Figure 5. Administration of sorafenib and
tumor growth in nude mice. A) Growth curve of
xenografted 2MLN-GFP and 2MLN-dnTgRII
tumors and sorafenib treatment. Mice bearing
tumors were treated with 800 pg of sorafenib
or with vehicle, as indicated, every day for 14
days (n = 6 mice per group). The representative
macroscopic appearance of the tumors at day
7 is shown in the bottom panels. B) Growth
curve of xenografted 2MLN-GFP and 2MLN-
dnTBRIl tumors in the presence and absence of
anti-VEGF neutralizing antibody (n = 6 mice per
group). Mice bearing tumors were treated for
14 days with 50 pg of anti-VEGF antibody or
vehicle, as indicated, twice a week. The repre-
sentative macroscopic appearance of the
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immunoblotting. We found that GIP was expressed in the
2MLN-GFP control cells and dnTBRII was expressed in 2MLN-
dn'TBRIT cells (Figure 1, A). In contrast to the parental 2MLN
cells and GFP-transfected 2MLN-GFP cells, TGF-B-induced
phosphorylated Smad2 was not detected in 2MLN-dnTBRII cells
(Figure 1, A). We next used quantitative real-time RT-PCR analy-
sis to show that the induction of Smad7 mRNA, a well-known
target of TGF-B signaling, by TGF-B was lower in the 2MLN-
dn'TBRII cells than in OCUM-2MLN or 2MLN-GFP cells
(Figure 1, B). 2MLN, 2MLN-GFP, and 2MLN-dnTBRII cells
had similar proliferation rates, and the proliferation rates of these
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cells were not statistically significantly inhibited after TGF-B
treatment (Figure 1, C).

Next, 2MLN-GFP or 2MLN-dn'TBRII cells were subcutane-
ously transplanted into nude mice (n = 8 mice in each group), and
tumor size was measured every other day until day 10. Although
the proliferation of these cell types did not differ in vitro, the vol-
umes of 2MLN-dnTBRII tumors were statistically significantly
larger than those of 2MLN-GFP tumors (Figure 1, D; mean volume
on day 10 relative to that on day 0 of 2MLN-dnTBRII tumors =
3.49 and of 2MLN-GFP tumors = 2.46, difference = 1.02, 95%
confidence interval [Cl] = 0.21 to 1.84; for group effect, P = .003;
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and for the sampling time effect and the dnTBRII group effect x
sampling time effect, P < .001, by a two-way repeated measures
ANOVA test for tumor growth). We also orthotopically trans-
planted 2MLN-GFP or 2MLN-dnTERIL cells into the gaswic
wall of nude mice and determined tumor size on days 14 and 21
after implantation. The relative tamor area of 2MLN-dnTBRII
(2.98) was statistically significantly larger than that of 2MLN-GFP
(1.59) (Figure 1, E) (difference = 1.39, 95% C1 = 0.87 to 1.91; P <
001, n = 8 mice in each group).

To explore factors responsible for the increased growth of the
2MLN-dnTBRI tumors in vivo, we used microarray analysis to
identify differentially expressed human genes in the subcutane-
ously transplanted 2MLN-GFP and 2MLN-TBRII tumors and
then used pathway analysis with the DAVID program to annotate
the list of differentially expressed genes in these tumors. The
DAVID program provides batch annotation and gene ontology
term enrichment analysis to highlight the most relevant gene
ontology terms associated with a given gene list (26). The analysis
of our microarray data by the DAVID program identified three
pathways as differentially activated pathways: cell communication,
interactions between the extracellular matrix and the receptors,
and focal adhesion (Supplementary Table 2, available online). All
three pathways included COLIAI, THBSI, and LAMC?2, whose
expression levels were substantially lower in ZMLN-dnT8RII
tumors than in 2MLN-GFP tumors (Supplementary Table 2,
available online). COL1A1 encodes procollagen I, which is involved
in fibrosis, and THBSI encodes thrombospondin-1, which is an
angiogenesis inhibitor. LAMC?2 encodes laminin-y2 and was also
included in all the three pathways. Although the increased expres-
sion of laminin-y2 has been reported to be involved in invasion of
certain cancers (28), the importance of its decreased expression in
cancer remains unknown. Therefore, we further analyzed the rela-
tionship between the increased growth of the 2MLN-dn'TBRII
tumors and tumor microenvironment, especially fibrosis, with
a focus on procollagen I, and angiogenesis, with a focus on
thrombospondin-1.

Reduction of Stromal Fibrosis by dnTg8RIl

We analyzed the tumor microenvironment by determining the
degree of fibrosis in the subcutaneous and orthotopic tumor tis-
sues, as shown by AZAN staining of collagen fibers (Figure 2, A
and Supplementary Figure 1, A, available online). In both tumor
types, the area of fibrosis as determined by AZAN staining was
statistically ‘significantly lower:in the ZMLN-dn'TBRII tumors
than in the 2ZMLN-GFP tumors (for subcutaneous tumors,
IMLN-dnTBRII had 6.1% and 2MLN-GFP had 30.1% [n = 9
mice per group), ditference = 24.0%, 95% CI = 14.4% to 33.6%,
P < .001; and for orthotopic tumors, ZMLN-dn'TBR1I tumors had
19.8% and 2MLN-GFP tumors had 47.0%, n = 9, difference =
27.2%, 95% CI = 20.0% to 34.4%, P < .001).

Microarray analysis revealed that the COL1AL expression was
lower in the 2MLN-dnTBRII tumors than in the 2MLN-GFP
tamors. These results were validated with quantitative real-time
RT-PCR with human COL1A1-specific primers and subcutane-
ous tumor samples (expression in 2MLN-dnTBRH tumors was
1.01 arbitrary units and that in 2MLN-GFP tumors was 17.46
arbitrary units, n = 3, difference = 16.4, 95% CI = 12.3 10 20.6
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arbitrary units, P < .001) (Figure 2, B, left panel). In the same
tumors, expression of the mouse ColIAl mRNA was similar in
IMLN-dnTBRIT and 2MLN-GFP wmors (Figure 2, B, middle
panel; P = .026). In cultured cells, expression of the human
COLIAT mRNA was induced by TGF- in the 2MLN-GFP cells
but not in the 2MLN-dnTBRII cells (Figure 2, B, right panel).
Secretion of TGF-B1 as determined by an enzyme-linked immu-
nosorbent assay revealed that production of TGF-B1 was lower in
2MLN-dnTBRII cells (22.1 pg/mL) than in 2MLN-GFP cells
(552.4 pg/mL) (difference = 530.3 pg/mL, 95% CI = 502.7 to
$58.0 pg/ml, P < .001) (Figure 2, C). Thus, the material in the
extracellular matrix i these tumors appears to be derived primarily
from the gastric carcinoma cells and that the increased production
of these extracellular matrix materials may be induced by TGF-g1
that is produced by the gastric carcinoma cells.

Induction of Tumor Angiogenesis by dnTBRIl

We next examined tumor angiogenesis, another important compo-
nent of the tumor microenvironment, in 2MLN-dnTBRIl and
2MLN-GFP tumors in vivo. We used immunohistochemistry to
determine vascular density in tumors with a specific marker of
vascular endothelium, PECAM-1 (Figure 2, D and Supplementary
Figure "1, B, available online). In subcutaneous tumors, the
PECAM-1-positive area was statistically significantly higher in
IMLN-dnTBRII tumors (8.91% per microscopic field) than in
2MLN-GFP tumors (4.78%) (n = 6, difference = 4.13%, 95% Cl =
1.31% to 6.94%; P = .008) (Figure 2, D). In orthotopic tumors, the
PECAM-1-positive area was also statistically significantly higher
in 2MLN-dnTBRII tumors (1.95% per microscopic field) than
in 2MLN-GFP tumors (0.27%) (n = 7, difference = 1.67%, 95%
Cl=0.46% to 2.88%; P=.013) (Supplementary Figure 1, B, available
online).

The THBSI gene was included in all pathways selected by
DAVID analysis, and the microarray analysis showed that the
expression: of THBSI was lower in the 2ZMLN-dnTBRII tumors
than'in the 2MLN-GFP tumors (Supplementary Table 2, available
online). We used quantitative RT-PCR with human THBS1-
specific primers to confirm that the expression of THBST mRNA
from human carcinoma cells was lower in the 2MLN-dnTBRII
tumors (0.13 arbitrary unit) than in the 2MLN-GFP tumors (2.20
arbitrary units) (difference = 2.07 arbitrary units, 95% Cl = 1.92 to
2.22 arbitrary units; P < .001) (Figure 2, E, left panel). Moreover,
expression of thrombospondin-1 was potently induced by TGF-8
in the 2MLN-GFP cells in vitro but not in the 2MLN-dnTBRII
cells (Figure 2, E, right panel). In addition to thrombospondin-1,
VEGF has been reported to be involved in angiogenesis in the
Smad4-deficient pancreatic tumor model (29). However, the level
of VEGF expression, as determined with primers specific for both
human and mouse VEGF, was similar between 2MLN-GFP and
2MLN-dnTBRII cells in vivo and in vitro (data not shown), indicat-
ing that decreased expression of thrombospondin-1 may be involved
in the enhanced angiogenesis in the ZMLN-dnTBRII tumors.

Phenotype of Tumors Containing a Mixture of Both
2MLN-GFP and 2MLN-dnT3RII Cells

The results described above strongly suggest that regulation of
structural elements in the twmor microenvironment by TGF-8
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signaling may be important to tumor formation in diffuse-type
gastric carcinomas; however, it is still possible that the changes in
tumor growth rate may be induced by other autonomous factor(s)
in the cancer cells. To investigate further whether the tumor
microenvironment serves as a major determinant of tumor growth
in this model, we mixed equal amounts of the 2MLN-GFP and
ZMLN-dnTBRII cells and transplanted the cell mixture into nude
mice (Figure 3, A). If the tumor microenvironment plays a major
role in tumor growth, then the 2MLN-GFP+dnTBRII tumors
should contain equal number of both cell types (Figure 3, A). In
contrast, if the 2MLN-dnTBRII portion of the tumor grows faster
in cell-autonomous fashion, then the 2MLN-GFP+dnTBRII
wumors should be composed mainly of 2MLN-dn'TBRIL cells.
Histological examination of 2MLN-GFP+dnTBRIT tumors with
GFP fluorescence and by use of hemagglutinin antibody to detect
the 2MLN-GFP and ZMLN-dnTBRII cells, respectively, revealed
that the 2MLN-GFP+dnTBRII tumors contain almost equal
number of the two cell types (P = .56) (Figure 3, B). We also exam-
ined angiogenesis in 2MLN-GFP+dnTBRII tumors by use of
PECAM-1 immunostaining and found that the level of vascular
density in the mixed-cell tumor (2.61% per microscopic field) was
intermediate between that of 2MLN-doTBRII tumors (4.22%)
and 2MLN-GFP tumors (1.34%) (difference with 2MLN-dn'T-
BRII tumors = 1.61, 95% Cl = 0.37% to 2.86%, P = .023 [n = 3];
difference with 2MLN-GFP tumors = 1.27%, 95% CI = 0.73% to
1.81%, P =.003 [n = 3}) (Figure 3, C).

