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AdRGD-CCL17, -CCL20, -CCL21, -CCL22, or control
AdRGD-Null at an MO of 10. These transduced tumor
cells were intradermally inoculated into H-2 haplotype-
matched mice, and tumor growth was compared with
that of intact tumors. As shown in Fig. 3, the tumori-
genicity of BI6BL6 and CT26 cells was hardly affected
by transfection with the control vector, whereas
OV-HM cells transfected with AJRGD-Null exhibited a
slight delay of tumor growth as compared with intact
OV-HM cells. Among 20 combinations of chemokine
and tumor cells, an obvious tumor-suppressive effect
was recognized in mice inoculated with CCL19/B16BLS6,
XCLV/BISBL6, or CCL22/0V-HM cells. In contrast,
the in vivo growth of CCL27/B16BLS6, CCL20/CT26,
CCL22/CT26, XCLI/CT26, and CCL20/OV-HM cells
was the same as that of the control vector-transfected
cells, and only a slight delay of tumor growth was

observed in five BI6BL6 groups (CCL17, CCL20,
CCL21, CCL22, and CX3CL1), five CT26 groups
(CCL17, CCL19, CCL21, CCL27, and CX3CLI), and
two OV-HM groups (CCL17 and CCL21). Importantly,
CCL22/0V-HM cells not only demonstrated consider-
able retardation in tumor growth but were also com-
pletely rejected in 9 of 10 mice. In the rechallenge
experiment, these cured mice were intradermally injected
with 1x10° parental OV-HM cells or irrelevant
B16BL6 cells at 3 months after the initial challenge, Five
of six mice rechallenged with OV-HM cells remained
tumor-free for more than 2 months, whereas rechal-
lenging with B16BL6 cells perfectly developed palpable
tumors in three additional mice within 2 weeks (data not
shown). These results indicate the generation of long-
term specific immunity against OV-HM tumor in mice
that could once reject CCL22/0V-HM cells.

CCL17/B16BLS

CCL18/B16BLS

CCL20/B16BLG

CCL21/B16BL6

=

100

% of tumor-free mice
-t
(=]
o
™

Days after tumor challenge

Fig. 4. Growth and rejection ratio of B16BL6 cells transduced with the chemokine gene in mice primed with melanoma-associated antigen. C57BL/S
mouse bone marrow-derived DCs were transfected with AdRGD-gpl00 at an MOI of 50 for 24 and they were intradermally injected into the right

flank of syngeneic mice 2¢ 5 x 10° cells. At 1 week after the vaccination,

these mice were intradermally inoculated in the left flank with 2 x 10° B16RLG

cells transfected with each chemokine-expressing AARGD at an MOI of 400 for 24k (®). Likewise, intact BI6BL6 cells (O) or AGRGD-Luc-

transfected B16BLS cells (00) were inoculated in the gpl00-primed mice, which were used as cont
times per week. Each point represents the mezn + SE of results obtained from 12 mice. (B)

without visible twmor against the total mice tested in each group.

rol groups. {A) The tumor volume was assessed three
Data are expressed in terms of the percentage of mice
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Growth and rejection ratio of chemokine gene-transfected
B16BL6 cells in gpl100-primed mice

For the purpose of examining the influence of
chemokine against tumor growth in hosts specifically
sensitized with tumor-associated antigen, B16BLS cells
transfected with chemokine-expressing AAdRGD were
inoculated into mice that were vaccinated with DCs
presenting gpl00, one of the identified melanoma-asso-
ciated antigens. As shown in Fig. 4A, CCL17-, CCL19-,
or CCL27-transfection was very effective for tumor
growth suppression in gpl00-primed mice, whereas
AdRGD-Luc-transfected BI6BLS cells did not show
any difference in tumor growth as compared with intact
cells. A remarkable enhancement was observed in the
complete rejection ratio at 2 months after tumor inoc-
ulation in the CCL22-transfected group as well as in the
CCL17, CCL19, and CCL27 groups (Fig. 4B). Also,
transfection with AJRGD-CCL20 or -CCL21 moder-
ately improved the rejection ratio of B16BL6 cells in
gpl00-primed mice. XCL! did not show a notable dif-
ference in both the growth and the rejection ratio of
B16BLA cells as compared with the control groups, and
CX3CLI-transfected cells showed a tendency to pro-
mote tumor growth as compared with the intact BI6BL6
cells.

Discussion

The application of chemokines to cancer immuno-
therapy has recently attracted great attention, because
of their chemoattractant activity for a variety of immune
cells as well as the angiostatic activity of some chemo-
kines such as CXCL9 and CXCL10. In addition, it has
been known that some tumor cells express a lower level
of chemokines than normal cells [22]. Therefore, we may
obtain novel cancer gene immunotherapy capable of
demonstrating an excellent therapeutic effect, if a spe-
cific chemokine is adequately expressed at a local tumor
site by gene transduction. The tumor-suppressive activ-
ity of several chemokines was observed in actuality in
various experimental tumor meodels using the in vitro
transfection method [8,23-27]. We also previously
demonstrated that a CC family chemokine, CCL27,
could suppress OV-HM tumor growth via transfection
into the tumor cells due to the local recruitment of T
cells and natural killer (NK) cell, whereas the transfec-
tion of CX3CL1 did not show a significant effect [19].
However, there are few reports comparing the antitumor
activity of a specific chemokine between distinct tumor
models,

Thus, we screened the potential anti-tumor activity of
CCL17, CCLI19, CCL20, CCL21, CCL22, CCL27,
XCL1, and CX3CL] in three murine tumor models by
in vitro transfection. In order to efficiently transduce the

chemokine gene into tumor cells, we constructed the
AdRGDs carrying an expression cassette containing
each murine chemokine cDNA by an improved in vitro
lipation method. AARGD can enhance gene transduc-
tion efficiency against a variety of tumor cells as com-
pared with conventional Ad because of the expression of
the RGD sequence, the av-integrin-targeting peptide, at
the Hl-loop in their fiber knob [11-13]. Moreover, the
improved in vitro ligation method enables speedy con-
struction of a series of AARGDs for screening by easy
insertion of the expression cassette for the concerned
gene into El-deletion site [15,16]. With respect to the
RT-PCR analysis and in vitro chemotaxis assay, trans-
fection using our eight AARGDs encoding the chemo-
kine gene allowed tumor cells to express each
corresponding chemokine mRINA and secrete a specific
chemokine protein in a biologically active form (Figs. 1
and 2). Murine B16BL6 melanoma, murine CT26 colon
carcinoma, and murine OV-HM ovarian carcinoma cells
were transfected with chemokine-expressing AJRGDs
at the MOI, which was suitable for adequately intro-
ducing a reporter gene into each tumor cell in pre-
liminary examinations. To address the possibility of
growth suppression depending on the cytotoxicity by
AdRGD itself or secreted chemokine, we evaluated the
viability of tumor cells transfected with each AARGD at
48 h after transfection by MTT assay. The in vitro growth
of the transfected cells was essentially identical to that
of the intact cells with the exception of the OV-HM
cells transduced with AdRGD-CCLI19 or -XCL1 (data
not shown), Therefore, CCL19 and XCI.1 were excluded
from the in vivo experiment using OV-HM cells,
Although a slight delay in tumor growth was ob-
served in most of the combinations of tumor cells and
chemokines, only CCL19/B16BL6, XCL1/B16BLS5, and
CCL22/OV-HM cells demonstrated a notable tumor-
suppressive activity in immunocompetent mice as com-
pared with the control vector-transfected cells (Fig. 3).
In particular, CCL22-transfection was highly efficacious
for the repression of OV-HM tumor growth, since
complete rejection was observed in 9 of 10 mice. Fur-
thermore, five of six cured mice could resist rechallenge
with parental OV-HM cells, indicating the generation of
a long-term tumor-specific immunity by rejection of
CCL22/0V-HM cells. CCL22 exhibits a strong chemo-
attractant activity for a variety of immune cells includ-
ing T cells, NK cells, and DCs. Guo et al. [28] also
reported that the intratumoral injection of conventional
Ad encoding human CCL22 resulted in a marked tumor
regression in a murine 3LL lung carcinoma model with
significant cytotoxic T lymphocyte (CTL) activity.
However, CCL22-transfection did not show an anti-
tumor effect in both B16BL6 and CT26 cells, and the
chemokine that could demonstrate an obvious sup-
pressive effect common to tumor cells of all three kinds
was not found even if the results of CCL27/OV-HM and
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CX3CL1/OV-HM cells, which were examined in our
previous work [19], were included. In addition, some
chemokines such as CCL17, CCL20, CCL21, and
CX3CLI failed to induce 2 notable suppressive effect
against all three kinds of tumors although their
chemoattractant activity for immune cells was reported.
These complicated phenomena suggest that the anti-
tumor effect via chemokine expression might be affected
by several factors, for example, (1) the immunogenicity
of the tumor cells, (2) the quantity and population ratio
of the immune cells accumulated in tumor tissue, and (3)
the activation state and deviation of the immune system
in host,

