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Improvement of cancer-targeting therapy, using
nanocarriers for intractable solid tumors by
inhibition of TGF-B signaling
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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-B
signaling inhibition, induding 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-g type |
receptor (TBR-1) inhibitor at a low dose in treating several exper-
imental intractable solid tumors, induding pancreatic adenocarci-
noma and diffuse-type gastric cancer, characterized by hypovas-
cularity and thick fibrosis in tumor microenvironments. Low-dose
TBR-l 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-l 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-B signaling
in cancer cells and fibrotic components has been expected to
facilitate the effects of anticancer therapy. TGF-B binds to type
IT (TBR-II) and type I receptors (TBR-I), the latter phosphor-
ylates Smad2 and —3. Smad2 and —3 then form complexes with
Smad4, 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-g 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.c., 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 BxPC3 xenograft and effects of low-dose TBR-linhibitor.
(A) The histology of the TGF-g-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)in the interstitium, although almost no vasculature was observedinside
the nests of tumor cells. (B) Dextran leakage. At 24 h after administration of
low-dose TBR-l inhibitor (1 mg/kgi.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
shownin the graph (n = 12). Error barsin the graphs represent 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/cosin (H&E) staining of tumor tissue in
this model (Fig. 1.4 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. 1B). 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-l inhibitor treatment for 24 h. (Scale bars, 50 um.) (B and () 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 TBR-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-l 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 that in 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 44), 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-l 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-l 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- signaling because of TBR-II deficiency,
whereas Panc-1 has no deficiency in TGF-$ 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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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
TPBR-I inhibitor in these models again significantly enhanced the
growth-inhibitory effects of micelle ADR (see Fig. 5B, SI Fig.
14B, and ST 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 TBR-linhibitor administered together with micelle ADRin 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-l 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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of mice that were treated with micelle ADR was not significantly
affected by TBR-I inhibitor (data not shown). These findings in
normal organs strongly suggest that low-dose TBR-I inhibitor
enhances EPR effect only in tumors and that exacerbation of
toxicity or side effects of nanocarrier-encapsulated drugs may be
minimal with this treatment.

Discussion
In the present study, we have tested a use of TBR-I inhibitor at
a low dose to induce alteration in cancer-associated neovascu-
lature to exhibit more leakiness for macromolecules, with less
pericyte-coverage and greater endothelial area (Figs. 1 and 2).
Because use of TBR-I inhibitor induced the same alteration in
neovasculature in the Matrigel plug assay (M.R.K., unpublished
data), a model of adult neoangiogenesis (23), the effects of use
of TBR-1 inhibitor on tumor vasculature observed in the present
study may be common in adult neoangiogenesis. Although the
roles of growth factors, including TGF-B, may differ during
development and in adults, these phenotypes are reminiscent of
those of knockout mice deficient in certain components of
TGF-B signaling, e.g., endoglin (28, 29), ALK-1 (30, 31), and
ALK-5 (32), in which loss of pericyte-coverage and dilatation of
the vasculature in yolk sac or embryos were observed. These
phenotypes are also consistent with the findings obtained on in
vitro culture of endothelial cell lineages (33) and mesenchymal
progenitor cells (34), which showed that pericyte maturation is
promoted, and endothelial proliferation is inhibited, by TGF-B
signaling. Vascular phenotypes due to defects in TGF-B signaling
in vivo are also observed in two types of hereditary hemorrhagic
telangiectasia (35, 36), which are induced by deficiencies of
endoglin or ALK-1, which are components of TGF-p signaling
in vascular endothelium. Because of inborn and life-long abnor-
mality of TGF-p signaling in vasculature, these diseases result in
a tendency toward hemorrhage in capillaries that is due to
vulnerability of the vascular structure. These observations sug-
gest that use of TBR-I inhibitor at a dose corresponding to that
in mice in our study may have similar effects in humans.
However, the inhibition of TGF-B signaling is only transient in
our method, because of the use of small-molecule inhibitor, and
the effects of TBR-I inhibitor may thus be far less severe than the
phenotypes observed in hereditary hemorrhagic telangiectasia.
The changes in tumor neovasculature induced by TBR-I
inhibitor resulted in enhanced extravasation of molecules, al-
though in a molecular-size dependent manner. Accumulation of
2-MDa dextran with a 50-nm hydrodynamic diameter, Doxil with
a 108-nm diameter, and micelle ADR with a 65-nm diameter was
enhanced by TBR-I inhibitor in the present study, although
accumulation of small-molecule agents, including ADR (MW
543.52) and BrdU (MW 307.10) (M.R.K., unpublished data), was
not significantly enhanced. Dreher et al. (24) recently reported
the molecular-size-dependency of intratumoral drug distribu-
tion, using a xenograft model of FaDu cells derived from human
hypopharyngeal squamous cell carcinoma. They used several
dextrans with molecular sizes ranging from 3.3 kDa to 2 MDa,
with estimated hydrodynamic diameters of 3.5 nm to 50 nm,
respectively. Dextran molecules of 3.3 kDa and 10 kDa, the
smallest ones tested, were found to penetrate deeply and homo-
geneously into tumor tissue, although they remained in tumor
tissue only transiently, for far less than 30 min. However, larger
dextran of 2 MDa with a diameter of 50 nm, which we also used
in the present study, for the most part remained in the vascu-
lature in cancer tissue and reached only an =~5-pm distance from
the vessel wall at 30 min after injection. Although the histological
characteristics of their model, which were not described in their
report, may differ from those of the cancer models used in our
study, the distribution of 2-MDa dextran observed by Dreher et
al. agrees with that obtained without TBR-I inhibitor in the
BxPC3 xenografts observed in the present study (Fig. 3). TBR-I
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inhibitor could thus enhance the accumulation of macromole-
cules with hydrodynamic diameters of >50 nm, common sizes for
nanocarriers, in cancers other than those used in the present
study. However, the range of sizes of macromolecules and
histological patterns of cancer for which use of TBR-I inhibitor
can exhibit enhancing effects remains to be determined.

