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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 
Splenocyt ee activatio n 

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 



chapterr 4 

(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 

o o 
CM M 

400 0 

350 0 

300 0 

250 0 

200 0 

roro 150 

100 0 

500 -

 Saline 

MM LacZ 

 LacZ+ hGH 

dayy 1 dayy 14 dayy 28 dayy 42 dayy 56 

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. 

0 6 7 7 



chapterr 4 

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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