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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. 
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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 

90 0 

•80 0 

50 0 

40 0 
00 1  2  4  8  1 2 1 6 2 0 2 4 2 8 3 3 3 8 4 2 4 8 

week k 

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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Lüü 10 -
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/ ^ ^ 
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)) 5000 10000 15000 20000 
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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. 

00 54 



Reengineeredd salivary glands for systemic gene therapeutics 

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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