
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Use of localized gene transfer to develop novel treatment strategies for the
salivary component of Sjögren's syndrome

Kok, M-R.

Publication date
2005
Document Version
Final published version

Link to publication

Citation for published version (APA):
Kok, M-R. (2005). Use of localized gene transfer to develop novel treatment strategies for the
salivary component of Sjögren's syndrome. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:23 May 2023

https://dare.uva.nl/personal/pure/en/publications/use-of-localized-gene-transfer-to-develop-novel-treatment-strategies-for-the-salivary-component-of-sjoegrens-syndrome(cc628880-cc86-419f-9af2-b35a2305487f).html


Usee of localize d gene transfe r to develo p novel treatmen t 
strategie ss for the salivar y componen t of Sjogren' s syndrom e 
Marcc Redwar t Kok 







Usee of localize d gene transfe r to develo p 
nove ll  treatmen t strategie s for the salivar y 
componen tt  of Sjogren' s syndrom e 

Marc-Redwartt Kok 



Thiss thesis is sponsored by: 

Universityy of Amsterdam 
Dutchh Arthritis Foundation 
Abbottt BV 
Pfizerr BV 

©© Marc-Redwart Kok, Amsterdam, The Netherlands 
Usee of localized gene transfer to develop novel treatment strategies 
forr the salivary component of Sjogren's syndrome by M.R. Kok, Thesis University of 

Amsterdam,, with references, with summary in Dutch, 2005 

isbn:: 90-809712-1-9 

Cover:: Niagara Falls, NY, USA {Postcard from estate sale) 

Graphicc design: Brenda Spuij 

Printing:: Krips bv, Meppel 



Usee of localize d gene transfe r to develo p 
nove ll  treatmen t strategie s for the salivar y 
componen tt  of Sjogren' s syndrom e 

ACADEMISC HH PROEFSCHRIFT 

terr verkrijging van de graad van doctor 
aann de Universiteit van Amsterdam 

opp gezag vann de Rector Magnificus 
prof.mr.. P.F. van der Heijden 
tenn overstaan van een door het college voor promoties ingestelde 
commissie,, in het openbaar te verdedigen in de Aula der Universiteit 

opp vrijdag 3 juni 2005, te 12:00 uur 

door r 

Marc-Redwartt Kok 
geborenn te Leiden 



PROMOTIECOMMISSIE E 

promoto r r 
Prof.dr.. P.P. Tak 

co-promoto r r 
Dr.. BJ . Baum 

overig ee leden 
Prof.dr.. S.J.H van Deventer 
Prof.dr.. J. Verhagen 
Prof.dr.. P. Speelman 
Prof.dr.. T.W.J. Huizinga 
Prof.dr.. W.B. van den Berg 

Faculteitt der Geneeskunde 





. . 



DeDe geleerde is niet de man die de goede antwoorden levert, maar die de goede 
vragenvragen stelt. 

C.. Levi-Strauss 

voorr Brenda, mijn moeder Eva en mijn grootvader Riewert 

terr nagedachtenis aan mijn vader Jan-Riewert en mijn grootouders 





CONTENTS S 

Chapterr 1 015 
Generall Introduction 

Chapterr 2 023 
Usee of localised gene transfer to develop new treatment strategies 
forr the Salivary component of Sjogren's syndrome 

Kokk M.R., Baum B.J., Tak P.P., Pillemer S.R. 
AnnAnn Rheum Dis. 2003 Nov;62(ll).1038-46. 

Chapterr 3 043 
Longg term functional erythropoietin production from salivary glands 
afterr rAAV-mediated gene transfer 

Voutetakiss A., Kok M.R., Wang J., Bossis I., Zhang W., Zheng C, Marracino N., Goldsmith C, 
Chiorinii J.A., Loh P., Nieman LK. and Baum BJ. 
ProcProc Natl Acad Sci USA. 2004 Mar 2;101(9):3053-8. 

Chapterr 4 059 
Immunee responses following salivary gland administration of 
recombinantt adeno-associated virus serotype 2 vectors 

Kokk M.R., Voutetakis A., Yamano S., Wang J., Cotrim A., Katano H., Bossis I., Chiorini J.A., 
Trann S.D., Tak P.P., Baum B.J. 
JJ Gene Med. 2004 Oct 28; [Epub ahead of print] 

Chapterr 5 079 
Enhancedd transduction of mouse salivary gland with AAV5 based vectors 

Katanoo H., Kok M.R., Cotrim A., Yamano S., Baum BJ., Chiorini J.A. 
Submitted Submitted 

Chapterr 6 095 
Locall adeno-associated virus-mediated interleukin 10 gene transfer has 
disease-modifyingg effects in a murine model of Sjogren's syndrome 

Kokk M.R., Yamano S., Lodde B.M., Wang J., Couwenhoven R.I., Yakar S., Voutetakis A., 
Leroithh D., Schmidt M., Afione S., Pillemer S.R., Tsutsui M.T., Tak P.P., Chiorini J.A., Baum B.J. 
HumHum Gene Ther. 2003 Nov 20;14(17):1605-18 

Chapterr 7 119 
Diseasee Modifying Effects of local tumor necrosis factor alpha receptor 
genee transfer in a Murine Model of Sjogren's syndrome 

Kokk M.R., Lodde B.M., van Mello N.M., Wang J., Goldsmith C, Tran S.D., Chiorini J.A., 
Baumm B.J., Tak P.P. 
ToTo be Submitted 

Chapterr 8 133 
Summaryy and discussion 

Samenvattingg 143 
Acknowledgementss 151 
Curriculumm Vitae 155 
Bibliographyy 157 



014 4 



Generall  introductio n 

15 5 



chapterr 1 

016 6 



Generall introduction 

INTRODUCTION N 

Inn 1933, the Danish ophthalmologist Henrik Sjogren described in his thesis the clinical 

andd histologic findings in 19 women, with dry mouth and dry eyes. Bloch et al outlined in 

19655 the clinical features of the currently recognized syndrome (1). 

Sjogren'ss syndrome refers to thee clinical syndrome characterized by a particular form of 
dryy mouth (xerostomia) and dry eyes (keratoconjunctivitis sicca, KCS) that result from 
systemicc autoimmune disease with lymphocytic infiltration of the salivary and lacrimal 
glands.. Classified as an autoimmune disorder of the exocrine glands, Sjogren's syndrome 
hass disabling effects because of the prominent exocrine involvement, manifesting as 
dailyy discomfort of dry eyes and dry mouth. Many patients have to reduce their level of 
activitiess or even resign from their job. Currently only secretagogues have been approved 
forr the alleviation of these exocrine symptoms. This array of treatments is unsatisfactory 
forr most patients, so there is a need for developing new treatment strategies for Sjogren's 
syndrome.. This thesis will investigate the possibility of using local viral vector medated 
genee transfer to the salivary glands as a potential treatment. 

CONTENTT OF THIS THESIS 

Partt  one: backgroun d 
Sjogren'ss syndrome is generally regarded as the second most common rheumatic 
disorder;; the incidence of Sjogren's syndrome is exceeded only by rheumatoid arthritis 
(2).. Although the complex nature of this syndrome is still not well understood, activation 
andd migration of T-lymphocytes and B-lymphocytes to the glands perpetuates immune 
responses,, which may damage salivary gland function (3,4). The development of new 
treatmentt strategies using local delivery of viral vectors, requires a proper pre-clinical 
modell for testing. In chapter 2 pre-clinical models, a novel technique for administering 
vectorss to the salivary glands, and possible therapeutic targets are described by reviewing 
thee relevant literature. 

Partt  two : use of adeno-associate d vira l vecto r for gene therapeutic s 
Genee therapy is a promising clinical application of gene transfer. The current therapeutic 
transgeness are mostly aimed at correcting systemic single-protein deficiency disorders. 
Liver,, lung or muscle are widely used sides for vector delivery. However, infection of major 
organss can pose a serious safety concern, while muscle is not a tissue physiologically 
intendedd for protein secretion. The relatively noninvasive manner of gene transfer to 
thee salivary glands, by retrograde ductal delivery of the vector, is a procedure similar 
too standard clinical practice for obtaining sialograms (contrast radiographs of salivary 
glands)) (5). Salivary glands are capable of secreting protein both in the blood stream and 
thee gastointestinal tract. Local gene therapeutics using disease-modifying transgenes 
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couldd not only be beneficial to alleviate or correct the local pathology, but also decrease 
systemicc manifestation of disease. Earlier studies have shown robust levels of transgene 
expressionn after salivary gland instillation of serotype 5 adenoviral (rAd5) vectors. A major 
disadvantagee of rAd5 vectors for use in chronic diseases is the short duration of trangene 
expressionn after rAd5 mediated gene transfer (6). In chapter 3 the duration of expression 
andd biological activity of the transgene product after local salivary gland delivery of 
recombinantt AAV serotype 2 (rAAV2) vectors is investigated. 

Treatmentt of chronic diseases such as Sjogren's syndrome, requires long-term or even 
life-longg expression of the disease-modifying therapeutic protein. In contrast to rAd5 only 
mildd immune responses have been reported after rAAV 2 deliveries. The observation of 
extendedd transgene expression after local salivary gland delivery of rAAV2 vectors could 
resultt from the relatively modest immune response elicited by these vectors (7,8). Route 
off administration, dose and the encoded transgene are important factors (9). In the 
absencee of stable transgene expression, it is desirable to be able to readminister vectors. 
Immunee responses after salivary gland delivery of rAAV2 vectors are examined, and the 
possibilityy of vector readministration is evaluated in chapter 4. 

Thee Parvoviridae family contains several nonpathogenic members, the Adeno-
associatedd AAVs. AAV are helper virus dependent for replication (10). No replication 
inn vivo has as yet been described. Several distinct serotypes are described, the 
mostt extensively studied serotype being AAV2. rAAV2-based vectors can transduce 
bothh dividing and non-dividing cells in vitro and in vivo. Other isolates of AAV have 
demonstratedd distinct tissue tropisms compared to AAV2. In chapter 5 tissue tropism 
andd transduction efficiency of two alternative serotypes of AAV (AAV4 and AAV5) are 
comparedd with AAV2 following retrograde delivery to the submandibular gland of mice. 

Partt  three : treatmen t of the salivar y componen t of Sjogren' s Syndrom e 
Thee non-obese diabetic (NOD) mouse is considered a model for Sjogren's syndrome. 
Spontaneouss autoimmune sialadenitis and loss of salivary flow are hallmarks of the 
femalee NOD mouse. The onset of sialadenitis in these mice is around 12 weeks of 
age.. Chapter 6 outlines a strategy for screening local immunomodulatory genes in a 
pre-clinicall model. Mice received vector either before or after onset of the sialadenitis. 
Deliveryy of vector after onset of disease is a situation comparable to treatment of patients 
inn the clinic. In particular chapter 6 investigates the effect of an rAAV2 vector encoding 
eitherr a therapeutic transgene, hILlO or a control (p-galactosidase). Both vectors were 
deliveredd to the submandibular gland by retrograde ductal instillation and systemically 
too the muscle. Disease modyfing effects were not only monitored locally, but also 
systemically. . 
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Generall introduction 

Thee presence of cytokines during the formation and proliferation of focal mononuclear 
lymphocyticc infiltrates in the glands has been investigated and evidence suggests that 
proinflammatoryy cytokines, tumor necrosis factor (TNF) in particular, may play an 
importantt role in the pathogenesis of Sjogren's syndrome (11,12). Systemic treatment 
off patients using either soluble TNF-a receptor recombinant protein or a monoclonal 
antibodyy directed at TNF-a was not as successful as in rheumatoid arthritis patients 
(13,14).. This could be due to the lack of sufficient levels of TNF-a blocking agent in the 
salivaryy glands. Chapter /investigates the effect of local gene transfer to the salivary 
glandd using cDNA encoding a soluble TNF-a receptor. 

Inn the final chapter 8, the findings of this thesis are summarized and discussed. The 
importantt implications and limitations of the ongoing development of gene transfer for 
clinicall purposes, and directions for further research will be highlighted. 

SCOPEE OF THIS THESIS 

1.. Recognition of the best currently available pre-clinical model and identification of 
thee best possible cytokine or cytokine receptor target for the local treatment of 
Sjogren'ss syndrome using local gene transfer mediated by rAAV2 vectors. 

2.. Investigation of salivary gland biology after local rAAV retrograde delivery in mice 

a.. Duration of expression 
b.. Dissemination of vector 

3.. Examination of local and systemic immune responses, and the possibility of vector 
readd ministration after local rAAV2 delivery encoding different transgenes in mice. 

4.. Analysis of tissue tropism and transduction efficiency of two alternative serotypes 
off AAV (AAV4 and AAV5) in comparison with AAV2 following retrograde delivery to 
thee submandibular glands of mice. 

5.. Testing of two possible therapeutic targets for clinical efficacy using gene transfer 
(hILlOO and sTNF-a receptor) in a pre-clinical Sjogren's syndrome model. 
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ABSTRAC T T 

Effectivee treatment for Sjogren's syndrome (SS) might be developed locally by 
introducingg genes encoding cytokines, which are potentially anti-inflammatory, or by 

introducingg a cDNA encoding a soluble form of a key cytokine receptor, which can act 
ass an antagonist and decrease the availability of certain cytokines, such as soluble 

tumourr necrosis factor a receptors. Currently, the preferred choice of viral vector for 

immunomodulatoryy gene transfer is recombinant adeno-associated virus. The use of 
genee transfer to help determine the pathophysiology and to alter the course of the 

SS-likee disease in the NOD mouse model can ultimately lead to the development of 
neww treatments for managing the salivary component in patients with SS. 

024 4 



Genee transfer for Sjogren's syndrome 

INTRODUCTION N 

Sjogren'ss syndrome (SS) is an autoimmune disorder characterised by decreased 
lachrymall and salivary gland function, which can also affect multiple organs, including 
kidneyy and lung(l). The principal lesion in SS is lymphocytic infiltration in target tissues 
(2).. Lachrymal and salivary gland inflammation is most prominent and associated with 
decreasedd production of tears {associated with keratoconjunctivitis sicca) and saliva 
(resultingg in xerostomia). The reported prevalence of primary SS varies from 0.05% to 
4.8%% of the population and the reported incidence of cases diagnosed by a doctor is 
44 per 100 000 population a year (3). The prevalence and incidence reported are influ-
encedd by subject selection and the classification criteria applied. Women are nine times 
moree likely to be affected than men and the symptoms appear to increase with aged,3). 

Earlyy events in human SS are difficult to recognise because symptoms usually manifest 
relativelyy late in the disease. This, and the inability to perform unlimited serial salivary 
glandd biopsies in patients with SS, for practical and ethical reasons, underlines the 
importancee of having representative animal models for the disease. 

Treatmentt of SS currently involves the alleviation of the exocrine and systemic 
manifestations.. In addition to local treatment using artificial tears and oral preparations, 
muscarinicc agents, such as cevimeline (M3 muscarinic receptorspecific agonist) and 
pilocarpinee (non-specific muscarinic agonist) are used to stimulate secretions (5). 
Forr systemic intervention in the disease, hydroxychloroquine, steroids, and other 
immunomodulatoryy agents are sometimes used (6,7). The current array of treatments 
iss unsatisfactory for most patients, so the development of new treatment strategies 
forr SS is necessary. Recently, several "biological therapies", employing recombinant 
immunomodulatoryy proteins, have been shown to be useful in other autoimmune 
disorderss (8). Although the potential use of these agents in SS has yet to be unequivocally 
demonstrated,, immune modulation using recombinant proteins, such as soluble 
tumourr necrosis factor a (TNFa) inhibitors, is inconvenient for patients to administer. 
Furthermore,, they cannot be targeted to the active site of disease and, after injection 
tendd to be cleared rapidly from the system (8). Modulation of salivary cellular functions 
byy gene transfer into these target tissues may provide a number of therapeutic options 
forr the management of SS (9). Because the exocrine manifestations of SS rather 
thann the systemic features are prominent, we will emphasise here thee role of salivary 
tissuess as localised targets for immune modulation through gene transfer, primarily 
usingg recombinant adeno-associated viruses (AAVs). We will discuss how and where to 
deliverr transgenes, the safety of gene transfer for patients with SS, potential candidate 
geness to consider for local intervention in SS, and the animal models that can be 
usedd to investigate the effects of a gene transfer intervention. We refer to other review 
articless for a comprehensive general review of gene transfer vectors (10,11) or of the 
immunopathologicall mechanisms possibly operative in SS (12,13). 
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GENEE TRANSFER 

Genee transfer refers to a technology that delivers a segment of DNA into target cells or 
tissues.. Gene transfer can involve the direct introduction of a gene or cDNA {that is, the 
transgene)) into diseased cells to restore normal function. Alternatively, the target cells can 
bee normal, but are used to produce a functional, secreted protein to correct malfunctions 
inn other cells and tissues. Generally, there are two ways to transfer genes, using viruses 
orr using non-viral methods (9,10). For clinically successful gene transfer it is essential 
too have a good understanding of the normal physiology of the target cell, and the clinical 
features,, immunological, molecular and cellular pathobiology of the disease. For salivary 
glands,, as well as other tissues, an effective gene delivery vector requires several 
components.. The vector must appropriately package the gene providing protection from 
thee extracellular environment. It must allow binding and uptake by the target cells and 
shouldd facilitate delivery of the gene to the nucleus. Ideally, for a rheumatic disease, 
thee vector carrying the gene of interest should provide stable expression—for example, 
byy integrating the transgene into the host genome. Also it is desirable to provide tissue-
specificc transcriptional control—for example, using cell-specific promoters and/or other 
regulatoryy elements, to prevent unwanted transgene expression elsewhere (14). For 
persistencee of gene expression, the vector and gene product should not be immunogenic 
too avoid a potent immune response and destruction of the transduced cell (15). 

Method ss of gene deliver y in salivar y gland s 
Non-viralNon-viral  vectors 

Nakedd DNA plasmids, either alone orcomplexed with various cationic molecules, can be 
usedd to deliver genes. In vitro, generally good transfection, with many cell types can be 
achieved.. Complexing plasmid DNA with cationic formulations enhances cellular entry, 
thee transfer of a transgene by a non-viral vector, and expression of that transgene in the 
targett cell. Non-viral vectors, in general, are significantly less immunogenic than viral 
vectorss (16), but in vivo, the efficiency of gene transfer of non-viral vectors is low, making 
themm less favourable for in vivo gene transfer at present (table 1). 

Tabell  1 . Vector s commonl y used for salivar y glan d gen e transfe r 

Vector r 

Adenovirus s 

AAV V 

Non-viral l 

AAV,, adeno-associated 

Advantag e e 

Highlyy efficient transduction 

Relativelyy simple production 
Transducess non-dividing cells 
Largee gene packaging capacity 
Efficientt transduction 
Transducess non-dividing cells 
Longg term expression (months/years) 
Modestt immune response 
Simplee to produce 
Loww immune response 
Inexpensive e 

virus s 

Disadvantag e e 

Shortt term expression of the transgene 
(weeks) ) 
Potentt immune response possible 

Limitedd packaging capacity (max 4.6 kb) 
Difficultt to produce 

Loww transduction efficiency 
Relativelyy short term expression (days) 
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ViralViral  vectors 
Virusess have evolved efficient ways to enter into host cells and replicate. This ability 
makess them useful as gene transfer vectors. Currently, viral vectors provide the most 
efficientt method of performing clinically useful gene transfer. The vast majority of 
genee transfer studies in salivary glands have used adenoviruses, and more recently 
recombinantt adenoassociated viruses (rAAVs). Occasionally other viral vectors have 
beenn employed in salivary glands. For example, there are single reports of recombinant 
vaccinia,, herpes, and lentiviruses being used (17). Such infrequently used vectors will 
nott be discussed further here. 

Ideally,, all recombinant viral vectors should be constructed as being non-competent 
forr replication, and deleted of viral structural genes, which may be cytotoxic or 
immunogenic.. Viral vectors should also retain full infectious ability and mediate the 
requiredd level of transgene expression in the target cells. Retroviral vectors can integrate 
intoo the host chromosome. However, transduction by most retroviral vectors (not lentiviral 
vectors,, however) requires cell division, and at present they also cannot be grown in high 
titres.. Consequently, most retroviral vectors can only be used ex vivo (18), an impractical 
featuree for use with salivary glands. 

Adenovirall vectors can efficiently infect dividing and nondividing cells, including highly 
differentiatedd tissues such as salivary glands. They can be easily grown in large amounts 
andd have efficient transduction rates in vivo. For these reasons, adenoviral vectors have 
commonlyy been used in salivary gland gene transfer studies. However, these vectors do 
nott mediate transgene integration into the host cell genome. The absence of genomic 
integrationn results in transient expression of the transgene. In addition, adenoviral vectors 
elicitt a potent host immune response in the salivary gland, making them for many clinical 
applicationss less than ideal vectors (15,19). 

Recently,, many laboratories have explored the possible use of rAAVs (serotype 2) for in 

wVogenee transfer. AAV is a small single stranded DNA parvovirus. Wild-type AAV has 

thee ability to integrate into a specific non-mutagenic site on chromosome 19. However, 

althoughh rAAVs do not retain this ability for site-specific integration, they do appear to 

providee stable expression through a long term extrachromosomal presence. rAAVs 

havee the potential for transducing a wide range of host cells and are considered to be 

non-pathogenicc 20. Importantly, rAAV serotype 2 transduces the ductal cells in salivary 

glandss (21,22). 

Systemi cc versu s loca l salivar y gland deliver y 
Genee delivery can be performed systemically or locally. When a transgene is delivered 
inn patients with SS by a route that is remote from the active disease site, such as into 
musclee or intravenously, more systemic sequelae, both related to the vector and to the 
transgenee product, can be expected. Conversely, local delivery of a transgene at the 
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sitee of disease leads to highly localised therapeutic effects, while minimising the risk of 
undesirablee systemic dissemination of vector and transgene. Additionally, it is possible 
too regulate the secretory characteristics of transgene products (23). This could lead to 
controlledd levels of therapeutic secretory proteins systemically in lower quantities, which 
mayy be advantageous in treating SS. 

DeliveryDelivery  to  salivary  glands 

Thee anatomical configuration of major salivary glands favours localised tissue modulation 
byy gene delivery. When a vector is introduced into major salivary glands in vivo through 
aa cannulated duct, it can reach the luminal surface of virtually all epithelial cells (fig. 1) 
(24).. Ductal cannulation of major salivary glands is a routine clinical procedure used for 
sialography,, and clinically no anaesthesia is required. The major salivary glands are also 
welll encapsulated, which minimises the risk of dissemination of gene transfer vectors 
beyondd the gland (24). Many reports of successful salivary gland gene transfer have 
beenn published (for a recent review see Baum etal, 24). These features probably ensure 
effectivee local gene transfer, particularly useful in a disease such as SS. 

Fig.. 1. Ducta l cannulatio n of submandibula r gland s ot a rat by usin g custo m made cannulas . A maximal volume of 50 ul (mouse) 
orr 200 ul (rat) of gene transfer vector can be delivered in a retrograde fashion using 3/10 ml insulin syringes connected to the 
cannulas.. Arrows indicate the cannulas (see Baum etaH- Photo courtesy of Dr L Baccaglini. 

SafetySafety  of  gene delivery 

Inn any medical intervention there are risks and benefits. At present, gene transfer is a 
developingg therapeutic strategy that has resulted in significant clinical problems without 
anyy unqualified clinical success (26). None the less, gene transfer strategies are based 
onn sound science, albeit incompletely understood at present (27). Currently, with gene 
transfer,, the use of viral vectors presents the most risk to patients. Although viral vectors 
aree modified to minimise their risk of replication, because our knowledge of vector biology 
iss not complete problems can occur. For example, recombination events might take place 
creatingg replication competent viruses. As we have recently learnt from the studies in 
Pariss using retroviral vectors to treat SCID-XI patients, unique vector integration events 
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withh severe consequences are possible (28). Also vector immune response is a major 

concern,, and some vectors, especially adenoviral vectors, can elicit potent immune 

responsess (26). 

Thesee potential risks must be considered in the light of patient needs and benefits. It 
iss still highly probable that gene transfer strategies will provide opportunities for new 
treatmentss for many patients with diseases that are both fatal and associated with excess 
morbidity.. Although most patients with SS have a normal lifespan, patients with more 
severee manifestations have greater morbidity, including vasculitis and lymphoma, as well 
ass an increased risk of mortality (29). Importantly, patients with SS have considerable 
difficultiess with chewing, swallowing, speech, Candidal infections, and other oral 
problemss that have a deleterious impact on their quality of life (30). Current treatments 
forr SS are inadequate. At present, we consider that localised delivery of targeted genes 
usingg rAAV serotype 2 vectors is a promising application of gene transfer for use in SS 
(21).. rAAV vectors provide a high level of "relative safety". These vectors allow long lived 
transgenee expression in the absence of chromosomal integration, they are naturally 
replicationn incompetent, and they elicit a minimal to modest immune response. Currently, 
rAAVV vectors in our view are the most reasonable viral vectors to use in the treatment 
off a chronic autoimmune disease such as SS. Additionally, human salivary glands are 
welll encapsulated, a circumstancee that should prevent the undesirable spread of vector 
beyondd the gland. Furthermore, the use of specific salivary cell promoters in recombinant 
vectorss should limit transgene expression to glandular parenchyma (14). Finally, salivary 
glandss are not vital organs, necessary for survival. If a severe adverse effect occurs a 
salivaryy gland can be removed surgically. The history of biomedical research has shown 
thatt there are risks in the development of new medical treatments. However, failure to 
carefullyy explore reasonable new treatment options for patients, in the absence of suitable 
conventionall treatments, is not appropriate. 

PATHOPHYSIOLOGYY AND IMMUNOLOGICA L TARGETS FOR 
GENEE TREATMENT 

Thee pathogenesis of SS is not fully understood at present. Thus, there are no clearly 
definedd molecular targets for gene transfer or conventional treatments. Although the exact 
pathophysiologyy is unknown, several possible immunological mechanisms, probably 
operativee in the tissue destruction of salivary glands, have been identified. These may 
providee general targets for localised immunomodulatory gene treatment in salivary glands. 
Tablee 2 shows examples of potential candidate genes. 

Cytokine ss in relatio n to the microenvironmen t 
Immunee cells produce a variety of cytokines that allow them to communicate with 
eachh other and produce an extensive, but generally self limited response. Cytokines 
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bindd to cell surface receptors present on many cell types. Epithelial cells can also 
producee different cytokines, and thus participate in immune events (fig. 2). Also, T 
celll subsets have been categorised by the cytokines that they produce. For example, 
inn mice, clones of CD4+ T cells show divergence into T helper cell type 1 (Thl) and T 
helperr cell type 2 (Th2) subpopulations (31). The Thl cells produce cytokines such as 
interleukinn (IL)2, interferon gamma (IFNy), and lymphotoxin that are associated with cell 
mediatedd immunity (32). Such activities are effective in combating viruses or intercellular 
organismss (33). Th2 cells produce IL4, IL5, IL6, IL10, and IL13, which stimulate humoral 
responsess (34). In humans, the divergence of CD4+ T cells into Thl and Th2 subsets is 
lesss clear (35 36). 

Tabl ee 2. Candidat e target s fo r gene transfe r 

Produc t t 

Anti-CD20 0 
sTNFR R 
ILlO/vILlO O 
sCTLA-4,, CD40 
Anti-BLyS S 

Remark k 

Depletionn of B cells 
Antagonisee TNFa 
Inhibitt Thl activity, anti-inflammatory 
Inhibitt costimulation lymphocytes 
Decreasee of autoreactive B cells 

sTNFR,, soluble tumour necrosis factor receptor; vILlO, viral IL10; 
antigen-4;; anti-BLyS, anti-B lymphocyte stimulation. 

Ref f 

64 4 
44,45 5 
21,48 8 
60 ,61 1 
63 3 

sCTLA-4,, soluble cytotoxic lymphocyte 

Severall studies, using reverse transcription-polymerase chain reaction (RT-PCR) indicate 
thatt there is an increased level of classic Thl like cytokines—notably, IL2, IFNy, the 
proinflammatoryy cytokines IL10, and TNFa, as well as an increase in IL10, in salivary 
tissuee of patients with SS (4, 37-41). For example, Fox et alfound that salivary gland 
epitheliall cells produced over 40-fold more ILla, IL6, and TNFa mRNA than epithelial 
cellss from subjects with histologically normal salivary glands (39). Furthermore, these 
investigatorss found increased levels of ILlp, IL6, IL10, TNFa, and IFNy in the parotid 
salivaa of patients with SS using an enzyme linked immunosorbent assay (ELISA). This 
suggestss that the raised mRNA levels detected in minor gland tissue by RT-PCR are 
consistentt with local cytokine protein synthesis and release. However, an important 
caveatt to these results is that the mRNAs for all of the above cytokines, with the 
exceptionn of IFNy, have been detected in salivary tissues of healthy volunteers (39,42). 
Interestingly,, Mitsias et al found a positive correlation between IFNy mRNA levels in 
culturedd labial salivary glands and the intensity of the lymphocytic infiltration in the 
glandss of patients with SS (43). None the less, it has been suggested that ILla and TNFa 
havee important roles as regulatory proteins inducing autoimmune related tissue damage 
(fig.. 2) (38). Indeed, patients with rheumatoid arthritis (RA) have been successfully 
treatedd by blocking TNFa, for instance with soluble TNFa receptor (etanercept) (44). 
Recently,, an uncontrolled trial with an anti-TNFa antibody (infliximab) suggested that 
thiss was beneficial in the treatment of SS (45). 
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Althoughh the roles of individual cytokines in the pathogenesis of SS still have not 
beenn clearly established, the proinflammatory cytokines probably stimulate cytotoxic 
TT cell processes within the gland. IL10 is mainly produced by Th2 like cells (46), and 
IL100 is associated with a tissue protective role because it prevents an unchecked 
immunee response to pathogens which might cause undue tissue destruction. Likewise, 
itt has been suggested that IL10 plays a part in peripheral tolerance and in protection 
againstt autoimmunity (46). For example, IL10 can reverse the cartilage degradation 
inducedd by antigen stimulated mononuclear cells and inhibit proinflammatory cytokine 
productionn (47). Furthermore, there is evidence suggesting that IL10 has a protective role 
inn Fas related apoptosis (46). 

