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Abstract

Human mesenchymal stem cells (hMSCs) are considered a source of cells for regenerative medicine, and cell and gene therapy.
Efficient gene transfer into hMSCs is essential for basic investigations into cellular differentiation and developmental biology, and
for therapeutic applications in gene-modified regenerative medicine. In the present study, we optimized the transduction of hMSCs
by means of fiber-modified adenovirus (Ad) vectors. Among the various types of Ad vectors tested, the polylysine modification of
the C-terminal of the fiber knob most markedly improved the efficiency of hMSC transduction. At 300 vector particles per cell of
polylysine-modified Ad vectors, more than 95% of the hMSCs expressed transgene. In this condition, polylysine-modified Ad vec-
tors mediated 460-fold more transgene activity than the conventional Ad vectors. Ad vectors containing the Ad type 35 fiber or an
Arg-Gly-Asp (RGD) peptide in the fiber knob mediated 130 or 16 times, respectively, the transgene activity mediated by the con-
ventional Ad vectors. We also examined the efficiency of transduction into adipogenic-differentiated hMSCs. In this latter case, only
Ad vectors containing the Ad type 35 fiber showed efficient gene expression. These results showed that fiber-modified Ad vectors
could become a potent tool for basic research into, and the therapeutic application of, A(MSCs and adipogenic-differentiated hMSCs.
© 2005 Elsevier Inc. All rights reserved. :

Keywords: Adenovirus vector; Mesenchymal stem cells; Adipocytes; Gene therapy; Regenerative medicine

Bone marrow-derived mesenchymal stem cells or injected directly to tissues of interest to express ther-

(MSCs) have high proliferative capacity [1] and can dif-
ferentiate into adipocytes, osteoblasts, and chondrocytes
[2]. They can also differentiate into other types of cells
such as nerve cells [3,4] and hepatocytes [5]. MSCs are
considered vehicles for cell and gene therapy. As vehicles
for cell therapy, MSCs are directly injected into the mes-
enchymal tissues, because these cells are progenitors of
mesenchymal tissues. As vehicles for gene therapy,
genetically modified MSCs are delivered systemically

* Corresponding author. Fax: +81 72 641 9816,
E-mail address: mizuguch@nibio.go.jp (H. Mizuguchi).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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apeutic proteins in the desired tissues. To generate
genetically modified MSCs, it is essential to use a vector
that efficiently mediates gene transfer into MSCs. An
efficient gene transfer vector is also essential for basic re-
search into MSCs, such as analyses of cellular differenti-
ation and developmental biology.

Recombinant adenovirus (Ad) vectors continue to be
the preferred vectors for gene therapy and the study of
gene function. They are relatively easy to construct,
can be produced at high titers, and have high transduc-
tion efficiencies. The efficiency of Ad vector-mediated
transduction into human MSCs (hMSCs), however, is
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quite low due to the scarcity of the primary receptor,
called the coxsackievirus and adenovirus receptor
(CAR) [6-9]. Therefore, hMSCs usually have been
transduced with high titers {more than 1000 infectious
units/cell) of Ad vectors [6,8,9]. Fiber-modified Ad vec-
tors overcome this obstacle. We and other groups have
developed several types of fiber-modified Ad vectors.
One is constructed by the addition of foreign peptides
to the HI loop or C-terminal of the fiber knob of an
Ad vector {10-14]. Enhanced gene transfer has been re-
ported, based on the use of mutant fiber proteins con-
taining either an Arg-Gly-Asp (RGD) peptide [10-15]
or a stretch of lysine residues (K7 (KKKKKKK) pep-
tide) [10,14,15], which, respectively, target av integrins
or heparan sulfates on the cellular surface. Another type
of fiber-modified Ad vector is made by removing fibers
from one Ad serotype (Ad type 5) and replacing them
with fibers derived from another—specifically, fibers
that bind to receptor molecules other than CAR
[16-20]. That is, fiber proteins derived from Ad belong-
ing to the subgroup B, such as Ad type 3, 11, and 35, re-
place the Ad type 5 fiber. These fiber-modified Ad
vectors infect cells via CD46, CD80, or CD86, which
are recently identified cellular receptors of Ad belonging
to subgroup B [21-25].

In the present study, we optimized the transduction to
hMSCs by Ad vectors containing an RGD peptide in the
HI loop of the fiber knob, Ad vectors containing a poly-
lysine peptide in the C-terminal of the fiber knob, and Ad
vectors containing a fiber protein derived from the Ad
type 5 fiber tail, and the Ad type 35 fiber knob and shaft.
The results showed that polylysine modification of the
fiber knob greatly improved the efficiency of Ad vector-
mediated transduction into hMSCs. We also report the
efficient gene transfer into adipogenic-differentiated
hMSCs by the Ad vectors containing Ad type 35 fiber.

Materials and methods

Ad vectors. Ad vectors expressing an Escherichia coli B-galactosi-
dase (LacZ) were constructed by an improved in vitro ligation method
[26,27]. The shuttle plasmid pHMCA-LacZ1 contains a CA promoter
(a B-actin promoter/CMV enhancer with a B-actin intron) {this pro-
moter/enhancer was kindly provided by Dr. J. Miyazaki (Osaka
University, Osaka, Japan)] [28], the LacZ gene derived from pCMVp
(Clontech, Palo Alto, CA, USA), and a bovine growth hormone pol-
yadenylation signal, all of which are flanked by I-Ceul and PI-Scel
sites. I-Ceul/PI-Scel-digested pHMCA-LacZ1 was ligated with I-Ceul/
PI-Scel-digested pAdHM4 [26), resulting in pAdHM4-CALacZl.
pAdHMI15-RGD-CALacZ1, pAdHM41-K7-CALacZ1, and
pAdHM34-CALacZ1 were constructed by the ligation of I-Ceul/PI-
Scel-digested ~ pHMCA-LacZl with  I-Ceul/PI-Scel-digested
pAdHMI15-RGD (13}, pAdHM41-K7 [14], and pAdHM34 [20],
respectively. Viruses (Ad-CALacZ, AdRGD-CALacZ, AdK7-CA-
LacZ, and AdF35-CALacZ) were generated with the transfection of
Pacl-digested pAdHM4-CALacZl, pAdHMI15-RGD-CALacZl,
pAdHMA41-K7-CALacZ1, and pAdHM34-CALacZl, respectively,
into 293 cells per virus with SuperFect (Qiagen, Valencia, CA)

according to the manufacturer’s instructions. Each virus was purified
by CsCl, step gradient ultra-centrifugation followed by CsCl, linear
gradient ultra-centrifugation. The virus particles and biological titer
were determined spectrophotometrically by the method of Maizel et al.
[29] and by using an Adeno-X Rapid Titer Kit (Clontech, Palo Alto,
CA), respectively. The ratio of biological-to-particle titer was 1:22 for
Ad-CALacZ, 1:26 for AARGD-CALacZ, 1:32 for AdK7-CALacZ,
and 1:21 for AdF35-CALacZ. The Ad vectors used in the present study
were summarized in Table 1.

Cells. Bone marrow-derived hMSCs [purchased from Cambrex Bio
Science Walkersville (Walkersville, MD)] were cultured with mesen-
chymal stem cell basal medium (MSCGM) (Cambrex Bio Science
Walkersville) according to the manufacturer’s instructions. hMSCs
were used for experiments during passages two to four.

Adipocyte differentiation. The adipogenic-differentiated hMSCs
were induced according to the manufacturer’s instructions (Cambrex
Bio Science Walkersville). In brief, hMSCs were seeded at a density of
2.1 x 10* cells/em*® and cultured with MSCGM for 10 days. The cells
were then cultured with supplemented adipogenesis induction medium
(Cambrex Bio Science Walkersville) for 3 days followed by 3 days of
culture in supplemented adipogenesis maintenance medium (Cambrex
Bio Science Walkersville). After three cycles of induction and main-
tenance, the cells were cultured with supplemented adipogenesis
maintenance medium for 7 days. The differentiation of hMSCs to
adipocytes was monitored by measuring intracellular lipid accumula-
tion using Oil red O staining. In brief, the cells were fixed for 2 h with
10% formaldehyde in isotonic phosphate buffer and then washed with
distilled water. The cells were then stained with complete immersion in
a working solution (0.3%) of Oil red O for 4 h. Excess dye was removed
by exhaustive washing with water.

Adenovirus-mediated gene transduction in vitro. hMSCs (1.1 x10*
cells) were seeded into a 24-well dish and the next day the cells were
treated with each Ad vector for 1.5 h. Then, the medium containing the
vectors was removed and fresh medium (MSCGM) was added to the
cells. At the indicated amount of time, LacZ activity in the cells was
measured by both X-gal (5-bromo-4-chloro-3-indolyl-8-p-galactopy-
ranoside) staining or the luminescence assay using a luminescent
B-galactosidase genetic reporter system II (Clontech).

Flow cytometry. To detect human CAR, the cells (5x 10° cells)
were labeled with mouse monoclonal antibody RmcB (anti-human
CAR) (Upstate Biotechnology, Lake Placid, NY) and fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG secondary
antibody (Pharmingen, San Diego, CA). To detect human CD46, the
cells were labeled with FITC-conjugated anti-human CD46 antibody
(Pharmingen). Flow cytometric analysis was performed by a FAC-
SCalibur flow cytometer using CellQuest software (Becton—Dickinson,
Tokyo, Japan).

