2930

To verify the influence of the order of the cationic

N*P ratio

Fig. 3. EtBr dye exclusion assay on the polyplex micelles with varying compositions prepared
from PAsp39(DET) (diamonds), PLys48 (triangles). and PAsp36(DET)Lys50 (circles: pDNA
concentration. 10 pg/mL: EtBr concentration, 2.5 pg/mL: Temperature, 25°C; Medium,
10 mM Tris=HCl (pH 7.4) containing 150 mM NaCl). a The relationship with the N/P ratio,
i.e.. the residual molar ratio of amino groups in the polymer to phosphate groups in the
pDNA. b The relationship with the N*/P ratio. the residual molar ratio of protonated amino
groups in the polymer to phosphate groups in pDNA at pH 7.4. Results were expressed as
mean+SD (n=3).
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from PLysd48Asp33(DET) showed the similar level of zeta

components in the triblock copolymer, the zeta potential of
the polyplex micelles from PEG-PLys-PAsp(DET) (the
DPs of PLys and PAsp(DET) were 48 and 33, respectively)
was also measured. As seen in Fig. 4d. the polyplex micelles

potential to those from PLys48. This indicates that PAsp
(DET) aligned as an intermediate segment contributes to
the higher zeta potential of the PAsp36(DET)Lys50
(Fig. 4b-d).
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Fig. 4. Size and zeta potential of the polyplex micelles. a Size. b, ¢. d Zeta potential.
PAsp3UDET): diatnonds. PLys48: empty triangles. PLys109; filled triangles. PAsp36(DET)
Lys50; circles. PLysd48Asp33(DET); squares. (pDNA concentration. 33.3 pg/mL: Temper-
ature, 37°C). Results were expressed as mean=SD (n=3).
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In Vitro Transfection with Polyplex Micelles Prepared
from Triblock Copolymer with Varying Polycations
as an Intermediate Segment

Polyplex micelles were prepared from triblock copolymers
with different polycation segments aligned between PEG and
PLys segments and were subjected to a luciferase assay against
Huh-7 cells in order to explore whether the change in the chemical
composition of the intermediate polycation layer affects the
transfection efficiency. As will be addressed in “DISCUSSION™
section, the polyplex micelles from triblock copolymer is likely to
take three layered structure at least in the region of excess
polycation (N*/P>1): the outer layer of PEG, the middle layer of
buffering polycation, and the inner core of condensed PLys/
pDNA polyplex (20). PLys segment, which is almost fully
charged at physiological pH, is assumed to principally
participate in the polyplex formation. keeping the intermediate
polycation as free form in the middle layer of the micelles. Thus,
it may be reasonable to compare the transfection efficiency of
these polyplex micelles from the triblock copolymers with
different intermediate segments at the fixed Lys/Phosphate ratio
instead of N'/P ratio, because the latter includes the contribution
from the charged amino groups that may not directly participate
in the polyplex formation. Here, the Lys/Phosphate ratio is fixed
to 2 because the previous study revealed that pDNA
condensation is completed at this ratio, exerting the optimal
transfection efficiency (26).

The DPs of the intermediate polycations (PAsp(DAP),
PAsp(APM), and PAsp(DET) as illustrated in Fig. 5a and the
PLys in the triblock copolymers were fixed to 36 and 50,
respectively, in this experiment. Fig. 5b clearly shows that the
luciferase activity strongly depends on the structure of the
mtermediate polycation segments in the block copolymers.
The polyplex micelles from the PAsp36(DAP)Lys50 showed a
similar level of luciferase expression as those from the PLys48,
indicating that the introduction of PAsp(DAP) segments with a
similar pKa value, 9.9, to PLys had a negligible effect on the
transfection efficacy. In line with our previous results (20), the
polyplex micelles from the PAsp36(APM)Lys50 revealed some
improvements in transfection efficacy compared to the PLys48
micelles. Notably, the highest transfection efficacy was
achieved by polyplex micelles from the PAsp36(DET)Lys50,
which showed tenfold higher luciferase activity than that from
PLys48. On the other hand, the polyplex micelles from PEG-
PLys—PAsp(DET) (the DPs of PLys and PAsp(DET) were 48
and 33, respectively), where the order of cationic segments
between PAsp(DET) and PLys was inversed in the triblock
copolymer, exhibited substantially decreased transfection effi-
cacy compared with those from PAsp36(DET)Lys50.

The effect of the length of the cationic segments on the
transfection efficacy was then studied in detail as seen in
Fig. Sc. There was observed a critical increase in the
transfection efficacy for PEG-PLys systems between the
PLys20 and PLys48. It should be noted that one order of
magnitude higher transfection was always obtained for the
triblock systems compared to the diblock systems having
similar total DPs of polycation segments (PLys71 vs. PAsp36
(DET)Lys50 and PLys109 vs. PAsp66(DET)Lys47), support-
ing the result described in the preceding paragraph that the
PAsp(DET) segment aligned as the intermediate segment
plays a substantial role in the enhanced transfection.
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Fig. 5. Transfection efficacy of the polyplex micelles against Huh-7
cells (Luciferase assay). a Chemical structures of PAsp(DAP). PAsp
(APM), and PAsp(DET) as the intermediate segment in the triblock
copolymers. b Transfection efficacy of the polyplex micelles from
PLys48, a series of triblock copolymers (PAsp36(R)Lys50) with
varying intermediate segments (PEG-PAsp(DAP)-PLys. PEG-
PAsp(APM)-PLys. and PEG-PAsp(DET)-PLys). and a triblock
copolymer with the reversed order of the cationic segments.
PLys48Asp33(DET). ¢ Effect of the length of the cationic segments
in di- or triblock copolymers on transfection efficacy. All the micelle
samples were prepared at a Lys/Phosphate= 2 and applied for the
transfection (pDNA concentration. 2.3 pg/mL).

Cellular Uptake and Intracellular Distribution of PEG-PAsp
(DET)-PLys/pDNA Polyplex Micelles

From the results of luciferase assay, a PAsp(DET)
segment integrated into the middle of the triblock copolymers
was confirmed to improve the transfection activity of the
polyplex micelles. consistent with the hypothesis of facilitated
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Fig. 6. Uptake into Huh-7 cells of **P-labeled pDNA in the polyplex
micelles. All the micelle samples were prepared at a Lys/Phosphate=
2 and applied for the experiments (pDNA concentration. 2.3 pg/mL).

endosomal escape. Nevertheless, there is also a possibility
that the higher zeta potential of PEG-PAsp(DET)-PLys
micelles compared to other PEGylated systems (Fig. 4b.c)
may facilitate their cellular uptake, leading to the improved
transfection. Hence, a cellular uptake study was carried out
using **P-labeled pDNA under a similar condition to the
luciferase assay (Fig. 6). PLys20 micelle exhibited significantly
lower uptake than those of other micelles. corresponding to
its low transfection efficacy as shown in Fig. 5c. All of the
micelles prepared from the diblock and triblock copolymers
composed of PLys segments with DPs over 47 showed similar
levels of cellular uptake. There was no significant difference
in the efficacy of cellular uptake between the micelles with
and without a PAsp(DET) segment as the middle block,
excluding the facilitated cellular uptake as the reason for the
improved transfection observed for the polyplex micelles
from the triblock copolymers.

Then, intracellular distribution of the polyplex micelles
from PLys48 and PAsp36(DET)Lys50 was observed by
CLSM to estimate the efficacy of endosomal escape of the
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polyplex micelles. The pDNA, nuclei, and late endosomes/
lysosomes were simultaneously stained with Cy5 (red),
Hoechst33342 (blue), and LysoTracker (green). respectively.
The Cy5-pDNA introduced into the PLys48 micelles without
a PAsp(DET) segment was observed as discrete dots partially
colocalizing with the late endosome/lysosome markers (yel-
low spots) 24 h after the addition of the polyplex micelles
(Fig. 7a), indicating that the PLys48 polyplex micelles were
segregated in intracellular compartments including late endo-
somes/lysosomes. In contrast, the CyS-pDNA in PAsp36
(DET)Lys50 polyplex micelles spread more clearly in the
cytoplasmic region (Fig. 7b), demonstrating that effective
endosomal escape had occurred. These results strongly
support that the PAsp(DET) segment plays a crucial role in
facilitating the endosomal escape of the polyplex micelles.

In Vivo Transfection by PEG-PAsp(DET)-PLys/pDNA
Polyplex Micelle by Intravenous Administration

The transfection ability of the PAsp36(DET)Lys50 poly-
plex micelles by systemic administration was estimated from
EGFP expression in subcutaneously xenografted human
pancreatic adenocarcinoma, BxPC3. As previously reported.
this tumor tissue has a poorly differentiated histology with a
certain number of blood vessels and thick fibrotic tissue in the
stroma (21): i.e., closely resembling the histology of certain
intractable tumors observed in clinical specimens. The
fluorescence microscopy of the sectioned xenografted tumors
was obtained with immunostaining of tumor vasculature by
PECAM-1 (red), and nuclear counter staining (blue: Fig. 8a).
Apparently, the BxPC3 tumors were shown to have wide
stromal regions (region S) surrounding nests of tumor cells
(region T) and blood vasculature (region V). Fig. 8b shows
the image of EGFP expression (green) in the BxPC3 tumor
tissue receiving intravenous injection of the PAsp36(DET)
Lys50 polyplex micelles incorporating pDNA coding [or
EGFP. The EGFP expression was evident, yet the intensity
was very weak. Worth noting is that TRR-I inhibitor, which
has been found to facilitate the accumulation of macromo-
lecular drugs in tumor tissues (21), drastically improved the
EGFP expression by the PAsp36(DET)LysS0 polyplex
micelles (Fig. 8c). Note that the PAsp36(DET)Lys50 polyplex

Fig. 7. Intracellular distribution of the PLysd48 (a) and PAsp36(DET)Lys50 (b) micelles
prepared at a Lys/Phosphate=2. The pDNA was labeled with Cy5 (red). and the late
endosomes/lysosomes and the nucleus were stained with LysoTracker (green) and
Hoechst33342 (blue). respectively. (pDNA concentration, 2.8 pg/mL).
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Fig. 8. EGFP transfection into subcutaneous tumors of pancreatic adenocarcinoma cells,
BxPC3, via systemic route. Each micelle sample was prepared at a Lys/Phosphate=2. and
intravenously injected through the tail veins of the mice (20 pg pDNA/mouse). a Histology
of BxPC3 xenogratt as a model of poorly differentiated pancreatic tumor tissue. Blue:
nucleus stained with Hoechst 33342, red: PECAM-1 as an endothelial marker stained with
Alexa647-conjugated secondary antibody against anti-PECAM-1 antibody (regions 7, S.
and V indicate nests of tumor cells in tumor tissues, thick fibrotic tissue in the stroma, and
blood vasculature, respectively). b EGFP expression by PAsp36(DET)Lys50 polyplex
micelle without TBR-1 inhibitor; ¢ EGFP expression by PAsp36(DET)Lys50 polyplex
micelle with TER-I inhibitor; d EGFP expression by PLys71 polyplex micelles with TRR-1

imhibitor.

micelles in combination with T{>R-1 inhibitor did not show
detectable EGFP expression in the liver and lung under the
tested conditions (data not shown). Fig. 8d shows the result
obtained for the PLys71 polyplex micelles with TBR-I
inhibitor. Obviously, the EGFP expression by the PAsp36
(DET)Lys50 polyplex micelles was much more remarkable
than that with the PLys71 polyplex micelles, suggesting that
the integration of the PAsp(DET) segment into the polyplex
micelles is effective even in the transfection by systemic
administration. Detailed observation of the fluorescence
images revealed that the EGFP expression by the polyplex
micelles was located mainly around PECAM-1-positive
vascular endothelial cells. As typically shown in Fig. 8a, the
tumor stroma grows around the nests of tumor cells in BxPC3
subcutaneous xenografts, and blood vasculature exists inside
the stroma. Therefore, a major part of the EGFP expression
in the BXPC3 tumor by PAsp36(DET)Lys50 polyplex micelles
was not [rom BxPC3 cells per se, but from cells in the stroma
including vascular endothelial cells and fibroblasts.