We considered that not only the accumulation but
also the activation of immune cells in tumor tissue is
very important in cancer immunotherapy using chemo-
kines, because several approaches that combined che-
mokines with cytokines or costimulatory molecules
resulted in the synergic enhancement of anti-tumor ac-
tivity as compared with the application of chemokine
alone [29-32]. DCs, unigue antigen-presenting cells ca-
pable of priming and stimulating naive T cells, not only
play a critical role in establishing antigen-specific
adaptive immune responses but also regulate the innate
immune system [33-35]. Because of these properties,
DCs loaded with tumor-associated antigen are idea) for
generating a primary immune response against cancer as
“nature’s adjuvant” [33,36], We previously reported that
the vaccination of DCs transfected with gene coding
gpl00, one of the melanoma-associated antigens, by
AdRGD could induce anti-BI6BL6 tumor immunity
based on increasing cytotoxic activities of NK cells and
gp100-specific CTLs [21). When chemokine-transfected
B16BL6 cells were inoculated into mice vaccinated with
gpl00-expressing DCs, CCL17, CCL19, CCL22, and
CCL27 could promote resistance to tumor formation
(Fig. 4). Upon comparing the outcomes in Figs. 3A and
4, CCLI9 demonstrated B16BL6 tumor-suppressive
activity in both intact and gp100-primed mice, whereas
the enhancement of the anti-tumor effect by CCL17,
CCL22, or CCL27 was observed only in gpl00-primed
mice, Surprisingly, the anti-tumor activity of XCLI1
detected in intact mice was lost in gpl100-primed Inice,
and the CX3CLI/BI6BL6 tumor grew more rapidly
than the control tumor in gpl00-primed mice, We
speculated that the weak anti-B16BL6 tumor activity of
XCLI or CX3CLI1 was masked by vaccine efficacy of
gp100-expressing DCs, and that the angiogenic activity
of CX3CLI [37] might be emphasized in a tumor-spe-
cifically sensitized host.

Collectively, our data suggested that the tumor-sup-
pressive activity of chemokine was greatly influenced by
the kind of tumors and the activation state of the im-
mune cells, and that a search for an effective chemokine
for cancer immunotherapy should be performed in an
experimental model that can reflect clinical status, in-

cluding the immunogenicity of tumors, the state of the
host’s immune system, and the combination of other
treatments, as much as possible.
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Abstract  Peroxisome proliferator-activated receptor Y(PPARY)
plays a central role in adipocyte differentiation and insulin sen-
sitivity. Although PPARY also appears to regnlate diverse cel-
lular processes in other cell types such as lymphocytes, the de-
tailed mechanisms remain unclear. In this study, we established
a lentivirus-mediated short hairpin RNA expression system and
identified a potent short hairpin RNA which suppresses PPARY
expression, resulting in marked inhibition of preadipocyte-to-
adipocyte differentiation in 3T3-L1 cells. Our PPARYy-knock-
down method will serve to clarify the PPARYy pathway in var-
icus cell types in vivo and in vitro, and will facilitate the devel-
opment of therapentic applications for a variety of diseases.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. AR rights reserved.

Key words: Peroxisome proliferator-activated receptor v;
RNA interference; Short hairpin RNA; Lentiviral vector;
Adipocyte

1. Introduction

The peroxisome proliferator-activated receptor (PPAR)
family was discovered as an orphan nuclear receptor, and
three different subtypes were subsequently identified, namely
PPARc, PPARS/S and PPARY. PPARY is abundantly ex-
pressed in adipose tissue and plays a key role in adipocyte
differentiation and insulin sensitivity [1]. Recently, our group
and other researchers reported that PPARY is also an attrac-
tive therapeutic target as it can play an important role in
immune responses, especially in transcriptional regulation of
inflammatory responses [2-5].

The biological role of PPARY had been widely investigated
by using PPARy-deficient mice generated by targeted disrup-

*Corresponding author. Fax: (81)-6-6879 2914,
E-mail address: kwada@dent.osaka-u.acjp (K. Wada).

Abbreviations: LV, lentiviral vector; shRNA, short haitrpin RNA;
MOI, multiplicity of infection; PPAR, peroxisome proliferator-acti-
vated receptor; GPDH, glycerol-3-phosphate dehydrogenase; BRL,
rosiglitazone (BRL-49653)

tien of the PPARY gene. Since homozygous PPARy-deficient
mice (PPARY™™) are embryonic lethal due to placental dys-
function {1}, heterozygous mice (PPARY/™) have been used
to investigate the role of PPARY in vivo experiments. How-
evet, PPARYY™ mice seem to be of limited use in some ex-
periments, because PPARY also appears to regulate diverse
cellular processes in cells that show lower levels of PPARY
expression in comparison to adipose tissue [6,7].

RNA interference (RNAI) is a powerful technique for se-
lectively silencing the expression of genes. Recent work has
provided a system for the stable expression of short interfering
RNA (3siRNA) in mammalian cells, which is generally based
on the expression of short hairpin RNA (shRNA) under the
control of the RNA polymerase III promoter [8-11]. The tech-
nique has allowed for the development of a new approach for
achieving targeted gene silencing of disease-associated genes in
animal models as well as in cuttured cells.

Lentiviral vectors (L'Vs) are a promising tool for exogenous
gene transfer among gene transfer vehicles, becanse LVs have
the advantages of infecting non-dividing cells and being stably
integrated into the host genome resulting in long-term expres-
sion of transgens {12-16}. Furthermore, recent reports have
demonstrated that virns-mediated RNAI could provide long-
term silencing in mammalian cells [9,17,18]. In the present
study, we attempted to develop a technique for suppressing
the expression of PPARy in vivo and in vitro. We established
a lentivirus-mediated shRINA expression system and identified
a potent shRNA target sequence in the coding region of
PPARY mRNA. This approach has enabled us to clarify a
novel role of PPARY.

2. Materials and methods

2.1. Vector construction

Vectors were constructed using standard cloning procedures. H1-
RNA promoter was amplified from human genomic DNA (Clontech,
Palo Alto, CA, USA) using the following primers: 5-CCATG-
GAATTCGAACGCTGACGTC-3" and 5-GCAAGCTTAGATCT-
GTGGTCTCATACAGAACTTATAAGATTCCC-3'. The amplified
polymerase chain reaction (PCR) product was inserted into the
EcoRI-Bglll site of pHMS [19], generating pHM5-H1. pHMS-H1
was designed to express shRNA upon the insertion of an appropriate
sequence info the Bglll/Xbal site (Fig. 1 A). Oligonucleotides encoding

0014-5793/04/330.00 © 2004 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Vector construction. A: pHMS-H! was constructed as de-
scribed in Section 2. Oligonucleotides encoding both strands of the
targeting sequence, a spacer sequence which provided a loop struc-
ture and a transcriptional termination sigral TS were annealed and
inserted into BglIlfXbal sites in pHM5-H1. B: Schematic represen-
tation of self-inactivating (SIN) LV plasmid (CS8-H1-shRNA-EG).
CMV: cytomegalovirus promoter, ¥: packaging signal, RRE: rev
respongsive element, cPPT: central polypurine tract, H1: human Hl
promoter, EF-lo:: human elongation factor 1o subunit gene pro-
moter, EGFP: enhanced green fluorescent protein, WPRE: wood-
chuck hepatitis virus posttranscriptional regulatory element. A: de-
leting 133 bp in the U3 region of the 3’ long terminal repeat.

both strands of the targeting sequence were annealed and inserted into
Bglll/Xbal sites of pHMS5-HI (Fig. 1A and Table 1), The sequence
was verified on a DNA sequencer (ABI Prism 310, Applied Biosys-
tems) and the cassette containing the H1 promoter plus the shRNA
was transferred to a self-inactivating (SIN) LV construct, generating
CS-HI1-shRNA-EG (Fig. 1B).

22. Preparation of LV expressing shRNA (LV-shRNA)

LVs pseudotyped with vesicular stomatitis virus G glycoprotein
{VSV-G) were prepared according to a previously described method
[15,20,21]. Briefly, 293T cells were transfected with four plasmids:
packaging construct (pMDLg/pRRE), VSV-G-expressing construct
{PMD.G), Rev-expressing construct (pRSV-Rev), and SIN vector
construct {CS-H1-shRNA-EG). Vector supernatant was concentrated
by ultracentrifugation, and the pellet was resuspended in Hanks® bal-
anced salt solution, Vector titers, which can be detected by enhanced
green fluorescent protein (EGFP) expression under the control of 2,
human elongation factor 1o subunit gene promoter, were determined
by infection of HeLa P4 cells with serizl dilutions of the vector stocks,
followed by fluorescence-activated cell sorter (FACS) analysis for
EGFP-positive cells,

2.3, Cell culture and infection of LV-shRNA

3T3-L1 preadipocytes were cultured in Dulbecco’s modified Eagle’s
medinm supplemented with 10% fetal bovine serum. The 3T3-L1 cells
were infected with viral stocks at 2 multiplicity of infection (MOI) of
50 or 200, followed by FACS znalysis for EGFP expression. Trans-
ductjon efficiencies were 66.57% 1.44 at 50 MOI and 91.64% +1.67
at 200 MOL, expressed as S.E.M. The transduced 3T3-L1 cells were
grown and then used in subsequent experiments,

2.4. Differentiation protocol

Induction of adipocyte differentiation was performed essentially as
described [22}. Two days after confluence (day ), the medinm was
replaced with differentiation medium containing rosiglitazone {BRL,
1 M), insulin (INS, 150 oM), dexamethasone (DEX, 1 uM) and 3-
isobutylk1-methylxanthine (IBMX, 100 uM), which was changed every
3 days thereafter until analysis.

