDTA, and kept on 
ice. Blood samples were centrifuged at 10,000 rpm for 5 minutes and serum was 
collected. All samples were stored at -80ºC until analysis. 
 
 

12Age       8 16 weeks

Week 8 :
• Salivary flow rate
• rAAV2 Administration

Week 16 (sacrifice): 
• Salivary flow rate
• Saliva (VIP)
• Serum (VIP, anti-VIP antibodies, cytokines)
• SMG: protein – VIP, cytokines

histology – focus score

Week 10-16 (weekly): 
• Weight
• Blood glucose levels
• Insulin injections

Mean age of onset autoimmune sialadenitis

• rAAV2LacZ (10 10 particles/gland, n = 15)
• rAAV2hVIP (10 10 particles/gland, n = 15)

 

Supplementary Figure 1. Study design 
Two days before viral vector delivery pilocarpine-stimulated salivary flow rates were measured in 
8-week-old female NOD mice. On day 0, 1010 particles of rAAV2hVIP or rAAV2LacZ (n = 7 first 
study, n = 8 second study, each) were instilled in murine salivary glands (SG). From age week 10-16 
blood glucose levels and body weights were measured. At 16 weeks of age salivary flow rates were 
determined, all mice were sacrificed, and saliva, serum, and salivary glands were collected and 
stored at -80ºC. Thereafter, analysis of salivary output, inflammatory infiltrates (focus scores), VIP 
protein expression, cytokine profile, and serum anti-VIP antibodies was performed. For a detailed 
description refer to text. 
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Quantification of cytokines 
Cytokine levels were determined in salivary glands (see text), after extraction of 
soluble protein, and serum. Immediately after sacrifice, salivary glands were 
snap-frozen in 2-methylbutane on dry ice and stored at -80ºC until further analy-
sis. Wet weight was measured and the glands were homogenized in ice-cold 
buffer (phosphate-buffered saline [PBS] and complete protease inhibitor cocktail; 
Roche) on ice. Thereafter, homogenates were centrifuged at 1,500 x g for 15 
minutes at 4ºC and amount of total protein in the supernatants was determined 
with a Bio-Rad (Hercules, CA, USA) protein assay according to the manufactur-
er’s instructions. 
 
 
Results  
 
Experimental study design 
A time line of the studies is shown in supplementary Figure 1. Two diabetic mice 
treated with rAAV2LacZ died during the study and were not included. Another 
mouse in the LacZ group and one in the hVIP group developed diabetes during 
the study; both were treated with insulin daily. Blood glucose levels and body 
weights at 16 weeks of age were not different between the two groups (data not 
shown). 
 
 

 LacZ (SEM) hVIP (SEM) p-Value 

Serum‡ 0.13 (0.01) 0.16 (0.01) 0.030 

SG* 0.36 (0.05) 0.49 (0.03) 0.039 

Supplementary Table 1. VIP levels in serum and sali vary gland extracts 
VIP expression (ng/mL) in vivo after administration of rAAV2LacZ (LacZ) or rAAV2hVIP (hVIP) in 
serum and salivary glands (SG). Means (SEM) are shown. ‡LacZ, n = 13; hVIP, n = 15. *LacZ, n = 7; 
hVIP, n = 8 
 
 
 
Discussion  
 
Local pro-inflammatory cytokines, such as TNF-α, were decreased after 
rAA2VhVIP delivery, although randomized, blind clinical trials using systemically 
administered TNF-α protein antagonists67,68 have not proven beneficial for SS. 
This could be due to the fact these studies featured recombinant proteins, with a 
limited half-life, administered intramuscularly and, therefore, distally. Local im-
munomodulatory gene transfer could perhaps change the outcomes. 
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Supplementary Figure 2. Evaluation of 
serum anti-VIP antibodies in NOD 
mice  
Pooled sera of 16-week-old mice treated 
with rAAV2LacZ or rAAV2hVIP were 
incubated with standard concentrations 
of recombinant VIP and assessed by an 
ELISA, as described in Materials and 
Methods. The standard VIP protein was 
also tested in the absence of sera. The 
optical density (OD) of these reaction 
mixtures is shown. Note that there are no 
differences between VIP standard protein 
incubated with sera from both vector 
treatment groups. The figure represents 
the results from samples obtained with 
the second study and is representative of 
both studies. 
 

 
 

Cytokine LacZ (SEM) hVIP (SEM) p-Value 

IL-2 23.04 (0.70) 19.80 (1.87) 0.150 

IL-4* 0.00 0.00 0.189 

IL-6 80.40 (33.49) 34.85 (5.74) 0.175 

IL-10 7.14 (3.10) 6.11 (0.74) 0.736 

IL-12(p70) 11.84 (0.73) 9.93 (0.84) 0.113 

TNF-α* 0.00 0.00 1.000 

IFN-γ 620.56 (84.23) 682.90 (71.23) 0.579 

RANTES* 12.20 6.80 0.040 

Supplementary Table 2. Levels of inflammatory molec ules in serum 
Protein expression of immunomodulatory molecules (pg/mL) in serum after administration of 
rAAV2LacZ (LacZ, n = 7) or rAAV2hVIP (hVIP, n = 8). Means (SEM) are shown unless otherwise 
noted. *Mann-Whitney Rank Sum Test with median values. 
 
 
Salivary gland delivery is relatively non-invasive with easy access through the 
excretory duct orifices. Salivary glands are also non-critical for life organs, and 
they are well-encapsulated, therefore limiting undesirable viral spread. Further-
more, high systemic VIP concentrations, e.g., as seen with a VIPoma, are dis-
advantageous.15 The results of the present study indeed suggest predominantly 
local vector effects. Although not shown herein, blood glucose levels showed no 
differences between the two vector treatment groups, suggesting no influence by 
transgenic hVIP after salivary gland delivery on developing diabetes in NOD 
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mice. Importantly, none of the serum cytokines studied by us were different be-
tween both treatment groups, with the only significant change observed in serum 
levels of the chemokine RANTES. The significance of this latter effect is unclear 
at present. Additionally, we saw no differences in anti-VIP neutralizing antibody 
levels when comparing the sera from rAAV2LacZ- and rAAV2hVIP-treated mice. 
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Abstract 
 
OBJECTIVE: Sjögren’s syndrome (SS) is an autoimmune  exocrinopathy of 
unknown etiology, mainly affecting lacrimal and sal ivary glands. This re-
sults in ocular and oral dryness for which currentl y only palliative treat-
ment is available. NF- κB, a group of inducible dimeric transcription fac-
tors, is expressed in all cell types. Following sti mulation and degradation 
of its inhibitory protein I κB, cytoplasmic NF- κB is translocated to the nuc-
leus, where it plays an important regulatory role i n the cellular response to 
inflammatory processes. An I κBα mutant that renders the inhibitor a super 
repressor (I κBα(sr)) is resistant to immediate degradation upon st imula-
tion, preventing NF- κB activation. Local gene transfer of I κBα(sr) is poten-
tially useful in management of sialadenitis in SS. METHODS: A recombi-
nant serotype 2 adeno-associated virus encoding the  human I κBα(sr) 
transgene (rAAV2I κBα(sr)) was constructed and its efficacy tested in th e 
female non-obese diabetic (NOD) mouse model for SS following retrograde 
instillation in salivary glands. 10 10 particles/gland of rAAV2I κBα(sr) or sa-
line (control) were administered at 8 weeks of age (before sialadenitis on-
set). Salivary flow rates were determined before ve ctor delivery and at time 
of sacrifice (16 weeks). After sacrifice, saliva an d salivary glands were har-
vested. Analyses of salivary output, inflammatory i nfiltrates (focus score), 
and salivary gland cytokine profile were performed.  RESULTS: 
rAAV2IκBα(sr) led to significantly improved salivary flow ra te and reduc-
tion of salivary gland cytokines IL-2, IL-10, IL-12 (p70), TNF-α, and RANTES, 
compared to control. There was no difference in foc us score. CONCLU-
SIONS: Local rAAV2I κBα(sr) delivery can have disease-modifying and im-
munosuppressive effects in salivary glands of the N OD mouse model. This 
novel prophylactic strategy may be useful for both understanding and 
managing the salivary component of SS. 



 

C
hapter 6 

91 

rA
A

V
2IκB

α(sr) in a M
urine M

odel of S
S

 
 

Introduction  
 
Sjögren’s syndrome (SS) is a chronic autoimmune disease with local and sys-
temic features.1 The lacrimal and salivary glands are mainly characterized by a 
progressive mononuclear cell infiltration, resulting in ocular and oral dryness 
(keratoconjunctivitis sicca and xerostomia).1 Apoptosis-resistant CD4+ T cells, 
and to a lesser extent CD8+ T cells, B cells and macrophages, and secreted pro-
inflammatory cytokines result in inflammatory infiltrates, acinar atrophy and de-
struction.2,3 The etiology and exact pathogenesis are largely unknown and cur-
rently only palliative treatment is available for SS patients. 
 
Nuclear factor κB (NF-κB), a group of inducible dimeric transcription factors, is 
expressed in virtually all cell types.4 Upon stimulation, inactive NF-κB—normally 
sequestered in the cytoplasm—is translocated to the nucleus after degradation 
of its inhibitory protein IκB.4,5 In the nucleus, it plays a pivotal regulatory role in 
the expression of multiple genes important in inflammatory and immune res-
ponses.4 Chronic inflammatory sites, like salivary and lacrimal glands of SS pa-
tients, are characterized by local expression of pro-inflammatory cytokines (e.g., 
interleukin-1 [IL-1] and tumor necrosis factor-α [TNF-α]).6 This pro-inflammatory 
response is regulated by the classical NF-κB pathway, which leads to transloca-
tion of the NF-κB dimer p65-p50. p65-p50 in turn activates transcription of pro-
inflammatory cytokines, adhesion molecules, chemokines, growth factors, anti-
apoptotic genes, and other proteins (e.g., cyclooxygenase-2 [COX-2], inducible 
nitric oxide synthase [iNOS], matrix metalloproteinase 9 [MMP-9]) involved in 
inflammation.7 The NF-κB inhibitor α, IκBα super repressor (IκBα(sr)), generated 
by serine-to-alanine mutations of residues 32 and 36, is resistant to immediate 
degradation preventing NF-κB’s movement into the nucleus and subsequent 
transcription.5 
 
To prevent undesirable and uncontrollable systemic NF-κB inhibition, local mod-
ulation, such as may be provided by tissue-directed gene transfer, is preferable 
to more generalized regulation. Indeed, salivary glands provide an excellent, 
highly localized target site following retrograde ductal infusion of vectors with 
minimal vector dissemination.8-10 The small, single-stranded DNA, non-
pathogenic adeno-associated virus (AAV) has shown considerable promise as a 
viral vector for gene therapy. Recombinant serotype 2—the most widely used 
serotype—AAV (rAAV2s) vectors are capable of infecting numerous dividing, as 
well as non-dividing, mammalian cells and elicit only a minimal immune re-
sponse.11,12 Our previous studies demonstrated that immunomodulatory trans-
genes, such as human IL-108 and vasoactive intestinal peptide (VIP)13, upon 
delivery to the submandibular glands of the non-obese diabetic (NOD) mouse 
can have disease-modifying effects. While the NOD mouse is regularly em-
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ployed to study type I, insulin-dependent diabetes mellitus, it also develops age 
and gender dependent exocrine gland infiltrates and decreased glandular secre-
tion and is currently the most commonly used animal model to study SS.2,14,15 
 
In the present study, we have constructed the vector rAAV2IκBα(sr) and tested 
its ability to alter the progressive SS-like dysfunction in female NOD mice after 
local salivary gland delivery before disease-onset. Inhibition of the NF-κB path-
way resulted not only in the reduction of several pro-inflammatory cytokines in 
salivary glands, but also in significantly improved salivary flow rate. 
 
 
Materials and Methods 
 
Reagents and cell lines 
pNF-κB-luc (Clontech, Palo Alto, CA, USA), a firefly luciferase reporter gene 
coupled to a four-tandem repeat of the NF-κB consensus sequence (fused to a 
herpes simplex virus thymidine kinase promotor region), and ph-RL-TK (Prome-
ga, Madison, WI, USA), containing the Renilla luciferase gene, were used to 
transfect cells. Recombinant mouse TNF-α protein was purchased from Sigma 
(St. Louis, MO, USA). For immunoblotting, mouse T7-Tag Monocolonal Antibody 
(Novagen, San Diego, CA, USA) and anti-mouse immunoglobulin G (IgG) were 
used. Measurement of IκBα degradation was performed with primary rabbit anti-
mouse IκBα antibody (Cell Signaling Technology, Danvers, MA, USA), primary 
anti-mouse vinculin antibody (Bio-Rad, Hercules, CA, USA) and secondary goat 
anti-rabbit HRP antibody (Bio-Rad). NF-κB translocation was determined using 
primary rabbit anti-NF-κB p65 (C-20) antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). The cell lines used were human embryonic kidney (HEK) 293 T 
cells expressing the simian virus 40 (SV40) large T antigen in a stable manner16 
(ATCC, Manassas, VA, USA), Naut cells, a HEK 293 cell-line specifically se-
lected for high production of rAAV vectors (Microbix Biosystems Inc., Toronto, 
Canada), and a murine myoblast cell line (C2C12 cells). C2C12 cells were 
grown in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM), and 293 T 
cells and Naut cells in low-glucose DMEM. All media were supplemented with 
10% 55ºC heat-inactivated fetal bovine serum (Life Technologies, Rockville, MD, 
USA), 2 mM glutamine, penicillin (100 U/mL), and streptomycin (100 mg/mL; 
Biofluids, Rockville, MD, USA), unless otherwise noted. 
 
