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Table |
Primer sequences used for PCR amplification

Gene Primer sequence (5" — 3') Product size (bp)

Mouse CCL17 (F) TGC TTC TGG GGA CTT TTIC TG 242
(R) CCT TGG GTT TTT CAC CAA TC

Mouse CCL19 (F) GAA AGC CTT CCG CTACCT TC 164
(R) TGC TGT TGC CTT TGT TCT TG

Mouse CCL20 (F) CGA CTG TTG CCT CTC GTACA 157
(R) CAC CCA GTT CTG CTT TGG AT

Mouse CCL21 (F) CTG AGC CTC CTT AGC CTG GT 381
(R) TCC TCT TGA GGG CTG TGT CT

Mouse CCL22 (F) TAT GGT GCC AAT GTG GAA GA 102
(R) GCA GGA TIT TGA GGT CCA GA

Mouse CCL27 (F) CTC CCG CTG TTA CTG TTG CT 331
(R) AGT TTT GCT GTT GGG GGT TT

Mouse XCL1 (F) ATG GGT TGT GGA AGG TGT G 250
(R) GGG AAC AGT TTC AGC CAT GT

Mouse CX3CL1 (F) GCA GTG ACC GGA TCA TCT CT 701
(R) GGC ACC AGG ACG TAT GAG TT

Human f-actin (F) CCT TCC TGG GCA TGG AGT CCT G 202

(R) GGA GCA ATG ATC TTG ATC TTC

cultivation, cells were washed and incubated with an assay medium
(phenol red-free RPMI 1640 containing 0.5% bovine serum albumin
and 20 mM 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-um pores (Chemotaxicell-24; Kurabo, Osaka, Japan) using L1.2
transfectants expressing the specific receptor for chemokines. Re-
combinant chemokines corresponding to each specific receptor (mouse:
CCL19, CCL20, CCL22, CCL27, XCL1, and CX3CL!) were pur-
chased from DakoCytomation (Kyoto, Japan) and used as a positive
control for cell migration. Migration was allowed for 2h at 37°Cin a
5% CO; atmosphere. The migrated cells were lysed and quantitated
using a PicoGreen dsDNA quantitation reagent (Invitrogen, Tokyo,
Japan), and the migration activity was expressed in term of the per-
centage of the input cells calculated by the following formula: (% of
input cells) = (the number of migrated cells)/(the number of cells placed
in Chemotaxicell-24; 1 x 10° cells) x 100.

Evaluation of growth of chemokine gene-transduced tumor cells in
immunocompetent mice. B16BL6, CT26, and OV-HM cells were
transfected with each AJRGD at an MOI of 400, 50, and 10, respec-
tively. After 24 h cultivation, the cells were harvested and washed three
times with PBS, and then 2 x 10° transduced BI6BLS6 cells, 2 x 10°
transduced CT26 cells, and 1 x 10° transduced OV-HM cells were in-
tradermally inoculated into the flank of CS7BL/6 mice, BALB/c mice,
and B6C3F1 mice, respectively. The major and minor axes of the
tumor were measured using microcalipers, and the tumor volume was
calculated by the following formula: (tumor volume; mm?) = (major
axis; mm) x (minor axis; mm)? x 0.5236 [20]. The mice were euthanized
when one of the two measurements was greater than 15 mm. On day 60
after tumor inoculation, the tumor-free mice were judged as individ-
uals that could achieve complete rejection. In some cases, the mice
that could completely reject a primary tumor were rechallenged by
intradermal injection into the flank with 1 x 10° parental or irrelevant
tumor cells without chemokine gene-transduction at 3 months after the
initial challenge.

Evaluation of growth and refection ratio of chemokine gene-trans-
duced BI6BL6 cells in mice sensitized with melanoma-associated anti-
gen. The immunization of mice with melanoma-associated antigen was
performed by the administration of dendritic cells (DCs) transduced

with the gp100 gene. The isolation, cultivation, and gene transduction
procedures for C57BL/6 mouse bone marrow-derived DCs conformed
to the methods previously described [21]. DCs transfected with Ad-
RGD-gpl100 at an MO1 of 50 for 2h were intradermally injected into
the right flank of C57BL/6 mice at 5 x 10° cells/S0 pl. At I week after
the vaccination, 2 x 10° intact or transduced BI6BL6 cells were inoc-
ulated into the left flank of the mice. The tumor growth and complete
rejection were assessed as described above.

Results

Expression of chemokine mRNA and protein in cells
transfected with AARGD

In order to verify the vector performance of mouse
chemokine gene-carried AJRGDs, we first examined