Accordinglyy we have suggested that IL10 may be a general immunomodulatory factor 
usefull locally in the management of SS (21). Currently we are using an rAAV vector, rAAV 
hILlO,, for local delivery of the human hILlO gene into the salivary glands (21,48). This 
vector,, when injected into IL10 knockout mice, prevented development of endotoxic 
shockk subsequently induced by lipopolysaccharide (49). This dramatic biological 
protectionn occurred although only modest levels of hILlO were detectable in serum 
(49).. The expression of hILlO in mice after salivary gland rAAV hILlO delivery is stable 
forr more than eight weeks, the longest time studied and improves salivary secretion 
(21,48).. Although use of this vector thus far seems promising for SS, it is tempered by 
rememberingg that IL10 can act as a potent stimulator of B cell responses (50,51). IL10 
inducess differentiation and activation of human B cells, which subsequently secrete 
largerr amounts of IgA, IgG, and IgM. Therefore, treatment with IL10 theoretically could 
drivee an increase in immunoglobulin production within infiltrated salivary glands (fig. 2). 
Thiss is of particular concern in an autoimmune disease such as SS, which is associated 
withh an increased risk of B cell lymphoid malignancy (52). 

Inn summary, the epithelial cells in the salivary glands are active participants in the 
autoimmunee mediated process of primary SS, as shown by their ability to express a 
highh frequency and wide variety of cytokines. The presence of an infiltrating lymphoid 
focuss within the gland seems to be associated with a dysregulation of normal cytokine 
genee expression by salivary epithelial cells (42). Local microenvironmental modulation of 
dysfunctionall salivary epithelial cells with genes for specific cytokines, such as IL10, may 
resultt in therapeutic benefit. 

Adhesio nn molecule s and major histocompatibilit y comple x (MHC) class II 
Adhesionn molecules expressed on the surface of immune cells transduce a variety of 
signalss and mediate important cellular interactions by binding to specific receptors expres-
sedd on target cells or by attaching to extracellular matrix components in a site-specific 
manner.. Aberrant expression of certain adhesion molecules (mRNA and protein level) in 
vivovivo has been described in patients with autoimmune connective tissue diseases (53). For 
example,, immunohistochemical analyses of salivary gland biopsy specimens from patients 
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withh SS show a marked expression of vascular cell adhesion molecule-1 (VCAM-1) and 
ICAM-11 in venules surrounded by infiltrated CD4+ CD45RO+ T cells (54). E-selectin was 
expressedd on vascular endothelium with weak intensity (54) Cytokine mediated up regula-
tionn of VCAM-1 and ICAM-1, which facilitates recruitment of VLA-4 and LFA-1 expressing 
TT cells, might contribute to lymphoid cell infiltration in the salivary and lachrymal glands 
inn SS (54). Interference with this process by blocking the function of adhesion molecules 
mayy thus provide a useful therapeutic approach in SS. However, there is no conclusive 
evidencee for tissue-specific T cell entry mediated by adhesion molecules in SS (55). 

Fig.. 2. Schematic drawing of a salivary gland with a high endothelial venule, representing the lymphocyte traffic, the role of 
intercellularr adhesion molecule-1 (ICAM-l)/leucocyte function associated antigen-1 (LFA-1), the formation of Thl- and Th2-like 
lymphocytes,, and the key regulatory cytokines and their interactions in SS. The imbalance in Thl-like cells, producing pro-
inflammatoryy cytokines, and Th2- like cells, results in local inflammation. The TB cell interaction represents a pathway leading 
too autoantibody formation. This inflammatory microenvironment might result in tissue damage and disruption of secretory function. 
Also,, note that the salivary gland epithelial cell can function as an antigen presenting cell (APC). Thl, T helper 1-like lymphocytes; 
Th2,, T helper 2-like lymphocytes; Lymph, lymphocytes. 

TT cell s 
Immunohistologicall studies show that 75% of the cells infiltrating salivary glands in 
SSS are T lymphocytes, mainly of the helper/inducer (CD4) subset (2). The presence of 
macrophagess and B cells is less prominent (13). The T cells bear mostly the memory 
phenotypee CD45RO+ expressing the a/(5 T cell receptor and the adhesion molecule 
LFA-11 (13,56), which promotes homing in the exocrine tissue. T cells within the 
glandd also show an up regulation of bcl-2 and bcl-xL, which would probably result 
inn a resistance to apoptosis (57,58). The expression of HLA-DR in the salivary and 
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lachrymall gland epithelial cells allows the cells to present antigens to T helper cells. 
Correspondingly,, activated CD4+ T cells can induce the production of proinflammatory 
factorss by epithelial cells as well as by other lymphocytes (4,59). Therapeutic strategies 
directedd at T cells could include the blocking of the activated or cytotoxic T cells. This 
couldd employ, for example, soluble cytotoxic lymphocyte antigen-4 (CTLA-4), which 
willl disrupt B7-CD28 binding, or soluble CD40, which will disrupt CD40- CD40 ligand 
interaction,, thus inhibiting the costimulation of T cells (60,61). 

BB cell s 
BB cells form about 20% of the infiltrating lymphocytes in the salivary glands of patients 
withh SS, and they are responsible for the production of autoantibody immunoglobulins, 
suchh as anti-Ro and La (13). Increased levels of B lymphocyte stimulator (BLyS) have 
beenn detected in the serum of patients with SS. The level of BLyS correlates with the 
levell of autoantibodies, suggesting that BLyS may play a part in activating autoreactive 
BB cells (62). Also, mice transgenic for BAFF develop a disease with SS characteristics, 
whichh is manifested by severe sialadenitis, decreased saliva production, and destruction 
off submaxillary glands, providing a potential model for studying this aspect of the role 
off autoreactive B cells in SS (63). Additionally, Edwards and Cambridge described an 
improvementt in RA after treatment with rituximab, an anti-CD20 antibody, effectively 
causingg subtotal depletion of B cells (64). Both anti-BLyS and anti-CD20 antibody could 
bee used as therapeutic agents in SS (table 2). 

M33 isofor m of the muscarini c recepto r 
Thee M3 isoform of the muscarinic receptor is an important neurotransmitter receptor 
involvedd in salivary fluid secretion (65-67). There is a reported 100% prevalence of 
antimuscarinicc M3 receptor antibody (M3R) in patients with primary SS, which is 
alsoo detected in patients with secondary SS (68). The presence of these antibodies 
inn secondary SS is not necessarily expected and may provide evidence for a common 
pathogeneticc link between primary and secondary SS. These autoantibodies may 
contributee to sicca symptoms (that is, by blocking of M3 receptors on acinar cells, thus 
preventingg activation of fluid secretion) and may explain associated features of autonomic 
dysfunctionn in some patients (68). Direct M3 isoform receptor autoantibody mediated 
tissuee damage might occur through nitric oxide generation and accumulation (65-67). 
Muscarinicc receptor stimulation with pharmacological agents improves secretory function 
inn patients with SS (67). 

Apoptoti cc  processe s 
Apoptoticc processes could have an important role in the pathogenesis of SS. Defective 
apoptosiss in lymphocytes could result in the accumulation of lymphoid cells in the 
affectedd tissue. Moreover, an increase in apoptosis of the exocrine gland epithelial cells 
mightt explain the loss of secretory function and the resulting exposure of intracellular 
autoantigens,, which may evoke or enhance autoantibody production (69). The apoptotic 
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processs includes many potential therapeutic targets, including cell surface molecules 

suchh as Fas, intracellular molecules (for example, p53, Bcl-2 family members) and 

enzymaticc pathways involving perforins and granzyme B (70,71). 

Theree are a number of conflicting reports about the level of apoptosis in the lymphocytes 
off patients with SS. For example, T cells from patients with SS show accelerated 
apoptosiss in vitro (57,58). On the other hand, in situ DNA nick end labelling (TUNEL) 
studiess have shown a low rate of apoptosis among infiltrating mononuclear cells (72). 
Ass noted above, increased apoptosis of ductal and acinar cells could provide an expla-
nationn for the loss of secretory function and the formation of autoantigens. However, Kong 
era/describedd an increase in Fas-Fas ligand expression in salivary glands of patients with 
SSS (73), while Ohlsson et al found only a low level of cell death among epithelial cells in 
patientss with secondary SS (72). Recently Mariette et al showed a colocalisation of p53 
andd its transcription factor p21 in salivary ductal cells surrounding lymphoid foci in the 
minorr gland biopsy specimens from 8/10 patients with SS (74). This could indicate that 
ductall cells have time to repair DNA damage and thus prevent apoptosis (74). Nagaraju 
etaletal reported that several generally expressed autoantigens (for example, a-fodrin, 
La,, and nuclear mitotic apparatus protein), and tissue restricted autoantigens (for 
example,, M3R) targeted in SS, are specifically cleaved by granzyme B, generating unique 
fragmentss and thus creating neoantigens (71). They argued that granzyme B cleavage of 
targett molecules during apoptosis may be critical for autoantibody generation in SS (71). 

Overall,, the status of apoptotic processes in the salivary glands of patients with SS is not 
clear;; glandular hypofunction does not appear to result solely from glandular destruction 
throughh apoptosis. Moreover, normal acinar cells may be present in patients with SS 
withh hyposalivation (75). suggesting that other immunopathological mechanisms are 
involvedd (76). 

Althoughh the pathophysiological systems in SS are complex, and a precise disease mecha-
nismm is far from understood, we are employing localised gene transfer to salivary glands 
forr two purposes: both for testing potential therapeutic efficacy and as a tool to facilitate 
ann understanding of pathological mechanisms. With this approach it is possible to test 
manyy individual molecules, in defined models, and thus provide useful information on the 
possiblee role of these molecules in SS, even if they are not useful for treatment (table 2). 

ANIMALL MODELS FOR SJOGREN'S SYNDROME 

Too develop any new treatment for a disease a valid preclinical animal model is critical. 
Thee ideal animal model for SS would fulfil all of the known features of human SS, 
includingg clinical characteristics of dry eyes and dry mouth, lymphocytic cell infiltration 
off lachrymal and salivary glands with preferential destruction of acinar epithelium, 
andd characteristic serological markers. Moreover, a useful animal model creates the 
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opportunityy to study early stages of the disease. 
AA variety of animal models for SS have been 
used.. However, none of the current models has 
alll desired characteristics of SS. Table 3 provides 
aa brief comparison of the most commonly used 
animall models of SS and their features in relation 
too human SS. These models are discussed in 
moree detail below. 

NZBB and NZB/NZW mice 
Kesslerr first described spontaneous 
histopathologicall changes in the NZB and 
NZB/NZWW mouse strains, which were similar 
too SS (77). Mononuclear cell infiltrates were 
notedd in the lachrymal and to a lesser extent in 
thee salivary glands. Sialochemical and modified 
Schirmerr tests on these animals showed, 
however,, that salivary gland pathological 
sequelaee were present in only a small number of 
animalss (78). Consequently, there has been little 
additionall immunological characterisation of the 
exocrinee tissues in these mice. 

MRL/lp rr  mice 
Usee of the MRL mouse and substrains as a model 
forr SS has been described by Jonsson (79). 
Hayashii etal have also analysed local cytokine 
expressionn production in MRL/lpr mice (80). 
Thesee mice exibit an overrepresentation of T 
cellss bearing CD4 and V (p) 8 molecules, which 
suggestss chronic antigenic stimulation in their 
salivaryy glands (81). In addition, there is a local 
expressionn of the proinflammatory cytokine genes, 
IFNyy and IL12 (p40). This suggests that there 
mayy be a pathogenic trigger in the epithelial cells. 
Inn particular, a high level of local expression of 
IL122 mRNA was detected earlier in the proin-
flammatoryy stage of autoimmune lesions (81). In 
MRL/lprr mice, overexpression of ILlfi and TNFa 
wass detected before the onset of inflammatory 
lesionss in the salivary gland, and the up regulation 
off IL6 mRNA was also found in the autoimmune 
sialadenitiss occurring in MRL/lpr mice (82). 
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NZB,, NZB/NZW and MRMpr mice, of which there are different congenic strains, were 
originallyy bred to study autoimmunity in general, and have also been employed as models 
forr systemic lupus erythematosus (83), RA (84), and scleroderma (85). Although they 
sharee a number of common immunological and histopathological features, all of these mice 
lackk the critical feature of the loss of secretory function by the exocrine glands (table 3). 

NFS/sIdd mice 

Thee NFS/sId mice exhibit a sublingual gland differentiation arrest and show significant 
inflammatoryy (T cell infiltrates) changes, which after neonatal thymectomy develop in 
bothh the salivary and lachrymal glands (86) These T cell infiltrates are reactive to a-fodrin 
(1200 kDa), a product of fodrin cleavage by caspase. Fodrin is a 250 kDa membrane 
associatedd cytoskeletal protein, found in many tissues. Sera from patients with SS react 
positivelyy with purified a-fodrin (120 kDa) and recombinant human a-fodrin protein 
(86,87).. It remains unclear whether production of antibodies against a-fodrin is a primary 
eventt in SS, as these antibodies are also found in other autoimmune diseases (88). These 
micee have not been widely studied, and are not readily available or easily used. They also 
doo not appear to exhibit salivary hypofunction 

Non-obes ee diabeti c (NOD) mice 
Withh increasing age, NOD mice develop, in addition to insulin dependent diabetes 
mellitus,, sex (female) specific histopathological changes in the salivary glands similar 
too those of human patients with SS (89,90) Perhaps more importantly, they exhibit the 
criticall clinical manifestation of declining exocrine tissue secretory function, that is, 
salivaryy hypofunction (table 3). Similar to findings in patients with SS, mRNA transcripts 
forr ILip, IL2, IFNy, TNFa, IL10, as well as minimal expression of IL4, occur in NOD mice 
(91).. Within the lymphocytic infiltrates the most intense immunohistochemical staining 
iss for TNFa, IL2, and IFNy (91). This suggests that these cytokines may be involved in 
parenchymall damage, as is suspected in patients with SS. 

Inn NOD mice, the unique expression of MHC I-A(g7) is crucial for the development 
off diabetes (92). Robinson era/developed a strain termed NOD.B10.H2b, which has 
ann MHC congenic to NOD (table 3) (93). These mice exhibit lymphocytic infiltrates in 
thee exocrine tissues, typical of SS-like disease as is seen in NOD mice, but they lack 
thee insulitis and diabetes (92). This implies that the insulitis and sialadenitis are not 
geneticallyy linked in NOD mice. 

Studiess that have focused on the genetic profile of the NOD mouse, have suggested 
thatt both "immune" and "nonimmune" related genes are involved in the pathogenesis. 
Thee immunodeficient NOD mouse, carrying the severe combined immunodeficiency 
(SCID)) genetic profile, lacks lymphocytes almost completely. NOD-SCID mice provide the 
strongestt evidence for the role of "non-immunogenic" genes in disease pathogenesis in 
thiss model (94). The origin of this abnormality probably resides in the salivary glands, 
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althoughh the mechanism is unclear. Recently, Van Blokland et a/have argued that 
apoptosiss was not a major factor in the onset of the sialadenitis (table 3) (95). 
Overall,, of the common animal models available, the NOD mouse seems to be the most 
usefull for studying the pathogenesis of SS (89-91). Although not ideal, it features certain 
keyy immunological and clinical characteristics of SS. 

CONCLUDINGG REMARK S 

Immunomodulationn is the first line of treatment for many autoimmune diseases. Because 
wee do not know the exact cause of SS, the use of immunomodulatory treatments (genetic 
orr conventional) must proceed cautiously. Ideally, immunological treatment is based on 
evidencee that the chosen target plays a key part in the disease activity. In SS there is as 
yett no clear cut target for gene based or conventional treatment. Furthermore, in SS, the 
exocrinee inflammation often occurs without prominent systemic manifestations, implying 
thatt local administration of immunomodulatory agents would be useful and possibly 
desirable.. Although the clinical symptoms of SS can be highly debilitating, the systemic 
morbidityy is generally mild, and mortality may not be significantly increased in patients 
withh primary SS, except in a subset of these patients (96). 

Ass noted above, many factors, including cytokines, and MHC class II expression and 
adhesionn molecules can serve as potential immunoregulatory targets. The production 
off proinflammatory cytokines by epithelial cells as well as lymphocytes is one of the 
mostt frequently described features in autoimmune diseases. Thus, effective treatment 
mightt be developed for SS by locally introducing genes encoding cytokines, which are 
potentiallyy anti-inflammatory, such as IL10, or by introducing a cDNA encoding a soluble 
formm of a key cytokine receptor, which has the ability to function as an antagonist and 
decreasee the availability of certain cytokines, such as soluble TNFa receptors. 

Wee currently think that rAAV is the preferred viral vector for immunomodulatory gene 
transferr in salivary glands (table 1) as it results in stable levels of transduction, and 
evokess a relatively low immune response. In the absence of clear targets we also propose 
too use gene transfer both to help elucidate the pathophysiology and to alter the course 
off the SS-like disease in the NOD mouse model. We are optimistic that this approach 
mayy ultimately lead to thee development of new treatments for managing the exocrine 
pathologyy in patients with SS. 
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ABSTRAC T T 

Thee use of critical-for-life organs (e.g., liver or lung) for systemic gene therapeutics 

cann lead to serious safety concerns. To circumvent such issues, we have considered 

salivaryy glands (SGs) as an alternative gene therapeutics target tissue. Given the 
highh secretory abilities of SGs, we hypothesized that administration of low doses of 

recombinantt adeno-associated virus (AAV) vectors would allow for therapeutic levels 
off transgene-encoded secretory proteins in the bloodstream. We administered 

1099 particles of an AAV vector encoding human erythropoietin (hEPO) directly to 
individuall mouse submandibular SGs. Serum hEPO reached maximum levels 

8-122 weeks after gene delivery and remained relatively stable for 54 weeks (longest 
timee studied). Hematocrit levels were similarly increased. Moreover, these effects 

provedd to be vector dose-dependent, and even a dosage as low as 108 particles per 

animall led to significant increases in hEPO and hematocrit levels. Vector DNA was 
detectedd only within the targeted SGs, and levels of AAV copies within SGs were 

highlyy correlated with serum hEPO levels ( r= 0.98). These results show that 

SGss appear to be promising targets with potential clinical applicability for 

systemicc gene therapeutics. 



Reengineeredd salivary glands for systemic gene therapeutics 

INTRODUCTION N 

Genee therapeutics, use of the gene as a drug, was initially proposed as a highly 
promisingg clinical application of gene transfer (1,2). Currently, most therapeutic 
transgeness intended for correction of systemic single-protein deficiency disorders are 
deliveredd to either a major critical-for-life organ, e.g., liver or lung (3,4), or a tissue not 
physiologicallyy intended for secretion, e.g., muscle (5,6). Both approaches, although 
useful,, can be unsatisfactory, because they can require relatively high vector doses 
too achieve effective therapy (3-6). Furthermore, targeting a critical organ such as 
liverr or lung can lead to serious safety concerns (7,8). An ideal target tissue for gene 
therapeuticss should be readily accessed, ensure safety, and lead to adequate as well as 
stablee transgenic protein production. 

Thee quest for a better gene therapeutics target tissue led us to consider an unusual 
candidate:: the salivary glands (SGs). Human SGs consist of extremely active secretory 
cells,, able to produce 0.75-1.5 liters of saliva daily, as well as to secrete considerable 
amountss of protein into both the gastrointestinal tract and bloodstream (9). Importantly, 
SGss are well encapsulated, not critical-for-life organs. Therefore, it seemed to us 
reasonablee to try to take advantage of their potential utility for gene therapeutics. 

Genee transfer to SGs is accomplished in a relatively noninvasive manner by intraoral 
cannulationn of the main excretory ducts (10). In earlier experiments, we used 
recombinantt serotype 5 adenoviral vectors for gene transfer and demonstrated successful 
vectorr administration and subsequent protein production and secretion of several 
therapeuticc proteins, albeit for a limited time (e.g., refs. 11-13). Very recently, we 
demonstratedd that adeno-associated virus (AAV) vectors can be used for gene transfer to 
SGss (14). In the present study, we use AAV vectors in SGs in an attempt to circumvent 
somee important existing obstacles to successful gene therapeutics. Specifically, we 
evaluatedd the hypothesis that the administration of low doses of AAV vectors to SGs 
cann lead to stable long-term secretion of a therapeutic protein into the bloodstream 
forr systemic disease applications. Our experiments clearly demonstrate proof of this 
hypothesiss and strongly support the notion that SGs may be valuable gene transfer 
targetss for gene therapeutics with potential clinical significance. 

MATERIALSS AND METHODS 

Constructio nn of AAVhEPO and AAVLac Z 
Generationn of AAV vectors was performed as described (14-16). Briefly, 293T cells 
weree cotransfected with the trans plasmids pMMTV2.1 (provides the Rep and Cap 
genes),, pAdl2 (provides adenoviral helper genes), and the cis plasmid containing 
eitherr the Escherichia coli p-galactosidase (LacZ) or human erythropoietin (hEPO) 
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cDNAA flanked by the AAV inverted terminal repeats (Fig. 1) at a ratio of 1:1:1 by 
calciumm phosphate precipitation to generate the recombinant vector AAVLacZ or 
AAVhEPO,, respectively. Transgene expression in both recombinant AAV vectors was 
drivenn by the Rous sarcoma virus (RSV) promoter. Y. Terada (Tokyo Medical and Dental 
University,, Tokyo) generously provided the hEPO cDNA. The cells were harvested 48 h 
posttransfectionn and a crude viral lysate (CVL) obtained after three freeze-thaw cycles. 
Thee lysate was treated with benzonase (100 units/ml CVL; C for 45 min), adjusted to 
aa refractive index of 1.372 by addition of CsCI, and centrifuged (SW41 rotor) at 38,000 
rpmm for 65 h at . Equilibrium density gradients were fractionated, and fractions 
withh a refractive index of 1.369-1.375 were collected and stored at C and assayed for 
infectiouss activity. The number of AAV genomes was estimated by using quantitative 
real-timee PCR (QPCR) (Applied Biosystems; see below). Immediately before experiments, 
virall fractions were dialyzed against 0.9% NaCI. 

Mice ,, Gene Transfer , Saliva , and Serum Collection s 
Animall studies were approved by the National Institute of Dental and Craniofacial 
Researchh Animal Care and Use Committee and the National Institutes of Health 
Biosafetyy Committee. All procedures were conducted in accordance with International 
Associationn for the Study of Pain standards. Male BALB/c mice were obtained from the 
Divisionn of Cancer Treatment, National Cancer Institute (Bethesda). Mice (four groups, 
nn = 5 each) were administered 109 particles (suspended in 50 \i\ of 0.9% NaCI) of 
eitherr AAVLacZ (n = 10) or AAVhEPO {n= 10) by retrograde ductal delivery to their 
submandibularr SGs (10,17). Two additional groups of BALB/c mice (n = 5 each) were 
alsoo used for a vector dose-response evaluation and received 108 or 5 x 109 AAVhEPO 
particles,, respectively. An additional group (r? = 5) of naïve mice (administered with 50 
ixll of 0.9% NaCI) was included. Mild anesthesia was induced with 1 nl/g of body weight 
off a 60 mg/ml ketamine (Phoenix Scientific, St. Joseph, MO) and 8 mg/ml xylazine 
(Phoenixx Scientific) solution given intramuscularly. One cohort of mice, administered 
eitherr AAVLacZ [n = 5) or AAVhEPO (n = 4; one animal died), and the naive group 
(n(n = 4; one animal died) were killed 8 weeks after viral administration. Blood and tissue 
(submandibularr glands, liver, spleen, and testis) samples were collected. The other mice 
(AAVLacZZ and AAVhEPO, n = 5 each) were maintained throughout the experiment (up to 
544 weeks). Blood samples were obtained by orbital bleeding. Whole saliva was collected 
ass described (14) after stimulation of secretion using 0.5 mg of pilocarpine/kg body 
weightt administered s.c. Hcts were determined by using microhematocrit capillary tubes 
(Fisherr Scientific). 

Quantificatio nn of hEPO 
Secretionn of hEPO in mouse serum and saliva was determined by an ELISA by using 

commerciall assay kits (R&D Systems). The lower limit of detection was 0.6 milliunits/ml. 

Assayss were performed according to the manufacturer's instructions. 
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Fig.. 1. AAVhEPO construct . The vector AAVhEPO was constructed as described in Materials and Methods. Inverted terminal repeat 
(ITR),, Rous sarcoma virus promoter (RSV), hEPO cDNA, and polyadenylation signal (Poly-A) are shown. Arrows indicate restriction 
enzymee sites: Smal (open arrows) and BssH II (grey arrows). Black line at top indicates the probe used in the Southern hybridization 
blott (see Fig. 7). Lines connecting arrows indicate the DNA fragments observed in the Southern hybridization blot after digestion with 
thee specific enzymes. 

QPCR R 
Genomicc DNA was isolated from submandibular glands, liver, spleen, and testes of 
treatedd and untreated mice (week 8) by using the DNeasy isolation kit (Qiagen, 
Chatsworth,, CA). QPCR amplification (20-u.l final volume) of the DNA (100 ng) was 
performedd with the ABI PRISM 7700 Sequence Detection System (Applied Biosystems) 
byy using the SYBR Green PCR Master Mix (Applied Biosystems) and a specific 
5'' and 3' primer pair appropriate (0.3 nM; 5', GATGAGTTAGCAACATGCCTTACAA; 3', 
TCGTACCACCTTACTTCCACCAA)) for the Rous sarcoma virus promotor. A PCR thermal 
profilee of holding at C for 10 min, denaturing at C for 15 s, and annealing and 
extendingg at C for 1 min was performed for 40 cycles. A standard curve, using the 
AAVhEPOO plasmid and including 100 ng of genomic DNA of untreated animals for each 
specificc tissue, was included for each QPCR. Triplicate samples were assayed in a 
singlee run. 

Histologi cc  Assessmen t of Submandibula r Glands 
Submandibularr glands were removed for histologic analyses from AAVLacZ-treated mice 
(n(n = 5) at the time of death (week 8), embedded in medium for frozen tissue specimens 
(OCTT compound, Sakura Finetek, Torrance, CA) and placed on dry ice. Sections were 
cutt to 5-u.m thickness. Infected cells were detected by immunohistochemical analyses 
((3-galactosidase-positivee nuclear staining) by using the streptavidin-biotin peroxidase 
complexx method. Frozen sections from animals administered AAVhEPO served as 
controlss for the f3-galactosidase staining experiment. Briefly, after endogenous peroxidase, 
streptavidinn and biotin activities were blocked (Streptavidin/Biotin Blocking Kit SP-2002, 
Vectorr Laboratories, Burlingame, CA), and sections were incubated overnight at C with 
aa polyclonal primary antibody against -galactosidase (B59136 [GenBank], Biodesign, 
Saco,, ME; 1:500) raised in rabbits. Staining was developed by using a biotinylated goat 
antibodyy (Vector Laboratories) directed against the primary antibody and the avidin-biotin 
peroxidasee complex followed by 3,3'-diaminobenzidine (SK-4100; Vector Laboratories) 
andd counterstained with hematoxylin. 

Souther nn Hybridizatio n 
Hirtt extracted DNA, from submandibular glands of both treated and naïve animals (week 
8),, was used in the Southern hybridization analyses (18). Briefly, tissue samples were 
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incubatedd in Hirt buffer (10 mM Tris, pH 8.0/10 mM EDTA/1% SDS/10 \ig of DNase-
freee Rnase/0.5 mg/ml proteinase K) C overnight. NaCI was added to the digestion 
mixturee at a final concentration of 1.0 M. After overnight incubation at4cC, samples were 
centrifugedd at 8,000 x gfor 20 min. The supernatant, containing low-molecular-weight 
DNA,, was phenol-chloroform-extracted, ethanol-precipitated, and the DNA dissolved 
inn TE buffer. The pellet, containing high-molecular-weight genomic DNA, was washed 
severall times with 75% ethanol and finally dissolved in TE buffer (10 mM Tris/1 mM 
EDTA,, pH 8.0). Low-molecular-weight DNA was either undigested or digested with Smal, 
BsstiBssti II, or Plasmid Safe DNase (Epicentre Technologies, Madison, Wl), an enzyme-
cuttingg linear DNA forms (19), whereas high-molecular-weight DNA was digested with 
Sma\.Sma\. DNA from each sample (30 u.g) was separated on 1% agarose gels, transferred to 
nylonn membranes, and hybridized with an [a-32P]dCTP-radiolabeled Rous sarcoma virus-
hEPOO probe (a 1,264-bp Smal fragment from the AAVhEPO plasmid; Fig. 1). 

RESULTS S 

Serumm hEPO and Hct Levels 
Meann serum hEPO levels were nondetectable and mean Hct levels ) were 60.2  2% 
beforee administration (week 0) for all animals used in our experiments. In the AAVhEPO-
treatedd group (109 particles/animal; n = 5) serum hEPO levels gradually increased for a 
12-weekk period (Fig. 2; mean  SE, 27.1  13.9 milliunits/ml) and remained relatively 
stablee thereafter with respect to each individual mouse (Fig. 3; week 54; longest time 
studied).. For example, in week 28, serum hEPO levels averaged 20.2  12 milliunits/ml, 
whereass in week 48, serum hEPO levels averaged 19.5  10.1 milliunits/ml (Fig. 2). 
Hctt levels increased in parallel with the serum hEPO levels (84.4  4% in week 12), and 
remainedd elevated until the end of the experiment (80  4.8 and 81.2  4.5 in weeks 
288 and 48, respectively; Fig. 2). Serum hEPO levels in the AAVLacZ-administered group 

Meann serum hEPO and Hct value s 
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Fig.. 2. Serum hEPO and Hct levels in AAVhEPO-treate d mice . Vector (AAVhEPO; 109 particles per animal) was administered to 
BALB/cc mouse submandibular SGs (n = 5) by retrograde ductal delivery as described in Materials and Methods. Data shown are the 
meann (+SE) serum hEPO (grey line, left y axis), and Hct (black line, right y axis) levels measured over a 48-week period. 
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(controll group) remained undetectable throughout the 54 weeks of the experiment (data 
nott shown). No change was observed in the Hct levels in the control group, which 
remainedd =60% until the end of the experiment (data not shown). The levels of hEPO 
detectedd in saliva were minimal (0.6  0.6 milliunits/ml; n = 5) in mice treated with 
AAVhEPO. . 