Results and discussion

To develop suitable Ad vectors for hMSCs, various
types of fiber-modified Ad vectors expressing LacZ,

Table 1

Adenovirus vectors used in the present study

Name Fiber type Promoter
Ad-CALacZ Type 5 fiber CA promoter

AdRGD-CALacZ RGD peptide in the HI loop
of the fiber knob

Polylysine peptide in the
C-terminal of the fiber knob

Chimeric type 5 fiber tail and

type 35 fiber knob and shaft

CA promoter
AdK7-CALacZ CA promoter

AdF35-CALacZ CA promoter

CA promoter: B-actin promoter/CMV enhancer with B-actin intron.
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which exhibit different tropisms than the conventional
Ad vectors, were constructed (Table 1). The CA pro-
moter, which is a hybrid promoter consisting of a -ac-
tin promoter/CMYV enhancer with a B-actin intron, was
used in the following experiment because this promoter
mediates ubiquitous and strong transgene expression
[28,30]. Ad-CALacZ contains the wild-type fiber,

A

AdRGD-CALacZ contains an RGD peptide motif in
the HI loop of the fiber knob, AdK7-CALacZ contains
a polylysine peptide in the C-terminal of the fiber knob,
and AdF35-CAlacZ contains a fiber protein derived
from the Ad type 5 fiber tail and the Ad type 35 fiber
knob and shaft. hMSCs were transduced with 100,
300, 1000, or 3000 vector particles (VP)/cell of each vec-

d

B Relative
value

Ad-CALacZ 1

AdRGD-CALacZ 1%
R e

AdK7.CALac? R SRty 460
L

AdF35-CALacZ 130

10 100 1000 10000
LacZ activity
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Fig. 1. LacZ expression of hMSCs transduced with various types of fiber-modified Ad vectors. (A) X-gal staining of hMSCs transduced with various
types of fiber-modified Ad vectors. hMSCs were transduced with several Ad vectors, each containing one of the following: the wild-type fiber, RGD
peptide in the HI loop of the fiber knob, polylysine peptide in the C-terminal of the fiber knob, or Ad type 35 fiber (Ad-CALacZ, AARGD-CALacZ,
AdK7-CALacZ, or AdF35-CALacZ, respectively) at 100, 300, 1000, or 3000 VP/cell for 1.5 h. Then, the medium containing the Ad vectors was
removed and fresh medium (MSCGM) was added to the cells. X-gal staining was performed 48 h later. Note that 100% of the hMSCs were X-gal
positive by transduction with AdK7-CALacZ (1000 and 3000 VP/cell) and AdF35-CALacZ (3000 VP/cell), and that the cells did not reach
confluence. Data of X-gal staining are from one representative experiment of three performed. (a) Ad-CALacZ; (b, e, h, k) ARGD-CALacZ; (c, f, i,
) AdK7-CALacZ; (d, g, j, m) AdF35-CALacZ. (b, ¢, d) 100 VP/cell; (e, f, g) 300 VP/cell; (h, i, j) 1000 VP/cell; and (a, k, I, m) 3000 VP/cell. (B) LacZ
enzymatic activity of hMSCs transduced with various types of fiber-modified Ad vectors. h(MSCs were transduced with 300 VP/cell of Ad-CALacZ,
AdRGD-CALacZ, AdK7-CALacZ, or AdF35-CALacZ, respectively, for 1.5 h. Then, the medium containing Ad vectors was removed and fresh
medium (MSCGM) was added to the cells. LacZ expression in the cells was measured by a luminescence assay 48 h later. The data of a luminescence

assay are expressed as means £+ SD (n =4).
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tor for 1.5 h, and the LacZ activity was determined by
both X-gal staining and the luminescence assay
(Fig. 1). In the case of the conventional Ad vector
(Ad-CALacZ), the percentage of X-gal-positive cells
was low even at the vector concentration of 3000 VP/
cell. In contrast, all types of fiber-modified Ad vectors
improved transduction efficiency. AdK7-CALacZ was
the most effective in transducing the LacZ genes. Direct
counting of the percentage of X-gal positive cells sug-
gested that all of the hMSCs were transduced by
AdK7-CALacZ at 1000 VP/cell. AdF35-CALacZ also
showed high transduction efficiency. AARGD-CALacZ
mediated higher levels of LacZ expression than Ad-CA-
LacZ, but lower levels than AdK7-CALacZ and AdF35-
CALacZ (Fig. 1A). A luminescence assay showed that
AdK7-CALacZ, AdF35-CALacZ, and AdRGD-CA-
TL.acZ mediated 460, 130, and 16 times, respectively,
the LacZ activity was mediated by Ad-CALacZ (Fig.
1B). Similar results were obtained in hMSCs derived
from other donors.

Cytotoxicity and the ability of the transduced hMSCs
to differentiate into adipocyte were also examined in
hMSCs treated with polylysine-modified Ad vectors.
The cell numbers were counted 3 days after transduc-
tion. No cytotoxicity was observed in hMSC treated
with 1000 VP/cell of AdK7-CALacZ, but a slight cyto-
toxicity was seen in the cells treated with 3000 VP/cell
of AdK7-CALacZ (the cell number was approximately
80% of the non-treated cells) (data not shown). hMSCs
transduced with 1000 or 3000 VP/cell of AdK7-CALacZ
differentiated into adipocyte as efficiently as non-treated
cells (data not shown). Thus, the Ad transduction of
hMSCs did not result in any impairment of proliferative
and differentiated functions under the condition of 1000
VP/cell.

Tsuda et al. [31] reported that transduction efficiency
into rat bone marrow-derived MSCs with an Ad vector
containing RGD peptide in the HI loop of the fiber
knob was 12 times that of a vector containing the
wild-type fiber. Olmsted-Davis et al. [7] reported that
human bone marrow-derived MSCs transduced with
Ad vectors containing Ad type 35 fiber had higher levels
of transgene expression than those transduced with con-
ventional Ad vectors. The results of the present study,
which is the first systemic comparison of transduction
efficiency using various types of fiber-modified Ad vec-
tors, suggested that polylysine modification of the C-ter-
minal of the fiber knob was the most effective for the
transduction of hMSCs.

Next, we examined the time course of transgene
expression in hMSCs transduced with the Ad vectors,
because the differentiation of hMSCs usually requires
long-term cultivation. hMSCs were seeded into a 24-
well dish and transduced with 1000 VP/cell of AdK7-
CALacZ for 1.5 h. Then, the medium containing the
Ad vectors was removed and fresh medium (MSCGM)

was added to the cells. The cells reached confluence
after 34 days and then became contact-inhibited. The
cells were cultured without any passages. At days 2, 5,
13, 20, and 33, the LacZ expression in the cells was
determined by a luminescence assay (Fig. 2). The results
showed that LacZ expression was stable for 33 days,
suggesting that Ad vector-mediated gene expression
lasts at least a month in the cultured hMSCs when
the transduced cells- were cultured with contact-
inhibition.

To determine why the Ad vector containing the wild-

_ type fiber transduced hMSCs inefficiently, we examined

the expression of CAR and CD46 in hMSCs by flow
cytometry. The results showed that hMSCs express little
CAR but higher levels of CD46 (Fig. 3), reflecting the
lower or higher efficiency of gene expression by Ad-CA-
LacZ or AdF35-CALacZ, respectively.

650000

40000 |

30000 |

20000

LacZ activity
{x10° units / mg protein)

10000

o 10 20 30
Time (days)

Fig. 2. Time course of LacZ expression in hMSCs transduced with

AdK7-CALacZ. hMSCs were transduced with 300 VP/cell of AdK7-

CALacZ for 1.5h. Then, the medium containing Ad vectors was

removed and fresh medium (MSCGM) was added to the cells. At the

indicated times, LacZ expression in the cells was determined by a

luminescence assay. The data of a luminescence assay are expressed as
means =+ SD (n =4).
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Fig. 3. Flow cytometric analysis of levels of CAR and CD46
expression in hMSCs. hMSCs were labeled with (A) mouse monoclo-
nal antibody RmcB (anti-human CAR) and then FITC-conjugated
goat anti-mouse IgG secondary antibody, or (B) FITC-conjugated
anti-human CD46 antibody to detect human CAR or CD46 expres-
sion, respectively. As a negative control, the cells were incubated with
an irrelevant antibody (shaded histogram). Flow cytometric analysis
was performed by a FACSCalibur flow cytometer. Data shown are
from one representative experiment of three performed.
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We further examined the efficiency of transduction
of adipogenic-differentiated hMSCs by fiber-modified
Ad vectors. The adipocytes were induced from hMSCs
according to the manufacturer’s instructions (Cambrex
Bio Science Walkersville), as described in Materials
and methods. The differentiation of hMSCs to
adipocytes was monitored by measuring the intracellu-
lar lipid accumulation using Oil red O staining
(Figs. 4A and B). The transduction experiment was
then carried out according to a protocol similar to that
used for the hMSCs experiment. The cells were
counted just before the experiment. The adipogenic-dif-
ferentiated hMSCs were infected with each Ad vector
at 300 VP/cell, and X-gal staining was performed 2
days later. As shown in Fig. 4C, Ad-CALacZ exhibited
negligible LacZ expression in the cells with lipid vacu-
oles, i.e., the adipogenic-differentiated hMSCs. X-gal-
positive cells were obtained in hMSCs without lipid
vacuoles (non-adipogenic cells). AJRGD-CALacZ
and AdK7-CALacZ led to an increase in LacZ-positive
cells, but mediated LacZ expression in non-adipogenic
cells (Figs. 4D and E). In sharp contrast, AdF35-CA-
LacZ showed high LacZ expression in adipogenic-dif-
ferentiated hMSCs only, and not in non-adipogenic
cells (Fig. 4F). These results obtained further support
from the flow cytometric analysis, in which adipogenic
cells expressed high levels of CD46, but low levels of
CAR (Fig. 5). The reason why AdF35-CALacZ medi-
ated LacZ expression specifically in the adipogenic-dif-
ferentiated hMSCs remains unclear, but these results
may have been due to differences in the trafficking of
the viral genome, relative CA promoter activity, and/
or other factors in undifferentiated- vs. adipogenic-dif-
ferentiated hMSCs. The hMSCs cultured with adipo-
genic medium expressed slightly more CAR than the
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Fig. 5. Flow cytometric analysis of levels of CAR and CD46
expression of adipogenic-differentiated hMSCs. The adipogenic-differ-
entiated hMSCs were labeled with (A) mouse monoclonal antibody
RnicB (anti-human CAR) and then FITC-conjugated goat anti-mouse
IgG secondary antibody, or (B) FITC-conjugated anti-human CD46
antibody to detect human CAR or CD46 expression, respectively. As a
negative control, the cells were incubated with an irrelevant antibody
(shaded histogram). Flow cytometric analysis was performed using a
FACSCalibur flow cytometer. Data shown are from one representative
experiment of three performed.

uninduced hMSCs (Figs. 3 and 5); thus, the hMSCs
cultured with adipogenic medium expressed more LacZ
than the hMSCs cultured with normal medium
(MSCGM) (Figs. 1 and 4). These results suggested that
Ad vectors containing Ad type 35 fiber are of great
utility for efficient transduction into adipogenic-differ-
entiated hMSCs, and both RGD and polylysine modi-
fication of the fiber knob were found not to be effective
for transduction into adipogenic-differentiated hMSCs.