DISCUSSION

In the present study, polyplex micelles with an endo-
somal escape layer were prepared from a triblock copolymer
for the purpose of transfection into solid tumors through
systemic routes. The triblock copolymer was composed of
three tandemly aligned functional segments as follows: PEG
for biocompatibility, PAsp(DET) for efficient endosomal
escape, and PLys for pDNA condensation. A series of
triblock copolymers, PEG-PAsp(DET)-PLys, with the DP
of PLys of approximately 50, was synthesized and used for the
preparation of the polyplex micelles, according to the
previous results that a DP of approximately 48 was needed
for effective transfection with polyplex micelles from PEG-
PLys as shown in Fig. 5c as well as for the prolonged circu-
lation of intact pDNA in the blood stream (10). The triblock
copolymer, PAsp36(DET)Lys50, as well as the diblock PEG-
PLys, PLysd48, effectively condensed pDNA to form a
polyplex micelle (Fig. 3). The obtained polyplex micelles
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from the triblock copolymer were around 8) nm at an N*/P
ratio of 1 or greater (Fig. 4a), thereby having the potential
ability to accumulate in tumors through the enhanced
permeability and retention (EPR) effect (27). Also, the zeta
potential measurement indicated that the excess positive
charge of the polyplex micelle from the triblock copolymer
was reasonably shielded by a PEG palisade surrounding the
polyplex core (Fig. 4b). It should be noted that PEGylation of
polyplexes facilitates their penetration into tumor spheroids
(15, 16). Hence, the PEG palisade of polyplex micelles from
the triblock copolymer may contribute to promoting their
permeation into the tumor tissue via extravasation as well as
to extending their plasma half-life through a steric
stabilization effect, leading to appreciable gene expression in
the subcutaneous pancreatic tumor tissue as seen in Fig. 8.
Note that the xenografted pancreatic tumor, BxPC3, was
chosen as our target in this study. Since pancreatic tumors are
representative of intractable tumors, which are difficult to
treat by conventional therapy, they are an appropriate target
for the development of new strategies including gene therapy.
However, it is also difficult to deliver exogenous genes to such
tumor tissue by gene carriers through an EPR effect,
presumably due to their thick fibrotic and hypovascular
characteristics. In this regard. the combined use of TRR-I
inhibitor, which has been found to decrease pericyte coverage
of the endothelium specifically in tumor neovasculature (21),
is available for the enhancement of accumulation of nano-
carriers of 60-100 nm diameter into the solid tumor. Indeed,
the EGFP expression by the polyplex micelles from PAsp36
(DET)Lys50 was substantially improved by the intraperitoneal
injection of TPR-I inhibitor (Fig. 8b.c). The size of the
polyplex micelle was approximately 80 nm, thereby making
it suitable for combination with TBR-I inhibitor. As far as we
know, this is the first example of effective gene expression in
BxPC3 tumors with thick fibrotic and hypovascular
characteristics via systemic administration of non-viral
vectors. In addition, detailed observation of the fluorescence
images from sectioned xenografted tumors revealed that the
EGFP expression by the PAsp36(DET)LysS0 polyplex
micelle combined with T3R-I inhibitor was located mainly
around the blood vasculature (Fig. 8c). suggesting that the
transfection with the polyplex micelle was not effective for
the tumor cells per se, but for the cells in the tumor stroma,
including vascular endothelial cells and fibroblasts. These
results suggest that the penetration of polyplex micelles into
tumor microenvironments may still be a major challenge,
even with the aid of TBR-I inhibitor for successful systemic
transfection directly to the BXPC3 tumor cells. In this regard.
for the gene therapy of pancreatic adenocarcinoma with thick
fibrotic tissues. the approach of treating the tissues
surrounding the nests of tumor cells would be more realistic
than that directly targeting tumor cells per se, e.g., with a
tumor suppressor gene to induce apoptosis. Antiangiogenic
gene therapy is one of the typical “indirect” approaches to
treating fibrotic tumors, and research in this direction on
combination treatment using polyplex micelles and TRR-I
inhibitor is now ongoing in our laboratory.

The contribution of the PAsp(DET) segment in the
triblock copolymer to improved transfection without in-
creased cytotoxicity was obvious from the results of both in
vitro and in vivo transfection studies (Figs. 5, 8. and Table IT).
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It should be noted that there is no significant difference in
cellular uptake between the polyplex micelles from the
triblock and diblock copolymers (Fig. 6), even though the
former revealed almost one order of magnitude higher
transfection efficacy than the latter. This result suggests that
the major cause for the facilitated transfection with the
polyplex micelles from the triblock copolymer may be in the
intracellular stage. Indeed, the CLSM observation clearly
revealed the facilitated endosomal escape of pDNA associat-
ed with the polyplex micelles from the triblock copolymer
(Fig. 7), indicating the availability of PAsp(DET) as an
endosomal escape element. PAsp(DET) is likely to form the
middle layer between the PEG shell and the PLys/pDNA
polyplex core in the micelles, because PLys with higher
affinity to pDNA than PAsp(DET) is assumed to undergo
preferential condensation of pDNA, relegating the PAsp
(DET) segment to the boundary with the PEG layer.
Increased freedom of PLys as an outer block with a free
chain-end may also contribute to the preferential complexa-
tion with pDNA. Note that a similar three-layered structure
was previously proposed by us for polyplex micelles prepared
from PEG-PAsp(APM)-PLys based on the results of 'H-
NMR spectroscopy (20). The appreciably higher zeta
potential of PAsp36(DET)Lys50 micelles in the region at an
N'/P ratio of 1 or greater is consistent with the formation of a
cationic middle ldyer (Fig. 4b,c) that is not completely
shiclded by the outer PEG layer. Thus, the PAsp(DET)
placed in the middle layer of polyplex micelles should exert
endosomal escape ability for efficient transfection through
strong bulfering and/or a membrane-destabilizing effect
based on the unique two-step protonation behavior of the
1.2-diaminoethane unit (13.15). On the other hand, as seen in
Fig. 5b, the one order of magnitude lower transfection
efficacy obtained by reversing the order of PLys and PAsp
(DET) segments in the triblock copolymer is interesting. It is
reasonable to consider that arrangement of the PLys segment,
with its strong condensing power against pDNA, as the
intermediate segment of the triblock copolymer may allow
the PAsp(DET) segment to become embedded in the core of
the polyplex micelles, resulting in the loss of buffering and/or
membrane-destabilizing capacity. The zeta potential of the
PEG-PLys—PAsp(DET) systems similar to that of the PEG-
PLys systems also supports the disappearance of the
intermediate buffering layer in the polyplex micelles from
PEG-PLys-PAsp(DET) with the reversed order of the
cationic segments (Fig. 4d).

CONCLUSION

For the achiecvement of systemic gene delivery to solid
tumors with appreciable transfection efficacy, gene carriers
are required to exert integrated functions including a stealth
property in the blood stream to deliver intact pDNA into
tumor tissues and permeate target cells with smooth translo-
cation from endosomal compartments into the cytoplasm.
subsequently releasing the pDNA to induce effective tran-
scription. In the present study, to develop a gene carrier with
such integrated functions, three segments with distinctive
functions; i.c., PEG for biocompatibility, PAsp(DET) for
endosomal escape, and PLys for pDNA condensation, were
tandemly aligned in a polymer strand to form three-layered
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polyplex micelles. The obtained micelles showed one order of
magnitude higher transfection efficacy against Huh-7, com-
pared to the micelles from the PEG-PLys diblock copolymer
without any segments exerting an endosomal escape function.
Notably, the polyplex micelle from the triblock copolymer
achieved clear in vivo transfection of the EGFP gene in
fibrotic pancreatic adenocarcinoma, BxPC3, through systemic
administration. 1t should be emphasized that the EGFP
expression in the pancreatic tumor was drastically enhanced
by the intraperitoneal injection of TRR-I inhibitor prior to the
micelle injection, and thus, the potential for combined
therapy using polyplex micelles and TER-I inhibitor for
systemic transfection to solid tumors was clearly evidenced.
Furthermore, detailed observation of the immunostained
tumor tissues revealed that the EGFP expression by the
triblock copolymer micelles was located mainly in the stromal
tissues surrounding the nests of tumor cells. These results
suggest that the triblock micelle is quite promising for fibrotic
tumor treatments by the approach of transtecting the tissues
surrounding tumor cells, including fibroblasts and endothelial
cells, to express proteins inhibiting tumor angiogenesis.
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Inhibition of endogenous TGF-B signaling enhances lymphangiogenesis

Masako Oka,! Caname Iwata,! Hiroshi I. Suzuki,' Kunihiko Kiyono,' Yasuyuki Morishita,’ Tetsuro Watabe,'
Akiyoshi Komuro,! Mitsunobu R. Kano,! and Kohei Miyazono'

‘Department of Molecular Pathology, Graduate School of Medicine, University of Tokyo, Tokyo, Japan

Lymphangiogenesis is induced by vari-
ous growth factors, including VEGF-C.
Although TGF-B plays crucial roles in
angiogenesis, the roles of TGF-p signal-
ing in lymphangiogenesis are unknown.
We show here that TGF-p transduced
signals in human dermal lymphatic micro-
vascular endothelial cells (HDLECs) and
inhibited the proliferation, cord forma-
tion, and migration toward VEGF-C of

thelial cell (LEC) markers, including
LYVE-1 and Prox1 in HDLECs, as well as
early lymph vessel development in mouse
embryonic stem cells in the presence of
VEGF-A and C, were repressed by TGF-f
but were induced by TGF-$ type | recep-
tor (TBR-I) inhibitor. Moreover, inhibition
of endogenous TGF-B signaling by T8R-l
inhibitor accelerated lymphangiogenesis
in a mouse model of chronic peritonitis.
Lymphangiogenesis was also induced by

TBR-1 inhibitor in the presence of VEGF-C
in pancreatic adenocarcinoma xenograft
models inoculated in nude mice. These
findings suggest that TGF-$ transduces
signals in LECs and plays an important
role in the regulation of iymphangiogen-
esis in vivo. (Blood. 2008;111:4571-4579)

© 2008 by The American Society of Hematology

HDLECs. Expression of lymphatic endo-
Introduction

Transforming growth factor-B (TGF-$) is a multifunctional
cytokine, which regulates the growth, differentiation, migration,
adhesion, and apoptosis of various types of cells. TGF-$ binds
to 2 different types of serine-threonine kinase receptors, known
as type 1 (TBR-1I) and type | (TBR-1)."-} Upon ligand binding,
TBR-1I transphosphorylates TBR-I. which in turn transmits
specific intracellular signals. The type I receptors phosphorylate
receptor-activated Smads (R-Smads). and induce complex forma-
tion between R-Smads and common-partner Smad (co-Smad).
The R-Smad/co-Smad complexes accumulate in the nucleus,
where they regulate transcription of target genes, including
plasminogen activator inhibitor-1 (PAI-1) and Smad7. through
interaction with various transcription factors and transcriptional
coactivators. Smad2 and Smad3 are R-Smads activated by
TBR-I, whereas Smad4 is the only co-Smad in mammals shared
with the TGF-$ family signaling pathways. Smad7 is an
inhibitory Smad, which interacts with activated TBR-I and
interferes with the phosphorylation of R-Smads by TBR-1.