Construction of rAAV2IκBα(sr) 
The EcoRI/HindIII CMV promotor–Gp10-tagged IκBα(sr) fragment from expres-
sion vector pEVRF5 was subcloned by blunt/sticky ligation into the recombinant 
AAV2 DNA plasmid pDT1.1 (containing the ampicillin resistance gene; described 
as pAAV-MCS2.7 in Braddon et al.17) after digestion with enzymes KpnI (blunt) 
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and HindIII. This resulted in pAAV2CMVIκBα(sr) (6846 bp; 2650 bp between 
inverted terminal repeats, ITR’s; Figure 1). The correct construct was verified by 
restriction digests and sequencing, and the presence of the ITR’s was confirmed 
by a SmaI digest (not shown). rAAV2IκBα(sr) was generated and the particle 
titer determined according to procedures previously described.8,9,13 
 
 

 

Figure 1. DNA plasmid map of 
pAAV2CMVI κBα(sr) 
Gp10-tagged IκBα(sr) from pEVRF 
was subcloned into the recombinant 
AAV2 DNA plasmid pDT1.1 (contain-
ing the ampicillin resistance gene), 
resulting in pAAV2CMVIκBα(sr) (6846 
bp; 2650 bp between inverted termin-
al repeats, ITRs). For further details 
refer to Materials and Methods. 

 
 
 
mRNA analysis of transgene expression by RT-PCR 
293 T cells on 6-well plates were transduced with rAAV2IκBα(sr) in the presence 
of wild-type adenovirus. After 24 hours of incubation, cells were harvested. 
mRNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) 
and treated with Deoxyribonuclease I (Invitrogen), and cDNA was synthesized 
with the ThermoScript RT-PCR System (Invitrogen), all according to manufac-
turers’ instructions. PCR, using Platinum Blue PCR SuperMix (Invitrogen) and a 
thermocycler (MJ Research, Waltham, MA, USA), was performed as follows: 
denaturing at 94ºC for 30 s, extension—at different temperatures depending on 
primers—for 30 s, and annealing at 72ºC for 1 minute for 35 cycles. The primers 
used were GAPDH primers (Stratagene, La Jolla, CA, USA; 1 µM each; exten-
sion at 60ºC) and IκBα(sr) specific primers (sense: 
5’-GGATCTATGGCTAGCATGAC-3’ and antisense: 3’-AGTAGCCGCTCCTTCT 
TCAG-5’; 1.5 µM each; extension at 52ºC). 
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Evaluation of immunomodulatory activity of rAAV2IκBα(sr) 
Immunomodulatory effects elicited by rAAV2IκBα(sr) were determined in vitro by 
assessing inhibition of NF-κB activation. C2C12 cells (2x105 cells/well) in 24-well 
plates were transduced with 2 µl of CsCl gradient fractions containing 
rAAV2IκBα(sr). The next day, all cells were transfected with the plasmids 
pNF-κB-luc (0.2 µg; Biosciences Clontech, Palo Alto, CA, USA) and ph-RL-TK 
(0.05 µg; Promega) using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, 
USA), according to the manufacturer’s instructions. Plasmids were mixed with 
transfection reagent and serum free medium without antibiotics and added to the 
cell cultures. After five hours of incubation, additional serum containing medium 
was added. The following day all cells, except for the unstimulated medium con-
trol well, were stimulated with 20 ng/mL mouse TNF-α for five hours. The Dual 
Reporter Luciferase assay system (Promega) was used, according to the manu-
facturer’s recommendations, to measure luciferase activity in the cell lysates 
with a luminometer. The ratio of firefly to Renilla luciferase activity in the unsti-
mulated medium control cells was calculated to correct for transfection efficien-
cy. Fold induction of firefly luciferase expression in stimulated control cells was 
set at 100%. The percentage fold induction in cells transduced with 
rAAV2IκBα(sr) was compared to this value. 
 
Transgene expression analysis by immunoblotting 
Infectious vectors were demonstrated by transducing 2x106 293 T cells on 6-well 
plates with 2 µl from each CsCl gradient fraction in the presence of 2.4x108 par-
ticles of wild-type adenovirus. After 24 hours of incubation, cells were harvested 
and lysed with ELB buffer (50 mM Tris-HCl [pH 7.5], 300 mM NaCl, 0.1% Non-
idet P-40, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride and 1 mM dithioth-
reitol). Protein extracts were resolved with SDS-PAGE 10% gel (Invitrogen, 
Carlsbad, CA, USA) and transferred to Immobilon-P membrane (Millipore Bille-
rica, MA, USA), as previously described.5 Briefly, the membrane was blotted with 
antibodies (dilution 1:10,000), after which reactive bands were detected with 
ECL reagents (Amersham Biosciences, Piscataway, NJ, USA). 
 
Mice, gene transfer, and saliva, serum and salivary gland collection 
Animal studies were approved by the National Institute of Dental and Craniofa-
cial Research (NIDCR) Animal Care and Use Committee and the National Insti-
tutes of Health (NIH) Biosafety Committee. All procedures were conducted in 
accordance with IASP (International Association for the Study of Pain) stan-
dards. Female NOD/LtJ mice (stock 001976) were obtained from The Jackson 
Laboratory (Bar Harbor, ME, USA) and were maintained throughout the course 
of the study in the NIDCR animal facility (Bethesda, MD, USA) in accordance 
with Federal guidelines. Starting at age 10 weeks, body weights were measured 
weekly, as well as blood glucose levels (obtained by tail cut), using a OneTouch 
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monitor (LifeScan, Milpitas, CA, USA). All mice with blood glucose levels ≥400 
mg/dL were given Ultralente insulin (Eli Lilly, Indianapolis, IN, USA) injections 
subcutaneously (5 U/mouse, every 24 hours) to limit diabetes-related dehydra-
tion, as described.8,13 The experiments described in this article represent two 
separate studies conducted to investigate the effects of rAAV2IκBα(sr) adminis-
tration on salivary gland function in NOD mice. In the first study we tested two 
vector doses (109 and 1010 particles/gland, 7 animals/group); for the second 
study, we instilled only 1010 particles in each gland (8 animals/group), a dose 
that was effective in the first study. The experiments described herein report the 
1010 particles/gland data from the two separate studies, over the indicated 8- to 
16-week time course. Both studies gave comparable results. Vector delivery by 
retrograde ductal instillation, saliva collection and body weight measurement (at 
8 weeks of age), and saliva and salivary gland collection (16 weeks) were per-
formed as described in previous reports from our laboratory.8,9,13,17,18 Soluble 
protein was extracted from parts of the salivary glands, as previously de-
scribed.13 Briefly, immediately after sacrifice, salivary glands were snap-frozen, 
wet weight was measured and the glands were homogenized in ice-cold buffer 
(phosphate-buffered saline [PBS] and complete protease inhibitor cocktail; 
Roche, Molecular Biochemical, Indianapolis, IN, USA) on ice. Thereafter, homo-
genates were centrifuged at 1,500 x g for 15 minutes at 4ºC and amount of total 
protein in the supernatants was determined with a Bio-Rad protein assay ac-
cording to the manufacturer’s instructions. NF-κB p65 levels were determined in 
aqueous salivary gland protein extracts with an ELISA (Active Motif, Carlsbad, 
CA, USA), according to manufacturer’s instructions. 
 
Histological assessment salivary glands 
Salivary glands were examined histologically and the number of foci present 
(one focus is an aggregate of 50 or more lymphocytes or histiocytes per 4 
mm2)19 was counted, as previously described.8,13,20 The scoring was done blindly 
by three examiners (BML, FM, APC) and the mean of all focus scores per ani-
mal was calculated. 
 
Quantification of cytokines 
Levels of IL-2, IL-4, IL-6, IL-10, IL-12(p70), interferon-γ (IFN-γ), TNF-α, and 
RANTES in salivary gland protein extracts were measured commercially for 
animals in experiment two with SearchLight proteome arrays (Pierce Biotech-
nology, Woburn, MA, USA), which are multiplexed assays involving a sandwich 
ELISA procedure, as previously described.8,13 
 
IκBα degradation 
Based on the first two experiments, intracellular effects of IκBα(sr) gene transfer 
were assessed in an additional group of NOD mice: IκBα degradation was 
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measured in extracts from salivary glands obtained at 16 weeks of age. Protein 
extracts were resolved with NuPAGE Novex Bis-Tris 10% gel (Invitrogen) and 
transferred to a Transblot nitrocellulose membrane (Bio-Rad). The membrane 
was blocked with 5% non-fat dry milk in TTBS for 1 hour, incubated with primary 
anti-mouse IκBα antibody (dilution 1:1,000) at 4oC overnight and incubated with 
secondary anti-mouse vinculin antibody (dilution 1:25,000; internal loading con-
trol) at 4oC overnight. Next day, the membrane was washed with TTBS, incu-
bated with goat anti-rabbit HRP antibody (dilution 1:3,000) for 1 hour and 
washed again, after which reactive bands were detected with ECL reagents 
(Amersham Biosciences). Ratios of IκBα and vinculin densities in treated versus 
untreated mice samples were calculated using Quantity One software and GS 
800 Calibrated Densitometer (Bio-Rad). 
 
NF-κB translocation 
Inhibition of NF-κB translocation by IκBα(sr) in salivary glands of 16-week-old 
NOD mice was determined with immunofluorescence. Frozen salivary gland 
sections (8 µm thick) were mounted on slides, fixed and rehydrated. Sections 
were blocked with 10% horse serum in PBS for 30 minutes and incubated with 
primary anti-NF-κB antibody (dilution 1:50) at 4ºC overnight. Next day, sections 
were washed in 10% horse serum in PBS and incubated in secondary anti-rabbit 
antibody for 1 hour. Then, slides were washed in 10% normal human serum in 
PBS, incubated with DAPI (Molecular Probes, Carlsbad, CA, USA) for 15 s and 
mounted using Prolong Gold anti-fade medium (Molecular Probes). Tissue sec-
tions were analyzed using a Nikon Microphot FXA microscope (Melville, NY, 
USA) and NF-κB translocation was determined semi-quantitatively by counting 
NF-κB positive-stained nuclei compared to total number of DAPI-positive nuclei. 
 
Statistical analysis 
Data analysis consisted of descriptive statistics, reported as means ± SEM or 
medians, unpaired Student’s t tests and Mann-Whitney Rank Sum Tests. 
p-Values less than or equal to 0.05 were considered statistically significant. 
 
 
Results  
 
In vitro expression and function of rAAV2IκBα(sr) 
The highest particle titers of rAAV2IκBα(sr) were typically found in fractions with 
a refractive index of ~1.372, equivalent to a buoyant density of 1.4 g/mL, and 
corresponded to 2.7x1012 particles/mL. Expression of IκBα(sr) was detected by 
immunoblotting (Figure 2A) after transduction of 293 T cells with rAAV2IκBα(sr) 
and by RT-PCR (Figure 2B). Next, we examined if transgenic IκBα(sr) pos-
sessed immunomodulatory activity. C2C12 cells were transduced with 
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Figure 2. Detection of in vitro transgene expression and function 
A. Immunoblotting (1) Gp10-tagged IκBα(sr) expressed by rAAV2IκBα(sr) (multiplicity of infection 
[MOI] 4.1x103) after transduction of 293 T cells in the presence of wild-type adenovirus (MOI 
1.2x102; 45 kDa band). (2) Negative control represents identical amount of 293 T cells infected with 
wild-type adenovirus alone. (3) T7-Tag positive Control Extract (containing a 31.1 kDa target fusion 
protein, prepared from an E.coli λDE3 lysogen carrying a pSCREEN™-1b(+) recombinant; Nova-
gen). This is representative of two experiments. 
B. RT-PCR (I) GAPDH primers (arrow; 600 bp PCR product) and (II) IκBSR primers (arrow; 149 bp 
PCR product) were used to demonstrate presence of mRNA. (1) Transduction of 293 T cells with 
rAAV2IκBα(sr) (MOI 2.7x103), in the presence of wild-type adenovirus (MOI 1.2x102). (2) Negative 
control represents identical amount of 293 T cells infected with wild-type adenovirus alone. (3) Posi-
tive control: cDNA from HEK 293 cells (I) or 100 ng pAAV2CMVIκBα(sr) (II). (4) Non-template con-
trol. This is representative of two experiments. 
C. Effect of IκBα(sr) transgene product on intracellular NF-κB activation C2C12 cells in 24-wells 
plates were transduced with rAAV2IκBα(sr) (MOI 5.4x104). After 24 hours cells were transfected with 
pNF-κB-luc and ph-RL-TK. The following day, cells were stimulated with 20 ng/mL mouse TNF-α for 
five hours. Luciferase activity in the cell lysates was determined with a luciferase assay. The ratio of 
firefly to Renilla luciferase activity was calculated to correct for transfection efficiency. Fold induction 
of luciferase expression in stimulated control cells was set at 100%. NF-κB activation by IκBα(sr) 
transgene product is shown. Experiments were analyzed in duplicate and are representative of two 
separate experiments. Bars represent means ± SEM. A Student’s t test was performed (p = 0.03). 
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rAAV2IκBα(sr) (multiplicity of infection [MOI] 5.4x104), then transiently trans-
fected with pNF-κB-luc and ph-RL-TK, and stimulated with TNF-α. Stimulation of 
cells with TNF-α results in activated, endogenous NF-κB that binds to the κ en-
hancer element of the NF-κB sequence located upstream of the firefly luciferase 
gene in the vector, resulting in high induction levels of the luciferase reporter. 
Transduction of cells with rAAV2IκBα(sr) resulted in a ~32% reduction in NF-κB 
activation compared to control (p = 0.03; Figure 2C). 
 