In summary, polylysine modification of the fiber
knob and replacement of Ad type 5 fiber with Ad type
35 fiber in the Ad vectors exhibited the most efficient
gene transfer into hMSCs and adipogenic-differenti-
ated hMSCs, respectively. These types of fiber-modi-
fied Ad vectors are potentially useful for studies of
gene function and also for the therapeutic application
of hMSCs.

Fig. 4. X-gal staining of adipogenic-differentiated hMSCs transduced with various types of fiber-modified Ad vectors. Adipocytes were induced from
hMSCs as described in Materials and methods. Intracellular lipid accumulation, which was used to mark adipocyte differentiation of uninduced (A)
and induced hMSCs (B}, was determined by Oil red O staining. The adipogenic-differentiated hMSCs were transduced with Ad vectors, each of which
contained one of the following: the wild-type fiber (C), RGD peptide in the HI loop of the fiber knob (D), polylysine peptide in the C-terminal of the
fiber knob (E), or Ad type 35 fiber (F) (Ad-CALacZ, AARGD-CALacZ, AdK7-CALacZ, or AdF35-CALacZ, respectively) at 300 VP/cell for 1.5 h.
Then, the medium containing Ad vectors was removed and fresh medium (supplemented adipogenesis maintenance medium) was added to the cells.
X-gal staining was performed 48 h later, Data shown are from one representative experiment of three performed.
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Considerable attention has recently been paid to the application of chemokines to cancer immunotherapy
because of their chemotactic affinity for a variety of immune cells and because several chemokines are strongly
angiostatic. In the present study, the recombinant adenovirus vectors encoding chemokine CCL19 or XCL1 in an
E1 cassette (AdRGD-mCCL19 and AdRGD-mXCL1) were developed. The constructed fiber-mutant adenovirus
vector, which contained the integrin-targeting Arg-Gly-Asp (RGD) sequence in the fiber knob, notably enhanced
the transfection efficiency to OV-HM ovarian carcinema cells compared to that induced by conventional aden-
ovirus vector. The results of an in vitro chemotaxis assay for chemokine-encoding vector demonstrated that both
AdRGD-mCCL19 and AARGD-mXCL1 could induce the migration of cells expressing specific chemokine recep-
tors. Of the two chemokine-encoding vectors evaluated in vivo, AARGD-mCCL19 showed significant tumor-sup-
pressive activity in B6C3F1 mice via transduction into OV-HM cells, whereas XCL1 did not exhibit any notable
anti-tumor effects, suggesting that CCL19 may be a candidate for cancer immunotherapy.

Key words

Chemokines attract a variety of immune cells and function
at inflammatory disease sites as well as lymphoid tissue."?
Considering the eradication of tumor cells as a consequence
of interaction with immune cells that have migrated and ac-
cumulated in tumor tissue, the usefulness of chemokines for
cancer immunotherapy has received considerable attention.”
By now, more than 40 chemokines have been well character-
ized, but only a few have been identified as candidates for
cancer therapy either independently or with an adjuvant.
Tumor-suppressive activity of several chemokines has been
observed after transduction into a variety of experimental tu-
mors.*~" Tumor cells that were transduced with the CC
chemokine gene, CCL3, had reduced tumorgenicity and sig-
nificantly increased infiltration of macrophages and neu-
trophils.? Another CC chemokine, CCL22, was also strongly
chemoattractive to dendritic cells, NK cells and T cellis,
which resulted in tumor regression in a murine lung carci-
noma model due to its efficient induction of anti-tumor im-
munity.” In the present study, we constructed the recombi-
nant viral vector for efficient gene transfection and evaluated
the CC family chemokine, EBI1-ligand chemokine (CCL19),
and C family chemokine, lymphotactin (XCL1). CCL19 has
been shown to chemoattract CD4", CD8" T cells and den-
dritic cells,'"'? whereas XCL1 is chemotactic for T cells and
NK cells but not for monocytes, neutrophils or dendritic
cells.!*" We anticipated that if tumor cells could be geneti-
cally modified by an efficient gene transfer system in vitro to
produce chemokines in vivo, the chemokines could induce
accumulation of immune cells in the tumor. The in vivo inter-
action of T cells with the tumor cells should induce anti-
tumor immunity, resulting in suppression of tumor growth.

* To whom correspondence should be addressed.
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chemokine; CCL19; XCL1; recombinant adenovirus vector; anti-tumor effect; OV-HM cell

In the present study, we used the adenovirus vector, which
exhibits very high gene transduction efficiency.'” Because a
variety of tumor cells contain few Coxsackie adenovirus re-
ceptors (CAR),'® we used a recombinant adenovirus vector
with a fiber mutation containing the Arg-Gly-Asp (RGD) se-
quence in the fiber knob. This fiber-mutant vector possesses
higher transduction and anti-tumor activities compared to
conventional adenovirus vectors when used in cytokine-gene
therapy against melanoma.'”'® In the present study, ovarian
carcinoma OV-HM cells were transfected with a chemokine-
encoding recombinant vector, AARGD-mCCL19 or AARGD-
mXCL1, and both the in vitro chemotactive activity and the
in vivo tumor-suppressive response were investigated.

MATERIALS AND METHODS

Cell Lines and Animals OV-HM ovarian carcinoma cell
line'” were kindly provided by Dr. Hiromi Fujiwara (School
of Medicine, Osaka University, Japan) and were maintained
in RPMI 1640 supplemented with 10% heat-inactivated FBS.
A549 human lung carcinoma cells and human embryonic
kidney (HEK) 293 cells were cultured in DMEM supple-
mented with 10% FBS. Murine pre-B lymphoma L1.2 cells
and their stable transfectants, [.1.2/mCCR7 and L1.2/mXCR
cells, which expressing specific receptor for CCL19 and
XCL1, respectively, were maintained in RPMI 1640 supple-
mented with 10% heat-inactivated FBS and 2-ME (50 um,
Life Technologies). All the cell lines were cultured at 37°C
in a humidified atmosphere with 5% CO,. Female B6C3F1
mice were purchased from SLC Inc. (Hamamatsu, Japan)
and used at 6—8 weeks of age. All of the experimental pro-
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cedures were in accordance with the Osaka University guide-
lines for the welfare of animals in experimental neoplasia.

Construction of Adenovirus Vectors The replication-
deficient adenovirus vectors containing a fiber mutation,
which were used in this study, were developed based on
the adenovirus type 5 backbone with deletions of the E1 and
E3 regions.”” The RGD sequence was inserted into the HI
loop of the fiber knob using a two-step method developed by
Mizuguchi et al.* Murine chemokine genes derived from
pT7T3D-Pac-mCCL19 and pExCell-mCXL1 were used as
sources of cDNA. Recombinant adenovirus vectors with the
RGD fiber mutation, AdRGD-mCCL19 and AdRGD-
mXCL1, carrying the chemokine cDNA under the control of
the cytomegalovirus (CMV) promoter, were constructed by
an improved irn vitro ligation method described previ-
ously.?%?» The luciferase expressing adenovirus vectors with
the RGD fiber mutation (AdRGD-luc), serving as a negative
control, is identical to the AARGD-mCCL19 and AdRGD-
mXCL1 vectors and contains the luciferase gene in the ex-
pression cassette (Fig. 1). Conventional adenovirus vector
expressing lusiferase (Ad-Luc) was also developed by
Mizuguchi et al.*® The adenovirus vectors were propagated
in 293 cells and purified by cesium chloride gradient ultra-
centrifugation. Virus particle (VP) was accomplished spec-
trophotometrically.?> The titer (tissue culture infectious
dosesy; TCIDy,) was determined by plaque-forming assay
using 293 cells.24%)

Gene Expression by AJRGD-Luc or Conventional Ad-
Luc in OV-HM Ovarian Carcinoma Cells 2X10* of OV-
HM cells in a 96-well plate were treated with Ad-Luc or
AdRGD-Luc at 1250, 2500, 5000, and 10000 viral particles/
cell for 1.5 h, respectively. Cells were washed with PBS and
cultured for an additional 48 h. Subsequently, the cells were
washed, collected, and their luciferase activity was measured
using the Luciferase Assay System (Promega, U.S.A.) and
Microlumat Plus 1.B96 (Perkin Elmer, U.S.A.) after the cells
were lysed with the Luciferase Cell Culture Lysis (Promega,
U.S.A.) according to the manufacturer’s instruction.