Chemokine primar set

- o h-»4
533
0800
[y D D D mn |

Mouse chemokines

- ________-
Fig. 1. RT-PCR analysis of chemokine mRNA expression in A549
cells transfected with each chemokine gene-carried AARGD. PCR for
mouse chemokine and human B-actin transcripts was performed on
the same RT samples using each specific primer set (summarized in
Table 1) to ensure the quality of the procedure. Lane L is negative
control using AGRGD-LacZ-transfected AS49 (LacZ/AS549) cell-de-
rived RT material. Lanes 1-8 represent CCL17/A549, CCL19/A549,
CCL20/A 549, CCL21/A 549, CCL22/A549, CCL27/A549, XCL1/AS49,
and CX3CLI/AS49, respectively. Lane M is a 100bp molecular ruler,
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mRNA expression in transfected cells by an RT-PCR
analysis (Fig. 1). In this experiment, human lung carci-
noma A549 cells were used instead of murine tumor cells
to eliminate the influence of the expression of endoge-
nous mouse chemokine, A549 cells transfected with
AdRGD-CCL17, -CCL19, -CCL20, -CCL21, -CCL22,
-CCL27, -XCLI, or -CX3CL]1 expressed corresponding
mouse chemokine mRNA, whereas no PCR products
derived from the transcripts of the mouse chemokine
gene were detected in AJRGD-LacZ-transfected A549
cells. Next, using in vitro chemotaxis assay, we investi-
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gated whether A549 cells transfected with each chemo-
kine gene<carried AJRGD could secrete chemokine
protein as a biologically active form into culture su-
pernatants. As shown in Fig. 2, the culture supernatants
of each chemokine gene-transduced AS549 cell could
induce greater migration of cells expressing the corre-
sponding chemokine receptor than those of the intact
A549 cells or the AJRGD-Luc-transfected A549 (Luc/
AS549) cells. The migration of parental L1.2 cells for
chemokine receptor-transfectants was not observed in
recombinant chemokine-added wells, and they were
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Fig. 2. Chemoattractant activity of culture supernatants of AS49 cells transfected with each chemokine gene-carried AJRGD against the stable
specific chemokine receptor-expressing cells. The culture supernatants of intact AS49 cells, AdRGD-Luc-transfected A549 (Luc/AS549) cells, and
chemokine gene-transduced A549 cells were prepared and diluted with an assay medium. The fractional values with parentheses in each panel express
the dilution factor. These samples and recombinant chemokines dissolved with the assay medium were added to a 24-well culture plate. Cells ex-
pressing specific receptors for CCL17 and CCL22 (L1.2/CCR4), CCL20 (L1.2/CCRS6), CCL19 and CCL21 (L1.2ZCCR7), CCL27 (L1.2/CCR10),
XCL1 (L1.2/XCR1), or CX3CL} (L1.2/CX3CR1) were suspended with the assay medium and placed in a Chemotaxicell-24 installed on each well at
1 x 10% cells. Likewise, parental L1.2 cells for these transfectants were prepared and added to Chemotaxicell-24. Cell migration was allowed for 2h at
37°Cin a 5% CO, atmosphere. The cells that migrated to the lower well were lysed and quantitated using a PicoGreen dsDNA quantitation reagent.

The data are expressed as means % SE of the triplicate results.
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maintained at low levels against the culture supernatants
of intact A549, Luc/A549, and chemokine gene-trans-
duced A549 cells. These results clearly demonstrated
that all AARGD:s encoding each chemokine gene could
deliver the concerned gene to target cells, and that
transfected cells could secrete the chemokine protein
which maintained original chemoattractant activity.

In vivo anti-tumor effect by transfection with chemokine-
expressing AdRGD

B16BL6 and CT26 cells were each transfected with
eight kinds of chemokine-expressing AJRGDs and
AdRGD-Luc, as a control vector, at an MOI of 400 and
50, respectively. OV-HM cells were transfected with
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Fig. 3. In vivo growth of three kinds of murine tumor cells transduced with the chemokine gene. B16BL6 cells (A), CT26 cells (B), and OV-HM cells
(C) were transfected with each chemokine-expressing AJRGD at an MO of 400, 50, and 10, respectively, for 24h. CS7TBL/6 mice, BALB/c mice, and
B6C3F] mice were intradermally injected in the flank with 2 x 10 transduced B16BL6 cells, 2 x 10° transduced CT26 cells, and 1 x 10° transduced
OV-HM cells (@), respectively. Similarly, mice were inoculated with three kinds of intact tumor cells (O), AdJRGD-Luc-transfected B16BL6 cells or
CT26 cells (O), or AdRGD-Null-transfected OV-HM cells ($), as control groups. The tumor volume was calculated after measuring the major and
minor axes of the tumor at indicated points. Each point represents the mean + SE of 6-10 mice. The data are representative of two independent

experiments.
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AdRGD-CCL17, -CCL20, -CCL21, -CCL22, or control
AdRGD-Null at an MOI 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 B16BL6 and CT26 cells was hardly affected
by transfection with the control vector, whereas
OV-HM cells transfected with AARGD-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/B16BL6,
XCL1/B16BL6, or CCL22/OV-HM cells. In contrast,
the in vivo growth of CCL27/B16BL6, CCL20/CT26,
CCL22/CT26, XCL1/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

1500

observed in five B16BL6 groups (CCL17, CCL20,
CCL21, CCL22, and CX3CLl), five CT26 groups
(CCL17, CCL19, CCL21, CCL27, and CX3CL1), and
two OV-HM groups (CCL17 and CCL21). Importantly,
CCL22/0OV-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/OV-HM cells.
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Fig. 4. Growth and rejection ratio of BI6BL6 cells transduced with the chemokine gene in mice primed with melanoma-associated antigen. C57BL/6
mouse bone marrow-derived DCs were transfected with AJRGD-gp100 at an MOI of 50 for 2h and they were intradermally injected into the right
flank of syngeneic mice at § x 10° cells. At 1 week after the vaccination, these mice were intradermally inoculated in the left flank with 2 x 10° B16BL6
cells transfected with each chemokine-expressing AJRGD at an MOI of 400 for 24h (®). Likewise, intact B16BL6 cells (O) or AARGD-Luc-
transfected B16BLS cells (O0) were inoculated in the gp!00-primed mice, which were used as control groups. (A) The tumor volume was assessed three
times per week. Each point represents the mean + SE of results obtained from 12 mice. (B) Data are expressed in terms of the percentage of mice

without visible tumor against the total mice tested in each group.
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Growth and rejection ratio of chemokine gene-transfected
BI6BLS cells in gpl00-primed mice