2.5, Measurement of adipocyte differentiotion

Differentiation of 3T3-L1 preadipocytes to adipocytes was moni-
tored by measurement of intracellular lipid accumulation using Oil
red O staining and glycerol-3-phosphate dehydrogenass (GPDH) ac-
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tivity on day 9. Cultured cells were fixed for 2 h with 10% formalin in
isotonic phosphate buffer 2nd then washed with distilled water. The
cells were then stained by complete immersion in a working solution
(0.3%) of Oil red O for 4 h. Excess dye was removed by exhaustive
washing with water. The GPDH activity was measured using a GPDH
assay kit (Hokudo, Hokkaido, Japan).

2.6. RNA isolation and reverse transeription (RT} PCR analysis
Total RNA was extracted from the 3T3-L1 cells infected with each
kind of LV-shRNA using Tri-Reagent (Sigma). First-strand cDNA
was generated from 1 pg of RNA by using oligo{dTys_13) primer
(Invitrogen) and SuperScript 111 RNase H Revarse Transeriptase (In-
vitrogen) according to the manufacturer’s protocol. The reverse tran-
scription reaction mix was amplified with the following pair of oligo-
nucleotides specific for murine PPARg, PPARS, PPARY and
glyceraldehyde-3-phosphate dehydrogenase (GAPDI): PPARe, 5'-
CGACAAGTGTGATCGGAGCTGCAAG-3 and 5-GTTGAAGT-
TCTTCAGGTAGGCTTC-¥; PPARS, 5-GGCCAACGGCAGTG-
GCTTCGTC-3’ and 5'-GGCTGCGGCCTTAGTACATGTCCT-3':
PPARY2, 5-GCTGTTATGGGTGAAACTCTG-3 and 5-ATAA-
GGTGGAGATGCAGGTTC-3; GAPDH, 5'-GCTCACTGGCAT-
GGCCTTC-3' and 5"-ACCACCCTGTTGCTGTAGC-Y [23]. The
sample was amplified in the linear phase, optimized for each gene
(PPARp: 38 cycles; PPARS: 30 cycles; FPARY2: 36 cycles;
GAFPDH: 23 cycles). All PCR products were electrophoresed on 2%
agarose gel using 0.5X Tris-borate-EDTA buffer and visualized using
ethidium bromide. The gel image was captured by a digital camera,
and densitometric anzlysis was performed using NIH Image software.

2.7, Western blot analysis

Cultured cells were homogenized in Tris-HC] buffer containing a
cocktail of protease inhibitors and insoluble materials were then re-
moved by centrifugation at 4°C. The solubilized lysates were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis under
reducing conditions at a concentration of 5 pg protein of sample per
lane. Detection of PPAR, PPARS, PPARY and GAPDH was respec-
tively performed with anti-PPARe polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-PPARS polyclonal anti-
body (Santa Cruz Biotechnology), anti-PPARY monoclonal antibody
(Santa Cruz Biotechnology) and anti-GAPDH polyclonal antibody
(Trevigen, Gaithersburg, MD, USA) according to a previously de-
scribed method [4]. The band intensity was quantified using NIH
Image software.

2.8. Statistical analysis

Al results are expressed as mean+S.E.M. Statistical comparisons
were made with Student’s r-test or Schefi®’s method after analysis of
variances. The results were comsidered significantly different at
P<0.05.

Table 1
LV vectors used in this study
LV vector shRNA target  shRNA target sequence
gene
LV-shRNA-P11 PPARy! and 2  CAGCTCTACAACAGGCCTC
LV-shRNA-P12 PPARYt and 2 ATEGCCATTGAGTGCCGAG
LV-shRNA-P13 PPARYl and 2  TARATGTCAGTACTGTCGG
LV-shRNA-P14 PPARyl and 2  TTGGCGGAGATCTCCAGTG
LV-shRNA-P15 PPARyl and 2 GTCTGCTGATCTGCGAGCE
LV-shRNA-P16 PPARY! and 2 TCACCATTTGTCATCTACG
LV-shRNA-PL7 PPARY! and 2 GITTGAGTTTGCTGTGARG
LV-shRNA-P18§ PPARYl and 2  ATGAGCCTTCACCCCCTGE
LV-shRNA-P19 PPARYl and 2 GATCTGCGAGCCCTGGCAA
LV-shRNA-P21 PPARY2 ACTCTGGGAGATTCTCCTG
LV-shRNA-P22 PPARY2 CCTTCGCTGATGCACTGCC
LV-shRNA-Lu Luciferase ACGCTGRAGTACTTCGAAAT
LV-shRNA-Scramble No target gene  GCGCGCTTTGTAGGATTCG

LV-EG

LV-EG bhas no shRNA-expressing cassette. All vectors camry an
EGFP-expressing cassette as a marker gene so that the cells trang-
duced with LV-shRINAs can be identified by green Auorescence.
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3. Results and discussion

To develop an effective PPARY-knockdown method, we
constructed an LV-based siRNA system in which shRNA
encoding both strands of the targeting sequence is expressed
under the contrel of human H1 premoter {24] A human H}
promoter was cloned to generate pHMS5-H1, and oligonucleo-
tide encoding shRNA against PPARY mRNA was inserted
{Fig. 1A). Subsequently, the cassette containing the H1 pro-
moter plus the shRNA was transferred to the SIN LV con-
struct (Fig. 1B). Using a shRINA target sequence against fire-
fly luciferase, we previously demonstrated that our LV-based
siRNA system effectively suppressed the target gene in mam-
malian cells (data not shown).

PPARyexists as two isoforms, termed PPARy] and PPARY2,
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Fig. 2. Alteration of PPAR family mRNA levels in 3T3-L1 cells
transduced with LV-shRNAs. A: 3T3-L1 preadipocytes were in-
fected with each LV-shRNA (200 MOI) and then subjected to the
differentiation protocol. Two days after the induction of adipocyte
differentiation, mRNA levels of PPARY2, PPARc, PPARS, and
GAPDH were determined by RT-PCR analysis. Results are repre-
sentative gel images. B: Densitometric quantitation for PPARY and
GAFPDH from three to four independent experiments. Each PPARy
value was normalized to the values for GAPDH and expressed as
fold induction over the basal level detected in 3T3-L1 preadipocytes
(bars, S EEM.). **P<0.0] for LV-shRNA-P15 and -P17 compared
with LV-shRNA-Lu, LV-shRNA-Scramble or LV-EG.
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Fig. 3. Effect of LV-shRNAs on adipocyte differentiation. A: Differ-
entiation of 3T3-L1 preadipocytes (infected with LV-shRNA; 200
MOI) to adipocytes was monitored by measurement of intracellular
lipid accumulation using Qif red O staining on day 9. B: GPDH ac-
tivity was measured on day 9. Data were expressed as percentage of
the GPDH activity of 3T3-L1 cells which were infected with LV-
shRNA-Scramble (200 MOI). a: LVshRNA-P11; b: LV-shRNA.
P12; ¢c: LV-shRNA-P13; d: LV-shRNA-P14; e: LV-shRNA-P15; f:
LV-shRNA-P16; g LVshRNA-PI7; h: LV-shRNA-P18; i: LV-
shRNA-P19; j: LVshRNA-P21; k: LV-shRNA-P22; 1: LV-EG; m:
LV-shRNA-Lu; n: LV-shRNA-Scramble. Similar results were ob-
tained in two independent experiments.

which are produced by a combination of different promoters
and alternative splicing. PPARY2 has an N-terminal extension
of 30 amino acids and is very highly expressed in adipocytes
[22,25]. We selected 11 target sequences in the coding repion
of PPARYmRNA and constructed LV-shRNAs against PPARy
(Table 1). In the present study, LV-shRNA-Lu, LV-shRNA-
Scramble and LV-EG were used as controls.

To find the mest effective shARNA target sequence against
PPARY, we analyzed the silencing of PPARy in 3T3-L1 cells
during preadipocyte-to-adipocyte differentiation in which
PPARY is known to be a mastet regulator of adipogenesis
[1,26,27]. The expression of PPARY increases during the differ-
entiation process and activation of PPARY protein by its Li-
gand leads to adipogenesis through the activation of the adi-
pogenic gene cascade. The 3T3-L1 preadipocytes transduced
with each of the LV-shRNAs, ie. 3T3-L1 cells expressing
shRNAs, as listed in Table I, were exposed to differentiation
medium (DM) 2 days after confluence (day 0). Initially, silenc-
ing of PPARY expression was examined by RT-PCR after 2
days of culture in DM (Fig, 2). Although 3T3-L1 cells trans-
duced with LV-shRNA-Lu, -Seramble and LV-EG showed
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significant inereases in the levels of PPARY mRNA, 3T3-L1
cells transduced with LV-shRNA-P15 and -P17 retained low
levels of PPARY mRNA comparable to the level in preadipo-
cytes maintained in normal culture medivm. In contrast, the
expression levels of GAPDH, PPARx and PPARS were not
altered by LV-shRNA-PI5 or -P17. The other LV-shRNAs
against PPARY caused moderate decreases in the levels of
PPARy mRNA.