In Vitro Chemotaxis Assay The AARGD-Luc and indi-
cated AdRGD-chemokine were tranfected into A549 cells for
2h at a multiplicity of infection (MOI) of 50, and the cells
were washed twice with PBS and cultured in media contain-
ing 10% FBS. The cells were subsequently washed after 24 h
cultivation, and incubated with an assay medium (phenol
red-free RPMI 1640 containing 0.5% bovine serum albumin
and 20 um HEPES, pH 7.4) for another 24 h. The resulting
conditioned medium was collected, and its chemoattractant
activity was measured by an in vitro chemotaxis assay across
a polycarbonate membrane with 5-yim pores (Chemotaxicell-
24; Kurabo, Osaka, Japan) using L1.2 transfectants express-
ing the specific receptor for chemokines. The culture super-
natants of intact A549 cells, AARGD-Luc-transfected A549
cells, and chemokine gene-transduced A549 cells were pre-
pared. These samples and recombinant chemokines dissolved
in the assay medium were added to a 24-well culture plate.
Cells expressing specific receptors for CCL19 (L1.2/CCR7)
or XCL1 (L1.2/XCR1) were suspended in the assay medium
(1X10° cells) and placed in a Chemotaxicell-24 installed on
each well. Likewise, parental L1.2 cells for these transfec-
tants were prepared and added to the Chemotaxicell-24. Cell
migration was allowed for 2h at 37°C in a 5% CO, atmos-
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phere. The cells that migrated to the lower well were lysed
and quantitated using a PicoGreen dsDNA quantitation
reagent (Invitrogen, Tokyo, Japan). The data are expressed as
mean=*S.E. of the triplicate results and the migration activity
was expressed in terms of the percentage of the input cells.
Recombinant chemokines (mouse: mCCL19 and mXCL1)
corresponding to each specific receptor (CCR7 and XCR1)
were purchased from DakoCytomation (Kyoto, Japan) and
used as a positive control.

Evaluation of Growth of OV-HM Cells Transfected
with Chemokine-Encoding Adenevirus Vectors in Im-
munocompetent Mice OV-HM cells were transfected with
AdRGD-mCCL19, AdRGD-mXCL1, or AARGD-Luc as a
control, at a MOI of 10 for 24 h. The cells were then har-
vested and washed with PBS three times and 1X10° cells
were inoculated intradermally into the flank of B6C3F1
mice. An aliquot of the OV-HM cells infected with AdRGD-
mCCL19, AARGD-mXCL1 or AARGD-Luc at a MOI of 10
were cultured for an additional 48 h, and cell viability was
examined by MTT assay. For in vivo evaluation of OV-HM
cell growth, tumor volume was calculated by measuring the
length and width of the tumor, twice a week. The mice were
euthanized when one of the two measurements was greater
than 15 mm.

RESULTS

OV-HM Tumor Cells Transfected with Fiber-Mutant
Adenovirus Vector Induced Higher Gene Expression
Than That Induced by Conventional Vector To evaluate
the gene transfection efficiency of the fiber-mutant aden-
ovirus vector developed for this study, OV-HM cells were
transfected with conventional adenovirus vector or fiber-mu-
tant adenovirus vector at indicated particles/cell and lu-
ciferase activity was measured. The results shown in Fig. 2
demonstrated that luciferase gene expression induced by
fiber-mutant vector was much higher than that induced by
conventional adenovirus vector. For example, at 10000
VP/cell transfection, 16-fold greater gene expression was ob-
tained in response to fiber-mutant vector than to Ad-Luc.
This demonstrated that the insertion of the RGD peptide into
the viral fiber enhanced transfection efficiency to OV-HM
cells via the adenovirus vector.

Expression of Murine CCL19 and XCL1 by Transfec-
tion with Chemokine-Encoding Adenovirus Vector To
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Fig. 2. Luciferase Expression by Ad-Luc or AARGD-Luc Transfected OV-
HM Cells

2X10° OV-HM cells were inoculated in a 96-well plate for 12 h, and were transfected
with Ad-Luc (left) or AdRGD-Luc (right), respectively, at the indicated viral
particles/cell for 1.5h. The cells were then washed and incubated for another 48h.
After incubation, cells were collected and luciferase activity was measured. Data are
presented as mean*S.E. of relative light units (RLU)/well determined from three ex-
periments.

Table 1.
tion of AARGD-mCCLI19 or AARGD-mXCL1 into A549 Cells

L1.2 L1.2/XCRI
% of input cells % of input cells
(mean*S.E.) (mean*=S.E.)
Medium 0.2x0.0 0.1£0.0
10nM mXCL1 0.3%0.0 9.2*0.8
A549 1.2+0.1 1.6+0.1
Luc/A549 1.5+0.0 2.0%0.2
mXCL1/A549 3.7x0.3 11.6+0.7
L1.2 L1.2/CCR7
% of input cells % of input cells
(mean*S.E.) (mean*S.E.)
Medium 0.2+0.0 0.7x0.1
10nm mCCL19 0.2+0.0 16.3+1.2
A549 1.2+0.1 2.0+0.1
Luc/AS549 1.5+0.0 22x0.2
mCCL19/A549 2.5%0.1 8.2+0.5

Chemotaxis assay was performed using L1.2 cells expressing specific receptors for
CCL19 (L1.2/CCR7) or XCL1 (L1.2/XCR1).

verify that the CCL19 and XCL1 produced by AdRGD-
mCCL19 and AdRGD-mXCLI1, respectively, were biologi-
cally functional, A549 cells were infected with the vectors
for 2h, and the culture supernatants were harvested after an
additional 48 h. In the present study, human lung carcinoma
AS549 cells were used instead of murine tumor cells because
of the very strong background chemotactic activity in the
culture supernatant of the latter.'®’ Using an in vitro chemo-
taxis assay, we investigated whether A549 cells transfected
with each chemokine gene-carrying AdRGD could secrete
chemokine protein in its biologically active form into culture
supernatants. As shown in Table 1, the culture supernatants
of A549 cells transfected with AARGD-mCCL19 (mCCL19/
A549) or AARGD-mXCL1 (mXCL1/A549) could induce
greater migration of cells expressing the corresponding
chemokine receptors than those from intact A549 cells or
A549 cells transfected with AARGD-Luc (Luc/AS549). The
migration of L.1.2 cells was not observed in wells containing
recombinant chemokines, and only low-level migration was

Specific Chemoattractant Activity in Vitro Induced by Transfec- -

Vol. 28, No. 6

observed in culture supernatants from intact A549, Luc/
A549, mXCL1/A549, and mCCL19/A549. These results
demonstrated that all AARGDs could deliver their encoded
chemokine gene to target cells, and that transfected cells
could secrete the chemokine protein, which maintained its
original chemoattractant activity.

Anti-tumor Effect in Vivo by Transfection of
Chemeokine CCL19 into OV-HM Cells via Fiber-Mutant
Adenovirus Vector OV-HM ovarian carcinoma cells trans-
fected with 10 MOI of AARGD-mCCL19, AARGD-mXCLI1
or AdRGD-Luc as the control vector, were intradermally in-
oculated into B6C3F1 immunocompetent mice to evaluate
their effects on tumor growth in vivo. In the present study, 10
MOI of Ad vectors were chosen for transfection because that
higher MOI induced the cytotoxicity of OV-HM cells (data
not shown). As shown in Figs. 3A and B, the transfection of
AdRGD-mCCL19 resulted in significant suppression of
tumor growth, while that of AARGD-mXCL1 did not show
any difference from that with AARGD-Luc. To exclude the
possibility that the suppression of tumor cell growth by
AdRGD-mCCL19 was due to the cytotoxicity of the aden-
ovirus or chemokine, OV-HM cells transfected with AdRGD-
mCCL19, ARGD-mXCLI1 or AdRGD-Luc were cultured
for 48 h, and cell viability was measured by the MTT assay.
The in vitro growth of the cells infected with these vectors
was essentially identical to that of control cells (Fig. 3C).

DISCUSSION

Cytokines or chemokines encoded by a viral vector are
currently regarded as intriguing options for cancer gene im-
munotherapy. Adenovirus vector, which shows high gene
transduction efficiency and which can infect both dividing
and non-dividing cells, is widely used as a carrier for gene
therapy. It has been reported that the initial process of adeno-
virus infection involves at least two sequential steps. The first
step is the attachment of the virus to the cell surface, which
occurs by binding of the fiber knob to the Coxsackie virus
and Adenovirus Receptor (CAR).>**” Following this, in the
second step, the interaction between the RGD motif of the
penton base with v integrins, the secondary host-cell recep-
tors, facilitates internalization through receptor-mediated en-
docytosis.?®*) In other words, if the host cell surface lacks
CAR, efficient gene transfer using a conventional adenovirus
vector is difficult. Unfortunately, some malignant cells, in-
cluding ovarian carcinoma, exhibit a resistance to adeno-
virus-mediated gene transduction due to low CAR expression
on their surface. To overcome the low gene expression levels
in CAR negative cells by adenovirus vectors, we constructed
a fiber-mutant Ad vector with an integrin-targeting RGD
peptide by a simple in vitro method.?” The results of gene
transfection in vitro (Fig. 2) demonstrated that OV-HM trans-
fected using AJRGD-Luc carrying the luciferase gene signif-
icantly induced gene expression compared to that induced by
the conventional Ad-Luc, suggesting that the recombinant
adenovirus vector is a better option for cancer gene therapy.

We also inserted the murine chemokine ¢cDNA of the CC
family chemokine, CCL19, and C family chemokine, XCL1,
into the E1 cassette of this fiber-mutant adenovirus vector,
and AdRGD-mCCL19 and AdRGD-mXCL1 were devel-
oped. The expression of chemokine mRNA was reported pre-
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Fig. 3.

Growth of OV-HM Tumor Cells in B6C3F1 Mice Transfected with Chemokine-Encoding Adenovirus Vectors

Mice were inoculated intradermally in the flank with 1X10° OV-HM celis (100 4l in RPMI 1640) at a MOI of 10 and with AJRGD-mCCL19 or AdRGD-mXCL1 for 24 h.
Tumor volume was calculated after measuring the length and width of the tumor at indicated periods of time. Data are expressed as the mean*S.E, Intact OV-HM cells were used
as control (untreated), and the OV-HM cells infected with AJRGD-Luc wete inoculated into B6C3F1 mice for vector-control. Animals were euthanized when one of the two mea-
sured values were greater than 15 mm. At least six mice were used in each group. (A) Individual tumor size in each group and (B) average size in each group. (C) MTT assay re-
sults that evaluated the growth of chemokine-gene-transduced OV-HM cells in vitro. OV-HM cells were infected with AARGD-mCCL19, ARGD-mXCL1 or AdRGD-Luc at a
MOI of 10 for 24 h, and then cultured for 48 h. Cell viability was examined by MTT assay. Data are expressed as the means=S.E. of triplicate results. Each of the analyses were

performed at least three times.

viously.® A chemotaxis assay of chemokine-encoding vec-
tors was conducted in vitro to evaluate the biological activity
of these vectors. The results demonstrated that the produced
protein in the culture supernatants of cells infected with these
vectors could efficiently cause migration of the specific re-
ceptor-expressing cells (Table 1).