Serumm hEPO levels withi n individua l animal s 

ii i i i i i i i i 

122 1 6 2 0 2 4 2 8 3 3 3 8 4 2 4 8 5 4 

week k 

Fig.. 3. Serum hEPO levels in three individua l mice after AAVhEPO administration . Vector (109 particles per animal) was delivered 
ass in Fig. 2, and hEPO was measured over a 54-week period; longest time studied [*, animal died at 48 weeks, apparently of a stroke 
{hemiparesiss observed shortly before death) or was killed at indicated time pomtsj. Hct levels at the time of death or euthanasia for 
eachh individual mouse are shown after the last measurement point. 

Serumm hEPO levels in the other two dosage groups tested (n = 5 each; receiving either 
1088 or 5 x 109 particles per animal) gradually increased from nondetectable in week 
00 to 7.8  3.8 milliunits/ml (n = 3) and 60.5  42.1 milliunits/ml (n = 4) in week 12, 
respectivelyy (Fig. 4). Hct levels in the same groups in week 12 were 72.3  7.2% and 
87.77  2.5%, respectively. 

Threee groups of mice were killed in week 8 of these experiments. In the group 
administeredd AAVhEPO (n = 4, 109 particles per animal), mean serum hEPO levels were 
15.22  5.1 milliunits/ml (Hct, 77.5  5.2). Conversely, serum hEPO levels remained 
nondetectablee in both the AAVLacZ (n = 5, 109 particles per animal) and naïve (n = 4; 
0.9%% NaCI) groups, as observed in week 0 (data not shown). 
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Fig.. 4. hEPO expressio n is vira l vecto r dose-dependent . Three groups of BALB c mice received 108, 109, or 5 x 109 particles per animal 
off the AAVhEPO vector via retrograde ductal cannulation of the submandibular SGs, as described in Fig. 2. Bars represent mean (+SE) 
serumm hEPO levels 12 weeks after vector administration for each dosage group (n =3, 5, and 4 animals per group, respectively). 
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QPCR R 
QPCRR was performed by using DNA extracted from submandibular glands, liver, spleen, 
andd testis, to evaluate the number of viral copies present. Samples were obtained from 
thee AAVhEPO group (n = 4; 109 particles per animal) and the naive animal group 
(n(n = 4; 0.9% NaCI), killed in week 8. QPCR results are depicted in Table 1. Viral DNA 
wass present only in the SGs of AAVhEPO-treated animals (13,185  2,963 copies/100 
ngg of extracted DNA; n = 4). Naive animals yielded background levels of 480  32 
copies/1000 ng of DNA extracted from their SGs. There were no differences detected in 
thee viral DNA present in the liver, spleen, and testis between AAVhEPO-treated and naive 
animals.. Furthermore, the correlation between viral copies present in the SGs of the 
AAVhEPO-treatedd animals and serum hEPO levels was highly significant {r= 0.98; Fig. 5). 
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)) 5000 10000 15000 20000 

Virall copies in SGs (QPCR) 

25000 0 

Fig.. 5. Relationshi p between hEPO expressio n in serum and vira l copie s presen t in SGs in treated and naive animals . Mice were 
killedd 8 weeks after administration {n = 4; 109 particles of AAVhEPO per treated animal or 50 [il 0.9% normal saline per naive animal), 
andd viral copies present in the SGs and serum hEPO levels were measured as described in Materials and Methods, the correlation 
betweenn viral copies present and serum hEPO levels was highly significant (r = 0.98). The red asterisk indicates the mean hEPO 
serumm levels and mean number of viral copies present in SGs of naive animals in = 4). 

Histologi cc  Assessmen t of Submandibula r Glands 
Immunocytochemistryy assays were performed on SG tissue sections from AAVLacZ-
(n(n = 5; 109 particles per animal) and AAVhEPO- (n = 4; 109 particles per animal) treated 
animals,, killed in week 8 (Fig. 6). p-Galactosidase expression was observed only in the 
AAVLacZ-treatedd group. The AAVs infected 10-15% of the SG cells. Only ductal cells had 
positivee nuclear staining (no staining was observed in the acinar cells). Additionally, no 
inflammatoryy infiltrate or structural abnormality was observed in the gland sections from 
micee treated with AAV vectors. No nuclear staining was observed in the tissue sections 
obtainedd from AAVhEPO-treated animals by using the same immunocytochemistry 
proceduree (Fig. 6 Inset). 

Souther nn Hybridizatio n 
Southernn hybridization analysis was performed to examine the form of viral DNA present 
inn SGs (Fig. 7). Hirt-extracted DNA, either undigested or digested with either Sma\, BssH 
II,, or Plasmid Safe DNase, was examined. DNA was obtained from submandibular glands 
off both AAVhEPO-treated (n = 4; 109 particles per animal) and naïve animals 
(n(n = 4; 0.9% NaCI) killed in week 8. Plasmid Safe DNase cuts only linear forms of DNA, 
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Fig.. 6. Immunocytochemica l detectio n of f.-galactosidase expressio n in mous e submandibula r glands . Cryosections were prepared 
88 weeks after AAVLacZ administration to mouse submandibular SGs (n = 5, 10' particles per animal), and p-galactosidase expression 
wass detected by using an anti-p-galactosidase antibody. Sections were counterstained with hematoxylin. The p-galactosidase 
cDNAA used contains a nuclear localization signal. Red arrows indicate representative cells with nuclear localized p-galactosidase. 
Stainingg was observed only in salivary ductal cells. No staining was detected in the control cryosections obtained from an animal 
receivingAAVhEPObyy using the same immunocytochemistry procedure, as shown (Inset). 

circularr forms remaining intact (19). Undigested low-molecular-weight DNA from the 
AAVhEPO-treatedd group showed two hybridization positive bands (Fig. 7, lane a). The 
largerr band corresponded to the length of the recombinant AAVhEPO viral DNA (1,958 
bp).. Digestion of the same DNA with Sma\ or BssHW resulted in 1,264- and 1,740-bp 
fragments,, respectively (Fig. 7, lanes b and c). These fragments correspond to those 
resultingg from digestion of the AAVhEPO plasmid with the same enzymes (data not 
shown;; see AAVhEPO construct in Fig. 1). A smaller band was also observed in lane c. 
Thiss band corresponded to the lower band in lane a but was significantly weaker. After 
digestionn of the extracted DNA with Plasmid Safe, only one band remained corresponding 
withh the lower band in the undigested DNA lane (Fig. 7 lanes a and d). When high-
molecular-weightt DNA (extracted from the same SGs) was used after digestion with 
Sma\,Sma\, no hybridization-positive bands were observed (data not shown). In addition, no 
hybridization-positivee bands were observed in the Southern blots when DNA extracted 
fromm naive animals was used (data not shown). 

Fig.. 7. Souther n hybridizatio n blo t of low-molecular-weigh t DNA from the SGs of AAVhEPO-treate d animals . Vector (109 particles per 
animal)) was administered, and Hirt-extracted DNA was prepared from SGs after 8 weeks, as described in Materials and Methods. 
Undigestedd Hirt-extracted DNA showed that the recombinant AAVhEPO viralDNAis 1,958 bp (lane a). Digestion of the Hirt-extracted 
DNAwithh Smal (lane b) and BssHII (lane c) resulted in 1,264- and 1,740-bp fragments respectively, as expected (Fig. 1). Blue and red 
colorss correspond to the red and blue lines in Fig. 1, indicating the restriction enzyme sites and the resulting DNA fragments. Digestion 
withh Plasmid Safe (an enzyme only cutting linear DNA forms) indicated the presence of episomally maintained circular forms (lane d). 
Hirt-extractedd DNA from naive animals yielded no hybridization positive bands on Southern analyses (data not shown). 
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DISCUSSION N 

Thee use of a major critical-for-life organ, e.g., liver or lung (3,4), or a tissue not 
physiologicallyy intended for secretion, e.g., muscle (5,6), as targets for systemic gene 
therapeutics,, although useful, can present certain obstacles with respect to clinical 
applicability.. For example, use of the former can potentially lead to serious safety 
issuess (7,8), whereas use of the latter may not provide adequate levels of therapeutic 
proteinn production at low vector doses (20,21). SGs are self-confined (encapsulated) 
andd noncritical for life organs with striking secretory abilities. These features motivated 
uss to suggest SGs as potential targets for gene therapeutics (11). Existing data suggest 
thatt SGs could be excellent targets for gene transfer with respect to safety and protein 
productivityy (see refs. 10-13 and 22). Moreover, in case of an unanticipated severe 
adversee event after vector delivery, a single SG can be removed surgically (in contrast to 
liverr or lung) with relatively little morbidity. That AAV vectors can be successfully used 
too stably deliver transgenes to the SGs is an additional safety consideration, because 
theree is no evidence that AAV is an etiological agent for human disease (23). To further 
ensuree safety, the use of SG tissue-specific promoters can be beneficial, because it would 
precludee transgene production from other tissues (24). 

SGG cells exhibit at least two distinct secretory pathways: a predominant regulated one 
leadingg to exocrine protein secretion into saliva via zymogen granules and a constitutive 
onee leading to the bloodstream (9,13,25). Secretory proteins produced as transgene 
productss in SGs, after viral-mediated gene transfer, continue to follow the same general 
secretoryy pathway as in their primary site of production (e.g., 1 antitrypsin follows the 
constitutivee pathway, and growth hormone follows the regulated pathway; refs. 11, 
13,, and 25). EPO is secreted primarily from kidney tubular epithelial cells (26) via 
aa constitutive pathway, targeting erythroid progenitor cells in the bone marrow and 
increasingg red blood cell production and therefore Hct levels. 

Ass we hypothesized, hEPO produced in mouse submandibular SGs was preferentially 
secretedd into the bloodstream (constitutive pathway) throughout the entire length of 
ourr experiments, with salivary hEPO levels being minimal. Mean serum hEPO levels 
inn the mice treated with AAVhEPO steadily increased for an 8- to 12-week period and 
remainedd relatively stable thereafter (week 48; Fig. 2). The stability of serum hEPO levels 
wass even more apparent within individual mice (week 54, longest time studied; Fig. 3). 
Differencess observed among individual mice are likely a result of both animal variability, 
andd variability in the effectiveness of cannulation of SGs in 20-g mice. This latter problem 
iss not a concern in larger animals and humans (10,27). Notably, SGs were able to sustain 
serumm hEPO levels well within the normal range (10-30 milliunits/ml; ref. 28). In addition, 
circulatingg hEPO proved not only therapeutically adequate but also functional throughout 
thee experiment: Hct levels in all AAVhEPO-treated groups increased in parallel with serum 
hEPOO levels. This indicates that SGs are capable of all the necessary posttranscriptional 
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modificationss required for the secretion and biological activity of this transgene product 

(29).. Importantly, serum hEPO levels and Hct values were unaffected in the AAVLacZ-

treatedd group. 

SGss are directly accessed, in a relatively noninvasive manner, such as is performed 
clinicallyy without anesthesia for contrast radiographs (10). During the procedure, almost 
thee entire SG epithelial cell population is directly accessible to vector suspended in 
aa small volume (50 pi for mice) within a confined space and thus is a potential gene 
transferr target (10). The latter circumstance along with the considerable physiological 
abilityy of SG cells to produce, process, and secrete high levels of proteins minimizes the 
amountt of vector needed for AAV-mediated gene transfer with SGs. As a result, the vector 
dosee (109 particles per animal) used in most of our experiments was 10- to 100-fold lower 
thann typically reported with liver, lung, and muscle (3-6,20,21,30). Furthermore, even 
aa dose as low as 108 particles per animal led to clearly measurable and effective hEPO 
levelss in the bloodstream (Fig. 4), indicating that the considerable protein production and 
secretoryy mechanisms in the SGs were easily "exploited." 

Wee used QPCR to measure viral load in SGs, testes, liver, and spleen from both 
treatedd and naive animals. The persistent presence of viral DNA (i.e., 8 weeks after 
administration)) was detected only in the targeted SGs (13,185  2,963 copies/100 ng of 
extractedd DNA; n = 4). Thus, undesirable dissemination of the virus beyond the SGs was 
beloww the sensitivity level of the assay, and administered AAV vector appears confined 
withinn the glands (Table 1). These results likely are attributable to the encapsulation of 
SGss as well as the small volumes of infusate and low viral doses used in our experiments. 

Wee also considered whether the SGs were the actual site of hEPO production observed. 
Wee conclude that the QPCR results strongly indicate the hEPO measured in serum 
wass solely produced by and secreted from the targeted SGs. As noted, viral DNA was 
essentiallyy detected only in the targeted SGs. DNA tested from liver, spleen, and testis 
showedd a similar number of viral copies in the QPCR analysis as measured in these 
tissuess from naive mice. Additional support for this conclusion is derived from the fact 
thatt the number of viral copies present in the SGs and the serum hEPO levels were 
stronglyy correlated (r= 0.98; Fig. 5). 

Tablee 1 . Numbe r of vira l copie s 

submandibula rr  gland s 

Tissu e e 

Salivaryy glands 
Spleen n 
Liver r 
Testis s 

inn tissue s afte r AAV vectoradministratio n to mous e 

AAVhEPO O 

13,185 5 
336 6 
567 7 
183 3 

Contro l l 

480 0 
303 3 
511 1 
204 4 

Tablee 1. AAVhEPO (109 particles per animal suspended in 50 \x\ of 0.9% NaCI) was delivered to mouse submandibular glands by 
meanss of intraductal cannulation. Control (naive) animals were administered 50 \x\ of 0.9% NaCI via the same route After 8 weeks, 
animalss (n = 4 per group) were killed, the indicated tissues were obtained, and DNA was extracted, as described in Materials and 
Methods.. Viral copy number was determined by QPCR as described in Materials and Methods. 
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DNAA was also extracted from SGs and examined in ann attempt to study the fate of the 
recombinantt AAV DNA after administration. Southern hybridization analyses suggest that 
virall DNA was present as both double-stranded linear and stable circular forms (Fig. 7). . 
Thee formation of these structures appears to be a key event for the AAV-mediated stable 
productionproduction of transgene products (31). As with results in muscle tissue (32), the primary 
formm of AAV in the SGs appears to be episomal. 

Immunocytochemistryy assays performed on SG tissue sections from AAVLacZ treated 
animalss demonstrated that the AAVs infected 10-15% of the SG cells (Fig. 6). Only ductal 
cellss appeared susceptible to AAV infection. Acinar cells probably lack either appropriate 
virall receptors or key intracellular components for successful transduction. Importantly, 
noo inflammatory infiltrate or structural abnormality was observed in gland sections at 8 
weekss after administration, suggesting that retrograde ductal delivery of AAVs does not 
causee any irreversible damage to the SG tissue. 

Interestingly,, the life span of salivary epithelial cells in rodents has been estimated to be 
125-2000 days (33,34), but the ability of SGs cells to divide is a controversial issue 
(35,36).. Our data suggest that either the transduced salivary ductal cells did not 
significantlyy divide during the 54-week period studied, in contrast to previous life-span 
estimatess in rodents, or that if cell division occurred, transduced daughter cells remain 
functionallyy active within the SG tissue. 

Ass a result of both the therapeutic significance and the convenience of using EPO as a 
reporterr gene, there have been numerous preclinical in vivo studies examining EPO gene 
transfer.. Many different gene transfer approaches to various tissues have been used to 
createe an alternative site for long-term EPO production. Consequently, it is possible, albeit 
cautiously,, to compare the results obtained herein with those using other approaches. 
Forr example, hydrodynamic plasmid injection directly to rat renal veins can lead to (rat) 
EPOO expression from interstitial fibroblasts and elevated Hct levels for at least 6 months 
(37).. However, this approach is considerably more invasive than SG delivery, with a 
higherr potential risk. Other viral vectors, such as helper-dependent adenoviruses, have 
alsoo been used for stable (mouse) EPO gene transfer (e.g., tail vein delivery; ref. 38). 
Optimizationn of such vectors results in elevated Hct levels for at least 6 months and, with 
futuree improvements in vector production, these vectors may have applicability to many 
tissuee target sites. Other studies have used various cell types, genetically reengineered 
exex vivo and then implanted in vivo, for stable (rat) EPO production (e.g., ref. 39). This 
approachh can result in elevated EPO and Hct levels for up to 1 year, similar to our results 
withh hEPO, but depends on using either immunoisolation devices or autologous cells, in 
additionn to cell transduction with a vector capable of integration, e.g., retrovirus. It seems 
att this early time in the development of clinical gene transfer strategies that no single 
genee transfer target site or gene delivery method will be suitable for all applications. Thus, 
comparisonss of different strategies and tissue targets are particularly important. 
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CONCLUSION N 

Wee have hypothesized that the use of SGs for systemic gene therapeutics is consistent 
withh the primary biological role of this tissue, i.e., by using normal protein production 
andd secretion pathways. Our results show that stable long-term production of therapeutic 
serumm levels of a functional protein can indeed be achieved relatively noninvasively 
inn SGs by low doses of AAV vectors. Thus, SGs appear able to act as self-contained 
endogenouss bioreactors after gene transfer and are therefore unusual yet promising 
targetss for systemic gene therapeutics. 
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ABSTRACT T 

Backgroun d d 
Genee transfe r to salivar y gland s (SGs) can be accomplishe d in a minimall y invasiv e 

manner ,, resultin g in stable , long-ter m secretio n of the transgen e product . Therefore , 
SGss provid e a nove l targe t sit e for several potentiall y usefu l clinica l gene therapeutic s 

applications .. Previou s studie s have indicate d that intravenous , intramuscula r and 
intranasa ll  administratio n of recombinan t adeno-associate d viru s serotyp e 2 (rAAV2) 

vector ss induc e host immun e responses . There are no reporte d studie s on immun e 
responsivenes ss of rAAV2 vecto r administratio n to SGs. 

Materia ll  and method s 
Vector ss were administere d by retrograd e infusio n to the SGs of Balb/c mice in variou s 

combinations .. Thereafter , transgen e expressio n was determined , and evaluation s of 
hostt  innat e and adaptiv e immun e responsivenes s performe d over a 56-day period . 

Result s s 
Histologica ll  examinatio n of SGs from vector-treate d mice showe d no significan t 

change ss in appearanc e from controls , includin g the frequenc y of activate d 
macrophag ee detection . There were also no difference s in salivar y flow rates among 

experimenta ll  groups . In vitro  stimulatio n of splenocyte s from mice administere d rAAV2 
showe dd elevate d interferon- y levels in cultur e media . Significan t titer s of neutralizin g 

antibodie ss to rAAV2 were detecte d in serum of mice followin g rAAV2 vecto r 
administration .. Whil e SGs coul d be transduce d wit h low doses of vecto r it was not 

possibl ee to repeat the administratio n and detec t transductio n wit h the same serotyp e 
att  low doses . However , repeat administratio n was possibl e wit h an alternativ e 

serotyp ee (rAAV4) . 

Conclusion s s 
Followin gg a singl e administratio n of rAAV2 vector s to SGs ther e is no significan t 

innat ee immun e response . However , rAAV2 vecto r administratio n to SGs result s in both 
cellula rr  and humora l immun e responses . The latte r may interfer e wit h the efficac y of 

repeatedd rAAV2 vecto r administration . 
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INTRODUCTION N 

Salivaryy glands (SGs) provide a novel target site for several potentially useful clinical 
genee transfer applications (1). SGs are capable of producing large amounts of proteins, 
andd are a site where gene transfer can be readily accomplished in a minimally invasive 
mannerr (intraductal cannulation). Additionally, SGs are well encapsulated, which likely 
minimizess the undesirable spread of administered vectors and transgenes to other tissues 
(2-4),, and SGs are not critical for life, an important safety consideration. 

Severall studies have shown that recombinant adeno-associated virus serotype 2 (rAAV2) 
vectorss are useful for long-term gene transfer applications to SGs (2-4), as in many other 
tissuess (5,6). In part, it is believed that the long-term transgene expression observed 
followingg administration of rAAV2 vectors results from the relatively modest immune 
responsee elicited by these vectors. For example, unlike the circumstance that follows 
adenovirall vector use, cytotoxic T-cell responses to the AAV capsid or transgene product 
havee been rarely observed (7,8). rAAV2 vectors typically contain a transgene cassette in 
whichh all wild-type coding sequences are replaced (Rep and Cap), with only the AAV2 
invertedd terminal repeats (ITRs) being present. Thus, the transgene product is the only 
sourcee of non-self antigen besides the input capsid proteins (9). 

Vector,, route of administration, interval between administrations, and dose are important 
factorss in determining the magnitude of a host immune response to rAAV2 vectors 
(10).. Previous studies have indicated that delivery of rAAV2 vectors via intravenous, 
intramuscularr or intranasal routes leads to relatively mild host immune responses 
(10-14).. SGs are part of the mucosal immune system, and, despite several studies 
showingg the utility of rAAV2 vectors with this tissue, there are as yet no reported studies 
onn the effects of administration of these vectors on SG immune responsiveness. For 
treatmentt of chronic diseases, long-term expression of the disease-modifying therapeutic 
proteinn is essential (15). In the absence of stable transgene expression, it is desirable 
too be able to readminister vectors. In the present study, we have examined the immune 
responsess directed against rAAV2 vectors after SG delivery, and evaluated the possibility 
off vector readministration. 

MATERIAL SS AND METHODS 

Celll  lines 
Thee human embryonic kidney 293 T cell line expresses the SV40 large T antigen in a 
stablee manner (16). The COS cell line is derived from monkey kidney epithelial cells (17). 
2933 T and COS cells were grown in Dulbecco's modified Eagle's medium (DMEM). All 
mediaa were supplemented with 10% heat-inactivated (55 , 30 min) fetal bovine 
serumm (FBS; Life Technologies, Rockville, MD, USA), 2 mM glutamine, penicillin 
(1000 U/ml), and streptomycin (100 jig/ml) (Biofluids, Rockville, MD, USA). 
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Constructio nn of rAAV vector s 
Wee have previously reported the construction of rAAV2hEpo, encoding human 
erythropoietinn (hEpo) (3), and rAAV2LacZ, encoding E. coli (5-galactosidase (18). For 
thee present study, to generate the rAAV vectors, plates {15 cm) of 293 T cells were 
co-transfectedd with either pAAV2hGH, encoding human growth hormone (hGH), 
pAAV2hEpo,, pAAV2LacZ and the plasmids pMMTV2.1, which provides the AAV serotype 
22 Repand Cap genes, and pAdl2, providing adenoviral helper genes. The plasmid 
pMMTV4.1,, providing the AAV serotype 4 (AAV4) Rep and Cap genes, was used for the 
productionn of vectors termed rAAV4hEpo and rAAV4LacZ. The latter two vectors used the 
pAAV2hEpoo and pAAV2LacZ genomes, containing the AAV2 ITRs, and were packaged 
withh the AAV4 capsid. Two days after transfection, cells were harvested. Clarified cell 
lysatess were adjusted to a refractive index of 1.372 by addition of CsCI and centrifuged 
att 38 000 rpm for 65 h at 20 . Equilibrium density gradients were fractionated and 
fractionss with a refractive index of 1.369-1.375 were collected and stored at 4 . 
Immediatelyy before use for experiments, the virus was dialyzed against 0.15 M NaCI. 
Thee titer of DNA physical particles in rAAV fractions was determined by quantitative (Q) 
real-timee polymer chain reaction (PCR) (see below; Applied Biosystems, Foster City, CA, 
USA).. Infectious vectors were demonstrated by infecting COS cells with 2 ^1 of each CsCI 
fractionn in the presence of 2.4 x 108 particles of wild-type adenovirus. As appropriate, 
eitherr supernatants from infected cells were analyzed with ELISAs for hGH or hEpo (see 
below),, or cells were stained for fi-galactosidase activity with X-Gal (18). 

Mice e 
Thee NIDCR Animal Care and Use Committee, and the NIH Biosafety Committee, 
approvedd all animal studies. Male Balb/c mice were obtained from the Division of Cancer 
Treatment,, NCI, Bethesda, MD, USA, and were maintained throughout the course of 
thee study in the NIDCR animal facility (Bethesda, MD, USA) in accordance with NIH 
guidelines. . 

Genee transfer , salivar y and serum collection s 
Thee experiments described in this report represent results from three separate studies, 
eachh conducted over a 56-day time course. Mild anesthesia was induced in 8-week-
oldd Balb/c mice with 1 nl/kg body weight of a 60 mg/ml ketamine (Phoenix Scientific, 
St.. Joseph, MO, USA) and 8 mg/ml xylazine (Phoenix Scientific) solution given 
intramuscularlyy (IM). Six study groups were employed. After an IM injection of 0.5 mg/kg 
atropinee (Sigma, St. Louis, MO, USA), two groups of male Balb/c mice received on day 0 
eitherr rAAV2LacZ {n = 15) or saline (n = 5) to both submandibular glands by retrograde 
ductall instillation (2.5 x 109 genomes/gland in 0.9% NaCI, 50 \i\) (Figure 1). A third 
groupp {n = 10) in this cohort was not manipulated at this time. After 28 days, a similar 
retrogradee ductal administration was performed, as above. Naive animals and mice 
previouslyy treated with saline or rAAV2LacZ received either rAAV2hGH or rAAV2hEpo 
{n{n = 5 for each group). Salivary flow rates in these animals were measured on days 1, 
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14,, 28, 42 and 56. Whole saliva was collected after stimulation of secretion using 0.5 mg 
pilocarpine/kgg body weight administered subcutaneously (4,19). Saliva was obtained from 
thee oral cavity by micropipette, placed into pre-weighed 0.5-ml microcentrifuge tubes, 
andd volume determined gravimetrically as previously described (4,19). 

Too investigate the effect of vector read ministration on transgene expression, animals 
receivedd on day 0 either saline (n = 15), rAAV2LacZ (n = 10) or rAAV4LacZ (n = 5) 
(Figuree 1). After 28 days, saline-treated animals received either rAAV2hEpo, rAAV4hEpo 
orr nothing, while the rAAVLacZ-treated animals received rAAVhEpo of the same serotype. 
Additionally,, one cohort of rAAV2LacZ-treated animals received rAAV4hEpo (n = 5). Five 
saline-treatedd animals did not receive a second SG administration. Serum and whole 
bloodd samples were obtained from all groups either by a tail vein or retro-orbital eye 
bleeding,, as indicated in the Results section. 

Quantificatio nn of transgen e product s and cytokine s 
Secretionn of hEpo, and mouse interferon (mlNF)-y in cell culture media, and in mouse 
seraa and saliva, was determined using commercial ELISA kits. For hEpo the ELISA kit was 
obtainedd from R&D Systems (Minneapolis, MN, USA). ELISA kits for hGH and 
mIFN-YY were obtained from Endogen (Woburn, MA, USA). The lower limit of detection 
wass 20 pg/ml for hGH, 0.6 mU/ml for hEpo, and 2 pg/ml for mlFN-y. All ELISA assays 
weree performed according to thee manufacturer's instructions. 

Cellula rr  immun e response s 
Balb/cc mice received either rAAV2LacZ or were untreated. After 4 weeks, half of the 
animalss received a second virus, rAAV2hEpo encoding human growth hormone. The 
virusess were administered to both submandibular glands by retrograde ductal instillation, 
ass above (2.5 x 109 genomes/gland). Spleens were removed at the time of sacrifice, 
whichh for the rAAV2LacZ-treated mice and control mice was 8 weeks after the start 
off the experiment (day 0). For mice administered both rAAV2LacZ and rAAV2hEpo, 
sacrificee was 4 weeks after the rAAV2hEpo administration. Splenocytes were freshly 
isolatedd as described (20) and were plated in a 24-well dish (105 cells/well) using 
completee RPMI 1640 medium, containing 10% FBS, 2 mM glutamine, penicillin (100 
U/ml),, and streptomycin (100 ng/ml)). After 1 h, either rAAV2LacZ (107 particles) or 
lipopolysaccharidee (LPS, 1 ng/well) was added. After 24 h, culture supernatants were 
collected,, and mlNF-y levels were determined as above. 

Determinatio nn of neutralizin g antibodie s agains t rAAVs 
COSS cells were plated at day 0 in a 96-well plate (7 x 103 cells/well, incubated at 37 , 
5%% C02) using DMEM, supplemented with 10% FBS, 2 mM glutamine, penicillin (100 U/ 
ml),, and streptomycin (100 ng/ml). After overnight incubation the medium was changed, 
andd 100 u.1 of serum-free supplemented DMEM were added, containing wild-type Ad5 
(100 particles/cell). After 1 h, rAAV2LacZ (1 \i\, 7 x 105 particles) was added. In a separate 
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plate,, sera from three mice, randomly chosen from each experimental group, were 
dilutedd in 100 \i\ of serum-free medium and added to the cells. The final dilution range of 
mousee sera was from 1 : 100 to 1 : 6400. After 24 h, X-Gal staining was performed. Titers 
weree determined by matching the number of X-Gal-positive cells in the serially diluted 
mousee sera samples with the control well. A value of zero was assigned when the 1 : 100 
dilutionn well contained a the number of X-Gal-positive cells compared to the control well. 
Conversely,, a value of 1 : 6400 was assigned when the 1 : 6400 well contained s the 
numberr of X-Gal positive cells compared to the control well. 

Infusio nn 1 
Saline e 
None e 
None e 
rAAV2LacZ Z 
rAAV2LacZ Z 
Saline e 
Saline e 
Saline e 
rAAV2LacZ Z 
rAAV2LacZ Z 
rAAV4LacZ Z 

Dayy 0 

2.5xl0'particles/gland(n n 

1 1 

T T 
(Immuno )) Histologica l examinatio n n 
Salivar yy flow 

== 5/group) 

14 4 

T T 
Salivaryflo w w 

Infusio nn 2 
None e 
rAAV2Epo o 
rAAV2hGH H 
None e 

rAAV2hGH H 
rAAV2Epo o 
rAAV4Epo o 
rAAV2Epo o 
rAAV4Epo o 
rAAV4Epo o 

28 8 

SACRIFICE E 

422 56 

Salivar yy flow 

Salivar yy flow 
Haematocri t t 
Neutralizin gg antibodie s 
Cytokin ee productio n 
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Fig.. 1. Time lin e of the experimenta l design . Eleven study groups of mice were treated (or not) twice; the first injection was at day 0 
(infusionn 1) and the second at day 28 (infusion 2). The treatment conditions for each group are listed under infusion 1 and infusion 
2.. Thus, the first group received saline on day 0 and no treatment on day 28, while the last group received rAAV4LacZ on day 0 and 
rAAV4Epoo on day 28. The outcome measures determined at each time point are depicted under the time line 

Quantitativ ee real-tim e PCR 
Totall RNA was isolated from designated tissues of each mouse using a RNA isolation kit 

(Qiagen,, Chatsworth, CA, USA). cDNA was reverse-transcribed from 5 \ig of total RNA 

sampless by utilizing a RT-PCR cDNA synthesis kit (Qiagen). 