TGF-$ inhibits the growth and migration of blood vascular
endothelial cells in vitro, whereas it induces angiogenesis in vivo.*
Mice lacking certain components of TGF-f signaling (eg, TGF-81.
TBR-II, or TRR-I) exhibit abnormalities in blood vascular tis-
sues.>7 We have recently shown that inhibition of TGF-8 signaling
by low-dose TBR-I inhibitor decreases the coverage of endothe-
lium by pericytes, promoting leakiness of tumor blood vessels.® [n
tumor microenvironments, TGF-B signaling has also been reported
to inhibit immune function and induce deposition of extracellular
matrix proteins, inducing progression of tumors in advanced
cancers.” However, the relationship between TGF-8 signaling and
lymphangiogenesis has not been determined.

Various growth factors have been reported to be involved in
lymphangiogenesis. These include vascular endothelial growth
factor (VEGF)-C and D, hepatocyte growth factor. and angiopo-
etin-1 and -2.'%13 Neo-lymphangiogenesis has also been reported to
be induced by receptor tyrosine kinases, for example, fibroblast
growth factor receptor 3 (FGFR3) and platelet-derived growth
factor receptor (PDGFR)-B.1%1¢ Among members of the VEGF
family, VEGF-A transmits signals through the tyrosine kinase
receptors VEGF receptor-2 (VEGFR2) and VEGFRI, which
mediate signals that are required for vasculogenesis and hematopoi-
esis.'"18 VEGF-C and VEGF-D bind to VEGFR3 expressed on
lymphatic vessels and mediate signals to LECs, although they also
bind to VEGFR2.!"” Analysis of Vegfe-null mice has revealed that
VEGF-C is essential for normal development of the lymphatic
vessels.”® Moreover, VEGF-C has been found to be expressed in
various human cancers and to induce tumor metastasis through
induction of angiogenesis and lymphangiogenesis.?'?2 VEGF-D
also promotes metastatic spread of tumors through induction of
lymphangiogenesis.!!

Among transcription factors, Prox1, a homeobox transcription
factor, has been well known as an important regulator of lym-
phangiogenesis. During embryonic development, LECs arise by
sprouting from the cardinal veins and migrate toward VEGF-C to
form the primary lymphatic plexus.?? Prox | is expressed in a subset
of endothelial cells of the cardinal vein during embryonic develop-
ment, and these cells sprout to form the primary lymphatic
plexus.” 2 In Prox/-null mice, migration of LECs from the veins is
arrested. leading to a complete absence of the lymphatic vascula-
ture. Prox!l induces the expression of various LEC markers,
including VEGFR3. LYVE-1, podoplanin, and integrin g, and
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represses that of blood vascular endothelial cell markers (eg.
VEGFR?2 and VE-cadherin) in endothelial cells.20-28

In the present study. we show that TGF-B regulates the
growth, migration, and cord formation of human dermal lym-
phatic microvascular endothelial cells (HDLECs) in vitro. In
addition to inhibiting the proliferation and migration of HDLECs,
TGF-B signaling suppressed the expression of LEC-related
genes, including Prox! and LYVE-I, in these cells. Moreover,
inhibition of endogenous TGF-B signaling induced early lymph
vessel development in mouse embryonic stem (ES) cells, and
enhanced lymphangiogenesis in a mouse chronic peritonitis
model and pancreatic cancer xenograft models. The present
findings suggest that endogenous TGF-f signaling negatively
regulates lymphangiogenesis in inflammatory tissues as well as
in certain tumor tissues.

Methods

Cell culture and reagents

HDLECs were obtained from Cambrex (Walkersville, MD), and cultured in
EGM2-MV mediwm containing endothelial cell growth supplements with
3% fetal bovine serum (FBS: Cambrex). The murine ES cell line R1 (a kind
gift of A. Nagy. Mount Sinai Hospital, Toronto, ON)* was cultured on
mitomycin C-arrested mouse embryonic fibroblasts (Chemicon Interna-
tional, Temecula, CA) in stem cell medium (Knock-out DMEM, Invitrogen,
Carlsbad, CA) supplemented with 15% FBS. 2 mM of t-glutamine
(Invitrogen). 0.1 mM of 2-mercaptoethanol (Invitrogen), 0.1 mM of MEM
nonessential amino-acids (Invitrogen), 50 U/mL of penicillin-streptomycin
(Invigrogen), and 1000 U/mL of leukemia inhibitory factor (Chemicon
International). and passaged every 48 hours. Inflammatory macrophages
were collected from ascites fluid in BALB/c mice 4 days after induction of
peritonitis by intraperitoneal injection of thioglycollate (enriched thioglycol-
late medium, 2 mL: BD Biosciences, Franklin Lakes, NJ). BxPC3 and MIA
PaCa-2 human pancreatic adenocarcinoma cell lines were obtained from
the American Type Culture Collection (Manassas, VA). BxPC3 cells were
growtt in RPMI 1640 supplemented with 10% FBS. MIA PaCa-2 cells were
grown in DMEM with 10% FBS. Overexpression of VEGF-C in BxPC3
cells and that of TGF-B1 in MIA PaCa-2 cells were done using a lentiviral
infection system (a kind gift from H. Miyoshi, RIKEN, Tsukuba, Japan).
cDNA encoding VEGF-C,* active form of TGF-B1,*! or green fluorescent
protein (GFP) was inserted into the multicloning site of the lentiviral vector
construct, pCSI-CMV-RfA, using pENTR according to standard protocol
(Invitrogen). TBR-1 inhibitors LY364947 and SB431542 were purchased
from Calbiochem (La Jolla, CA) and Sigma-Aldrich (St Louis. MO),
respectively. LY364947 was used as a TBR-1 inhibitor, unless specifically
described. TGF-$1 and TGF-B3 were purchased from R&D Systems
(Minneapolis, MN). Cycloheximide was from Sigma-Aldrich. VEGF-A
and VEGF-C were purchased from R&D Systems and Calbiochem.
respectively.

Antibodies

Antibodies to LY VE-1. Prox |, and podoplanin were purchased from Abcam
(Cambridge. United Kingdom), Chemicon International, and Research
Diagnostic (Flanders. NJ), respectively, PECAMI antibody and Mac-1
antibady were from BD PharMingen (Franklin Lakes. NJ). Rat anti-mouse
LYVE-1 antibady was a kind gift from Y. Oike and T. Suda (Kcio
University, Tokyo. Japan). Antibody to phospho-Smad2 was a kind gift
from A. Moustakas and C.-H. Heldin (Ludwig Institute for Cancer
Research. Uppsala, Sweden). Antibodies to Smad2/3 and tubulin were from
BD Transduction Laboratories (Franklin Lakes, NJ) and Sigma-Aldrich,
respectively. Alexad88- and Alexa594-conjugated secondary antibodies and
TOTO-3 were purchased from Invitrogen.

BLOOD, 1 MAY 2008 » VOLUME 111, NUMBER 9

Immunoblotting

Cultured cells were lysed in a buffer containing 50 mM Tris-HCI, pH 8.0.
150 mM NaCl, 1% Nonidet P-40 (Nacalai Tesque, Kyoto, Japan), 5 mM
EDTA., 0.5% deoxycholic acid sodium salt-monehydrate (Nacalai Tesque),
0.1% sodiwm dodecyl sulfate (SDS. Nacalai Tesque), 1% aprotinin (Mitsub-
ishi Pharma, Osaka. Japan), and 1 mM phenylmethylsulfony! fluoride
(Sigma-Aldrich). The cell lysates were boiled in SDS sample buffer
(100 mM Tris-HCL, pH 8.8, 0.01% bromophenol blue, 36% glycerol. 4%
SDS, 10 mM dithiothreitol) and subjected to SDS-PAGE. Proteins were
electrotransterred to PALL FLUOROTRANS W membranes (PALL, East
Hills, NY). immunoblotted with antibodies, and detected using an ECL
detection system (GE Healthcare, Little Chalfont, United Kingdom).

Immunostaining

Cultured cells were fixed in iced 1:l acetone-methanol solution and
incubated with antibody to Prox| overnight at 4°C. Subsequently. cells
were incubated with Alexad488-conjugated secondary antibodies (Invitro-
gen) for | hour at room temperature and stained with TOTO-3 for nuclear
staining. Frozen sections were briefly fixed with Mildform 10N (WAKO,
Osaka, Japan). and incubated with anti-LYVE-1. anti-Prox{, or anti-
podoplanin antibodies. Subsequently. samples were incubated with second-
ary antibadies, and stained with TOTO-3 for nuclear staining. Stained cells
and frozen sections were observed with a confocal microscope (Model
LSMS510 META; Carl Zeiss Microlmaging, Thornwood, NJ). Images were
imported into Adobe Photoshop and analyzed using Imagel software
(National Institutes of Health, Bethesda, MD).

Enzyme-linked immunosorbent assay

Expression levels of TGF-B1 protein were determined using TGF-BI
human ELISA kit Quantikine 2nd Generation (R&D Systems). according to
manufacturer’s protocol. TGF-$3 at 1 ng/mL was used as the exogenous
TGF-B ligand to avoid complication in detection of TGF-81 by ELISA.
Induction of TGF-B1 in HDLECs was similar between TGF-B1 and
TGF-B3 at | ng/mL.