In conclusion, we have proposed here a use of small-molecule
TBR-I inhibitor at a low dose to enhance EPR effect in intrac-
table solid cancers. This method could be a breakthrough in
chemotherapy by using nanocarriers in these cancers. Because
low-dose TBR-I inhibitor does not affect cancer cells, it may
reduce the potential side effects of TGF-B inhibitors, and its
enhancing effect is independent of the reactivity of cancer cells
to TGF-B signaling. Use of TGF-B inhibitors may thus enable
reduction of the systemic doses of nanocarriers and thereby
decrease the adverse effects of anticancer drugs.

Methods

TGF-B Inhibitors, Anticancer Drugs, and Antibodies. TBR-I inhibitor
was purchased from Calbiochem (San Diego, CA) (LY364947;
catalog no. 616451). ADR was obtained from Nippon Kayaku
(Tokyo, Japan) and purchased from Kyowa Hakko (Tokyo,
Japan). Doxil was purchased from Alza (Mountain View, CA).
Micelle ADR was prepared as reported (22) (see ST Materials
and Methods for detailed information). The antibodies to PE-
CAM-1 and VE-cadherin were from BD PharMingen (San
Diego, CA), those to neuroglycan 2 and collagen IV were from
Chemicon (Temecula, CA), and that to SMA was from Sigma-—
Aldrich (St. Louis, MO). The anti-phospho-Smad2 antibody was
a gift from A. Moustakas and C.-H. Heldin (Ludwig Institute for
Cancer Research, Uppsala, Sweden).

Cancer Cell Lines and Animals. BxPC3, MiaPaCa-2, and Panc-1
human pancreatic adenocarcinoma cell lines were obtained from
the American Type Culture Collection (Manassas, VA). The
OCUM-2MLN human diffuse-type gastric cancer cell line was
previously established (27). BxPC3 cells were grown in RPMI
medium 1640 supplemented with 10% FBS. MiaPaCa-2, Panc-1,
and OCUM-2MLN cells were grown in DMEM with 10% FBS.
BALB/c nude mice, 5-6 weeks of age, were obtained from
CLEA Japan (Tokyo, Japan), Sankyo Laboratory (Tokyo, Ja-
pan), and Charles River Laboratories, (Tokyo, Japan). All
animal experimental protocols were performed in accordance
with the policies of the Animal Ethics Committee of the
University of Tokyo.