QPCRR amplification (final volume = 25 u.1) of the cDNA (1 or 2.5 nl/sample) was 
performedd with the ABI PRISM 7700 sequence detection system using the SYBR Green 
PCRR Master Mix and each specific 5' and 3' primer pair as appropriate (0.3 uM) for 
mousee glyceraldehyde phosphate dehydrogenase (mGAPDH), mouse tumor necrosis 
factorr (mTNF)-a, mlFN-y, mlL-2, mlL-4, and mlL-10 (21). A PCR thermal profile of 
holdingg at 95 C for 10 min, denaturing at 95 C for 15 s, and annealing and extending 
forr 60 C for 1 min was performed for 40 cycles. Positive control templates for mGAPDH, 
mTNF-a,, mlFN-y, mlL-2, mlL-4, mlL-10, as well as two negative controls, either no 
addedd DNA or minus reverse transcriptase (samples containing RNA that was not 
reverse-transcribed),, were included for each PCR reaction. The detection limit of this 
assayy was 10 vector copies. 
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Histologica ll  and immunohistochemica l evaluatio n of submandibula r gland s 
Submandibularr glands were removed for histological analyses from Balb/c mice after 
244 h, and placed in 10% formalin. After fixation, the tissues were dehydrated in a 
seriess of graded ethanol solutions and embedded in paraffin according to standard 
techniques.. Sections were cut at 5 îm thickness, and subsequently stained with 
hematoxylinn and eosin (H&E). To identify activated macrophages present in the salivary 
glandd an immunohistochemical reaction was carried out in formalin-fixed, paraffin-
embeddedd sections using a biotinylated antibody against mouse Mac-2 (Cedarlane, ON, 
Canadaa (22)). Mac-2 recognizes a 32-kDa surface antigen found on activated mouse 
macrophages.. The reaction was concluded with a immunoperoxidase staining procedure 
usingg 3,3'-diaminobenzidine as a chromogen and immunopositive cells were counted at 
400xx magnification. One entire gland section <~36 fields) was counted from each of two 
controll mice and from each of four mice administered rAAV2. 

Statistica ll  analysi s 

Descriptivee statistics were calculated and reported as mean  SEM. Student's Mest for 
unpairedd variables was used to compare differences between groups. The ANOVA test 
wass used to analyze the variance between groups. P values of less than or equal to 0.05 
weree considered significant. 

RESULTS S 

Effect ss of rAAV2 vecto r deliver y on innat e immun e reactivit y in salivar y gland s 
Sectionss from the submandibular glands of saline- and rAAV2LacZ-treated Balb/c 
micee were stained with H&E, and examined histologically 1 day after vector delivery for 
inflammatoryy and morphological changes. No differences were observed when comparing 
thesee two groups of animals despite ample evidence of LacZ transgene expression in 
salivaryy ductal cells by X-Gal staining (not shown, similar to results reported in (4)). Next, 
wee performed immunohistochemical staining of gland sections from these same mice 
withh the Mac-2 antibody, which is useful for identifying activated murine macrophages. 
Theree were no differences in the frequency of detection of Mac-2 labeled activated 
macrophagess present in SGs from saline- or rAAV2LacZ-treated animals (Figure 2). 

Effec tt  of rAAV2 vecto r deliver y on salivar y secretio n in Balb/c mice 
Thee production of saliva by SGs is critically necessary for proper food bolus formation 
andd translocation, as well as to provide innate protection to oral tissues (1). Thus, it was 
importantt to assess if infection of murine salivary glands with rAAV2 vectors affected 
salivaa production either acutely or long after delivery. Accordingly, pilocarpine-stimulated 
salivaryy flow rates were measured at several times following administration of vector or 
salinee to Balb/c mouse SGs; days 1, 14, 28, 42 and 56. There was no overall significant 
differencee observed in saliva production between these two experimental groups 
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(testedd by ANOVA, not significant; Figure 3). For example, 1 day after administration of 
salinee to SGs the salivary flow rate was on average 137  36 nJ/20 min, while for mice 
administeredd rAAV2LacZ this value was 123  7. Similarly, on day 56 after the start of the 
experiment,, the salivary flow rates for saline-treated animals were 256  37 u.l/20 min, 
2766  55 u.l/20 min for mice administered rAAV2LacZ, and 273  29 (xl/20 min for mice 
administeredd both rAAV2LacZ (on dayO) and rAAV2hGH (on day 28). 

Salin e e 

AAVV treate d 

( ( )) 1 

Mac-22 cell coun t 

22 3 4 5 6 

Numberr  of cell s / mm2 

7 7 8 8 9 9 10 0 

Fig.. 2. Effec t of rAAV2 vecto r deliver y on the presenc e of activate d macrophage s in salivar y glands . Submandibular glands were 
removedd for histological analyses from Balb/c mice 24 h after no treatment (two mice) or rAAV2LacZ vector delivery (four mice) and 
placedd in 10% formalin. After fixation, the tissues were dehydrated in a series of graded ethanol solutions and embedded in paraffin 
andd stained for Mac-2 as described in the Materials and methods section. Mac-2 is a marker for activated macrophages. There were 
noo differences in the number of activated macrophages in salivary glands from control or rAAV2LacZ-treated animals. The data are the 
meann  SEM for the number of Mac-2-positive cells/mm2 

Effec tt  of rAAV2 administratio n on cytokin e levels in submandibula r gland s 
Initially,, to evaluate cellular immune reactivity in SGs after rAAV2 vector administration, 
wee measured the local expression (mRNA levels) of several important inflammatory 
mediatorss by real-time RT-QPCR. Specifically, we determined the expression of mlL-2, 
mlL-4,, mlL-10, mlFN-y, and mTNF-a, as well as that of mGAPDH, a housekeeping gene. 
Wee prepared mRNA from submandibular glands of mice 14 days following administration 
off saline (control), rAAV2LacZ, or both rAAV2LacZ (on day 0) and rAAV2hGH (on day 
28).. The expression of the different cytokines is presented as the respective real-time 
PCRR value for an individual cytokine divided by the real-time PCR value of mGAPDH 
mRNAA expression in the same sample (Table 1). In no case did we detect an increase 
inn cytokine expression in vector-treated SGs compared with results obtained with SGs to 
whichh saline was administered. However, we did find a significant reduction (-35%) in 
bothh mTNF-a and mlL-2 levels in the rAAV2LacZ-treated animals compared with control 
micee (Table 1). As a second test to evaluate cellular immune reactivity, we examined 
thee ability of splenocytes prepared from mice in these different treatment groups to 
producee mlFN-y in vitro in response to challenge with rAAV2LacZ  LPS (Figure 4). 
Balb/cc mice were administered either rAAV2LacZ in their SGs or saline. After 4 weeks, 
halff of both groups received a second virus, rAAV2hEpo. Spleens were removed at 
thee time of sacrifice; for rAAV2LacZ-treated mice and saline-treated control mice on 
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dayy 56, while, for mice administered either rAAV2hEpo alone, or both rAAV2LacZ and 
rAAV2hEpo,, sacrifice was 28 days after rAAV2hEpo administration. After 1 h in culture, 
splenocytess were either challenged with rAAV2LacZ (1 x 107 particles, 105 cells/well) 
orr LPS (1 ng/well). After 24 h, the cell culture supernatants were collected, and INF-y 
levelss determined. As shown in Figure 4, after challenge with rAAV2LacZ, INF-y was 
(pg/ml,, mean  SEM) 283.3  208.5 for mice administered rAAV2LacZ alone, 333
126.77 for mice administered rAAV2hEpo alone, and 35  16.0 for mice administered 
rAAV2LacZZ followed by rAAV2hEpo. In contrast, splenocytes from mice administered 
onlyy saline to their SGs secreted little INF-y (1.4  1.0). After challenge with LPS, 
splenocytess from mice in all treatment groups exhibited elevated levels of INF-y. For 
thee saline-administered group this value was 248.7  35.7 pg/ml, 1137.7  133.8 for 
splenocytess from mice administered rAAV2LacZ alone, 1266.7  108.1 for splenocytes 
fromm mice administered rAAV2hEpo alone, and 418.0  258.6 for splenocytes from mice 
administeredd rAAV2LacZ followed by rAAV2hEpo vector. 

Salivar yy Flow 
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Fig.. 3. Effec t of rAAV2 vecto r administratio n on salivar y flow . Whole saliva was collected over a 20 min time course, after stimulation 
off secretion using 0.5 mg pilocarpine/kg body weight administered subcutaneously. Saliva was obtained from the oral cavity by 
micropipette,, placed into 0.5-ml microcentrifuge tubes, and volume determined gravimetrically, as described in the Materials and 
methodss section. The data are the mean  SEM of five determinations. 

Effec tt  of previou s administratio n of an rAAV2 vecto r on subsequen t transgen e 
expressio nn from a secon d rAAV2 vecto r administratio n 
Balb/cc mice were administered either saline (n = 10) or rAAV2LacZ (n = 5) to their SGs. 
Afterr 28 days, five mice in the saline-treated group and all five rAAVLacZ-treated animals 
weree administered rAAV2hEpo. Vectors were administered to both submandibular glands 
(2.55 x 109 particles/gland). hEpo levels in serum were then determined on day 56. 
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hEpoo was not detected in serum from control (saline-administered) Balb/c mice 
(Figuree 5). Conversely, 28 days after delivery of rAAV2hEpo to SGs of mice previously 
administeredd saline, high levels of hEpo were detected in their sera (53  38 mU/ml, 
meann  SEM; comparable to results reported in (3)). However, if mice were first (on day 
0)) administered rAAV2LacZ, and then administered rAAV2hEpo 28 days later, no hEpo 
wass detected in their sera (Figure 5), 

Tabl ee 1. Cytokin e mRNA expressio n in submandibula r gland s of Balb/ c 

eithe rr  rAAV2Lac Z or wit h rAAV2Lac Z and reinfecte d wit h rAAV2hG H 

Cytokine e 

mTNF-a a 
mlFN-y y 
mlL-2 2 
rnlL-4 4 
mlL-10 0 

Cytokin ee mRNA/GAPDH mRNA 

rAAVLacZ Z 

4.4755  1.112* 
0.0288  0.004 
0.0866 + 0.011* 
0.0388  0.007 
0.0688 5 

rAAVLaczz + hGH 

5.7766 0 
0.0288 0 
0.1133 + 0.025 
0.0433  0.008 
0.0500 4 

mic ee infecte d wit h 

Control l 

6.5622 6 
0.0399  0.050 
0.1388 2 
0.0444  0.043 
0.0699 2 

Tablee 1. Cytokin e mRNA expressio n in submandibula r gland s of Balb/c mice infecte d wit h eithe r rAAV2Lac Z or wit h rAAV2Lac Z 
andd reinfecte d wit h rAAV2hG H 
Balb/cc mice received rAAV2LacZ or saline (control) initially. After 28 days, half of the vector-treated animals received a second virus, 
rAAV2hGH.. The vectors were administered to both submandibular glands by retrograde ductal instillation (2.5 x 109 genomes/gland). 
Submandibularr glands were removed at the time of sacrifice; the rAAV2l_acZ-treated mice and the control mice were sacrificed 14 
dayss after injection, while the rAAVLacZ + hGH-treated mice were sacrificed 14 days after rAAVhGH injection. Total RNA was obtained 
ass described in the 'Materials and methods' section Data represent the mean values  SEM of three determinations of the ratio of 
resultss obtained for real-time RT-PCR assays of individual cytokine mRNA expression to real-time RT-PCR assays of mGAPDH mRNA 
expression.. Significant differences from values in control mice, *p< 0.001, Mann-Whitney rank sum test. 

Effec tt  of administratio n of rAAV2 vector s on neutralizin g antibod y formatio n 
Thee results shown in Figure 5 could be explained by the presence of neutralizing 
antibodiess in sera of mice originally administered the rAAV2LacZ vector. Therefore, 
wee examined sera from different treatment groups of mice for evidence of a humoral 
immunee response. To measure levels of neutralizing antibodies present we randomly 
selectedd three animals per treatment group. Balb/c mice treated with saline alone had 
noo detectable levels of neutralizing antibodies measurable in their serum (<1 : 100 with 
ourr assays). Mice administered rAAV2hEpo on day 28 had levels of antibodies in their 
serumm on day 56 ranging from 1 : 200 to 1 : 800. Fifty-six days after treatment with 
rAAV2LacZ,, two mice exhibited very high levels of neutralizing antibodies in their serum 
(11 : 3200), while a third mouse had no detectable anti-rAAV2 antibodies. Finally, all three 
micee initially administered rAAV2LacZ (day 0), and then administered rAAV2hEpo (day 
28),, exhibited uniformly high levels of neutralizing antibodies (>1 : 6400) in their serum 
(Figuree 6). 

Effec tt  of administratio n of a serotyp e 4 rAAV vecto r on transductio n of SGs previousl y 
infecte dd wit h a rAAV2 vecto r 
Inn the absence of adequate persistence of transgene expression following rAAV vector 
administration,, it may be desirable to readminister vector. However, the presence of 
neutralizingg antibodies can preclude such a strategy. One approach that has been 
usefull to circumvent the appearance of such neutralizing antibodies following 
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administrationn of a rAAV vector has been to subsequently deliver to the tissue an rAAV 
vectorr of a different serotype (23). We employed this approach and the results are shown 
inn Figure 7. Mice were initially (day 0) administered either saline or a rAAVLacZ vector 
thatt was one of two serotypes, 2 or 4. After 28 days, groups of mice (n = 5 each) were 
administeredd again either saline or an rAAVhEpo vector of either serotype (2 or 4). We 
followedd hematocrit (Hct) levels in mice, as this is a stable and convenient indicator of SG 
transductionn (3). As shown in Figure 7, on day 56 Hct levels in mice administered only 
salinee were 61  0.5%, similar to values in Balb/c mice that we reported previously (3). In 
animalss treated with a single dose of rAAV2hEpo on day 0, the Hct level was 71  3.1%, 
whilee those administered a single dose of rAAV4hEpo exhibited somewhat higher Hct 
levelss (80  0.6%). If mice received rAAVLacZ (either serotype 2 or 4) on day 0, and on 
dayy 28 were administered an rAAVhEpo vector of the same serotype, Hct levels on day 56 
weree comparable to those of saline-treated mice (62  0.7 and 64  1.5% for serotypes 2 
andd 4, respectively). However, if the rAAV2LacZ vector was administered to SGs on day 0, 
andd on day 28 the rAAV4hEpo vector was delivered, Hct levels measured on day 56 were 
significantlyy elevated (72  3.04, p < 0.05; Figure 7). 
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Fig.. 4. Effec t of rAAV2 vecto r administratio n on cellula r immun e response . Balb/c mice either received rAAV2LacZ or saline. After 
288 days, half of the animals received a second virus, rAAV2hEpo. The viruses were administered to both submandibular glands by 
retrogradee ductal instillation (2.5 x 10' genomes/gland). Spleens were removed at the time of sacrifice; for rAAV2LacZ-treated mice 
andd the saline control mice this was 56 days after vector delivery, and for the rAAV2hEpo and rAAV2LacZ + rAAV2hEpo-treated 
micee this was 28 days after the second vector administration (n = 3 for all groups). After 1 h in culture, splenocytes received either 
rAAV2LacZZ (1 x 10'genomes, 10b cells/well) or lipopolysaccharide (LPS, 1 ng/well) as a positive control. After 24 h the supernatant 
wass collected, and INF-y levels were determined by ELISA. The data are the mean  SEM of three determinations 
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Fig.. 5. Effec t of rAAV2 vecto r administratio n on erythropoieti n production . Balb/c mice were administered either saline or 
rAAV2LacZZ to their salivary glands. After 28 days, five mice in the saline-treated group and all five rAAVLacZ-treated animals were 
administeredd rAAV2hEpo. Vectors were administered to both submandibular glands (2.5 x 10s particles/gland). hEpo levels in serum 
weree then determined on day 56 by an ELISA. The lower limit of detection was 0.6 mU/ml. The data are the mean  SEM of five 
determinations.. The large variability seen in the hEpo levels in animals initially administered saline and subsequently administered 
rAAV2hEpoo is likely due to both individual animal variability and variability in gland cannulation (see (3)) 

DISCUSSION N 

Forr treatment of chronic diseases by gene transfer, long-term expression of a transgene 
iss critical. The use of rAAV vectors in several preclinical animal models has proven to be 
usefull for stable transgene expression in many different tissue types, including salivary 
glandss (3,5,6,23,24). An important limiting factor in extrapolating such results to humans 
mayy be the presence of pre-existing immunity to rAAV in humans. Additionally, elicited 
immunee responses to rAAV vectors appear dependent on the route of administration, 
andd the vector dose employed (10-14). In mice, the generally described immunity to 
rAAVV vectors is predominantly humoral, with activation of Th2 subsets and B cells to 
virall capsid proteins. Neutralizing antibodies against rAAV2 vectors administered either 
intramuscularlyy (12) or intravenously (25) appear totally T-cell-dependent; mice lacking 
functionall T cells (Balb/c or C56BI6 nude mice), as well as CD40L knockout mice and 
CD4++ T-cell-depleted mice, do not generate neutralizing antibodies (25). Furthermore, 
immunologicallyy privileged sites, such as the brain, testis, and the eye, exhibit partial or 
completee loss of antigen-specific immunity as reflected by extended graft survival after 
transplantationn (9). In aggregate, these findings demonstrate that the route of rAAV vector 
administrationn likely plays a major role in determining the type and extent of the host 
immunee response that is generated. 
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Fig.. 6. The effec t of rAAV vecto r administratio n on neutralizin g antibod y levels . COS cells were plated at day 0 in a 96-well plate at 
77 x 103 ceils/well. After overnight incubation the media were changed, and 100 ^1 of media were added, containing wild-type Ad5. 
Afterr 1 h, rAAV2LacZ (1 ul, 7 x 105 genome copies) was added. In a separate plate, sera from mice were serially diluted and added 
tcc the cells. These mice had received saline or rAAV2LacZ (n = 10/group) on day 0. Half of each group was then administered 
rAAV2hEpoo on day 28. All mice were sacrificed on day 56. From three animals per group that were randomly chosen, we determined 
thee neutralizing antibody levels present. The final dilution range was from 1 : 100 to 1 : 6400 and a control well, containing no serum, 
wass included. After 24 h, X-Gal staining was performed. Titers were determined by matching the amount of X-Gal-positive cells in the 
seriall dilution with the control well. A value of 0 was assigned when the 1 : 100 well contained more or an equal amount of X-Gal-
positivee cells compared to the control well. Conversely, a value of 1 : 6400 was assigned when the 1 : 6400 well contained lesser or an 
equall amount of X-Gal-positive cells compared to the control well. 

Inn the present report, we have focused on immune reactivity following administration of 
rAAVV vectors to murine SGs. SGs appear to possess several advantages for clinical gene 
transferr applications (1-4). For example, SGs are capable of producing large amounts 
off protein for secretion. They are well encapsulated, which can limit undesirable spread 
off vector beyond the gland. Also, SGs are organs that are not critical for life. While there 
aree detailed studies examining the immune response resulting from adenoviral vector 
(serotypee 5; rAd5)-mediated gene transfer to salivary glands (8,26), there are as yet no 
reportedd studies of the immune responses occurring in SGs subsequent to rAAV vector 
administration.. Given earlier descriptions of the considerable differences resulting from 
infectionn of different tissues with rAd5 and rAAV vectors (7,27), as well as the promise of 
SGG gene transfer applications (28), there is a need for such studies. 

Inn the present series of experiments, we have evaluated innate and adaptive immune 
reactivityy in response to rAAV vector administration to Balb/c mouse SGs. Our data clearly 
demonstratee that there is little to no innate response following retrograde ductal delivery 
off rAAV2 vectors. Histologically, we did not detect any significant acute inflammatory 
cellularr infiltrate in infected SGs, nor did we detect immunochemically any increase in 
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Fig.. 7. The effec t of rAAV vecto r readministratio n on hematocri t levels . Hematocrit values were followed as a convenient functional 
measurementt of hEpo production of the salivary glands at baseline and day 56. Mice were either initially (day 0) administered saline, 
orr administered a rAAVLacZ vector that was either of two serotypes, 2 or 4. After 28 days, groups of mice (n = 5 each) were either 
administeredd saline again, or a rAAVhEpo vector of either serotype (2 or 4). See also the experimental time line depicted in Figure 1. 
Dataa shown are the mean  SEM of five determinations 

thee number of activated SG-associated macrophages present. Furthermore, there was no 
impairmentt of salivary flow within 24 h after vector delivery. While differences in salivary 
floww were seen in mice over the 56-day experimental time course (increased -70%), 
thee salivary flows at each time studied were comparable in the saline and rAAV2 vector 
administeredd groups. The increased salivary flow over time was likely related to animal 
growthh (-55% increase in body weight, see (19)). 

Thesee aggregate observations are in marked contrast to what occurs following rAd5 
administrationn to SGs, in which there is a significant acute inflammatory cell infiltrate, and 
salivaryy fluid production is dramatically reduced (26,29). In particular, Wang etal. (29) 
havee shown that, following rAd5 vector delivery, high levels of macrophages (ED2-positive 
cells)) are detected in rat submandibular glands. Recently, Zaiss etal. (27) reported that 
followingg rAAV2 vector administration to murine liver a rapid and transient inflammatory 
infiltratee was seen, unlike our observations in the SGs. They also reported that rAd5 
vectorr delivery led to a rapid yet more dramatic and long-lasting, inflammatory infiltrate in 
murinee liver than that seen with rAAV2 vectors (27). 

Nextt we investigated local cytokine production in rAAV2 vector infected SGs. We were 
unableunable to detect any in situ elevations in production of several important cytokines 
(mlL-2,, mlL-4, mlL-10, mlFN-y, and mTNF-a; all measured as the presence of mRNA 
transcripts),, between rAAV2 vector (single or double administrations) and saline-treated 
groups.. However, when we obtained splenocytes from these mice and studied their 
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responsee to a rAAV2 challenge in vitro, we saw an increase in mINF- production of 
rAAV2-primedd splenocytes. Interestingly, after readministration of rAAV2 vector to mice 
<rAAV2LacZZ and rAAV2hEpo), we measured lower levels of mIFN-a from activated 
splenocytess of mice administered both vectors. That observation could indicate the 
occurrencee of a shift from an initial Thl to a more profound Th2 response. Future studies 
aree needed to clarify this mechanism. These aggregate results suggest that there is a 
cellularr immune response following rAAV2 vector administration to SGs, but it appears 
relativelyy modest. 

Wee next evaluated the presence of a humoral response to rAAV vector administration 
inn SGs. The existence of a humoral immune response to rAAV2 vectors was initially 
suggestedd by experiments evaluating hEpo transgene expression in mice. If mice had first 
beenn infected with rAAV2LacZ (versus saline treatment), we were unable to detect any 
hEpoo in their sera following subsequent administration of rAAV2hEpo. When we directly 
assayedd serum samples from such mice for the presence of neutralizing antibodies to 
rAAV2,, we found relatively low levels in mice administered rAAV2hEpo alone, but high 
levelss in sera from mice administered either rAAV2LacZ alone or administered both 
vectorss sequentially. Differences seen in neutralizing antibody titers of mice treated 
withh rAAV2hEpo alone (1 : 200 to 1 : 800), and rAAV2LacZ alone (1 : 3200; one mouse 
exhibitedd no neutralizing antibodies, likely reflecting an inappropriate cannulation; see 
(30)),, may indicate a difference in the antigenicity of these vectors encoding two distinct 
transgeness (31) or that the titers in the rAAV2LacZ group might be higher because of the 
longerr time period between injection and measurement (28 days for rAAVEpo-injected 
animalss vs. 56 days for the rAAV2LacZ-injected animals). 

Alll three mice exposed to sequential administration of rAAV2 vectors in their SGs 
exhibitedd the highest neutralizing antibody titers that we measured (1 : 6400). 
Interestingly,, the absence of a concomitant increase in INF-y in vitro and the measured 
neutralizingg antibody titers in vivo comparing the single vector administration and vector-
readd ministered groups (see Figures 4 and 6) suggest our findings may reflect a T-cell-
independentt antibody production by the B cells. 

Wee also observed that, as with rAAV2 vectors, it was not possible (likely due to the 
presencee of neutralizing antibodies) to readminister rAAV4 vectors to salivary glands. 
However,, using a strategy employed by others in different tissues (11,14,23,32), we 
showedd that,, by changing the packaging capsid proteins from those of AAV2 to those of 
AAV4,, it was possible to readminister a second rAAV vector with a different serotype to 
SGss and achieve functional transgene expression, i.e. elevated Hct levels. Our findings 
aree somewhat in contrast to those reported by Auricchio etal. (11). They suggested that, 
despitee the presence in serum of neutralizing antibodies, successful readministration of 
aa rAAV vector (serotype 5) could be achieved in another muco-epithelial organ, the lung 
(11).. This difference could be in part due to the fact that we administered vectors over 
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aa relatively short time (4 weeks vs. 5 months as they reported ( ID) , and used the same, 
loww dose of viral vector for read ministration as used for initial vector delivery 
(2.55 x 109 particles). Auricchio etal. (11) employed a 10-fold higher dose for their second 
administrationn to the lung. Since rAAV vectors have not yet been administered to SGs in 
humans,, it is not clear if the present results will be relevant to individuals who have pre-
existingg neutralizing antibodies to AAV2 (11). 

Inn conclusion, the present study shows that, compared with rAd5 vectors, rAAV2 vectors 
elicitt a relatively modest immune response after delivery to SGs, and that response is 
predominantlyy humoral in nature. Our previous studies have suggested that rAAV2 vector 
deliveryy to murine SGs can lead to long-term, stable transgene expression (3). However, 
itt may be necessary to develop appropriate vector read ministration strategies (32) to 
achievee life-long expression in this tissue. 
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ABSTRACT T 
Wee previousl y demonstrate d that recombinan t adeno-associate d viru s vector s based 

onn serotyp e 2 (rAAV2) can direc t transgen e expressio n in salivar y gland cell s 
inin  vitro  and in  vivo  (1,2). However , it is not know n how other rAAV serotype s perfor m 
whenn infuse d into salivar y glands . The capsi d of serotype s 4 and 5 are distinc t from 

rAAV22 and from each other , suggestin g that they may direc t bindin g and entry into 
differen tt  cel l types . In the presen t study , we investigate d the tropisms , transductio n 

efficiencies ,, and antibod y respons e to AAV vector s based on AAV serotype s 
2,, 4, and 5. Administratio n of rAAV20gal , rAAV4pgal , or rAAVSpga l to submandibula r 

salivar yy gland s by retrograd e ducta l instillatio n resulte d in efficien t transductio n of 
salivar yy epithelia l cells , wit h AAV4 and AAV5 producin g 2.3 and 7.3 times more 

pgall  activit y compare d wit h AAV2. Improve d transductio n wit h AAV5 was confirme d 
byy immunohistochemica l stainin g of AAV vector s expressin g GFP. Like AAV2, AAV5 

primaril yy  transduce d striate d and intercalle d ducta l cells . AAV4 transductio n was 
eviden tt  in striate d intercalle d ducta l cell s as well as convolute d granula r tubules . In 

keepin gg wit h the encapsulate d natur e of the salivar y gland , the majorit y of persisten t 
vira ll  genome s were foun d in the gland and not in other tissues . Neutralizin g antibodie s 

foun dd in the serum of viru s infuse d animal s were serotyp e specifi c and ther e was no 
crosss reactivit y between serotypes . No neutralizin g antibodie s were detecte d in 
saliv aa but siali c acid conjugate s presen t in saliv a coul d neutraliz e AAV4 at low 

dilutions .. Together , our data, sugges t that becaus e of difference s in recepto r 
bindin gg and transductio n pathway s other serotype s may have improve d utilit y as 

genee transfe r vector s in the salivar y gland and these difference s coul d be 
exploite dd in gene therap y applications . 
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INTRODUCTION N 
Vector-mediatedd gene transfer is a promising approach for the treatment of the 
pathologicall consequences of an autoimmune disease or irradiation damage to the 
salivaryy glands (for review see (3,4)). Development of intraductal cannulation methods 
alloww for easy delivery of vectors to the luminal membranes of almost every parenchymal 
celll in the salivary gland. Accordingly, a variety of vectors have been examined for 
efficientt in vivo gene transfer to the salivary gland. Recombinant adenoviral vectors 
deliveredd to the lumen of the gland produce transient, but high-level gene expression (5). 
Long-termm expression with a modified recombinant adenoviral vector containing retrovirus 
elementss also has been reported (6). 

Add e no-associated viruses (AAVs) are small nonpathogenic members of the Parvoviridae 
family,, and are helper virus dependent for replication (see review (7)) (genus 
dependoviridae).. To date, several distinct AAV serotypes have been isolated with AAV2 
beingg the most extensively studied. Recombinant AAV 2 (rAAV2)-based vectors can 
transducee both dividing and nondividing cells in wfroand in vivo, and maintain high 
levelss of expression of the delivered gene. In contrast to adenoviral vectors, rAAV2 
transductionn is associated with only a mild immune response. We previously reported that 
rAAV22 vectors can transduce ductal cells in the salivary gland and direct the synthesis of 
bothh intracellular proteins (aquaporin 1) as well as allow the salivary glands to serve as a 
depott organ for the production of secreted proteins such as erypthropoetin and human 
interleukin-100 via the constitutive pathway into the blood or human growth hormone 
viaa the regulated pathway into saliva (1,2). These studies support salivary glands as 
potentiallyy useful target site for both local and systemic therapies (3). 