RNA isolation and quantitative RT-PCR

Total RNAs from HDLECs were extracted using the RNeasy Mini Kit
(Qiagen, Valencia, CA). First-strand ¢cDNAs were synthesized using the
Quantitect Reverse Transcription kit (Qiagen) with random hexamer
primers. Quantitative real-time reverse transcriptase~polymerase chain
reaction (RT-PCR) analysis was performed using the 7500 Fast Real-Time
PCR System (Applied Biosystems), The primer sequences used were as
follows: human GAPDH: forward 5'-GAAGGTGAAGGTCGGAGTC-3'.
reverse 3'-GAAGATGGTGATGGGATTTC-3’, human Proxl: forward
5'"-CCCAGGACAGTTTATTGACCG-3’. reverse 5-GGTTGTAAG-
GAGTTTGGCCCA-3', human LYVE-I: forward 5'-AGCCTGGTGTT-
GCTTCTCACT-3', reverse 3'-GGTTCGCCTTTTTGCTCACA-3', human
Smad7: forward 5'-CCTTAGCCGACTCTGCGAACTA-3', reverse 5'-
CCAGATAATTCGTTCCCCCTGT-3', human PAI-1: torward 5'-GGCT-
GACTTCACGAGTCTTTC-3'. reverse 5'-GCGGGCTGAGACTATGACA-
3. human TGFE-Bl: forward 5-AGTGGACATCAACGGGTT-
CAG-3'. reverse 5'-CATGAGAAGCAGGAAAGGCC-¥, human TGF-
$2: forward 5'-CTGTCCCTGCTGCACTTTTGTA-3', reverse 3'-TGTG-
GAGGTGCCATCAATACCT-3', human TGF-83: forward 5'-TGGAAGT-
GGGTCCATGAAACCTA-3'. reverse 5'-GATGCTTCAGGGTTAAG-
AGTGTTG-3, and human/mouse VEGE-C: forward §"-TTCCTGCCGAT-
GCATGTCTAA-3' reverse S'-TGTTCGCTGCCTGACACTGT-3'.

Cell growth and cord formation assays

HDLECs (2 X 10° cells) were seeded in 96-well plates, and cell growth was
quantified for 2 days by WST-1 assay (Nacalai Tesque) according to
manufacturer’s protocol. Formation of cord-like structures was determined
in 3-dimensional gel assays. where 10% cells were mixed with type I-A
collagen gel (Nitta Gelatin, Osaka, Japan) and seeded onto culture shide.
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The formation of cord-like structures was examined using video micros-
copy for 3 days. At the end of observation, the lengths of the cord-like
structures were quantified in the 3-dimensional assay as follows:
4 microscopic fields with 5 Z-axis planes in each condition were photo-
graphed, and the total lengths of cord-like structures were quantified as the
mean of the sum of the lengths in the 5 planes in each of the 4 microscopic
fields. Long-running video microscopic analysis of living cells on the
8-well culwre slides (BD Falcon) was performed using a Leica (Deertield,
IL) DM IRB microscope equipped with a hardware-controlled motor stage.
The video images were analyzed using Imagel software. For quantification
of images, 8 to 10 fields were evaluated for each mouse.

Cell migration assay

Migration of HDLECs was determined using a Boyden chamber (8 um
pore size, BD Biosciences) with type 1 collagen coat. HDLECs (5 X 10%)
were seeded in serum-free medium containing 0.2% BSA in the upper
chamber. VEGF-C (50 ng/mL.) was added as the chemoatiractant to the
lower chamber, while TGF-B1 at 1 ng/mL or TBR-I inhibitor at 3 pM was
added to the upper chamber. After a 6-hour incubation, cells in the upper
chamber were carefully removed using cotton buds and cells at the bottom
of the membrane were fixed and stained with 0.5% crystal violet in 20%
methanol. Quantification was performed by counting the stained cells in
triplicate.

Three-dimensional collagen assays of mouse ES cells

Three-dimensional collagen assays using mouse ES cells were performed
as described previously.*>* Briefly, R1 ES cells were trypsinized, resus-
pended in stem cell medium without leukemia inhibitory factor supple-
mented with 30 ng/mL VEGF-A at day 0. The cells were then cultured in
drops hanging. After 4 days, when ES cells aggregated to form embryoid
bodies, drops were collected and embryoid bodies were seeded on a layer of
solidified collagen type I solution (Nitta Gelatin), and a second layer of
collagen solution was added on top. After 3 hours, medium with or without
30 ng/mL VEGF-A and 30 ng/mL VEGF-C was added. Medium containing
VEGF-A and C was replaced every second day. TBR-1 inhibitor at 3 uM or
TGE-B1 at | ng/mL was added every second day for one week. started from
one week after seeding. After culturing for 2 weeks, whole-mount samples
were incubated with anti-LY VE-1, anti-PECAM. anti-Prox!, and Alexa-
conjugated secondary antibodies overnight. Samples were examined using
a Zeiss LSM510 Meta confocal microscope for immunohistochemistry.
Quantification of LYVE-| stained arcas was performed in 5 fields on
3 embryoid bodies.

Chronic peritonitis model

BALB/c mice of 4 to 5 weeks of age were obtained from Sankyo
Laboratory (Tokyo, Japan). All animal experimental protocols were per-
formed in accordance with the policies of the Animal Ethics Commitiee of
the University of Tokyo. Chronic peritonitis was induced by 5% thioglycol-
late. Thioglycollate (2 mL) and TBR-I inhibitor (LY 364947, | mg/kg) were
administered intraperitoneally to BALB/c mice 3 times a week. After
injections of these reagents into mice for 2 weeks. the mice were killed and
the diaphragms were excised, fixed with Mildform {ON for | hour at room
temperature and washed with sucrose buffer (dissolved in phosphate-
butfered saline | PBS1). Whole-mount samples were subsequently incubated
with anti-LY VE-1, anti-Mac-1. and Alexa594-conjugated secondary anti-
bodies overnight. Samples were examined using a Zeiss LSM510 Meta
confocal microscope for immunohistochemistry.

Cancer xenograft models

BALB/c nude mice S to 6 weeks of age were obtained from CLEA Japan
(Tokyo. Japan) and Sankyo Laboratory. Parental, or VEGF-C- or TGF-81-
expressing tumor cells (5 X 10% in 100 wL PBS were implanted subcutane-
ously into male nude mice and allowed to grow tor 2 to 3 weeks to reach
proliferative phase. before initiation of TPR-I inhibitor administration.
TBR-1 inhibitor LY364947. dissolved in 5 mg/mL in DMSO and diluted
with 100 L PBS, or the vehicle control, was injected intraperitoneally at |
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mg/kg, 3 times a week for 3 weeks. Excised samples were directly frozen in
dry-iced acetone for immunohistochemistry. Frozen samples were further
sectioned at 10-pm thickness in a eryostat and subsequently incubated with
primary and secondary antibodies as described above. Samples were
observed using a confocal microscope.

Results
TGF-p transduces signals in HDLECs

To study the effects of TGF-B on lymphangiogenesis, we first
examined whether TGF-$ transduces signals in HDLECs.** Spe-
cific small molecule inhibitors of TGF-B family type [ receptor
kinases ALK-4, -5, and -7 (TBR-I inhibitors, LY364947 and
SB431542%3%) were used to suppress endogenous TGE-8 family
signaling. Immunoblot analysis using phospho-Smad?2 antibody
revealed weak phosphorylation of Smad2 in untreated HDLECs.
and that 1 ng/mL of TGF-B! enhanced the phosphorylation of
Smad? in these cells (Figure 1A). In contrast, 3 uM of LY364947
and SB431542 decreased the basal and TGF-B1-induced Smad2
phosphorylation.

The transcription induced by TGF- in HDLECs was further
examined by quantitative real-time (RT)-PCR analysis. TGF-§1
induced transcription of SMAD? and PAIl, and the TBR-I inhibitors
strongly suppressed their transcription (Figure 1B.C), suggesting
that TGF-B transduces signals in HDLECs and TBR-I inhibitors
suppress the signals induced by endogenous TGF-B. We also
examined the effects of TGF-B1 (1 ng/mL) and LY364947 and
SB431542 (3 uM) on proliferation of HDLECs. TGF-81 sup-
pressed the growth of HDLECs, whereas TRR-1 inhibitors en-
hanced their proliferation in the presence and absence of TGF-$1
(Figure 1D and data not shown). These findings indicate that
HDLECS respond to TGF-B signals similarly to human umbilical
vein endothelial cells (HUVECs: Figure S1, available on the Blood
website; see the Supplemental Materials link at the top of the online
article).

Next, production of TGF-f by HDLECs wus examined at
mRNA and protein levels. TGF-B induced the expression of
TGF-B1 mRNA, whereas the TBR-I inhibitors suppressed it in the
presence and absence of TGF-Bl (Figure |E). Expression of
TGF-B2 or TGF-B3 mRNA was not significantly suppressed by the
TBR-1 inhibitors (Figure S2). Moreover, ELISA revealed that
HDLECs produce TGF-Bl protein at a level similar to that

. produced by HUVECs, and the secretion of TGF-B1 was stimu-

lated and suppressed by exogenous TGF-f and TBR-I inhibitor,
respectively (Figure 1F), suggesting the presence of autocrine loop
of TGF-B1 signaling in HDLECs.

TGF-$ induces expression of LEC markers in HDLECs

We next investigated whether TGF-B signaling regulates the
expression of LEC markers in HDLECs. We recently reported that
VEGFR3 signaling induces the expression of LYVE-1, but not
other LEC markers, in embryonic stem cell (ESC)—derived endothe-
lial cells.*® In contrast, the homeobox transcription factor Prox|
induces expression of most LEC markers in ESC-derived endothe-
lial cells.?®

We examined the expression of Prox! protein in HDLECs by
immunocytochemistry and immunoblotting (Figure 2A,B). Prox|1
was observed in the nuclei of most of the untreated HDLECs,
although expression fevels of Prox1 in them varied with some cells
displaying very weak or no significant staining by Prox1 antibody
(Figure 2A). When the cells were treated with TGF-B1 for



4574  OKAetal
A
Phospho-
Smad2
Smad2
Eé 160 ] §§ 4.0
[ 3
§ (i 120 3 o 3.0
ga &2
@9 v
ga 8o g 8 20
58 E5
3 E 5
©g 40 & g 1.0
00 g 0.0 5 A
TS B R A
TéF-ﬁ TGF-3
D
0.18 - gg :: .
-]
__ 0-16{/m Inhib1
E
< 0.14
-}
s
-~ 0.12
g
B 0.1}
S
)
2 o.08}~
<
0.06}
%
0.00
E 4.0 TGF-B1 F 1060
it [ "I
Kk %
3.0 |- %%

=

Relative expression
(normalized by GAPDH)
N
=]