The differentiation of 3T3-L1 preadipocytes to adipocytes
¢an be monitered by measurement of intracellular lipid accu-
mulation and GPDH (an important enzyme in triglyceride
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Fig. 4. Alteration of PPAR family protein levels in 3T3L1 cells
transduced with LV-shRNAs (200 MOI). A: Four days after the in-
duction of adipocyte differentiation, the whole cell extract was ana-
lyzed by Western blotting with antibodies against PPARY, PPARy,
PPARS and GAPDH. Resulls are tepresentative of three individual
experiments. B: Densitometric quantitation for PPARy and
GAPDH from three individval experiments. Each PPARY value was
normalized to the values for GAPDH and expressed as fold induc-
tion over the basal level detected in 3T3-L1 preadipocytes (bars,
SEM.). **P<001 for LV-shRNA-P13, -P15 ard -P17 compared
with LV-shRNA-Seramble or LV-EG. *P<0.05 for LV-shRNA-
P13 compared with LV-EG.
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synthesis) activity [28-30). Intracellular lipid accumulation
was dramatically reduced in the LV-shRNA-P15- and -P17-
infected 3T3-L1 cells as shown by Oil red O staining (Fig. 3A,
e: LV-shRNA-P15; g: LV-shRNA-P17). GPDH activity also
demonstrated that LV-shRINA-PIS and LV-shENA-P17 ex-
press a potent shRNA which suppresses PPARY mRNA ex-
pression, tesulting in marked inhibition of preadipocyte-to-
adipocyte differentiation (Fig. 3B). We also confirmed that
the expression of PPARinducible genes, such as uncoupling
protein-1 and adipocyte fatty acid binding protein, were in-
hibited in 3T3-L1 cells transduced with LV-shRNA-P15 and
LV-shRNA-P17 in the presence of the PPARy-specific ligand,
BRL (unpublished data).

A recent study demonstrated that if the degree of comple-
mentarity to ifs target is reduced, siRNA can function as
mictoRNAs which affect translationa) suppression without
cleavage [31). An important objective of this study was to
determine whether the silencing effect of PPARY caused by
these LV-shRNAs was specific for PPARY, In fact, several
shRNA target sequences used in this smdy partially corre-
spond to PPARo or PPARS. Western blotting analysis dem-
onstrated that PPARY protein levels were significantly de-
creased in the LV-shRINA-PIS- and LV-shRNA-P17-infected
3T3-L1 cells, while LV-shRNAs did not alter the amount of
PPARo, PPARS or GAPDH protein (Fig. 4). These resulis
were consistent with the result from RT-PCR analysis
(Fig. 2).

Furthermore, we examined 3T3-L1 cells exposed to either
LV-shRNA-Scramble, -P15 or -P17 by fluorescent microscopy
for EGFP expression to identify cells not infected with those
vectors, i.e. the 3T3-L1 cells not expressing the shRNA en-
coded by LV-shRNA-P15 or -P17 (Fig. 5). In the case of LV-
shRINA-Scramble, which expresses control shRNA, the differ-
entiation of preadipocytes to adipocytes was not affected by
infection with LV. In contrast, all of the cells infected with
LV-shRNA-P15 or -P17 retained their fibroblast-like mor-
phology. Taken together, these results indicate that our LV-
shRNA-based PPARyknockdown method resulted in de-
creased PPARYexpression and specific inhibition of the PPARY
pathway, even in the case of adipocyte differentiation in which
PPARY expression is strongly induced by DM and PPARY
protein is effectively activated by the PPARyspecific ligand
used in this study, BRI..

Accessibility of the siRINA might depend on the secondary
structure of the target mRINA. However, a clear correlation
between either secondary structure or GC content and effec-
tiveness of target sites has not yet been recognized. Although
we designed 11 different shRINAs against PPARY, we have not
found any correlation between several factors that have been
implicated in the accessibility of transcriptional/transtational
regulatory elements and effectiveness of target sites of ShRNA
until row.

In the present study, we developed a promising tool for
suppressing the expression of PPARy. Our PPARy-knock-
down method will serve to clarify the role of the PPARY
pathway in various cell types in vivo and in vitro, and will
facilitate the development of therapeutic applications for a
variety of diseases.
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00 pm.
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Abstract—The adenovirus vector is a2 promising carriet for the efficient transfer of genes into cells via the coxackie-adenovirus recep-
tor (CAR) and integrins («vp3 and avp5). The clinical use of the adenovirus vector remains problematic however. Successful
administration of this vector is associated with side effects because antibodies to this vector are commonly found throughout the
humnan body. Te make the adenovirus vector practicable for clinical use, it is necessary to design an awxiliary transporter. The pres-
ent study describes the use of Arg-Gly-Asp(RGD)-1elated peptide, a peptide that binds to integrins, as an auxiliary transporter to
aid efficient transport of adenovirus vector. Furthermore, poly{ethylene glycol) (PEG) was also used as a tool to modify the adeno-
virus such that the risk of side effects incurred during clinical application was reduced. The present study describes the design,
preparation and use of (aoetyl-Tyr-GIy-Gly—Arg-Gly-Asp-Thr—Pro-,3A!a)zLys-PEG-pAla-Cys-NHz[(Ac-YGGRGDTPgA)zK-PEG-
pAC] as an efficient peptide-PEG transporter tool for carrying adenovirus vector mfo cells. (Ac-YGGRGDTPyA),K-PEG-,AC
was coupled with 6-maleimidohexanoic acid N-hydroxysuccinimide ester and the resulting 6-[(Ac-YGGRGDTPpA),K-PEG-
sAC-succinimidolhexanoic acid N-hydroxysuecinimide ester reacted with adenovirus. The modified adenovirns with the peptide-

PEG hybrid exhibited high gene expression even in a CAR.-negative cell line, DC2.4.

© 2004 Elsevier Ltd. All rights reserved.

Gene therapy is a new field of clinical treatment for
intractable diseases. A key aspect of gene therapy, and
a major determinant of its success, lies in the vector used
for transgenesis. Adenovirus vectors (Ad) are widely
used as vectors for gene therapy experiments? since they
exhibit highly efficient transduction and gene expression,
Ad infection is performed in two steps; firstly Ad binds
to its receptor, coxackie-adenovirus receptor (CAR),>
followed by receptor-mediated endocytosis via avp3
and avp5 integrins.* Both of these integrins are known
as a receptor of peptides containing the Arg-Gly-Asp
(RGD) sequence. Ad is able to transfer genes efficiently
into both dividing and nondividing cells, but some prob-

Keywords: Adenovirus vector; RGD; Poly{ethylene glycol); Transduc-

tion; Peptide synthesis.

*See Ref. 1.
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lems remain in terms of its clinical application. Side ef-
fects are common because antibodies to Ad are
commonly found within the human body (Fig. 1).5

Poly(ethylene glycol) (PEG) is a low toxicity polymer and
its hybrid formation (conjugation) with a protein is a
method known to improve certain characteristics of
the chosen protein (such as response to an antibody,
response to enzymatic degradation, solubility to aque-
ous and organic solvents and prolongation of biological
activities). As a result of this new methodology, the form-
ation of a protein-PEG hybrid has become known as
‘pegylation’, a term that is now commonly used. Several
studies have investigated the pegylation of Ad;® results
demonstrated that pegylated Ad exhibited enhanced cir-
culation and half-life in blood depending on the rate of
pegylation, Transduction by the pegylated Ad was not
disturbed in the presence of its antibody.” However
the ability of the pegylated Ad to penetrate into cells
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Ac-Tyr-Gly-Gly-Arg-Gly-Asp-Thr-Pro-pAla
Ac-Tyr-Gly-Gly-Arg-Gly-Asp-The-Pro-pAla

> Lys-PEG-gAla-Cys-NH, - P

0 0
QN‘(CHQ)S-COO- :j Ad
0 0

Figure 1. Design of an efficient peptide-PEG transporter tool for carrying adenovirus vector into cefls via integrins.

through the coxackie-adenovirus receptor (CAR) was
reduced by the steric hindrance of the associated
PEG chains. To overcome this problem, an Arg-Gly-
Asp(RGD)-related peptide, Tyr-Gly-Gly-Arg-Gly-Asp-
Thr-Pro (YGGRGDTP),® was considered as a tool to
allow Ad to penetrate into cells via its receptors {ovp3
and ovf5 integrins). The peptide was reported to show
good endocytotic ability and RGD sequence in the pep-
tide was reported to be necessary to exhibit this activity.
Since the final synthetic product will be reacted with Ad
by the active ester method, the RGD-related peptide

should not have side chains, which will be acylated by
the active ester method. YGGRGDTP has no such side
chain (Fig. 2).