Inhibition of Angiogenesis and Growth of 2MLN-dnTgRlI
Tumors

To determine whether decreased thrombospondin-1 expression is
involved in the accelerated proliferation of 2MLN-dn'TBRII
tumors, we used a lentivirus system to introduce the gene for
thrombospondin-1 into the 2MLN-dnTBRII cells, and these cells
were injected into mice to form tumors. At day 7, the volume of
2ZMLN-dn'TBRII tumors that expressed exogenous thrombospon-
din-1 (3.08 x 10" mm’) was lower than that of 2MLN-dn'T'BR11
tumors alone (12.0 x 10" mm*) (difference = 8.94 x 10 mm‘, 95%
CI=5.82x 10 to 12.1 x 10’ mm’, P <.001 [n = 6]) and was similar
to that of control 2MLN-GFP tumors that expressed GFP (2.81 x 10¢
mm’; difference = 0.27 x 10 mm*, 95% CI = —1.67 x 10 to
2.21 x 1 mm’, P = .76 [n = 6}) (Figure 4, A). Immunostaining of
the tumors with an antibody against PECAM-1 protein demon-
strated that the vascular density of the 2MLN-dnTBRII tumors
was reduced by the introduction of thrombospondin-1 (1.90% per
microscopic field) compared with that of 2MLN-dnTBRII tumors
alone (7.74%; difference = 5.84%, 95% Cl = 4.21% to 7.48%, P <
001 [n = 3}) or that of ZMLN-GFP tumors as control (1.85% per
microscopic field; difference = 0.05%, 95% CI = —1.64% to
1.73%, P =9 {n = 3]) (Figure 4, B). In contrast, AZAN staining
showed that the degree of fibrosis was not statistically significantly
changed by introduction of thrombospondin-1 (Figure 4, Q).

We obtained additional support for the finding that decrease
in thrombospondin-1 is involved in the accelerated growth of the
ZMLN-dn'TBRII tumors by knocking down the expression of
thrombospondin-1 in the ZMLN-GFP cells with an RNA inter-
fevence approach. The 2MLN-GFP cells expressing the
microRNA  construct against thrombospondin-1 were termed
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ZMLN-GFP+miTSP-1 cells. Expression of thrombospondin-1
was lower in the 2MLN-GFP+miTSP-1 cells than in 2MLN-GFP
cells in vitro (Figure 4, D). When these cells were inoculated to
mice to form tumors, knockdown of thrombospondin-1 resulted in
the volumes of 2MLN-GFP+miTSP-1 tumors being larger than
those of 2MLN-GFP wmors (Figure 4, E; mean volume of
ZMLN-GFP+miTSP-1 tumor on day 14 relative to that on day 0
after starting evaluation = 4.91 and that of 2MLN-GFP tumor = 3.79;
difference = 1.12, 95% CI = 0.80 to 1.44; for group effect, sam-
pling time effect, and group effect x sampling time effect, P < 001,
by a two-way repeated measures ANOVA test for tumor growth
{n = 6 in each group]). In addition, 2MLN-GFP+miTSP-1 tumors
were smaller than 2MLN-dnTBRII tumors (Figure 4, E; volume
of 2MLN-GFP+miTSP-1 tumor on day 14 relative to that on day
0 after starting evaluation = 4.91 and that of 2MLN-dn'T8RII
tumor = 5.65; difference = 0.74, 95% CI = —0.78 to 2.27; the result
of a two-way repeated measures ANOVA test for the tumor
growth from days 0 to 14 [n = 6 in each group] for group effect,
P = .010; for sampling time effect, P < .001; for group effect x
sampling time effect, P = .025), in agreement with the finding that
the in vivo expression level of thrombospondin-1 mRNA in the
ZMLN-GFP+miTSP-1 tumors (0.42) was higher than that of the
2MLN-dn'TBRII tumors (0.12; difference = 0.30, 95% CI = 0.12
to 0.49; P=.011) (Figure 4, F).

To further elucidate the contribution of enhanced angiogenesis
to increased tumor growth in the gastric carcinoma model, we
treated the tumor-bearing mice with sorafenib, a small-molecule
inhibitor of various tyrosine kinases, including VEGF receptor-2,
Raf, and platelet-derived growth factor receptor (30,3 1). Sorafenib
{40 mg/kg) or a vehicle control was intraperitoneally administered
into the tumor-bearing mice every day (n = 6 mice per group).
Treatment with sorafenib strongly suppressed the growth of both
IMLN-GFP tumors (Figure S, A; tumor volume in treated mice on
day 14 relative to that on day 0 after starting evaluation = 0.45 and
that in untreated mice = 2.73; difference = 2.28, 95% CI = 1.81 to
2.76; for group effect, sampling time effect, and group effect x
sampling time effect, P < .001, by a two-way repeated measures
ANOVA test for tumor growth) and 2MLN-dn'TBRII tumors
(Figure 5, A; tumor volume in treated mice on day 14 relative to
that on day 0 after starting evaluation = 0.79 and that in untreated
mice = 7.64; difference = 6.85, 95% CI = 4.34 to 9.37, for group
effect, sampling time effect, and group effect x sampling time effect,
P < .001, by a two-way repeated measures ANOVA test for tumor
growth). The tumors treated with sorafenib were pale in compari-
son with the untreated tumors, indicating the reduction of tumor
vasculature and thus hemoglobin. To further confirm the effects of
inhibition of angiogenesis on the tumor growth, an anti-VEGF
neuatralizing antibody (2.5 mg/kg) or a vehicle control was intrap-
eritoneally administered into the tumor-bearing mice twice a week
{n = 8 mice per group). As with sorafenib treatment, treatment with
the anti-VEGF neutralizing antibody reduced the volume of both
2MLN-GFP tumors (Figure 5, B; tumor volume in treated mice on
day 14 relative to that on day 0 after starting evaluation = 1.89 and
that in control treated mice = 3.72; difference = 1.83,95% CI = 0.68
to 2.98; for group effect, P = .003; and for sampling time effect and
group effect x sampling time effect, P <.001, by a two-way repeated
measures ANOVA test for tumor growth) and 2MLN-dnTBRII
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tumors (Figure 5, B; tumor volume in treated mice on day 14 rela-
tive to that on day 0 after starting evaluation = 1.90 and that in
control treated mice = 8.05; difference = 6.15, 95% ClI = 0.12 1o
12.18; for group effect, P = .011; and for sampling time effect and
group effect x sampling time effect, P <001, by a two-way repeated
measures ANOVA test for tumor growth).

Disruption of TGF-B Signaling in Another Diffuse-Type
Gastric Carcinoma Cell Line

In addition to OCUM-2MLN cells, we also used another diffuse-
type gastric carcinoma cell line, OCUM-12, to investigate the
effects of disruption of TGF-B signaling. TGF-§ induced phos-
phorylation of Smad2 (Supplementary Figure 2, A, available
online) and inhibited the proliferation of OCUM-12 cells in vitro
(Supplementary Figure 2, B, available online), indicating that this
cell line also responds to TGF-B. To further examine the effects
of disrupting TGF-B signaling in this cell line, we generated
OCUM-12 cells expressing GFP or dnTBRII and used them to
confirm that phosphorylation of Smad2 was attenuated in OCUM-
12-dn'TBRII cells (Supplementary Figure 2, A, available online).
We found that TGF-Bl-induced thrombospondin-1 expression
was attenuated in the QCUM-12-dnTBRIL cells as it was in
2MLN-dn'TBRI cells (Figure 5, C). Moreover, the volume of the
OCUM-12 tumors expressing dnTBRII was statistically signifi-
cantly larger than that of OCUM-12-GFP tumors (Figure 5, D
volume of OCUM-12-dnTBRII tumor on day 14 relative to that
on day 0 after starting evaluation = 2.19 and that of OCUM-12-
GFP tumor = 1.80; difference = 0.39,95% CI = 0.014 t0 0.772; for
group effect, P = .046; for sampling time effect, P < .001; for group
effect x sampling time effect, P = .003, by a two-way repeated
measures ANOVA test for tumor growth {n = 7 mice in each
group}), and sorafenib reduced the volume of both OCUM-12-
GFP tumors (volume of treated tumor on day 14 relative to that
on day 0 after starting evaluation = 1.17 and that of untreated
tumor = 1.80; difference = 0.63, 95% CI = (.28 to 0.98; for group
effect, P = .001; and for sampling time effect and group effect x
sampling time effect, P < .001, by a two-way repeated measures
ANOVA test for tumor growth [n = 7 mice in each group]) and
OCUM-12-dn'TBRII tumors (volume of treated tumor on day 14
relative to that on day 0 after starting evaluation = 1.36 and that of
untreated tumor = 2.19; difference = 0.83, 95% CI = 0.51 o 1.15;
for group effect, P < .001; for sampling time effect and group effect
x sampling time effect, P < .001, by a two-way repeated measures
ANOVA test for tumor growth [n = 7 mice in each group}).

Expression of Thrombospondin-1 and Phosphorylated
Smad2 in Human Gastric Carcinoma Tissues

Finally, we examined the status of TGF-B signaling in human
gastric tumor tissues by use of antibody against phosphorylated
Smad?2 and the level of expression of thrombospondin-1 with anti-
body against thrombospondin-1. Both phosphorylated Smad2 and
thrombospondin-1 were detected in normal epithelium adjacent to
tumor {data not shown) and in some diffuse- and intestinal-type
gastric cancer tissues (Supplementary Figure 3, A, available
online). Immunostaining of 102 human gastric cancer specimens
revealed that 44 (43%) tumors expressed both phasphorylated
Smad2 and thrombospondin-1 and that 24 (23%) expressed
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neither (Supplementary Table 3, available online). Furthermore, a
positive association was observed between the expression of
thrombospondin-1 and of phosphorylated Smad2 (P = .002;
Supplementary Table 3, available online). We also found that
some cancer cells had weaker staining of phosphorylated Smad2
associated with weaker staining of thrombospondin-1 and that these
cells were adjacent to cancer cells with strongly positive staining of
phosphorylated Smad2 and strongly positive thrombospondin-1
(Supplementary Figure 3, B, available online). This observation
suggested that the level of expression of thrombospondin-1 may be
associated with the level of TGE-B signaling in each cancer cell,
which varied even in the same twmor tissue.