1.0

0.0 2

AR o FAE® o
TGFH HDLEC ~ HUVEC

Figure 1. Transduction of TGF-B signais in HDLECs. (A) immunoblotting of
phospho-Smad? after TGF-$ or TBR-I inhibitor treatment. HDLECSs were treated with
TGF-B1 or with 2 kinds of TBR-I inhibitors (LY364947 or SB431542, shown as Inhib1
or Inhib2, respectively) in the presence and absence of TGF-B1 for 1 hour, and
subjected to immunoblot analysis using phospho-Smad2 antibody (top panel) and
Smad2/3 antibody (bottom panel). Ctrl indicates control. (B,C) Real-time PCR of
Smad7 and PAI-1. HDLECs were treated as in panel A, and expression of Smad7 and
PAI-1 mANAs was determined at 1 hour and 24 hours after stimulation, respectively
(***P < .001). (D) Regulation of growth of HDLECs by TGF-B and T8R-| inhibitor.
HDLECs were seeded at a density of 2 x 10° cells/well in 96-well plates, and cells
were treated or not with TGF-B1 (1 ng/mL) or LY364947 (3 pM). Photographs of the
cells were taken atday 2. Cell numbers were determined by WST assay in triplicate at
day 2. Error bars represent standard deviations (*P <2 .05, **P < .01). (E,F}Autocrine
TGF-B signaling in HDLECs. Expression of TGF-B1 mRNA in HDLECs treated with
TGF-B1 (1 ng/ml} or TBR-I inhibitors {3 uM) as in panel A was determined by
real-time PCR (E). Production of TGF-B1 protein by HDLECS treated as in panel A,
but with TGF-B3 (1 ng/mL) as the stimulant, was examined in conditioned medium
using an ELISA kit (F). LY364947 was used as TBR-! inhibitor (Inhib). HUVECs were
used as a control. Error bars represent standard deviations (*P < .05, **P = .01,

P < 001).
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24 hours, expression of Prox! was strongly suppressed. and the
number of cells with weak or no staining of Prox 1 had increased. In
contrast, TBR-T inhibitor LY 364947 induced expression of Prox 1 in
almost all HDLECs after 24 hours. Immunoblot analysis using
anti-Prox | antibody confirmed the results of immunocytochemistry
(Figure 2B).

Regulation of Prox| expression as well as that of LYVE-1 by TGF-3
signaling was further examined at the mRNA level. Total RNA was
isolated from HDLECs treated with or without TGE-B1 or LY364947
for 24 hours, and levels of expression of Prox| and LYVE-1 mRNAs
were determined by quantitative RT-PCR (Figure 2C.D). TGF-81
suppressed the expression of Prox] and LYVE-1. whereas LY364947
strongly induced their expression. Similar results were obtained by
another TBR-1 inhibitor SB431542 (Figure S3A.B). The induction of
Prox | and LYVE-1 by TBR-I inhibitor was abolished by suppression of
protein synthesis with cycloheximide treatment of HDLECs, whereas
that of PAI-1 was not suppressed (Figure 2C-E). These findings suggest
that TGF-B signaling indirectly regulates the expression of Prox{ and
LYVE-1 in lymphatic endothelial cells. In contrast, Prox] was not
induced by TBR-I inhibitor in HUVECs, although LYVE-1 was
up-regulated (Figure S3C.D).

Induction of cord formation and migration of HDLECs by
TGF-B signaling

We examined the formation of cord-like structures by HDLECs
in three-dimensional type [ collagen gels. Quantification of the
total length of cord-like structures after 3 days of cultivation
confirmed significant decrease and increase in cord formation of
HDLECs by treatment with TGF-B1 and TAR-I inhibitor,
respectively (Figure 3A).

Next, migration of HDLECs was examined by Boyden chamber
assay. HDLECs were treated or not with TGF-$1 or TRR-I
inhibitor LY364947, and their migration toward VEGF-C
(50 ng/mL) was determined after 6-hour incubation. In the absence
of VEGF-C, migration of HDLECs was not strongly induced, and
there was no significant difference in migration between untreated
cells and those treated with TGF-B1 or TBR-I inhibitor (data not
shown). VEGF-C induced the migration of HDLECs, which was
strongly suppressed by TGF-81, whereas TR-I inhibitor weakly
enhanced it (Figure 3B.C).

Induction of early lymph vessel development by TBR- inhibitor
in ES cells

To determine whether TGF-B signaling regulates lymphatic
vessel development; mouse R1ES cells were aggregated to form
embryoid bodies, and cultured in three-dimensional collagen in
the presence of VEGF-A and -C. Although VEGF-A and -C
induced formation of lymphatic vessel structures as previously
reported,’?# “addition of TRR-I" inhibitor LY364947 further
induced the production of a network of LYVE-1-positive
lymphatic vessel-like structures. whereas addition of TGF-81
reduced the production of these structures (Figure 4A,B).
Immunostaining of Prox! in PECAMI-positive areas also
increased with TBR-I inhibitor and decreased with TGF-Bl
(Figure 4C), indicating that the effects of TGF-B signaling on
lymphatics are not limited to HDLECs.

Inhibition of endogenous TGF-§ signaling accelerates
lymphangiogenesis in a mouse model of chronic peritonitis

We next examined whether inhibition of TGF-8 signaling regulates
lymphangiogenesis in vivo. Because chronic inflammation is
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Figure 2. TGF-B signaling regulates the expression
of LEC-related genes in HDLECs. (A) Expression
levels of Prox1 determined by immunostaining in
HDLECs. HDLECs were untreated (left) or treated with
TGF-B1 (1 ng/mL; middle) or TBR-I inhibitor LY364947
(3 p.M; right) for 24 hours and subjected to immunocyto-
chemical examination. Bars represent 50 pm. (B) Expres-
sion levels of Prox1 in HDLECs treated as described in
panel A were determined by immunoblotting. «-Tubulin
levels were monitored as a loading control for whole-cell
extracts. (C-E) Expression levels of Prox1, LYVE-1, and
PAI-1 mRNAs were analyzed by real-time PCR at
24 hours after TGF-B1 or TBR-I inhibitor treatment. In the
right 3 columns, cells were treated with 1 .M cyclohexi-
mide (CHX) for 24 hours before they were treated with
TGF-B1 or TBRR-I inhibitor for 24 hours. Values were
normalized to amounts of GAPDH mRNA. Error bars
represent SD (*P < .05, **P < .01, ***P < .001).

(@]

LYMPHANGIOGENESIS BY TGF-$3 INHIBITION 4575

Inhib

0.12
0.10}-{-

e
=)
=)

Relative expression
(normalized by GAPDH)

S o“‘«c"%\&“

reported to induce lymphangiogenesis, possibly through produc-
tion of VEGF-C by F4/80-positive macrophages,’” we induced
chronic peritonitis in mice as a model of lymphangiogenesis.
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Figure 3. Formation of cord-like structures and migration of HDLECs are
increased by inhibition of TGF-3 signaling. (A) Total lengths of cord-like structures
of HDLECs in three-dimensional culture were quantified. Cells were mixed with type |
collagen gel at a density of 10* cells/well and seeded onto culture-slide wells.
HDLECs were treated with TGF-1 (1 ng/mL) or TBR-I inhibitor (3 j.M). Formation of
cord-like structures was observed by video microscopy, and total lengths of cord-like
structures of cells were quantified 3 days after cultivation. Error bars represent SD
(*P <. .05, **P <. .01). Effects of TGF-B signaling on migration of HDLECs were
determined by Boyden chamber assay. Cells were seeded at4 x 104 cells/well in the
upper chambers coated with type | collagen. (B) Medium containing VEGF-C
(50 ng/mL) was placed in the lower chamber, whereas that in the upper chamber did
not contain VEGF-C but did contain TGF-1 (1 ng/mL) or TBR-I inhibitor (3 p.M).
Migration of cells was determined after 6 hours. Bars represent 100 pm. (C) Migration
of HDLECs was quantified. Cells that had migrated to the lower chambers were
counted after 6 hours in triplicate. Error bars represent SD (*P < .05, **P < .01).
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Formation of inflammatory plaques containing lymphatic vessels
and macrophages was induced on the peritoneal side of the
diaphragm by intraperitoneal injection of thioglycollate in BALB/c
mice. Mice were injected intraperitoneally with 2 mL of 5%
thioglycollate and TBR-I inhibitor LY364947 (1 mg/kg) 3 times a
week for 2 weeks. Lymphangiogenesis in the plaques of the
diaphragms was then examined by immunostaining using LY VE-1
antibody. Formation of lymphatic plaques was observed after
2 weeks in the mice treated with thioglycollate, and TBR-I inhibitor
significantly increased the LY VE-[-positive areas in the plaques
(Figure 5A,B).

Because macrophages have been suggested to be the major
sources of lymphangiogenic growth factors, including VEGF-C.
we obtained peritoneal macrophages from thioglycollate-treated
mice and determined the production of VEGF-C by quantitative
RT-PCR. As shown in Figure 5C. production of VEGF-C was not
induced by TBR-I inhibitor, suggesting that the observed effect of
TRR-I inhibitor on lymphangiogenesis may be primarily induced
by its direct action on LECs.

Induction of lymphangiogenesis by TBR-I inhibitor in animal
models of cancer

Because TRR-I inhibitor induced growth, migration, and cord
formation of LECs in vitro and lymphangiogenesis in a mouse
model of chronic peritonitis in vivo, we examined whether it
induces lymphangiogenesis in tumor xenograft models using
BxPC3 and MIA PaCa-2 pancreatic adenocarcinoma cells.
Pancreatic adenocarcinoma cells were inoculated subcutane-
ously into BALB/c nude mice. The mice were then injected with
1 mg/kg TRR-I inhibitor LY 364947 3 times a week for 3 weeks.

When the BXPC3 cells were mixed with or without | pg/mL
VEGF-C and inoculated into nude mice. we found that the
number of LECs stained by LYVE-1 antibody was slightly
increased in the presence of VEGF-C. Interestingly, TBR-I
inhibitor significantly increased the LYVE-1-positive areas in
tumor tissues in the presence of VEGF-C (Figure 6A,B). Z-stack
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analysis of tumor tissues by a confocal microscope revealed that
the LYVE-1-positive cells tended to form tube-like structures
in the tumor tissues (data not shown). To confirm that the
LYVE-1-positive cells were indeed LECs, tumor tissues treated
with VEGF-C and TRR-I inhibitor were stained with Prox | and
podoplanin antibodies. The LY VE-1—postive cells were costained
by Prox 1 and podoplanin antibodies (Figure 6C), whereas most
PECAM I -positive cells were not stained by LYVE-1 or Prox|
antibodies (Figure 6D). The LYVE-I-positive cells in the
BxPC3 xenografts were thus LECs.