In vivo experiments 
Since NF-κB plays a central role in the inflammatory process we decided to in-
vestigate the effects of its inhibition on salivary gland damage and dysfunction in 
a mouse model of SS. As noted above, an initial study was conducted using this 
construct with comparable results. For that study, we tested two rAAV2IκBα(sr) 
vector doses (109 and 1010 particles) per submandibular gland (both glands tar-
geted), with the latter dose yielding the best results. For the second study, we 
instilled 1010 particles in each gland. One diabetic mouse treated with 
rAAV2IκBα(sr) died during the first study at 15 weeks of age and was not in-
cluded. At the time of sacrifice two other mice in the rAAV2IκBSR-treated and 
five mice in the saline-treated were diabetic; all were treated with insulin daily. 
Blood glucose levels, prevalence of diabetes mellitus, and body weights at 16 
weeks of age were not different between the two groups (data not shown). 
 
Effect of rAAV2IκBα(sr) on salivary function in NOD mice 
Female NOD mice show a progressive decline in salivary flow rates starting 
between 8 and 12 weeks of age.20 The effect of rAAV2IκBα(sr) on pilocarpine-
stimulated salivary flow rates was next determined. We examined salivary flow 
before virus administration at 8 weeks of age (baseline) and at the time of sacri-
fice (16 weeks of age). At baseline, average salivary flow rate (microliters/body 
weight [grams] in 20 minutes; mean ± SEM) was 2.70 ± 0.55. At 16 weeks of 
age, eight weeks after vector delivery, the salivary flow rates for the saline and 
rAAV2IκBα(sr) group were, respectively, 2.43 ± 0.34 and 4.33 ± 0.40 (p = 0.001; 
Figure 3). 
 
Effect of rAAV2IκBα(sr) on inflammatory infiltrates in salivary gland extracts of 
NOD mice 
To determine if rAAV2IκBα(sr) affected the development of focal inflammatory 
infiltrates in salivary glands, an important clinical feature in NOD mice and SS 
patients, we assessed salivary gland sections of 16-week-old treated mice, as 
previously described.8,13,20 For this, foci were counted and the mean focus score 
was calculated, as described in Materials and Methods. There was no statistical 
difference in focus scores (mean ± SEM) between the groups treated with saline 
and rAAV2IκBα(sr) (1.78 ± 0.21 versus 1.48 ± 0.21, p = 0.32; data not shown). 
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Figure 3. Effect of rAAV2I κBα(sr) on salivary flow rate in NOD mice 
After anesthesia, pilocarpine-stimulated whole saliva was collected. Salivary flow rate (microliters per 
gram body weight in 20 minutes) of mice at 8 weeks (n = 18; untreated mice, randomly selected from 
both groups) and at 16 weeks of age, either treated with saline (n = 15) or rAAV2IκBα(sr) (n = 14), is 
shown. Bars represent means ± SEM. Student’s t tests were performed and the p-values for the 
differences are indicated. 
 
 
Effect of rAAV2IκBα(sr) on cytokine expression in salivary gland extracts of NOD 
mice 
Suppression of NF-κB leads to downregulation of inflammatory responses by 
inhibiting the expression of pro-inflammatory cytokines.21 To determine if 
rAAV2IκBα(sr) could alter the local immune milieu, we examined protein expres-
sion of several pro- and anti-inflammatory cytokines and one chemokine in sali-
vary glands of treated mice at 16 weeks of age. Aqueous salivary gland extracts 
from NOD mice treated with rAAV2IκBα(sr) showed significantly lower levels of 
IL-2 (p = 0.001), IL-10 (p = 0.02), IL-12(p70) (p = 0.001), TNF-α (p = 0.009), and 
RANTES (p = 0.003) than those from mice treated with saline (Table). IL-4, IL-6, 
and IFN-γ levels were not significantly different between the groups. 
 
Assessment of rAAV2IκBα(sr) expression in salivary glands of NOD mice 
Levels of IκB degradation and NF-κB translocation were established in an addi-
tional NOD mice study (n = 8) administered saline, rAAV2LacZ or rAAV2IκBα(sr) 
at 8 weeks. While no differences were seen between the groups (data not 
shown), it was evident that the overall degree of both IκB degradation and 
NF-κB translocation was low, even in the saline and rAAV2LacZ (both control) 
groups. In addition, salivary flow rates at 16 weeks were much higher in all three 
groups (data not shown) than observed in the two initial rAAV2IκBα(sr) studies 
here or previously reported.8,13 
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Cytokine Saline (SEM) I κBα(sr) (SEM) p-Value 

IL-2 0.17 (0.04) 0.02 (0.01) 0.001 

IL-4* 0.00 0.00 0.397 

IL-6* 0.00 0.00 0.189 

IL-10* 0.07 0.00 0.021 

IL-12(p70) 0.14 (0.02) 0.05 (0.01) 0.001 

TNF-α 0.10 (0.03) 0.02 (0.01) 0.009 

IFN-γ 6.67 (0.75) 8.17 (0.97) 0.254 

RANTES 3.96 (0.46) 2.06 (0.29) 0.003 

Table. Levels of inflammatory molecules in salivary  gland extracts 
Protein expression of inflammatory molecules (pg/mg wet weight) in salivary gland extracts after 
administration of saline (n = 7) or rAAV2IκBα(sr) (IκBα(sr); n = 8). Means (SEM) are shown unless 
otherwise noted. *Mann-Whitney Rank Sum Test used with median values, while an unpaired Stu-
dent’s t test was used for other values. 
 
 
 
Discussion 
 
This is the first report investigating the efficacy of transgenic IκBα(sr) in an ani-
mal model of SS. We characterized the rAAV vector, rAAV2IκBα(sr), in vitro and 
showed clearly it mediated the expression of IκBα(sr) mRNA and protein and 
resulted in a significant inhibition of NF-κB activity. Next, the immunomodulatory 
and clinical effects of rAAV2IκBα(sr) were tested in the NOD mouse model for 
SS, before disease onset, i.e., a prevention model.13 Instillation of rAAV2IκBα(sr) 
in salivary glands of NOD mice resulted in higher salivary flow rates, a reduction 
of cytokines IL-2, IL-10, IL-12(p70), TNF-α, and RANTES in salivary gland ex-
tracts, but no difference in focus scores, compared to results with saline con-
trols. Previously, we have shown there is no difference in salivary flow rates in 
mice treated with saline or an irrelevant AAV vector.8 Additional experiments in a 
successive group of NOD mice did not yield the expected results: administration 
of saline, rAAV2LacZ, as well as rAAV2IκBα(sr) at 8 weeks of age let to high 
salivary flow rates and low levels of IκB degradation and NF-κB translocation at 
16 weeks without significant differences. This raised questions about the extent 
and severity of inflammation present in these mice. In the past, 16-week-old 
control NOD mice had demonstrated apparent inflammatory activity as shown by 
low salivary flow rates, high focus scores, and high salivary gland cytokine le-
vels. In a new study the stability of the NOD mouse’s SS phenotype was as-
sessed (Chapter 722), however, for the current study this re-evaluation of the 
NOD mouse model for SS meant these two last assays could not be repeated. 
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Salivary flow rates were increased after rAAV2IκBα(sr) administration, but lym-
phocytic infiltrates (focus scores) were unaffected. We have seen similar results 
in our earlier study with rAAV2hVIP13 and this dissociation is not entirely unex-
pected. In SS patients a well-recognized incongruity exists between the reduc-
tion in salivary flow and the extent of focal lymphoid infiltration measured.23,24 
Thus, in addition to destruction and atrophy of gland tissue, cytokines and/or 
autoantibodies (e.g., anti-muscarinic receptor antibodies) could contribute to the 
hypofunction of salivary epithelia observed.3,25,26 
 
As stated earlier, the exact pathogenesis of SS is still unidentified. Nevertheless, 
SS has been viewed as a local and systemic imbalance in cytokine expression: 
both pro- and anti-inflammatory cytokines are increased depending on disease 
stage and severity.3,27 In this study, saline-treated mice showed elevated levels 
of pro- and anti-inflammatory cytokines. Since NF-κB is involved in the transcrip-
tion of many different cytokines, chemokines, intracellular and secreted pro-
teins,28 we made a selection of cytokines to measure based on our earlier stu-
dies8,13 and current understanding of SS pathophysiology.3,27,29,30 Earlier studies 
have shown that mRNA levels of both pro- and anti-inflammatory cytokines 
(IL-1β, IL-2, IL-6, IL-10, TNF-α, IFN-γ) were increased in submandibular glands 
of NOD mice around 16 weeks of age.20,31,32 Here, rAAV2IBα(sr) treatment re-
sulted in a decrease of several pro-inflammatory cytokines (IL-2, IL-12(p70), 
TNF-α), an anti-inflammatory cytokine (IL-10) and a chemokine (RANTES). It is 
noteworthy that IL-4 levels were low or absent in previous reports, as in our 
study. There are no data available on cytokine protein levels in submandibular 
glands of NOD mice, other than our own studies, nor are data available for mu-
rine salivary gland cytokines after administration of an IκBα mutant. 
 
Salivary glands consist of acinar cells, forming the primary saliva, and ductal 
cells, which primarily reabsorb NaCl but are relatively impermeable to water.10 
rAAV2 vectors are thought to transduce only ductal cells, not acinar cells.9,18 In 
SS, lymphocytes, acinar and ductal epithelial cells secrete pro-inflammatory 
cytokines, together leading to inflammatory infiltrates, acinar atrophy, and de-
struction.3,33 We hypothesize, based on our results, that intracellular IκBα(sr) 
inhibits NF-κB translocation and subsequently production of pro-inflammatory 
cytokines in ductal cells. This decreased production affects the surrounding aci-
nar cells and lymphocytes resulting in local immunomodulation. The validity of 
this hypothesis requires further experimental testing. 
 
Conclusion 
This is the first study investigating the efficacy of NF-κB inhibition in an experi-
mental model for SS. Local administration of rAAV2IκBα(sr) to murine salivary 
glands led to local disease modifying and immunosuppressive effects. The data 
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suggest that IκBα(sr) gene transfer may be useful in managing sialadenitis in 
SS. 
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Abstract  
 
OBJECTIVE: The non-obese diabetic (NOD) mouse is no t only a widely 
used model for diabetes mellitus type I, but also f or the chronic autoim-
mune disease Sjögren’s syndrome (SS), mainly affect ing salivary and la-
crimal glands. Our laboratory studies the efficacy of local recombinant 
serotype 2 adeno-associated viral (rAAV2) vector tr ansfer of immunomo-
dulatory transgenes to alter the SS-like disease in  NOD mice. Data col-
lected over a two-year period indicated a changing SS phenotype in these 
mice and this phenomenon was investigated. METHODS:  1010 particles 
rAAV2LacZ/gland were delivered to both salivary gla nds of NOD/LtJ mice 
at 8 weeks of age (before sialadenitis onset). Sali vary flow rates were de-
termined at 8 weeks and time of sacrifice. Blood gl ucose levels and body 
weights were measured weekly. After sacrifice, sali va and salivary glands 
were harvested. Analyses of salivary output, inflam matory infiltrates (fo-
cus score), salivary cytokine profile, body weight,  and diabetes mellitus 
status were performed. Data from six different expe rimental studies over 
two years were analyzed and compared. RESULTS: Sali vary flow rate, fo-
cus score, and salivary gland cytokines IL-2, IL-4,  IL-6, IL-10, IL-12(p70), 
TNF-α and IFN-γ showed changes over time. There were no difference s for 
body weight, diabetes mellitus prevalence, or blood  glucose level of NOD 
mice. CONCLUSIONS: This retrospective report is the  first to describe lon-
gitudinal variability in the NOD mouse as a model f or SS. We advise other 
investigators to continuously monitor the SS phenot ype parameters and 
include appropriate controls when studying this dis ease in NOD mice. 
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Introduction  
 
The non-obese diabetic (NOD) mouse is regularly employed to study type I, 
insulin-dependent diabetes mellitus (IDDM).1,2 Since it also develops age and 
gender dependent exocrine gland infiltrates and decreased salivary glandular 
secretion, it is currently the most commonly used animal model to investigate the 
disease properties of Sjögren’s syndrome (SS).3-5 
 
SS is a chronic autoimmune disease mainly affecting the lacrimal and salivary 
glands, resulting in ocular and oral dryness (keratoconjunctivitis sicca and xeros-
tomia).6 Apoptosis-resistant CD4+ T cells, and to a lesser extent CD8+ T cells, B 
cells and macrophages, and secreted pro-inflammatory cytokines result in in-
flammatory infiltrates, acinar atrophy and destruction.3,7 The etiology and exact 
pathogenesis are largely unknown and currently only palliative treatment is 
available for SS patients. 
 