Discussion

We demonstrated in this study that disruption of TGF-B signaling
in diffuse-type gastric carcinoma models appears to accelerate the
progression of cancer, as shown by increased growth of the
2MLN-dnTBRI tumors compared with that of the control
2MLN-GFP tumors in the subcutaneous and orthotopic trans-
plantation models. Furthermore, microarray analysis of gene
expression revealed decreased production of thrombospondin-1 in
the 2MLN-dn'T'BRII umors. Overexpression of thrombospondin- |
suppressed the growth of OCUM-2MLN tumors, but knockdown
of thrombospondin-1 expression stimulated tumor growth.
Moreover, we have also demonstrated that regulation of angiogenesis
by sorafenib or anti-VEGF antibody efficiently prevented the
growth of tumors in vivo.

Systemic administration of TGF-B inhibitors has been shown
to suppress growth and metastasis of some twmors by acting on
cancer cells and the tumor microenvironment (32,33). However,
we found that disruption of TGF-B signaling in ditfuse-type gas-
tric carcinoma cells accelerated tumor formation. We found, in
experiments with a mixture of the wild-type OCUM-2MLN cells
and OCUM-2MLN cells expressing dn'TRRII, that the increased
growth of 2MLN-dnTBRII tumors appeared to be mainly attrib-
utable to alterations in the tumor microenvironment, not to
autonomous properties of the cancer cells. The tumor microenvi-
ronment, which has been reported to be important during tumor
progression (6), contains many structural elements, including
blood vessels and fibrotic tissues. Consistently, we found that
absence of TGF-B~induced expression of thrombospondin-1, an
angiogenic inhibitor, is associated with increased growth of dn'T-
BRII tumors in vivo, indicating that increased angiogenesis in the
dn'TBRI-expressing tumors appears to be important in the accel-
erated growth of such tumors.

TGF- binds to TRRII and T'GF-B type 1 receptorand acti-
vates Smad2 and Smad3, which transduce signals by complexing
with Smad4. Decreased expression of TBRII, Smad2, and Smad4,
or loss-of-function mutations in at least one of these genes, has
been reported in various cancers at advanced stages, including
breast cancer and colon cancer (16). Decreased expression of
Smad4 has been observed in many clinical specimens of diffuse-
type gastric carcinoma (20,34). Although mutations in TBRII have
not been reported in diffuse-type gastric carcinoma, these tindings
indicate that disruption of TGF-§ signaling may accelerate the
progression of this type of cancer at advanced stages.
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Schwarte-Waldhoff et al. (29) reported that the lack of Smad4
in an experimental pancreatic cancer model stimulated secretion of
VEGF, repressed the expression of thrombospondin-1, and led to
increased angiogenesis and wumor growth. Ouwr microarray data
revealed that although expression of VEGF was not statistically sig-
nificantly altered in the 2MLN-dnTBRII tumors, compared with the
2MLN-GFP tumors, expression of thrombospondin-1 was reduced.
Moreover, we found that the expression of thrombospondin-1 was
induced by TGF-$ in the OCUM-2ZMLN cells but not in the
2MLN-dnTBRII cells, in agreement with previous reports on the
induction of thrombospondin-1 by TGF-B in certain cell types,
including hepatic HuH-7 cells, osteosarcoma MG63 cells, and rat
tubular epithelial cells (35,36). We obtained similar results with
another diffuse-type gastric carcinoma cell line, OCUM-12.
Furthermore, we found that expression of thrombospondin-1
reduced the growth of 2MLN-dnTBRII tumors in mice and that
growth of tumors produced from 2ZMLN-GFP cells in which
chrombospondin-1 expression had been inhibited was accelerated.
Moreover, the association that we found between the expression of
phosphorylated Smad2 and thrombospondin-1 indicated that
attenuation or loss of TGF-B signaling results in decreased expres-
sion of thrombospondin-1 in human gastric cancer tissues.
Thrombospondin-1 has been shown to inhibit growth and differ-
entiation of endothelial cells and to induce their apoptosis (24,25).
Thus, the decreased level of thrombospondin-1 in these umor
models appears to accelerate tumor angiogenesis.

The importance of tumor angiogenesis in the accelerated
growth of the 2MLN-dnTBRII tumors was further supported by
the potent inhibition of tumor growth by treatment with sorafenib,
regardless of the status of TGF- signaling in the cancer cells.
Sorafenib was effective not only in OCUM-2ZMLN tumors but
also in OCUM-12 tumors, although the latter were relatively
resistant to sorafenib’s growth inhibitory effect in vitro
(A. Komuro, M. R. Kano and K. Miyazono, University of Tokyo,
M. Yashiro and K. Hirakawa, Osaka City University, unpublished
data; the 50% inhibitory concentration [IC,,] in OCUM-2MLN
cells = 1.45 pM and in OCUM-12 cells = 8.75 pM). Thus, the
effect of sorafenib on the gastric tumor models in vivo may be
mostly due to suppression of tumor angiogenesis, although direct
effects of sorafenib on the gastric carcinoma cells may also contribute
to its growth inhibitory effect in vivo. In accordance with these
results, we found that an anti-VEGF neutralizing antibody effec-
tively reduced the growth of OCUM-2ZMLN tumors.

Our study had several limitations. Although we examined the
growth of diffuse-type gastric carcinoma in subcutaneous and
orthotopic transplantation models, the experiments were con-
ducted with immunocompromised mice. Immune function may
affect the growth of diffuse-type gastric carcinoma in human
patients. Furthermore, we analyzed the growth of primary tumors
but not the metastasis of tumors. The question of whether TGF-B
signaling regulates metastasis in a cancer cell-autonomous fashion
or in a microenvironment-dependent manner should be explored
in the future.

In conclusion, we have shown that disruption of TGF-8 signal-
ing in a mouse model of diffuse-type gastric carcinoma, which may
be analogous to what occurs during progression of this disease in
humans, promotes tumorigenesis by accelerating angiogenesis.

jnci.oxfordjournals.org

Because the loss of TBRII or Smad4 expression has been reported
to induce tumor angiogenesis in other types of cancers (29,37), the
administration of angiogenesis inhibitors, including sorafenib and
thrombospondin-1 analogues (38), may be useful as a treatment for
those cancers with disrupted TGF-B signaling pathways.
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There are a number of kinase inhibitors that regulate components
of - the neovasculature.. We' previously “reported - the use  of
transforming growth factor (TGF)-p inhibitor on neovasculature in
stroma-rich tumor models to increase the intratumoral distribution
of nanoparticles. Here, we compared the effects of two other kinase
inhibitors, imatinib and sorafenib, with TGF-B inhibitor (LY364947)
on extravasation of a modeled nanoparticle, 2 MDa dextran. We
first used a mouse model of neoangiogenesis, the Matrigel plug
assay, to compare neovasculature formed inside of and around
Matrigel plugs (intraplug and periplug regions, respectively).
Intraplug vasculature was more strongly pericyte covered, whereas
periplug vasculature was less covered. In this model, TGF-§ inhibitor
exhibited the most potent effect on intraplug vasculature in
increasing the extravasation of dextran, whereas sorafenib had
the strongest effect on periplug vasculature. Although imatinib and
TGF-B inhibitor each reduced. pericyte coverage, imatinib also
reduced the density of endothelium, resulting in a decrease in
overall delivery of nanoparticles. These findings were confirmed in
two tumor models, the CT26 colon cancer model and the BxPC3
pancreatic cancer model. The vasculature phenotype in the CT26
model resembled that in the periplug region, whereas the latter
resembled that in the intraplug region. Consistent with: this,
sorafenib most potently enhanced the accumulation of nano-
particles in the C126 model, whereas TGF-B inhibitor did in the
BxPC3 model. In conclusion, the appropriate strategy for optimization
of tumor vasculature for nanoparticles may differ depending on
tumor type, and in particular on the degree of pericyte coverage
around the vasculature. (Cancer Sci 2009; 100: 173-180)

The effectiveness of drug delivery into tumor tissues is an
important issue in the treatment of solid tumors, in addition
to the efficacy of drugs in treating tumor cells. For example,
gemcitabine, a first-line anticancer agent for pancreatic ade-
nocarcinoma, exhibited potent in vitro growth-inhibitory effects
on a cultured cell line derived from the human pancreatic
adenocarcinoma line BXPC3./" However, it exhibited only slight
inhibitory effects on xenografted BxPC3 tumors in mice®® and
slight elongation of survival time in tumor-bearing patients, with
significant effects only in the improvement of quality of life
index in clinical trials.*”

Many factors might potentially explain this discrepancy,
particularly those related to tumor stroma.® Among them,
tumor vasculature plays an important role in the delivery of
anticancer agents. Extravasation of drugs to tumor tissue
constitutes an essential part of drug delivery to tumor tissues,”

doi: 10.1111/.1348-7006.2008.01003.x
© 2008 Japanese Cancer Association

whereas the molecular size of compounds is another important
determinant: of accumulation.’® We have recently shown that
increased leakiness in tumor neovasculature improves the accu-
mulation of nanoparticles in tumor tissues in animal models of
pancreatic - adenocarcinoma and diffuse-type: advanced gastric
cancer.” In that study, inhibition of transforming growth factor
(TGF)-P signaling reduced pericyte coverage and slightly increased
endothelial area, resulting in an increase in vascular leakiness
without loss of blood flow. However, numerous studies of tumor
neovasculature have shown that it is leaky by nature, and that
manipulation of vessels to make them less leaky, or induction of
vascular normalization, may therefore benefit drug delivery to
tumor tissues.® This theory has been supported with the use of
vascular endothelial growth factor (VEGF) inhibitors. There are
a number of VEGF inhibitors available, including neutralizing
anti-VEGF antibodies such: as bevacizumab (Avastin) and
sorafenib (Nexavar). Sorafenib is a small molecular-weight (SMW)
compound inhibiting multiple tyrosine kinases, including VEGF
receptor (VEGFR) 2.9

The roles of pericytes in neoangiogenesis have also been well
investigated.!"” Coverage of the neovasculature by pericytes
stabilizes vascular structure.!!V Genetic ablation of platelet-
derived growth factor (PDGF)-B signaling, one of the major
signaling pathways in induction of pericyte maturation and
recruitment to the endothelium; results in a bleeding tendency of
the neovasculature.!'"'¥ PDGF-B signaling can be inhibited by
the SMW inhibitor (SMWI) imatinib (Gleevec or Glivec), which
inhibits the receptor for PDGF-B signaling, PDGF receptor
(PDGFR) B, as well as PDGFRo and c-kit.!"¥ The use of imatinib
along with VEGF inhibitors was shown to be effective in inhibiting
tumor neovascularization in an animal model of spontaneous
pancreatic islet tumor, the RIP-Tag model, through disruption of
both pericytes and endothelium. >

Here we investigated the changes in vascular leakiness
induced by three of the SMWI mentioned above, TGF-p inhibitor
(LY364947), sorafenib, and imatinib, in the Matrigel plug assay
as well as two animal cancer models. The Matrigel plug assay
was carried out by mixing BD Matrigel Basement Membrane
Matrix with VEGF-A, fibroblast growth factor (FGF)-2, and
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Fig. 1.