For the purpose of examining the influence of
chemokine against tumor growth in hosts specifically
sensitized with tumor-associated antigen, B16BL6 cells
transfected with chemokine-expressing AJRGD 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 B16BL6 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 -CCL2]1 moder-
ately improved the rejection ratio of B16BL6 cells in
gpl100-primed mice. XCL! did not show a notable dif-
ference in both the growth and the rejection ratio of
B16BL6 cells as compared with the control groups, and
CX3CL1-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 CXCLI10. 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 models 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, CCL19, CCL20, CCL21, CCL22, CCL27,
XCLI1, and CX3CLI 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
ligation method. AJRGD 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 AdRGDs encoding the chemo-
kine gene allowed tumor cells to express each
corresponding chemokine mRNA 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 AdRGDs
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 tamor cells transfected with each AJRGD 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 AARGD-CCLI19 or -XCL1 (data
not shown). Therefore, CCL19 and XCL1 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/B16BL6, and
CCL22/0V-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 CCL27/0V-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, CCL2l, and
CX3CL]1 failed to induce a notable suppressive effect
against all three kinds of tumors although their
chemoattractant activity for inmune 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, unique 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 ideal 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
BI6BL6 cells were inoculated into mice vaccinated with
gp100-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 gpl00-primed mice, whereas
the enhancement of the anti-tumor effect by CCL17,
CCL22, or CCL27 was observed only in gp100-primed
mice. Surprisingly, the anti-tumor activity of XCLI
detected in intact mice was lost in gp100-primed mice,
and the CX3CL1/BI6BL6 tumor grew more rapidly
than the control tumor in gpl00-primed mice. We
speculated that the weak anti-B16BL6 tumor activity of
XCL1 or CX3CL1 was masked by vaccine efficacy of
gp100-expressing DCs, and that the angiogenic activity
of CX3CL1 [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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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 B16BL6 melanoma cells,
The results of an /n vivo study with tumor-bearing mice
also showed that Ad-RGD-Luc had enhanced gene ex-
pression in many organs and in the B16BL6 fumor
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 vitro and in vivo (Asaoka et al. 2000; Gao
etal. 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.

bver r- = .
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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 inoculated with
2 x 10° B16BL6 melanoma cells. Afier 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 harvesied after 48 h. Then
fuciferase activity in organ homogenates was measured. Data are
prescuted as the mean =+ SD of relative light units (RLUYmg tissue
determined from four mice .

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) (Bergelson etal.
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 ir 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 celis 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-

4§ (X10*RLUAvD)

(X10° RLUAMeY)

Fig. 1:

Luciferase expression of Ad-Luc
or Ad-RGD-Luc infected A2058
and BI6BL6 melanoma cells.
A2058 cells (right} and B16BL6
cells (left) were wensduced with
Ad-Luc (@) or AG-RGD-Luc (o)
respectively at the indicated virat
particles/oell for 48h. Subse-
queatly, the cclls were washed,
collected, and their luciferase ac-
tvity was measured. Data are pre-

sented as the mean + SD of rela-

1} 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 tive light units (RLU)Mwell
Pasticles/ce Particlesfce determined from the three experi-

ments
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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
B16BLS6 cells infected using Ad-RGD carrying the hucifer-
ase gene induced significantly enhanced gene expression
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 2 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 cultured in DMEM supplemented with 10%
FBS. All the cell lines were cultored at 37 °C in a humidificd atmosphere
with 5% CO, The C57BL/6 femate mice (4 weeks old) were purchased
from SLC Inc. (Shizuoka, Japan). All the experimental 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 ceplication-deficicnt adenovirus vectors used in this study were con-
structed from the adenovirus serotype $ backbone with delctions of El and

EJ and the expression cassette in the E1 region (Mizuguchi et al. 2001a).
1‘he imegrin—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 carrying the luciferase gene under the control of the cytome-
galovu'us (CMYV) promoter, was constructed by an improved in vitro liga-
tion method as described previously (Mizuguchi and Kay 1998). A con-
ventional vector eacoding luciferase gene (Ad-Luc) was also developed.
The Ad vectors were propagated in HEK 293 cclls and purified by ocsium

chloride gradient ultracentrifugation, and their titer was determined by pla- .

que-forming assay.

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

The A2058 human melanoma celis and B16BL6 mouse melanoma cells
were infected with Ad-Luc or AJ-RGD-Luc at 1250, 2500, 5000, and
10000 vira} particles/cell for 48 h. Subsequently, the cells were washed,
collected, and their huciferase 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 vivo

The CSIBL/6mice were intradermally inoculated with 2 x 10°
B16BL6 melanoma cells. After 6 days, 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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ABSTRACT

Purpose: In this study, to optimize the polymeric drug
delivery system for cancer chemotherapy, we developed a
new pH-sensitive polymeric carrier, poly(vinylpyrrolidone-
co-dimethylmaleic anhydride) [PVD], that could gradually
release native form of drugs with full activity, from the
conjugates in response to changes in pH. We examined the
usefulness of PVD as a polymeric drug carrier.

Experimental Design: PVD was radically synthesized
with vinylpyrrolidone and 2,3-dimethylmaleic anhydride,
which is known to be a pH-reversible amino-protecting
reagent. Conjugates between PVD and other drugs, such as
Adriamycin (ADR), were prepared under the slightly basic
conditions (pH 8.5). The drug-release pattern and the anti-
tumor activity of PVD were examined.

Results: At pH 8.5, the release of the drugs from the
conjugate was not observed. In contrast, PVD could release
fully active drugs in the native form in response to the
change in pH near neutrality, and gradually released drugs
at ncutral pH (7.0) and slightly acidic pH (6.0). The drug-
release pattern in serum was almost similar to that observed
during these physiological conditions. The PYD-conjugated
ADR showed superior antitumor activity against sarcoma-
180 solid tumor in mice, and it had less toxic side effects than
free ADR. This enhancement in the antitumor therapeutic
window may be due to not only the improvement of plasma
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half-lives and tumor accumulation of ADR, but also its

controlled and sustained release from the conjugates in vivo.
Conclusions: These results indicate that PVD Is an ef-

fective polymeric carrier for optimizing cancer therapy.

