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Purpose. Recent progress in genetic engineering presents the possi-
bility of providing physiologically regulated glucose metabolism in
individuals with diabetes. The objective of this study is to explore the
feasibility of obtaining glucose dependent gene expression in the pan-
creatic B-cell lines via recombinant adeno-associated virus type 2
(rAAV) mediated gene transfer.

Methods. Two transcription cassettes containing the luciferase gene
under the control of the rat insulin I gene promoter and the enhanced
green fluorescent protein (EGFP) open reading frame under the con-
trol of the immediate early gene promoter of human cytomegalovirus
(CMV) were placed in series between the inverted terminal repeats
(ITRs) of AAV. The rAAV vectors produced were used to transduce
pancreatic B-cell line grown in the absence or presence of various
concentrations of glucose. Luciferase activity assays were performed
at 72 hr post-transduction.

Results. Glucose-responsive reporter gene expression was obtained
in both calcium phosphate transfected HIT-T15 and BHC-9 cells,
demonstrating regulated luciferase gene expression under control of
the insulin gene promoter. At MOI of 100, rAAV-transduced BHC-9
cells exhibited glucose-dependent luciferase activities, which were
approximately 4.3 fold higher than those transfected by the calcium
phosphate coprecipitation method at 20 mM glucose.

Conclusions. Delivery of the insulin gene promoter via rAAV was
shown in this study to result in glucose-dependent control of the
reporter gene expression. The results suggest that rAAV is an effi-
cient viral vector for gene transfer into the pancreatic islet cells.

KEY WORDS: recombinant adeno-associated virus; insulin gene
promoter; pancreatic islet cells; glucose-responsive gene delivery.

INTRODUCTION

Diabetes mellitus (DM), including insulin dependent and
non-insulin dependent DM (IDDM and NIDDM, respec-
tively), is caused by impaired B-cell functions in the islets of
Langerhans in the pancreas. Whereas IDDM (type I) diabe-
tes results from the autoimmune -mediated depletion of the
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B-cells, the molecular mechanisms of NIDDM remain ob-
scure. The disease is characterized by decreased insulin se-
cretion from the pancreatic islet cells in response to glucose.
Diabetes patients, unable to regulate blood glucose, often
require administration of exogenous insulin for survival. Al-
though insulin replacement restores the normal regulation of
glucose metabolism, multiple injection is usually required to
achieve controlled blood concentration. Even with multiple
daily administrations of insulin, the fluctuations in blood glu-
cose concentrations that occur are often greater than in nor-
mal individuals. Therefore, glucose-sensitive release of insulin
has been attempted using biomaterials or devices. Unfortu-
nately, the current therapies do not satisfactorily control
blood glucose levels as accurately as physiologically secreted
insulin from the pancreatic islet cells.

Recent advance in gene transfer technology affords a
possible means of improving blood glucose regulation by ge-
netically modifying insulin-producing cells. Genetic regula-
tion of insulin secretion could be achieved by incorporating
transcriptionally active genes containing elements necessary
for glucose responsiveness in the cells, such that glucose-
stimulated insulin secretion would occur over a range of glu-
cose concentrations similar to that required for stimulation of
normal islet B-cells (1). It is established that glucose metabo-
lism is required to stimulate insulin secretion (2). In principle,
once the key functions of glucose-stimulated insulin secretion
are identified, it would be possible to replace destroyed B-cell
by engineering cells such that insulin gene regulation is con-
trolled by glucose-responsive regulatory elements (3,4). En-
gineering glucose-stimulated insulin secretion in non-islet
cells has been attempted by transfecting the anterior pituitary
cell line AtT-20ins with GLUT-2 cDNA for generation of
“artificial B-cells” (5,6). These genetically modified cells were
expected to serve as surrogates for islets in diabetes.

However, glucose responsive secretion of insulin from
GLUT?2 transfected AtT-20ins cell lines is outside the physi-
ological range. Other attempts of using non-islet cells as sur-
rogates for B-cells were unsuccessful. Attention thus has been
turned to engineering of insulin-secreting cell lines for insulin
replacement in diabetes (3,6). Successful gene transfer into
B-cells would have important implication for diabetes gene
therapy.