The effects of three types of kinase inhibitors on extravasation of dextran in the Matrigel plug assay. (a) Confocal microscopy analyses.

Upper row: staining of platelet endothelial cell adhesion molecule (PECAM)-1-positive endothelium in green and smooth muscle o-actin (SMA)-
positive pericytes in red. Scale bars = 100 pm. Lower row: distribution of 2 MDa dextran in green and PECAM-1-positive endothelium in red. Scale
bars = 50 pm. (b—d) Results of quantification (n = 15) of areas of endothelium (b, in percentage in one microscopic view), ratio of pericyte-covered
endothelium (c, in percentage), and dextran distribution (d, in percentage in one microscopic view). Bars in the graphs represent standard errors.

*P < 0.05; **P < 0.01; and ***P < 0.001.

heparin as angiogenic molecules to form mature neovasculature
inside the gel plug, according to our previous report.'® Of the
two cancer models used in the present study, one was a well-
established hypervascular cancer model using the murine colon
cancer cell line CT26, whereas the other was an interstitium-rich
cancer model using the human pancreatic cancer cell line
BxPC3. With the latter model, we previously demonstrated
therapeutic effects of combined use of TGF- inhibitor on nan-

174

oparticles.” Using these models, we investigated the effects of
SMWI on the distribution of 2 MDa dextran, a model of nano-
particles with an estimated hydrodynamic diameter of 50 nm.®
The Matrigel plug assay and tumor model experiments revealed
that TGF-B inhibitor increased extravasation of 2 MDa dextran
in pericyte-covered neovasculature, whereas sorafenib increased
that in vasculature with less pericyte coverage. These findings are
important for determination of the optimal choice of angiogenic

doi: 10.1111/j.1349-7006.2008.01003.x
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regulators in combination with nanoparticles for chemotherapy of
cancer in general.

Materials and Methods

Reagents and antibodies. TGF-f3 inhibitor was purchased from
Calbiochem (San Diego, CA, USA; LY364947, catalog no.
616451), imatinib was from Novartis Pharma (Tokyo, Japan),
and sorafenib was from Bayer Healthcare (West Haven, CT, USA).
These compounds were diluted in dimethyl sulfoxide to 5, 25, and
10 mg/mL, respectively, as stock solutions. Fluorescein isothiocy-
anate (FITC)-conjugated dextran of 2 000 000 Da (2 MDa) was
obtained from Sigma-Aldrich (St Louis, MO, USA). The antibody
to platelet endothelial cell adhesion molecule (PECAM)-1 was
from BD PharMingen (San Diego, CA, USA), that to NG2 was
from Chemicon (Temecula, CA, USA), and that to smooth muscle
o-actin (SMA) (Cy3-conjugated) was from Sigma-Aldrich.
AlexaFluor-conjugated secondary antibodies were purchased
from Invitrogen Molecular Probes (Eugene, OR, USA).

Cancer cell lines and animals. The BxPC3 human pancreatic
adenocarcinoma cell line was obtained from the American Type
Culture Collection (Manassas, VA, USA), and was grown in
RPMI-1640 medium supplemented with 10% fetal bovine
serum. The murine colon adenocarcinoma CT26 cell line was
from the National Cancer Center Research Institute, Japan, and
was cultured in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) containing 10% fetal bovine serum. BALB/c mice and
BALB/c nude mice, 5-6 weeks of age, were obtained from Sankyo
Laboratory (Tokyo, Japan) and Charles River Laboratories (Tokyo,
Japan), respectively.

In vivo Matrigel plug assay and cancer models. Matrigel plugs
were created by mixing 0.2 mg/mL recombinant human VEGF-
A (VEGF165; R & D Systems, Minneapolis, MN, USA), 1 mg/
mL FGF-2 (R & D Systems), and 0.1 mg/mL heparin (Aventis
Pharma, Tokyo, Japan) by pipetting, in combination with regular
Matrigel (catalogue no. 354234; BD Biosciences, Franklin
Lakes, NJ, USA). Matrigel (400 uL per plug; one plug per
mouse) was injected subcutaneously into the abdominal region
of BALB/c mice. Each Matrigel plug was harvested on day 7
and frozen directly in dry-iced acetone for immunohisto-
chemistry. As cancer models, 5 x 10° BXxPC3 cells or 1 x 10°
CT26 cells were implanted by subcutaneous injection into the
abdominal region of BALB/c nude and normal BALB/c mice
and allowed to grow for 3 weeks and 1 week, respectively, until
reaching the proliferative phase. For the in vivo permeability assay,
TGF-P inhibitor at 1 mg/kg, imatinib at 50 mg/kg, or sorafenib
at 40 mg/kg was administered as one shot intraperitoneally 18 h
before injection of dextran. Dextran was administered intravenously
via lateral tail veins 6 h before harvesting of samples. For
perfusion study in the tumor tissues, dextran of 2 MDa was
administered intravenously, at 24 h after SMWI-administration
and 10 min before harvesting, and the excised samples were
directly fixed in formalin. All experimental protocols were
carried out in accordance with the policies of the Animal Ethics
Committee at the University of Tokyo.

Histology and immunohistochemistry. The excised samples were
either directly frozen in dry-iced acetone for immunohis-
tochemistry, or fixed overnight in 4% paraformaldehyde and
then paraffin embedded to prepare them for hematoxylin—eosin
(HE) staining or perfusion study in the tumor tissues. Frozen
samples were further sectioned at 10 pm thickness in a cryostat,
briefly fixed with 10% formalin, and then incubated with primary
and fluorescent secondary antibodies. Samples were observed
with a LSM510 Meta confocal microscope (Zeiss, Thornwood,
NY, USA) for immunohistochemistry, and with an AX80 micro-
scope (Olympus, Tokyo, Japan) for HE staining.

Quantification. Areas in Matrigel plugs that were PECAM-1-
positive, double-positive for PECAM-1 and SMA, and FITC-
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Fig. 2.
regions in sections with hematoxyline-eosin (HE) staining (upper) and
with immunohistochemistry (lower). (a) Avascular area, (b) vascularized
intraplug region, (c) periplug region, and (d) normal tissue. Green,
platelet endothelial cell adhesion molecule-1; red, smooth muscle a-actin.

Low-magnification view of the Matrigel plug and surrounding

dextran-positive in confocal micrographs (n = 15), or lengths of
FITC-dextran-positive structure in the tumor tissues (n=12)
were measured using Adobe Photoshop software (Adobe Systems,
San Jose, CA, USA) and Imagel software (freeware distributed
by the National Institutes of Health, USA). Pericyte coverage
was quantified as the ratio of PECAM-1/SMA-double-positive
areas to PECAM-1-positive areas, as described previously.”
Results were further analyzed statistically by Student’s r-test
using Microsoft Excel software (Microsoft, Redmond WA, USA).

Results

We initially carried out the Matrigel plug assay in vivo, in which
regular Matrigel was mixed with VEGF-A, FGF-2, and heparin®
to investigate the effects of three SMWI on the extravasation of
2 MDa dextran (Fig. 1). Marked induction of pericyte-covered
mature neovasculature was observed in the gel plug after a 7-day
incubation in mice, as we reported previously.('® Pericytes were
determined to be SMA-positive cells in a Matrigel plug assay. In
this model, administration of TGF-J inhibitor decreased pericyte
coverage of the neovasculature and significantly enhanced the
distribution of 2 MDa dextran. This observation was consistent

Cancer Sci | January2009 | vol.100 | no.1 | 175
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Fig. 3.
analyses. Upper row: staining of platelet endothelial cell adhesion molecule (PECAM)-1-positive endothelium in green and smooth muscle a-actin
(SMA)-positive pericytes in red. Lower row: distribution of 2 MDa dextran in green and PECAM-1-positive endothelium in red. Scale bars = 100 um.
(b-d) Results of quantification (n = 15) of areas of endothelium (b, in percentage in one microscopic view), ratio of pericyte-covered endothelium

(c, in percentage), and dextran distribution (d, in percentage in one microscopic view). Bars in the graphs represent standard errors. *P < 0.05;
**P < 0.01; and ***P < 0.001.

with our previous study, in which we used animal models of
pancreatic adenocarcinoma and diffuse-type gastric cancer.”)
Based on this result, we expected that a decrease in pericytes
might induce more extravasation of 2 MDa dextran.

To confirm this, we compared the effects of imatinib admin-
istration, which inhibits PDGF signaling and may therefore
decrease pericyte coverage. However, administration of imatinib
decreased the total accumulation of 2 MDa dextran compared

176

Effects of three types of kinase inhibitors on extravasation of dextran from vasculature in the periplug region. (a) Confocal microscopy

with TGF-f inhibitor (Fig. 1). Although imatinib actually decreased
pericyte coverage to the same level of TGF-B inhibitor, it also
decreased PECAM-1-positive endothelium together with pericyte
coverage. These findings of morphological analysis were con-
sistent with those noted in a previous report.!'” TGF-§ inhibitor
maintained the area of PECAM-1-positive endothelium and may
therefore be superior to imatinib. In addition, although VEGF
inhibition was expected to increase drug delivery, based on the

doi: 10.1111/j.1349-7006.2008.01003.x
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Fig. 4. Two animal tumor models using CT26
and BxPC3 cell lines. Histological examination of
tumor models by hematoxylin-eosin staining and
immunohistochemistry with platelet endothelial
cell adhesion molecule (PECAM)-1 in green and
smooth muscle o-actin (SMA) in red. Scale
bars = 100 um.

results of previous studies,® sorafenib nearly eliminated the
influx of 2 MDa dextran and resulted in far less accumulation of
it. This result can be explained by the potent reduction of
PECAM-1-positive endothelium and increase in pericytes as
sleeves. These morphological changes induced by VEGF inhibi-
tion were also consistent with previous reports.'®

Although the neovasculature inside the gel plugs was as
described above, the vasculature in the regions surrounding the
gel plugs, or sites of acute inflammation in reaction to the plugs
as foreign bodies (Fig. 2), exhibited different patterns. Compared
to the vasculature inside the gel plug, that in regions around the
plugs was denser and more tortuous, and was accompanied by
pericytes to a smaller extent. These phenotypes resembled those
of the vasculature in conventional animal models of tumors,
such as the CT26 model, as we describe later in this report. We
termed these two regions the ‘intraplug’ and ‘periplug’ regions,
respectively, after the established terminology in oncology,
‘intratumoral’ and ‘peritumoral’.