INTRODUCTION

The major limitation of antitumor agents, typified by Ad-
riamycin (ADR, doxorubicin), used in clinical applications, is its
severe toxicity, such as bone marrow suppression and cardio-
toxicity {1-4). This is caused by the high and frequent dose of
antitumor agents, which have a very short half-life and a wide
tissue distribution. The chemical conjugation of antitumor
agents with water-soluble polymeric carriers has been found
recently to overcome these drawbacks. The conjugation of low
molecular weight antitumor agents to water-soluble polymeric
carriers, such as N-(2-hydroxypropyl)methylacrylamide, divi-
nylether-co-maleic anhydride, styrene-co-maleic anhydride,
dextran, and polyethylene glycol (PEG), offers a potential
mechanism to improve cancer chemotherapy (5-10). Distribu-
tion of the conjugates, which have a higher molecular weight, is
usually restricted to the intravascular space after i.v. injection
due to the low permeability in most organs with a continuous
capillary bed. In contrast, these macromolecular conjugates
preferentially accumulate in solid tumors due to the enhanced
permeability and retention effect (11, 12). As a result, the
polymeric drug delivery system (DDS) may selectively expand
the therapeutic windows of antitumor agents.

However, there is a restriction on the clinical application of
this polymeric DDS for cancer chemotherapy. For instance,
after the ADR that is taken up into the tumor cells intercalates

. between double strands of DNA, its antitumor activity is in-

duced by inhibition of DNA replication and topoisomerase
activity in the tumor cells (13). However, the intcrcalation of
polymer-conjugated ADR between double strands of DNA is
based on macromolecular interactions, which are sterically hin-
dered by the attached polymeric carrier. The introduction of
polymeric carriers to antitumor agents, including ADR, is gen-
crally targeted at ionic functional groups in the antitumor agent,
some of which may play an important role for their cytotoxic
activity. Additionally, the conjugates with larger molecular size
are hardly taken up into tumor cells through various transport-
ers, because these transporters carry low molecular weight an-
titumor agents. Thus, for obtaining in vivo antitumor effects, a
sufficient amount of antitumor agents is required to be released
from the conjugates, because polymer-conjugated anticancer
drugs themselves seldom show antitumor activity, However, in
most cases, the conjugate between an antitumor agent and a
polymeric carrier is formed through stable covalent bonding. As
a result, the antitumor therapeutic effects of these conjugates
have often not been observed in their clinical trials. To over-

. come these problems, a relatively unstable linker was used for

the conjugation between an antitumor agent and a polymeric
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carrier. Most of the antitumor agents released from the conju-
gates have a linker fragment. Furthermore, these modified an-
titumor agents show much Jower specific activities than original
antitumor agents in their native form, because the linker frag-
ment is attached to an active functional group of the antitumor
agents (14, 15). Thus, it is necessary to develop a novel poly-
meric DDS for optimization of cancer chemotherapy.

Dimethylmaleic anhydride (DMMAn) with a double bond
in its structure is used as a pH-reversible protective reagent of
amino groups in proteins and chemical compounds (16, 17).
DMMAn binds to an amino group by forming an amide bond
through its acid anhydride group over pH 8, and then reversibly
dissociates from the amino group for change in pH to near
slightly acidic from neutral. Thus, if a polymeric carrier with
this function of DMMAn is synthesized, it will release a native
drug in response to changes in pH. It is known that pH of both
tumor and inflammatory tissues are slightly acidic unlike normal
tissues (18). Thus, the conjugates between an antitumor agent
and the polymeric modifier with the function of DMMAn may
show superior plasma half-life and tumor accumulation com-
pared with unconjugated antitumor agents and, therefore, effec-
tively release the antitmor agents in native form in the tumor
tissues.

In this study, to optimize the polymeric DDS for cancer
chemotherapy, poly(vinylpyrrolidone-co-dimethylmaleic anhy-
dride) [PVD] was radically synthesized with vinylpyrrolidone
and DMMAn. ADR was used as a mode! antitumor agent and
conjugated with PVD along with other drugs. Fully active drugs
were gradually released from the conjugates in response to the
change in pH. The PVD-conjugated ADR showed superior
antitumor activity against S-180 sarcomnas in mice and had less
side effects than free ADR. These results indicate that PVD is an
effective polymeric carrier for cancer therapy.

MATERIALS AND METHODS

Materials. DMMAn was purchased from AKROS (Ai-
chi, Japan). Other reagents and solvents were obtained from
standard sources.

Synthesis of PYD. PVD was synthesized by the radical
polymerization method using 4,4’-azobis-4-cyanovaleric acid as
a radical initiator. Briefly, DMMAn and vinylpyrrolidone were
mixed in a ratio of 1:20 in a glass tube containing dimethy!
formamide and incubated at 60°C for 6 h. The resulting copol-
ymer was precipitated in dry diethy! ether, collected immedi-
ately after filtration, and dried under vacuum three times. The
molecular weight was determined by gel-filtration chromatog-
raphy (GFC; TSKgel G4000PW, TSKgel «-3000 columns;
Tosoh, Tokyo, Japan). Polyvinylpyrrolidone (PVP) was also
similarly synthesized. These polymers were separated into sev-
eral fractions by GFC to obtain polymers with a narvow molec-
ular weight distribution.

Conjugation of Lucifer Yellow Cadaverine (LYC) with
PVD. An amino group of water-soluble fluorophore LYC
(1.27 mg/300 p! of borate buffer; pH 8.5) was conjugated with
PVD (6 mg) by forming an amide bond through its acid anhy-
dride group. After the conjugation reaction for 30 min, the
unconjugated free LYC was removed using 10-PG columns
(Bio-Rad, Hercules, CA). PVD-modified LYC (PVD-LYC) was

separated and purified by GFC. The release of free LYC from
the PVD-LYC was not observed at pH 8.5. The solution of
PVD-LYC was prepared to desired pH values and incubated at
37°C. Samples collected after various incubation times, went
through desalting cotumns, and were analyzed for ratios be-
tween conjugated LYC and free LYC by measuring fluores-
cence intensity at 530 nm (emission) with excitation at 424 nm.
The release of LYC from the conjugate in the serum was also
measured by the same method after mixing it with an equal
volume of mouse serum.