Cancer Models. The effects of anticancer drugs were assessed by
s.c. implantation of cancer cells into nude mice, and by ortho-
topic inoculation of OCUM-2MLN cells into the gastric walls of
nude mice. A total of 5 X 10° cells in 100 wl of PBS for the
xenograft models and the same number in 50 pl of PBS for the
orthotopic model were injected into male nude mice and allowed
to grow for 2-3 weeks to reach proliferative phase, before
initiation of drug administration. For growth-curve studies, the
day of initiation of drug administration was considered day 0,
and TBR-I inhibitor, dissolved to 5 mg/ml in DMSO and diluted
by 100 pl of PBS, or the vehicle control, was injected i.p. at 1
mg/kg on day 0 only in the experiment shown in Fig. 44 and on
days 0, 2, 4, 6, and 8 in other experiments. Doxil, micelle ADR,
and free ADR at 8 mg/kg, or normal saline as vehicle control,
were also administered i.v. in 200 pl/vol via the tail vein on day
0 (Fig. 44). In other experiments, micelle ADR at 16 mg/kg, free
ADR at 8 mg/kg, or normal saline was also administered i.v. on
days 0, 4, and 8. There were five mice per group per cell line. The
doses of ADR and Doxil were determined based on the lethal
doses in mice (22, 26). For biodistribution studies, three mice per
group per cell line were treated with 8 mg/kg Doxil, micelle
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ADR, or free ADR i.v,, with and without TBR-I inhibitor at 1
mg/kg i.p. The mice were examined 24 h after injection.

Quantification in Tumor Models. Xenograft tumors were measured
externally every second day until day 16, and tumor volume was
approximated by using the equation vol = (a X b?)/2, where vol
is volume, a the length of the major axis, and b is the length of
the minor axis. Relative tumor volume was calculated by dividing
tumor volume by that on day 0 (the day of initiation of
treatment), where actual estimated volumes of xenografted
tumors in mm?® at initiation of drug administration were as
follows (mean = standard error): BxPC3 (in Fig. 44), 76.4 = 7.0;
BxPC3 (in Fig. 4B), 74.4 + 3.3; MiaPaCa-2, 221.2 + 12.7; and
Panc-1, 242.16 = 24.5. For orthotopic OCUM-2MLN tumors,
the area of the primary focus on the gastric wall was measured
in Adobe Photoshop software, by opening the abdomen before
initiation of treatment and at the end of the observation period.
Relative tumor area was calculated by dividing tumor area by
that on the day of initiation of treatment. The results were
further analyzed statistically by the multivariate ANOVA test,
using JMP6 software (SAS Institute, Raleigh, NC).

Histology and Immunohistochemistry. The excised samples were
either directly frozen in dry-iced acetone for immunohistochem-
istry, or fixed overnight in 4% paraformaldehyde and then
paraffin-embedded to prepare them for H&E or AZAN stain-
ing. Frozen samples were further sectioned at 10-um thickness
in a cryostat, briefly fixed with 10% formalin, and then incubated
with primary and secondary antibodies. TOTO-3 for nuclear
staining, Alexad88-, Alexa594-, and Alexa647-conjugated sec-
ondary antibodies, anti-rat and rabbit IgGs, Zenon labeling kit
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wood, NY) LSM510 Meta confocal microscope for immunohis-
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allowed to grow for 2-3 weeks before drug administration. We
then injected TBR-I inhibitor at 1 mg/kg i.p. together with i.v.
administration of Doxil, micelle ADR, or free ADR at 8 mg/kg.
The tumors or organs were excised 24 h after injection of drugs,
and frozen in dry-iced acetone to obtain fluorescence images or
weighed and mixed with daunorubicin commensurate with the
sample weight as an internal control and then frozen to prepare
them for measurement by HPLC. The HPLC method used for
analyses is described in ref. 22. To obtain fluorescence images,
we performed cryostat sectioning of the frozen samples and
washed the sections twice briefly with PBS but did not fix them
to avoid clution of ADR. The samples were then observed with
a Zeiss confocal microscope, using an excitation laser at 488 nm
and a detection filter for the infrared region.
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Abstract