Functionally, the vasculature in periplug regions was leaky to
2 MDa dextran in the control condition, that is, without any
modulation by SMWI (Fig. 3). Surprisingly, the effects of SMWI
on neovasculature in the periplug regions were quite different
from those in the intraplug regions. In the periplug regions,
pericyte coverage of the neovasculature was far less than in the
intraplug region, even in the control condition. In this periplug
region, neither TGF-P inhibitor nor imatinib significantly altered
pericyte coverage. Consequently, these compounds did not alter
the accumulation of 2 MDa dextran. Sorafenib, on the other hand,
did increase pericyte coverage, and increased the accumulation
of 2 MDa dextran. This increase in extravasation was consistent
with previous reports on the effects of VEGF inhibition.®

We subsequently compared these findings in the Matrigel
plug assay with those in two subcutaneous tumor xenograft
models. We used the CT26 cell line derived from murine colon
cancer and the BxPC3 cell line derived from human pancreatic
adenocarcinoma (Fig. 4). HE staining of CT26 xenografts
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revealed a well-vascularized medullary histological pattern with
little tumor stroma, whereas that of BXPC3 xenografts revealed
a stroma-rich histology. Immunostaining of PECAM-1 and
SMA confirmed this stroma-rich characteristic of the BxPC3
model. Although the BXPC3 model grew more slowly than the
CT26 model, the BxPC3 model also reached the proliferative
phase. Compared to the BxPC3 model, the CT26 model
required one-fifth of the number of inoculating cells and one-
third of the duration to reach the proliferative phase, which was
1 week for the CT26 model and 3 weeks for the BxPC3 model
(data not shown). These differences may well be due to the dif-
ferences in requirements for induction of stromal components
from host animals, as well as rates of proliferation of tumor cell
lines.

We then tested the alterations in vascular phenotypes as well
as accumulation of 2 MDa dextran with or without SMWI in
these tumor models (Fig. 5). We here used NG2 as the pericyte
marker (Fig. 5a), because SMA-positive cells (i.e. myofibroblasts)
are abundant especially in the stroma of BxPC3 tumor (Fig. 4).
In the CT26 model, sorafenib did increase the pericyte-covered
vasculature, whereas other SMWI did not increase the pericytes.
Imatinib decreased endothelial cells. These observations in the
CT26 tumor model were consistent with those in the periplug
region of the Matrigel plug. In the BxPC3 model, pericyte
coverage was less with LY364947 and imatinib, and endothelial
cells were decreased with imatinib and sorafenib. These findings
in the BXPC3 tumor model were consistent with those in the
intraplug region. Accordingly, 2 MDa dextran was diffusely
distributed in tumor tissue without any treatment in the CT26
model, whereas almost no leakage of dextran was observed in
the BxPC3 model (Fig. 5b). Sorafenib exhibited the best effect
in the CT26 model, whereas TGF-J inhibitor did in the BxPC3
model. The latter result was consistent with the findings of our
previous work using nanoparticles including PEGylated liposomes
incorporating doxorubicin (Doxil) of approximately 100 nm in
diameter, which exhibited antitumor effects in the BxPC3 model
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Control

LY364947

Imatinib Sorafenib

Fig. 5. Effects of three kinase inhibitors in the tumor models. (a) Vascular phenotypes revealed by immunohistochemistry. Green, platelet
endothelial cell adhesion molecule (PECAM)-1; red, NG2. (b) Extravasation of 2 MDa dextran from vasculature. Dextran in green and PECAM-1 in

red. Scale bars = 100 um.

only when combined with TGF-f inhibitor.”” We also tested the
effects of Doxil with or without TGF-B inhibitor in the CT26
model. Monotherapy with Doxil at 8 mg/kg almost completely
inhibited tumor growth, and combined administration of TGF-3
inhibitor did not yield any significant additional effects (data not
shown). These findings were consistent with those observed in
the Matrigel plug assay. The effects of combined use of imatinib
were also consistent with those in the Matrigel plug assay.

Increased accumulation of dextran in these tumor models at
7h after injection, by sorafenib in the CT26 tumor and by
LY364947 in the BxPC3 tumor, can also be explained by an
increase in the amount of vasculature with perfusion, not only
by an increase in leakage. To test this possibility, we examined
changes in perfusion by intravascular existence of dextran at
only 10 min after administration, because dextran of 2 MDa
should basically remain inside vasculature at that time after

doi: 10.1111/j.1349-7006.2008.01003.x
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Fig. 6. Perfusion study in the tumor models. (a) Tumor vessels with perfusion were determined by the existence of dextran in green, administrated
at 10 min before harvesting. Scale bars = 100 um. (b) Relative lengths of vessels with perfusion. C, control; I, imatinib; L, LY364947; S, sorafenib.

Bars represent standard errors. *P < 0.05; **P < 0.01; and ***P < 0.001.

injection.® As shown in Figure 6, the lengths of vasculature
with blood flow were not altered in the conditions exhibiting
increased accumulation of dextran, that is, by sorafenib treat-
ment in the CT26 tumor and by LY364947 treatment in the
BxPC3 tumor. Therefore, the increased accumulation of dextran
in these conditions may largely be due to an increase in vascular
leakiness.

Discussion

We have previously shown that use of short-acting SMW TGF-
B inhibitor can increase the distribution of nanoparticles in
stroma-rich tumors by increasing the leakiness of the tumor
neovasculature.”” By virtue of the brief duration of SMWI
effects, potential side effects can be decreased due to long-term
suppression of essential signaling pathways. There are still a
number of SMWI that can be used for manipulation of tumor
neovasculature via their effects on pericytes or endothelium. We
therefore compared the effects of two of these SMWI, imatinib
and sorafenib.

Combined use of VEGF inhibition has been reported to have
potent effects on drug delivery into tumor tissues."” The underl-
ying mechanism for this has been explained by the vascular
‘normalization’ theory,® or decreased interstitial fluid pressure
by decreased leakiness of tumor vasculature, via a decrease in
endothelial cells and increase in pericyte coverage. Consistent
with this, VEGF inhibition by sorafenib had significant effects
on the retention of 2 MDa dextran in the periplug regions and in
CT26 tumor, where vasculature showed less pericyte coverage
and denser endothelium than in normal tissues. However, VEGF
inhibition significantly decreased retention of the same dextran
in adjacent areas, the intraplug region, and in BxPC3 tumor.
Vascular phenotypes in these regions were characterized by
more pericyte coverage and sparser endothelium, that is, they
were more ‘normal’ than those in the periplug region and in
CT26 tumor.

One of the differences between these two kinds of vasculature
was the blood flow in the vasculature after sorafenib treatment.
In CT26 tumor after sorafenib treatment, blood flow was main-
tained, whereas the flow ceased in sorafenib-treated BxPC3
tumor. These differences may partially be because of differences
in sensitivity of the endothelium to the change in VEGF signaling,

Kano et al.

known to be at least due to differences in expression levels of
VEGFR2.1®

Another apparent difference in these tumor models was pericyte
coverage before drug administration. Less pericyte coverage has
been reported to result in more leakiness.!''¥ The degrees of
dextran accumulation in all control conditions (i.e. without mod-
ification by SMWI) are consistent with the degrees of pericyte
coverage. Increased dextran accumulation in LY364947-treated
BxPC3 tumors can also be explained by decreased pericyte
coverage, not by normalization. Both blood perfusion (Fig. 6)
and interstitial fluid pressure, which we previously reported,”
did not differ with or without LY364947 treatment in BxPC3
tumor. These findings suggest that we may need different
approaches, such as the use of TGF-P inhibitor to increase drug
delivery (at least for nanoparticles), to develop effective treatment
for tumors with originally ‘more normal’ tumor vasculature.
Note, however, that these more normal vessels in tumors might
not be completely normal, because TGF-J inhibitor did not alter
the accumulation of nanoparticles in true normal tissues, as we
previously reported.”

Regarding the degree of original pericyte coverage in tumor
vasculature, an increase in the amount of stromal components in
tumor tissue may result in an increase in pericyte coverage. In a
previous study, we found that the presence of FGF-2 together
with VEGF-A enhances mature neovascularization compared
with VEGF-A alone."® In addition to FGF-2, a set of signaling
molecules is needed to recruit and to induce proliferation of
pericytes. These include PDGF-BB!%!? (homodimer of PDGF-B
chain) and TGF-B.!""?” These signaling molecules are reported
to be secreted from components of the tumor stroma and, above
all, cancer-associated fibro-blasts®'?¥ and macrophages.®* Tumors
with more stroma, including fibroblasts and immune cells, have
more pericyte coverage of the vasculature with greater maturity
and less leakiness. Although chemoresistance of tumors has been
largely investigated from the aspect of drug sensitivity of tumor
cells per se, it is possible that the histological pattern of the
tumor tissues may also constitute a reason for chemoresistance,
because of insufficient drug delivery to the tumor cells.

The Tie2-angiopoietin signaling pathway is also known to be
involved in vessel maturation and to affect pericytes.?> Because
there are no SMW compounds available to inhibit this signaling
pathway, we tested the effects of one-shot Tie2-Fc chimeric
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protein at 50 mg/kg bodyweight with 2 MDa dextran in the
Matrigel plug assay, but no significant effects on accumulation
of 2 MDa dextran were observed (M.R. Kano, unpublished data,
2008). There are two possible explanations for this observation:
spatial and temporal. According to the spatial explanation, because
Tie2-angiopoietin signaling occurs between the endothelium
and pericytes and thus outside the vessel lumen, the Fc chimera,
which is of fairly large miolecular size and may therefore be
retained inside vessel lumens, is not able to affect signaling. The
other drugs used in the present study were all SMWI, which
may easily exit the vessel lumen and penetrate the perivascular
tissues, The second explanation is temporal. Although this sign-
aling pathway is known to be deeply involved in development,
whether it is also involved in. the maintenance of endothelial-
mural structure is not known. Because we observed: the effects
of drugs only at 24 h after administration, it is possible that
other inhibitors inhibited only the maintenance functions of the
signaling pathways, and not functions related to development.
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Administration of TGF-B inhibitor did not significantly affect
the vasculature in normal organs, so it is possible that the neo-
vasculature requires larger amounts of signaling molecules to
maintain structure than do established vessels.

In conclusion, the appropriate strategy for optimization of
tumor vasculature for drug delivery system using nanoparticles may
not be uniform, and may depend on tumor type, including differ-
ences in the degree of pericyte coverage of tumor vasculature.
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Polyplex Micelles from Triblock Copolymers Composed of Tandemly Aligned
Segments with Biocompatible, Endosomal Escaping, and DNA-Condensing
Functions for Systemic Gene Delivery to Pancreatic Tumor Tissue
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Purpose. For systemic gene delivery to pancreatic tumor tissues. we prepared a three-layered polyplex
micelle equipped with biocompatibility, efficient endosomal escape. and pDNA condensation functions
from three components tandemly aligned; poly(ethylene glycol) (PEG). a poly(aspartamide) derivative
with a 1.2-diaminoethane moiety (PAsp(DET)), and poly(L-lysine).