Toxicity of PVD. Monkey renal tubular (LLC-MK2)
cells were seeded in 96-well plates at a concentration of 1.2 X
10* cells/well. After incubation for 24 h at 37°C, LLC-MK2
cells were incubated with PVD, PVP, PEG, and Polybrene at
different concentrations. The plates were incubated for 24 h at
37°C, and ccll viability was evaluated by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (Dojindo, Kum-
amoto, Japan) assay as described by Mosmann (19) with minor
modifications. Briefly, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide solution (5 mg/m}; 10 wl) was added
into each well, and the cells were incubated at 37°C for 4 h. The
resulting formazan product was dissolved by the addition of 100
wl of 10% SDS (Wako Pure Chemical Ind. Co., Ltd., Osaka,
Japan) and 15 mm HCL. The solution was read on a microplate
reader at 595 nm test wavelength with a reference wavelength of
655 nm.

Pharmacokinetic Analysis. PVD and PVP were dis-
solved in dimethyl formamide and activated for 24 h at room
temperature with dicyclohexyl carbodiimide and N-hydroxysuc-
cinimide, respectively. The polymers were incubated with thyra-
mine hydrochloride for 24 h at 4°C, dialyzed in water, and
lyophilized. Polymer-thyramine conjugates were radiolabeled
by the chloramine-T method. '?*I-labeled polymer was purified
by GFC. The clearance profiles of PVD and PVP (10 pg/mouse;
1 X 10° cpm/200 .l in saline) were studied after i.v. injection
into the tail veins of ddY mice. Blood was collected from the tait
vein at intervals, and radioactivity was measured. GFC analysis
confirmed that >95% of the radioactivity in circulating blood
3 b after i.v. injection was derived from intact '**I-PVD and
'231.PVP. Mice were housed in metabolic cages to collect urine
and sacrificed 3 h after treatment to evaluate tissue distribution.

Conjugation of ADR with PYD, PVD was dissolved in
N-methyl-2-pyrrolidone at a concentration of 80 mg/4 mi. Then
ADR (20 mg) was added to this solution. After the addition of
triethylaminde (30 ml), the mixture was additionally incubated
ovemnight at room temperature. After the reaction, distilled
water was added, and pH of the mixture was adjusted to 8.5 by
the addition of 0.2 M NaH,PO,. Unconjugated ADR was re-
moved by ultrafiltration using a PM-30 (Amicon). The PVD-
modified ADR (PVD-ADR) was then purified by dialysis. The
amount of conjugated ADR was estimated by measuring its
absorbance at 340 nm.

In Vivo Antitumor Activity of PVD-ADR. /n vivo an-
titumor effects of PYD-ADR were assessed by using ddY mice
bearing mouse sarcoma-180 solid tumors. PVD-ADR and free
ADR were injected i.v. to the mice at different doses, 60, 200,
and 600 pg/mouse (ADR-equivalent dose) on days 7, 9, and 11
after tumor inoculation. The tumor volume was measured by a
standard method as described elsewhere (20, 21).
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Fig. 1 Chemical structures and characteristics of poly{vinylpyrroli-
done-co-dimethylmaleic anhydride).

RESULTS
Chemical Structure of PYD. For the radical synthesis of
PVD, DMMAn was introduced at a ratio of 5% to the amount of
vinylpyrrolidone. The average molccular weight of PVYD was M,
6,000 [Polydispersity (molecular weight/the number average
molecular weight) = 1.14). PVD was synthesized by radical
copolymerization. Reflecting the properties of DMMAn, drugs
were conjugated with PVD by forming an amide bond through
its acid anhydride group of DMMAnN to amino groups of drugs
at more than pH 8.0 and released at lower than pH 7.0 (Fig. 1).
The pH-Sensitive Drug (LYC) Release from PVD-Con-
jugated LYC. The release of LYC as a model drug, which is
a fluorophore with an amino group, from PVD-LYC was as-
sessed. The release of LYC from PVD-LYC was time depend-
ent, and the relcase speed increased with an increase in the pH
(Fig. 2). At pH 8.5, a weak basic condition, almost no release or
<1% release of LYC was observed. However, ~6% of the total
LYC was released at pH 6.0 after 24 h incubation. Additionally,
~3% of the LYC was gradually released at pH 7.0 after 24 h of
incubation. When PVD-LYC was incubated in the scrum, re-
sults similar to the LY C release pattern at pH 6.0 were obtained.
Cytotoxicity of PVD. The in vitro cytotoxicity of PVD
was assessed for clarifying its usefulness as a polymeric drug
carrier. PVP and PEG had no effect on LLC-MK2 cells, whereas
the cationic polymer, Polybrene, which is known to be an
antitumorigenic agent, showed considerable cytotoxicity (Fig.
3). In contrast, PVD was not cytotoxic at concentrations up to 3
mg/ml. Evidently, PVD as well as PVP and PEG had no ¢yto-
toxic effect on human endothelial cells (data not shown).
Pharmacokinetics of PVD after i.v. Administration.
The pharmacokinetics of PVD and PVP after i.v. administration
were studied for 3 h (Fig. 4). PVP was separated and purified by
GFC to adjust the molecular weight and polydispersity of PVD.
PVD was effectively retained in blood as compared with PVP,
although PVP was found previously to have the longest plasma
half-life and to be the most suitable polymeric drug carrier for
localizing the conjugated drug in blood. The half-lives of PVD
and PVP were ~10 min and 30 min, respectively.