Our laboratory has focused on the use of recombinant adeno-associated virus 
(rAAV)-mediated gene transfer directly in the submandibular glands to alter the 
course of the developing sialadenitis in NOD mice. The small, single-stranded 
DNA, non-pathogenic AAV serotype 2 is capable of infecting numerous dividing, 
as well as non-dividing, mammalian cells with only a minimal host immune re-
sponse.8,9 Indeed, our previous studies demonstrated that immunomodulatory 
transgenes, such as human interleukin-10 (hIL-10),10 vasoactive intestinal pep-
tide (VIP),11 and NF-κB inhibitor α (IκBα(sr); Chapter 6) upon delivery to the 
submandibular glands of the NOD mouse can have disease-modifying effects. 
 
However, over time we have observed that the SS phenotype of NOD mice used 
in different experimental studies was altered. In this report we have analyzed 
and compared the changes in SS-like features in NOD/LtJ mice obtained from 
The Jackson Laboratory over a two-year time period. We have studied several 
SS parameters (salivary flow rate, inflammatory infiltrates [focus scores], and 
salivary gland cytokine profile) after retrograde instillation of a control vector, 
rAAV2LacZ, in both submandibular glands of NOD mice. In addition, we moni-
tored the health status and incidence of IDDM in these mice. All SS parameters 
changed, whereas the diabetes status remained the same. The potential under-
lying causes involved in the observed variability of the SS model are discussed. 
 
 
Materials and Methods 
 
Construction of rAAV2LacZ 
Previously, we reported construction, expression and function of rAAV2LacZ 
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(encoding β-galactosidase; described as rAAVRnLacZ in Chiorini et al.10,12). One 
virus prep was used for the first two studies and a different prep for studies III-VI 
(aliquoted and stored at -80ºC), both prepared using well accepted standard 
operating procedures (e.g., see Di Pasquale, et al.13, Kaludov, et al.14 and Kata-
no, et al.15) by the same AAV vector core facility at the Gene Therapy and The-
rapeutics Branch. The titer of the second preparation used was 5.4 times higher 
(i.e., better) and one would expect less contaminants were administered. Thus, 
vector titer likely does not explain the altered SS phenotype seen in the latter 
studies. 
 
Mice, gene transfer, and saliva and salivary gland collection 
Animal studies were approved by the National Institute of Dental and Craniofa-
cial Research (NIDCR) Animal Care and Use Committee and the National Insti-
tutes of Health (NIH) Biosafety Committee. All procedures were conducted in 
accordance with IASP (International Association for the Study of Pain) stan-
dards. Female NOD/LtJ mice (stock 001976; age 6-7 weeks) were obtained from 
The Jackson Laboratory (Bar Harbor, ME, USA) and were maintained through-
out the course of the study in the NIDCR animal facilities (Bethesda, MD, USA) 
in accordance with Federal guidelines. For studies I and II (Table 1), mice were 
housed in a facility that was subsequently renovated (for use in studies III-VI). 
Mice in study III were housed in an adjunct facility from age week 6 to 8.5 while 
renovations were completed. All facilities were Animal Biosafety Level 2 
(ABSL-2). Mice ordered from The Jackson Laboratory were certified as patho-
gen-free, specifically free of mouse parvovirus and Helicobacter sp. However, 
our animal facility has had a confirmed contamination with both pathogens for 
over six years now. Otherwise, it is specific pathogen free (SPF). Mice from this 
company are not routinely genotyped for SS. Cages, containing up to five mice, 
were not overcrowded and placed on different shelf levels. Autoclaved water, 
autoclaved chow diet, and γ-irradiated transgenic dough diet (Bioserv, French-
town, NJ, USA; originally added at 12 weeks of age to facilitate alimentation 
because of evident hyposalvation) were supplied to the mice. The housing facili-
ties had controlled temperature and lighting (12-hour dark-light cycles). 
 
Starting at age 10 weeks, body weights were measured weekly, as well as blood 
glucose levels (obtained by tail cut), using a OneTouch monitor (LifeScan, Milpi-
tas, CA, USA). All mice with blood glucose levels ≥400 mg/dL were considered 
diabetic and were administered Ultralente insulin (Eli Lilly, Indianapolis, IN, USA) 
injections subcutaneously (5 U/mouse, every 24 hours) to limit diabetes-related 
dehydration, as described.10,11 
 
Six different experimental studies with group sizes ranging from 7 to 14 mice, 
testing several different immunomodulatory transgenes and where rAAV2LacZ 
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(1010 particles/gland; both salivary glands targeted) acted as a negative control, 
were employed over a two-year time period. Previously, we have shown that 
rAAV2LacZ administration or no treatment result in similar effects on the SS 
phenotype in NOD mice.10 Vector delivery, saliva collection and body weight 
measurement (at 8 weeks of age), and saliva and salivary gland collections (16 
weeks) were performed, as previously described.10,11,16-18 Briefly, mild anesthesia 
was induced with a 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. 
Salivary flow rates were measured at 8 weeks (baseline, untreated, not manipu-
lated before saliva collection) and 16 weeks of age (time of sacrifice) by the 
same person throughout the different experimental studies. After stimulation of 
secretion, using pilocarpine (0.5 mg/kg body weight; Sigma) administered sub-
cutaneously, whole saliva was collected from the oral cavity with a microhema-
tocrit capillary tube (Fisher Scientific, Hampton, NH, USA) for 20 minutes. This 
microcapillary tube was placed in a pre-weighed 0.5-mL microcentrifuge tube 
and saliva volume was determined. Two days later, after induction of anesthesia 
and an intramuscular injection of atropine (0.5 mg/kg body weight; Sigma, St. 
Louis, MO, USA), rAAV2LacZ was administered to both submandibular glands 
of NOD mice by retrograde ductal instillation (1010 genomes per gland) at 8 
weeks of age. For experiment V, rAAV2LacZ was administered at 14 weeks; 
saliva and salivary glands were collected at 20 weeks. 
 
Histological assessment of inflammatory infiltrates in salivary glands 
The number of foci present (one focus is an aggregate of 50 or more lympho-
cytes or histiocytes per 4 mm2)19 in salivary glands were examined histologically 
and counted, as previously described.10,11,20 The scoring was done blindly by 
three examiners (BML, FM, APC) and the mean of all focus scores per animal 
was calculated. 
 
Quantification of cytokines 
Cytokine levels were determined in salivary glands after extraction of soluble 
protein. Immediately after sacrifice, salivary glands were snap-frozen in 
2-methylbutane on dry ice and stored at -80ºC until further analysis. Wet weight 
was measured and the glands were homogenized in ice-cold buffer (phosphate-
buffered saline [PBS] and complete protease inhibitor cocktail; Roche Molecular 
Biochemical, Indianapolis, IN, USA) on ice. Thereafter, homogenates were cen-
trifuged at 1,500 x g for 15 minutes at 4ºC and amount of total protein in the 
supernatants was determined with a Bio-Rad (Hercules, CA, USA) protein assay 
according to the manufacturer’s instructions. Levels of IL-2, IL-4, IL-6, IL-10, 
IL-12(p70), interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and RANTES 
in salivary gland protein extracts were measured commercially with SearchLight 
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proteome arrays (Pierce Biotechnology, Woburn, MA, USA), which are multip-
lexed assays involving a sandwich ELISA procedure, as previously de-
scribed.10,11 
 
Statistical analysis 
Data analysis consisted of descriptive statistics, Student’s t test, ANOVA, ANO-
VA Rank, and χ2 tests. p-Values less than or equal to 0.05 were considered 
statistically significant. 
 
 
Results  
 
We collected data from six different experimental studies testing different immu-
nomodulatory transgenes packaged in rAAV2s, which were administered to sali-
vary glands by retrograde cannulation. Here, only results of mice treated with the 
same negative control rAAV2LacZ are shown. Three diabetic mice died before 
16 weeks of age (Table 1) and a total of nine were diabetic at that time-point. 
For study V, vector administration was performed at 14 weeks and mice were 
sacrificed, salivary flow rate was measured and salivary glands collected at 20 
weeks. Therefore, data from this study were omitted from the statistical analysis. 
 
 

 
Table 1. Experimental NOD mice studies using rAAV2L acZ 
Time periods of six performed studies using 1010 particles/gland of rAAV2LacZ (both salivary glands 
targeted). Percentage survival of total number of animals is shown in the third column [n (%)]. 
*rAAV2LacZ administration at 14 weeks; mice sacrificed, salivary flow rate measured, and salivary 
glands collected at 20 weeks. In all other studies rAAV2LacZ was administered at 8 weeks; mice 
sacrificed, and saliva and salivary glands collected at 16 weeks. 
 
 
Salivary function in NOD mice treated with rAAV2LacZ 
Female NOD mice show a progressive decline in salivary flow rates starting 
between 8 and 12 weeks of age.20 We examined pilocarpine-stimulated salivary 
flow before virus administration at 8 weeks of age (baseline) and at time of sacri-

Study number Study dates Number of animals (survival rate) 

I Sept. 2003 – Nov. 2003 7  (100) 

II Nov. 2003 – Jan. 2004 7    (86) 

III June 2004 – Aug. 2004 8    (88) 

IV Sept. 2004 – Nov. 2004 8  (100) 

 V* Jan. 2005 – Apr. 2005 7    (86) 

VI Apr. 2005 – June 2005 14   (100) 
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fice. The salivary flow rate of rAAV2LacZ-treated NOD mice was not consistent 
over a two-year period (Figure 1; p < 0.001). The first two studies showed a 
characteristic low salivary flow rate at 16 weeks (Figure 1), but higher rates were 
seen for the later studies (III, IV and VI). In addition, the salivary flow rate 
change between the start and end of the studies increased from a significant 
deficit to little to no change in studies IV and VI (Figure 1; p < 0.001). Mice from 
study V showed a mean ± SEM salivary flow rate of 4.81 ± 0.71 µl/gram body 
weight in 20 minutes at 20 weeks; there was a mean deficit in salivary flow rate 
change of -0.24 ± 0.71 compared to week 8. 
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Figure 1. Salivary flow rate of NOD mice treated wi th rAAV2LacZ 
Mice were anesthetized and pilocarpine-stimulated whole saliva was collected. A. Salivary flow rate 
(SFR; microliters per gram body weight in 20 minutes) at 8 and 16 weeks of age. B. Change in 
salivary flow rate between start and end of studies. Bars represent means ± SEM. A One-Way 
ANOVA test was performed and p-value for difference between results at 16 weeks is indicated. 
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Inflammatory infiltrates in salivary gland extracts of NOD mice treated with 
rAAV2LacZ 
The presence of focal inflammatory infiltrates in salivary glands is an important 
clinical feature in SS patients and NOD mice.19,20 Therefore, we assessed the 
focus scores of salivary gland sections of NOD mice, as described in Materials 
and Methods. Mean focus scores of mice treated with rAAV2LacZ were signifi-
cantly different between the six studies reported. In the first two studies (2003-
2004) high focus scores were evident. Thereafter, lower focus scores, indicating 
reduced inflammation, were seen in studies III-VI during 2004 and 2005 (Figure 
2; p = 0.009). The focus score of study VI was significantly higher than that of 
study IV (p = 0.004); the focus scores of studies I and VI, and II and VI were not 
significantly different as determined by Student’s t tests. Study V mice had a 
median focus score of 1.49 at 20 weeks. 
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Figure 2. Focus score of NOD mice 
treated with rAAV2LacZ 
Salivary glands were removed at time 
of sacrifice (16 or 20 weeks of age) 
for histological analysis, as described 
in Materials and Methods. Histopa-
thologic scoring of three sections, 
each one 50 µm apart from the pre-
vious, was performed by counting the 
number of foci present (a focus is an 
aggregate of 50 or more lymphocytes 
or histiocytes per 4 mm2).19 The 
scoring was done blindly by three 
examiners. Bars represent means ± 
SEM. A One-Way ANOVA test was 
performed and the p-value for the 
difference between results is indi-
cated. 