In an attempt to ensure efficient affinity between the
peptide and integrins, a bivalent peptide derivative
through Lys (K) was designed (Fig. 1). In order to prepare
a hybrid of the peptide and PEG, an amino acid type
PEG (aaPEG) was utilized. To introduce the peptide-
PEG hybrid to Ad, a heterofunctional cross-linking
reagent with amine and sulfhydryl reactivity, 6-maleim-

Fmoc—o —_— Fmoc-ﬂA]a-Cys(Trt)—Q—-—_- Fmoc-PEG-ﬁAla-Cys(Tn)—Q

s

Fmoc—Lys(Fmoc)—PEG—ﬁA]a—Cys(‘I‘rt)—Q

Ac-Tyr(Bu')-Gly-Gly-Arg(Pbf)-Gly-Asp(OBu)- Thr(Bu')-Pro-BAla
PEG-BAla-
Ac—Tyr(Bu‘)—G]y—GlynArg(be)-G]y-Asp(OBu')-"ﬁn‘(Bu‘)-Pro-BAla> Lys-PEG-Ala CyS(T“)_Q

TRA/TIPS/H,0

Ac-Tyr-Gly-Gly-Arg-Gly-Asp-Thr-Pro-PAla

Ac-Tyr-Gly-Gly- Arg-Gly-Asp-Thr-Pro-BAla

0 Q
E;n:cu,),-mo H I
<] <]

Ac-Tyr-Gly-Gly-Arg-Gly-Asp-Thr-Pro-RAla
Ac-Tyr-Gly-Gly- Arg-Gly-Asp-Thr-Pro-PAla

Lys-PEG-BAla-Cys-NH;,

> Lys-PEG-BAla-Cys-NH,
o] O
N'(CHz)s-COO-NQ
0 8]

Figure 2. Synthetic scheme for the preparation of the PEG-(RGD-peptide) hybrid used to carry Ad into cells.
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Table 1. Synthetic protocol for the solid-phase synthesis of Ac-
YGGRGDTP);K-PEG-pAC

Step Reagent Volume Period Time
1 20% Piperidine/DMF SmL Smin 1
SmL 05-1h 1
2 DMF (wash) SmlL Imin 5
3 Fmoc-amino acid derivative 0.75 mmol
0.5M HBTU/HOBUDMF  1.5mL 2-4h
2M DIEA/NMP 0.75mlL.
4 DMF (wash) SmL 3min  §

idohexanoic acid N-hydroxysuccinimide ester® (MHS),
was utilized. As a result, Cys was also incorporated in
the hybrid. BAla (sA) was also incorporated into the
hybrid as a spacer. The final hybrid, (acetyl-Tyr-Gly-
Gly-Arg-Gly-Asp-Thr-Pro-gAla);Lys-PEG-gAla-Cys-
NH;, (Ac-YGGRGDTPA),K-PEG-pAC amide, was
thus designed (Fig. 2). The hybrid was synthesized by
manual solid-phase methodology using fluorenylmeth-
oxycarbonylamino acids (Fmoc-amine acids) on Rink
amide resin (0.67 mequiv L/g, PE BioSystems. 370 mg,
0.25 mmol)'® according to the protocol shown in Table
1. The following amino acids were purchased from
Watanabe Chemical Industry Ltd (Japan) and Peptide
Institute Inc. (Japan); Fmoc-Arg(Pbf)-OH (Pbf: 2,24,
6,7-pentamethyldihydrobenzofuran-5-sulfonyl), Fmoc-
Cys(Trt)-OH (Trt: trityl), Fmoc-Tyr(Bu)-OH (Bu*
tert-butyl), Fmoc-Thr(Bu’)-OH, Fmoc-Asp(OBu”)-OH,
N*,N*-diFmoc-Lys-OH, Fmoc-Gly-OH, Fmoc-gAla-
OH and Fmog-Pro-OH. Fmoc-aaPEG-0Su (-OSu: N-
hydroxysuccinimide ester) (MW 3400} was purchased
from Shearwater polymers Inc. and MHS was pur-
chased from Dojindo Laboratories, Japan). All of the
above materials were used as supplied without any fur-
ther purification. As described in the protocol (Table
1), Fmoc groups were removed by 20% piperidine/
dimethylfformamide (DMF) treatment and coupling
reactions were performed with 0.5 M 2-(IH-benzotriaz-
ole-1-y1)-1,1,3,3-tetramethyluronium  hexafluorophos-
phate (HBTU)/DMF in the presence of l-hydroxy-
benzotriazole (HOBt) in  N-methylpyrrolidinone
(NMP). Since Fmoc-aaPEG-0OS5u did not react with
pAla-Cys(Trt)-Rink amide resin, HBTU, HOBt and
diisopropylethylamine (DIEA) were added to the reac-
tion mixture. The reaction did not proceed without the
addition of HBTU, HOBt and DIEA. Since the depro-
tection reaction of the Fmoc group decreased in rate
after the introduction of Fmoc-aaPEG, the following
deprotection procedure was performed for 1h. After
the introduction of Lys, the amount of each added
reagent was doubled, and each step involving the intro-
duction of Fmoc-amino acid was performed using a
double coupling reaction. The amino group of the N-
terminal Tyr was acetylated with acetic anhydride.
The synthetic (Ac-Tyr(Bu)-Gly-Gly-Arg(Pbf)-Gly-Asp-
(OBu)-Thr(Bu‘)-Pro-gAla),Lys-aaPEG-pAla-Cys(Trt)-
Rink amide resin was then treated with a mixture of
trifluoroacetic acid (TFAYH,O/triisopropylsilane (TIPS)
(95:2.5:2.5), and the resulting crude peptide-PEG hy-
brid, (Ac-YGGRGDTPgA),K-PEG-AC, 462 mg), was
purified by HPLC (Fig. 3). The purified hybrid (55 mg,
10 mmol)!! dissolved in PBS (pH 7.4, 1 mL), and the

Absorbance

N —

T T T

0 25 50 15 100
Retention Time (min)

Figure 3. HPLC profile of synthetic erude {Ac-YGGRGDTPpA)K-
PEG-;AC-SHS. Column: DAISOPAK SP-120-5-ODS-B {20x 250
mm). Flow rate: 10 mL/min. Eluent: CH;CN/H>O containing 0.05%
CF,COOH. Gradient: 10:90 — 70:30 (60 min). OD at 220 nm.

heterofunctional cross-linkage reagent (MHS 3.1 mg,
10 mmol) dissolved in dimethylsulfoxide (DMSO,
0.1 mL), were combined and the mixture stirred for
0.5 h. Since the product of this reaction, [(Ac-YGGR-
GDTPgA),K-PEG-pAC-SHS)] (SHS: 6-succimidohexa-
noic acid N-hydroxysuccinimide ester) was easily
hydrolyzed in water, the reaction mixture was frozen
immediately and kept in a freezer to await the next reac-
tion step. Purification of the reaction product by HPLC
was attempted, but was not successful since the N-
hydroxysuccinimide ester portion of the product hydro-
lysed easily in the presence of water, We observed that
50% of MHS was hydrolyzed at pH 7.4 after 1.5h at
room temperature (Fig. 4). Ad, which has luciferase
expression ability, was modified with (Ac-YGGR-
GDTPpA),K-PEG-pAC-SHS solution at 37°C for
45 min with gentle stirring and the transduction effi-
ciency of the resulting modified Ad (RGDpep-PEG-
Ad) via receptor-mediated endocytosis was examined
with A549 (CAR + and integrins-positive) and DC2.4
(CAR — and integrins-positive} cell lines using a Lucif
erase Assay System Kit (Promege, USA) and a Microlu-
mat Plus LB 96 instrument (Perkin-Elmer, USA), after

100'1
80 1
60

40.

Hydrolysis (%)

20

0 Y T T 1

0 15 3 6 7.5
Time (hr)

Figare 4. Hydrolysis of 6-maleimidohexanoic acid N-hydroxy-
succinimide ester (MHS) in water at pH 7.4.
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Figure S. Transduction efficiency of RGDpep-PEG-Ad into DC2.4
(CAR —) cells and A549 (CAR +) cells. (A} DC2.4 cells (2 x 10" celts)
and (B) A549 cells (2% 10'® cells) were transduced with 1000 and
10,000 particles/cells of Ad, PEG-Ad and RGDpep-PEG-Ad, respec-
tively, Luciferase expression was measured after 24 h. Each point
represents mean + 8D {n = 3).

cells were first lysed with Luciferase Cell Culture Lysis
Reagent (Promega, USA). Luciferase activity was
described as relative light unit per well (RLU/well),
We thus measured the luciferase activity of cells trans-
ducted with Ad, PEG-Ad” RGDpep-PEG-Ad, as shown
in Figure 5. A549 cells that had been infected with Ad or
RGDpep-PEG-Ad exhibited luciferase activity in simi-
lar proportions, On the other hand, the luciferase activ-
ity of DC2.4 cells that had been infected with Ad was
much lower than that of DC2.4 cells that had been in-
fected with RGDpep-PEG-Ad. Furthermore, infection
of cells with RGDpep-PEG-Ad was not blocked in the
presence of an antibody to Ad (data is not shown).
These results indicate that RGDpep-PEG-Ad could be
transducted into cells via the integrins and was protected
from the antibody by its pegylated structure.