Materials and Methods. The size and in vifro transfection efficacy of the polyplex micelles were
determined by dynamic light scattering (DLS) and luciferase assay. respectively. The systemic gene
delivery with the polyplex micelles was evaluated from enhanced green fluorescence protein (EGFP)
expression in the tumor tissues.

Results. The polyplex micelles were approximately 80 nm in size and had one order of magnitude higher
in vitro transfection efficacy than that of a diblock copolymer as a control. With the aid of transforming
arowth factor (TGF)-i type I receptor (TR-1) inhibitor, which enhances accumulation of macromo-
lecular drugs in tumor tissues. the polyplex micelle from the triblock copolymer showed significant EGFP
expression in the pancreatic tumor (BxPC3) tissues, mainly in the stromal regions including the vascular
endothelial cells and fibroblasts.

Conclusion. The three-layered polyplex micelles were confirmed to be an effective gene delivery system

to subcutaneously implanted pancreatic tumor tissues through systemic administration.

KEY WORDS: gene delivery; PEG; polyplex micelle: TGF-{ inhibitor; triblock copolymer.

INTRODUCTION

Successful gene delivery through systemic administration
is crucial for the gene therapy of various intractable diseases.
including cancer. Use of an appropriate gene vector is needed
for systemic administration to achieve selective accumulation
of the intact gene in target tissues, and subsequently, to reveal
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effective gene expression with a sufficient therapeutic index.
Although major gene vectors in clinical trials are viral-based
systems (1), they could have risks of immunogenicity and
mutagenicity that would interfere with their practical use in
clinics. Synthetic polymer-based vectors (polyplexes) are
attractive alternatives of viruses, because of much lower
immunogenicity, greater ecase of chemical modification and
larger-scale preparation (2—4). To attain successful transfec-
tion in tumor tissues vig intravenous administration by
polyplex vectors, several important issues as follows should
be addressed: (1) high stability to protect the DNA structure
in the biological milieu from nuclease attack, (2) minimized
non-specific interaction with biological components to exert
longevity in the blood circulation, and (3) smooth escape
from endosomes to cytoplasm for efficient gene expression
inside target cells.

To fulfill such requirements, polyplexes with poly(ethyl-
ene glycol) (PEG) palisades (polyplex micelle) have been
prepared by several groups including ourselves through the
self-assembly of PEG-polycation copolymers with plasmid
DNA (pDNA) (4-8). Indeed, polyplex micelles prepared
from PEG-poly(L-lysine) block copolymer (PEG-PLys)
showed high tolerability in serum media (9), allowing for a
prolonged circulation period of intact pDNA in the blood
stream, whereas naked pDNA was completely digested within
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5 min (10). Nevertheless, PLys-based systems have encoun-
tered the issue of inefficient transfection activity, because of
the lack of endosome escape, involving a “proton sponge
effect” caused by amino groups with a low pKa value as
typically reported in poly(ethylenimine) (PEI)-based systems
(11,12). Worth noting in this regard is our recent finding that
polyplexes from a poly(aspartamide) derivative having 1.2-
diaminoethane unit as a side chain. poly{N-[N-(2-amino-
ethyl)-2-aminoethyl]aspartamide} (PAsp(DET)), revealed
highly efficient transfection with minimal cytotoxicity to a
variety of cells including primary cells (13-16), probably due
to facilitated endosomal escape based on remarkable change
in the protonation degree between physiological pH and
endosomal acidic pH. Actually, the PEG-PAsp(DET) poly-
plex micelle succeeded in in vivo transfection of a reporter
gene (luciferase) to a rabbit's clamped carotid artery via
intra-arterial injection (17). Also, when the PEG-PAsp(DET)
polyplex micelle was incorporated into a calcium phosphate
cement scatfold and then applied in a bone defect model to a
mouse skull bone, substantial bone formation surrounding the
entire lower surface of the implant was induced by the
regulated release of the micelles containing a constitutively
active form of activin receptor-like kinase 6 (caALK6) and
runt-related transcription factor 2 (Runx2) genes from the
scaffold (18). The relatively weak affinity of PAsp(DET)
segments to pDNA (19) is also an advantage for the smooth
release of the incorporated pDNA and subsequent efficient
transcription in the cell interior. On the other hand. such
weak alfinity probably leads to the detachment of PAsp
(DET) chains from pDNA in the polyplex micelle through
the interaction with biological components during circulation
in the blood stream, resulting in a loss of transfection activity.
Therefore, strategies to stabilize the structure of the polyplex
micelles against PEG-PAsp(DET) are needed for the devel-
opment of effective systemic administration methods.

The present study was devoted to develop a PEG-PAsp
(DET)-based polyplex micelle for systemic use by conjugat-
ing a PLys segment as an anchoring moiety to pDNA at the
w-end of the diblock copolymer. For this purpose, a triblock
copolymer of poly(ethylene glycol)-poly{N-[N-(2-amino-
ethyl)-2-aminoethyl]aspartamide}-poly(1-lysine) (PEG-PAsp
(DET)-PLys) was prepared to integrate three functional
segments engendering biocompatibility (PEG), cfficient
endosomal escape (PAsp(DET)), and effective pDNA con-
densation (PLys), respectively. In this way, three-layered
polyplex micelles can be constructed, in which the middle
layer. functioning as an endosomal escape element, is
sandwiched between an outer layer of biocompatible PEG
and an inner layer of PLys/pDNA polyplex (20). The
fluorescence measurement with an intercalator into DNA
indicated that pDNA mixed with the triblock copolymers was
condensed more tightly than in a PEG-PAsp(DET) diblock
copolymer and comparably to a PEG-PLys diblock copoly-
mer. Intracellular trafficking of the polyplex micelles with or
without the intermediate layer of PAsp(DET) was compared
in detail by confocal fluorescence microscopy to reveal the
endosomal escape of the micelles with the PAsp(DET) layer.
Finally, reporter gene expression in a subcutaneous pancre-
atic tumor model, representing an intractable solid tumor
with thick fibrosis and hypovascularity, demonstrated that the
intravenously injected three-layered polyplex micelles effec-
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tively penetrated tumor vasculature in combination with
transforming growth factor (TGF)-p type I receptor inhibitor
(TBRR-I) (21).

MATERIALS AND METHODS
Materials

a-Methoxy-m-amino-poly(ethylene glycol) (Mw 12,000,
PEG-NH,) and p-benzyl-L-aspartate N-carboxy-anhydride
(BLA-NCA) were obtained from Nippon Oil and Fats Co.,
Ltd. (Tokyo, Japan). e-(Benzyloxycarbonyl)-L-lysine N-
carboxy anhydride (Lys(Z))-NCA was synthesized {rom
e-(benzyloxycarbonyl)-1-lysine (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) by the Fuchs-Farthing method using
bis(trichloromethyl) carbonate (triphosgene; Tokyo Kasei
Kogyo Co.. Ltd., Tokyo, Japan) (22). Diethylenetriamine
(DET; bis(2-aminoethyl)amine), N,N-dimethylformamide
(DMF), dichloromethane, benzene, trifluoroacetic acid,
N-methyl 2-pyrrolidone (NMP), Tris (tris(thydroxymethyl)
aminomethane) and HEPES (2-[4-(2-hydroxyethyl)-1-piper-
azinyl|ethanesulfonic acid) were purchased from Wako Pure
Chemical Industries, Ltd.. Osaka, Japan. DMF and dichloro-
methane distilled by conventional methods were used for the
polymer synthesis. DET was distilled over CaH, under
reduced pressure, and then used for the aminolysis reaction.
A pDNA coding for luciferase with a CAG promoter
provided by RIKEN (Japan) was used after the amplification
in competent DHS« Escherichia coli and the subsequent
purification using a HiSpeed Plasmid MaxiKit purchased
from QIAGEN Science Co., Inc. (Germantown, MD, USA).
A full-size Label IT CyS Labeling Kit was purchased from
Mirus Bio Corporation (Madison. WI, USA). Twenty-four-
and 96-well culture plates were purchased from Becton
Dickinson Labware (Franklin Lakes, NJ, USA). A human
hepatocyte, Huh-7, was obtained from the RIKEN Cell Bank
(RIKEN Bioresource Center, Japan). A human pancreatic
adenocarcinoma cell line, BXxPC3, was obtained from the
American Type Culture Collection (Manassas, VA, USA).
Dulbecco's Modified Eagle’s Medium (DMEM) and RPMI
medium 1640 were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). Fetal bovine serum (FBS) was purchased
from Dainippon Sumitomo Parma Co., Ltd. (Osaka, Japan).
A Luciferase Assay System Kit was purchased from Promega
Co. (Madison, WI, USA), and a Micro BCA™ Protein Assay
Reagent Kit was purchased from Pierce Co., Inc. (Rockford,
IL, USA). TRR-I inhibitor was purchased from Calbiochem
(San Diego, CA, USA: LY304947; catalog no. 616451). Rat
monoclonal antibody anti-platelet endothelial cell adhesion
molecule-1 (PECAM-1), as a marker for vascular endothelial
cells, was purchased from BD Pharmingen (Franklin Lakes, NJ,
USA), and Alexa647-conjugated secondary antibody to rat IgG
was from Invitrogen Molecular Probes (Eugene, OR, USA).

Synthesis of PEG-PBLA-PLys(Z) Triblock Copolymer

A triblock copolymer, PEG-PBLA-PLys(Z), was syn-
thesized as previously described (20). Briefly, the PEG—poly
(3-benzyl L-aspartate) diblock copolymer (PEG-PBLA) was
synthesized by the ring-opening polymerization of BLA-
NCA initiated by PEG-NH,, followed by the additional ring-
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opening polymerization of Lys(Z)-NCA to obtain PEG-
PBLA-PLys(Z) (Fig. 1). Different solvents were used for the
syntheses of PEG-PBLA with varying degree of polymeriza-
tion (DP). For example, PEG-PBLA (DP of PBLA=14) was
prepared as follows: BLA-NCA (25 eq to the terminal
primary amino group of PEG-NH,) in DMF was added to
PEG-NH, in DMF under an argon atmosphere, and stirred
at 35°C for 20 h. After confirming the end of the polymer-
ization from the disappearance of specific peaks of NCA in
the IR spectrum (IR Report-100 spectrometer (JASCO,
Tokyo. Japan)), the solution was poured into a mixture of
n-hexane and ethyl acetate (6:4) to precipitate PEG-PBLA,
and the precipitate was filtered and dried in vacuo. A series
of PEG-PBLA with longer PBLA segments was prepared by
a similar protocol with necessary changes in reaction con-
ditions. including molar feed ratios of PEG-NH, to BLA-
NCA, solvents and reaction times, as summarized in Table 1.
The obtained PEG-PBLAs were subsequently used for the
ring-opening polymerization of Lys(Z)-NCA. Lys(Z)-NCA
(50 eq to terminal primary amino group of PEG-PBLA) in a
mixture of DMF and dichloromethane was added to PEG-
PBLA in dichloromethane (final molar ratio of DMF to
dichloromethane=1:10) under an argon atmosphere. and
stirred at 35°C for 40 h. After confirming the end of the
polymerization as in the case of the polymerization of BLA-
NCA. the solution was poured into the 6:4 mixture of n-
hexane and ethyl acetate to precipitate PEG-PBLA-PLys
(Z). and the precipitate was filtered and dried in vacuo. Then,
acetylation of the amino group of the N-terminal of PEG~
PBLA-PLys(Z) was performed using acetic anhydride (3 eq
to the terminal amino group of PEG-PBLA-PLys(Z)) in
dichloromethane solution.