Similar experiments were conducted using BXxPC3 cells overex-
pressing VEGF-C., BxPC3 cells were infected with a lentivirus
containing Vegfc, and an increase in the production of VEGF-C

Figure 5. Enhancement of lymphangiogenesis by
TBR-1 inhibitor in a mouse model of chronic peritoni-
tis. Mice were treated with 5% thioglycollate (2 mL) and
TRR-I inhibitor (LY364947, 1 mg/kg) 3 times a week for
2 weeks. Their diaphragms were then examined for
lymphangiogenesis in plaques. (A) LYVE-1 immunostain-
ing (shown in red) of diaphragms treated without (control,
left panels) or with TBR-I inhibitor (right panels). Sections
were also stained for Mac1 (green) (bottom panels). Bars
represent 50 pm. (B) Quantification of LYVE-1-positive
area in plaques of the diaphragms treated without (con-
trol) or with TBR-I inhibitor (n = 3 for each group). Error
bars represent SE (***P < .001). (C) Expression of
VEGF-C in inflammatory macrophages in the presence
and absence of TBR-I inhibitor. Inflammatory macro-
phages were harvested from ascites fluid of mice 4 days
after induction of peritonitis by intraperitoneal injection of
thioglycollate, seeded at 105, and treated with or without
TRR-I inhibitor for 24 hours. Error bars represent SD
(*P < .05)
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B Figure 4. Enhancement of early lymph vessel devel-

opment in ES cells cultured in 3-dimensional colla-
gen by inhibition of TGF-B signaling. Mouse R1 ES
* cells were cultured in collagen gel with VEGF-A (30 ng/
mL) for the first 4 days and subsequently with VEGF-C
(30 ng/mL) and VEGF-A (30 ng/mL) for 14 days to form
embryoid bodies exhibiting early lymph vessel formation.
The embryoid bodies were also treated with TGF-§1

LYVE-1 positive area (%)

8.0 (1 ng/mL) or TRR-I inhibitor (3 pM) for the last 7 days.
(A,B) The embryoid bodies were stained by PECAM1
(red) and LYVE-1 (green) (A). Bars represent 50 pm.
4.0 Quantification of LYVE-1-stained areas was performed
in 5 low-magnification microscopic fields on 3 embryoid
0.0 bodies (B). Error bars represent SD (***P < .001).

(C) Immunostaining for PECAM1 (red) and Prox1 (green)
confirmed the effect of modulation of TGF-§ signaling on
expression of Prox1 in PECAM1-positive structures

Ctrl TGF-B Inhib

mRNA by the VEGF-C-lentivirus-infected cells was confirmed by
quantitative RT-PCR (Figure 6E). Similar to the addition of
VEGF-C protein, TBR-I inhibitor significantly increased the LY VE-
|—positive areas in BXxPC3 tumor tissues expressing VEGF-C
(Figure 6F).

The effects of TBR-T inhibitor on lymphangiogenesis were also
examined using MIA PaCa-2 cells with or without | pg/mL
VEGF-C protein. As shown in Figure 7, TBR-I inhibitor signifi-
cantly increased the LY VE-1-positive areas in tumor tissues in the
presence of VEGF-C. In addition. we have tested the effect of
overexpression of TGF-B1 ligand in tumor cells using a lentivirus
expression system in the MIA PaCa-2 model, which resulted in
reduction of lymphangiogenesis (Figure S4).
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Figure 6. Lymphangiogenesis is increased by TBR-I
inhibitor in pancreatic adenocarcinoma BxPC3 xeno-
graft models. (A-D) Effects of TBR-I inhibitor on lym-
phangiogenesis were examined in a xenograft model
using a human pancreatic cancer cell line, BxPC3.
BxPC3 cells mixed with or without VEGF-C (1 p.g/mL)
were subcutaneously inoculated in BALB/c nude mice.
After tumors had formed, the mice were injected intraperi-
toneally with TBR-I inhibitor (LY364947, 1 mg/kg) 3 times
a week for 3 weeks. They were killed at the end of the
experiment, and excised tumors were examined histologi-
cally. (A) Immunostaining of BxPC3 xenagraft sections
by LYVE-1 antibody (shown in green). Bars represent
50 pm. (B) LYVE-1—positive areas in the BxPC3 xeno-
graft sections were determined in the presence and
absence of VEGF-C and T@R-I inhibitor (n — 3 for each
group). Error bars represent SE. n.s. indicates not
significant (*P < .05). (C) Immunostaining of BxPC3
xenograft sections for Prox1 (left panel, red), podoplanin
(right panel, red), and LYVE-1 (green). Bars represent
20 pm. (D) Immunostaining of BxPC3 xenograft sections
for PECAM1 (red), LYVE-1 (left panel, green), Prox1
(right panel, green), and TOTO-3 (blue). Bars represent
100 um. (E,F) Effects of TBR-I inhibitor on lymphangio-
genesis were examined in a xenograft model using
BxPC3 cells overexpressing VEGF-C by infection of the
VEGF-C-lentivirus. BxPC3 cells infected with a lentivirus
containing GFP were used as a control. (E) Up-
regulation of VEGF-C mRNA in BxPC3 cells after infec-
tion of the VEGF-C-lentivirus was determined by real-
time PCR. (F) LYVE-1-positive areas in the GFP- and
VEGF-C-expressing BxPC3 xenograft sections treated
with or without TBR-I inhibitor were determined (n = 3
for each group). Error bars represent SE. n.s. indicates
not significant (***P <. .001).
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Discussion

TGF-$ transduces signals in HDLECs and regulates the
expression of LEC markers in vitro

TGEF-$ is a potent growth inhibitor on vascular endothelial cells
and also inhibits their migration and cord formation in vitro. In the
presence of TBR-II, TGF-B binds to TRR-I (ALK-5) and an
endothelial-specific type I receptor ALK-1 in vascular endothelial
cells, and activates Smad2/3 and Smad/5, respectively. ALK-S has
been reported to be responsible for inhibition of growth and
migration of endothelial cells.*® We have found that phosphoryla-
tion of Smad?2 is induced by TGF- and suppressed by TRR-I
inhibitor in HDLECs. Migration of HDLECs toward VEGF-C and
formation of cord-like structures by these cells were thus nega-
tively regulated by TGF-3 treatment.

Ctrl VEGF-C

TGEF- also plays pivotal roles in regulating the differentiation
of blood endothelial cells. Inhibition of endogenous TGF- signal-
ing by the TBR-I kinase inhibitor SB431542 results in the
proliferation and formation of sheet-like structures of mouse
ESC-derived endothelial cells.*” In the present study. we found that
TBR-I inhibitor up-regulated the expression of some LEC-related
genes, including Prox| and LYVE-1. We also found that TRR-I
inhibitor induced early lymph vessel development in mouse ES
cells. Thus, the effects of TBR-I inhibitor on LECs are not limited
to HDLEC.

LYVE-1 is a hyaluronan receptor specifically expressed in
LECs. However, LY VE-1—-deficient mice do not exhibit abnor-
malities in lymphatic vessels, and the function of LYVE-1 in
LECs is unknown* In contrast, Prox] functions as a key
transcriptional factor in the differentiation of LECs.
up-regulates the expression of various LEC-specific genes and

Prox1
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Figure 7. Induction of lymphangiogenesis by T@BR-l inhibitor in
MIA PaCa-2 xenograft models. (A,B) Effects of TRR-I inhibitor on
lymphangiogenesis were examined in a xenograft model using a TGF-
p-nonresponsive human pancreatic cancer cell line, MIA PaCa-2. MIA
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induces a shift in the transcriptional program from blood
endothelial cells to that of LECs. During embryonic develop-
ment, Prox| is expressed in a subset of vein endothelial cells,
which begin to express LEC markers and form primary lym-
phatic sacs.>*?* Elucidation of the signals that induce expression
of Prox!| in blood endothelial cells is thus important to
understand the mechanisms of lymphangiogenesis. VEGFR3
signaling does not induce the expression of Prox1,* whereas
interleukin-3 signaling has been reported to induce expression
of Prox 1 in dermal blood endothelial cells.*! Infection by Kaposi
sarcoma-associated herpes virus also induces Prox1 expression
in human dermal microvascular endothelial cells.** However.
signaling pathways that regulate the expression of Proxl in
LECs have not been fully determined. The finding that TBR-I
inhibitor induces the expression of Prox| in HDLECs suggests
that TGF-B signaling is a novel pathway that regulates Prox|
expression.

Induction of lymphangiogenesis by T3R-l inhibitor in vivo

We have shown that TBR-I inhibitor induces lymphangiogenesis in
a chronic peritonitis model and in pancreatic carcinoma xenograft
models. We used a low dose of TBR-1 inhibitor for in vivo
treatment, which has been shown to decrease the coverage of
endothelium by pericytes and promote efficient accumulation of
macromolecules to tumors through leakiness of tumor blood
vessels. The low-dose TRR-I inhibitor acted on blood cells and
vascular cells and suppressed the phosphorylation of Smad2 in
these cells but not in tumor cells.® Tt will thus be of interest to
examine whether the low-dose TRR-I inhibitor also acts on LECs
and regulates lymphangiogenesis.

In the chronic peritonitis model we examined, lymphangio-
genesis was induced in the diaphragm of immunocompetent
mice through induction of chronic inflammation by repeated
injection of thioglycollate. Accumulation of inflammatory cells
(eg, macrophages) and LECs could be observed in the plaques.*
Some LECs were positive for Ki-67, suggesting that these LECs
were actively proliferating. Under these conditions, TBR-I
inhibitor was able to induce lymphangiogenesis without addi-
tion of exogenous growth factors. Macrophages may produce
VEGF-C?7 and other cytokines in sites of chronic inflammation;
however, TBR-I inhibitor did not enhance the secretion of
VEGF-C from inflammatory macrophages in the present study,
suggesting that it may primarily induce lymphangiogenesis
through direct action on LEC's.

0 Ctrl_Inhib  Ctrl

PaCa-2 cells mixed with or without VEGF-C (1 pg/mL) were subcutane-
ously inoculated in BALB/c nude mice and treated with TBR-I inhibitor
(1 mg/kg) as described in Figure 7. Bars represent 50 um. (A) Immuno-
staining of MIA PaCa-2 xenograft sections by LYVE-1 (shown in green).
(B) LYVE-1—positive areas in the MIA PaCa-2 xenograft sections in the
presence or absence of VEGF-C and TER-| inhibitor were determined
(n = 3 for each group). Error bars represent SE. n.s. indicates not
significant (*P < .05).

Inhib
VEGF-C
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TRR-I inhibitor induced lymphangiogenesis in both xeno-
grafts of BXPC3 and those of MIA PaCa-2 cells in the presence
of VEGF-C, suggesting that TBR-I inhibitor may induce prolif-
eration of LECs once lymphatic vessels have been formed in the
tumors by VEGF-C. An important question is whether TBR-I
inhibitor induces lymphatic metastasis of tumors. The present
findings suggest that TBR-I inhibitor may induce lymphangio-
genesis in tumors that cxpress VEGF-C or -D. However,
Laakkonen et al reported that only certain types of cancers
secrete. VEGF-C.2! We have also found. in an orthotopic
transplantation model of diffuse-type gastric carcinoma OCUM-
2MLN, that treatment with low-dose TBR-I inhibitor did not
affect the extent of lymph node metastasis 16 days later.®+
Moreover. Ge et al reported that metastasis of certain breast
tumors was prevented by TBR-I inhibitor through activation of
immune function.*

Dendritic cells, cytotoxic T cells, and natural Killer cells,
which could be involved in antitumor immune responses. are
known to be functionally inhibited by TGFE-B signaling.*’
Dendritic cells are reported to migrate from sites of inflamma-
tion to regional lymph nodes through lymphatic vessels for
presenting antigens to initiate further immune responses.*¢-+’
Therefore, it is possible that the use of TBR-I inhibitor may
enhance antitumor immune responses via providing more routes
for dendritic cells to migrate from tumors to regional lymph
nodes and recovering functions of various immune cells,
including dendritic cells inhibited by TGF-B ligands. These
issues. however, remain for further investigation.