In summary, we designed and prepared (Ac-
YGGRGDTPpA),K-PEG-3AC as an efficient auxiliary
transporter tool for carrying Ad into cells. Although
(Ac-YGGRGDTPpA),K-PEG-gAC-SHS could not be
purified by HPLC owing to its instability in water,
quality of this tool when constructed in situ was still
sufficient to modify Ad. Various active esters of
6-maleimidohexanoic acid are presently being examined

in order to obtain a stable 6-{(Ac-YGGRGDTPsA),K-
PEG-gAC-succinimidolhexanoic acid active ester in
water.

Recently, Ogawara et al.'? reported a procedure that
modified Ad in two steps, using PEG and cyclic RGD
peptide. These authors prepared PEG-Ad and then
combined cyclic RGD peptide (Ansynth, Netherlands)
with the pegylated Ad. Our own future studies will
investigate peptide-PEG transporters, which can modify
Ad in just one step.
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quate levels of av integrins, which was confirmed by RT-
PCR (data not shown). As shown in Fig, 1, A2058 cells and
B16BL6 cells infected using Ad-RGD carrying the lucifer-
ase gene induced significantly enhanced gene expressicn
compared to that induced by the Ad-Luc.

Subsequently, the gene expression of Ad-RGD was evalu-
ated in vivo. Ad-RGD or the conventional Ad encoding
luciferase gene was injected intravenously in tumor-bear-
ing mice and the luciferase activity in each organ was
measured. After insertion of the RGD peptide into the HI
loop of the fiber, the Ad-RGD showed a significantly in-
creased luciferase activity compared to that induced by a
conventional Ad vector in liver, lung, brain, and B16BL6
tumor, while it showed almost similar gene expression in
spleen and heart (Fig. 2). Hence, the enhanced gene trans-
fer in tissues, especially in brain and tumor makes this
vector a useful and powerful carrier for efficient gene
transduction and gene therapy.

Experimental

1. Cell lines and animals

B16BL6 mouse melanoma cells were maintained in Minimal Essential
Medium (MEM) supplemented with 7.5% heat-inactivated Fetal Bovine
Serum (FBS). The human embryonic kidney (HEK) 293 cells and A2058
human melanoma cells were coltured in DMEM supplemented with 10%
FBS. All the cell lines were cultured at 37 °C in a humidified atmosphere
with 5% COz The C57BL/6 female mice (4 weeks old) were purchased
from SLC Inc. (Shizucka, Japan). All the experimental procedures were in
accordance with the Osaka University guidelines for the welfare of animals
in experimental neoplasia.

2. Procedures

2.1. Construction of adenovirus vectors encoding RGD peptide in the
fiber

The replication-deficient adenovirus vectors used in this smdy were con-
structed from the adenovirus serotype 5 backbone with deletions of E1 and
E3 and the expression cassette in the El region (Mizuguchi etal. 2001a).
The integrin-targeting RGD sequence was inserted into the HI loop of the
fiber knob using the two-step method, The fiber-mutant adenovirus vector,
Ad-RGD-Luc camying the luciferase gene under the control of the cytome-
galovirus (CMV) promoter, was constructed by an improved in vitro liga-
tion method as described previously (Mizuguchi and Kay 1998). A con-
ventional vector encoding luciferase gene (Ad-Luc) was also developed.
The Ad vectors were propagated in HEK 293 cells and purified by cesium
chloride gradient ultracentrifugation, and their titer was determined by pla-
que-forming assay.

2.2. Gene expression with Ad-RGD-Luc or conventional Ad-Luc in vitro

The A2058 human melanoma cells and B16BL6 mouse melanoma cells
were infected with Ad-Luc or Ad-RGD-Luc at 1250, 2500, 5000, and
10000 viral particles/cell for 48 h. Subsequently, the cells were washed,
collected, and their luciferase activity was measured using the Luciferase
Assay System (Promega, USA) and Microlumat Plus LB96 (Perkin Elmer,
USA) after the cells were lysed with the Luciferase Cell Culture Lysis
(Promega, USA) according to the manufacturer’s instruction.

2.3. Gene expression with Ad-RGD-Luc or conventional Ad-Luc in vive

The CS7BL/6 mice were intradermally inoculated with 2 x 10°
B16BL6 melanoma cells. After 6days, 2 x 10° viral particles/mouse of
Ad-Luc or Ad-RGD-Luc were injected into the tail vein and the organs
were harvested after 2 days. Subsequently, the luciferase activity in organ
homogenates was measured using the method described in section 2.2.
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In the present study, a first-generation adenovirus (Ad)
vector was modified with the RGD peptide inserted into
the fiber. The insertion of an integrin-targeting sequen-
ce into the Ad vector notably enhanced the luciferase
expression in the Coxsackie virus and Adenovirus Re-
ceptor-deficient A2058 and B16BLE6 melanoma cells.
The results of an in vivo study with tumor-bearing mice
also showed that Ad-RGD-Luc had enhanced gene ex-
pression in many organs and in the B16BL6 tumor
compared to that induced by a conventional Ad vector
after intravenous injection.

Adenovirus (Ad) vectors are widely used as carriers for gene
therapy, both in vitre and in vive {Asacka et al. 2000; Gao
et al. 2003; Gao et al. 2004). Recombinant Ad vectors can
produce large amounts of gene products in a variety of divid-
ing and nondividing cells. It has been reported that the initial
process of Ad infection involves at least two sequential steps.

liver
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spleen
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lung [ adluc

brain B 44-RGD-Luc

mmar
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Fig. 2: Luciferase activity in organs after i.v. injection of Ad-Luc and Ad-
RGD-Luc. The C57BL/6 mice were intradermally inocufated with
2 x 10° B16BL6 melanoma cells. After six days, 2 x 10° viral par-
ticles/mouse of Ad-Luc or Ad-RGD-Luc were injected into tail
vein, respectively and the organs were harvested after 48 h. Then
luciferase activity in organ homogenates was measured. Data are
presented as the mean == 8D of relative light units (RLUYmg tissue
determined from four mice

The first step is the attachment of the virus to the cell surface,
which oceurs by binding of the fiber knob to the Coxsackie
virus and Adenovirus Receptor (CAR) (Bergelson et al.
1997; Tomko et al. 1997). Following this, in the second step,
the interaction between the RGD motif of the penton base
with av integrins, the secondary host-cell receptors, facili-
tates internalization by receptor-mediated endocytosis
{Wickham et al. 1993; 1994), In other words, if the surface of
host cells lack CAR, it is difficult to obtain an efficient gene
transfer into those cells using a conventional Ad vector, For
overcoming the low gene expression in CAR negative cells
through Ad vectors, we developed a fiber-mutant Ad vector
with an integrin-targeting RGD peptide by a simple in vitro
method (Mizuguchi et al. 2001a). We anticipated that the fi-
ber-mutant Ad system might target av integrins during the
first attachment to host cells. Therefore, this fiber-mutant
system is an intriguing strategy for altering Ad tropism to
enable efficient gene transduction into cells expressing little
or no CAR. In the present study, we evaluated gene expres-
sion in A2058 human melanoma cells and B16BL6 mouse
melanoma cells that are deficient in CAR and express ade-

& T (X10°RLUAwell)

(X10° RLU/well)

Fig. 1:

Luciferase expression of Ad-Luc
or Ad-RGD-Luc infected A2058
and B16BL6 melanoma cells.
A2058 cells (right) and B16BL6
cells {left) were transduced with
Ad-Luc (#) or AA-RGD-Luc (s)
respectively at the indicated viral
particles/cell for 48h. Subse-
quently, the cells were washed,
collected, and their Iuciferase ac-
tivity was measured. Data are pre-

0 . - sented as the mean + SD of rela-
0 2000 4000 6000 8GO0 10000 0 2000 4000 6000 8000 10000 tive  light units  (RLU)/well
Particlestce Particles/ce determined from the three experi-
ments
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In this study, fiber-mutant adenovirus vectors encoding
chemokines, Ad-RGD-mCCL17, Ad-RGD-mCCL21 and
Ad-HGD-mCCL22 wera constructed. The insertion of
integrin-targeting RGD saquence into fiber knob of ade-
novirus vectors notably enhanced the infection efficien-
cy into tumor cells. Among three chemokine-encoding
vectors evaluated, Ad-RGD-mCCL22 showed signifi-
cant tumor-suppressive activity via transduction into
QV-HM cells.