Several approaches for gene transfer to the somatic cells
have been explored, including cationic liposomes (7), retro-
viral vector-mediated gene transduction (8), adenoviral-
mediated gene transfer (9), and adeno-associated viral vector
system in retina, CNS, skeletal muscle, and liver (10-13). A
common desired feature of all these methods is the efficient
and stable delivery of genes into the cells. The use of recom-
binant viruses for gene delivery is a compelling idea that has
not been realized due to technical and biological constraints.
However, recent advances in vector development may pro-
vide the means to repair B-cell dysfunction in vivo or ex vivo.
Limitations of virus vectors require that the appropriate virus
system be applied for that indication. Retrovirus vectors re-
quire that the cell enters S-phase. Transduction with adeno-
virus vectors results in short-term expression of the transgene
often accompanied by a potent immune response to the vec-
tor destroying the transgene expressing cells and thereby pre-
venting future vector re-administration and risking an auto-
immune response (14).
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Adeno-associated virus type 2 (AAV) is a nonenveloped,
non-pathogenic human virus of the parvoviridae family with a
single-stranded DNA genome, which infects a wide range of
cell types in vitro. Recombinant AAV (rAAV) can be gen-
erated in a system in which the virus genes are replaced by the
desired gene construct. The only virus elements necessary in
cis are the inverted terminal repeats (ITRs) (15). Studies to
date seem to indicate that the vector per se is not immuno-
genic (16). In contrast to wild-type AAV, which among eu-
karyotic viruses is unique in its ability to integrate into a
defined locus on human chromosome 19 (17), rAAV appears
to remain episomal. The use of rAAYV has not been examined
in the pancreatic islet cells. In this study, an AAV vector
containing the insulin gene promoter and the luciferase open
reading frame (ORF) functioning as a reporter for insulin
promoter activity, was used to transduce the pancreatic islet
B-cells. Hamster and murine derived insulin producing lines,
HIT-T15 and BHC-9 cells were used in this study (18,19).
Here we report on the capability of these genetically engi-
neered cells to express luciferase in response to the environ-
mental glucose stimulation.

MATERIALS AND METHODS

Cell Culture

HIT-T15 cell line, derived from hamster islet cells trans-
formed with SV40 T-antigen (18), was obtained from ATCC,
while the hyperplastic pancreatic islet cell line BHC-9 was
kindly provided by Dr. D. Hanahan (University of California,
San Francisco) (19). Both cell lines were maintained in Dul-
becco’s modified Eagle medium (DMEM) with 10% heat-
inactivated fetal calf serum, 100 U/ml penicillin and 100 p.g/ml
streptomycin. Experiments were performed with BHC-9 cells
between passages 23 to 29. Cell cultures were maintained in a
humidified environment at 37 °C in a 5% CO, atmosphere.

Construction of Recombinant Adeno-Associated
Viral Vector

The plasmid pSYNT, containing 410 bp of the rat insulin
I (rIns-I) gene 5’ flanking region and the coding sequence of
chloramphenicol acetyltransferase (CAT), was obtained from
Dr. M. S. German (University of California, San Francisco)
(2). The 410 bp rIns-I enhancer/promoter region of pSYNT
was excised with Xbal/HindIII and inserted into Nhel/
HindlIII sites of pGL3-basic vector (Promega, Madison, WI),
upstream of the luciferase gene, to generate pIns.Luc. Plas-

4485 nt
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mid pAEGFP was produced by deleting the polylinker of
pEGFP-N1 (Clontech Inc., Palo Alto, CA) by digestion with
Bglll and BamHI and religation. This construct contains the
open reading frame (ORF) of enhanced green fluorescence
protein (EGFP) under the control of the immediate early
(IE) gene promoter of human cytomegalovirus (CMV). The
5.2 kb Sall restricted fragment from pIns.Luc containing the
insulin gene promoter and the luciferase gene was blunt-
ended and ligated by T4 DNA ligase to the 1.8 kb Asel/
Dralll digested, blunt-ended fragment containing the EGFP
OREF from pAEGFP. The resulting plasmid pIns.Luc. AEGFP
was digested with AfIII, blunt-ended, and further digested
with Kpnl. The plasmid pAAV-MCS2.7 (20), containing the
inverted terminal repeats (ITR) of AAV2, was digested with
HindlIII. The linearized DNA was treated with T4 DNA poly-
merase plus 4 ANTPs to create blunt ends. The blunt ended
DNA was subsequently digested with Kpnl. The resulting 4.6
kb fragment was ligated to the gel-purified 4.0 kb fragment
obtained from plns.Luc. AEGFP. The size of the plasmid is
8.53 kb and the size of the vector genome is 4,485 nt. The
schematic representation of the final construct is shown in
Fig. 1.