The C family chemokine, XCL1, has been widely used for
cancer immunotherapy, but in general, XCL1 by itself did
not induce notable anti-tumor effects, even though it is a
chemoattractant for both T cells and NK cells.*’) The CC
chemokine, CCL19, reportedly induces T cell and dendritic
cell migration and exhibits tumor-suppressive effects in sev-
eral mouse malignant cell models.***® Hillinger et al. re-
ported that intratumoral injection of recombinant CCL19 led
to significant systemic reduction in tumor volumes. CCL19-
treated mice exhibited remarkably increased infiltration of
CD4" and CD8" T cell subsets as well as dendritic cells at
the tumor sites. These cell infiltrates were accompanied by
increases in several cytokines and chemokines such as IFN-
y, CXCL9, CXCL10, GM-CSF, and IL-12.*» We have also
shown that CCL19 and XCIL1 elicited anti-tumor response,
to some extent, through transfection into B16BL6 melanoma
cells. But our study, which used eight chemokines to evaluate
the anti-tumor effects in three tumor cell types, suggests that
the tumor-suppressive activity of chemokine gene im-
munotherapy is very complicated and is greatly influenced
by the type of tumor and activation state of the host’s im-
mune system.’” Moreover, as we previously reported,'?
transfection with the chemokine CCL27 induced tumor-sup-
pressive effects, whereas another chemokine, CX,CL1, did
not show any notable anti-tumor activity. However, both of

these chemokines induced the accumulation of T cells as
well as NK cells at the tumor site. Our results indicated that
the distribution of immune cells that have migrated to the
tumor and the angiogenic or angiostatic activity may play an
important role in the anti-tumor response.

Several groups have reported much stronger anti-tumor ac-
tivity when using chemokines as adjuvants with other
agents.>> % In the present study, CCL19 could not induce
complete tumor regression, but merely inhibited its growth.
On other hand, remarkable anti-tumor activity could be ob-
tained when XCL1 was combined with cytokines or tran-
fected into dendritic cells.***D A recent report showed that
combination of both XCL.1 and CXCL10 can enhance the ef-
ficiency of adoptive T cell therapy for EG7 tumor cells via
accumulation of effector T cells in tumor tissue.*?) Many fac-
tors are likely to influence the tumor-suppressive effects of
chemokines, but the relatively weak anti-tumor activity and
long-term immuno-protective effects of chemokines may be
mainly related to the activation level of migrating immune
cells. In other words, not only the accumulation but also the
activation of immune cells migrating into tumors is impor-
tant in cancer immunotherapy using chemokines. Therefore,
combination therapy using both chemokines and cytokines
will increase the anti-tumor effects and improve cancer im-
munotherapy.
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Transcriptional targeting of RGD fiber-mutant adenovirus
vectors can improve the safety of suicide gene therapy for murine
melanoma

Yuka Okada, Naoki Okada, leogukl Mlzuguchl, Takao Hayakawa, Shinsaku
Nakagawa,” and Tadanori Mayumi

Research Institute for Microbial Diseases, Osaka University, 3-1 Yamadaoka, Suita, Osaka 565-0871, Japan;
2Department of Bzopharmaceutlcs Kyoto Pharmaceutical University, 5 Nakauchi-cho, Misasagi, Yamashina-
ku, Kyoto 607-8414, Japan, >National Institute of Health Sciences, Osaka Branch, Fundamental Resea; ch
Laboratories for Development of Medicine, 7-6-8 Asagi, Saito, Ibaraki, Osaka 567-0085, Japan *National
Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan; and ’ Department of
Biopharmaceutics, Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita,
Osaka 565-0871, Japan.

Since RGD fiber-mutant adenovirus vector (AdRGD), which contains an av-integrin tropism, is highly efficient in gene transduction
to melanoma, the AdRGD-mediated herpes simplex virus thymidine kinase (HSVtk)/ganciclovir (GCV) system is an attractive
approach for melanoma treatment. However, the intratumoral injection of AARGD causesilimited transgene expression in healthy
normal tissue, due to unwanted vector spread. Herein, we describe our attempt to.overcome this limitation related to the safety of
HSVt/GCV treatment by using AdRGD carrying either melanoma-specific tyrosinase (Tyr) promoter or tumor-specific telomerase
reverse transcriptase (TERT) promoter instead of universal cytomegalovirus promoter. Qur in vitro study revealed that Tyr promoter-
regulated AdRGD exhibited high transgene expression specificity for melanoma gells, and that TERT promoter-regulated AdRGD
could induce efficient gene expression in tumor cells, but was relatively quieseént in normal cells. Anti-B16BL6 melanoma effects
in mice injected intratumorally with AdRGD-Tyr/HSVtk or AARGD-TERT/HSV!k, after which GCV was injected intraperitoneally for
10 days, were comparable to those in mice injected with AARGD-CMV/HSVtk at 10 times less vector dosage. On the other hand,
AdRGD-Tyr/HSVik and AJRGD-TERT/HSVtk did not induce severe adverse effects even when they were intravenously injected into
mice at 10° plaque-forming units (PFU), whereas mice.injected with AdRGD-CMV/HSVik at 10° PFU exhibited body weight
reduction and serum level increase of biochemical enzymes for hepatotoxicity. These results indicate that AARGD combined with
transcriptional regulation using Tyr or TERT promoter is'a potentlally useful and safe vector system for suicide gene therapy for
melanoma.

Cancer Gene Therapy (2005) 0, 000-000. doi: 10 1038/5] cgt.7700824

Keywords: suicide gene therapy; adenoytr,us veclor; tissue-specific promoter; melanoma; hepatotoxicity

urrently, various strategi‘es of gene therapy have been
Cproposed for i 1mprovmg ‘thecure rate of patients with
melanoma,' whose progriosis is generally poor even after
conventional treatment such as surgery, Chemotherdpy,
and radiotherapy.>* Suicide gene therapy is a promising
approach for melanoma, and the HSVtk/GCV system,
which includes: transduction of the herpes simplex virus
thymidine kinase (HSVtk) gene followed by administra-
tion.of the:antiviral prodrug ganciclovir (GCV), has been
the most. widely studied method in preclinical and clinical
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settings.* ' Since HSVtk is an enzyme that converts
nontoxic GCV to a highly toxic GCV-triphosphate,
HSVtk-transduced cells render themselves sensitive to
GCYV, resulting in cell death. Moreover, an important
advantage of the HSVtk/GCV system is the bystander
effect, which confers cytotoxicity to untransduced cells
adjacent to HSVtk-expressing cells by the transfer of
GCV-triphosphate through gap junctions.'™"?

We previously demonstrated that RGD fiber-mutant
adenovirus vector (AdRGD), which contains an av-
integrin tropism due to an RGD peptide inserted into
the HI loop of the fiber knob, was superior to
conventional adenovirus vector (Ad) in gene transduction
efficiency to melanoma both in vitro and in vivo.'* !¢ In
addition, Mizuguchi et al'? reported that the intratumoral
injection of AARGD expressing the HSVtk gene under the
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control of the cytomegalovirus (CMYV) promoter, fol-
lowed by intraperitoneal GCV administration, was
approximately 25 times more effective at inducing tumor
regression in established murine B16BL6 melanoma than
injection of conventional Ad carrying the same expression
cassette. These results suggest that AARGD is a useful
vector system for developing efficacious suicide gene
therapy for melanoma because of its predominancy in
gene transduction efficacy. However, we also found that
AdRGD leaked from the injected tumor site into systemic
circulation even if we carefully injected small volumes of
AdRGD, and that a large fraction of the leaked AARGD
accumulated in the liver.'® A major drawback of universal
CMV promoter-based suicide gene therapy for cancer is
the lack of selectivity for tumor cells in transgene
expression accompanied by high probability for toxicity
in normal healthy tissue.”” ! Therefore, the ability to
restrict gene expression to tumor cells is essential for
assuring the safety of suicide gene therapy.

One possible approach to site-restricted suicide gene
expression is the use of tissue-specific regulatory elements.
For example, the tyrosinase (Tyr) promoter appears
suitable for specific gene expression in melanoma cells.
Tyr is a key enzyme in melanogenesis and is specifically
expressed in pigmented cells including melanoma
cells.?*** Likewise, telomerase reverse transcriptase
(TERT) promoter would be a useful candidate for
targeting transgene expression in cancer cells,”* >’ because
TERT, the catalytic subunit of telomerase, is hlghly active
in tumor cells but inactive in most normal cells.”*~° Thus,
in the present study, we constructed two new AdRGDs

that express HSVtk gene under control of the Tyr or «

TERT promoter, and compared efficacy and toxicity of

suicide gene therapy using these tumor-specific AARGD=.
Tyr/HSVtk and AdRGD-TERT/HSVtk with those usmg ;

AdRGD-CMV/HSVtk.

Materials and methods
Cell lines and mice

Murine melanoma B16BL6:.cells and human normal
fibroblast WI-38 cells were cultured in minimum essential
medium supplemented “with 10% fetal bovine serum
(FBS) and antibiotics. Human melanoma A2058 cells,
human alveolar adenocarcinoma A 549 cells, and 293 cells,
the helper cell line for AARGD-expansion, were grown in
Dulbecco’s:modified Eagle’s medium supplemented with
10% EBStuand antibiotics. Murine colon carcinoma
Colon-26' cells were grown in RPMI 1640 medium
supplemented with 10% FBS and antibiotics. Female
C57BL/6 mice, aged 6-7 weeks, were purchased from
SLC Inc. (Hamamatsu, Japan) and were held under
specified pathogen-free conditions. Animal experimental
procedures were in accordance with the Osaka University
guidelines for the welfare of animals in experimental
neoplasia.