In Vive Antitumor Effect of PYD-ADR. To clarify the
uscfulness of PVD as a polymeric drug carrier for optimization
of cancer chemotherapy, we synthesized PVD-ADR and com-
pared its antitumor potency with that of ADR alone (Fig. 5 and
6, Table 1). Through GFC analysis, we confirmed that PVD-
ADR was composed of one PVD molecule and one ADR
molecule. As shown in Fig. 6, all of the mice administered with
frce ADR at a dose of 600 pg/mouse and 200 pg/mouse died

LYC release rate (%)
O =2 N W &b 0o,

0 6 12 18 24
Incubation time (h)

Fig. 2 pH-sensitive controlled release of lucifer yellow cadaverine
(LYC) from the conjugates between poly(vinyIpyrrolidone-co-dimethyl-
maleic anhydride) [PVD] and LYC. The release of LYC from the
PVD-conjugated LYC (PVD-LYC) was assessed at indicated time in-
tervals. Small molecule fractions collected afler desalting gel-filtration
chromatography were assigned as free LYC released from the macro-
molecular conjugates of PYD-LYC. The concentration of free LYC was
measured by fluorescence intensity at 530 nm (excitation, 424 nm). The
amounts of free LYC, relative to that of initiate PVD-conjugated LYC,
are shown on the vertical axis. A, pH 6.0; . pH 7.0, @, pH 85; ¢:
serum.

100

Viability (% of control)
(o]
(@]

0 A A ' 3
103 102 101 1 10

Polymer concentration (mg/ml)

Fig. 3 Cytotoxicity of various polymeric carriers against LLC-MK2
cells. LLC-MK2 cells were incubated with various polymeric camiers
for 24 h. Viability of the cells was determined by 3(4,5-dimethylthia-
zo!l-2-yl)-2.5-diphenyltetrazolium bromide assay. Each value is mean
(n = 3); bars, = SD. A, polyethylene glycol; A, polyvinylpyrrolidone;
®, Polybrene; O, poly(vinylpyrrolidone-co-dimethylmaleic anhydridc).
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Fig. 4 Blood residency of polyvinylpyrrolidone (PVP) and poly(vi-
nylpyrrolidone-co-dimethytmaleic anhydride) [PVD] after their i.v. ad-
ministration. '?*I-labeled PVP and '*1-labeled PVD were i.v. adminis-
tered to normal ddY mice, and the radioactivity in blood was measured.
The curved line was drawn by using the least-squares method based on
measured values at indicated time intervals. Mice were used in groups
of 4. Each value is mean; bars, = SE. O, PVP; @, PVD.
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Fig. 5 Antitumor effects of Adriamycin (ADR) and poly(viny!pyrro-
lidone-co-dimethylmaleic anhydride) [PVD]-ADR on sarcoma-180
solid tumors. The ADR and PVD-ADR were i.v. administered to sar-
coma-180 solid tumor-bearing mice on days 7, 9, and 11, after tumor
inoculation. Data were expressed as relative tumor volume by the
following equation: Relative tumor volume = mean tumor volume at a
given time/mean tumor volume on day 7. Mice were used in groups of
4. Each value is mean; bars, * SE. Intact mice, ¢. Open symbol, frce
ADR-treated mice. O, 600 pg/mouse/day; &, 200 pg/mouse/day; CJ, 60
pg/mouse/day. Closed symbol, PVD-ADR-treated mice. @, 600 p.g/
mousc/day; A, 200 pg/mouse/day; W, 60 p.g/mouse/day.

within 6—10 days after their i.v. administration (within 13 days
or 17 days after tumor inoculation) because of toxicity of ADR.
There was & marked weight loss in these mice afler the high
dose of free ADR (data not shown). In mice treated with free

ADR at a dose of 60 pg/mouse, although tumor growth was
slightly inhibited without causing sudden death or weight loss
(Figs. 5 and 6), complete tumor regression, defined as disap-
pearance of tumor without regrowth within 100 days, was not
observed (Table 1), Similar results were also observed in mice
administered with a mixture of PVD and free ADR due to side
effects (data not shown). In contrast, the antitumor activity of
PVD-ADR at a dose of 60 pg ADR/mouse was more effective
than that of free ADR at 60 pg/mouse (Fig. 5). Tumor growth
was remarkably and completely inhibited by PVD-ADR at a
dose of 200 pg ADR/mouse and 660 pg ADR/mouse (Fig. ).
Complete tumor regression was observed in 75%, 25%, and
25% of mice treated with PVD-ADR at a dose of 600 pg
ADR/mouse, 200 pg ADR/mouse, and 60 pg ADR/mouse,
respectively (Table 1). During the experimental period, all doses
of PVD-ADR were well tolerated, and no loss in body weight
was observed (Fig. 6).

100 ' ®

% survival

0 ,(g A —

om 5@12 10¢n 15@2) 20@7n 25(m

Days after 12 ADR administration
{Days aftar tumor inoculation)

Fig. 6 Survival time of the sarcoma-180 tumor-bearing mice treated
with Adriamycin (ADR) and poly(vinylpyrmolidone-co-dimethylmaicic
anhydride) [PVD}-ADR. The ADR and PVD-ADR were i.v. adminis-
tered to sarcoma-180 solid tumor-bearing mice on days 7, 9, and 11,
after tumor inoculation. Mice were used in groups of 4. Survival time of
treated-mice after i.v. administration of ADR and PVD-ADR were
shown as the survival rate (%). Open symbol, free ADR. O, 600
ug/mouse/day; A, 200 pg/mouse/day; [J, 60 pg/mouse/day. Closed
symbol, PVD-ADR. @, 600 pg/mouse/day; A, 200 pg/mouse/day; I, 60
ng/mouse/day.