Transfection of HIT-T15 and BHC-9 Cell Cultures

Transfection of HIT-T15 and BHC-9 cells with rAAV
vector by the calcium phosphate-mediated method was used
to analyze the insulin gene promoter activity by the luciferase
reporter system. One day before transfection, approximately
2 x 107 cells were seeded in each well in the 12-well plates and
incubated at 37 °C and 5% CO,. Transfection was carried out
with 1 pg of pAAV.Ins.Luc. AEGFP plasmid DNA per well
using the calcium phosphate transfection system (Life Tech-
nologies, Inc., Gaithersburg, MD) according to the manufac-
turer’s instruction. The transfection mixture was added to the
cells, and the cells were maintained at 37 °C in 5% CO,
atmosphere. Twenty-four hours later, the medium was re-
placed with glucose-free DMEM containing 10% dialyzed fe-
tal calf serum and the desired glucose concentrations. Lucif-
erase activity assay was performed 24 to 48 hours later.

Generation of Recombinant AAYV Viruses

Production, purification, and characterization of rAAV
were carried out as described previously (21). Briefly, about 2
x 10® exponentially growing COS-7 cells were electroporated
with a mixture of 400 pwg pAAV.Ins.Luc and 400 pg helper
plasmids. The helper plasmid for rAAV packaging contains
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Fig. 1. Schematic diagram of construct of the plasmid, pAAV.Ins.Luc. AEGFP, for generation of rAAV. The plasmid is
8.53 kb and the vector genome is 4485 nt in length.
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the simian virus 40 (SV40) origin and the AAV rep and cap
genes but lacks the flanking AAV ITR sequence. Electro-
poration was performed in a 4-mm gap cuvette containing 0.5
ml of the cell-DNA mixture (BTX Instrument, San Diego,
CA). Forty-eight hours later, cells were infected with helper
wild-type adenovirus 5 at a ratio of approximately 10 infec-
tious adenovirus particles per cell. At 72 hr post-transduction,
cells were harvested and centrifuged to remove debris. Puri-
fication of rAAV was performed by isopycnic ultracentrifu-
gation in cesium chloride (density = 1.4 g/ml) at 32,000 rpm
in a Beckman SW41Ti rotor for 60 hours. Fractions corre-
sponding to refractive index between 1.370 to 1.375 were
pooled and re-centrifuged in a Beckman VTi65 rotor at
54,000 rpm for 16 hours. Fractions from the second gradient
were collected and dialyzed against 0.9% (w/v) NaCl before
use.

Determination of Genomic Titers of rAAYV Preparations

The titers of the rAAV particles were determined by
DNA dot-blot hybridization. The signal intensities of the vec-
tor DNA were compared with that of the standard plasmid
PAAV.Ins.Luc. AEGFP and used to calculate the rAAV vec-
tor yield. DNA probes were prepared by the random primer
labeling method.

Transduction of Cell Cultures with rAAV

COS-7 and BHC-9 cells were routinely cultured in
DMEM containing 10% fetal calf serum, 2 mM glutamine,
100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cells were
plated one day before the experiments and transduced with
rAAV at an MOI of 100 (MOI — multiplicity of infection or
transduction, e.g., an MOI of 1 = 1 particle per cell) for 4
hours, followed by incubation in complete DMEM overnight.
Twenty-four hours later, the medium was removed and the
cells were incubated in glucose-free DMEM containing 10%
dialyzed calf serum with various concentrations of glucose.
Cells were routinely examined by epifluorescence microscopy
(Zeiss Axiovert 135) and harvested at 72 hr post-
transduction, followed by luciferase activity assay. Fluores-
cence micrographs of the rAAYV transduced BHCY cells were
taken with a cooled CCD camera system (Carl Zeiss).

Luciferase Assay

Luciferase activity in the cell lysate was determined using
the luciferase assay system (Promega Inc., Madison, WI) ac-
cording to the manufacturer’s instructions and measured in a
luminometer (Analytical Luminescence Laboratories, San
Diego, CA). Total protein concentration of the cell lysate was
determined with the Bio-Rad DC Protein Assay Reagents
(Bio-Rad Laboratories, Hercules, CA). Luciferase activity
was expressed as relative light units (RLU) normalized to
total protein concentration.

Flow Cytometry

Quantitative analysis of the rAAV-transduced cells was
carried out by flow cytometry. At 48 hr post-transduction, the
cultured cells were washed with cold PBS, trypsinized, and
centrifuged at 1,000 rpm for 5 minutes, and fixed in PBS
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containing 1% paraformaldehyde and 10% fetal calf serum.
Flow cytometry analysis was performed using the Coulter
EPICS XL-MCL flow cytometer (Coulter Electronics Inc.,
Miami, FL). A minimum of 20,000 cells was analyzed for each
sample. The percentage of GFP positive cells was determined
after compensating for autofluorescence using untransduced
cells as a negative control.

