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

Characteristic Adenovirus Adeno-associated virus 

Genome size 36 kb 4.7 kb 

DNA double-stranded single-stranded 

Helper virus functiona none needed required 

Virus particle labile stable 

Cellular targets wide wide 

Transgene integration essentially no theoretically possibleb 

Efficiency (gene transfer) high modest 

Stability (expression) no yes 

Titers achieved high modest 

Immune response potent modest 

Biology known considerable little 

Packaging (recombinant) easy laborious 

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

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

Autoimmune Disease Vector Transgene Reference 

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

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

uveoretinitis rAd vIL-10 De Kozak et al.19 

rheumatoid arthritis rAAV IL-4 Watanabe et al.20 

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

rheumatoid arthritis rAAV sTNFR1 Zhang et al.22 

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

Transgene Source Cellular locale Reference 

aquaporin 1 human plasma membrane Braddon et al.12 

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

interleukin-10 human secreted Yamano et al.13 

erythropoietin human secreted Voutetakis et al.25 

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

• Autoimmune exocrinopathy or epitheliitis with systemic manifestations 

• Pathogenesis is unknown 

• No completely effective therapy available 

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

• Classic symptoms of dry eyes and dry mouth 

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

• Female: male ratio is 9:1 

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

Limitations Salivary gland status a 

Vectors available rAAV2 useful for salivary glandsb 

Host immune response modest with rAAVb 

Dissemination of vector beyond target glands well-encapsulatedc 

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

Adequacy of transgene expression yes, for several applicationsb 

Regulation of transgene expression yes, shown with rAd5d 

Ability to scale to larger animal yes, shown with rAd5e 

Do animal model studies predict human results? requires human studies 

Table 5. General limitations to effective gene tran sfer: status in salivary glands 
aBased on in vivo results using either rAd5 or rAAV2 vectors 
bBased on studies in mice with rAAV2 vectors 
cIn mouse studies essentially no rAAV2 is detected beyond targeted gland 
dBased on studies in rats with rAd5 vector 
eBased on studies in minipigs with rAd5 vector 
 
 
First, the most significant current limitations lie with the vectors available; there 
is no perfect vector at this time.1,4,23 In our view, rAAV2 vectors are very useful 
for gene transfer to salivary glands and several other tissues. Host immune res-
ponses to vectors are a second significant concern. However, as mentioned 
earlier, rAAV2 vectors result in only a modest immune response that for many 
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tissues does not significantly compromise the extent of transgene expression. A 
third significant concern, when administering a vector encoding an immunomo-
dulatory gene, is the possible dissemination of the vector beyond the target tis-
sue. Salivary glands are generally well encapsulated, especially in humans, 
which likely limits the undesirable spread of vector beyond the glands. Other 
tissues also may present natural barriers to vector dissemination, e.g., the joint 
capsule. However, as an added safety factor we, and many others, have begun 
to develop vectors that contain promoters that are relatively tissue specific.31,32 
Thus, in the event of any unexpected spread of a vector beyond the targeted 
organ (here, the salivary glands), vectors containing salivary-specific promoters, 
and/or other salivary specific elements, would not be able to drive undesirable 
transgene expression in other tissue sites. 
 
A fourth significant concern is the stability of transgene expression from the cho-
sen vector. As indicated above, rAAV2 vectors appear to result in long-lived 
transgene expression in murine salivary glands. Similar results have been re-
ported in several other tissues, e.g., liver, lung and muscle.33-35 A fifth concern is 
whether the vector-mediated transgene expression is adequate to elicit the de-
sired therapeutic effect. This of course is critically dependent on the protein and 
biological activity under consideration, but there are many examples showing 
that rAAV2 vectors can achieve adequate transgene expression for diverse ap-
plications. For example, we have shown that an rAAV2 vector encoding hIL-10 
can protect an IL-10 knockout mouse from endotoxic shock induced by lipopoly-
saccharide with serum hIL-10 levels of ~0.5 pg/mL.36 Conversely, the treatment 
of α1-antitrypsin deficiency requires much higher levels of the transgene product 
(~800 µg/mL in serum), which can also be achieved with an appropriately de-
signed rAAV2 vector.37 
  
Most of the vectors that have been used in pre-clinical animal model studies 
express transgenes continuously, i.e., the production is unregulated. As with 
conventional pharmaceuticals, using genes as drugs requires the transgene-
encoded protein to be produced at levels within the appropriate therapeutic win-
dow, as well as delivered on an appropriate schedule. Although there are no 
systems approved for clinical use in regulating transgene expression, there are 
some that have been shown to be quite useful in animal models, e.g., the tetra-
cycline response system38 and the rapamycin-based dimerizer system.35,39 In-
deed, ongoing experiments in our laboratory suggest the rapamycin-based sys-
tem is useful for regulation of transgene expression in salivary glands. 
 
Two final important concerns focus on moving initial animal model studies into 
the clinic. Thus, it is necessary to demonstrate that the results of gene transfer 
experiments in rodent models can be scaled up to a significantly larger animal 
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species, as well as to show that results obtained in studied animal models are in 
fact predictive of results in human studies. The former we have achieved in sali-
vary gland studies (comparing mouse and minipig) using an rAd5 vector,40 but 
we have yet to examine this issue of scaling using rAAV2 vectors. The latter 
concern can only be evaluated after human studies are initiated, and as yet 
there have been no approved clinical trials examining gene transfer to salivary 
glands. 
 
 
Clinical Gene Transfer 
 
The period of the early 1990s was one of considerable enthusiasm for clinical 
gene therapy.2 However, by the mid-1990s, it was becoming clear that positive 
results from clinical gene therapy trials would be slow to come.1,2,41 By the late 
1990s the field faced its first serious problem; the death of a subject enrolled in a 
phase I trial evaluating the utility of an E1-, E4- rAd5 vector encoding ornithine 
transcarbamylase at the University of Pennsylvania.42 While this event appro-
priately led to considerable examination of the safety and toxicity of adenoviral 
vectors,9,10,43 it also spread a mantle of significant doubt over the entire field. 
However, circa seven months after this tragic episode the first report of the clini-
cal success of a gene therapy protocol in France was published: the correction 
of SCID-X1 disease through retrovirus (Moloney murine leukemia virus)-
mediated delivery of the γc cytokine receptor subunit of the receptor for the inter-
leukins IL-2, IL-4, IL-7, IL-9, and IL-15.44 This initial report of results in two pa-
tients, and a total of five patients described in a subsequent publication,45 reinvi-
gorated the gene therapy community. Unfortunately, the enthusiasm was short-
lived, as approximately eight months later, in a published letter,46 the French 
researchers described a serious adverse event in two of the treated children: the 
development of leukemia due to vector-mediated integration events in the trans-
duced lymphocytes. This eventually led to a halt on similar trials being con-
ducted in the USA.47,48 Additionally, about this time concern was raised over 
possible germ line transmission of an rAAV2 vector in a phase I trial in the USA 
examining the use of gene therapy for treatment of Factor IX deficiency.49 The 
trial was temporarily halted while this possibility was carefully examined and 
subsequently the concern was deemed unwarranted. The overall effect of these 
episodes was to raise numerous questions about the ultimate clinical applicabili-
ty of gene therapy.1,2 However, we think Jeffrey Leiden’s assessment of the sta-
tus of gene therapy in a 1995 editorial still has merit today.50 He suggested then 
that gene therapy was in its infancy, but it was grounded on solid scientific prin-
ciples, and despite the occurrence of negative results and significant problems 
with early clinical trials, there was reason to be optimistic. We are similarly opti-
mistic for the same reasons. 
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