Otherr isolates of AAV have demonstrated distinct tissue tropisms compared to AAV2 and 
inn several examples improved transduction efficiency (8-11). Efficient AAV2 transduction 
requiress expression of heparan sulfate proteoglycan on the target cell surface (12). 
Proteinss thought to be involved in AAV2 transduction include fibroblast growth factor 
receptorr 1, avp5 integrins, and a novel 150 Kda protein present on permissive cells 
(13-15).. Characterization of the cellular components required for transduction with AAV4 
andd AAV5 demonstrate that both serotypes preferentially bind to 2-3 sialic acid residues 
butt differ in their linkage specificity. AAV4 requires an O-linked form of sialic acid while 
AAV55 requires an N-linked form (16). In addition, platelet derived growth factor receptor 
PDGFRaa or PDGFRp have been identified as protein receptors for AAV5 and their 
expressionn correlates with transduction in vivo (17). 

Inn this study we examined the tissue tropism and transduction efficiency of two alternative 
serotypess of AAV (AAV4 and AAV5) compared with AAV2 following retrograde delivery 
too the submandibular gland of mice. We observed that of the three viruses, AAV5 was 
thee most efficient at transducing both striated and intercalated ductal cells while AAV4 
displayedd an intermediate level of transduction and transduced striated and intercalated 
ductss as well as convoluted granular tubules. 
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MATERIALSS AND METHODS 

Celll  culture , plasmid s and AAV vecto r productio n 

Coss cells were maintained as monolayer cultures in D10 medium {Delbecco's modified 
Eagle'ss medium supplemented with 10 % fatal calf serum (FCS), 100 U of penicillin/ 
ml,, 100 U of MSG streptomycin/ml, and 2.5 U of Fungizone) as recommended by the 
manufacturerr (Biofluids, Rockville, MD, USA). Recombinant AAV vectors expressing 
0-galactosidase,, AAV2 pgal, AAV4 pgal and AAV5 pgal, or green fluorescent protein were 
preparedd by co-transduction of 293T cells as described by (16). Vectors for this study 
wass purified using CsCI gradient centrifugation (18), 

Animal s s 
BALB/cc mice used in this study were maintained in the animal facilities of the National 
InstituteInstitute of Dental and Craniofacial Research (NIDCR). Animal protocols were approved 
byy NIDCR Animal Care and Use Committee and the National Institutes of Health 
(NIH)) Biosafety committee. All procedures were conducted in accordance with IASP 
(Internationall Association for the Study of Pain) standards. 

rAAVV vecto r administratio n int o mouse salivar y glands . 
Vectorss were delivered into submandibular glands by retrograde ductal administration 
ass previously described (1,19,20). Briefly, male mice (7 weeks old) were anesthetized 
withh ketamine (60 mg/mL, l\i\Jg body weight; Phoenix Scientific, St. Joseph, MO) and 
xylazinee (8 mg/ml; Phoenix Scientific), intramascularly (IM), then medicated with atropine 
(0.55 mg/kg body weight, IM; Sigma, St. Louis, MO). Ten minutes later, 50 \il of rAAV 
vector,, 1010 viral particles in isotonic saline, was injected through a tapered cannula 
insertedd into an opening of the main excretory duct. 

Fourr weeks after injection, the mice were anesthetized to collect saliva by subcutaneouse 
injectionn with pilocarpine (0.5mg/ kg body weight). Whole saliva accumulated in the 
orall cavity was collected with a capillary tube as previously described (1,19,20). Blood 
wass collected from the animals by retro-orbital plexus bleeding, from which serum 
wass separated by centrifugation. Submandibular glands as well as liver and lung were 
carefullyy disected from the animals, and were treated appropriately as described below. 

ELISAA for p-galactosidas e 
Wholee submandibular glands collected were minced with scalpel blades, and prepared 
ass tissue lysate by homogenation with 500 \il of Galact-light lysis solution (100 mM 
potassiumm phosphate (pH7.8), 0.2% TritonX-100) (Applied Biosystems, Foster City, CA) 
supplementedd with (XX) PMSF (0.2 mM) and leupeptin (5 ng/mL). The crude lysates 
weree centrifuged at 10,000 rpm for 5 min, and protein in the supernatant was used for 
assays.. Levels of p-galactosidase in rAAV-transduced mouse submandibular glands 
weree determined with a fiGal ELISA kit (Roche Applied Science, Indianapolis, IN). The 
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levelss were standardized by total protein concentration, determined by using BCA protein 
assayy kit (Pierce Biotechnology, Inc., Rockford, ID and are shown as picograms of 
p-galactosidasee per milligram of protein. 

Quantificatio nn of AAV vecto r 
Genomicc DNA of the salivary glands was extracted from 100 \il of the crude lysates 
(seee above) using the Wizard DNA extraction kit (Promega Corporation, Madison, Wl) 
accordingg to thee manufacturer's instructions, and rehydrated in 20 nL of provided buffer. 
Totall DNA concentrations were quantified by spectrophotometry and were standardized 
withh buffer to be 100 ng genomic DNA/jiL. One microliter of the lysate (100 ng genomic 
DNA)) was added to 24 nL of PCR reaction mix containing lx SYBR Green master mix 
(Appliedd Biosystems, Foster City, CA), 0.32 pmol/nL of primers specific to thee Rous 
sarcomaa virus (RSV) promoter and amplification was performed with an ABI PRISM 7700 
sequencee detection system (Applied Biosystems). The forward primer 5'- GATGAGTTA 
GCAACATGCCTTACAA,, reverse primer 5'- TCGTACCACCTTACTTCCACCAA. Following a 

,, 10 min denaturing step, cycling conditions were C for 15 s, and C for 
11 min for 40 cycles. The vector DNA in each sample was quantified by comparing the 
fluorescencee profiles with a set of DNA standards, pAAVRSV, containing 100 ng genomic 
DNAA extracted from glands of an untreated mouse. Additionally, liver and lung 
(10-20mg,, n = 3, each) were prepared as tissue lysates in a manner similar to salivary 
glandss and from which genomic DNA was extracted as described above. Amount of 
vectorr DNA in each sample was measured using DNA standards supplemented with 
1000 ng genomic DNA extracted from corresponding tissues of control mouse, then 
comparedd to that in the salivary gland. 

Histological/lmmunohistochemic aa analysi s 
Onee month after cannulation and delivery of AAV vector encoding GFP to murine salivary 
glands,, the animals were sacrificed and the salivary glands removed. The transgene 
expressionn was detected by immunohistochemical analyses. Immunohistochemistry was 
performedd in formalin fixed sections (5-um thick) using the streptavidin-biotin peroxidase 
complexx method. Briefly, after endogenous peroxidase, streptavidin and biotin activity 
weree blocked (Streptavidin/Biotin Blocking Kit SP-2002 , Vector laboratories; Burlingame, 
CA),, sections were incubated with a polyclonal primary antibody against GFP (AB 290; 
ABCAM,, Cambridge, UK) raised in rabbit at a dilution of 1:100, overnight at . Staining 
wass developed by using a biotinylated goat antibody (Vector Laboratories; Burlingame, 
CA)) directed against the primary antibody and the avidin-biotin peroxidase complex 
followedd by DAB (SK-4100; Vector laboratories; Burlingame, CA) and counterstained with 
hematoxylin. . 

Neutralizin gg antibod y assay 
Exponentiallyy growing cos cells (7 x 103) were plated in each well of a flat-bottomed 
96-welll plate. One day later they were infected for 1 h with wild-type adenovirus at a 
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multiplicityy of infection of 10, the medium was removed, and antibody-virus mixture was 
added.. The antibody-virus mixture was prepared by first heat inactivating the sera at 
566 C for 30 min. Two-fold the serial dilutions of the sera were then prepared starting at a 
1:500 dilution in media containing 1% FCS as the diluent. Diluted rAAV vectors sufficient 
too transduce just 10-30 cells/well was then added to the sera and incubated for 1 h at 
377 . The antibody-virus mixture was then added to thee cells and incubated for 30 h 
att 37 C before fixing and stained for p-galactosidase activity 24 h at 37 C with 
5-bromo-4-chloro-3-indolyl-p-D-galactopyranosidee (X-Gal) (Gold BioTechnology, Inc., 
St.. Louis, MO) (kaludov et al 2001). Transduced cells were visually counted using a 
lightt microscope. Neutralizing titers of the sera ware calculated as the highest dilution 
thatt inhibited 50% of transduction. Any serum dilution in which had a greater than 70% 
reductionn in the number of positive cells compared with serum-free media remained was 
consideredd to be positive for neutralizing activity. All samples were assayed in duplicate or 
triplicate. . 

Neutralizin gg antibod y assay to saliv a 
Insteadd of sera, two-fold dilutions of saliva, from 1/12.5 to 1/200, were tested for 
neutralizingg activity described above. Saliva-free media was used as a control. 
Transductionn rates were calculated as the percentage of the transduced cells in each well 
dividedd by that in the control well, and the rates at dilutions of 1/12.5 and 1/200 
aree presented. 

Neuraminidas ee treatmen t of saliv a 
Too remove sialic acid, saliva was treated with neuraminidase at C for 1 h, following 
whichh the enzyme was inactivated at 56 C for 30 min, and tested for neutralizing activity. 
Thee transduction rates of neuraminidase-treated and -untreated saliva were compared at 
aa dilution of 1/12.5. Salmonella Typhimutium neuraminidase was purchased from Glyko 
(Novate,, CA). 

Statistica ll  analysi s 
Descriptivee statistics were calculated and reported as means . The student t test for 
unpairedd variables was used to compare differences between groups, p Values less than 
orr equal to 0.05 were considered significant. 
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RESULTS S 

rAAVV transductio n of salivar y gland s 
Too compare overall transduction efficiency, male BALB/c mice received 1010 particles of 
eitherr rAAV2pgal, rAAV4pgal, or rAAV5pgal into the submandibular glands by retrograde 
ductall administration. To assess reporter-gene expression of the different vectors, 
wholee glands was collected 4 weeks after infusion, homogenized, then analyzed for p-
galactosidasee (pgal) activity with an ELISA assay specific for the bacterial form of Pgal 
expressedd by the AAV vectors (Fig 1A). Vector genome copy number in each gland 
wass determined by quantitative PCR (QPCR) (Fig. IB). Eight out of 9 of the glands 
receivingg rAAV2 were positive for pgal activity compared with 4 / 4 for AAV4, and in 
55 / 6 for AAV5 (Fig. 1A). Comparison of mean values of Pgal activity from the positive 
animals,, indicated that AAV4 and AAV5 vectors directed 2.3 and 7.3 fold higher levels 
off expression compared with rAAV2. QPCR analysis of the positive salivary glands also 
confirmedd the elevated transduction activity with AAV4 and AAV5 vectors compared 
withh AAV2. Comparison of the mean values of the positive animals indicated that gene 
transferr with AAV4 and AAV5 vectors resulted in 9.4 and 26 fold increase in vector 
genomes/lOOngg of extracted DNA respectively compared with AAV2 (Fig. IB). These 
resultss suggest that AAV4 and AAV5 vectors maybe more effective gene transfer vectors 
forr the submandibular gland. 
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Fig.. 1. Compariso n of rAAV2. rAAV4, and AAV5 transductio n of salivar y glands . 
Mousee submandibular glands were exposed to 10'  particles of rAAV2, rAAV4, or rAAV5 expressing p-galactosidase by retrograde 
ductall instillation and were removed after 4 weeks. The glands were immediately treated with lysis buffer, and either genomic DNA 
orr protein lysate prepared. (A) The quantitative b-galactsidase was measured by ELISA using gland lysates containing the same 
amountt of protein. (B) Vector genome DNA was determined by Quantitative PCR (QPCR) using genomic DNA extracted from glands. 
Extractss from control untreated mice were used for determining background values as a base line to be subtracted. Individual values 
derivedd from each gland are shown by diamonds. Horizonal lines indicate the mean value calculated from the positive samples (those 
containingg vector). 

Characterizatio nn of rAAVpgal-transduce d cell s 
Mousee salivary glands contain multiple epithelial cell types including acinar, various 
ductal,, and specialized ductal cells termed convoluted granular tubules that produce 
epitheliall and nerve growth factors. The ducts terminate in acinar cell (secretory 
endpieces)) that are responsible for secretion of water, electrolytes, and most protein 
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componentss of saliva. The saliva then flows through the ducts, which are formed by a 
monolayerr of epithelial cells, and exits into the mouth. Our previous work demonstrated 
thatt AAV2 infused into the gland preferentially transduced striated ductal cells (2,19). 
Too determine the cell tropism of AAV4 and AAV5, mice were infused with 1010 particles 
off AAV vector encoding a nuclear localized GFP expression cassette and glands were 
removedd after 6 weeks, sectioned, and analyzed by immunohistochemical staining for 
GFPP expression. In agreement with our earlier work, AAV2 again preferentially transduced 
striatedd ductal cells in the gland (Fig. 2A). Interestingly, AAV5 also targeted striated and 
intercalledd ductal cells (Fig. 2E), but in agreement with the pgal data present in Figure 1, 
thee number of positive cells was higher with AAV5 infused animals compared with AAV2 
(466 and 27% respectively) (Table 1). Whereas AAV4 also transduced both striated and 
intercalatedd ductal cells, it was the only vector to transduce convoluted granular tubule 
cellss (Fig. 2B, C, D, Table 1). No acinar cells were transduced with any of these vectors. 
Thus,, by using either AAV4 or AAV5 we can increase our gene transfer ability to the 
salivaryy gland. 

Fig.. 2. Cellula r distributio n of rAAV2, rAAV4, and rAAV5, and PDGFRa in salivar y glands . 
Submandibularr glands infused with rAAV2GFP, rAAV4GFP, or rAAV5GFP were removed 6 weeks after administration and evaluated for 
GFPP expression by immunohistochemistry. The brown color indicates positive GFP positive cells. (A, rAAV2GFP positive ducts 20X- B 
rAAV4GFPP positive ducts 20X; C. rAAV4GFP positive ducts 40X; D. AAV4GFP positive convoluted granular tubule cell 63X' E rAAV5GFP 
positivee duct 20X; F, PDGFRa positive ducts 40X). 
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Tablee 1 

AAVV 2 

AAVV 4 

AAVV 5 

Summar yy of AAV salivar y glan d tropis m and relativ e transductio n 

Totall ducts 

77 7 

68 8 

73 3 

Positivee cells/duct (Avg) Total GCT cells 

27%%  3.8% 

18%%  2.7% 45 

46%%  4.2% 

Positivee GCT(Avg) 

ND D 

12%% % 

ND D 

Tablee 1. Summar y of AAV salivar y gland tropis m and relativ e transductio n 
400 fields of strongly stained (hot spots) areas where selected from each sample. All the cells present in each of the selected fields were 
countedd and the number of (i-galactosidase positive cells expressed as a percentage of the cells in the duct (positive cells/duct). AAV5 
transducedd an average of 46% of cells/duct compared with 27 and 18% for AAV2 and 4 respectively. AAV4 also transduced an average 
off 12% of the convoluted granular tubules cells/tubule (GCT). No acinar cells were transduced. AVG = Average. 

Fig.. 3. Bio-distributio n of rAAV2, rAAV4, and rAAV5. 
Genomicc DNA was isolated from salivary glands, liver, and lung of both infused and control mice ( n = 3 each). All infused mice were 
testedd for pgal expression prior to QPCR by ELISA. QPCR was performed using primers specific to the RSV promoter in the trans gene 
cassette. . 

Biodistributio nn of rAAV by retro-grad e ducta l administratio n 
Followingg infusion of a similar dose of adenovirus, vector genomes can be detected 
throughoutt the animal (21). However, this was only transient and persistent genomes in 
non-orall tissue were only infrequently detected by day 15 post infusion. To examine the 
persistencee of the AAV vector genomes in the gland and assess potential for spread to 
otherr tissues, we performed QPCR analysis of vector DNA extracted for salivary glands, 
lung,, and liver of rAAV2, 4, 5(3gal vector treated mice were performed 1 month post-
infusionn (Fig 3). To confirm successful gene transfer to the salivary gland, protein extracts 
madee from samples of the glands from all animals were tested for p-galactosidase activity 
priorr to QPCR analysis (data not shown). Previous work with AAV2 had demonstrated the 
majorityy of the persistent viral genomes remained in the gland (2,22). Similarly greater 
thann 90% of the AAV2 persistent genomes were found in the gland. Because of the 
improvedd gene transfer abilities of AAV4 and AAV5, greater than 99% of the infused virus 
remainedd in the gland and did not spread to other tissues. No significant differences in 
AAV44 or AAV5 distribution in liver and lung were noted when compared with AAV2. 
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Fig.. 4. Neutralizin g antibod y assay. 
Coss cells were transduced with a constant amount of rAAV2, rAAV4 or rAAV5 (10-30 positive ceils/well) expressing (i-galactsidase and 
seriallyy diluted serum from a mouse previously infused with a corresponding serotype of rAAV. For the neutralization, the number of 
positivee cells detected in the antibody containing wells was divided by the number of positive cells in the control wells and expressed 
ass a percentage of inhibition against the control. The neutralizing titer of the serum was calculated as the highest dilution that inhibited 
50%% of transduction (dashed line). (A) rAAV2; (B) rAAV4; (C) rAAV5. No activity was detected in sera of control mice and no cross-
reactivee neutralizing antibodies were detected between serotypes tested (data not shown). Values presented are means  standard 
errorss from three mice. 

Virus-neutralizin gg activit y in sera 

Thee immune response to an antigen is affected by the route of administration. Previous 
studiess have indicated that delivery of rAAV2 vectors via, intramuscular or intranasal 
routess leads to relatively mild host immune responses (23-25). SGs are part of the 
mucosall immune system. Therefore, we assayed for the presence of neutralizing 
antibodiess in the serum of mice 1-month post retroductal infusion of AAVpgal vectors. 
Serotypee specific neutralizing antibodies were detected with all three vectors following 
infusionn (Fig. 4). The neutralizing antibody titer (NAB), the dilution at which 50% of the 
vectorr transduction is inhibited, differed for each of the serotypes. Both AAV4 and AAV5 
hadd elevated (8 and 4 fold respectively) NAB titers compared with AAV2 (Fig. 4). No 
activityy was found in sera of untreated mice, and no cross-reactive neutralizing antibodies 
weree detected between serotypes tested. 
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AAVV neutralizin g activit y in saliv a 
Inn addition to serum, antibodies also are found in saliva. Therefore, the saliva of AAV 
infusedd mice also was assayed for neutralizing activity. While secreted IgA (slgA) could 
bee detected in the saliva samples, no antibody mediated inhibitory activity was detected 
forr AAV2, 4, 5 (data not shown). However at low dilutions of saliva we observed a dose-
dependentt decrease in AAV4 transduction but not AAV2 or AAV5 (Fig. 5A). This inhibitory 
activityy was also detected in the saliva of control non-infused mice suggesting that 
inhibitionn was the result of the innate protective properties of saliva and not the result 
off exposure to the virus. Our previous work had demonstrated that mucins produced 
byy lung epithelia contain large amounts of O-link sialic acid and are inhibitory to AAV4 
transductionn but not AAV5 (26). To further understand the inhibition of AAV4, saliva of 
rAAV4-infused-micee was treated with neuraminidase to remove sialic acid prior to the 
assay.. Following neuraminidase treatment, the inhibitory activity in saliva was no longer 
detectedd (Fig. 5B). Furthermore, neuraminidase treatment also removed the inhibitory 
activityy observed in pre-immune saliva from the naive animals. These results suggest that 
ass with lung epithelia, the inhibitory activity is related to the innate protective activity and 
nott secreted antibodies induced following infusion of AAV4 vector. 

Fig.5.. Neutralizin g antibod y assay in saliva . 
(A)) Neutralizing antibody assay in saliva. The assay was performed in the same way as the serum assay (Fig 4) but used serially diluted 
saliva.. Cos cells were treated with 1-hour-pre-incubated virus/saliva mixture and then stained 30 h post-transduction. The number 
off positive cells seen in the saliva containing wells was expressed as a percentage of the number seen in the control. (B) Effect of 
neuraminidasee on saliva inhibitory activity. Saliva from a mouse infused with rAAV4 and or pre-infusion were treated with neuraminidase 
(NA)) at 37*C for 1 hour, and inactivated at 56"C for 30 min. prior to the assays. Following the enzymatic treatment, the saliva was 
incubatedd with rAAV4 and neutralization scored as above. Values presented are means  standard deviation of values from three mice. 
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DISCUSSION N 
Inn the present study, we examined salivary gland cell transduction with rAAV2, rAAV4, 
andd rAAV5 vectors following administration to a submandibular salivary gland by 
retrogradee ductal infusion. We observed distinct transduction characteristics for all 
threee vectors. Our results with rAAV2pgal were similar to prior reports (1,27) however 
wee demonstrated improved transduction efficiency and altered tropism with AAV5 and 
AAV44 respectively. In both the transduction efficiency and the tropism experiments, the 
vectorss contained identical gene cassettes (RSV-/.acZand CMV-GFP respectively). Thus, 
differencess in transduction efficiencies and tropism among these three vectors must be 
attributedd to variations in their capsids. 

Severall reports show that different serotypes of rAAV can have distinct patterns of cell 
tropismm and distribution in a tissue (3,10,11,28). These differences in tropism and 
transductionn efficiency are primarily due to differences in the interactions with the target 
cellss but also anatomical barriers that exist within the tissue that may limit optimal virus 
binding.. Efficient AAV2 transduction requires expression of heparan sulfate proteoglycan 
(HSPG)) on the target cell surface. In epithelia such as the lung, HSPGs are primarily 
foundd on the basal lateral surface (29). Characterization of the cellular components 
requiredd for transduction with AAV4 and AAV5 demonstrate that both serotypes 
preferentiallyy bind to 2-3 sialic acid residues but differ in their linkage specificity. In 
addition,, PDGFRa or PDGFRp have been identified as protein receptors for AAV5 and 
theirr expression correlates with transduction in vivo (17). Although sialic acid expression 
onn salivary gland cells has not been investigated, we have detected PDGFR expression 
onn the surface of ductal cells, which correlates with the observed cells tropism (data 
nott shown). In the lung PDGFRa is primarily found on the apical surface (30) and if 
thee polarization is the same in salivary gland epithelia, would present a more accessible 
targett for transduction and result in improved transduction efficiency compared with 
AAV2.. Salivary mucins of mice are reported to contain 2-3 0 linked sialic acid (31). The 
inhibitionn of AAV4 by sialic acid containing components of the saliva is in agreement 
withh our previous work regarding the affect of mucins produced by lung epithelia. This 
observationn also suggests that removal of saliva from the gland prior to AAV4 infusion may 
furtherr improve transduction. 

Onee month post-infusion, the vast majority of persistent genomes were found in the 
glandd and not the liver or lung. In contrast infusion of adenovirus into salivary glands 
resultedd in transient wide spread distribution of vector (21). This distinction indicates a 
fundamentall difference in the interaction between AAV and adenoviral vectors with the 
glandd and suggests that in contrast to AAV, adenovirus infusion or the immune response 
too the vector may disrupt cellular junctions within the gland thus allowing access to the 
circulation. . 
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Whilee a higher neutralizing antibody response was observed with AAV4 and AAV5 vectors 
comparedd with AAV2, it is not clear if this is a result of the intrinsic antigenicity of the 
AAV44 and AAV5 capsids compared with AAV2 or the lower transduction activity of these 
twoo serotypes in the cell line based assay used to detect the presence of neutralizing 
antibodiess compared with AAV2. Alternatively, the increase antibody titer may reflect 
thee increased transduction activity in the gland of these vectors compared with AAV2. 
Additionall studies will be required to determine if AAV4 or AAV5 induce a distinct innate 
orr cellular immune response compared with AAV2. 

Interestinglyy anti-rAAV neutralizing antibodies were detected in serum following salivary 
glandd administration, but not in saliva. In contrast infusion of adenoviral vector, results 
inn elevated serum anti-adenovirus immunoglobulin G (IgG) and IgM levels and anti-
adenoviruss IgA levels in saliva (32). The salivary glands are normally protected by the 
mucosall rather than the systemic immune system. However, data suggests that serum 
antibodiess may prohibit transduction fora period following re-administration of the 
samee serotypes of AAV (23). The lack of cross-reactive antibodies further suggests that 
transductionn maybe possible with an alternative serotype of AAV (23,33). 

Thee salivary glands are an excellent target for delivery of therapeutic proteins to the oral 
cavityy and upper gastrointestinal track because of their natural exocrine function but also 
couldd be useful for delivery to the systemic circulation via their endocrine activity (3). 
Ourr recent demonstration of long-term endocrine expression of erythropoetin from the 
glandss further highlights their utility as a depot organ for systemic protein delivery (2). 
Thee increased transduction with AAV5 suggests that enhanced gene expression is 
possiblee or that comparable levels of expression could be achieved with a lower dose 
off vector. In contrast to adenovirus, none of the AAV vectors tested in this study could 
transducee acinar cells. Due to their central role in saliva production, they represent a 
majorr therapeutic target. Therefore it will be important to test other isolates of AAV for 
transductionn of acinar cells in future studies. 
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ABSTRAC T T 

Femalee nonobese diabetic (NOD) mice develop spontaneous autoimmune sialadenitis 

andd loss of salivary flow, and are a widely used model of Sjogren's syndrome. We 
examinedd the feasibility of local salivary gland immunomodulatory gene delivery to 

alterr these sequelae in NOD mice. We constructed recombinant adenoassociated 

viruss (rAAV) vectors encoding either human interleukin 10 (rAAVhILlO) or p-

galactosidasee (rAAVLacZ, control vector). Mice received rAAVhILlO or rAAVLacZ 
byy retrograde submandibular ductal instillation either at age 8 weeks (early, before 

onsett of sialadenitis), or at 16 weeks (late, after onset of sialadenitis). As a systemic 
treatmentt control, separate mice received intramuscular delivery of rAAVhILlO at 

eachh time point. Both submandibular and intramuscular delivery of vector led too low 
circulatingg levels of hILlO. After submandibular administration of rAAVhILlO, salivary 

floww rates at 20 weeks for both the early and late treatment groups were significantly 
higherr than for both rAAVLacZadministered and untreated mice. Systemic delivery 

off rAAVhILlO led to improved salivary flow in the late treatment group. Inflammatory 
infiltratess in submandibular glands, however, were significantly reduced only in mice 
receivingg rAAVhILlO locally in the salivary gland compared with mice receiving this 

vectorr intramuscularly, or rAAVLacZ or no treatment. In addition, after submandibular 

rAAVhILlOO delivery, NOD mice exhibited significantly lower blood glucose, and higher 
serumm insulin, levels than all other groups, indicating some systemic benefit of this 

treatment.. These studies show that expression of hILlO by rAAV vectors can have 
diseasemodifyingg effects in the salivary glands of NOD mice, and suggest that local 

immunomodulatoryy gene transfer may be useful for managing the salivary gland 
pathologyy in Sjogren's syndrome. 



AAVhILlOO in a Murine Model of Sjogren's syndrome 

INTRODUCTION N 

Sjogren'ss Syndrome is an autoimmune disease, characterized by a focal and diffuse 
lymphoidd cell infiltration into the salivary and lacrimal glands, and affecting 0.3-4.8% 
off the population in the United States (1). The consequence of chronic immune cell 
activationn in these exocrine glands is diminished secretory function, which leads to 
symptomss of dry mouth and dry eyes. The nonobese diabetic (NOD) mouse, which 
iss recognized as an animal model for autoimmune type 1 insulindependent diabetes 
mellitus,, also develops exocrine gland infiltrates and, as in SS, a loss of salivary flow that 
iss age and gender dependent. The female NOD mouse is consideredan excellent model 
forr SS (2-4). Analyses of lymphocyte populations infiltrating the exocrine tissues have 
revealedd similar profiles in the salivary glands of NOD mice and in the salivary glands 
off patients with SS, with a predominance of CD4+T cells and significantly fewer CD8+T 
cellss or B cells (5). In addition, we and others have previously shown that the destructive 
immunee response in salivary glands of NOD mice is biased toward a helper 
TT cell type 1 (Thl)like profile (6-8). Upregulation of proinflammatory cytokine genes 
mayy be responsible or necessary for the development of autoimmune diseases (9,10). 

Interleukinn 10 (IL-10) is a homodimeric cytokine with a wide spectrum of immuno-
suppressivee activities. IL-10 is a potent inhibitor of TNF-a, IL-1, IL-6, IL8, and 
granulocytemacrophagee colonystimulatingfactor (GMCSF) synthesis by monocytes and 
macrophagess (11,12). IL-10 also directly suppresses the synthesis of interferon y 
(IFN-y)) by Thl lymphocytes in vitro (13,14). Administration of IL-10 protein has proven 
therapeuticallyusefull in several preclinical models of autoimmune diseases (15-17). 
Severall studies, using both viral and nonviral vectors, have reported that treatment with 
thee IL-10 gene with or without the IL-4 gene can inhibit the development of autoimmune 
diseases,, including type 1 diabetes in NOD mice (18-23). As an alternative to cytokine 
proteinn therapeutics, cytokinebased gene therapy would obviate the need for multiple 
injectionss as typically required with protein delivery (24). To our knowledge, there are no 
publishedd reports examining any effects of either IL-10 protein or gene therapy on the 
autoimmunee sialadenitis that occurs in female NOD mice. 