RESULTS

We constructed a plasmid that contains the luciferase
ORF under the control insulin gene promoter and the EGFP
OREF under the control of the cytomegalovirus IE gene pro-
moter. These two independent transcription units were
flanked by the AAV ITRs. This plasmid was initially used to
assess the effects of glucose concentration on reporter gene
expression in HIT-T15 and BHC-9 cells and subsequently to
prepare the rAAYV virus stocks. Recombinant AAV was used
to transduce BHC-9 cells.

Transfection of HIT-T15 and BHC-9 Cells with Plasmid
Construct by the Calcium Phosphate-Mediated Method

At 48-72 hr post-transfection, HIT-T15 cells showed an
increase of insulin gene promoter activity with glucose con-
centration ranging from 0 to 0.3 mM (Fig. 2). A 4.7-fold
higher level of luciferase activity was observed in the extracts
of cells grown in 0.25 mM glucose than those grown in 0.05
mM glucose. Similar results were obtained with BHC-9 cells
which responded to higher glucose concentration range (Fig.
3). Transfected BHC-9 cells grown in 15 mM glucose exhib-
ited approximately 10.6-fold increase of luciferase activity
than those grown in 2.5 mM glucose. Further increase in glu-
cose concentration does not significantly increase luciferase
activities further. Control experiments were performed with
COS-7 cell line, where increasing glucose concentration did
not affect luciferase activity (data not shown). These results
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Fig. 2. Effect of glucose concentration on the luciferase activity of
transfected HIT-T15 cells. Cultured cells were transfected with 1 pg
pAAV.Ins.Luc. AEGFP plasmid DNA/well in the 12-well plates by
the calcium phosphate coprecipitation method. Luciferase activity
was assayed after 48 hr growth in various glucose concentrations.
Results are the averages from triplicate wells, with the standard de-
viation indicated.
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BHC-9 cells

10000

7500

5000

2500+

Luciferase Activity
{(RLU/pg protein)

0 T
0255 751015202530

Glucose Concentration (mM)

Fig. 3. Effect of glucose concentration on the luciferase activity of
transfected BHC-9 cells. Cultured cells were transfected with 1 pg
pAAV.Ins.Luc. AEGFP plasmid DNA/well in the 12-well plates by
the calcium phosphate coprecipitation method. Luciferase activity
was assayed after 48 hr growth in various glucose concentrations.
Results are the averages from triplicate wells, with the standard de-
viation indicated.

demonstrated glucose responsive insulin gene promoter ac-
tivity as indicated by the luciferase expression levels.

rAAV-Mediated Transduction of Insulin Gene Promoter
into BHC-9 Pancreatic Cells

The ability of rAAV to transduce a variety of cell types
and cell lines in vitro has been established (10-13). Here we
wish to determine the efficiency of rAAV to transduce pan-
creatic islet cells in vitro. Transduction of BHC-9 pancreatic
cells by rAAV.Ins.Luc. AEGFP showed green fluorescence
produced as early as 24 hours after rAAV transduction. Flow
cytometrical analysis of cells transduced with rAAYV fractions
with refractive indices lying between 1.370-1.377 indicated
that transduction efficiency of rAAV in COS-7 cells was
much higher than in BHC-9 cells (Table I). The maximum
transduction efficiency occurred in the rAAV fraction with
refractive index of 1.3735. Transduction of BHC-9 cells with 4
pl of this fraction resulted in approximately 14% of EGFP (+)
BHC-9 cells. The number of EGFP-expressing cells reached a

Table I. Analysis by Flow Cytometry of the Percentage of EGFP(+)
COS-7 and BHC-9 Cells 48 Hours After Transduction with rAAV
Fractions Obtained from CsCl Gradient Ultracentrifugation

EGFP(+) COS-7
cells (%)

EGFP(+) BHC-9

Refractive index cells (%)

1.3770 6.3 0.5
1.3760 4.9 0.6
1.3750 11.3 0.8
1.3745 29.1 4.1
1.3735 59.7 14.4
1.3730 52.6 6.6
1.3720 41.8 39
1.3710 29.3 3.1
1.370 17.7 3.4