 
 
Cytokine expression in salivary gland extracts of NOD mice treated with 
rAAV2LacZ 
Local cytokine production contributes to the inflammatory process in SS.3,6,7 We 
examined protein expression of several pro- and anti-inflammatory cytokines 
and one chemokine in aqueous salivary gland extracts of rAAV2LacZ-treated 
mice at time of sacrifice. Significant differences were seen for IL-2, IL-4, IL-6, 
IL-10, IL12(p70), TNF-α, and IFN-γ (all p < 0.001; Table 2). The chemokine 
RANTES showed too much intra-study variability to detect a difference between 
studies. 
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Cytokine III (SEM) IV (SEM) VI (SEM) p-Value 

IL-2 0.11 (0.02) 0.65 (0.03) 0.34 (0.04) < 0.001 

IL-4* 0.00 0.02 0.00 < 0.001 

IL-6 0.07 (0.05) 0.65 (0.08) 0.12 (0.02) < 0.001 

IL-10 0.06 (0.03) 0.18 (0.01) 0.05 (0.01) < 0.001 

IL-12(p70)* 0.10 0.22 0.04 < 0.001 

TNF-α* 0.05 0.11 0.00 < 0.001 

IFN-γ* 5.65 0.14 15.45 < 0.001 

RANTES* 3.63 1.51 3.08 0.26 

Table 2. Levels of inflammatory molecules in saliva ry gland extracts 
Mean (SEM) protein expression of inflammatory molecules (pg/mg wet weight) in salivary gland 
extracts after administration of rAAV2LacZ (of experimental studies III, IV and VI). A One-Way ANO-
VA test was performed and the p-value for the difference between the results is indicated. *Medians, 
as determined by an ANOVA on Ranks Test. 
 
 
Body weights of NOD mice treated with rAAV2LacZ 
To assess the general health status of the mice body weights were measured 
weekly. Diabetic mice display polyuria and dehydration leading to weight loss. 
There was no difference in body weight between the five different experimental 
studies (Figure 3; p = 0.17). Mice from study V had a mean body weight of 27.0 
gram at 16 weeks. 
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Figure 3. Body weight of 
NOD mice treated with 
rAAV2LacZ 
Body weight was measured 
weekly; body weight of all 
mice (including diabetic 
mice) at 16 weeks is 
shown. Bars represent 
means ± SEM. A One-Way 
ANOVA test was performed 
(p = 0.17). 

 
 
Prevalence of diabetes mellitus type I of NOD mice treated with rAAV2LacZ 
Several studies have pointed out that the incidence of diabetes detected in NOD 
mice can vary between different laboratories.21-23 We measured blood glucose 
levels weekly to monitor the potential for diabetes-related dehydration that could 
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interfere with salivary flow measures. The incidence of IDDM at 16 weeks of age 
is shown in Table 3; there was no significant difference between the experimen-
tal studies (p = 0.93). Additionally, the blood glucose levels of rAAV2LacZ-
treated mice that were not diabetic at time of sacrifice were similar (Figure 4; 
p = 0.47). Mice in study V had a median blood glucose level of 125 mg/dL. 
 
 

Study number DM+ DM- 

I 1 (14) 6 (86) 

II 1 (14) 6 (86) 

III 2 (25) 6 (75) 

IV 2 (25) 6 (75) 

VI 4 (29) 10 (71) 

Table 3. Presence (DM+) or absence 
(DM-) of diabetes mellitus type I at 16 
weeks of age 
DM+, diabetic mice; DM-, non diabetic 
mice. Diabetes mellitus type I was defined 
as blood glucose level ≥400 mg/dL and 
Ultralente insulin (5 U/mouse subcuta-
neously, every 24 hours) was adminis-
tered to diabetic mice. The numbers 
displayed are n (%). χ2 = 0.89, p = 0.93. 

 
 
 
Discussion  
 
This is a retrospective and first report investigating the longitudinal expression of 
the SS phenotype in NOD/LtJ mice. We compared data from NOD mice treated 
with a control vector, rAAV2LacZ, in six different experimental studies over al-
most two years. Previously, we have shown there is no difference in SS parame-
ters of untreated NOD mice or mice treated with an irrelevant AAV vector.10 We 
have also observed no differences in NOD mice between saline- and 
rAAV2LacZ-administered animals (see Figures 1 and 2, and the Table in the 
supplementary data). As shown herein, over time the NOD mice, treated with 
this same control vector, showed significant differences in several parameters 
important to SS: salivary flow rate, focus score, and salivary gland cytokines 
IL-2, IL-4, IL-6, IL-10, IL-12(p70), TNF-α and IFN-γ. However, body weights, 
prevalence of IDDM, and blood glucose levels were similar indicating that there 
was variation only in SS-like disease in these mice, but not IDDM. Indeed, the 
incidence of IDDM in the mice studied by us was low (14-29%). One caveat to 
this observation is the high level of intra-group variability of blood glucose levels 
seen, which could mask the presence of some inter-group variability. Mice in 
study V were older (20 weeks) at time of sacrifice, but showed a similar trend as 
mice in other studies, indicating the instability was not due to a delayed effect on 
SS phenotype expression. Interestingly, some experimental studies also in-
cluded saline-treated animals and they showed a similar phenotypic variability, 
indicating the effect of the rAAV could be ruled out (Lodde et al., unpublished). 
Several reports studying intervening influences on diabetogenesis in NOD mice 
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exist, but there are no such studies for the SS component. Based on suscepti-
bility factors documented in IDDM studies,21-23 it is possible to speculate on poss-
ible causes of this divergence in phenotype in NOD mice. 
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Figure 4. Blood glucose 
levels of non-diabetic 
mice treated with 
rAAV2LacZ 
Box plot of mice not diabet-
ic at time of sacrifice (16 
weeks of age). Medians, 
whiskers and outliers are 
shown. An ANOVA on 
Ranks test was performed 
(p = 0.47). 

 
 
All colonies of NOD mice are derived from a single diabetic female detected 
during the breeding of a cataract-prone strain of mice, but some of the dispersed 
colonies have been separated for many generations and express varying levels 
of diabetes.21-23 A 1989 international workshop report concluded that diabetes is 
a complex multifactorial syndrome in which environmental factors strongly inte-
ract to modulate the penetrance of susceptibility genes;21 the NOD mouse 
represents one of the best models of diabetes available for demonstrating this 
critical interaction.24 We hypothesize, based on these discussions of diabetoge-
nesis (see below), that the following factors are likely of most importance to ac-
count for the alterations in the SS phenotype seen by us: genetic drift, pathogen-
ic contamination, and/or other environmental factors such as housing and diet. 
 
Genetics are important in the development of SS in NOD mice.25-27 The question 
if the NOD mouse variability is due to genetic drift is difficult to answer, since 
genotyping was not performed by the company from which animals were pur-
chased or us. It seems prudent that for future studies of SS using NOD mice, 
genotyping should be performed at regular intervals. 
 
Baxter et al. compared a low incidence diabetes mellitus mouse line 
(NOD/Wehi) with a high incidence mouse (NOD/Lt) substrain and their F1 
crosses.22 The progeny was found to express a disease incidence comparable to 
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that of the low incidence line. The finding was consistent with either (a) dominant 
resistance gene(s) or a transmissible environmental agent in NOD/Wehi mice. 
Housing, diet, and water were identical for both groups and, therefore, could not 
be held responsible for the difference; mitochondrial transmission was eliminat-
ed. SS is also considered to exhibit a genetic predisposition, as well as an un-
known environmental trigger.25 
 
The interaction of environmental factors, in fact, complicates genetic mapping of 
susceptibility loci.21 Bowman et al. concluded that while genetic divergence may 
explain some of the colony differences in NOD mice, most differences seem to 
be environmentally driven.28 Defects in the antigen-presenting cells (APCs) of 
NOD mice appear to disrupt presentation of self antigens in the course of toler-
ance induction. Viral and/or bacterial infections, for example, are often reported 
to reduce the incidence of IDDM, possibly through an upregulation of the APCs 
by inflammatory cytokines release.28 Indeed, Ohsugi and Kurosawa saw an in-
creased incidence of IDDM in the offspring of low incidence substrains of mice 
(NOD/Ju and NOD/shi) after eradication of pathogens by embryo transfer.23 
These authors concluded that the diabetes incidence in NOD mice is influenced 
by environmental factors, in particular murine hepatitis virus. It is particularly 
noteworthy that the lower incidence NOD mouse substrains had the same geno-
type as the original NOD mouse colony. 
 
We obtained NOD/LtJ mice from The Jackson Laboratory at 6-7 weeks of age. 
The company certified that housing and caretaking were unchanged during the 
studied time period. The status of our own facility, however, was significantly 
changed over this time. Mice were always housed in ABSL-2 facilities, but in 
three different locations over the two years studied. Additionally, the complete 
eradication of all pathogens in our facility was not achieved. In particular, there 
has been contamination of mouse parvovirus and Helicobacter sp. for over six 
years. Nonetheless, it is unlikely that this latter feature is a contributing factor to 
the longitudinal instability since our NOD mice studied before 2004 showed the 
accepted SS phenotype.3,10,11,20 
 
Delayed onset of IDDM in NOD mice has also been shown to be associated with 
high stress and with being housed on the top of the rack, but not group size.29 
Our mice were housed on different shelf levels in an animal room containing 
other immunocompetent mice. In contrast, reports on other IDDM models in the 
rat30 and mouse31 described an accelerating effect of stress on diabetes inci-
dence. Taken together, the observations suggest that stressors can modulate 
the expression of spontaneous autoimmune diabetes by exerting pleiotropic 
effects on immune and/or inflammatory components at the level of the pancreas 
and on peripheral glucose metabolism.32 It has also been suggested that cow’s 
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milk casein and an unidentified substance in commercial mouse chow could be 
dietary diabetes triggers in NOD mice, when introduced at weaning,33 but the 
contribution of cow’s milk is controversial.33,34 Overall, the influence of diet may 
actually depend on the sanitation of the facility.21 
 
Although we cannot eliminate genetic drift as a cause of the altered SS pheno-
type in NOD mice studied by us, it seems more likely that environmental 
changes were most significant. There were key changes in housing and caretak-
ing over the two years studied. Mice in the third cohort were shortly housed in an 
adjunct facility, while thereafter these mice and mice in studies IV-VI were 
housed in a new, permanent ABSL-2 facility. Interestingly, it was at this point 
(study III) that we began to observe SS phenotypic drift. All facilities were 
ABSL-2 and mice were routinely fed autoclaved water, autoclaved commercial 
chow, and γ-irradiated transgenic dough diet. Since the diet was γ-irradiated and 
already used in 2003, it is highly unlikely there is an involvement. Additionally, all 
virus preparations were produced by a single vector core facility in the same 
manner, using established and well accepted standard operating procedures 
(e.g., see Di Pasquale, et al.13, Kaludov, et al.14 and Katano, et al.15). Thus, we 
think it is unlikely that the different vector preparations used herein were a sour-
ce of variability in the NOD mouse model. 
 
Conclusion  
The SS phenotype of NOD/LtJ mice showed significant longitudinal variability in 
this first report describing the phenomenon. Currently, we cannot specifically 
discern what caused the SS divergence, but changes in environment seem 
possible. We advise other investigators to continuously monitor SS parameters 
and include appropriate controls when studying this disease in NOD mice. 
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Supplementary Figure 1. Effect of saline 
and rAAV2LacZ on salivary flow rate in 
NOD mice 
Salivary flow rate (SFR; microliters per gram 
body weight in 20 minutes) at 16 weeks of 
age either treated with saline (n = 8) or 
rAAV2LacZ (LacZ, n = 7) is shown. Bars 
represent means ± SEM. A Student’s t test 
was performed; there was no difference be-
tween the groups (p = 0.96). See Figure le-
gend 1 for additional information. 
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Supplementary Figure 2. Effect of saline 
and rAAV2LacZ on focus score in NOD 
mice 
Focus score at 16 weeks of age either treated 
with saline (n = 8) or rAAV2LacZ (LacZ, n = 7) 
is shown. Bars represent means ± SEM. A 
Student’s t test was performed and indicated 
no significant difference between the test 
groups (p = 0.92). See Figure legend 2 for ad-
ditional information. 

 
 
 
 

Cytokine Saline (SEM) LacZ (SEM) p-Value 

IL-2 0.17 (0.04) 0.11 (0.02) 0.17 

IL-4* 0.00 0.00 0.38 

IL-6* 0.00 0.00 0.62 

IL-10 0.10 (0.04) 0.06 (0.03) 0.42 

IL-12(p70) 0.14 (0.02) 0.10 (0.01) 0.11 

TNF-α 0.10 (0.03) 0.05 (0.02) 0.20 

IFN-γ 6.67 (0.75) 6.46 (1.18) 0.88 

RANTES 3.96 (0.46) 3.75 (0.38) 0.73 

Supplementary Table. Levels of immunomodulatory mol ecules in salivary gland extracts 
Protein expression of immunomodulatory molecules (pg/mg wet weight) in salivary gland extracts 
after administration of saline (n = 7) or rAAV2LacZ (LacZ, n = 7). Means (SEM) are shown unless 
otherwise noted. A Student’s t test was performed and the difference between the groups is indi-
cated. *Medians, as determined by a Mann-Whitney Rank Sum Test. 
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Abstract 
 
Sjögren’s syndrome (SS) is an autoimmune exocrinopa thy, mainly affect-
ing lacrimal and salivary glands and resulting in o cular and oral dryness 
(keratoconjunctivitis sicca and xerostomia). The et iology and pathogene-
sis are largely unknown and only palliative treatme nt is currently available. 
Data obtained from experimental animal and human st udies employing 
biological agents or gene therapeutics can offer in sight into the SS dis-
ease process. Here, we review the current literatur e on these approaches 
and assess the lessons learned about the SS pathoge nesis. 
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Introduction 
 
As of today, the exact immunopathogenesis of Sjögren’s syndrome (SS) re-
mains unknown. However, recent advances in applications of gene therapeutics 
and biological agents for SS (both animal and clinical studies) could provide 
insight into this complex process. Herein, we explore this possibility. 
 