For estimation of the DP and molecular weight distribu-
tion (Mw/Mn) of the obtained PEG-PBLA-PLys(Z), a gel
permeation chromatography (GPC) measurement was carried
out using a TOSOH HIL.C-8220 equipped with TSKgel columns
(Super AW4000 and Super AW3000X2). and an internal
refractive index (RI) detector. NMP with 50 mM. LiBr was
used as an eluent at a flow rate of 0.3 ml min™" at 40°C.

Preparation of PEG-PAsp(DET)-PLys Triblock Copolymer

Introduction of 1.2-diaminoethane units into the side
chain of the PBLA segment in PEG-PBLA-PLys(Z) was
performed by aminolysis reaction with excess of DET
molecules (13). followed by the deprotection of the Z group
with HB1/AcOH (Fig. 1). The typical synthetic procedure of
PEG-PAsp(DET)~PLys with DP of PAsp(DET)=36 and
PLys=50 was as follows: Three hundred milligram of PEG-
PBLA-PLys(Z) (9.2 pmol) was lyophilized from benzene
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Fig. 1. Synthetic procedure of triblock copolymer,
(DET)-PLys.

PEG-PAsp

solution and dissolved into 6 mL of DMF. DET (1.8 mL.
16.7 mmol. 50 eq to benzyl groups of PBLA) was added
under an argon atmosphere, and stirred at 40°C for 24 h. The
mixture was dropped into diethyl ether (80 mlL) with stirring,
and then the white precipitate was filtered and redissolved in
trifluoroacetic acid (2 mL). To deprotect the Z group, HBr
(30% in acetic acid) was then added and stirred for 1 h, after
which the solution was dropped into diethyl ether (40 mL)
with stirring, and the resulting precipitate was purified by
filtration and dried in vacuo. The crude product was dissolved
in distilled water. dialyzed against 0.01 N HCI and then
distilled water, and lyophilized to obtain the final product,
PEG-PAsp(DET)-PLys as a hydrochloride salt form. The
introduction of 1,2-diaminoethane units into the side chain of
PAsp and the deprotection of Z group from the PLys(Z)
segment were confirmed by 'H NMR measurement (D,0O

Table L. Reaction Condition and Composition of PEG-PBLA-PLys(Z)

Molar feed ratio

Solvent/reaction time (h)

Solvent/reaction time (h)

Code (PEG:BLA:Lys(Z)) tor BLA polymerization for Lys(Z) polymerization  DP of PBLA-PLys (Z)' Mw/Mn®
PAsp14(DET)Lys48 1:25:50 DMF/20 DMF+CH,Cl, (1:10)/40 14-48 1.16
PAsp36(DET)Lys50 1:45:50 DMSO/40 DMF+CH,Cly (1: 10)/40 36-50 1.13
PAsp66(DET)Lys47 1:80:50 DMF + CH,Cl, (1:10)/40  DMF + CH,Cl, (1:10)/40 66-47 1.28
“Determined from ' H NMR.

» Determined from GPC.
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80°C). In addition, other triblock copolymers, PEG-b-poly[N-
(3-morpholylpropyl)aspartamide]-b-PLys (PEG-PAsp(APM)-
PLys) and PEG-b-poly[N-(5-aminopentyl)aspartamide]-b-PLys
(PEG-PAsp(DAP)-PLys), were similarly prepared by the
aminolysis reaction of PEG-PBLA-PLys(Z) with 4-(3-
aminopropyl)morpholine (20) and 15-diaminopentane (23),
respectively. An 'H NMR spectrum was measured with a
JEOL EX300 spectrometer (JEOL, Tokyo, Japan). Chemical
shifts are reported in ppm downfield from 3-(trimethylsilyl)
propionic acid-dy4 sodium salt.

Cytotoxicity of PEG-PAsp(DET)-PLys Triblock Copolymer

A quantitative colorimetric assay with Cell Counting Kit-
8 (Dojindo. Kumamoto. Japan) was carried out to evaluate
cytotoxicity of block copolymers. This kit utilizes a colori-
metric change from a soluble tetrazolium salt (WST-8) to
WST-8 formazan by cytosolic dehydrogenases. Huh-7 cells
(5,000 cells) were plated on 96-well plates and incubated
overnight in 100 pL of DMEM containing 10% FBS. Then,
the medium was changed to 100 pL of fresh medium
containing 10% FBS and the polymers with various concen-
trations. After 24 h incubation, the medium was replaced with
100 pL of medium containing 10% FBS without polymers,
followed by additional 24 h incubation. The medium was
replaced with 120 pL of medium containing 10% FBS and
20 pL of Cell Counting Kit-8 solution, and then, incubated at
37°C for 3 h. The absorbance at 450 nm of the produced
WST-8 formazan in each well was measured using a micro-
plate reader (Model 680, Bio-rad). The cytotoxicity of block
copolymers was estimated as a growth inhibitory concentra-
tion required for 50% reduction in cell population (IC50).
The ICS0 value of each block copolymer was calculated from
a ratio of the obtained absorbance with the polymer to
control without polymers. The results are presented as means
and standard errors obtained from eight samples.

Preparation of PEG-PAsp(DET)-PLys/pDNA Polyplex
Micelle

Each polymer was dissolved in 10 mM Tris—=HCI (pH 7.4)
buffer at a concentration of 2-5 mg/mL. These polymer solutions
were then mixed with pDNA solution in 10 mM Tris-HCl
(pH 7.4; final pDNA concentration: 33 pg/mL for in vitro assay
and 100 pg/mL for in vivo assay) at varying mixing ratios.

Ethidium Bromide Exclusion Assay

Each polyplex micelle solution with 33 pg pDNA/mL,
prepared by simply mixing pDNA and block copolymers at
varying mixing ratios in 10 mM Tris-HCl (pH 7.4), was
diluted to 10 pg pDNA/mL containing 2.5 pg EtBr/mL and
150 mM NaCl with the same buffer. The fluorescence
intensity of the polyplex micelle solutions at A=590 nm
excited by UV laser (365 nm) was measured using a Nano-
Drop (ND-3300 Fluorospectrometer, Wilmington, DE, USA).
The reference was set with 10 mM Tris-HCI (pH 7.4). The
relative tluorescence intensity was calculated as follows:

F, = (Fsample - F())/(F](N) - F())
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where Fg, e is the fluorescence intensity of the micelle samples,
Figo 1s that of the free pDNA, and F, is the background
without pDNA. The results are presented as a mean and
standard deviations (SD) obtained from three samples.

Dynamic Light Scattering and Zeta Potential Measurements

DLS and zeta potential measurements were performed
using a Zetasizer nanoseries (Malvern Instruments Ltd., UK)
al a detection angle of 173° and a temperature of 37°C. An
He-Ne laser (A=633 nm) was used as an incident beam.
Polyplex solutions with various N*/P ratios were prepared to
a pDNA concentration of 33 pg/mL in 10 mM Tris—=HCI (pH
7.4) buffer. The N*/P ratio was defined as the molar ratio of
protonated amino groups in block copolymers at pH 7.4 to
phosphate groups in pDNA. The protonation degrees of
lysine and Asp(DET) units at pH 7.4 were estimated to be 1.0
and 0.5, respectively, from the potentiometric titration results
(13.24). In the DLS measurement, the sample solutions were
injected into a small glass cuvette (volume: 12 pL.), ZEN2112
(Malvern Instruments, Ltd.). The data obtained from the rate
of decay in the photon correlation function were analyzed by
the cumulant method, and the corresponding hydrodynamic
diameter of the micelles was then calculated by the Stokes—
Einstein equation (25). In the case of zeta potential
measurement, the sample solutions were injected into folded
capillary cells (Malvern Instruments, Ltd.). From the
obtained electrophoretic mobility, the zeta potential was
calculated by the Smoluchowski equation:

¢ =4mnu/e

where # is the viscosity of the solvent, v is the electrophoretic
mobility, and ¢ is the dielectric constant of the solvent. The
results are presented as a mean and SD obtained from three
samples.

In Vitro Transfection (Luciferase Assay)

Huh-7 cells (20,000 cells) on 24-well culture plates were
incubated with polyplex micelles containing 1 pg pDNA (Lys/
Phosphate=2) in 400 pL of DMEM containing 10% FBS,
followed by 24-h incubation and replacement with fresh
medium. At 24 h post-incubation, the cells were washed with
400 pL of Dulbecco’s PBS, and lysed with 200 pL of the cell
culture lysis buffer (Promega). The luciferase activity of the
lysates was evaluated from the photoluminescence intensity
using the Luciferase Assay System and a Mithras LB 940
(Berthold Technologies). The obtained luciferase activity was
normalized with the amount of proteins in the lysates
determined by the Micro BCA™ Protein Assay Reagent
Kit. The results are presented as means and standard errors
obtained [rom four samples.

Cellular Uptake Study of Polyplex Micelles

pDNA was radioactively labeled with **P-dCTP using
the Nick Translation System (Invitrogen, San Diego, CA,
USA). Unincorporated nucleotides were removed using High
Pure PCR Product Purification Kit (Roche Laboratories,
Nutley. NJ, USA). After purification, 2 pg of labeled pDNA
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was mixed with 400 pg of non-labeled pDNA. The polyplex
micelle samples were prepared by mixing the radioactive
pDNA solution with each polymer solution (Lys/Phosphate=
2 and 33 pg pDNA/mL). Huh-7 cells were seeded on 24-well
culture plates in DMEM containing 10% FBS. After 24-
h incubation. the cells were incubated for 24 h with 30 pL of
the radioactive micelle solution (1 pg pDNA/well) in 400 uL
of DMEM containing 10% FBS. The cells were then washed
three times with Dulbecco’s PBS and lysed with 400 uL of the
cell culture lysis buffer. The lysates were mixed with 5 mL of
scintillation cocktail, Ultima Gold (PerkinElmer, MA, USA),
and the radioactivity of the mixtures was measured by a
scintillation counter. The results are presented as means and
standard errors obtained from four samples.