Table I Antitumor effects of ADR“ and PVD-ADR on sarcoma-180
solid tumors
Complete regression was defined when tumor was not regrown for
>100 days.

Dose (g/mouse/day) Complete regression
ADR 600 All mice died in 13 days
200 All mice died in 17 days
60 0/4
PVD-ADR 600 34
200 1/4
60 114

2 ADR, Adriamycin; PVD, poly(vinylpyrrolidone-co-dimethylma-
teic anhydride).
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DISCUSSION

In this study, to optimize the poiymeric DDS for cancer
chemotherapy, we attempted to develop a novel polymeric car-
rier that could release a native form of drugs in response to
changes in pH near the neutrality. As described in the “Intro-
duction,” there are certain characteristics needed by the poly-
meric drug carvier: (a) to be excellent in blood residency for
effectively obtaining the enhanced permeability and retention
effect in tumors; (b) to gradually release the fully active form
(native form) of antitumor agents; and (c) to efficicntly release
the native antitumor agents under the slightly acidic conditions,
if possible, because it is known that the pH of tumor tissues is
slightly lower than that of nommal tissues (18). From such a
viewpoint, some polymeric carriers, typified by divinylether-co-
maleic anhydride and styrene-co-maleic anhydride, were devel-
oped (6, 7). Some maleic anhydride, that is one of the acid
anhydride, were contained in the structure of these polymeric
carriers, and the antiturmor agents were conjugated with these
polymeric carriers via the formation of amide bonds between the
amino group of antitumor agents and the acid anhydride groups.
However, the amide bonds formed through maleic anhydride are
very stable near neutral pH, and the antitumor agents are re-
leased from the conjugates under strong acidic conditions (<pH

3). As a result, the antitumor therapeutic effects of these con-

jugates have often not been abserved in their clinical trials. In
contrast, DMMAn binds to an amino group by forming an amide
bond through its acid anhydride group over pH 8, and then
reversibly dissociates from the amino group on change in pH to
slightly acidic from neutral. However, there are no reports about
DMMAun-introduced carrier.

For enhancing the blood residency of drugs, PVP was
found to be one of the most useful polymeric carriers, because
the plasma half-life of PVP itself was much longer than those of
PEG and other polymeric modifiers (21, 22). In fact, PVP-
conjugated tumor necrosis factor (TNF)-a showed a higher
half-life than PEG-conjugated TNF-a despite having the same
molecular size (21). As a result, PVP-conjugated TNF-a had a
more potent antitumor effect than PEG-conjugated TNF-a,
without any toxic side effects. This phenomenon has also been
observed in PVP-conjugated interleukin 6 and teukemia inhib-
itory factor (22). Furthermore, PVP can be introduced in various
useful functional groups by radical copolymerization (23). Ad-
ditionally, the safety of PVP has been clinically confirmed.
Using PVP as a backbone polymer, we synthesized PVD as a
novel polymeric carrier for the development of antitumor pol-
ymeric DDS. Reflecting the property of DMMA, the conjugate
between PVD and drugs (LYC) could gradually release the
native drugs directly (nonlinker) by responding to a change in
PH near neutrality (Fig. 2). As shown in Fig. 3, the safety of
PVD appears to be similar to PEG and PVP, which are used
clinically. Additionally, the plasma half-life of PVD was longer
than that of parental PVP (Fig. 4). These results strongly sug-

- gested that PVD may be useful as a polymeric drug camier for
cancer chemotherapy.

We show here that the conjugation of ADR with PVD
increases its antitumor activity while decreasing its nonspecific
toxicity (Figs. 5 and 6; Table 1). Overall, the therapeutic win-
dow is markedly increased. These results have important clinical

implications for the use of antitumor chemotherapeutic agents in
patients. The expansion of the therapeutic window is probably
due to the following reasons. It is known that vascular perme-
ability of macromolecules into solid tumors and its retention in
tumor tissues are enhanced compared with normal tissues. This
is generally called the enhanced permeability and retention
effect (11, 12). Thus, this enhanced permeability and retention
effect may effectively accumulate the PVD-ADR in tumors.
Additionally, as it is known that pH of tumor tissues is slightly
lower than that of normal tissues, the PVD-ADR is likely to
release free ADR more efficiently in tumor tissues (18). But
detailed studies on the pharmacokinetics of PVD-ADR are
necessary to clarify the mechanism of its wider therapeutic
window, and these are currently under investigation,

To improve the therapeutic bioavailability of bioactive
proteins, bioactive proteins have been conjugated with water-
soluble polymers such as PEG (24). PEGylation of proteins
increases their molecular size and enhances steric hindrance,
both of which are dependent on PEG attached to the protein.
This results in the improvement of the plasma half-lives of
proteins and stability against proteolytic cleavage as well as a
decrease in its immunogenicity. We also reported that PEGyla-
tion of proteins, such as TNF-a, interleukin 6, and immuno-
toxin, could enhance therapeutic potency and could reduce
undesirable side effects (21-23, 25-27). However, there is a
restriction to this approach, because PEGylation is frequently
accompanied with a significant loss of specific activity of a
protein. Lysine amino groups of proteins are often used for
PEGylation because they are highly reactive. This PEGylation,
however, is nonspecific and occurs at the NH, terminus as well
as at all of the internal lysine residues in proteins, some of which
may be in or near their active site. Resultant PEGylated proteins
are heterogeneous and show significantly lower bioactivity.
These problems remarkably limit the clinical application of
PEGylated proteins. The present study shows that PVD effec-
tively releases fully active drugs in the native form at neutral pH
ranges and is a safe drug carrier that has no cytotoxicity.
Additionally, PVD may be a suitable polymeric carrier for the
prolongation of plasma half-life of drugs as well as PVP, rather
than PEG. Thus, we are now attempting to dcsign the PVD-
conjugated cytokines for promotion of protein therapies against
solid and metastatic tumors.