 
Animal Studies 
 
Several animal models of SS exist that differ in the presentation of various SS 
features.1,2 The non-obese diabetic (NOD) mouse, for example, is the most use-
ful, commonly available animal model to examine the SS disease characteris-
tics. It develops, besides type I, insulin-dependent diabetes mellitus, exocrine 
gland infiltrates and decreased glandular secretion, which are age and gender 
dependent.3-5 The male NOD mouse is used for studying dacryoadenitis, whe-
reas sialadenitis is present in the female mouse. Lymphocytes and autoantibo-
dies play an important role in the development of the SS-like disease in NOD 
mice, since NOD-scid mice and B cell-deficient NOD mice have a normal sali-
vary gland function.6 We will first discuss the lessons learned from in vivo gene 
transfer experiments using various therapeutic genes in the NOD mouse model 
and other animal models of SS. 
 
Interleukin-10 
Interleukin-10 (IL-10), mainly expressed in peripheral T cells, monocytes and B 
cells, is a cytokine capable of inhibiting synthesis of pro-inflammatory cytokines, 
such as interferon-γ (IFN-γ), IL-2, IL-3, and tumor necrosis factor-α (TNF-α), and 
reducing the activation of monocytes/macrophages. However, IL-10 also dis-
plays immunostimulatory properties, especially on B cells and activated CD8+ T 
cells.7 Local human IL-10 (hIL-10) gene delivery to the salivary glands has prov-
en to be successful in the female NOD mouse model for SS resulting in an in-
creased salivary flow rate and a lower focus score (less focal infiltration in sali-
vary glands) after both prophylactic and therapeutic administration. Increased 
salivary gland levels of IL-4, IL-6, IL-10, IL-12 compared to controls indicated 
there was no straightforward ‘repair’ of a presumed Th1-Th2 imbalance.5 Viral 
IL-10 (vIL-10) has 84% sequence homology with hIL-10 and mimics several of 
its immunosuppressive activities without enhancing MHC II expression on 
mouse B cells or costimulating mouse thymocytes or mast cell proliferation. 
Prophylactic in vivo transduction of the lacrimal gland with adenovirus-mediated 
vIL-10 (AdvIL-10) delivery partially suppressed the appearance of SS-like fea-
tures such as reduced tear production, accelerated tear break-up time, ocular 
surface disease, and immunopathologic response.8 A reduced size and number 
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of immune infiltrates due to decreases in cells positive for CD4 and CD18 (leu-
cocyte cell surface marker essential for leucocyte adhesion to endothelial cells 
and chemotaxis), reduction of MHC II expressing cells, and increase in CD8+ 
cells were detected in this setting. 
 
In contrast, transgenic overexpression of endogenous IL-10 in the exocrine 
glands of C57BL/6 mice led to tissue destruction and the development of SS.9 In 
SS patients, salivary gland and serum IL-10 levels are variably increased, de-
pending on disease stage and activity, and might be contributing to B cell activa-
tion and lymphoma development.10-13 Therefore, the exact role of IL-10 in SS 
pathogenesis still needs to be established. 
 
Tumor necrosis factor-α inhibition 
TNF-α is a dominant pro-inflammatory cytokine that is increased in SS glands: 
TNF-α and its cognate receptors have been found on infiltrating mononuclear 
inflammatory cells, vascular endothelial cells, ductal epithelial cells, and fibrob-
lasts.14,15 However, the exact role of TNF-α in autoimmune pathology has yet to 
be determined.4 An adenovirus encoding the human 55-kDa TNF receptor extra-
cellular domain linked to a mouse immunoglobulin G (IgG) heavy chain 
(AdTNFRp55-Ig) was utilized in a dacryoadenitis rabbit model. Prophylactic ad-
ministration to the lacrimal glands concurrently with induction of dacryoadenitis 
led to a partial suppression of SS-like features. The tear production decreased in 
the control group, but was unchanged in the treated group, while the tear break-
up time and Rose Bengal staining (an indicator of corneal surface defects) prop-
erties were similar for both groups. This is a reflection of immunoregulation in 
the gland, but not the conjunctiva.16 The same research group also observed a 
therapeutic effect of vector delivery, i.e., after disease had been induced, tear 
production returned to normal levels, tear break-up time and Rose Bengal score 
improved, and immunopathology diminished (lower CD4:CD8 ratio and reduced 
infiltration of T cells and leucocytes).17 Thus, local TNF-α inhibition shows prom-
ising results for the ophthalmological component of the SS-like disease. 
 
In preliminary experiments, we administered an rAAV2 vector encoding 
TNFRp55-Ig to NOD mouse submandibular glands prior to the onset of SS-like 
pathology. Eight weeks after vector delivery, animals were evaluated for salivary 
flow and glandular inflammatory infiltrates (focus scores). At a dose of 109 vector 
particles/gland, rAAV2TNFRp55-Ig led to a considerable increase in salivary 
flow, as well as a reduction in focus scores, compared with mice receiving a 
control vector.18 
 
Vasoactive intestinal peptide 
Vasoactive intestinal peptide (VIP) is a small neuropeptide with pleiotropic func-
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tions in the neuro-immuno-endocrine network.19 Being an immunomodulator, 
and secretory and trophic stimulus VIP could be an interesting therapeutic can-
didate for SS,20 although a short half-life limits its usage. Delivery of rAAV2hVIP 
to the salivary glands of NOD mice in a prophylactic experimental design re-
sulted in an increased salivary flow rate and a reduction of salivary gland levels 
of the cytokines IL-2, IL-10, IL-12(p70) and TNF-α, and serum levels of the che-
mokine RANTES.20 It was hypothesized that secreted hVIP directly enhanced 
saliva secretion by acinar cells and/or influenced the immune milieu. Delgado et 
al. postulated VIP to be a Th2 cytokine with a key role in neuroimmunology,21,22 
i.e., VIP production by Th2 cells, as well as VIP stimulation of Th2 and inhibition 
of Th1 functions. Upon gene transfer of hVIP, no marked shift from Th1 to Th2 
cytokine production was observed, but rather a down-modulation of several Th1 
and Th2 cytokines was seen. This indicated that VIP acted as a more overall 
immunosuppressant than strict Th2 cytokine in this SS model. 
 
Nuclear factor κB inhibitor α 
As noted above, the role of individual cytokines in SS pathogenesis is unclear. 
Although overexpressing or blocking these molecules can result in some clinical 
improvement, studies thus far suggest there is no significant Th1-Th2 shift in 
cytokine profile. Therefore, it might be preferable to induce a more general, but 
cell-type-localized, blockade of downstream immunoregulatory events. Nuclear 
factor κB (NF-κB), a group of inducible dimeric transcription factors, is expressed 
in all cell types. Following stimulation and degradation of its inhibitory protein, 
IκB, cytoplasmic NF-κB is translocated to the nucleus, where it plays an impor-
tant regulatory role in the cellular response to inflammatory processes.23-25 An 
IκBα mutant that renders the inhibitor a super repressor (IκBα(sr)) is resistant to 
immediate degradation upon stimulation, thereby preventing NF-κB activation.25 
To test if this agent would be useful in SS treatment, rAAV2IκBα(sr) was admi-
nistered to salivary glands of female NOD mice. Inhibition of the NF-κB pathway 
resulted not only in the reduction of several cytokines in the salivary gland (IL-2, 
IL-10, IL-12(p70), TNF-α, and RANTES), but also considerably improved sali-
vary flow rate (Chapter 6). Again, as above, a reduction in clinical SS parame-
ters was observed, but there was no shift from Th1 to Th2. 
 
Anti-CD4 antibody 
The molecular marker CD4 is expressed by activated Th cells, the most predo-
minant cell type in SS glandular tissue.26 Studies by Thompson et al.6 and Ara-
kaki et al.27 have clearly shown that CD4+ T cells play a key role in the develop-
ment and maintenance of SS. For example, Thompson et al. reported prevention 
of lymphocytic infiltration and resolution of established pathology of the salivary 
glands in NOD mice treated with a non-depleting anti-CD4 antibody; salivary 
function was not assessed.6 The anti-CD4 antibody led to tolerance induction, 
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possibly by the generation of regulatory T cells. Arakaki et al. showed that adop-
tive transfer of autoreactive CD4+ T cells into normal syngeneic recipients in-
duced autoimmune lesions similar to those of SS.27 The autoreactive CD4+ T cell 
lines recognized synthetic α-fodrin, a membrane skeleton protein. Of interest, 
autoantibodies against α-fodrin have been detected in human SS28,29 and NOD 
mice.30 Similarly, topical eye administration of an anti-CD4 monoclonal antibody 
also suppressed the local activation of CD4+ T cells rather than deleting them, 
which reduced the expansion of pathologic CD4+ T cells against α-fodrin.31 
 
Cyclosporine A 
Although cyclosporine is not strictly considered to be a biological agent, we have 
included it here, because this small fungal peptide acts by inhibiting nuclear 
translocation of transcription factor NF-AT (nuclear factor of activated T cells). 
This leads to reduced transcription of several cytokine genes, including IL-2, 
IL-3, and IL-4, and TNF-α. It acts primarily on T cells, inhibiting their activation.32 
Topical cyclosporine A appears to improve tear secretion in SS mouse models 
by preventing lymphocyte-induced apoptosis of acinar cells. In one model this 
was achieved by preventing lymphocyte infiltration (NFS/sld mice) and in the 
other by reducing Fas-ligand (FasL) expression on infiltrating lymphocytes (NOD 
mice).33 The key mechanism for the therapeutic effect of topical cyclosporine A 
for keratoconjunctivitis sicca appears to be inhibition of apoptosis.34 In addition, 
Strong et al. hypothesized this occurs through either reduction of pro-apoptotic 
cytokines on the ocular surface or inhibition of the caspase cascade.34 
 
Apoptosis 
Dysregulation of apoptosis may play a crucial role in SS pathogenesis. Epithelial 
cells appear to undergo increased apoptosis, whereas infiltrating mononuclear 
cells show reduced apoptotic rates. T cells can induce apoptotic cell death by 
three different mechanisms: 1) Fas-FasL interaction; 2) release of proteases, 
such as perforin and granzyme B; and 3) production of cytokines, such as IFN-γ 
and TNF-α.35 Fas-FasL is discussed in the next paragraph, data on TNF-α inhibi-
tion have been presented above and no information on treatments targeting the 
other molecules is currently available. 
 
Fas/Fas-ligand 
Fas (Apo-1/CD95) is ubiquitously expressed on cells; FasL (CD95L) has a more 
restricted expression and is present on activated T lymphocytes. Binding of FasL 
to the Fas antigen activates the caspase cascade, ultimately leading to nuclear 
DNA fragmentation and apoptosis in susceptible cells.35 Increased expression of 
the anti-apoptotic protein Bcl-2 associated with a decreased sensitivity to Fas-
mediated apoptosis has been described in infiltrating lymphocytes of SS pa-
tients.36,37 FasL is thought to be increased on infiltrating mononuclear cells, con-
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tributing to gland destruction, but other evidence indicates that soluble FasL is 
produced by the salivary gland itself.38 Fleck et al. concluded, based on studies 
in salivary glands of Fas-deficient B6-lpr/lpr mice and FasL-deficient B6-gld/gld 
mice that a defect in Fas-mediated apoptosis of immune cells leads to an up-
regulation of the immune response.38,39 Following murine cytomegalovirus infec-
tion these mutant mice develop a severe, acute and chronic sialadenitis, fea-
tured by multiple focal infiltrates. The chronic sialadenitis is due to defective Fas-
mediated apoptosis, which allows activated T cells to persist in the salivary 
glands despite the absence of detectable virus.38 Interestingly, the SS-like dis-
ease does not develop without viral induction. Fas-mediated apoptosis is subse-
quently required for down-modulation of the inflammatory response to prevent 
this postviral, chronic disease38,39 and was achieved by FasL gene transfer to 
B6-gld/gld mice.38 Acinar and ductal cells were not sensitive to FasL-mediated 
apoptosis and a role of FasL-mediated epithelial cell apoptosis in SS is unlikely, 
despite documented increase in Fas expression.8,36,38 Instead, abnormal expres-
sion of the pro-apoptotic protein Bax by acinar cells37 or the presence of IFN-γ40 
may represent a pathological feature.  
 