In conclusion, we have shown that inhibition of endogenous
TGF- signaling results in induction of lymphangiogenesis. Al-
though TBR-I inhibitor induces lymphangiogenesis in the presence
of VEGF-C and possibly via other lymphangiogenic cytokines, it
remains to be determined whether it can induce the spread of
tumors through lymphatic vessels or suppress it through activation
of immune function.
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Improvement of cancer-targeting therapy, using
nanocarriers for intractable solid tumors by
inhibition of TGF-B signaling

Mitsunobu R. Kano*'*, Younsoo Bae'§, Caname lwata*", Yasuyuki Morishita*, Masakazu Yashiro/, Masako Oka*,

Tomoko Fujii*, Akiyoshi Komuro*, Kunihiko Kiyono*, Michio Kaminishi", Kosei Hirakawa', Yasuyoshi Ouchi®,
Nobuhiro NishiyamaS**, Kazunori Kataoka*S**'', and Kohei Miyazono***

Departments of *Molecular Pathology, 'Geriatrics, "Gastrointestinal Surgery, and $Center for Disease Biology and Integrative Medicine, Graduate School of
Medicing; **Department of Materials Engineering, Graduate School of Engineering; and *Center for Nano-Bio Integration, University of Tokyo, Tokyo
113-0033 Japan; and IDepartment of Surgical Oncology, Osaka City University Graduate School of Medicine; Osaka 545-8585, Japan

Communicated by Tadatsugu Taniguchi, University of Tokyo, Tokyo, Japan, December 28, 2006 (received for review December 25, 2006}

Transforming growth factor (TGF)-g plays a pivotal role in regu-
lation of progression of cancer through effects on tumor microen-
vironment as well as on cancer cells. TGF-g inhibitors have recently
been shown to prevent the growth and metastasis of certain
cancers. However, there may be adverse effects caused by TGF-g
signaling inhibition, including the induction of cancers by the
repression of TGF-B-mediated growth inhibition. Here, we present
an application of a short-acting, small-molecule TGF-B type |
receptor (TBR-1) inhibitor at a low dose in treating several exper-
imental intractable solid tumors, including pancreatic adenocarci-
noma and diffuse-type gastric cancer, characterized by hypovas-
cularity and thick fibrosis in tumor microenvironments. Low-dose
TBR-1 inhibitor altered neither TGF-g signaling in cancer cells nor
the amount of fibrotic components. However, it decreased pericyte
coverage of the endothelium without reducing endothelial area
specifically in tumor neovasculature and promoted accumulation
of macromolecules, including anticancer nanocarriers, in the tu-
mors. Compared with the absence of TBR-I inhibitor, anticancer
nanocarriers exhibited potent growth-inhibitory effects on these
cancers in the presence of TBR-l inhibitor. The use of TBR-l inhibitor
combined with nanocarriers may thus be of significant clinical and
practical importance in treating intractable solid cancers.

angiogenesis | gastric cancer | molecular targeting therapy |
pancreatic cancer

hemotherapy that uses nanocarriers has been developed to

improve the clinical treatment of solid tumors by obtaining
high accumulation of drugs in tumor tissues but limited accu-
mulation in normal organs. Doxil (1), a liposomal adriamycin
(ADR), is one such drug that has already been used clinically (2).
Doxil has exhibited therapeutic effects on some cancers with
hypervascular characteristics (3, 4), including Kaposi sarcoma
and ovarian cancers. Another promising formulation of nano-
carriers is polymeric micelles (5, 6), which are already being used
in clinical trials (7. 8).

However, despite the urgent need for effective chemotherapy
for intractable solid tumors, including pancreatic adenocarci-
noma (9) and diffuse-type gastric carcinoma (10), nanocarriers
of any design have not been successful yet in exhibiting signif-
icant therapeutic effects on these cancers. Pancreatic cancer is
the fourth leading cause of cancer-related death in the United
States and the fifth in Japan (9), and the median survival period
of patients who suffer from advanced pancreatic adenocarci-
noma is still extremely short (=6 months), despite recent
progress in development of conventional chemotherapies (11).
Although cancer cells derived from these tumors are sufficiently
sensitive in vitro to conventional anticancer agents such as ADR
(12), most of these agents have failed to exhibit sufficient
therapeutic effects in vivo, regardless of formulation, whether
encapsulated in nanocarriers or not. The theoretical basis of the

3460-3465 | PNAS | February 27,2007 | vol. 104 | no.9

specific accumulation of nanocarriers in tumor tissues is leaki-
ness of tumor vessels to the macromolecular agents, termed the
“enhanced permeability and retention (EPR) effect,” which was
demonstrated and named by Maeda et al. (13, 14). The major
obstacles to treatment of these cancer cells could thus be
insufficient EPR effect because of certain characteristics of their
cancer microenvironment, including hypovascularity and thick
fibrosis'(15, 16). However, methods of regulating this effect have
not been well investigated.

Transforming growth factor (TGF)-B signaling plays a pivotal
role in both the regulation of the growth and differentiation of
tumor cells and the functional regulation of tumor interstitium
(17). Because TGF-B is a multifunctional cytokine that inhibits
the growth of epithelial cells and endothelial cells and induces
deposition of extracellular matrix, inhibition of TGF-g signaling
in cancer cells and fibrotic components has been expected to
facilitate the effects of anticancer therapy. TGF-B binds to type
I (TBR-I1) and type I receptors (TBR-I), the latter phosphor-
ylates Smad2 and —3. Smad2 and -3 then form complexes with
Smadd, translocate into the nucleus, and regulate the transcrip-
tion of target genes (18). Several small-molecule TBR-I inhibi-
tors have been reported to prevent metastasis of some cancers
(19). However, there may be adverse effects of TGF- inhibition,
including potential progression of some cancers because of the
repression of TGF-B-mediated growth inhibition of epithelial
cells (20).

In this study, we show that administration of the small-
molecule TBR-I inhibitor (LY364947) (21) at a low dose, which
could minimize the potential side effects of TBR-I inhibitor, can
alter the tumor microenvironment and enhance the EPR effect.
This effect of low-dose TBR-I inhibitor was demonstrated with
two of nanocarriers, i.e., Doxil and a polymeric micelle incor-
porating ADR (micelle ADR) that we have recently developed
(22) [supporting information (SI) Fig. 7]. The present findings
strongly suggest that our method, which uses a combination of
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Fig. 1. Histology of BXxPC3 xenograft and effects of low-dose TBR-I inhibitor.
(A) The histology of the TGF-B-nonresponsive BxPC3 xenograft, used as a
model of poorly differentiated pancreatic adenocarcinoma, shown in H&E
staining and immunohistochemistry. Examination revealed nests of tumor
cells in gland-like structures, with areas rich in fibrotic components (filled by
«a-smooth muscle actin (SMA)-positive myofibroblasts, shown in red) between
them. The tumor tissue also includes some PECAM-1-positive vessels (shown in
green)intheinterstitium, although almost no vasculature was observed inside
the nests of tumor cells. (B) Dextran leakage. At 24 h after administration of
low-dose TBR-l inhibitor (1 mg/kg i.p.), i.v.-administered dextran of 2 MDa (50
nm in hydrodynamic diameter) exhibited broader distribution with 1 mg/kg
TBR-I inhibitor (Right) than in the control (Left), which was quantified and
showninthegraph (n = 12). Error barsinthe graphsrepresent standard errors,
and P values were calculated by Student’s t test. Ctrl, control; Inhib, inhibitor.
(Scale bars, 100 um.)

low-dose small molecule TBR-I inhibitor and long-circulating
nanocarriers, is a promising way to treat intractable cancers.

Results

We used the xenografted BxPC3 human pancreatic adenocar-
cinoma cell line in nude mice as a disease model (Fig. 1). BxPC3
cells do not respond to TGF-B, because of lack of functional
Smad4. Hematoxylin/eosin (H&E) staining of tumor tissue in
this model (Fig. 1A Left) revealed poorly differentiated histol-
ogy, with a certain number of blood vessels and thick fibrotic
tissue in the interstitium. There was, however, almost no vascu-
lature inside of tumor cell nests (Fig. 1.4 Right). This model thus
represents the histological characteristics of some intractable
solid tumors.

Systemic administration of low-dose TBR-I inhibitor in this
model significantly altered the characteristic of tumor vascula-
ture at 24 h after administration. We investigated the functional
aspects of the effects of low-dose TBR-I inhibitor, using i.v.-
administered large-molecule dextran of 2 MDa with a hydrody-
namic diameter of 50 nm (23, 24). which is equivalent to the
common sizes of nanocarriers (Fig. 18). Although dextran of this
molecular size for the most part remained in the intravascular
space in the control condition, as reported in ref. 24, the use of
TBR-I inhibitor resulted in a far broader distribution of this
macromolecule around the tumor neovasculature. These find-
ings suggest that low-dose TBR-I inhibitor can maintain blood
flow in the tumor vasculature and simultaneously induce extrav-
asation of macromolecules.

To investigate the mechanisms of effect of TBR-I inhibitor on
the neovasculature, we analyzed the changes in three major
components of tumor vasculature, i.e., endothelium, pericytes
(Fig. 2), and basement membrane (SI Fig. 8), at 24 h after
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Fig. 2. Morphological changes in cancer neovasculature at 24 h after
administration of low-dose TBR-I inhibitor. (A) Immunostaining of the tumor
neovasculature. NG2-positive pericytes (shown in red) were dissociated (yel-
low arrows in Right) from VE-cadherin-positive endothelium (shown in green)
after TBR-I inhibitor treatment for 24 h. (Scale bars, 50 um.) (B and C) Areas of
PECAM-1-positive endothelium (B) and pericyte-coverage (C) were quantified
(n = 40) and are shown in the graphs. Error bars in the graphs represent
standard errors, and P values were calculated by Student’s t test. Ctrl, control;
Inhib, inhibitor.

administration of TBR-I inhibitor. The areas of vascular endo-
thelial cells stained by platelet/endothelial cell adhesion mole-
cule (PECAM)-1 increased slightly with TBR-I inhibitor treat-
ment (Fig. 2B). Although pericyte-coverage of endothelium has
been reported to be incomplete in tumors (25), coverage of the
endothelium by pericytes, which were determined as NG2-
positive perivascular cells, was further decreased by the TBR-I
inhibitor treatment. This finding was confirmed by comparing
the ratios of PECAM-1/NG2-double-positive areas to PECAM-
1-positive areas (Fig. 2C). On the other hand, vascular basement
membrane, which was determined by staining with collagen IV,
did not differ significantly in the presence or absence of TBR-I
inhibitor (SI Fig. 8). We also examined the vasculature in normal
organs and found that it was not affected by TBR-I inhibitor in
terms of permeability of 2-MDa dextran and morphology on
immunostaining (SI Fig. 9).