Cancer Gene Therapy

Cloning of the human TERT promoter

The human TERT promoter immediately upstream of the
transcription start site (positions —378 to + 77)* was
amplified from human genomic DNA by polymerase
chain reaction. The sequences of the specific primers were
as follows: forward (5'-
TGGCCCCTCCCTCGGGTTAC-3") and reverse (5'-
CGCGGGGGTGGCCGGGGC-3"). The  amplified
455bp fragment was subcloned into pGEM-3Zf(-) (Pro-
mega, Madison, WI), resulting in pGEM-hTERT?2. The
sequence was verified on a DNA sequencer (ABI PRISM
310, Applied Biosystems, Foster City, CA).

Vectors

Replication-deficient AARGDs based on the adenovirus
serotype 5 backbone with deletions of E1 and E3 regions
were constructed by an improved in vmo hgatlon method
using pAdHM15-RGD vector plasmld 33 The AdRGD
constructs are shown schematically in Figure 1. AARGD-
CMV/Luc"® and AARGD-CMV/HSVtk,'” which express
luciferase and HSVtk, respectively, under the control of
the CMV promoter, were previously constructed by using
pCMVL1* and pHM3-CMVtk'” as shuttle plasmids. The
human Tyr promoter with dual tandem melanocyte-
specific (MS) enhancer was removed from pTyrex- 234
(kindly prewded. by Dr DL Bartlett; Surgery Branch,
Natiogal Cancer Institute, National Institutes of Health,
Bethesda, MD) by restriction digest and inserted into
pCMVLT or pHM3-CMVitk instead of the human CMV
1rnmed1c1te -early promoter and enhancer, resulting in

Filyer with RGD4C
B4 {+) coding sequence
R Qg A R
‘.;» ""m,, E3{}
& s,
7 "o,
." o -
4 L v oy
H Me ' ",
S LHNA prowm enh o,
2 3 AMRGD-CMVILuc
Lug tyr 33 s
PW coNA  prom  enn enh
: S ADRGD-TyriLug

. Lug TERT
P oA prem

AdRGD-TERTAuc

HEVEK SRV Ok
P A} CRA, praimy eah

AJRGD-CMVIHSEVER

HBWEk Ty S [
P (A} sPNA prom  enh enhy
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HSVH  TERYT
PO cona prom

AdRGD-TERTHAVIK

Figure 1 Schematic of AJRGDs used in this study. ITR, inverted
terminal repeat; CMV prom, cytomegalovirus promoter; Tyr prom,
tyrosinase promoter; MS enh, melanocyte-specific enhancer; TERT
prom, telomerase reverse transcriptase promoter; Luc, firefly
luciferase; HSVtk, herpes simplex virus thymidine kinase; P(A),
polyadenylation signal.
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pTyrLl or pHMS3-Tyrtk, respectively. Likewise,
pTERTLI or pHM3-TERTtk was constructed by repla-
cement of CMYV promoter in pPCMVLI or pHM3-CMVtk
with the TERT promoter removed from pGEM-hTERT2
by restriction digest. Then, the 1-Ceu 1/PI-Scel-digested
fragment from each shuttle plasmid (pTyrL.l, pTERTLI,
pHM3-Tyrtk, or pHM3-TERTtk) was ligated to I-Ceul/
PI-Scel-digested pAdHMI15-RGD to create luciferase-
expressing vector plasmids (pAdHMI15-RGD-Tyr/Luc
and pAdHM15-RGD-TERT/Luc) and HSVtk-expressing
vector plasmids (pAdHMI5-RGD-Tyr/HSVtk and
pAdHMI15-RGD-TERT/HSVtk), respectively. To gener-
ate the viral vector particle (AdRGD-Tyr/Luc, AARGD-
TERT/Luc, AdRGD-Tyr/HSVtk, and AdRGD-TERT/
HSVtk), each vector plasmid was digested with Pacl to
release the recombinant viral genome and transfected into
293 cells plated on a 100-mm dish with SuperFect
transfection reagent (Qiagen, Valencia, CA) according
to the manufacturer’s instructions. All recombinant
AdRGDs were propagated in 293 cells, purified by two
rounds of cesium chloride gradient ultracentrifugation,
dialyzed, and stored at —80°C. Titers (plaque-forming
units, PFU) of infective AARGD particles were evaluated
by the end point dilution method using 293 cells.

[n vitro gene expression analysis

B16BL6, A2058, Colon-26, A549, and WI-38 cells were
seeded onto 24-well plates at 5x 10* cells/well. On the
following day, the cells were infected with AdRGD-
CMV/Luc, AARGD-Tyr/Luc, or AARGD-TERT/Luc for
2 hours at 1 or 10 MOI (multiplicity of infection; PFU/
cell) in 100 ul of FBS-free medium. Culture medium was
added to each well after washing twice with phosphate-
buffered saline (PBS). After 2 days, luciferase activity in

the cells was determined by a luciferase assay.: system.

(Promega).

In vitro cyfotoxic assay

B16BL6, Colon-26, and WI-38 cells were. seeded onto 96-
well plates at 4 x 103 cells/well. The_ next day, the cells
were infected with AARGD-CMV,/HSVtk, AARGD-Tyr/
HSVtk, or AARGD-TERT/HSVik:in 50 ul of FBS-free
medium for 2 hours at#MOIL that did not induce
cytopathic effects against the ¢ulture cells by transduction
alone. The cells werg:then cultured in media containing
GCV (Tanabe Pharmaceuiticals, Osaka, Japan) at 0.08,
0.4, 2, or 10ug/ml. After 4 days, cell viability was
determined byithe 3:(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyl tetrazolium bromide (MTT; Dojindo Laboratories,
Kumamoto, “Japan) assay according to the method
descnbed_by Mosmann.>

Tumor inoculation and intratumoral administration of
vectors in animal experiments

B16BL6 cells were intradermally inoculated into the
abdomen of C57BL/6 mice at 4 x 10° cells/mouse. After
6 days, each vector was injected into established tumors
with diameters of 5-7mm at various PFU in 50-ul PBS.

Transcriptional targeting for suicide gene therapy
Y Okada et al 8 P

in vivo suicide gene therapy model

Established B16BL6 tumors were injected with AARGD-
CMV/HSVtk, AdRGD-Tyr/HSVtk, AdRGD-TERT/
HSVtk, or AARGD-CMV/Luc at 10°%, 107, or 10* PFU.
The mice received daily injections of GCV (75mg/kg)
intraperitoneally for 10 days beginning the day after
intratumoral injection with AdRGD. The major and
minor axes of the tumor were measured using micro-
calipers, and the tumor volume was calculated by the
following formula: (tumor volume; mm?) = (major axis;
mm) x (minor axis; mm)” x 0.5236. The mice were eu-
thanized when tumor volume was greater than 4000 mm?>.
All survivors were euthanized on day 90 postintratumoral
injection with AARGD.

In vivo gene expression analysis

On day 2 after intratumoral injection of AARGD-CMYV/
Luc, AARGD-Tyr/Luc, or AARGD-TERT/Luc at 10°,
107, 108, or 10°PFU, the tumor, liver, spleen, kidney,
heart, lung, and brain were removed, weighed, and
homogenized in PBS containing 10 ug/ml aprotinin and
100 uM phenylmethylsulfonyl fluoride. Luciferase activity
in the homogenates. was determined by the luciferase
assay system,.Likewise, intact mice were intravenously
injected with each.vector at 107, 10%, or 10° PFU, and then
luciferase activity of the liver, spleen, kidney, heart, lung,
and brain ‘Was teasured 2 days later.

Systemlc tOXICIty of three types of HSVtk-expressing

<2AdRGDs
C57BL/6 mice were intravenously injected with AARGD-

CMV/HSVtk, AARGD-Tyr/HSVtk, or AARGD-TERT/
HSVtk at 10® or 10°PFU. The mice received daily
injections of GCV (75 mg/kg) intraperitoneally for 6 days
beginning the day after intravenous AdRGD-injection.
Body weight was measured every day, and the relative
body weight was calculated by the following formula:
(relative body weight)=(body weight after AdRGD
treatment)/(body weight before AARGD treatment). At
1 week after AARGD injection, blood was collected from
the tail vein of the mice, and the serum levels of glutamic
oxaloacetic transaminase (GOT) and glutamic pyruvic
transaminase (GPT) were measured using transaminase
Cll-testwako (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), according to the manufacturer’s instruc-
tions.

Results

In vitro transcriptional targeting of AdRGD carrying Tyr
or TERT promoter

By using melanoma cells, nonmelanoma tumor cells, and
normal cells, we initially investigated whether AARGD
containing the luciferase gene driven by the Tyr or TERT
promoter could target specific cells for gene expression
(Fig 2). Melanoma cells (B16BL6 and A2058 cells)
transduced with AdRGD-Tyr/Luc or AdRGD-TERT/

Cancer Gene Therapy
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Figure 2 Promoter-regulated gene expression in melanoma cells
and nonmelanoma cells transduced with luciferase by AdRGD.
Murine melanoma B16BL6, human melanoma A2058, murine colon
carcinoma Colon-26, human alveolar adenocarcinoma A549, and
human normal fibroblast WI-38 cells were transduced with AARGD-
CMV/Luc, AdRGD-Tyr/Luc, or AARGD-TERT/Luc at 1 or 10 MOl for

2 hours. After 2 days, luciferase activity was measured. Data .+

represent the mean + SD of relative light units (RLU)/well from four
independent cultures.

Luc exhibited satisfactory luciferase activiti}es,‘"'ahd_ the

transcriptional efficiency of Tyr and TER:.promoters
was only 8-18-fold and 3-5-fold lower:than that of the
CMYV promoter, respectively. As expected, ‘transduction
with AARGD-Tyr/Luc induced poor (2-3:1og order lower
level) transgene expression in nonmelanoma tumor cells
(Colon-26 and A549 cells) in:compatison with transduc-
tion with AARGD-CMV/Luc, whereas AARGD-TERT/
Luc and AdRGD-CMV/Lu¢ showed comparable lucifer-
ase activity, with a CMYV promoter/TERT promoter ratio
range of 1.4-7.1 in these cells. In addition, luciferase gene
expression in a normal cell line (WI-38 cells) transduced
with AARGD:=Tyr/Luc or AARGD-TERT/Luc was 34
log orders®:lower. than that in AdRGD-CMV/Luc-
transducedicells.