Salivaryy glands offer an unusual, but potentially useful, target site for both local and 
systemicc gene therapeutics (25-28). For example, using recombinant adenoviral vectors 
wee have shown that gene transfer to salivary glands can lead to the augmentation of 
salivaa with an antifungal polypeptide (29), as well as provide the delivery of biologically 
activee growth hormone into the bloodstream (30). Furthermore, undesirable vector 
disseminationn is limited beyond the wellencapsulated salivary glands (31). However, 
inn salivary as in other cell types, recombinant adenoviral vectors induce a potent host 
immunee response (32), provide only transient expression of the transgene (33), and 
cann elicit direct target cell toxicity (34). For gene transfer to be clinically useful these 
untowardd events must be avoided. 
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Adenoassociatedd virus (AAV) is a unique, nonpathogenic member of the Parvoviridae 
familyy of small, singlestranded DNA animal viruses. Vectors based on the serotype 2 
recombinantt AAV (rAAV) have proven to be especially useful for in v/Vogene transfer 
(35-37).. rAAV vectors infect both dividing and nondividing cells, elicit relatively modest 
hostt immune responses compared with adenoviral (38-40), and have demonstrated 
longtermm persistence in a number of in vivo studies. We have shown that rAAV serotype 
22 vectors are able to mediate therapeutic gene transfer (human IL-10 [hILlO], and 
aa plasma membrane water channel, aquaporin 1) to murine salivary glands (41,42). 
Becausee of the positive features offered by rAAVmediated gene transfer, we hypothesized 
thatt a rAAV encoding hILlO could be useful to modulate inflammatory reactions locally 
inn the salivary glands of patients with SS (43). In the present study, for the first time, 
wee show the ability of in vivo immunomodulatory gene transfer by rAAVhILlO to blunt 
thee immunopathological and functional sequelae characteristic of SSIike autoimmune 
sialadenitiss in NOD mice. 

MATERIAL SS AND METHODS 

Celll lines 
Thee human embryonic kidney 293 T cell line expresses the simian virus 40 (SV40) 
largee T antigen in a stable manner (44). The COS cell line is derived from monkey kidney 
epitheliall cells (45). 293 T and COS cells were grown in Dulbecco's modified Eagle's 
mediumm (DMEM). All media were supplemented with 10% heatinactivated ; 30 min) 
fetall bovine serum (Invitrogen Life Technologies, Gaithersburg, MD), 2 m/Wglutamine, 
penicillinn (100 U/ml), and streptomycin (100 \ig/m\) (BioFluids, Rockville, MD). 

Mice e 
Animall studies were approved by the National Institute of Dental and Craniofacial 
Researchh (NIDCR) Animal Care and Use Committee and the National Institutes of Health 
(NIH)) Biosafety Committee. All procedures were conducted in accordance with IASP 
(Internationall Association for the Study of Pain) standards. Female NOD/LU mice (stock 
001976)) were obtained from Jackson Laboratory (Bar Harbor, ME), and male BALB/c 
micee were obtained from the Division of Cancer Treatment (National Cancer Institute 
[NCI],, Bethesda, MD). Mice were maintained throughout the course of the study in the 
NIDCRR animal facility (BethesdaH MD) in accordance with Federal guidelines. Blood 
glucosee levels were measured once per week starting at age 12 weeks, using a OneTouch 
monitorr (LifeScan, Milpitas, CA). All mice with blood glucose levels >400 mg/dl were 
givenn UltraLente insulin (Eli Lilly, Indianapolis, IN) injections (4 U/mouse, every 24 hr) to 
limitt diabetesrelated dehydration. We chose not to treat mice until this rather high blood 
glucosee level was reached because we wished to examine their insulin production. Serum 
insulinn levels were measured with a rat insulin radioimmunoassay kit with a sensitivity of 
0.11 ng/ml (UNCO Research, St. Charles, MO). 
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Genee transfer , and salivar y and serum collectio n 
Thee experiments described in this paper represent one of three separate studies, over 
thee indicated 8to 20week time course, that we conducted to investigate the effects of 
rAAVhILlOO administration on salivary gland function and histopathology in NOD mice. All 
threee studies gave comparable results, regarding the efficacy of salivary gland delivery. 
However,, in two earlier studies that are not presented herein the only control group used 
wass untreated mice. Mild anesthesia was induced with ketamine (60 mg/ml, 1 jil/g body 
weight;; Phoenix Scientific, St. Joseph, MO) and xylazine (8 mg/ml; Phoenix Scientific) 
solutionn given intramuscularly. Six study groups were employed. After an intramuscular 
injectionn of atropine (0.5 mg/kg; Sigma, St. Louis, MO), two groups of female NOD mice 
receivedd early treatment (8 weeks; before onset of sialadenitis) with either rAAVhILlO 
(n(n = 4) or rAAVLacZ {n = 3) and two groups received late treatment (16 weeks; after 
onsett of sialadenitis) with either rAAVhILlO {n =6) or rAAVLacZ {n = 4) administered to 
bothh submandibular glands by retrograde ductal instillation 

(2.55 x 10 genomes per gland). Two additional groups of mice received, at 8 weeks 
(n(n = 6) or 16 weekss (n = 5), intramuscular injections of rAAVhILlO into the quadriceps 
musclee (5 x 10 genomes). Salivary flow rates were measured at 8 weeks (baseline, 
untreated,, 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 
salivaa was collected after stimulation of secretion, using pilocarpine (0.5 mg/kg body 
weight)) administered subcutaneously (8,41). Saliva was obtained from the oral cavity by 
micropipettee and placed into preweighed 0.5ml microcentrifuge tubes, and volume was 
determinedd gravimetrically as previously described, with comparable results (8,41). 

Constructio nn of rAAVhILl O and rAAVLac Z 
Wee previously reported construction of rAAVhILlO (41,46) and rAAVLacZ (encoding 
fi-galactosidase;; (47)). For the present study, a plasmid containing hILlO cDNA (0.6 kb) 
(48),, pH15C, was obtained from the American Type Culture Collection (Manassas, VA), 
andd was amplified to include Noti sites for cloning by polymerase chain reaction (PCR) 
employingg a GeneAmp PCR reagent kit (Applied Biosystems, Foster City, CA). The 
PCRamplifiedd hILlO cDNA was inserted into the Noti site of pAAV (47) to yield the 
plasmidd pAAV/hlL10, with the hILlO cDNA driven by the cytomegalovirus promoter-
enhancer.. To generate the rAAV vectors, the adenoviral helper packaging plasmid pDG 
(aa gift from J.A. Kleinschmidt; (49)) was used. Plates (15 cm) of -40% confluent 293 T 
cellss were cotransfected with either pAAV/hlL10 or pAAVLacZ, and pDG at a ratio of 1:2, 
usingg a calcium phosphate precipitation procedure (50). Two days after transfection, 
cellss were harvested. Clarified cell lysates were adjusted to a refractive index of 1.372 by 
additionn of CsCI and centrifuged at 38,000 rpm for 65 hr at . Equilibrium density 
gradientss were fractionated and fractions with a refractive index of 1.369-1.375 were 
collectedd and stored at . Immediately before use for experiments, the virus was 
dialyzedd against 0.15 M NaCI. The titer of DNA physical particles in rAAV stocks was 
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determinedd by realtime PCR (see below; Applied Biosystems). Infectious vectors were 
demonstratedd by infecting COS cells with 2 ml of each CsCI fraction in the presence 
off 2.4 x 10 particles of wildtype adenovirus. As appropriate, either supernatants from 
infectedd cells were analyzed in an enzymelinked immunosorbent assay (EUSA) for hILlO 
(seee below) or cells were stained for pgalactosidase activity with 5-bromo-4-chloro-3-
indolyl-p-D-galactopyranosidee (X-Gal) (47). 

Quantificatio nn of cytokine s 
Secretionn of hILlO and IFN-y in cell culture media, and in mouse sera and saliva, was 
determinedd with an ELISA, using commercial kits for hILlO (R&D Systems [Minneapolis, 
MN]] and Biosource International [Camarillo, CA]), and mouse IFN-y (mlFN-y) (Endogen, 
Woburn,, MA). The lower limit of detection was 5 pg/ml for hILlO in experiments 
performedd in vitro, 10 pg/ml for mlFN-y in experiments performed in vivo, and 
0.22 pg/ml in a highsensitivity assay for hILlO in experiments performed in vivo. Assays 
weree performed according to the manufacturer's instructions. The levels of several 
cytokiness were also determined after extraction of soluble protein from murine salivary 
glands.. After measuring the wet weight, salivary glands were homogenized in buffer 
(phosphatebufferedd saline [PBS] and complete protease inhibitor cocktail; Roche 
Molecularr Biochemicals, Indianapolis, IN). Thereafter, crude extracts were centrifuged 
att -325 X gand total protein in the supernatant was determined with a BioRad 
(Hercules,, CA) protein assay according to the manufacturer's instructions. mll_-4, 
mlFN-y,, mll_-6, mlL-12, mRANTES, mll_-10, and hILlOwere measured commercially 
inn SearchLight proteome arrays (Endogen), which are multiplexed assays involving a 
sandwichh ELISA procedure. 

Determinatio nn of serum antibodie s to hILl O 
Initially,, to determine the presence of antibodies directed against hILlO in NOD mouse 
sera,, aliquots of undiluted sera from animals of different AAV vector treatment groups 
weree obtained at 20 weeks and pooled by group. To 200 nl of standard concentrations 
(0.78-500 pg/ml) of recombinant hILlO (R&D Systems, Minneapolis, MN), 8 \i\ of pooled 
serumm was added to obtain a final serum dilution of 1:26. The samples were then 
incubatedd at C for 30 min. An hILlO highsensitivity ELISA, containing polyclonal 
mousee antihuman antibodies (R&D Systems), was then used to detect hILlO protein 
accordingg to the manufacturer's instructions. A change in the ELISA standard curve 
providedd evidence of the presence of antihILlO antibodies in NOD mouse sera. 
Thereafter,, serum samples (at dilutions of 1:50-1:2000) from individual mice were added 
too 27 pg (in 200 \if) of hILlO standard recombinant protein. The samples were incubated 
att C for 30 min and an hILlO ELISA was performed. The maximal serummediated 
reductionn in ELISA color development was -60%. A dilution of serum that reduced this 
maximumm by 50% indicated the titer of antihILlO antibody present. 
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Quantitativ ee realtim e PCR 
Genomicc DNA was isolated from submandibular glands, draining lymph nodes, and 
spleenn of all treated mice, using a DNeasy isolation kit (Qiagen, Chatsworth, CA). 
Quantitativee (Q)PCR amplification (final volume, 20 ,̂1) of the DNA (100 ng) was 
performedd with an ABI PRISM 7700 sequence detection system (Applied Biosystems) 
byy using the SYBR Green PCR Master Mix (Applied Biosystems) and a specific 5' and 
3'' primer pair as appropriate (0.3 \iM; 5': ATCTACGTATTAGTCATCGCTATTACCAT; 3': 
TGGAAATCCCCGTGAGTCA)) for the cytomegalovirus (CMV) promoter. A PCR thermal 
profilee of holding at C for 10 min, denaturing at C for 15 sec, and annealing and 
extendingg at C for 1 min was performed for 40 cycles. A standard curve, employing 
pAAVCMVV and including 100 ng of genomic DNA from untreated animals for each 
specificc tissue, was included for each QPCR reaction. Multiple samples of different 
tissuess were included in a single run and the ratio (number of copies) between these 
sampless was used to normalize data obtained from different QPCR assays performed 
duringg the study. The detection limit of this assay was 10 vector copies. 

Histologi cc  assessmen t of submandibula r gland s 
Submandibularr glands were removed for histologic analyses from NOD mice at the time 
off sacrifice, at 20 weeks of age, unless otherwise stated, and placed in 10% formalin. 
Afterr fixation, the tissues were dehydrated in a series of graded ethanol solutions and 
embeddedd in paraffin according to standard technique. Sections were cut at a thickness 
off 5 urn, and subsequently stained with hematoxylin and eosin. Histopathologic scoring 
wass performed on the basis of a focus score (in which a focus is an aggregate of 50 or 
moree lymphocytes and histiocytes, per 4 mm ) (51). Foci were counted in at least three 
differentt areas of three sections (total of nine fields) from each gland sample, using a 
graticulee at +40 magnification. The results were calculated and expressed as foci per 
44 mm . The focus scores were assessed blindly by three different examiners (M.R.K., 
B.M.L.,, and R.I.C.). The mean of the scores determined by each of the three observers 
wass calculated. 

Statistica ll  analysi s 
Descriptivee statistics were calculated and reported as means  SEM. The Student f test 
forr unpaired variables was used to compare differences between groups, p Values less 
thann or equal to 0.05 were considered significant. 

RESULTS S 

Characteristic ss of rAAVhILl O and rAAVLac Z preparation s 
Aliquotss of peak fractions obtained by CsCI centrifugation were pooled after measurement 
off hILlO secretion from, or LacZ expression in, COS cells coinfected with wildtype 
adenovirus. . 
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Alll experiments reported herein were performed with a single preparation of rAAVhILlO or 

rAAVLacZZ having a virus particle titer (i.e., number of genomes) of ~5 xlO genomes/ml. 

Ass reported, we have extensively tested rAAVhILlO to show that the encoded transgene 

product,, hILlO, is functional in vitro and in vivo (41,46). 

rAAVhILl OO transductio n of salivar y gland s and quadricep s muscl e 
Sixx groups of mice were employed for the present study. NOD mice received either early 
treatmentt with rAAVhILlO or rAAVLacZ at age 8 weeks or late treatment at 16 weeks, to 
bothh submandibularglands by retrograde ductal instillation. The remaining two groups 
weree administered (at 8 or 16 weeks) rAAVhILlO via the quadriceps muscle to examine 
anyy effect of systemic delivery of the experimental vector. To assess systemic transgene 
expression,, serum hILlO levels were determined. At 20 weeks, 3 of 9 earlytreated mice 
(twoo salivary gland and one intramuscular) and 4 of 11 latetreated mice (two salivary 
glandd and two intramuscular) showed relatively modest but measurable hILlO levels in 
serumm (0.3-9.0 pg/ml; detection limit, <0.2 pg/ml). No measurable hILlO was detected 
inn serum from animals not treated with rAAVhILlO. Similar results were found in the two 
earlierr experiments performed after rAAVhILlOmediated gene transfer to NOD mouse sub-
mandibularr glands (data not shown). These results are also comparable to those reported 
byy us after rAAVhILlO delivery to salivary glands and quadriceps muscle of BALB/c 
micee (41,46). In addition, we tested serum samples, obtained at 20 weeks from animals 
receivingg treatment with the rAAVhILlO vector at the early time point, for the presence of 
antibodiess to hILlO. Maximal differences between serum samples were seen at a 1:50 
dilution.. Most sera tested (8 of 10) from mice receiving rAAVhILlO by intramuscular 
injectionn and by salivary gland administration exhibited low levels of antihILlO antibodies 
(att this dilution leading to -60% reduction in ELISA color development). Seven of the 
100 tested samples showed no detectable serum hILlO (all 7 sera exhibited the maximal 
levell of antihILlO antibodies). The remaining three samples had either no detectable 
antibodiess to hILlO (two samples, both with clearly measurable serum hILlO; 3.6 and 
9.00 pg/ml) or a relatively low antihILlO antibody titer and a low level of serum hILlO 
measuredd (0.3 pg/ml). Importantly, none of the mice (zero of three) given rAAVLacZ in 
theirr salivary glands exhibited antibodies to hILlO in their sera (data not shown). 

Effec tt  of hILl O cDNA deliver y on salivar y functio n in NOD mice 
Thee ageand genderdependent decline in salivary flow rates in NOD mice begins 
betweenn 8 and 12 weeks of age, and salivary flow rates steadily decrease thereafter (8). 
Too investigate the effect of rAAVhILlO administration on salivary secretion, pilocarpine-
stimulatedd salivary flow rates were measured at 8, 12, 16, and 20 weeks. At 8 weeks, 
beforee any treatment, 10 randomly selected mice showed an average salivary flow rate 
(microliterss per 20 minutes; mean  SEM) of 186  25 (baseline). In the early treatment 
group,, administered rAAVhILlO via the submandibular glands, the salivary flow rate was 
1922  10 at 12 weeks, 168  20 at 16 weeks, and 121  33 at 20 weeks, whereas for 
intramuscularlyy treated animals the salivary flow rate was 99  23 at 16 weeks and 100 
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 43 at 20 weeks (Fig. 1). In the late treatment group, the average salivary flow rate 
(microliterss per 20 minutes; mean  SEM) at 16 weeks (before treatment) was 74
16.. After rAAVhILlO administration, salivary flow at 20 weeks was 93  23 with salivary 
glandd delivery and 112  16 with intramuscular treatment. Conversely, for mice receiving 
rAAVLacZZ at week 8 the average salivary flow rate was 125  45 at 12 weeks, 60 6 16 
att 16 weeks (which was similar to the salivary flow rate of untreated mice at this time 
point),, and 28  13 at 20 weeks; and the average salivary flow rate was 31  28 at 20 
weekss for mice receiving this vector at week 16. Salivary flow rates of animals receiving 
rAAVhILlOO locally in their submandibular glands, both at early and late treatment times, 
weree significantlyincreased in comparison with those measured in rAAVLacZtreated mice 
att both the 16and 20week time points (both p <0.05). In two separate earlier experiments 
conductedd by us, salivary flow rates after local administration of rAAVhILlO were similarly 
greaterr than those measured for untreated controls (data not shown). Salivary flow rates 
off mice receiving intramuscular delivery of rAAVhILlO were significantly increased in 
comparisonn with flow rates measured in rAAVLacZtreated mice only at the 20week time 
pointt and only for the late treatment (delivery at 16 weeks; p <0.05). The salivary flow 
ratess at 16 weeks among mice receiving rAAVhILlO by intramuscular administration at 
thee early time point did not differ significantly from those of animals receiving rAAVLacZ. 
Wee were unable to detect any consistent relationship between salivary flow rates and the 
presencee of blood glucose levels of greater or less than 400 mg/dl in individual NOD mice 
(dataa not shown). 

Fig.. 1. Effec t of rAAVhILl O or rAAVLac Z administratio n on saliv a productio n in NOD mice . NOD mice received either early treatment (ET) 
withh rAAVhILlO at age 8 weeks, before the onset of sialadenitis, gr late treatment (LT) at 16 weeks, after the onset of sialadenitis, via both 
submandibularr glands by retrograde ductal instillation (2,5 x 10 genomes per gland) or intramuscular injection to the quadriceps muscle, 
ass a systemic treatment control (5 x 10 genomes). The salivary glandtreated control group received submandibular gland administration 
off rAAVLacZ at the same time points and doses as the rAAVhILlO groups. The untreated control group was not manipulated before saliva 
collection.. Saliva was collected as described in Materials and Methods over a 20min period after stimulation with pilocarpine at 8, 12, 16, 
andd 20 weeks of age. The absence of a response column for any treatment group indicates that no saliva collection was performed for that 
groupp at that time point. Data represent mean values  SEM. Significant differences are indicated and were determined by the Student rtest. 
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Effect ss of hILl O cDNA deliver y on inflammator y cell infiltratio n of salivar y gland s 
inn NOD mice 
Ann important feature of this murine model for SS is the focal infiltration of inflammatory 

cellss within the salivary glands (8). Accordingly, sections from the submandibular 

glandss of rAAVLacZand rAAVhILlOtreated (early and late) NOD mice killed at 20 weeks 

weree examined histologically for inflammatory changes. Early signs of inflammatory cell 

infiltrationn can be detected in few mice at 8 weeks, whereas typical signs of autoimmune 

sialadenitis.similarr to that seen in human SS (51), are frequently observed in mice a l2 

weekss old (8). At -20 weeks of age, moderate to severe inflammatory cell foci in the 

salivaryy glands are seen in NOD mice (8). 

Ass noted earlier, we determined the severity of the sialadenitis according to the 
numberr of inflammatory foci present per 4 mm2 of salivary tissue (focus score). The 
numberr of foci present in salivary glands of mice receiving rAAVhILlO locally in their 
submandibularglandss at the early (8week) time point was clearly reduced compared 
withh submandibular glands from animals administered rAAVLacZ (Fig. 2). Specifically, 
wee observed that at 20 weeks submandibular gland sections from all mice receiving 
vectorr in this manner contained fewer inflammatory cell lesions, as well as lesions 
thatt demonstrated a more moderate inflammation. In the salivary glandadministered 
rAAVhILlOO treatment group no focus score was >2, and the range of scores measured 
wass narrow (1.2-2.0; Fig. 3). Conversely, in both the rAAVLacZtreated groups and the 
micee receiving rAAVhILlO via intramuscular injection, large and small foci, which were 
bothh perivascular and periductal in location, were seen in the submandibular glands at 
200 weeks. Within large and confluent foci in these samples, there was an observable 
tissuee disorganization and replacement of normal salivary gland structure (Fig. 2B). 
Severall glands from the rAAVhILlO (intramuscularly administered) and rAAVLacZ early 
treatmentt groups exhibited high focus scores (a=3) and overall a wider range of scores 
(2.3-4.4)) was detected (Fig. 3). The median focus score of mice receiving rAAVhILlO 
inn their submandibular glands (1.4) was significantly lower than that of mice receiving 
rAAVLacZZ (3.0) in their submandibular glands (p = 0.013) and that of mice receiving 
rAAVhILlOO (2.6) by intramuscular injection (p= 0.004). At the 20week time point 
thee focus scores of glands from mice treated at 16 weeks with rAAVhILlO by salivary 
administrationn were also significantly different (p < 0.05) from those of the rAAVLacZ 
(intramuscularlyy administered) mice (Fig. 3). This same general conclusion was gained 
fromm mice examined at 12 and 16 weeks. Focus scores at 12 weeks in mice administered 
rAAVLacZZ via their submandibular glands at 8 weeks averaged 2.9  0.3 (SEM), whereas 
animalss treated with rAAVhILlO had much lower values (1.5 ; p = 0.03). Similarly, 
focuss scores of mice administered rAAVhILlO by intramuscular injection at 8 weeks 
averagedd 2.2 2 at 16 weeks versus 1.1 1 (p = 0.02) for mice given this vector via 
theirr submandibular glands. These data suggest that rAAVhILlO gene transfer can at 
leastt in part inhibit SSIike murine salivary gland disease by reducing the severity of the 
sialadenitiss present. 
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Fig.. 2. Effec t of rAAVhILl O administratio n on the histologi c appearanc e of submandibula r gland s of NOD mice . NOD mice received 
treatmentss as described in the legend to Fig. 1. Giands were removed for histologic analysis from rAAVhILlOtreated and rAAVLacZ-
treatedd NOD mice at the time of sacrifice (20 weeks). Histopathologic assessment was performed and presented as a focus score (see 
Materialss and Methods and the legend to Fig. 3). (A) Section from a submandibular gland of a NOD mouse treated early with rAAVhILlO. 
AA single focus of lymphocytes is detected in the section shown (arrow). (B) Foci were more frequently seen in the glands of NOD mice 
administeredd rAAVLacZ via their submandibular glands. As shown in this section, the foci were both perivascular and periductal. Within 
largee and confluent foci, there also was observable tissue disorganization and replacement of norma! salivary gland structure. Arrows 
indicatee foci in this gland. Hematoxylin and eosin staining; original magnification, X40. 
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Fig.. 3. Effec t of rAAVhILl O administratio n on inflammator y infiltrate s in the submandibula r gland s of NOD mice . NOD mice 
receivedd treatments as described in the legend to Fig. 1. Submandibular glands were removed for histologic analysis at the time 
off sacrifice (20 weeks). Histopathologic2scoring was performed by using the focus score (yaxis; focus, an aggregate of 50 or more 
lymphocytess and histiocytes, per 4 mm ; see description in Materials and Methods; see also ret. 8). Three different examiners assigned 
focuss 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 
groupss (rAAVLacZ, rAAVhILlO salivary gland [SG] administration, and rAAVhILlO intramuscular [IM] administration) within each 
treatmentt time (early, ET, and late, LT) separately. Significant differences are indicated (*) and were determined by the Student f test. 

Effec tt  of hILl O cDNA transfe r on cytokin e expressio n in submandibula r gland s 
Too help understand the mechanism underlying the overall tissue responses seen in 
salivaryy glands after rAAVhILlO administration, we examined the local expression of 
severall important inflammatory mediators. As shown in Fig. 4, we determined the 
expressionn of mlL-4, mlFN-y, mlL-6, rrilL-12, mRANTES, mll_-10, and hlL.10 proteins 
inn extracts of salivary glands. Protein was prepared from submandibular glands of NOD 
micee 20 weeks after treatment with either rAAVhILlO (salivary or intramuscular) or 
rAAVLacZ.. For comparison, gland extracts of BALB/c mice (normal control mice) were 
alsoo tested. None of the inflammatory mediators (shown only for mRANTES in Fig. 4) 
wass detectable in the BALB/c mice, whereas all NOD mice exhibited readily measurable 
values,, consistent with the presence of autoimmune disease. Little difference was seen 
betweenn the treatment groups for mlFN-y, mlL-10, and mRANTES. However, glands 
obtainedd from mice receiving salivary gland administration of rAAVhILlO in the early 
treatmentt group showed higher levels of mlL-4 (p = 0.06), mlL-6 (p = 0.025), mlL-12 
(pp = 0.039), as well as hILlO (p = 0.031) compared with other treatment groups. Interest-
ingly,, animals receiving rAAVhILlO by intramuscular injection at the early time point 
alsoo exhibited a higher level of hILlO (p = 0.009). However, gland extracts from these 
micee displayed no other significant changes in the profile of inflammatory mediators 
present.. We did not detect hILlO in gland extracts from mice receiving salivary gland 
administrationn of rAAVhILlO in the late treatment group. For this group of mice, vector 
deliveryy was 4 weeks before sacrifice (versus 12 weeks for mice in the early treatment 
group)) and it is likely that hILlO protein present in gland extracts was too low to be 
distinguishedd from background with our assay. 
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Fig.. 4. Effec t of rAAVhlLl O administratio n on cytokin e expressio n in submandibula r gland s of NOD mice . NOD mice received 
treatmentss as described in Materials and Methods and the legend to Fig. 1. Submandibular glands were removed at the time of 
sacrificee from NOD mice, at age 20 weeks. Protein was obtained as described in Materials and Methods and individual cytokines 
weree measured commercially in SearchLight proteome arrays (Endogen), multiplexed assays involving a sandwich ELISA procedure. 
Dataa are shown as picograms per milligram wet weight of the submandibular gland and represent mean values  SEM. The number 
off glands assayed per treatment group is the same as indicated in Fig. 3. For the salivary glandadministered, early treatment group, 
statisticallyy significant differences are shown (*) in the panels for mouse (m) IL-12, hILlO (also for intramuscularly administered, 
+),, and mlL-6, as are the respective probability values, and were determined by the Student Mest. The expression of mlL-4 was of 
borderlinee significance (p = 0.06) and is indicated by a solid circle. 
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Detectio nn of vecto r after administratio n of rAAV to the salivar y gland s or to the 
quadricep ss muscl e 
Wee next examined salivary glands, draining lymph nodes, and spleens of mice by QPCR 
too determine the viral copy number in these different tissues. As shown in Table 1, 
afterr salivary gland administration of either rAAVhILlO or rAAVLacZ, little rAAV vector 
wass found in either the draining lymph nodes or spleen. This result strongly suggests 
thatt vector administered was minimally disseminated. Interestingly, after intramuscular 
injectionn of rAAVhILlO at the 16week time point (late treatment), similarly low levels of 
virall DNA were found in the spleen, lymph node, and the salivary glands (Table 1). 

Tabl ee 1 . Presence of AAV2 vector DNA in salivary glands, draining lymph nodes, and spleens 

SGG delivery IM injection 

LZ-ETT [ z T j hlL-10-ET hlL-10-LT hlL-10-ET hlL-10-LT 
(nn = 3) (n=4) (n=4) (n = 6) (n = 6) (n=4) 

Salivaryy glands 0 19r O 25,700*8,300 0 0 0 

Drainingg lymph nodes 2 ND ND ND ND 8 

Spleenn ND ND 96*169 9 ND 5 

Tablee 1. Presenc e of AAV2 vecto r DNA in salivar y glands , drainin g lymp h nodes , and spleens . At 20 weeks after rAAV 
administrationn to NOD mice, as described in Materials and Methods and in the legend to Fig. 1, the submandibular glands, draining 
lymphh nodes, and spleens were removed at the time of sacrifice. DNA was obtained as described in Materials and Methods. Data 
representt mean values  SEM. Multiple Q-PCR runs were performed for each tissue. A separate assay, containing several different 
sampless from all studied tissues, was used to normalize data from the different assays. Tissues from naive animals (i.e., received no 
rAAVV vector) yielded an average background with this assay (in number of vector copies) of 325  185 for salivary gland, 401  203 
forr draining lymph node, and 678  96 for spleen DNA. This background was subtracted from each experimental value to yield the 
resultss presented. Data are shown as DNA copy number per 100 ng total DNA. ND, not detected above background level; ET, early 
treatmentt (8 weeks); LT, late treatment (16 weeks); LZ, LacZ vector; hILlO, hILlO vector; SG, salivary gland; IM, intramuscular. 

Effec tt  of administratio n of rAAVhILl O on bloo d glucos e and insuli n levels in 
NODD mice 
Becausee NOD mice develop severe autoimmune diabetes, throughout this study we 
monitoredd blood glucose levels in all mice and administered insulin every 24 hr when 
theyy became hyperglycemic (defined for the present study as a blood glucose level >400 
mg/dl).. Although it was not a focus of this study, we consistently observed that rAAVhILlO 
deliveryy to salivary glands reduced hyperglycemia in NOD mice, that is, in the present 
cohortt of mice as well as in our earlier two experiments (data not shown). Thus, at 20 
weekss the median blood glucose level in mice receiving the rAAVLacZ vector was between 
5000 and 600 mg/dl, whereas insulin levels were barely detectable (Fig. 5). Administration 
off rAAVhILlO by intramuscular injection lowered blood glucose levels (median, -400 
mg/dl)) but had no significant effect on insulin levels. Conversely, mice administered 
rAAVhILlOO via their salivary glands showed significant reductions in blood glucose by 20 
weeks:: median, -190 and -250 mg/dl in the early (p <0.05) and late 
(pp = 0.054) treatment groups, respectively. Insulin levels were significantly raised at 20 
weekss in mice that had received rAAVhILlO in their salivary glands at 8 weeks (early 10 
too salivary glands appears to limit SSIike treatment), with a median level of -0.43 ng/ml 
(p<0.05). . 
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Fig.. 5. Effec t of rAAVhILl O administratio n on bloo d glucos e and insuli n levels in NOD mice . NOD mice received treatments 
ass described in Materials and Methods and the legend to Fig. 1. Blood glucose (a) and insulin (b) levels presented are from mice 
att 20 weeks. As described in Materials and Methods, mice were treated with insulin when blood glucose measured >400 mg/dl. 
Eachh diamond represents values from an individual mouse. Circles indicate mice that received insulin treatment {Humalog), 4 U 
everyy 24 hr. Horizontal bars represent the median value for all mice in each group. Results with insulin-treated mice were excluded 
fromm statistical analyses. Significant differences are as indicated (* or +) and were determined by the Student f test. 
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DISCUSSION N 

Thesee studies have directly examined the potential utility of rAAV-mediated hILlO 
genee transfer as a novel approach for the management of the salivary gland pathology 
andd morbidity associated with SS. We hypothesized that rAAV-mediated local h!L10 
genee delivery would be useful to treat the development of murine SS-like disease by 
modulationn of inflammatory reactivity in the salivary glands. As shown herein, as well 
ass in two other similar sets of experiments that are not presented, local delivery of 
rAAVhILlOO to salivary glands appears useful to limit SS-like glandular pathology. 