Cytokine or chemokine encoded by a viral vector is cur-
rently regarded as a promising way of cancer pente immu-
notherapy. Chemokines consist of a superfamily of small
secreted proteins that attract their target cells by interact-
ing with G protein-coupled receptors expressed on these
cells. Researchers have paid attention to chemotactic activ-
ity of chemokines for immune cells, and have expected
that they may be able to play a pivotal role in cancer treat-
ment, because the basis and premise of immunotherapy is
the accumulation of immune cells in tumor tissues. More
than 40 chemokines have been identified so far (Yoshie
etal. 2001), but only a few have been demonstrated as
candidates for cancer therapy by using as sole agents or
with adjuvant (Gao et al. 2003; Maric and Liu 1999),

In the present report, three CC family chemokines, thy-
mus and activation-regulated chemokine/CCL17, second-
ary lymphoid-tissue chemokine/CCL21 and macrophage-
derived chemokine/CCL22 have been studied. CCL17 and
CCL22 are chemotactic for memory CD4 + T  ¢ells via
CCR4 while CCL21 induces migration of T cells, B cells,
dendritic cells and NK cells via CCR7 (Campbell et al,
1999, Nagira et al. 1997). CCL22 was also shown to have
a chemoattractant activity for dendritic cells, NK cells and
T cells (Godiska etal. 1997). We hypothesized that if tu-
mor cells could be genetically modified in vitro to produce
chemokines in vivo, the chemokines would accumulate
immune cells in the tumor. The facilitated interaction of
immune cells with the tumor cells in vivo might induce
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Table: EGFP expression in OV-HM cells infected with Ad-

EGFP and Ad-RGD-EGFP
250 PT 500 PT
% gated % gated
Non-infection 0.94% 0.94%
Ad-EGFP 47.1% 76.3%
Ad-RGD-EGFP 98.7% 99.6%

OV-HM cells were infected with 250 or 500 pamiclesicell of Ad-EGFP or AdRGD-
EGFP for 48 h and EGFP expression was measured by flow cytometric analysis

anti-tumor activity. To test this hypothesis, we developed
a recombinant adenovirus vector with a fiber mutation
containing the integrin-targeting Arg-Gly-Asp (RGD)
sequence in the fiber knob (Mizuguchi et al. 2001b). As
shown in the Table, This vector has been demonstrated to
possess higher transduction efficacy to OV-HM cells, a
mouse ovary carcinoma line (Hashimoto et al. 1989), com-
pared to that of conventional adenovirus vector.

In this study, we infected OV-HM with fiber-mutant ade-
novirus vectors encoding mCCL17, mCCL21 or mCCL22
and examined their expression by RT-PCR. The migration
assay of chemokine-encoding vectors was also conducted
in vitro. The results demonstrated that the efficient pro-
duction of biologically active mCCL17, mCCL21 and
mCCL22 could be detected in the culture supemnatants of
cells infected with these vectors, and the vectors could
efficiently migrate the specific receptor-expressing cells
(data not shown). Ther OV-HM cells infected with Ad-
RGD-mCCL17, Ad-RGD-mCCL21, Ad-RGD-mCCL22 or
Ad-RGD-NULL (the control vector only) were intrader-
mally inoculated into B6C3F1 mice to evaluate their ef-
fects on tumor growth in vivo. As shown in the Fig., OV-
HM infected with Ad-RGD-mCCL22 showed significant
suppression in tumor growth. On the other hand, OV-HM
infected with either Ad-RGD-mCCL17 or Ad-RGD-
mCCL21 did not show any difference in tumor growth
from that infected with Ad-RGD-NULL, In rechallenge
experiment, mice that had complete regression were intra-
dermally injected with OV-HM or B16/BL6 cells 90 days
after the initial challenge. Results demonstrated that 100%
of mice rechallenged with OV-HM remained tmmor-free.
In contrast, all of the mice rechallenged with B16/BL6
developed palpable tumors within 2 weeks (data not
shown). These results indicated the generation of specific
immunity against OV-HM in mice that rejected OV-HM
expressing mCCL22, To exclude the possibility that the
growth suppression of the tumor cells by Ad-RGD-
mCCL22 was due to the cytotoxicity of adenovirus or

3000 T

Tumor size
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Fig.: Tumor-suppsessive activity of Ad-RGD-mCCL22
—&— Notreat, ——Ad-RGD-NULL, —i— Ad-RGD-mCCL17,
—@— Ad-RGD-mCCL22, —(O— Ad-RGD-mCCL21

Pharmazie 59 (2004) 3



SHORT COMMUNICATIONS

chemokine, OV-HM cells transfected with Ad-RGD-
mCCL17, Ad-RGD-mCCL21, Ad-RGD-mCCL22 or Ad-
RGD-NULL were cultured for 48 h, and the cell viability
was measured by the MTT assay, The in vitre growth of
the cells infected with these vectors was essentially identi-
cal to that of control cells (data not shown).

In summary, our study suggests that CCL22, a CC family
chemokine, may be a good candidate for cancer gene im-
munotherapy.

Experimental
L. Cell lines and animals

OV-HM ovarian carcinoma cells were kindly provided by Dr. Hiromi Fuji-
wara (School of Medicine, Osaka University, Japan) and were maintained
in RPMI 1640 supplemented with 10% heat-inactivated FBS. Human em-
bryonic kidney (HEK) 293 cells were cultured in DMEM supplemented
with 10% FBS, All the cell lines were cultured at 37 °C in a humidified
atmosphere with 5% CO;, Female B6C3FL mice (6-8 week of age) were
purchased from SLC Inc. (Hamamatsu, Japan). Al of the experimental
procedures were in accordance with the Osaka University guidelines for
the welfare of animals in experimental neoplasia,

2. Procedures

2.1, Infection of chemokines into OV-HM cells using fiber-mutant adeno-
virus vectors

Replication-deficient adenovirus vectors used in this study were based on
the adenovirus serotype 5 backbone with deletions of E1 and E3 and the
expression cassets in the El region (Mizuguchi et al. 2001a). The inte-
grin-targeting ROD sequence was inserted into the HI loop of the fiber
knob using a two-step method (Mizuguchi et al. 2001b), Fiber-mutant ade-
novirus vectors, Ad-RGD-mCCL17, Ad-RGD-mCCL21 and Ad-RGD-
mCCL22 carrying the murine chemokine ¢cDNA under the control of the
cytomegalovirug promoter, were constructed by an improved in vitro liga-
tion method as described (Mizuguchi and Kay 1998). The Ad-RGD-NULL
vectot, serving as a negative controd, is identical to the Ad-RGD-chemo-
kine vectors without the chemokine gene in the expression cassette. The
adenovirus vectors were propagated in HEK 293 cells and purified by
cesium chloride gradient nltracentrifugation, and their titer was determined
by plaque-forming assay.

2.2. Tumor rejection in mice and subsequent rechallenge by tumor reino-
culation

1x 10° OV-HM cells that had been infected with Ad-RGD-mCCL17, Ad-
RGD-mCCL2I or Ad-RGD-mCCL22 at 8 MOI (Multiplicity of Infection)
of 10 for 24 h were inoculated intradermally into the flank of mice. The
length and width of the tumor were measured twice a week. Animals were
euthanized when one of the two measurements were greater than 15 mm.
Three months afier complete regression of primary tmors, mice were
rechallenged with freshly isolated OV-HM tumor cells or B16/BLS mela-
noma cells by intradermsl injection of 1 x 10° cells into the flank.
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Although adenovirus vectors (Ad) which possesses high transduction efficiency are widely used for gene
therapy in animasal models, clinical use is very limited. One of the main reason is that nearly 80% of human be-
Ings possess anti-Ad antibodies, In this study, we tried to modify Ad with methoxypolyethylene glycol (MPEG)
activated by succinimidyl propionate, and, the neutralizing antibody evasion ability of PEGylated Ad was ¢valu-
ated. The results demonstrated that PEG-Ad showed stronger protection ability against anti-Ad neutralizing an-
tibody compared to that with unmodified-Ad. Consldering there are many people carrying neutralizing antibody
against Ad and readministration of Ad was necessary for treating chronic diseases, this strategy, which was also
applicable to other vectors, can be used for developing improved vectors.

Keywords adenovirus vector; polyethylene glycol; antibody; gene therapy

Although, the gene therapy for cancer or an incurable dis-
ease has attracted considerable attention, clinical use is very
limited by the problem of vectors for transgenics. Vectors
based on human adenoviruses have been developed as effi-
cient vehicles for therapeutic transgenes in a wide variety of
animal models."™ Gene muanipulated adenovirus vectors
{Ad) have commanded considerable attention as gene deliv-
ery carriers since high-titer replication-deficient recombinant
viral preparations ¢an be easily generated, the viruses can be
engineered to accornmodate large DNA inserts, and they can
show high gene expression in a wide variety of dividing and
nondividing cells.** However, first-generation adenoviruses
possess a fundamental problem that both cellular and hu-
moral immune responses prohibit gene transfer on readmin-
istration of Ad due to neutralization of viral particles by anti-
bodies produced against capsid proteins.®” Furthermore,
many people carry immnity to Ad and a large amount of Ad
administration causes side effects. Therefore, clinical appli-
cation of Ad was very limited.*—'? PEGylation, the covalent
attachment of activated polyethylene glycol (PEG) to free ly-
sine groups on Ad surface, is a promising strategy for over-
coming these limitations. PEG-modification is a well-estab-
lished technique for the modification of therapeutic peptides
and proteins, and the validity of PEGylation has been re-
ported by us and some other groups.'™'® This method en-
abled transgenics in the presence of neutralizing antibodies
of Ad without the necessity of recombining a gene in a
vector like a gutless vector.™¥ In this study, we used
monomethoxypolyethylene glycol (MPEG) activated by suc-
cinimidyl propionate, which reacts preferentially with the
g-amino terminal of lysine residues, to covalently attached to
the surface of Ad. And, we assessed the effects of biochemi-
cal modification of viral capsids with functionalized PEG on
the neutralizing antibody against first-generation Ad.