Next, in order to confirm the specific cytotoxicity of the
HSVitk suicide gene system driven by the Tyr and TERT
promofers; we transduced B16BL6, Colon-26, and WI-38
cells with AARGD-Tyr/HSVtk, AARGD-TERT/HSVik,
or AARGD-CMV/HSVtk and cultured these transduced
cells in media containing GCV. Since the maximum
vector dose that did not induce cytopathic effects in WI-
38 cells was 10 MOI (data not shown), we used each
vector at levels lower than 10 MOI for this normal cell

Cancer Gene Therapy
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'Figure 3 GCV sensitivity of cells transduced with different promoter-
regulated HSVik-expressing AJRGDs. B16BL6, Colon-26, and WI-

38 cells were transduced with AJRGD-CMV/HSVik (0, O), AdRGD-
Tyr/HSVik (B, @), or AJRGD-TERT/HSVik (4, ) at the indicated
MOI for 2 hours, and these transduced cells and untransduced cells
(A) were cultured with media containing GCV. Four days later, cell
viability was measured by MTT assay. Data are expressed as a
percent of viability of cells that were transduced with each AdRGD
and cultured without GCV, and represent the mean of three
independent experiments.

line to profile cell death in response to GCV treatment. As
shown in Figure 3, transduction with AdRGD-CMV/
HSVtk decreased viability of all tested cells 4 days after
transduction depending on GCV-concentration and
vector dose. Reflecting the results shown in Figure 2,
only BI6BL6 cells exhibited a significant reduction in
viability in response to AARGD-Tyr/HSVtk and GCV
treatment, and AdRGD-TERT/HSVtk rendered B16BL6
and Colon-26 cells sensitive to cytotoxicity due to GCV
metabolism. Viability of normal WI-38 cells transduced
with AARGD-Tyr/HSVtk or AARGD-TERT/HSVtk was
not affected by GCV treatment. Taken together, these
results demonstrated that AdRGD carrying the Tyr
promoter could transcriptionally target melanoma cells
for transgene expression, and that TERT promoter was
highly active in tumor cells, but quiescent in normal cells.
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Antitumor efficacy of HSVtk/GCV system using different
promoter-regulated AARGDs

In order to compare the suppression of tumor growth
between tumor-specific promoter-carrying AdRGD and
universal promoter-carrying AdRGD in HSVtk/GCV
therapy, we intratumorally injected AARGD-Tyr/HSVtk,
AdRGD-TERT/HSVtk, or AARGD-CMV/HSVtk into
established B16BL6 melanoma, and then administered
GCYV intraperitoneally into these mice for 10 days. Tumor
volume change after AARGD-injection and survival rate
are summarized in Figure 4. Intratumoral injection with
any HSVtk-expressing AARGD could inhibit B16BL6
tumor growth in a vector dosage-dependent manner, and
similar antitumor efficacy was observed between the
AdRGD-Tyr/HSVtk and AARGD-TERT/HSVtk groups.
In addition, 103PFU of AdRGD-Tyr/HSVtk or
AdRGD-TERT/HSVtk were needed to achieve compar-
able tumor regression and prolonged survival in mice to
10’PFU of AdRGD-CMV/HSVtk, that is, AIRGD-
CMV/HSVtk was 10 times more effective.

Transcriptional targeting for suicide gene therapy
Y Okada et al

Distribution of transgene expression in mice after
intratumoral injection with different promoter-regulated
AdRGDs

While intratumoral injection of AARGD is an excellent
method for attaining local elevation of transgene expres-
sion, prevention of AdRGD-leakage from the injected
tumor into systemic circulation is very difficult.'® There-
fore, analysis of AdRGD biodistribution after the
intratumoral injection is important for predicting and
suppressing adverse effects of HSVtk/GCV treatment. We
measured luciferase activity of BI6BL6 tumors and six
major organs (liver, spleen, kidney, heart, lung, and brain)
in mice 2 days after intratumoral injection with AARGD-
CMV/Luc, AARGD-Tyr/Luc, or AARGD-TERT/Luc at
10°-10° PFU (Table 1). Injection of any type of AARGD
increased luciferase activity in BI6BL6 tumors in a vector
dosage-dependent manner, and AdRGD-CMV/Luc-in-
jected tumors exhibited 6-60 times higher luciferase
activity than tumors injected with AdRGD-Tyr/Luc or
AdRGD-TERT/Luc at the same PFU. This finding
correlated closely with the difference in vector dosage
between the three AARGD-types, which was required for
effective regression:of BI6BL6 tumor (Fig 4), indicating
that the expression:efficiency of HSVtk gene in tumor
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Figure 4 B16BL6 tumor growth inhibition and prolonged survival in response to the HSVik/GCV system using different promoter-regulated
HSVtk-expressing AdRGDs. Established B16BL6 tumors in C57BL/6 mice were injected with each HSVik-expressing AJRGD at 10° (@), 107
(&), or 10® (B) PFU in 50-ul PBS. Likewise, control groups were intratumorally injected with PBS (O) or AJRGD-CMV/Luc at 102 PFU (A).
These mice were treated once daily with intraperitoneal injections of GCV for 10 days. (a) Tumor growth was monitored by calculating tumor
volume. Each point represents the mean + SE of 4-6 mice. (b) Mice containing tumors greater than 4000 mm® were euthanized. Percentage of

survivors was calculated and plotted.
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Table 1 Luciferase activity in tumor and major organs from mice injected intratumorally with AARGD-CMV/Luc, AdRGD-Tyr/Luc, or AdRGD-

TERT/Luc

RLUttissue (x 1077)

Administered vector PFU Tumor Liver Spleen Kidney Heart Lung Brain
AdRGD-CMV/Luc 10° 5.940.6 0.14+0.1 ND ND ND ND ND
107 96+9 48+1.1 0.044-0.01 ND ND ND ND
108 11654171 11+1.4 0.09+0.03 0.2+0.04 0.04+0.02 0.03+0.02 0.05+0.03
10° 15794 +2131 73+27 0.4+0.06 0.9+0.3 0.2+0.07 0.3+£0.06 1.0+0.4
AdRGD-Tyr/Luc 10° 0.19+0.03 ND ND ND ND ND ND
107 1.9+03 ND ND ND ND ND ND
108 25+6.4 ND ND ND ND ND ND
10° 231455 ND ND ND ND ND ND
AdRGD-TERT/Luc 108 1.0+0.07 ND ND ND ND ND ND
107 10+1.7 ND ND ND ND ND ND
108 82419 0.2+0.1 ND ND ND ND ND
10° 269+35 0.84+0.2 ND ND ND ND ND

Established B16BL6 tumors in C57BL/6 mice were injected with each AJRGD at the indicated PFU in 50-ul PBS. After 2 days, the
tumor, liver, spleen, kidney, heart, lung, and brain were removed and homogenized, and then luciferase activity in the homogenates was
measured. All data represent the mean + SE of 5-6 mice. The mean background value of luciferase activity in each organ has been
subtracted from the data. ND: luciferase activity was not detectable.

tissue is a critical factor for effectiveness of HSVtk/GCV
treatment. In mice injected with AdRGD-CMV/Luc,
luciferase activity was detected not only in the tumor
but also in other organs, and more than 95% of total
activity was observed in the liver. On the other hand,
luciferase activity was not detectable in other organs from
mice injected with AARGD-Tyr/Luc at 10°~10° PFU or

AdRGD-TERT/Luc at 10° or 10’ PFU. Although gene

expression was observed in the liver from mice injected

with AARGD-TERT/Luc at more than 108PFU,. these :
luciferase activities were negligible and equivalent ito

activity in mice administered AdRGD-CMV/Luc. at
10° PFU. Our data clearly revealed that AARGD carrying
Tyr or TERT promoter, which induced.sufficient gene
expression in melanoma tissue, could §uppress transgene
expression in other organs based on vector.dissemination
from injected tumor into systemic circulation.

AJRGD containing tumor—speciﬁ"c promoter reduces
systemic toxicity of HSVik/GCV. system

To examine potential.adverse effects of systemic leakage
of the AdRGD-expressing suicide gene, mice were
intravenously _.injected. with AdRGD-CMV/HSVtk,
AdRGD-Tyr/HSVtk, or AARGD-TERT/HSVtk at 10°
or 10°PFU;. followed by intraperitoneal injection of
GCV. Severe reduction of body weight was observed in
the mice:administered AARGD-CMV/HSVtk at 108 PFU,
whereas intravenous injection with AARGD-Tyr/HSVtk
or AdRGD-TERT/HSVtk did not induce considerable
body weight change even at 10°PFU (Fig 5). When
transgene expression levels were measured in six major
organs from mice 2 days after intravenous injection with
AdRGD-CMV/Luc at 10’-10° PFU, the liver showed a
marked increase in luciferase activity depending on vector
dosage, and more than 99% of total luciferase activity
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Figure 5 Body weight change upon an intravenous administration of
different promoter-regulated HSVtk-expressing AARGDs followed by
GCV treatment. AdRGD-CMV/HSVtk (x; 108 PFU), AdRGD-Tyt/
HSVtk (@; 10°, or; 10° PFU), or AdRGD-TERT/HSVik (4; 108, or A;
10° PFU) in 1001 PBS were intravenously administered into C57BL/
6 mice. Mice were treated with intraperitoneal injection of GCV for 6
days, and body weight was monitored every day. Relative body
weight was calculated according to the formula described in the
Materials and methods section. Each point represents the
mean + SE of six mice.

was detected in the liver (Table 2). On the other hand, the
liver from mice injected with AdRGD-Tyr/Luc or
AdRGD-TERT/Luc at 10°PFU showed 1-4 log order
lower luciferase activity than that from mice injected with
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Table 2 Luciferase activity in major organs from mice injected intravenously with AARGD-CMV/Luc, AdRGD-Tyr/Luc, or AdRGD-TERT/Luc
RLU/tissue ( x 1077)

~

Administered vector PFU Liver Spleen Kidney Heart Lung Brain
AdRGD-CMV/Luc 107 73+46 0.07+0.01 ND 0.01+0.01 0.0240.02 ND
108 9714279 1.340.2 0.540.3 0.140.02 0.240.04 0.1+0.02
10° 198867 + 88075 16+3.6 77+2.6 2.3+1 8.9+5.4 41 241
AdRGD-Tyr/Luc 107 ND ND ND ND ND ND
108 ND ND ND ND ND ND
10° 0.08+0.07 ND ND ND ND ND
AdRGD-TERT/Luc 107 ND ND ND ND ND ND
108 0.06+0.08 0.054+0.01 ND ND ND 0.02+0.02
10° 24+7.0 0.4+0.1 0.04+0.03 ND ND 0.04+0.04

C57BL/6 mice were intravenously injected with each AdRGD at the indicated PFU in 100-1d PBS. After 2 days, the liver, spleen, kidney,
heart, lung, and brain were removed and homogenized, and then luciferase activity in the homogenates was measured. All data
represent the mean + SE of six mice. The mean background value of luciferase activity in each organ has been subtracted from the data.