Previously,, we have demonstrated that a rAAV serotype 2 vector containing the hILlO 
cDNA,, rAAVhILlO, directs functional hILlO production in vitro and in vivo. Low levels of 
hILlOO are secreted into the bloodstream for >2 months (longest time studied) after local 
salivaryy gland delivery of this vector (41). We further showed that the vector-encoded 
hILlOO was biologically active in vivo by challenging rAAVhILlO-treated IL-10 knockout 
micee with lipopolysaccharide to induce endotoxic shock 8 weeks following systemic 
vectorr delivery (46). 

Wee and others have shown that significant levels of various secretory transgene 
productss can be secreted into the bloodstream directly from salivary glands, using other 
(adenovirall and non-viral) gene transfer vectors (25, 52-54). In the present study, we 
administeredd lower doses (-25%) of rAAVhILlO to salivary glands than we previously 
reportedd and only modest hILlO levels were detected (and not in all animals) in serum; a 
resultt that is consistent with our earlier study (41). We reasoned that employing a lower 
vectorr dose should lead to less systemic cytokine delivery while keeping a more local, 
intra-- and periglandular distribution of the transgene product. Nonetheless, systemic 
effectss were evident after salivary gland administration of rAAVhILlO, i.e., lower blood 
glucose,, and higher serum insulin, levels (Fig. 5). In addition, dissemination of vector 
beyondd target tissues is a significant concern, which can be minimized after salivary 
glandd delivery of the transgene (31), but also not eliminated as shown herein. Systemic 
deliveryy of a gene transfer vector encoding a cytokine such as hILlO is undesirable 
becausee of the considerable potential for adverse effects. We also observed the formation 
off low levels of antibodies to the hILlO transgene product in most animals (8 of 10 tested) 
givenn the rAAVhILlO vector at the early treatment point by intramuscular injection and 
locallyy in their submandibular gland. 

Previously,, we and others have demonstrated that a decline in salivary flow rates in 
NODD mice begins between 8-12 weeks of age, and salivary flow rates steadily decrease 
thereafterr (8). Thus, an important finding in the present study, as well as in two similar 
earlierr experiments not reported here, was that long-term (20 weeks) salivary function 
iss dramatically (~3 fold) improved in NOD mice following rAAVhILlO delivery directly 
too the submandibular glands both at the early treatment point (8weeks) and at the late 
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treatmentt point (16 weeks). In addition, there was clearly some benefit following systemic 
deliveryy (IM) of rAAVhILlO observed following late treatment. This latter finding may 
reflectt either the circulation and accumulation of hILlO protein in the salivary glands (Fig. 
4)) or the dissemination of low levels of rAAVhILlO to the submandibular glands following 
IMM injection (Table 1). Salivary flow rates in both early- and late-treated NOD mice 
(rAAVhILlOO salivary administration) were significantly enhanced compared to those seen 
inn the salivary rAAVLacZ-treated NOD mice. Interestingly, we did not observe a difference 
inn salivary flow between rAAVLacZ locally treated mice and untreated mice. This suggests 
thee absence of any adverse effects of rAAV vectors and p-galatosidase protein on murine 
salivaryy gland function (Fig. 1), a finding consistent with our two earlier studies that 
employedd untreated mice as the only control group (data not shown). 

Inn addition to the effects on salivary function, rAAVhILlO administration led to marked 
improvementss in histologically assessed inflammatory changes (focus scores) in the 
submandibularr glands. At a20 weeks of age, moderate to severe focal accumulations 
off inflammatory cells are seen in the salivary glands of NOD mice ((8); herein). 
However,, significantly fewer foci were found in the glands of mice treated locally 
inn the submandibular glands at the early time point with rAAVhILlO compared to 
rAAVLacZZ treated animals and mice receiving IM injections of rAAVhILlO. Although the 
focall inflammatory changes in the salivary glands of these mice were not completely 
eliminated,, the occurrence of moderate to severe accumulations of inflammatory cells 
wass dramatically reduced (-50%). These data suggest that rAAV-mediated hILlO cDNA 
deliveryy to the salivary glands of NOD mice before frank onset of sialadenitis , exerts a 
locall immunomodulatory effect, consistent with our hypothesis. This local effect appears 
too in part inhibit the progression of SS-like gland dysfunction by reducing the severity of 
sialadenitis.. In the late-treated NOD mice administered rAAVhILlO in the submandibular 
glands,, there also was a significant difference in the number of foci present from that 
observedd with the rAAVLacZ-treated group at 20 weeks. This suggests local administration 
off rAAVhILlO can provide potential treatment after disease onset, as is the case with SS 
patientss seen in the clinic. However, since intramuscular injection of rAAVhILlO led to 
somee improvement in salivary flow rate, local gene delivery, and subsequent reductions 
inn glandular inflammatory infiltrates, are not entirely responsible for the improvements 
inn salivary gland function observed. Interestingly, we found no consistent relationship 
betweenn the salivary flow rate and focus score, for individual mice (not shown). Indeed, 
thee relationship between salivary flow rates and extent of sialadenitis, and focus score, in 
SSS patients is still not well understood (51). 

Wee originally hypothesized that the local salivary gland expression of transgenic hILlO 
wouldd lead to a downregulation of mlFN-y levels, and general shilft from a Thl-like 
cytokinee profile, compared to results from the untreated or rAAVLacZ-treated mice. 
However,, the expression of mlFN-y was minimally affected. Furthermore, after local 
rAAVhILlOO administration we saw increased levels of the proinflammatory cytokines 
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mlL-66 and mlL-12, as well as an increase in mlL-4 (Fig. 4). Thus, despite the overall 
improvementt in salivary function and histological appearance with rAAV-mediated hILlO 
cDNAA delivery to submandibular glands of NOD mice, we did not find the hypothesized 
simplee local alteration in cytokine profiles (increase in Th2 versus Thl cytokines) in 
treatedtreated salivary glands. Clearly, vector copy numbers in glands from the rAAV vector-
treatedtreated mice were quite high after salivary gland delivery (Table 1). mRANTES levels in 
thee salivary glands of NOD mice were higher than those in untreated Balb/c animals, 
consistentt with earlier findings that show elevation of RANTES levels in NOD salivary 
glandss as well as in the salivary glands of SS patients (55,56). The lack of a reduction 
inn steady state levels of proinflammatory cytokines in the salivary glands of NOD mice 
mayy reflect a more important therapeutic role for hILlO in the earliest phases of disease 
development.. However, it seems likely that the failure to reduce Thl-like cytokines locally 
inn the glands after rAAVhILlO administration reflects the occurrence of a more complex 
immunee dysregulation than previously considered. Several reports examining the utility 
off IL-10 gene transfer for the autoimmune diabetes in NOD mice are consistent with 
thesee views (18,19,21). Although using higher doses of rAAVhILlO could lead to higher 
levelss of hILlO expression in salivary glands, possibly capable of inhibiting steady state 
pro-inflammatoryy cytokine expression, unlike our present results, such a maneuver could 
leadd to undesirable immunomodulatory effects systemically. Although, rAAVhILlO delivery 
too salivary glands of NOD mice clearly results in dramatically improved salivary secretion 
andd reduced sialadenitis, more studies are needed to clarify the specific mechanism(s) 
byy which this occurs. 

Fleckk etalibi) described a gene transfer approach in another murine model of SS, 
murinee cytomegalovirus-infected B6-gld/gld mice. They reported that local adenoviral-
mediatedd fast gene transfer reduced infiltrating mononuclear cells in salivary glands 
(57).. Although these results demonstrate proof of concept that local immunomodulatory 
genee transfer can improve sialadenitis in a murine model of SS, the ultimate clinical utility 
(restorationn of salivary function) of this approach is not clear. In addition, recombinant 
adenovirall vectors elicit potent host immune responses compared to rAAV vectors 
(38-40,54,58-60);; clearly an undesirable feature for managing an autoimmune disease. 
Althoughh conventional adenoviral vectors direct high levels of transgene expression when 
comparedd to rAAV vectors, this expression is close to background levels in salivary glands 
inin vivo by 2 weeks (32,54). Thus, rAAV vectors may be especially valuable for the transfer 
off a variety of immunomodulatory genes (61,62) in different tissues. 

Inn several recent studies, it has been reported that systemic (intramuscular, intravenous) 
treatmentt with the IL-10 gene can inhibit the development of autoimmune type 1 
diabetess in NOD mice, presumably a result of circulating levels of hILlO protein 
(18,19,21,63).. In the present study, we also found that blood glucose levels at 20 weeks 
inn mice administered rAAVhILlO to their salivary glands were significantly lower than 
thosee measured in mice receiving rAAVLacZ in this tissue. In addition, median insulin 
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levelss were higher in mice administered rAAVhILlO than those measured in rAAVLacZ-
treatedd mice at 20 weeks. Two months after local rAAVhILlO delivery to salivary glands, 
highh levels of vector were still present in the target gland, but little to no vector could 
bee detected in the spleen, consistent with localization of vector in the encapsulated 
glandss (31). This suggests that even the low serum hILlO levels resulting from salivary 
glandd hILlO gene transfer in the present study were partially effective in ameliorating 
thee hyperglycemia of NOD mice. These results also demonstrate that the effects of local 
salivaryy gland delivery of a transgene encoding a constitutive pathway secretory protein 
aree not limited to the immediate glandular environment. 

Inn summary, our findings represent the first report of successful rAAV-immunomodulatory 
genee based therapeutics in a pre-clinical model of SS. rAAV-mediated delivery of 
immunomodulatoryy genes may offer the possibility of persistent local transgene 
expressionn to facilitate management of this chronic immunopathological disease. 
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ABSTRACT T 

Backgroun d d 
Sjogren' ss  syndrom e (SS) is a chroni c autoimmun e diseas e characterize d by foca l 

mononuclea rr  infiltrate s (mainl y CD4+ cells ) in the salivar y gland s (SGs) and decrease d 
saliv aa production . Curren t therapie s for SS are unsatisfactory . Disappointin g result s of 
systemi cc treatmen t wit h TNF-a blockin g drug s in SS patient s were recentl y reported . 

Thiss  coul d be due to the lack of sufficien t levels of the TNF-a blockin g drug s at the 
activ ee sites of diseas e such as the salivar y glands . 

Wee hypothesize d that transfe r of the gene encodin g solubl e TNF recepto r -1 to SGs, 
mediate dd by a recombinan t adeno-associate d vira l (rAAV) vector , woul d decreas e 

lymphocyti cc  infiltratio n and increas e salivar y flow in non-obes e diabeti c (NOD) mice . 
NODD mice , a mode l of SS, exhibi t focal lymphocyti c infiltrate s and a characteristi c age 

andd gender (female ) related declin e of salivar y flow . 

Materia ll  and method s 
Vector ss were delivere d locall y via cannulate d duct s wit h retrograd e infusio n to the SGs. 
Micee receive d rAAVTNFR as activ e treatmen t (T). Contro l group s receive d eithe r salin e 

(S),, rAAV encodin g p-galactosidas e (rAAVLacZ ) (negativ e control ; C-), or rAAVhILl O 
(positiv ee control ; C+). Mice receive d vecto r at age 8 wk, befor e onset of sialadenitis , 

andd were sacrifice d at week 16. Blood glucos e levels were monitore d weekly and mice 
wit hh values >400 mg/d l were treated wit h insuli n by injectio n <q24 h) to limi t diabete s 

relate dd dehydration . Saliva collectio n and focu s score s were performed . 

Result s s 
Micee receivin g rAAVTNFR or rAAVhILl O had a salivar y flow rate increas e at week 
166 compare d to week 8 of 6 (pil/20min ; mean  SEM) (T) and 4 (C+), 

respectively .. Mice receivin g either salin e or rAAVLac Z had a declin e in salivar y flow 
off 4 (S) and 0 (|il/20min ) (C-), respectively . There was a significan t 

differenc ee between C- versu s T (p=0.028) and C- versu s C+ (p=0.045). There was 
noo statisticall y significan t differenc e between T and C+ or C- and S. Mice receivin g 

vector ss had focu s score s at 16 wko f 6 (mean  SEM) (S), 8 (C-), 
44 (T) and 2 (C+) wit h a significan t differenc e between C- and 

TT (p<0.001). Similarly , for mice receivin g C+ versu s C- there was a significan t 
differenc ee (p=0.005). We did not observ e any significan t difference s between the 

activ ee treatmen t group s C+ and T nor between the negativ e contro l group s C- and S. 

Conclusio n n 
Loca ll  rAAV mediate d TNF recepto r gene transfe r modifie s sialadeniti s in NOD mice 

resultin gg in decrease d tissu e inflammatio n and increase d saliv a production . 
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INTRODUCTION N 

Sjogren'ss syndrome (SS) is characterized by focal and diffuse lymphocyte infiltration into 
thee lacrimal and salivary glands (SG). These mononuclear cell infiltrates mainly consist 
off CD4 positive T lymphocytes (1). The altered secretory function of the salivary and 
lacrimall glands is the most prominent feature of the disease. Non-obese diabetic (NOD) 
micee not only exhibit a prominent lymphocytic cell infiltration of the pancreatic islets, 
butt are also characterized by mononuclear cell infiltrates in salivary and lacrimal glands 
thatt is age dependent. Moreover, the secretory function of the SG of female NOD mice 
diminishess over time, comparable to SS (2). 

Proinflammatoryy cytokines such as TNF-a may play a pivotal role in the development 
off autoimmune diseases (3-5). In addition, the immune response seems to be biased 
towardd a Thl-like profile in NOD mice (6). Immunohistochemical staining of the exocrine 
glandd lymphocytic infiltrates is most intense for TNF-a, IL-2, and IFN-y (2, 7-9). 

Inn the NOD mice, cells expressing and secreting TNF-a are mostly found around infiltra-
tingg CD4 positive T-cells (10). NOD mice transgenic for soluble TNF receptor -1 (sTNRp55) 
aree protected against mononuclear cell infiltration (10). Thus, TNF-a could play an 
importantt role in SS, and sTNRp55 may prove a valuable treatment in this disease. 

Thee current array of treatments, using secretagogues to alleviate symptoms, are 
unsatisfactoryy in their efficacy. In rheumatoid arthritis biologicals blocking the effects of 
TNF-aa are highly effective (11). However, recent clinical trials using anti-TNF antibodies 
(infliximab)) or sTNFR (etanercept) in SS patients did not show significant improvement 
(12-15).. These disappointing results might be due to the fact that these proteins are 
deliveredd systemically by multiple injections, which could result in insufficient levels of 
thee therapeutic protein locally in the salivary gland. 

Thee SGs are by physiological nature a tissue designed for protein production (16). Adeno-
associatedd virus (AAV) serotype 2 has proven to be especially useful for in vivo gene 
transferr to the SGs (17). Recently, we have shown that rAAV vectors elicit relatively mo-
destt host immune responses compared to adenoviral vectors. They result in long term ex-
pressionn in vivo and vector dissemination beyond the encapsulated SGs is limited (18, 19). 

Becausee of the positive features offered by rAAV-mediated gene transfer, we hypothesized 

thatt an rAAV encoding sTNFR could be useful to modulate inflammatory reactions 

locallyy in salivary glands of patients with Sjogren's syndrome. Therefore, we investigated 

thee ability of in vivo immunomodulatory gene transfer with rAAVsTNFR p55 to alter the 

immunopathologicall and functional changes of autoimmune sialadenitis in the NOD 

mousee model of SS. 
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MATERIALSS AND METHODS 

Celll  lines 

2933 T and COS cells were grown in DMEM. All media were supplemented with 10% heat-
inactivatedd ; 30 min) fetal bovine serum (Life Technologies, Rockville, MD), 2 mM 
glutamine,, penicillin (100 U/ml), and streptomycin (100 ug/ml) (Biofluids, Rockville, MD) 
ass previously described (20). 

Constructio nn of plasm ids and AAV vector s 

Forr construction of pAAV2sTNFRp55 plasmid, a PAC plasmid containing the chimeric 
constructt encoding the human 55kDa TNF receptor extracellular domain linked to a 
mousee IgG heavy chain, was used (kindly provided by Dr J. Kolls) (21). The cassette 
containingg a CMV promotor and the sTFRp55 chimeric construct was excised from the 
PACC vector and cloned into pAAV. The preparation of rAAVhILlO, rAAVLacZ (encoding 
0-galactosidasee (22)) and rAAVsTNFRp55 was done as previously reported (20). The titer 
off DNA physical particles in rAAV stocks was determined by real-time PCR as described 
(20).. Infectivity was demonstrated by infecting COS cells with 2 [i\ of each CsCI fraction in 
thee presence of 2.4 x 108 particles of wild type adenovirus. As appropriate, supernatants 
fromm infected cells were analyzed by an ELISA for hILlO or sTNFRI (p55) (see below) 
expression,, or cells were stained for p-galactosidase activity with X-gal (22). 

Animal s s 

Femalee NOD/LtJ mice (stock # 001976) used in this study were obtained from The 
Jacksonn Laboratory (Bar Harbor, ME), and were maintained in the animal facilities of 
thee National Institute of Dental and Craniofacial Research (NIDCR). Animal protocols 
weree approved by NIDCR Animal Care and Use Committee and the National Institutes of 
Healthh (NIH) Biosafety Committee. Blood glucose levels were measured. Mice with blood 
glucosee levels > 400mg/dl were treated by subcutaneous injection with long acting Ultra-
lentee insulin (4U/24h) to limit diabetes related dehydration, as described (20). 

rAAVV vecto r administration , saliv a and serum collectio n 
Vectorss were delivered into submandibular glands by retrograde ductal administration as 
previouslyy described (23,24). Briefly, 8 weeks old female NOD mice were anesthetized 
withh ketamine (60 mg/mL, 1 nL/g body weight; Phoenix Scientific, St. Joseph, MO) 
andd xylazine (8 mg/ml; Phoenix Scientific) intramuscularly (IM) and then injected with 
atropinee (0.5 mg/kg body weight, IM; Sigma, St. Louis, MO). Ten minutes later 50 
\il\il of an rAAV vector (1010 viral particles in isotonic saline) was administered to both 
submandibularr glands by retrograde ductal instillation using a thin cannula. Eight weeks 
afterr injection the mice were anesthetized to collect saliva by subcutaneous injection 
withh pilocarpine (0.5mg/ kg body weight). Whole saliva was gravimetrically collected with 
aa capillary tube as previously described (23,24). Blood was collected from the animals 
byy retro-orbital plexus bleeding, from which serum was separated by centrifugation. 
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Submandibularr glands were carefully dissected from the animals, and were treated 

appropriatelyy as described below. 

Histologi cc  assessmen t of submandibula r gland s 
Submandibularr glands were removed for histologic analyses from NOD mice at the time 
off sacrifice, 16 wk of age, and formalin fixed according to standard procedures. Sections 
weree cut at 5 urn thickness, and subsequently stained with hematoxylin and eosin. 
Histopathologicc scoring was performed as previously described (20). Briefly, the sections 
weree evaluated using a focus score (25). The total number of foci was counted in at least 
threee different areas of three sections (total of 9 fields) from each gland sample using a 
graticulee at x40 magnification. The results were calculated and expressed as foci per 4 
mm2.. Two different examiners assessed the focus scores blindly. The results of scores 
assignedd were determined by taking the mean of the two observers for each score. 

Detectio nn of transgen e product s and cytokine s 
Secretionn of hILlO and sTNFRp55 in cell culture media, and in mouse sera and saliva, 
weree determined by ELISA. Commercial ELISA kits for hILlO and sTNFRp55 (R&D 
Systems,, Minneapolis, MN, and Biosource International, Camarillo, CA) were used. 
Thee lower limit of detection was 5 pg/ml for hILlO with in vitro experiments, 5 pg/ml for 
sTNFRp555 with in vivo experiments, and 0.2 pg/ml using a high sensitivity assay for 
hILlOO with in vivo experiments. Assays were performed according to the manufacturer's 
instructions.. The levels of several cytokines were also determined after extraction of 
solublee protein from murine salivary glands. After measuring the wet weight, salivary 
glandss were homogenized in buffer (PBS and Complete proteinase cocktail, Roche, 
Indianapolis,, IN). Thereafter, crude extracts were centrifuged at ~325x g and total protein 
determinedd in the supernatant using the Bio-Rad protein assay (Bio-Rad, Hercules, 
CA)) according to the manufacturer's instructions. Mouse(m) IL2, mlL4, mlL6, mILlO, 
mlL12p70,, mlNFy and mTNF-a were measured commercially by Pierce Biotechnology 
(Woburn,, MA) using SearchLight Proteome Arrays, which are multiplexed assays involving 
aa sandwich ELISA procedure. Detection limitis for this assay are: mlL2 and mlL4: 0.8pg/ 
ml,, mlL6: 5.5pg/ml, mILlO: 0.8pg/ml, IL12: 0.8 pg/ml, INFy: 7.8 pg/ml, TNFa: 3.1pg/ml. 
nn = 5 for all groups. 

Statistica ll  analysi s 
Descriptivee statistics were calculated and reported as mean  SEM. Student's t-test for 
unpairedd variables was used to compare differences between groups. P values s 0.05 
weree considered significant. 
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RESULTS S 

rAAVV vecto r characteristic s 

Peakk fractions were pooled following measurement of hILlO and sTNFRp55 secretion, 
from,, or LacZ expression in, COS cells co-infected with wild type adenovirus. All 
experimentss reported herein were performed with a single preparation of rAAV2 of each 
transgene.. Both the rAAVhILlO and the rAAVsTNFRp55 transgene products, hILlO and 
sTNFRp55,, were functional in vitro and in vivo (20,23,26,27). 

Successful ll  transgen e expressio n after retrograd e ducta l deliver y of rAAV 
Vectorss were delivered locally to the SGs via cannulated ducts with retrograde infusion. 
NODD mice received rAAVsTNFRp55 as active treatment under investigation. Control 
groupss received either saline, rAAV encoding p-galactosidase (rAAVLacZ) serving as 
negativee control, or rAAVhILlO serving as positive control (n =7 for all groups). Systemic 
transgenee expression was determined measuring serum and saliva protein expression 
off either hILlO or sTNFRp55. At 16 weeks the average serum level in rAAVsTNFrp55 
treatedtreated mice was (mean  SEM) 3.75  1.55 pg/ml. The salivary sTNFRp55 in these 
micee was 2.78  1.17 pg/ml. The average serum level in rAAVhILlO treated mice was 
0.9  0.78 pg/ml of detectable hILlO, while salivary hILlO levels were 0.64  0.34 pg/ml. 
Noo sTNFRp55 or hILlO could be measured in saline or rAAVLacZ treated animals. 

Increase dd salivar y flow after sTNFRp55 vecto r deliver y 
Pilocarpine-stimulatedd salivary flow rates were measured at 8 and 16 wk. After the 
secondd measurement we calculated the percent change in salivary flow for each group. 
Inn the group administered rAAVsTNFRp55 the average salivary flow rate change was 
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Fig.. 1. Effec t of rAAV2 vecto r administratio n on salivar y flow 
Wholee saliva was collected over a 20 mm time course, after stimulation of secretion using 0.5 mg pilocarpine/kg body weight 
administeredd subcutaneously. Saliva was obtained from the oral cavity by micropipette, placed into 0.5-ml microcentrifuge tubes, and 
volumee determined gravimetrically, as described in Materials and Methods, The data are the mean  SEM of 5 determinations and 
expressedd as the percent change in salivary flow rate between baseline (8 weeks) and endpoint (16 weeks). 
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B B 

Fig.. 2. Effec t of rAAVsTNFRp5 5 administratio n on the lymphocyti c infiltratio n of submandibula r gland s of NOD mice . 
Micee received treatement as described. Glands were removed for histopathologic assessment at the time of sacrifice (16 weeks). 
Histopathologicc assessment was performed and presented as a focus score, (see Materials and Methods). Arrows indicate foci in this 
gland.. Section are stained with hematoxylin and eosm original and displayed at a 40X magnification. (A) Foci were more frequently 
seenn in the glands of NOD mice administered either saline or rAAVLacZ. (B) Section from a submandibular gland of a NOD mouse 
treatedd with rAAVsTNFRp55. A single focus of lymphocytes is present in this section (arrow). 
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66 nl/20min, an increase of -40%. In the group that was administered rAAVhILlO 
thee average salivary flow rate was , an increase of -32%. The mice receiving either 
rAAVLacZZ or saline by retrograde ductal delivery to the SG had a decline in salivary flow 
changee of 0 (—8%) and 4 (—13%) (Fig. 1) Salivary flow rates of animals 
receivingg rAAVsTNFRp55 were significantly increased in comparison to those measured 
bothh in the rAAVLacZ-treated mice and saline injected animals. Mice receiving rAAVhILlO 
hadd significantly increased flow rates compared to rAAVLacZ-treated mice (p=0.045). 
Importantly,, we did not observe any significant differences in salivary flow rate between 
rAAVLacZ-treatedd or saline treated animals. Similar to our previous studies we could not 
detectt any relationship between blood glucose levels and salivary flow rate in this study 
(20)) (data not shown). 

Reducedd salivar y gland cel l infiltrate s after rAAVsTNFRp5 5 deliver y 
Ass reported by Hunger et al, the presence of TNF-a mRNA in the SGs of female NOD 
micee appears essential to the presence of inflammatory cells within the glands (10). 
Sectionss from the submandibular glands of rAAVsTNFRp55, rAAVhILlO, rAAVLacZ 
andd saline-treated NOD mice sacrificed at 16 wk were examined histologically for 
inflammatoryy infiltrates. Typical signs of autoimmune sialadenitis, similar to that seen in 
humann SS are frequently observed in female NOD mice a l2 wk old and at -16 wk of age, 
inflammatoryy cells are widely present in the SGs of female NOD mice (2,9). The clinically 
developedd focus score was used to determine the severity of salivary gland inflammation 
(25)) (Fig. 2). The number of foci present in salivary glands of mice treated with either 
rAAVsTNFRp555 or rAAVhILlO was clearly reduced compared with submandibular glands 
fromm animals administered rAAVLacZ or saline (Fig. 3). 
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Fig.. 3. Effec t of rAAVsTNFRp5 5 administratio n on focus scores . 
Histopathologicc scoring was performed by using the focus score (y axis; focus, an aggregate of 50 or more lymphocytes and 
histiocytes,, per 4 mm:'; see description in Materials and Methods). Two different examiners assigned focus scores after blindly 
reviewingg at least nine different fields from each gland. Each bar represents the mean score of 7 mice. Significant differences are 
indicatedd and were determined by the Student t test. 

126 6 



Diseasee modifying effects of TNF-ce receptor in SS 

Salivar yy gland cytokin e expressio n of cel l infiltrate s after rAAVsTNFRp5 5 deliver y 
Too better understand the possible pathophysiological changes in the SGs after 
rAAVsTNFRp555 delivery, we determined local cytokine expression in aqueous extracts 
off SGs. We could not detect mlL2, mlL4 and mlL6 present. No significant difference 
wass observed for the levels of mILlO, mlL12, and mlNF-y. However, mTNF-a in the 
rAAVTNFRp555 treated animals was significantly lower (p<0.05) compared to saline 
treatedd mice (Fig. 4) . 
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Fig.. 4. Effect of rAAVsTNFRp55 administration on cytokine expression in submandibular glands of NOD mice. 
NODD mice received treatments as described in Materials and Methods. Submandibular glands were removed at age 16 weeks. Protein 
wass obtained as described in Materials and Methods and individual cytokines were measured commercially in SearchUght proteome 
arrayss {Endogen), multiplexed assays involving a sandwich ELISA procedure. Data are shown as picograms per milligram wet weight of 
thee submandibular gland and represent mean values . n=5 for all groups. Mouse {m)IL2, mll_4 and mlL6 were below detection 
levell (data not shown). No significant difference was observed for mILlO, mll_12 and mlNFy levels. However mTNF-a in the TNFRp55 
treatedd animals showed a lower value compared to saline treated animals. Detection limits are stated in the Material and Method section 

DISCUSSION N 
Inn the present study, we examined the effect of rAAV serotype 2 mediated transfer of 
sTNFRp555 to the SGs on salivary flow and sialadenitis in the NOD mouse model of SS. 
Too investigate this, we created a novel rAAV2 construct containing the chimeric constuct 
sTNFRp55.. This construct containing the human extracellular domain of the TNFRp55 
wass extensively tested, both in vitro and in mice (21,26,27). 

Previously,, we have shown that the SGs are capable of extended expression of biologically 
andd therapeutically active proteins with minimal dissemination of vector beyond the gland 
(18,20,23).. We hypothesized that local administration of a rAAV vector encoding sTNFRp55 
too the SGs might be useful in the treatment of SS-like disease in the NOD mouse model. 
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Thee presence of TNF-a in the SGs of both SS patients and animal models for SS, 
andd TNF receptors both in mononuclear cells, endothelial cells and SG ductal cells, 
iss well established (10, 28-30). TNF-a can induce the release of pro-inflammatory 
cytokines,, upregulate MHC molecules, cause direct cytotoxicity and enhance the 
expressionn of chemokines and adhesion molecules like ICAM-1 and VCAM-1 in 
numerouss tissues (10). VCAM-lstaining within focal aggregates of lymphoid cells has 
beenn demonstrated in the SGs of SS patients(31). In the NOD mice, the cells expressing 
TNF-a,, mainly located in the mononuclear gland infiltrates, are not observed in non-
affectedd glands (10). The diminished presence of mononuclear cell infiltrates observed 
inn NOD mice transgenic for a soluble TNF receptor p55 fused to thee Fc part of human 
lgG33 suggest an instrumental role of TNF-a in the development of submandibular gland 
infiltrationn (10). 