* To whom corgespondence should be addressed.  e-mail: makagawa@phs.osaka-u.ac.jp

MATERIALS AND METHODS

Cells and Animals HEK 293 cells, A549 human lung
carcinoma cells were cultured with Dulbecco’s Modified Ea-
gle’s Medium (DMEM) supplemented with 10% fetal calf
serum (FCS). Female ICR mice were purchased from Nippon
SLC (Kyoto, Japan} and used at 6 weeks-old stage.

Adenovirus ad expressing firefly Luciferase under the
control of cytomegalovirus (CMV) promoters were amplified
in 293 cells, using a modification of established methods and
purified from cell lysates by banding twice on CsCl gradi-
ents, dialyzed and stored at —80°C. The Ad used in this
study were constructed by an improved in vitro ligation
method as described previously.'” Viral particle titer was
specirophotometrically determined by the established
method.'®

PEGylation of Ad Activated methoxypolyethylene gly-
col succinimidy! propionate (MPEG-SPA, MW 3000, Shear-
water Corporation) was used in this study (Fig. 1). Ad was
reacted with 100 molar excess of mPEG-SPA for viral lysine
residue at 37°C for 45min with gentle stirring (300 rpm),
The particle size of PEG-Ad was measured by ZETASIZER
3000HS (Malvern, UK.),

Sedium Dodecyl Sulfate-Polyacrylamide Gel Elec-
trophoresis (SDS-PAGE) Analysis SDS-PAGE analysis
was conducted for detecting the PEGylated viral proteins. In
short, the unmodified-Ad or PEG-Ad suspensions were
mixed with the same volume of 2XSDS protein gel loading
solution (Quality Biological, Inc. US.A.) and 5% {(v/v) 2-

o
CH;,O(CHZCHQO),,CHECHZCOO-N@
o

Fig. 1. mPEG-SPA Methoxypolyethylene Glycol Succinimidyl Propi-
onate MW 5000,
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mercaptothanol was added to the final solution, After heating
at 95°C for 5min, the mixture was added to 4—20% of
polyacrylamide gel (PAG Mini 4/20) and electrophoresis was
carried out using SDS-PAGE buffer. Full range Rainbow™
molecular weight marker (Amersham Life Science, US.A)
was used as the marker in this study, The gel was stained for
viral hexon using Coomassie blue, The bioconjugation ratio
of PEGylated Ad was calculated by the colority of the hexon
band and the PEGylated hexon using NIH Image software.

Preparation of Ad Antisernm Ad antiserum was ob-
tained from ICR mouse according to the approach described
previously.™'® In brief, female ICR mouse (6 wecks old)
was administered hypodermically with a dose of 10 viral
particles of conventional Ad with Freund's complete adjuvant
in 100 21 of PBS. Another 10'° viral particles of conventional
Ad were hypodermically administered with Freund’s incom-
plete adjuvant after 2 and 4 weeks. Then serum of the mouse
was collected after 1 week and filtered, and stored at —20°C.

Transduction Efficiency of PEG-Ad and Unmodified-
Adinto A549 Cells in the Presence or Absence of Ad An-
tiserum A549 cells (1X10%cells) were seeded into a 48-
well plate with 500 g1 medium. On the following day, the
cells were transduced with 1000 particles/cell of unmodified-
Ad or PEG-Ad respectively in a final volume of 500 pl in the
presence of 0, 42, 125 ng protein/well of Ad antiserum. After
241 cultivation, luciferase activity was measured using Lu-
ciferase Assay System (Promega, US.A.} and Microlumat
Plus LB 96 (Perkin Elmer, US.A.) after cells were lysed with
Luciferase Cell Culture Lysis Reagent (Promega, U.S.A.) ac-
cording to the manufacturer’ instruction,

RESULTS AND DISCUSSION

In this study, we tried to medify Ad with MPEG activated
by succinimidyl propionate which was safety and widely
used.™ A simple and practicable method for constructing of
PEG-Ad was employed. After reaction, the sizes of PEG-Ad
and unmodified-Ad were measured, The results showed that
the particle size of Ad was increased with PEGylation. The
average viral particle size of PEG-Ad was about 10nm big-
ger than that observed in the unmodified-Ad (Table 1). And
SDS-PAGE analysis showed the presence of a new band of
PEGylated viral capsid protein, hexon (Fig. 2). We also
demonstrated that all Ad were conjugated by activated PEG,
and there was no unmodified Ad mixed with the PEGylated
ones {data not shown).

For evaluating the protection ability of PEG-Ad against
the neutralizing antibodies, PEG-Ad and unmodified-Ad
were added to AS549 cells in the presence or absence of neu-
tralizing antibodies against adenovirus capsid proteins, and
the transduction levels were compared. Transduction effi-
ciency of the unmodified-Ad was significantly reduced by the
neutralizing antibodies (Fig. 3). In the presence of nentraliz-
ing antiserum of 42ng, the luciferase gene expression of un-
modified-Ad was less than half of that without antiserum,
whereas PEG-Ad remained about 80% of its gene expres-
sion. In the presence of antibodies of 125ng, the gene ex-
pression of unmodified-Ad was only 2.5% compared to that
in the absence of antibodies, however, PEG-Ad showed more
than 10-fold of antibody evasion ability compared to unmod-
ified-Ad. As anticipated, the absolute level of gene ExXpres-

937
Table 1. Viral Particle Sizes of PEGylated Ad and Unmodified-aAd
Ratio Vector size
(Ad:PEGY? (nm)
1:0 (unmodified) 113.3x0.76
1: 100 (PEG-Ad) 123.8+0.98

a) Amourt of PEG 1o lysine residue of adenovirus vector capsid protein (mol : mol).

(KD}

250

160 | ¢ PEGYlaled
2L : hexon
108

: i = Hexon
e -
M 1 2

Fig. 2. SDS-PAGE Analysis of PEGylated Hexon
Lane M, protein marker; lane 1, unmodified-Ad; lane 2, PEG-Ad. Further details are

described in Materials and Methods.
unmodfisd-Ad
WPEG-Ad

g

Luciferasa activuty (% of gontrol)
5 8 8

- 42
Ad antiserum cone. {ng protein/well)

Fig. 3. Transduction Efficiency of Unmodified-Ad and PEG-Ad in the
Presence or Absence of Ad Antiserum

A549 cells (13X 10% cells) were transduced with 1000 particles/cell of unmodified-Ad
and PEG-Ad in the presence or absence of Ad antiserum respectively. Luciferase ex-
pression was measured after 24 h Each point wes represented as mean + $.D, (r=3).

sion of PEG-Ad was decreased to about 1/300 compared to
that of unmodified-Ad in the absence of antibodies due to the
effect that PEG chains prevented the interaction between Ad
and coxsackie-adenovirus receptor (CAR). For developing
novel Ad which possess a targeting ability, it is indispensable
to block the route of Ad infection through CAR because of
its broad expression in many tissues. So as the next step, we
are trying to construct Ad which was conjugated by PEG
with targeting molecule on the tip of the PEG. And we ex-
pect that this novel Ad will enhance the transduction effi-
ciency of PEG-Ad at the same time keep the evading ability
from the neutralizing antibodies.

One of the goals of Ad PEGylation is to provide a means
to overcome the major limitation of Ad gene therapy, namely,
antibody neutralization. The results presented here demon-
strate that PEGylation can notably improve the ability of Ad
to escape antibody neutralization in vitro by the steric hin-
drance of PEG chains. This antibody evasion ability is essen-
tial for clinical applications, because nearly 80% of human
beings possess anti-Ad antibodies and readministration is in-
dispensable in some cases like treating chronic diseases, such
as cystic fibrosis and hemophilia. Furthermore, antibody eva-
sion ability enabled decrease of the amount of medical re-
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quired to antibody carriers, and result in a reduction of side
effects.

As next step, we are trying to evaluate its antibody evasion
ability in vivo aiming for clinical use. Especially considering
that the PEG-Ad used in this study was with low modifica-
tion rate (34%, confirmed by SDS-PAGE, Fig, 2), we antici-
pated that highly modified PEG-Ad would protect it from
neutralizing antibody more efficiently via stronger steric hin-
drance of PEG chains. Including of the other merits pos-
sessed by PEG-Ad, such as the extension of blood retention
half-time and reduction of antigenicity. These approaches
which are applicable to other vectors and other high com-
pounds will promote development of the novel intelligent
virus vectors,
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