We next examined the effects of i.p. administration of small-
molecule TBR-I inhibitor at a low dose (1 mg/kg) on TGF-B
signaling, by determining phosphorylation of Smad2 (SI Figs. 10
and 11). Because it is a small-molecule agent, TBR-I inhibitor
transiently suppressed phosphorylation of Smad2. In nucleated
blood cells, phosphorylation of Smad2 was significantly sup-
pressed at 1 h after administration of TBR-I inhibitor, but it
gradually recovered toward 24 h. In contrast, phosphorylation of
Smad2 in tumor cells and most interstitial cells was not sup-
pressed even 1 h after administration, whereas a higher dose (25
mg/kg) of TAR-I inhibitor inhibited Smad2 phosphorylation in
most tumor cells. Accordingly, the extent of fibrosis in cancer
xenografts treated with low-dose TBR-I inhibitor did not differ
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Fig. 3. Biodistribution of ADR in the BxPC3 model. The biodistribution of ADR was investigated in the BxPC3 model by fluorescence examination (T indicates
nests of tumor cells in tumor tissues) and by HPLC. The distributions of Doxil, micelle ADR, and free ADR at 8 mg/kg with and without TBR-I inhibitor at 1 mg/kg
were examined 24 h after administration. Enhancement of drug accumulation in tumor was specifically observed with TBR-l inhibitor with Doxil and micelle ADR.
Error bars in the graphs represent standard errors, and P values were calculated by Student's t test. Ctrl, control; Inhib, inhibitor.

from thatin the control (SI Fig. 12). On the other hand, low-dose
TBR-I inhibitor specifically suppressed the phosphorylation of
Smad2 in vascular endothelium (SI Fig. 11B). These findings
suggest that the use of small-molecule TBR-I inhibitor at low
doses is advantageous for limiting adverse effects.

We thus hypothesized that low-dose TBR-I inhibitor may
enhance the accumulation of nanocarriers, the molecular sizes of
which are similar to 2-MDa dextran, in hypovascular solid
tumors. We used two nanocarriers to test this hypothesis: Doxil
(26), a liposomal ADR, and a core—shell type polymeric micelle-
encapsulating ADR (micelle ADR) that we developed (22). The
latter is a micellar nanocarrier consisted of block copolymers in
which ADR is conjugated to the PEG chain through an acid-
labile linkage. This drug carrier releases free ADR molecules
selectively in acidic conditions, e.g., in intracellular endosomes
and lysosomes (SI Fig. 7). We tested the effects of i.p. admin-
istration of TBR-I inhibitor with i.v. administration of Doxil or
micelle ADR at 8 mg/kg on size-matched xenografts of BxPC3
cells, which are ADR-sensitive in vitro (12). Conventional ADR
without drug carriers (free ADR), a small-molecule compound
of MW 543.52, was also used for comparison. We first examined
the distribution of ADR molecules in tumor tissues by using
confocal imaging of fluorescence of ADR and HPLC (Fig. 3).
The fluorescence of ADR molecules in micelle ADR is detect-
able only when ADR molecules are released from the micelle,
whereas that in Doxil is detectable even when it is encapsulated
in the liposome. The total amount of accumulated ADR, the sum
of that in cancer cells and the cancer microenvironment, is
measured by HPLC, which detects ADR molecules with and
without drug carriers. Administration of TBR-I inhibitor with
the nanocarriers yielded significant enhancement of intratu-
moral accumulation of ADR molecules. Because TBR-I inhib-
itor did not increase the accumulation of free ADR, we sus-
pected that only macromolecules would be benefited by the use
of TBR-I inhibitor through enhancement of EPR effect.

We then examined the growth-inhibitory effects of these
anticancer drugs with and without TBR-I inhibitor on size-
matched BxPC3 xenografts. As shown in Fig. 44, the growth
curves of the BxPC3 xenografts confirmed the findings for the
distribution of ADR molecules. None of free ADR, Doxil,
micelle ADR as monotherapy, or free ADR with TBR-I inhibitor
significantly reduced tumor growth. In contrast, ADR encapsu-
lated in nanocarriers exhibited significant effects on the growth
of tumor when combined with TBR-I inhibitor (see SI List for
statistical study).

3462 | www.pnas.org/cgi/doi/10.1073/pnas.0611660104

Because micelle ADR was more effective than Doxil (as
shown in Figs. 3 and 4A4), and the maximum tolerated dose of
micelle ADR is far higher than one shot of 8 mg/kg (22, 26) (the
dose in Fig. 44), we further tested the growth-inhibitory effects
of an increased dose of micelle ADR combined with TBR-I
inhibitor (Fig. 4B). When micelle ADR or free ADR was
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Fig. 4. Effects of TBR-I inhibitor on anti-tumor activity of nanocarriers,

incorporating ADR in the BxPC3 model. (A) Free ADR, liposomal ADR (Doxil),
micelle ADR (micelle) or vehicle control (ctrl) was administered i.v. in a single
bolus with and without TBR-I inhibitor (inhib) i.p. to xenografted mice in
which tumors had been allowed to grow for a few weeks before treatment
(n = 5). Relative tumor sizes were measured every second day and are shown
as a growth curve with bars showing standard errors. Only nanocarriers
administered together with TBR-I inhibitor exhibited significant reduction of
growth compared with the control. (B) Growth curve study with an increased
dose of micelle ADR. With the day of initiation of drug administration desig-
nated day 0, anticancer drugs were administered i.v. on days 0, 4, and 8 with
and without i.p. TBR-I inhibitor on days 0, 2, 4, 6, and 8. Further growth-
inhibitory effect was observed with an increase in dose of micelle ADR. (Results
of multivariate ANOVA study are shown in S/ List.)
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Fig. 5. Growth-curve study in the MiaPaCa-2 pancreatic cancer xenograft
model. (A) TGF-B-nonresponsive MiaPaCa-2 cell xenografts exhibited an un-
differentiated pattern of histology on H&E staining (Upper), with rich SMA-
positive fibrotic tissue (show in red in Lower) and much less PECAM-1-positive
vasculature (shown in green) compared with the BxPC3 model. (B) The same
experimental protocol as in Fig. 48 was used in the model, and the effective-
ness of the use of TBR-I inhibitor was confirmed. Inhib, inhibitor; micelle,
micelle-ADR. (Results of multivariate ANOVA for the growth-curve studies are
shown in S/ List.)

administered on days 0, 4. and 8, with and without TBR-I
inhibitor, only micelle ADR administered together with TBR-I
inhibitor exhibited nearly complete growth-inhibitory effect on
the tumor in this model. We therefore used this regimen in the
following experiments.

The efficacy of combined treatment was further confirmed by
using micelle ADR in two other animal models of pancreatic
adenocarcinoma. We used size-matched xenograft models of
MiaPaCa-2 and Panc-1 cell lines, which are both ADR-sensitive
in vitro (12) (Fig. 5 and SI Figs. 13 and 14). MiaPaCa-2 is
nonresponsive to TGF-p signaling because of TBR-II deficiency,
whereas Panc-1 has no deficiency in TGF-f signaling compo-
nents and responds to TGF-B. On histological examination, the
xenografts of MiaPaCa-2 and Panc-1 exhibited similar undiffer-
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inhib-micelle
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Day 0

entiated pattern with scattered cancer cells, rich fibrous tissue,
and sparse vasculature distributed homogeneously, unlike that of
BxPC3 xenografts (Fig. 54 and SI Fig. 144). Use of low-dose
TBR-I inhibitor in these models again significantly enhanced the
growth-inhibitory effects of micelle ADR (see Fig. 5B, SI Fig.
14B, and SI List for statistical analyses). Effects of free ADR
were again not enhanced by TBR-I inhibitor, although the drug
itself exhibited some degree of growth-inhibitory effect on the
MiaPaCa-2 xenografts. Analysis of the biodistribution of ADR
molecules (SI Figs. 13 and 14 C and D) confirmed the effects of
TBR-I inhibitor on accumulation of micelle ADR in these cancer
models.

We also tested the growth-inhibitory effect of TBR-I inhibitor
and micelle ADR in an orthotopic model of the OCUM-2MLN
cell line, which responds to TGF-B (27) (Fig. 6). OCUM-2MLN
was derived from a patient with another intractable solid tumor,
diffuse-type gastric cancer. The cancer cells were implanted in
the gastric wall of nude mice and allowed to grow in situ for 2
weeks, leading to formation of hypovascular and fibrotic tumors
in the gastric wall (Fig. 64). Tumor area (framed by arrowheads
in Fig. 6B, Left) was measured before the initiation of drug
administration, and tumor growth was evaluated by calculating
the relative tumor area at day 16 by measuring tumor area again
(Fig. 6B, Right). Significant reduction of tumor growth was again
observed only in the mice treated with TBR-I inhibitor and
micelle ADR. The distribution of ADR, as detected by fluores-
cence, confirmed this growth-inhibitory effect (data not shown).
These findings suggest that the use of TBR-I inhibitor may
enhance the accumulation of nanocarriers in hypovascular solid
tumors.

Finally, we examined whether low-dose TBR-I inhibitor in-
creases EPR effect specifically in tumor tissues and not in normal
organs. Although nanocarriers were originally designed to de-
crease the drug accumulation in normal organs, it is important
to determine whether use of TBR-I inhibitor exacerbates their
side effects (SI Fig. 15). In liver, spleen, kidney, blood, and heart,
accumulation of ADR as determined by HPLC was not signif-
icantly increased by TBR-I inhibitor (SI Fig. 154 and B). Neither
dermatitis nor phlebitis around the tail veins was exacerbated by
addition of TBR-I inhibitor (SI Fig. 15C). In addition, the weight
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Fig.6. Effects of T@R-linhibitor administered together with micelle ADR in an orthotopic diffuse-type gastric cancer model. OCUM-2MLN, a human diffuse-type
gastric cancer cell line, was inoculated into the gastric wall of nude mice (n = 5). Two weeks after inoculation, the cancer tissues exhibited diffuse-type histology
on H&E staining (A Upper) with sparse formation of blood vessels (PECAM-1 staining, shown in green) (A Lower). The sizes of tumors on the gastric wall were
measured based on tumor areas (B Left), and the values on day 16 were divided by those on day 0, the day of initiation of drug administration, to obtain relative
tumor areas. Relative tumor areas are shown with bars for standard errors (B Right). TBR-I inhibitor significantly reduced tumor growth in this model, as well.
P values were calculated by Student’s t test. Inhib, inhibitor; micelle, micelle-ADR.
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