Intraceltular Distribution of Cy5-labeled pDNA Evaluated
Through Confocal Laser Scanning Microscope

pDNA was labeled with Cy5 using the Label IT Cy5
Labeling Kit according to the manufacturer’s protocol. Huh-7
cells (50.000 cells) were seeded on a 35-mm glass base dish
(Iwaki, Japan) and incubated overnight in 1 mL DMEM
containing 10% FBS. After replacement of used medium with
1 mL of fresh medium, 90 pL of polyplex solution (Lys/
Phosphate=2) containing 3 pg of CyS-labeled pDNA was
applied to the glass dish. After 24-h incubation, the medium
was removed and the cells were washed three times with PBS.
The intracellular distribution of each polyplex was observed
by CLSM after staining acidic late endosomes and lysosomes
with LysoTracker Green (Molecular Probes, Eugene, OR.
USA) and nuclei with Hoechst 33342 (Dojindo Laboratories,
Kumamoto. Japan). The CLSM observation was performed
using LSM 510 (Carl Zeiss, Germany) with a x63 objective
lens (C-Apochromat, Carl Zeiss, Germany) at the excitation
wavelengths of 488 nm (Ar laser), 633 nm (He-Ne laser), and
710 nm (MaiTai laser for 2-photon imaging) for LysoTracker
Green (green), CyS (red), and Hoechst 33342 (blue),
respectively.

In Vivo Enhanced Green Fluorescence Protein Expression
in Subcutaneous Tmmor Through Intravenous Injection
of Polyplex Micelles

Human pancreatic adenocarcinoma cells (BxPC3) were
grown in RPMI medium 1640 supplemented with 10% FBS.
BALB/c nude mice (female. 5 weeks old) were obtained from
Charles River Laboratories (Tokyo., Japan). All animal
experimental protocols were performed in accordance with
the Guide for the Care and Use of Laboratory Animals as
stated by the NIH. BxPC3 cells (5x10° cells in 100 pL of
PBS) were injected subcutaneously into the BALB/c nude
mice and allowed to grow for 2-3 weeks to reach the
proliferative phase. TRR-I inhibitor, dissolved to 5 mg/mL in
DMSO and diluted by 100 uL of PBS, was intraperitoneally
injected at 1 mg/kg 24 h before polyplex micelle administration.
Polyplex micelles (Lys/Phosphate=2) containing EGFP gene in
200 pL of 10 mM HEPES buffer (pH 7.4) were intravenously
injected through the tail vein at a dose of 20 pg pDNA/mouse.
The mice were sacrificed 3 days after the injection. Tumors were
excised, fixed with 10% formalin, and frozen in dry-iced
acetone. The frozen samples were further sectioned at a 10-um
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thickness in a cryostat. Immunostaining was carried out using
anti-PECAM-1 antibody followed by Alexa647-conjugated
secondary antibody for staining of vascular endothelial cells.
The samples were observed by LSM 510 at excitation
wavelengths of 488 and 633 nm for EGFP (green) and
Alexa647 (red), respectively.

RESULTS
Preparation of PEG-PAsp(DET)-PLys Triblock Copolymer

A triblock copolymer of PEG. PBLA. and PLys(Z)
(PEG-PBLA~PLys(Z)) as a precursor of the cationic triblock
copolymer, PEG-PAsp(DET)-PLys, was synthesized by the
two-step ring-opening polymerization of BLA-NCA (step 1)
and Lys(Z)-NCA (step 2), initiated from the primary amine
of PEG-NH,; as shown in Fig. I. In this way. a series of
triblock copolymers with varying DPs of PBLA and PLys(Z)
segments were prepared. As summarized in Table 1. the
obtained PEG-PBLA-PLys(Z)s were confirmed to have
narrow Mw/Mn from the GPC, and the number of repeating
units in PBLA and PLys(Z) segments was calculated from the
peak intensity ratio of PBLA and PLys(Z) to PEG in the 'H
NMR spectra (data not shown). The conversion of flanking
benzyl ester in the PBLA segment to N-(2-aminoethyl)-2-
aminoethyl group was carried out by aminolysis reaction of
PEG-PBLA-PLys(Z) with DET, followed by deprotection of
the Z group of the PLys(Z) segment to obtain PEG-PAsp
(DET)-PLys. The quantitative conversion of PBLA to PAsp
(DET) and the complete deprotection of Z group were
verified by '"H NMR from the peak intensity ratio of the
methylene protons in the N-(2-aminoethyl)-2-aminoethyl
group (HyN(CH,),NH(CH,),NH-, 6=3.1-3.5 ppm) to the [3-
methylene protons in the poly(aspartamide) (-CHCH,CO-,
=2.8 ppm) and the disappearance of the Z group peaks
(CeHsCH,—, 6=7.3 and 5 ppm), respectively, as typically seen
in Fig, 2. The obtained PEG-PAsp(DET)-PLys was abbreviated
as PAspX(DET)LysY, where X and Y represent the DP of the
PAsp(DET) and PLys segments, respectively. Similarly, control
diblock copolymers. PEG-PAsp(DET) and PEG-PLys, were
abbreviated as PAspX(DET) and PLysY, respectively.

Cytotoxicity of PEG-PAsp(DET)-PLys Triblock Copolymer

The cytotoxicity of black copolymers, PEG-PAsp(DET),
PEG-PLys, and PEG-PAsp(DET)-PLys, was compared and
summarized as IC50 values in Table II. Obviously, PEG-
PAsp(DET) showed much lower cytotoxicity than the others.
The TIC50 value of PAsp36(DET)LysS0 at the basis of
polymer concentration (pM) was the similar level to that of
PLys48, indicating that introduction of PAsp(DET) interme-
diate segment between PEG and PLys has negligible influ-
ence on the cytotoxicity of the block copolymer.

Formation of PEG-PAsp(DET)-PLys/pDNA Polyplex
Micelles

Complex formation of pDNA with the triblock copoly-
mer {PAsp36(DET)Lys50) was confirmed by EtBr exclusion
assay. While EtBr molecules are known to emit strong
fluorescence with their intercalation to DNA duplexes,
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Fig. 2. '"H NMR spectrum of the triblock copolymer, PAsp36(DET)Lys50. (Solvent, D,O:
temperature, 80°C: concentration, 10 mg/mL).

DNA condensation by cationic molecules inhibits such
intercalation, resulting in decreased fluorescence. According-
ly. the measurement of the EtBr fluorescence allows the
estimation of the process of pDNA condensation (26). The
obtained fluorescence data are shown in Fig. 3a. The N/P
ratio was defined as the residual molar ratio of total amino
groups in the block copolymer to phosphate groups in the
pDNA. The fluorescence change in PAsp36(DET)Lys50
seems to reach a plateau at an N/P ratio of 1.5. On the other
hand., PLysd48 and PAsp39(DET) as control diblock poly-
cations reached plateaus at different N/P ratios; ie., 1 for
PLys48 and 2 for PAsp39(DET). In the plateau region, the
fluorescence intensity was similar between PLys48 and
PAsp36(DET)Lys50 possessing the PLys segment, while
PAsp39(DET) showed higher fluorescence intensity than the
others. This result suggests that the PLys segment may have
higher ability of pDNA condensation than the PAsp(DET)
segment to induce effective dye-exclusion. Then, the fluores-
cence data was replotted against the residual molar ratio of
protonated amino groups to phosphate groups (N*/P ratio;
Fig. 3b). The protonation degree of Lys and Asp(DET) units
at pH 7.4 was defined as 1.0 and 0.5, respectively, which were
determined from potentiometric titration results of PEG-
PLys (24) and PEG-PAsp(DET) diblock copolymers (13).
Interestingly, in Fig. 3b, fluorescence profiles of all the
samples showed similar trends, leveling off around the N¥/P
ratio of 1, indicating that the protonated fraction of amino
groups principally participates in the complexation with
phosphate groups in the pDNA.

Table 11. Growth Inhibitory Effects of the Block Copolymers Against
Huh-7 Cells

1C50
Polymer Polymer Amine
concentration  concentration  concentration
Sample (pg/mL) (hM) (uM)
PAsp68(DET) >225 >7.35 >1,000
PLys48 26.1+1.4 1.2+0.1 57.0£3.1
PAsp36(DET)Lys50 29.5+0.8 0.9+0.04 114.4+4.9

Size and Zeta Potential of PEG-PAsp(DET)-PLys/pDNA
Polyplex Micelles

The size and surface charge of gene vectors crucially
affect their biological performance. Thus, these values of the
polyplex micelles were determined by DLS and zeta potential
measurements, respectively. As shown in Fig, 4a, the size of
polyplex micelles gradually decreased with the N*/P ratio,
converging to the range of 60-80 nm in the region of N*/P>2.
The polyplex micelles from the triblock copolymer (PAsp36
(DET)Lys50) were slightly smaller in size than those from the
diblock copolymers (PAsp39(DET) and PLys48). As seen in
Fig. 4b, all of the polyplex micelles showed almost neutral
zeta potential at the N/P ratio of 1. Nevertheless, the
micelles kept their initial size without any agglomeration
even after overnight standing, as is consistent with the
formation of a PEG palisade surrounding the polyplex core.
Increasing the N¥/P ratio from 1 caused an increase in the
zeta potential to a positive value, presumably due to the
adsorption of excess block copolymers to the polyplex
micelles as previously observed for PEG-P[Lys-random-Asp
(DET)] block copolymer systems (19). The most prominent
increase in the zeta potential with N¥/P was observed for
the PAsp36(DET)PLys50 system, which may be explained by
the decrease in PEG density of polyplex micelles due to the
relative increase in the total length of cationic segments in the
block copolymers; e.g., 39 for PAsp39(DET), 48 for PLys48,
and 86 for PAsp36(DET)LysS0. Providing the micelles have
the same compositional N*/P ratio at a given feeding N*/P
ratio, the density of PEG should decrease with an increase in
the length of the cationic segment. In this regard, the values
of the zeta potential were compared between PAsp36(DET)
Lys50 triblock micelles and PLys109 diblock (PEG-PLys)
micelles having longer-length cationic PLys segments
(Fig. 4c). Obviously, the PAsp36(DET)LysS50 micelles still
had higher zeta potential than the PLys109 micelles. This
finding indicates that the zeta potential of polyplex micelles in
the region of excess block copolymers is not simply correlated
to the length of the cationic segment. and that the difference
in the chemical structure of cationic amino acid residues, in
this case Lys and PAsp(DET), crucially affects the
composition and structure of the polyplex micelles.