Considerations regarding animal models 
Although the NOD mouse is a commonly used model for insulin-dependent di-
abetes mellitus, it is not perfect.41-44 Several immunomodulatory treatments were 
successful in animals, but this strategy failed to translate to clinical trials in pa-
tients with diabetes mellitus. It was hypothesized that the NOD mouse 
represents only one pathogenic mechanism, whereas in humans different 
processes might lead to a final common pathway.44 The same could apply to the 
SS-like disease in NOD mice and human SS.45 Importantly, until now, there have 
been no clinical trials using gene therapy in SS. From the mouse studies de-
scribed above, although localized salivary gland gene transfer is clearly benefi-
cial in SS murine models, it remains to be seen whether these findings are rele-
vant to the presentation of the disease in humans. 
 
 
Clinical Studies 
 
TNF-α inhibition 
Based on their successful use in rheumatoid arthritis, TNF-α blockers have also 
been tested in SS. A pilot study and one-year follow-up open trial with infliximab, 
a chimeric monoclonal antibody against TNF-α, showed an improvement in all 
objective and subjective SS parameters tested.46,47 In the pilot study, statistically 
significant improvement was seen in global (patient’s global assessment, pa-
tient’s assessment of pain, physician’s global assessment), peripheral (tender 
joint/point count), fatigue (patient’s fatigue assessment), laboratory (erythrocyte 
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sedimentation rate, numbers of peripheral CD4+ and CD8+ cells) and local (pa-
tient’s dry mouth and dry eyes assessment, unstimulated salivary flow rate) as-
sessments during the six-week treatment and two-month follow-up period. 
Global, peripheral, fatigue and local assessments were also significantly im-
proved in the subsequent one-year follow-up study. However, these results 
could not be confirmed in subsequent studies. Randomized, double-blind, pla-
cebo-controlled trials with infliximab48 and etanercept, a soluble human 
TNF-α-p75-receptor fusion protein,49 demonstrated no beneficial effect. A pilot, 
open-label study with etanercept only reported less fatigue and a decreased 
erythrocyte sedimentation rate in a small subgroup.50 These observations could 
be due to a number of various factors, such as patient characteristics, suboptim-
al outcome measures, and lack of biological efficacy. Moreover, both of these 
recombinant proteins, with a limited half-life, were administered systemically and 
may not have achieved therapeutic levels locally in the target glands. Unfortu-
nately, none of the studies evaluated tissue levels of the drug or local TNF-α 
activity before or after treatment. Local gene transfer of a TNF-α blocker could 
perhaps change the outcomes. In addition, it is possible TNF-α does not play 
such an important role as previously thought in SS.49 
 
Thalidomide 
Thalidomide, which can function as a TNF-α inhibitor, was tested in a 12-week 
randomized, double-blind, placebo-controlled pilot clinical trial. Unfortunately, 
thalidomide treatment was associated with unacceptable adverse effects and too 
few patients completed the study to address potential efficacy. Despite the 
prominent adverse effects, the possibility that thalidomide may be beneficial and 
safe in SS at much lower doses could not be ruled out.51 In a rheumatoid arthritis 
trial the frequency of adverse effects of thalidomide treatment was also high.52,53 
 
Interferon-α 
There are three major interferon classes with type I interferon consisting of 14 
IFN-α isoforms among others. IFN-α has been shown to enhance phagocytic 
antigen processing and immune regulatory activity of macrophages, specific 
cytotoxicity of lymphocytes for target cells, and natural killer cell activity. It can 
be administered in a high-dose injection or low-dose lozenge. To date, one 
phase III trial has been completed, where low-dose IFN-α was given by the oro-
mucosal route.54 A significant increase in unstimulated, whole salivary flow rate 
was seen in patients with primary SS, without causing significant adverse 
events. The coprimary endpoints of stimulated whole salivary flow and oral dry-
ness were not significantly improved. However, a recent report seems to contra-
dict the positive finding of the phase III trial: Båve et al. reported that patients 
with primary SS have an activated type I IFN.55 A viral infection may initiate the 
production of IFN, but the continued IFN-α synthesis is caused by RNA-
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containing immune complexes that activate plasmacytoid dendritic cells to pro-
long IFN-α production at the tissue level. This IFN-α promotes the autoimmune 
process by a vicious circle-like mechanism with increased autoantibody produc-
tion and formation of more endogenous IFN-α inducers. The authors hypothe-
sized that oral IFN-α treatment may possibly act by increasing saliva secretion 
via upregulation of transcription of aquaporin 5, a membrane water channel,56 
without influencing the underlying autoimmune process that could still be main-
tained by IFN-α. 
 
Cyclosporine A 
The most important advance in the treatment of ocular manifestations of SS is 
the introduction of topical anti-inflammatory agents such as cyclosporine A, 
which increases tear production and decreases symptoms without any signifi-
cant side effects.32 A phase III study showed that 0.05% cyclosporine A im-
proved subjective measures of dry eye57 and the FDA has approved marketing 
of this emulsion for topical dry eye treatment. Immune- and apoptosis-related 
markers were reduced in the conjunctival epithelium after six months of treat-
ment, consistent with topical cyclosporine A acting through inhibition of the 
apoptosis mechanism.58 Systemic administration of cyclosporine A, however, 
leads to increased lymphocytic infiltration and has been unsuccessful in hu-
mans.32 
 
Depletion or modulation of B cells 
SS is specifically characterized by B cell hyperactivity59 and patients have a 44 
times increased risk of developing B cell non-Hodgkin’s lymphoma.60 Rituximab 
is a chimeric monoclonal anti-CD20 antibody that depletes CD20+ B cells from 
the circulation. Findings of a phase II study suggest that rituximab is effective in 
the treatment of primary SS, showing significant improvements in the Rose Ben-
gal score in the group with early primary SS and the group with primary SS and 
mucosa-associated lymphoid tissue (MALT)-type lymphoma (MALT/primary SS), 
and in tear break-up time in the group with early primary SS. Stimulated sub-
mandibular/sublingual saliva secretion increased significantly in patients whose 
stimulated salivary flow was >0.10 mL/minute at baseline (all patients with early 
primary SS and two with MALT/primary SS). B cell depletion was accompanied 
by a significant decrease in IgM rheumatoid factor levels at week 5 in patients 
with MALT/primary SS. Additionally, three of seven patients with MALT-type 
lymphoma had a complete remission, but the high incidence of human anti-
chimeric antibodies and associated side effects, such as serum sickness, ob-
served in this study needs further evaluation.61 In a retrospective study six pri-
mary SS patients who had been given rituximab were evaluated. Five showed 
improvement of several manifestations, notably swelling of the parotid gland, 
arthralgias, and cryoglobulinemia related vasculitis, but no conclusions could be 
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drawn about the effect of rituximab on dryness.62 In an open-label phase I/II trial 
studying fifteen primary SS patients treated with epratuzumab, a humanized 
monoclonal anti-CD22 antibody, improved objective and subjective measures 
were seen in several patients: 10 of 14 patients showed lacrimal flow and 5 
showed salivary flow increases. Symptomatic patients at study entry reported 
clinical improvement of dry eyes (58%), dry mouth (36%), fatigue (65%), tender 
point (67%) or tender joint (100%) counts.63 The modulating antibody led to B 
cell levels decreasing by circa 60%, but T cell levels, immunoglobulins, and rou-
tine safety laboratory parameters remained unchanged. A complete depletion of 
circulating B cells appears therefore not essential for clinical efficacy. 
 
Prednisone 
Glucocorticoids are potent inhibitors of NF-κB activation,64 most likely through 
protein-protein interactions between the glucocorticoid receptor and NF-κB sub-
units, possibly in the nucleus.65 They are mostly used for treating extraglandular 
manifestations of SS. A six-month trial with oral prednisone (30 mg, alternate 
days) failed to improve functional and histological parameters in primary SS 
patients.66 However, salivary flow and subjective measures were enhanced in 
selected patients. In addition, a decrease of serum total protein, IgG, IgA and 
erythrocyte sedimentation rate, and an increase in white cell count were ob-
served. Although local corticosteroid irrigation therapy of the parotid gland re-
lieved xerostomia in SS patients,67 the adverse effects of topical use of corticos-
teroids in the eye outweigh the possible benefits and is therefore not recom-
mended.32 
 
 
Concluding remarks 
 
Several important lessons can be learned from these studies in animals and 
humans using gene transfer and biologicals (Table 1). Firstly, Th2 cytokines may 
have a therapeutic effect, but there is no ‘correction’ of the proposed Th1-Th2 
imbalance. In fact, it seems the abnormalities in SS cannot be ascribed to a 
simple imbalance. Raz et al. previously addressed the issue with respect to type 
I diabetes mellitus whether a cytokine shift has a primary role in suppressing the 
disease or it is only a biomarker.44 They concluded, based on knock-out and 
vaccination models, it is possible the cytokine shift is only a marker of the cellu-
lar change from a Th1 population to Th2 cells rather than the primary mechan-
ism of protection. Cytokines, such as IL-4, IL-10, and IFN-γ, probably have some 
role, but it is unlikely they solely regulate the phenomenon. 
 
Secondly, it may be more therapeutically beneficial to administer a transgene 
locally to glands via a viral vector rather than to deliver the encoded protein as a 
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systemic biological. Initial gene transfer studies in the lacrimal and salivary 
glands, using vectors encoding TNFRp55-Ig (similar to etanercept), appear to 
have some efficacy. Conversely, systemically delivered etanercept is not benefi-
cial for SS patients. The paradigm of local vector delivery may be important and 
useful for testing other transgenes encoding therapeutic proteins with little to no 
benefit when given by the recommended systemic route. 
 
Thirdly, there also appears to be therapeutic potential for strategies targeting the 
NF-κB pathway, which is important in the inflammatory process in SS by mediat-
ing the effects of various cytokines. Although systemic treatment with predni-
sone, an NF-κB inhibitor, did not show improvement in salivary nor lacrimal func-
tion, local irrigation of parotid glands with corticosteroids improved saliva produc-
tion. This is supported by preliminary data from the NOD mouse suggesting that 
NF-κB blockade in the gland results in improved salivary function. Furthermore, 
both T and B cells are clearly important to the SS pathogenesis and deleting or 
blocking them may have therapeutic value. For example, blocking IFN pathways 
or inhibiting the consequences of IFN production, such as B-cell-activating factor 
(BAFF/Blys) secretion, have been proposed and may be useful.68 
 
Finally, apoptotic pathways appear to be important to the SS pathogenesis. Al-
though infiltrating lymphocytes demonstrate a defective Fas-mediated apoptosis, 
the role of Fas in the apoptosis of epithelial cells is unclear. Importantly, the 
beneficial effect of topical cyclosporine A, which inhibits epithelial cell apoptosis 
and decreases subjective dry eye measures, suggests that targeting molecules 
essential to apoptosis may be therapeutically beneficial (Table 1). 
 
Based on these observations, we can categorize different treatment options and 
the ways of delivery, such as mode, route and time of administration. Gene 
transfer has shown to be promising in several animal models and has the advan-
tage over repetitive administration of recombinant proteins, that theoretically only 
one injection would be needed for long-term protein expression. The administra-
tion route is of importance for several reasons. For example, local therapy of a 
TNF-α inhibitor transgene in a rabbit model proved to be successful, whereas 
systemic delivery of the recombinant protein to humans failed to improve the SS 
disease features, suggesting that with long-term local expression we may 
achieve higher concentrations of therapeutic molecules. Moreover, as the sys-
temic effects with local expression of these molecules are expected to be much 
lower, an increased concentration at the site of inflammation could be achieved 
with likely much less systemic side effects leading to a more desirable therapeu-
tic effect and safety margin. Finally, results obtained in a prophylactic setting are 
hopeful, but several potentially therapeutic molecules still require testing as a 
therapeutic treatment, resembling the clinical situation. 
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SS has a complex etiology, where environment, genetics, and disease stage all 
play a role; there is not one critical factor. Table 2 and the Figure give a sum-
mary of the three most important cell types involved and the influences of the 
different treatments presented herein. T cells and their cytokines can be blocked 
by an anti-CD4 antibody, VIP, or a TNF-α inhibitor, while an anti-CD20 or anti-
Blys antibody inhibits the B cell site of the equation. Cyclosporine A can inhibit 
apoptosis of epithelial cells, whereas FasL stimulates CD4+ T cell apoptosis. An 
NF-κB inhibitor could exert its effects on epithelial cells, T and B lymphocytes. 
 
 

anti-CD20 antibody

anti-CD4 antibody

NF-κB inhibitor

TNF-α

VIP

TNF-α inhibitor

cyclosporine A

CD4+ T cell B cell epithelial cell

Fas

FasL

 

Figure. Target sites of therapeutic molecules 
Schematic view of the target site of different therapeutic molecules. T cells and their cytokines can 
be blocked by an anti-CD4 antibody, vasoactive intestinal peptide (VIP), or a tumor necrosis factor-α 
(TNF-α) inhibitor, while an anti-CD20 antibody inhibits B cells. Cyclosporine A can inhibit apoptosis 
of epithelial cells, while Fas-ligand (FasL) stimulates apoptosis of overaccumulating CD4+ T cells. A 
nuclear factor κB (NF-κB) inhibitor could exert its effects in epithelial cells, T and B lymphocytes. 
 