1059

maximal level at 48-72 hr post-transduction and remained
relatively stable for approximately 5 days. The EGFP fluo-
rescence was found to be located in both cytoplasm and
nucleus of the BHC-9 cells (Fig. 4). Three days after rAAV
transduction, cells were harvested and luciferase activity as-
says were performed. Fig. 5 shows the glucose-responsive lu-
ciferase activity in the rAAYV transduced BHC-9 cells at 72 hr
post-transduction. In the presence of 20 mM glucose, the virus
transduced cells (MOI = 100) exhibited an approximately
4.3-fold higher luciferase activities than those transfected by
the calcium phosphate-mediated method, indicating that gene
transfer efficiency is higher via rAAV-mediated method

DISCUSSION

Transfer of pancreatic islet cells with the regulatable in-
sulin gene is a conceptually appealing approach for diabetes
therapy. Due to the complexity of glucose-sensing and physi-
ological regulation of insulin secretion from the pancreatic
beta cells, insulin replacement therapy via gene transfer has
been very difficult. One strategy for insulin delivery may be
approached by genetically engineering an endocrine cell line
that is endowed with regulatable elements for insulin secre-
tion which can be grown in vitro in large quantity (22). How-
ever, gene transfer to the pancreatic islet cells is inefficient.
The quiescent nature of these cells is incompatible with ret-
rovirus vectors which require cell division for efficient gene
transfer. Transfection with adenovirus-polylysine (AdpL) or
lipid-DNA complexes was reported to be efficient means to

Fig. 4. Green fluorescent protein expression in HC-9 cells 24 hours
after transduction with rAAV at an MOI of 100 under (A), transmit-
ted light and (B), fluorescence light.
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Fig. 5. Effect of glucose concentration on the luciferase activity of
BHC-9 cells transduced with rAAV. BHC-9 cells were infected with
rAAV at an MOI of 100. At 72 hr post-infection, the cells were
washed, harvested, and lysed, followed by luciferase activity assay.
Results are the averages from duplicate wells, with the standard de-
viation indicated.

achieve transient expression of chloramphenicol acetyl trans-
ferase (CAT) gene construct in the human pancreatic islet
cells in vitro (23). Other studies on gene transfer to human
pancreatic endocrine cells reported that adenovirus is the
most potent vector for ex vivo overexpression of foreign gene
in adult endocrine pancreatic cells (24). Adenoviral gene de-
livery, however, is often complicated by the cellular immune
response.

Although adeno-associated virus vectors are very effec-
tive in transducing a variety of cell lines (see above), methods
of gene transfer in pancreatic islet cells using rAAV vectors
have not been explored. In the present study, we examined
whether glucose-responsive gene expression can be achieved
via recombinant adeno-associated viral vectors. Results ob-
tained from calcium phosphate transfected HIT-T15 and
BHC-9 cells showed a remarkable level of glucose-responsive
luciferase gene expression, demonstrating specific expression
of the insulin gene promoter in the pancreatic islet cells. The
HIT-T15 cells are a clonal cell line of pancreatic islet beta
cells derived from SV40-transformed Syrian hamster pancre-
atic islets (18), whereas BHC-9 cells were derived from the
hyperplastic islets of transgenic mice harboring SV40 large
tumor antigen gene in the islets (19). Both cell lines secrete
insulin in response to glucose in a concentration-dependent
manner. The maximal increase in luciferase secretion in re-
sponse to glucose in the prAAV-transfected HIT-T15 cells
occurred at subphysiological glucose concentration (300 wM),
while prA AV-transfected BHC-9 cells expressed higher levels
of luciferase and responded to a physiological glucose con-
centration (15 mM). These results were obtained from early
passages of the cells. Continuous passage of these pancreatic
islet cell lines, however, leads to a significant loss of glucose
response, and necessitates the use of freshly thawed cells
which were frozen at early passages.

Expression of the luciferase gene under the insulin gene
promoter is also achieved by transducing the BHC-9 cells with
rAAV vectors. Increasing viral vector doses led to higher
gene targeting rates. The transduction efficiency of rAAV at
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an MOI of 100 was shown to be higher than those achieved by
the calcium phosphate-mediated method.

Genetic modification of insulinoma cell lines by “itera-
tive engineering” has been recently developed in diabetes
research with the objective of being able to create insulin-
secreting cell line which simulates the performance of the
normal islet beta cells (25). Studies on transplantation of islet-
like cell clusters (ICCs) under the kidney capsule of nude
mice have demonstrated the possibility that expanded popu-
lations of human pancreatic endocrine cells may also be used
for transplantation to treat diabetes (26). The development of
efficient gene transfer method to B-cells therefore is of im-
portance if genetic modification of B-cells becomes necessary
before transplantation. The results presented in this study
demonstrated the feasibility of obtaining glucose-responsive
transgene expression in the pancreatic islet cells by the re-
combinant adeno-associated viral vectors.
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