ND: luciferase activity was not detectable.

Table 3 Serum activities of transaminases in mice after intravenous
administration of different promoter-regulaied HSVik-expressing
AdRGD followed by intraperitoneal injection of GCV for 6 days

transcriptional targeting of the HSVtk gene to melanoma
tissue. -

Treatment PFU GOT (Karmen  GPT (Karmen
unit) unit) . . :
Discussion .
PBS — 66+16 15+1 .
AdRGD-CMV/HSVik 102 2262+724 855+ 174 Suicide gene therapy using the HSVtk/GCV system is a
AdRGD-Tyr/HSVik 189 1?;%:1(1) ;gf; -potential cancer treatment in which therapeutic efficacy
= =+ £ relieson the t duction efficiency of HSVtk gene into
AJRGD-TERTHSVk  10° 77417 1444 .y | e transguetion SLCIeiey £
10° 2931107 tumor. Among the currently available vector systems, Ad

65+26 -

All data represent the mean+ SD of six mice.

AdRGD-CMV/Luc at 10 times less: Vector: dosage
(10°PFU). These data strongly suggested that body
weight reduction in response to HSVtk/GEV treatment
was correlated with liver damage, which exhibited the
highest levels of unfavorable transgene expression.
Furthermore, blood was collected from mice that were
treated with each HSVtk-expressing AJRGD and GCV,
and then serum levels. of GOT and GPT, enzymatic
biomarkers of hepatotoxicity, were measured. As shown
in Table 3, serum levels of GOT and GPT drastically
increased in mice injected with AARGD-CMV/HSVik at
108 PFU. Although the histological examination of the
liver did«tiot.show remarkable pathological change, the
gallbladder of these mice was remarkably hypertrophied,
and‘the serum showed a state of bilirubinemia (data not
shown}.zIn contrast, mice injected with AARGD-Tyr/
HSVtk or AdRGD-TERT/HSVtk at 10* or 10° PFU
exhibited low GOT and GPT levels, less than one-tenth of
those in mice administered AdRGD-CMV/HSVtk at
108 PFU. Therefore, AORGD-Tyr/HSVtk and AdRGD-
TERT/HSVtk could reduce systemic adverse effects,
mainly hepatotoxicity, of the HSVtk/GCV system by

is frequently used in research and development of gene
therapy due to highly efficient transduction in a wide
variety of cell types and tissues regardiess of the mitotic
status of the cell. However, the efficiency of gene transfer
using conventional Ad, which is derived from human
adenovirus serotype 2 or 5, varies widely depending on
the tissue origin of target cells. In particular, melanoma,
which is an important target for gene therapy, requires
high Ad dosage for sufficient gene expression because of
the low expression or deficiency of the primary Ad-
receptor, that is, the coxsackie-adenovirus receptor, on
the cell surface.'**® In this regard, we previously
demonstrated that AdRGD, which possesses av-integrin
tropism, was a potent vector system for gene transduction
in melanoma, and that the intratumoral injection of
AdRGD-expressing cytokine or HSVtk gene could more
effectively induce tumor regression in established murine
BI6BL6 melanoma model than conventional Ad.'*'7
Although these results suggested that AARGD could
contribute to the establishment of efficacious suicide gene
therapy for melanoma, gene expression had to be
localized in tumor tissue when AdRGD encoding HSVtk
gene was intratumorally injected in order to assure the
safety of the HSVtk/GCV system. In fact, we found that
about 1% of AdRGD that was carefully injected into
B16BL6 tumor leaked from tumors into systemic circula-
tion, although AdRGD could reduce systemic vector
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dissemination by its superior gene transduction to
melanoma as compared with conventional Ad.'® In the
present study, we attempted to construct a specialized
AdRGD and optimized its applicability to the HSVtk/
GCYV treatment for melanoma by using Tyr (melanoma-
specific) or TERT (tumor-specific) promoter.

In our in vitro transgene expression study using
luciferase-expressing AdRGDs, the ratio of luciferase
activities in human A2058 (melanoma) cells to those in
human A549 (nonmelanoma) cells increased from 1-4 to
150-250 upon transduction with AdRGD-Tyr/Luc in-
stead of AARGD-CMV/Luc, whereas luciferase activities
in A2058 cells transduced with either AARGD-Tyr/Luc or
AdRGD-CMV/Luc were comparable. Similarly, a drastic
increase in gene expression specificity for melanoma was
observed in murine cell lines, that is, the B16BL6/Colon-
26 luciferase activity ratio was 36-55 for AARGD-Tyr/
Luc and 3.5 for AARGD-CMV/Luc. McCart et al*’ also
showed, by using conventional Ad-expressing luciferase
under control of Tyr or CMV promoter, that the
melanoma/nonmelanoma ratio was 6.3 for Tyr promoter
and 0.14 for CMV promoter. These ratios were calculated
by using the average luciferase expression levels in five
human melanoma cell lines and six human nonmelanoma
cell lines.>” Since AARGD exhibited more highly efficient
gene transduction in melanoma lacking the coxsackie-
adenovirus receptor than conventional Ad, we believed
that melanoma-specificity of Tyr promoter could be
improved by our AARGD system. Likewise, the ratio of
transgene expression levels in human tumor cell lines
(A2058 and A549) to those in human normal cell line

(WI-38) ranged from 2.3 to 4 for AARGD-TERT/Luc and -

0.003 t0 0.01 for AARGD-CMV/Luc. These values agreed
with results of Gu et al,** who analyzed gene expression i

five human tumor cell lines and two primary normalcells

by using conventional Ad containing the CMV_or TERT
promoter. Taken together, our results revealed that
AdRGD-Tyr/Luc transgene expression was selective for
melanoma cells and that AdRGD- TERT/Luc could
efﬁc1ently induce transgene expresswn in: tumor cells,
but not in normal cells.

AdRGD-Tyr/HSVtk and AdRGD TERT/HSVtk in-
duced GCYV sensitivity only in‘melanoma cells and tumor
cells, respectively, whereas. trafnisduction with AdRGD-
CMV/HSVtk followed: by -GEV treatment induced
cytotoxicity in normal cells as well as melanoma and
nonmelanoma tumor cells. Reflecting these encouraging
in vitro results,.inttatumoral injection of AdRGD-Tyr/
HSVtk and AAdRGD-TERT/HSVtk achieved not only
potent antitumoy.-¢fficacy in an established B16BL6
melanomg;:but-also drastic reduction in adverse systemic
effects; mainly hepatotoxicity, which may be caused by
HSVitk gene expression in organs distant from the tumor.
Althoughi AdRGD-Tyr/HSVtk and AdRGD TERT/
HSVtk required administration at 10® PFU/tumor for
attaining anti-B16BL6 tumor effects comparable to those
from AdRGD-CMV/HSVtk injected at a 10-fold lower
dose (107 PFU/tumor), intratumoral injection of AARGD
regulated with Tyr or TERT promoter induced httle or no
transgene expression in other organs even at 10°PFU. In
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contrast, undesirable transgene expression was detected in
distant organs, mainly in the liver, upon intratumoral
injection of AdRGD carrying the universal CMV
promoter at a dosage capable of inducing effective tumor
regression (> 10’ PFU). Importantly, AdRGD-Tyr/
HSVtk and AdRGD-TERT/HSVtk did not induce
considerable adverse effects such as body weight reduc-
tion or increases in serum GOT/GPT activities, even when
they were intravenously injected into mice at extremely
high dosage, 10® or 10° PFU. Furthermore, luciferase
expression in the liver from mice injected intravenously
with  AdRGD-Tyr/Luc or AdRGD-TERT/Luc at
10°PFU was lower than that in mice injected with
AdRGD-CMV/Luc at 10’ PFU. These results strongly
suggest that AARGD-Tyr/HSVtk and AdRGD-TERT/
HSV1tk dosage could be increased to potentiate antitumor
efficacy without inducing adverse effects. Collectively, we
demonstrated that through the addition of transcriptional
targeting by using Tyr or TERT promoter, AARGD,
which possesses av-integrin tropism resulting in highly
efficient transduction, is a safer vector system for suicide
gene therapy against melanoma.

Abbreviations.. ;

Ad, adenovirus vector; AdRGD, RGD fiber-mutant
adenovirus: vector; FBS, fetal bovine serum; GCV,
ganciclovi;, GOT, glutamic oxaloacetic transaminase;
GPT, glutamic pyruvic transaminase; HSVik, herpes

wsimplex virus thymidine kinase; MOI, multiplicity of
<infection; MTT, 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl
stetrazolium bromide; PFU, plaque-forming unit; PBS,

phosphate-buffered saline; RLU, relative light unit;
TERT, telomerase reverse transcriptase; Tyr, tyrosinase.
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