In conclusion, we developed a new polymeric carrier,
PVD, that could gradually release native drugs from the conju-
gate in response to changes in pH near neutrality. The PVD-
ADR showed superior antitumor activity and had less side
effects than free ADR. This enhancement of the antitumor
therapeutic window may be due to not only the improvement of
plasma half-lives and tumor accumulation of ADR, but also its
controlled and sustained release from the conjugates in vivo.
These results indicate that PVD is an effective polymeric carrier
for cancer therapy.
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With the success of the Human Genome Project, the focus of life science rescarch has shifted to the functional and
structural analyses of proteins, such as proteomics and structural genomics. These novel approaches to the analysis of
proteins, including newly identified ones, are expected to help in the identification and development of protein therapies
for various diseases. Thus pharmacoproteomic-based drug discovery currently has a very high profile. Nevertheless, the
use of bioactive proteins in the clinical setting is not straightforward because in vivo these proteins have low stability and
pleiotropic action. To promote pharmacoproteomic-based drug discovery and development, we have attempted to es-
tablish a system for creating functional mutant proteins (muteins) with the desired properties and to develop a site-
specific bioconjugation system for further improving their therapeutic potency. These innovative protein-drug systems

are discussed in this review.

Key words——phage display system; proteomics; bioconjugation; protein therapy; targeting
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Fig. 1. Creation of Functional Mutein Using Phage Display System

Phage display system has the following main characteristics: 1) proteins can be displayed on the outer shell of the phage where they can interact with their carget
molecules, such as a receptor or antigen. These protein-displaying phage particles are produced by the integration of a foreign genc into the $"-terminus of the gene
that encodes the outer shell of the phage (/.e. g3p) in phagemid vector or phage genome; 2) the genotype of this phage (the foreign gene inside the phage clone),
corresponds with the phenotype (the protein displayed on the phage’s surface); 3) phage particles or “‘libraries*®, can readily be made, which consist of billions of
varicties of protein; 4) a selected phage from the library can be readily amplified by infection of a host bacteriat cell. It is therefore possible to screen for, and then
isolate, high-affinity binders to target molecules from the phage library, Additionally, since isolated phage clones contain a gene sequence that codes for the desired

protein, this also allows information of their amino acid sequence to de obtained,
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Fig. 2. Mechanism of Anti-Tumor Effect of TNF-o

{Apoptosis

Tumor Tissue

The anti-tumor effect of TNF-a is known to result not only from its direct cytotoxicity against tumor cells but also from activation of anti-tumor effecter im-
mune cefls in the blood, such as macrophages, cytatoxic lymphocytes, and neutrophils, and furthermore from specific damage to tumor blood vessels.



No. 1}

m

FLTLE -~ INFatEHEROIRERD
B, 08 M oM LICHES EREBAOBT
HOE TR, BHERERICOHRZTSIDOLHET
x5,
BEDBENS, EFERTI TNFo 27 NVE
BAREEX, LETY-BEoEYyiEtt. hhi
G EMNMRMELEY P RIBTNFo 281873
TETIDTHIEE 2D, ko "Mty ROES
FNAFAAL P ady -2 a E E2BERATHILET,
TNF-a O i@t - kRREEZESICHEE
&, TNF-a DE#72 in vivo (EHOSBMSHNET
SMBEBEROHERIRNRBAI LD LRSI/,
ETINFaDFE, 7522+ AFvrEo
REROREREREERVBE-EEHBMAA
Iz 0, TNF-a® Lysll % Lys65 - Lys90 {32 D3L
it GBI BRPLE/Y—BAILAELE
bhTuk, Zhid TNFaill57, —fic) >
CRERZOBE. £RBRNEAROMREEGETY
RPUH Y E-LeSy - izingondie
HoTWBid, DT I /BADBRRRGNL
BHEETZBATLES I LN, ERETOAZR
FEBICE>TRERERS T, BHHINE
T, ERAPOU S CRETRT2XRAIEELH
() PURIBE) BEFETHHE. Lihlbhbh
BCOREKRKSEETAR, T/2bb Lysll ©
Lys6S - Lys90 # S 26 @D VB &= —2IT
tho7 I 7E~BRL TH, wild E TNF-a
(WTNF-a) RS2SR 100 ELDEDEN
EETHI P UOREATNF-a 28|32 EICPD
THRIHL 7= (Fig. 3). Z® wTNF-a & BSHUED
EMERERETAMLD) U2 A TNFa i3,
BlAcore ZWW/=TNF L7/ — 1% INF Lt
= U ADRESHIMEIZED, WINF-a LRSS
OV -—FREEALTWAZE, BELR
s N BBRITN O ZBE&EZBRLTWEZ LD
BEELTWVS, Zhs50aRiR, INF-a3TFHO
LD CUHRBEMDT I/ BN—ENDER
BIICEML =205 (6400 F) EELOMBELR
TNF-a (7 X /BEBERE) 2RERRILET7 -
SATIVEERLEDAT, INFLETS—1
HINF PRI T 7 71 =514 — - A
AN ERTY, ThORELR TNFo D
Bz mEBRIR T2 LICE>THSNAEBOTH

viability (% of control)

0.1 1 10 100
TNF-o. concentration (ng/mt)

Fig. 3. [In vitro Bioactivity of Mono-PEGylated TNF-as

The specific activity of TNF-as was measured by a cytotoxicity assay us-
ing L-M cells in the presence of actinomycin D, Each data value represents
the mean+$.D0. Q: WINF-a, [J: 1an-PEG-TNF-a (randomly mono-
PEGylated wTNF-a with linear-type PEGS000, @: mTNF-a-Lys(-), At 1p-
PEG-mTNF-a (N-terminus specific mono-PEGylated mTNF-a-Lys(-) ).
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