 
Local (gene) therapy of the exocrine component of SS appears to be kinetically 
optimal and clinically most appropriate. We propose that local delivery of an 
immunomodulatory and anti-apoptotic transgene could reduce the gland inflam-
mation by affecting multiple downstream targets. Furthermore, a combination of 
transgenes—e.g., an NF-κB inhibitor can be combined with an anti-CD4 antibo-
dy, FasL and/or VIP—may be particularly useful. 
 
Clearly, our present understanding of the SS pathogenesis is inadequate to pre-
cisely define molecular targets for treatment. Nonetheless, as we have tried to 
demonstrate herein, several reasonable potential therapeutic targets can be 
identified in SS. Rigorous testing of these will help both to understand SS patho-
genesis and to develop novel therapeutics. 
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 Epithelial cells T cells B cells 

Importance + + + 

Disease 
stage 

• early? • continuous 
• onset? 
• chronic 

Evidence 

• autoantibodies 
• cytokines 
• apoptosis 
• neo-antigens 

(cyclosporine A) 

• cytokines 
(anti-TNF-α,VIP) 

• cytokine shift? 
• antibodies (anti-CD4)  
• decreased apoptosis 
(FasL)  

• autoantibodies 
• lymphoma (late) 
• antibodies (ritu-
ximab,anti-Blys) 

 
 
 
 
 

 

Table 2. Importance of epithelial, T and B cells in  the pathogenesis of Sjögren’s syndrome 
Evidence for the importance of the three different cell types at the molecular level, as learned from 
the disease process, is shown. The possible therapeutic intervention (bold) in this process is also 
displayed. 
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GENERAL SUMMARY 
 
Sjögren’s syndrome (SS) is a systemic autoimmune disease. It is mainly charac-
terized by symptoms of dry mouth and dry eyes caused by a decrease and/or 
changed composition of saliva and tears. In the salivary and lacrimal gland a 
focal inflammatory infiltrate of predominantly CD4+ T lymphocytes can frequently 
be found. SS patients commonly also have more generalized problems, such as 
fatigue, arthritis or vasculitis. Furthermore, there is an increased risk of the de-
velopment of lymphoma. SS predominantly affects peri- and postmenopausal 
women. There is a distinction between primary and secondary SS; the latter 
develops in the presence of other autoimmune diseases, such as systemic lupus 
erythematosus and rheumatoid arthritis. 
 
The etiology and pathogenesis of SS are largely unknown, which makes treat-
ment more challenging. Unfortunately, only palliative therapies available are 
currently available, albeit steps have been taken in using immunomodulatory 
medication. This is further described in the introductory Chapter 1 . 
 
Part I. Gene Therapy Vectors 
In the early nineties the first, promising steps in the field of gene therapy were 
made. Despite some mishaps and disappointments much progress has been 
made over the years and several clinical trials have been realized. Chapter 2  
describes the latest advances in vector-mediated gene transfer with special fo-
cus on salivary glands and SS. A vector is necessary for a cell to uptake foreign 
DNA. Several viral vectors can be employed for gene transfer, such as the ade-
novirus (Ad), adeno-associated virus (AAV) or retrovirus. The non-enveloped Ad 
conveys robust transgene expression, but it is short-lived due to a potent im-
mune response. Alternatively, AAV elicits only a minimal immune response and, 
consequently, the transgene expression, while often more modest than that 
seen with Ad vectors, is very stable, lasting for years. 
 
Ad is commonly employed for ‘proof-of-concept’ studies in animal models. 
Chapter 3  describes the construction of an Ad encoding the vasoactive intestin-
al peptide (VIP) gene. It is the first report about a recombinant viral vector ex-
pressing biologically active VIP. 
  
Part II. Gene Therapy in an Animal Model of Sjögren’s Syndrome 
Currently, there is no treatment for SS and the palliative therapies offered are 
usually unsatisfactory. SS patients could potentially benefit from immunomodula-
tory gene therapy. Furthermore, additional insight into the pathogenesis of SS 
could be gained from this type of therapy. To study SS the non-obese diabetic 
(NOD) mouse model is often used. Besides diabetes mellitus type I the female 
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mouse also develops focal inflammatory infiltrates in the salivary glands and 
decreased salivary flow. A recombinant serotype 2 AAV (rAAV2) encoding hu-
man interleukin 10 (hIL-10), was tested in the NOD mouse, as described in 
Chapter 4 . rAAV2hIL-10 or a control virus (rAAV2LacZ) was delivered by retro-
grade instillation directly to the submandibular salivary gland before or after dis-
ease onset. SS and diabetes parameters were measured and compared. 
rAAV2hIL-10 resulted in an increased salivary flow rate, lower focus score (less 
focal infiltrates), changes in submandibular gland cytokines, lower blood glucose 
levels, and higher insulin levels compared with control. The latter two parame-
ters indicated a systemic effect of hIL-10 after local delivery. Administration of 
rAAV2hIL-10 after onset of SS-like disease was less effective than before. 
 
The next two chapters illustrate testing rAAV2hVIP (Chapter 5 ) and an NF-κB 
inhibitor, rAAV2IκBα(sr) (Chapter 6 ), in a comparable setting as above, but only 
with administration before disease onset. Both immunomodulatory proteins re-
sulted in a higher salivary flow rate and changes in submandibular gland cyto-
kines. Although VIP is secreted into saliva with a small amount being directed to 
the blood stream, no systemic side effects after rAAV2hVIP administration were 
observed.  
 
The most commonly used animal model for SS uses the NOD mouse. Several 
reports describe variability in diabetogenesis in NOD mice and in Chapter 7  five 
different experimental studies are evaluated to determine if the same might ap-
ply for the SS phenotype. Unquestionably, there was instability in the SS pheno-
type in the NOD mice studied over a two-year time period, possibly due to 
changes in the environment. 
 
The final Chapter 8  comprises a summary of several of the preceding chapters. 
Moreover, the lessons learned through experience with gene therapy and biolog-
ical agents about the exocrine pathogenesis of SS are presented. Based on this 
information a most optimal treatment for SS is offered: a combination of local 
gene therapeutics. 
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SAMENVATTING [DUTCH] 
 
Het syndroom van Sjögren (SS) is een gegeneraliseerde ontstekingsziekte. Het 
wordt voornamelijk gekenmerkt door klachten van droge mond en droge ogen 
veroorzaakt door een vermindering en/of veranderde samenstelling van speek-
sel en traanvocht. Frequent wordt in de speeksel- en traanklier een focaal ont-
stekingsinfiltraat van voornamelijk T lymfocyten gevonden. Daarnaast hebben 
SS-patiënten vaak algemene klachten, zoals vermoeidheid, gewrichtspijn of een 
ontstekingsziekte van de bloedvaten (vasculitis). Ook hebben deze patiënten 
een verhoogd risico op de vorming van een kwaadaardig gezwel, een lymfoom. 
SS treft voornamelijk vrouwen van middelbare leeftijd. Er wordt onderscheid 
gemaakt tussen primaire en secundaire SS; de laatste ontwikkelt zich in aanwe-
zigheid van andere auto-immuunziekten, zoals systemische lupus erythemato-
sus en reumatoïde artritis. 
 
De oorzaak en het ziektemechanisme van SS zijn nog grotendeels onbekend, 
hetgeen de behandeling bemoeilijkt. Helaas is er vooralsnog alleen palliatieve 
medicatie beschikbaar voor SS, hoewel er stappen zijn genomen in behandeling 
met immunomodulatoire geneesmiddelen. Dit wordt verder geïllustreerd in het 
inleidende Hoofdstuk 1 . 
 
Deel I. Gentherapievectoren 
In het begin van de jaren negentig werden de eerste, veelbelovende stappen op 
het gebied van gentherapie gezet. Ondanks enkele tegenvallers en teleurstellin-
gen is over de jaren veel vooruitgang geboekt en zijn meerdere klinische trials 
van start gegaan. Hoofdstuk 2  geeft een beschrijving van de laatste ontwikke-
lingen op het gebied van vector-gemedieerde genoverdracht. Daarbij wordt 
vooral aandacht gegeven aan de speekselkieren en SS. Om een cel vreemd 
DNA te laten opnemen, is een vector noodzakelijk. Hiervoor worden vaak diver-
se virussen gebruikt, zoals het adenovirus, adeno-geassocieerd virus (AAV) of 
retrovirus. Adenovirussen kunnen een snelle en hoge eiwitproductie teweeg-
brengen, die echter maar kortdurend is doordat het immuunsysteem van de 
ontvanger het virus probeert onschadelijk te maken. AAV daarentegen wordt 
niet door het lichaam afgestoten en zorgt dan ook voor een langdurige productie 
van het gewenste eiwit. 
 
Adenovirussen worden meestal gebruikt voor ‘proof-of-concept’ studies in dier-
modellen. Hoofdstuk 3  beschrijft het construeren van zo een adenovirus dat het 
gen voor vasoactive intestinal peptide (VIP) met zich meedraagt. Het is de eer-
ste beschrijving van een succesvolle expressie van het VIP gen. 
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Deel II. Gentherapie in een diermodel van het syndroom van Sjögren 
Er is momenteel geen genezing mogelijk voor SS en de huidige palliatieve be-
handeling is vaak onvoldoende. SS-patiënten zouden daarom mogelijk baat 
kunnen hebben bij immunomodulatoire gentherapie. Daarnaast kan deze vorm 
van therapie meer inzicht geven in het ziekteproces van SS. Om SS te kunnen 
bestuderen wordt veelal gebruik gemaakt van het non-obese diabetic (NOD) 
muismodel. De vrouwelijke muis ontwikkelt naast diabetes mellitus type I ook 
focale infiltraten in de speekselklieren en verminderde speekselvloed. Een re-
combinant serotype 2 AAV (rAAV2), dat het gen voor humaan interleukine-10 
(hIL-10) draagt, werd getest in de vrouwelijke NOD-muis, zoals beschreven in 
Hoofdstuk 4 . rAAV2hIL-10 of een controlevirus (rAAV2LacZ) werd voor of na 
aanvang van de ziekte direct in de submandibulaire speekselklier via de muis-
bek ingespoten. SS en diabetes parameters werden gevolgd en vergeleken. 
rAAV2hIL-10 resulteerde in een verbeterde speekselvloed, minder speekselklier-
infiltraten, veranderingen in cytokinen (kleine immuuneiwitten) in de ingespoten 
speekselklieren, lagere bloedglucose- en hogere insulinespiegels vergeleken 
met de controledieren. De laatste twee parameters wezen op een systemisch 
effect van hIL-10 na lokale toediening. Het toedienen van rAAV2hIL-10 nadat SS 
had ontwikkeld, was minder effectief dan toediening ervoor. 
 
De volgende twee hoofdstukken illustreren het testen van rAAV2hVIP (Hoofd-
stuk 5 ) en de NF-κB remmer, rAAV2IκBα(sr) (Hoofdstuk 6 ), in een vergelijkba-
re opstelling als hierboven beschreven, echter enkel met toediening vóór ziekte-
aanvang. Beide immunomodulatoire eiwitten zorgden voor een hogere speek-
selvloed en veranderingen in de speekselkliercytokinen. Hoewel VIP wordt uit-
gescheiden in het speeksel en een klein gedeelte in de bloedstroom terecht 
komt, werden geen systemische bijwerkingen na rAAV2hVIP toediening gezien. 
 
Het meest gebruikte diermodel voor het syndroom van Sjögren is gebaseerd op 
de NOD-muis. Al geruime tijd is bekend dat het diabetes mellitus type I fenotype 
in deze muis niet stabiel is en in Hoofdstuk 7  is op basis van vijf experimentele 
studies getracht na te gaan of dit ook het geval is voor het SS-fenotype. Er bleek 
inderdaad sprake van een SS-fenotypeverandering, die voornamelijk het gevolg 
was van wijziging in de huisvesting van de dieren. 
 
In het afsluitende Hoofdstuk 8  is een samenvatting van de voorgaande hoofd-
stukken weergegeven. Tevens zijn de lessen, die geleerd kunnen worden van 
de ervaring met gentherapie en biologische middelen voor de exocriene patho-
genese van SS, samengevat. Op basis van deze informatie wordt een mogelijk 
optimale behandeling van SS gegeven: een combinatie van lokaal toegediende 
gentherapeutica.



 

 

List of A
bbreviations 

143 

LIST OF ABBREVIATIONS  
 
AAV adeno-associated virus 
Ab antibody 
Ad adenovirus 
BAFF B-cell-activating factor or B lymphocyte stimulator (Blys) 
ELISA enzyme-linked immunosorbent assay 
h human 
HEK human embryonic kidney 
IDDM insulin-dependent diabetes mellitus (type I) 
IFN interferon 
Ig immunoglobulin 
IL interleukin 
IκBα NF-κB inhibitor α 
MOI multiplicity of infection 
NF-κB nuclear factor κB 
NOD mouse non-obese diabetic mouse 
r recombinant 
SFR salivary flow rate 
SG salivary gland 
sr  super repressor 
SS Sjögren’s syndrome 
Th T helper 
TNF tumor necrosis factor 
v viral 
VIP vasoactive intestinal peptide 
 