Thee NOD mice not only exhibit mononuclear cell infiltrates, but also, as shown by our 
andd other groups, a reduction in salivary flow rates in NOD mice starting between 8 and 
122 weeks of age (9). In the present study, there was significant difference in salivary 
floww changes at 16 weeks between animals treated with rAAVsTNFRp55 (or rAAVhILlO) 
andd animals receiving either rAAVLacZ or saline. These results are comparable to our 
earlierr findings, in which we have shown that long-term (20 weeks) salivary function is 
significantlyy higher in NOD mice after rAAVhILlO delivery directly to the submandibular 
glandss (20). Importantly, there was no difference in salivary flow between rAAVLacZ and 
salinee treated mice, suggesting murine SG function is not affected by rAAV vectors and 
p-galactosidasee protein. 

Inn addition to the increased salivary flow in rAAVsTNFRp55 treated animals, histologic 
assessmentt of SGs using the focus score revealed a significant decrease in lymphocyte 
infiltratess in these and rAAVhILlO treated animals at 16 weeks, compared to rAAVLacZ 
orr saline treated animals (Fig. 2). Moreover, there was no evidence of an additional 
inflammatoryy effect after administration of rAAVLacZ, since there was no difference 
inn lymphocyte infiltrate between groups treated with rAAVLacZ versus saline. These 
findingss suggest that rAAV2sTNFRp55 can act as a disease modifying treatment when 
administeredd locally in the SGs (Fig. 3). 

Inn order to get a better insight into the possible pathophysiological processes altrered 
byy treatment with rAAV2sTNFRp55, we evaluated SG expression of cytokines. Since 
TNF-aa can induce the production of pro-inflammatoiry cytokines and adhesion 
molecules,, we hypothesized blocking TNF-a could lead to lower concentrations of these 
cytokines.. Most of the cytokines measured, both pro and anti-inflammatory, were either 
expressedd below detection level or showed no significant difference between the test 
groups.. Thus, the observed beneficial effects are not due to simple local alterations of 
cytokinee profiles. Mouse TNF-a cytokine expression however, was significantly lower in 
SGG extracts of the rAAVTNFRp55 treated animals (Fig. 4). This could not only be the 
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resultt of successful soluble TNF receptor binding, but it could also be due be decreased 
salivaryy gland TNF-a synthesis (32). 

Finally,, a possible alternative explanation of the successful improvement of salivary 
functionn and lymphocytic infiltration seen here after local rAAVsTNFRp55 delivery 
couldd be the soluble receptor itself. In human studies, the soluble TNF receptor p75 
(Etanercept)) was used, and it had no beneficial clinical effects (12,14). 

Inn summary, these results shown herein suggest a potentially beneficial role for local 
TNFRp555 gene transfer to SGs., although further investigation is needed to clarify the 
pathophysiologicall mechanisms involved. 
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SUMMARYY AND DISCUSSION 

Sjogren'ss (SHOW-grins) syndrome (SS) is an autoimmune disorder predominantly 
affectingg females. It is regarded the second most common rheumatic disease (1,2). The 
disorderr usually affects the exocrine glands, like the salivary gland, but can also affect 
otherr tissues and organs. These patients can sometimes be recognized by carrying 
aroundd a bottle of water to alleviate their dry mouth. Presently there is no cure for SS. 
Thee currently available prescription drugs can improve the symptoms of the dry mouth, 
butt they do not cure the disease. The lack of sufficient saliva can cause considerable 
discomfortt and morbidity, leading to rampant tooth decay, oral fungal infections, and 
difficultyy swallowing and speaking. The lack of effective treatment is unsatisfactory for 
mostt patients, so there is a clear need for developing new treatment strategies for SS. 

Genee therapy has been used to treat monogenetic or single protein deficiency diseases 
byy replacing the faulty gene with a functional copy of that gene. In addition, gene therapy 
hass now been used to target polygenetic diseases such as cancer, metabolic disorders 
andd autoimmune diseases. Our knowledge of gene therapy and human disorders has 
greatlyy expanded in the past decade, creating the possibility to develop gene transfer as 
novell treatment strategy for a multitude of diseases. However, we need to be cautious 
usingg this potentially elegant treatment method in the human body. In 1999 Jesse 
Gelsingerr died at the University of Pennsylvania, where he was enrolled in a phase I 
clinicall trial evaluating a adenoviral gene construct. This not only led to a more critical 
evaluationn of the safety and toxicity of adenoviral vectors, but also caused significant 
doubtt in the entire gene therapy field (3,4). Important information about optimal vector 
type,, stability of expression and safety are crucial for safe and successful treatment using 
genee therapy. In summarizing this thesis I will address several of these aspects and 
proposee a new model for the screening of potential therapeutic targets in SS. 

PARTT ONE: (CHAPTER 2) GENE THERAPY AND ITS POTENTIAL FOR 
TREATMENTT OF SJOGREN'S SYNDROME. 

Althoughh the pathogenesis of SS is largely unknown, the presence of an infiltrating 
lymphoidd focus within the gland seems to be associated with a dysregulation of normal 
cytokinee gene expression by salivary epithelial cells. 

Inn trying to develop an approach for management of these patients, we have relied 
onn more general immunomodulatory targets as well as strategies utilized to manage 
otherr autoimmune diseases, notably rheumatoid arthritis (RA). The recent and very 
successfull development of "biologicals" for RA and the indication that cytokines may 
playy an important role in the pathogenis of SS as well justifies adoption of this strategy 
(5).. Modulation of dysfunctional salivary epithelial cells with cytokines, such as IL10, 
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orr inhibition of TNF-a could restore the imbalance between Thl-like cells and Th2-like 

cellss within the gland. To circumvent the need for repetitive protein injections, discomfort 

forr patients and the need for possible life-long treatment, gene transfer might be a good 

alternativee to protein-based therapeutics. 

Thee natural ability of the salivary glands to produce large quantities of proteins which can 
bee secreted both in the saliva and in the blood stream, as well as the fact that salivary 
glandss are affected organs in SS, makes them ideal candidates for local gene transfer. 
Recombinantt AAV2 vectors are currently the vector of choice for the treatment of SS. 
Theyy lack a potent immune response, as observed after local rAd5 delivery (6) Moreover, 
wildd type AAV2 is not associated with any known pathology. 

Thee Non Obese Diabetic (NOD) mouse model, an established model for type I diabetes, 

developss an exocrinopathy, characterized by diminished salivary flow that is age and 

genderr dependent. The latter characteristic, which is lacking in all other SS animal model 

too date, makes it the most promising candidate for the development of a pre-clinical 

testingg model for SS. 

PARTT TWO: USE OF ADENO-ASSOCIATED VIRAL VECTORS FOR GENE 
THERAPEUTICS S 

Genee transfer to the salivary gland 
Locall gene transfer to the salivary glands is quite straightforward. The mice are 
anesthetized,, their mouths opened, and thereafter a hair-thin cannula is inserted into 
thee orifices of the submandibular gland in the floor of the mouth. The vector is delivered 
byy connecting a syringe to the cannula and infusing {retrogradely) the vector under a 
surgicall microscope. This procedure is a modification of the one used in clinical practice 
forr obtaining contrast radiographs of salivary glands (sialograms). Chapter 3 shows the 
capabilityy of the (mouse) salivary glands to produce a biologically active protein, after 
administrationn of a low amount of an AAV vector encoding human erythropoietin (hEPO) 
forr 54 weeks (longest time studied). Hematocrit levels were similarly increased. We 
hypothesizedd that vector dissemination would be minimal, due to the fact that the salivary 
glandd is well encapsulated. Vector DNA was detected only within the targeted salivary 
glands.. This strongly suggests that mouse salivary glands are capable of long term 
expressionn of a biologically active protein with minimal vector dissemination after gene 
transferr using rAAV2. 

Immunee response after rAAV2 delivery 
Treatmentt of chronic diseases including SS, may require long-term or even life-long 
expressionn of the disease-modifying therapeutic protein. This might be achieved by 
AAVV gene therapy. The observation of extended transgene expression after local salivary 

136 6 



Summaryy and discussion 

glandd delivery of rAAV2 vectors could result from the relatively modest immune response 
elicitedd by these vectors. Theoretically stable life-long expression after infection with a 
non-integratingg vector may require readministration of the transgene containing vector. 

Unlikee the response to use of adenoviral vectors , cytotoxic T-cell responses to the AAV 
capsidd or transgene product have been rarely observed (7,8). rAAV2 vectors typically 
containn a transgene cassette in which all wild-type coding sequences (Rep and Cap 
genes)) are replaced, with only the AAV2 inverted terminal repeats (ITRs) being present. 
Thus,, the transgene product is the only source of non-self antigen besides the input 
capsid.. In Chapter 4 studies of host innate and adaptive immune responsiveness were 
performedd over a 56-day period. No significant innate immune response was observed; 
moreover,, salivary flow was not altered after vector infection. Significant T cell-dependent 
humorall immune responses, characterized by neutralizing antibodies (NAB) titers were 
detectedd in serum of mice following rAAV2 vector administration. Successful vector 
re-administrationn was not possible using the same serotype vector. Since these NABs 
didd not show cross-reactivity, repeated administration was possible with an alternative 
serotypee (rAAV4). 

Testingg of two alternative serotypes of AAV (AAV4 and AAV5) 
Afterr the observation that successful readministration was possible changing serotypes, 
wee investigate the tropisms, transduction efficiencies, and antibody response to AAV 
vectorss based on AAV serotypes 2, 4, and 5 in chapters. 

Recombinantt adeno-associated virus vectors based on serotype 2 (rAAV2) can 
successfullyy direct transgene expression in salivary gland cells. The capsids of serotypes 
44 and 5 are distinct from rAAV2 and from each other, suggesting that they may direct 
bindingg and entry into different cells due to their different binding receptors. 

Locall administration of the vector resulted in efficient transduction of salivary epithelial 
cells,, with AAV4 and AAV5 producing 2.3 and 7.3 times more activity compared with 
AAV2.. Like AAV2, AAV5 primarily transduced striated and intercalated ductal cells. AAV4 
transductionn was evident in striated and intercalated ductal cells, as well as convoluted 
granularr tubules. In conjunction with chapter 4, neutralizing antibodies found in the 
serumm of injected animals were serotype specific and there was no cross reactivity 
foundd between the NABs produced by the injected animals. This data provide suggest 
thatt changing serotypes may be the key to successful re-administration. Furthermore, 
becausee of differences in receptor binding and transduction pathways the other serotypes 
mayy have improved utility as gene transfer vectors in the salivary gland. 
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PARTT THREE: TREATMENT OF THE SALIVARY COMPONENT OF SJOGREN'S 

SYNDROME E 

Forr studying the therapeutic impact and the feasibility of our proposed preclinical 
modell for SS we tested the model in chapter 6. Female NOD mice, were injected with 
rAAVV vectors encoding either hILlO (rAAVhILlO) or a contol vector (rAAVLacZ). These 
vectorss were delivered by retrograde infusion to their submandibular glands, either at 
agee 8 weeks (before onset of sialadenitis) or at 16 weeks (after onset of sialadenitis, a 
situationn comparable to treating patients). As a systemic treatment control separate mice 
receivedd intramuscular delivery of rAAVhILlO at each time point. Both submandibular 
andd intramuscular delivery of vector led to low circulating levels of hILlO. The long-term 
(200 week) salivary function was about three times higher in animals that were given the 
genee directly in their glands when compared to animals receiving control vector. Systemic 
deliveryy of the gene improved salivary flow only in the late treatment group. Inflammatory 
infiltratess in submandibular glands were significantly reduced in mice treated with 
rAAVhILlOO in the salivary gland, but not in mice receiving an intramuscular injection or 
controll vector. In addition, after submandibular rAAVhILlO delivery NOD mice exhibited 
significantlyy lower blood glucose and higher serum insulin levels than all other groups, 
indicatingg some systemic benefit of this treatment. Importantly, this study validates the 
usee of the NOD mouse model as a pre- clinical model for SS. It also identifies hILlO to be 
aa possible target candidate for treatment of SS. 

ChapterChapter /contains a pilot study, investigating the effect of local gene transfer to the 

salivaryy gland using cDNA encoding soluble TNF-a receptor. 

Evidencee suggests that tumor necrosis factor-a , may play an important role in the 
pathogenesiss of SS. However, systemic treatment of patients using soluble TNF-a 
receptorr recombinant protein treatment was not successful (9,10). We hypothesized 
thatt this could be due to the lack of sufficient levels of TNF-a blocking agent in the 
salivaryy glands. Using the tools described in chapter 6, rAAVTNFR, was injected in the 
salivaryy gland as active treatment compared with either saline or rAAVLacZ (both negative 
controls),, or rAAVhILlO (positive control) as control vectors. Mice received vector at age 
88 weeks, before onset of sialadenitis and were sacrificed at week 16. Mice treated with 
rAAVTNFRR or rAAVhILlO exhibited a significant increase in salivary flow rate. In contrast, 
micee receiving either saline or rAAVLacZ had a decline in salivary flow over time. The 
mononuclearr cell infiltrates were significantly reduced in animals treated with the either 
sTNFRR or the hILlO gene compared to animals receiving saline. 

Despitee the overall improvement in salivary function and histologic appearance after 
rAAV-mediatedd hILlO or sTNFR cDNA delivery to submandibular glands of NOD mice, 
wee found a decrease of mouse TNF-a in the sTNFR injected mouse, however we did not 
findd the hypothesized clear cut local alteration in cytokineprofiles (increase in Th2 versus 
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Thll cytokines) in treated salivary glands. Thus, the mechanism by which this approach 
inhibitss inflammation in the salivary gland and preserves saliva flow still remains to be 
fullyy elucidated. 

CONCLUDINGG REMARKS AND FUTURE RESEARCH 

Virall gene therapyfor the treatment of human disease has caused both commotion and 
excitement.. The commotion follows after the rollercoaster ride of the past few years 
off successes and serious adverse events. Excitement follows because viral vectors, 
inn particular adeno-associated viruses, are believed to be an elegant and promising 
treatmentt option. During the past few years the field of gene transfer became more self 
critical,, and careful in addressing safety, tropism and vector-host interactions. This thesis 
iss only the start for developing a potentially safe and effective gene therapeutic vector in 
thee treatment of SS. 

Thee salivary gland holds great promise as a delivery site for gene-based therapies. 
However,, for successful local treatment several issues need to be addressed. Most 
importantt are vector-host interactions, currently addressed in the laboratory. Outside 
thee scope of this thesis, but equally important, is the need to have proper tools for gene 
regulationn and tissue specificity. 

Ass for the treatment of SS, future studies will seek to provide more insight into the 
molecularr changes that result in preserved salivary function. 
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Hett syndroom van Sjogren (SS) is een chronische ontstekingsziekte, waarbij vooral de 
traan-- en speekselklieren zijn aangedaan. De belangrijkste klachten zijn droge ogen, een 
drogee mond en vermoeidheid. Het beloop van de ziekte kan sterk wisselen maar geeft in 
dee meeste gevallen geen aanleiding tot vroegtijdige sterfte. In bijna alle gevallen leidt de 
ziektee tot ernstige hinder in het dagelijkse functioneren. 

Dee hedendaagse therapie voor SS is gericht op symptoombestrijding. Dit komt mede door 
hett feit dat mechanisme en ontstaanswijze van de ziekte niet goed bekend zijn. 

Nieuwee inzichten in de pathogenese van auto-immuunziekten, met name reumatoïde 
artritis,, hebben geleid tot een nieuwe generatie geneesmiddelen, waarbij gebruik wordt 
gemaaktt van eiwitten die het immuunsysteem moduleren. Deze eiwitten kunnen echter 
niett als tablet worden geslikt, maar moeten worden ingespoten. Nadelen van deze 
techniekk zijn, dat het eiwit (geneesmiddel) niet alleen actief is op de plaats van de ziekte, 
maarr zich door het hele lichaam verspreidt, met mogelijke mogelijke bijwerkingen als 
gevolg.. Het is bovendien een belastende en dure therapie die langdurig moet worden 
gegeven.. In dit proefschrift wordt de mogelijkheid voor toepassing van locale gentherapie 
onderzocht,, om een nieuw model te ontwikkelen waarmee therapieën ten behoeve van 
SSS patiënten geëvalueerd kunnen worden. 

Gentherapie,, zoals toegepast in dit proefschrift, maakt gebruik van virussen om het 

therapeutischh genetische materiaal in de gastheercel van het aangedane orgaan af te 

leveren. . 

Eenn voorbeeld is het adenovirus, in ons dagelijkse leven de veroorzaker van verkoudheid. 
Virussenn kunnen slechts overleven door zichzelf te blijven vermeerderen. Dit kan, 
omdatt de genetische code in het virus de gastheercel ertoe aanzet het virus en de eiwit-
"envelop"" te vermenigvuldigen en uit te stoten. Van het adeno-geassocieerde virus (AAV), 
familielidd van het adenovirus, is geen associatie met menselijke ziekte bekend. Dit virus 
werdd gebruikt in de hier beschreven studies. 

Viraall gemedieerde transfer van een therapeutisch gen, maakt gebruik van de 
buitengewoonn efficiënte en effectieve manier van virussen om de gastheercel te 
manipuleren.. De "originele" genetische code van het AAV, werd vervangen door de 
genetischee code van het therapeutische eiwit of het defecte gen. De cel zal zo niet meer 
hett virus vermenigvuldigen, maar produceert een "biologisch" geneesmiddel. Hetzelfde 
principee is ook toepasbaar voor de correctie van een gen-defect in de cel. De ontdekking 
vann de schijnbaar onbegrensde mogelijkheden van deze techniek leidde aanvankelijk tot 
snellee vertaling van laboratoriumsuccessen naar de kliniek. Echter, de tragische dood in 
dee Verenigde Staten van Jesse Gelsinger, die leed aan een erfelijke stofwisselingsziekte, 



zorgdee voor veel opschudding en bezinning in en buiten dit onderzoeksgebied. Naast het 
feitt dat protocollaire voorschriften waren overtreden, maakte het debat ook duidelijk dat 
meerr basaal onderzoek gedaan moest worden naar de veiligheid van gentherapie. 

Inn het eerste deel van dit proefschrift zal uiteen worden gezet wat de opties zijn 
voorr gentherapeutische behandeling van SS. In deel twee zal een aantal belangrijke 
eigenschappenn van AAV worden onderzocht en in het laatste deel zal het, in het eerste 
deell voorgestelde therapeutische model worden getest en uitgewerkt aan de hand van 
tweee mogelijke immuunmodulerende eiwitten. 

DEELL I: GENTHERAPIE EN DE MOGELIJKHEDEN VOOR DE BEHANDELING 
VANN HET SYNDROOM VAN SJOGREN. 

Voorr een succesvolle therapie is inzicht in de pathogenese van de ziekte van groot 
belang.. Bij SS staat de aanwezigheid van een lokaal ontstekingsinfiltraat in de speeksel-
enn traanklieren op de voorgrond. Uit onderzoek komt naar voren dat het beïnvloeden 
vann de lokale (immunologische) afwijkingen een veelbelovende aanpak is bij diverse 
immuun-gemedieerdee ziekten. De recente successen met cytokine receptor blokkade 
bijj reumatoïde artritis en artritis psoriatica, alsmede de in hoofdstuk 2onderzochte 
aanwijzingenn dat cytokines ook bij SS een belangrijke rol spelen, rechtvaardigt onderzoek 
naarr de toepassing van deze eiwitten voor de behandeling van SS. Aanpassing van 
niett functionerende cellen in de speekselklier, door middel van cytokines (bijvoorbeeld 
interleukinee 10) of blokkade van cytokines (zoals tumor necrosis factor- a), zou de 
disbalanss in de speekselklier kunnen herstellen. De lokale productie van therapeutische 
eiwittenn na gentransfer, kan een aantrekkelijk alternatief zijn voor systemische 
behandelingg Speekselklieren, zijn een ideaal doelwit voor gentherapie. Naast het feit dat 
zee de aangedane organen in SS zijn, bevatten zij gespecialiseerde eiwitproducerende 
cellen. . 

Omm de gentherapeutische technieken te testen op hun werkzaamheid en veiligheid, is 
gekozenn voor onderzoek met gebruik van de NOD muis. Dit muizenmodel is veelgebruikt 
omm insuline afhankelijke diabetes (IDDM) te bestuderen. Deze muis ontwikkelt 
naastt diabetes, ook de voor SS zo kenmerkende lokale ontstekingsinfiltraten in de 
speekselklieren.. Naast deze exocrinopathie, neemt ook de speekselproductie af naarmate 
dee ziekte vordert. Met name deze unieke combinatie van eigenschappen maakt dat de 
NODD muis het meest geschikte model is om therapieën ten behoeve van de behandeling 
vann SS te onderzoeken. 



DEELL I I : ADENO-GEASSOCIEERD VIRUS VOOR HET TOEPASSEN VAN 
GENTHERAPIE E 

Gentransferr in de speekselklier 
Lokalee gentransfer in de speekselkliercellen maakt gebruik van een techniek die ook 
gebruiktt wordt voor het radiografisch in beeld brengen van de parotis speekselklier. Er 
wordtt na een milde algehele narcose een haardunne canule in de speekselkliergang 
vann de muis ingebracht. Vervolgens wordt via deze canule het virus retrograad 
geïnjecteerd.. Naast de eiwitproducerende eigenschappen van de speekselklier, is het 
eenn goed omsloten orgaan, dat kan worden verwijderd in levensbedreigende situaties. 
Dezee eigenschappen maken de speekselklier een ideaal orgaan voor gentransfer met 
biologischh actieve eiwitten. 

Inn hoofdstuk 3 wordt aangetoond dat de verspreiding van AAV, na injectie in de 
speekselklier,, minimaal is. Om de expressieduur en de verspreiding van het virus te 
onderzoekenn werd gebruik gemaakt van een AAVhEpo. Dit virus bevat het epoëtine (Epo) 
gen.. Epoëtine stimuleert de aanmaak van rode bloedcellen in het beenmerg. We zagen 
datt na lokale toediening van AAVhEpo, epoëtine ruim één jaar na AAVhEpo-injectie, nog 
detecteerbaarr en biologisch actief was. 

Immuunreactiee na locale AAV toediening 
Chronischee ziekten, zoals SS, hebben vaak langdurige langdurige behandeling nodig. De 
langdurigee expressie van het transgen, zoals beschreven in hoofdstuk 3, zou het gevolg 
kunnenn zijn van de milde of afwezige afweerreactie van het lichaam tegen AAV. 

Theoretischh gaat het transgen na een celdeling verloren omdat AAV niet in het erfelijk 
materiaall van de cel integreert. Dit heeft als consequentie dat ondanks zeer lange 
expressie,, uiteindelijk waarschijnlijk hernieuwde toediening van AAV nodig is. 

Inn tegenstelling tot de situatie die ontstaat na toediening van adenovirus zijn cytotoxische 
immunologischee afweerreacties tegen de "envelop" of het transgen na AAV toediening 
zeldzaam.. Recombinant AAV bevat een cassette, waarin alle originele replicatiegenen en 
eenn groot deel van de "envelop"-genen zijn vervangen. Het transgen en de overgebleven 
"envelop"" genen die noodzakelijk zijn voor het binnendringen van de doelcel, vormen de 
enigee lichaamsvreemde antigenen. In hoofdstuk 4 is de vroege en de late immuun-
responss over een periode van 56 dagen onderzocht. Er was geen vroege afweerreactie 
aantoonbaarr en met name de speekselklierfunctie was niet veranderd na toediening van 
AAV.. Een late immuunrespons, in de vorm van ontwikkeling van neutraliserende anti-
lichamenn (NAB), werd wel gevonden na toediening van het virus. Hernieuwde toediening 
vann hetzelfde serotype AAV was dan ook niet mogelijk. Deze NAB vertoonden echter geen 
kruisreactiviteitt met andere AAV serotypes (hoofdstuk 5). Hernieuwde toediening, gebruik 
makendd van een ander serotype (AAV serotype 4), was daardoor mogelijk. 



Testenn van twee alternatieve AAV serotypes. 
Omdatt hernieuwde toediening met hetzelfde serotype moeilijk bleek, en omdat er 
recentelijkk verschillende andere AAV serotypes beschreven waren, hebben wij in 
hoofdstukhoofdstuk 5 de eigenschappen van AAV-serotype 4 en 5 verder onderzocht. De 
"enveloppen"" van AAV- 4 en 5 verschillen op diverse punten van elkaar en van de eerder 
gebruiktee AAV2. Dit deed vermoeden dat deze serotypes aan andere celtypen kunnen 
bindenn en binnendringen. 

Beidee serotypen kunnen op effectieve wijze speekselkliercellen infecteren, waarbij 
AAV44 en AAV5 respectievelijk 2.3 en 7.3 X meer expressie van het gecodeerde transgen 
gevenn dan AAV2. AAV5 infecteert net als AAV2 voornamelijk, de ductale cellen in de 
speekselklier,, terwijl AAV4 ook de tubulaire cellen infecteert. In SS zijn voornamelijk 
dee ductale cellen, die de speeksel-ingrediënten produceren, aangedaan. Het feit 
datt de expressie hoger is en dat de gevormde antilichamen, na AAV4 toediening, 
niett kruisreageren tegen AAV2, maakt deze vectoren geschikt voor bijvoorbeeld her-
administratiee van het transgen 

DEELL III: BEHANDELING VAN DE SPEEKSELKLIERCOMPONENT VAN HET 
SYNDROOMM VAN SJOGREN 

Omm de therapeutische consequenties en de haalbaarheid van het door ons voorgestelde 
modell te testen, hebben we vrouwelijke NOD muizen geïnjecteerd met AAV vectoren. 
Dezee retrograad geïnjecteerde AAV's bevatten de genetische code voor een therapeutisch 
eiwit,, humaan IL-10. Deze vectoren zijn lokaal ingespoten middels de in hoofdstuk 2 
beschrevenn methode. 

Eenn eerste groep NOD muizen werd voor het begin van de ziekte ingespoten op een 
leeftijdd van 8 weken. Een tweede groep muizen werd na het begin van de ziekte 
ingespotenn op de leeftijd van 16 weken. Deze twee groepen werden vergeleken met 
eenn derde en vierde groep die op beide tijdspunten systemisch behandeld werden met 
AAVhILlO.. Een vijfde en zesde groep werd op beide tijdspunten retrograad geïnjecteerd 
mett een controlevirus. 

Inn alle AAVhILlO ingespoten groepen konden lage concentraties van het hILlO eiwit 
inn het bloed worden teruggevonden. De lange-termijn-functie van de speekselklier 
(opp 20 weken) was ongeveer drie keer beter in de met hILlO behandelde groepen 
inn vergelijking tot de groepen die behandeld werden met een controlevirus. De 
speekselklier-infiltratenn waren verminderd in de dieren die het therapeutische virus 
rechtstreekss in hun speekselklieren kregen toegediend. 

Omdatt het NOD muizenmodel een bekend model is om insulineafhankelijke diabetes 
tee onderzoeken hebben we ook de invloed van de therapie op het insuline- en 
glucosegehaltee in het bloed onderzocht. Hieruit kwam naar voren dat de dieren, waarbij 
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hett virus met hILlO in de speekselklier was toegediend, hogere insulinewaarden en 
lageree glucosewaarden hadden dan de overige dieren. Dit kan wijzen op positieve 
systemischee effecten van de toegepaste behandeling. 

HoofdstukHoofdstuk 7 beschrijft een pilot-studie, waarbij het effect van lokale gentherapie met 

TNF-aa blokkade wordt onderzocht. 

Eerderr verricht onderzoek suggereerde dat Tumor Necrosis Factor a (TNF-a)een 
belangrijkee rol speelt bij SS. De systemische behandeling van SS patiënten met 
behulpp van recombinant eiwitten met TNF blokkerende eigenschappen, was echter 
niett succesvol. Dit zou kunnen komen door te lage therapeutische spiegels van het 
toegediendee geneesmiddel in de speekselklieren. Gebruik makend van de methode die 
beschrevenn wordt in hoofdstuk 6, werd een AAV geconstrueerd dat het gen voor de 
TNFF receptor bevat (AAVsTNFR). Dit virus werd lokaal in de speekselklieren toegediend 
enn vergeleken met controles (AAVhILlO en AAVLacZ). De muizen kregen het virus op 
eenn leeftijd van 8 weken lokaal ingespoten en werden opgeofferd bij een leeftijd van 
166 weken. Muizen die met één van de twee therapeutische virussen (AAVsTNFR / 
AAVhILlO)) behandeld waren, vertoonden een significant betere speeksel productie 
dann muizen die met het controlevirus of alleen de buffer waarin het virus in was 
opgelost,, waren behandeld Ook was er minder infiltratie van de speekselklier door 
ontstekingscellenn bij muizen die behandeld waren met één van de twee therapeutische 
genconstructen. . 

Hett mechanisme waardoor de speekselklierontsteking vermindert is vooralsnog niet 

opgehelderd. . 

CONCLUSIEE EN VERDER ONDERZOEK 

Viralee gentherapie voor de behandeling van menselijke ziekten lijkt veelbelovend 
Onderzoekk dat zich richt op verbetering van vectoren en met name veiligheid en vector-
gastheerr intereacties is daarbij essentieel; De speekselklieren van de NOD muis vormen 
eenn uitstekend doelwit voor de ontwikkeling van gentherapie voor de behandeling van SS, 
gebruikmakenn van AAV vectoren. 

Omm deze strategie succesvol naar de humane situatie te vertalen, moeten er nog 
verschillendee zaken worden onderzocht. Eén van de meest belangrijke onderwerpen, 
vector-gastheerr interactie, wordt nu verder in het laboratorium onderzocht. Voor de 
toekomst,, is de ontwikkeling van een goede techniek om genexpressie te reguleren 
enn deze expressie meer weefselspecifiek te maken van belang. Het hier beschreven 
onderzoekk vormt de rationale om veilige en effectieve gentherapie voor de behandeling 
vann SS verder te ontwikkelen. 
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