Cyclooxygenase-2 (COX-2) inhibitor has been reported to
suppress tumor progression. However, it is unclear whether
this inhibitor can also prevent lymphatic metastasis. To
determine the effects of COX-2 inhibitor on lymphatic
metastasis, etodolac, a COX-2 inhibitor, was given p.o. to mice
bearing orthotopic xenografts or with carcinomatous perito-
nitis induced with a highly metastatic human diffuse-type
gastric carcinoma cell line, OCUM-2MLN. Tumor lymphangio-
genesis was significantly decreased in etodolac-treated mice
compared with control mice. Consistent with this decrease in
lymphangiogenesis, the total weight of metastatic lymph
nodes was less in etodolac-treated mice than in control mice.
Immunohistochemical analysis revealed that the major source
of vascular endothelial growth factor-C (VEGF-C) and VEGF-D
was F4/80-positive macrophages in our models. The mRNA
levels of VEGF-C in mouse macrophage-like RAW264.7 cells, as
well as those in tumor tissues, were suppressed by etodolac.
The growth of human dermal lymphatic microvascular
endothelial cells was also suppressed by etodolac. Supporting
these findings, etodolac also inhibited lymphangiogenesis in
a model of chronic aseptic peritonitis, suggesting that COX-2
can enhance lymphangiogenesis in the absence of cancer
cells. Our findings suggest that COX-2 inhibitor may be useful
for prophylaxis of lymph node metastasis by reducing
macrophage-mediated tumor lymphangiogenesis. [Cancer Res
2007;67(21):10181-9]

Introduction

Lymph node metastasis is a common occurrence in cancer, and
lymphatic vessels serve as an important route for the spread of
cancer cells (1, 2). Lymphatic metastasis was previously believed
to be a passive process in which detached cancer cells reach
lymph nodes through preexisting local lymphatic vessels (3).
However, recent studies have suggested that lymphangiogenesis
actively contributes to metastasis based on the observations that
lymphatic vessel density is correlated with the extent of lymph
node metastasis and/or unfavorable prognosis of certain cancers
(2, 4, 5). Moreover, some animal tumor models have revealed that

Note: Supplementary data for this article are available at Cancer Research Online
(bttp://cancerres.aacrjournals.org/).
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expression of lymphangiogenic growth factors leads to formation
of lymphatic vessels and that lymphangiogenesis is accompanied
by enhanced lymphatic metastasis (2). These findings strongly
suggest that lymphatic metastasis can be blocked by inhibition of
tumor lymphangiogenesis (1, 6, 7).

The best studied lymphangiogenic signaling system is the
vascular endothelial growth factor-C (VEGF-C)/VEGF-D and VEGF
receptor 3 (VEGF-R3) signaling axis, which has been shown to play
a central role in lymphangiogenesis in animal models (1, 2, 4).
Elevated expression of VEGF-C or VEGF-D has been observed in
many human cancers (2, 4). A number of studies have shown that
levels of expression of VEGF-C in primary tumor correlate with
lymphatic vessel invasion and/or lymph node metastasis (2, 4, 8),
although the correlation between VEGF-D and metastasis is
currently unclear (4, 9). These ligands are thought to be secreted
from tumor cells; in addition, macrophages in the peritumoral
stroma (i.e, tumor-associated macrophages) have also been
reported to produce VEGF-C and VEGF-D in certain cancers and
to induce lymphangiogenesis (10). The contribution of inflamma-
tory cells to lymphangiogenesis has also been shown in mouse
models of inflammation (11, 12).

Epidemiologic studies have shown that regular intake of
nonsteroidal antiinflammatory drugs (NSAID), prototypic inhib-
itors of cyclooxygenase (COX), such as aspirin, can reduce the risk
of development of some cancers (13). In addition, overexpression of
COX-2, which is induced by both inflammatory and mitogenic
stimuli, is commonly found in many cancers (14-16), suggesting
that COX-2 contributes to the process of carcinogenesis. Direct
molecular evidence that COX-2 contributes to carcinogenesis has
been obtained from studies in animals engineered to be deficient in
expression of the COX-2 gene (17) or treated with COX-2 selective
inhibitors (18). Thus far, several mechanisms by which COX-2
contributes to progression of cancer have been reported, including
stimulation of proliferation and inhibition of apoptosis of cancer
cells, stimulation of cancer cell invasion and angiogenesis, and
suppression of immune responses (14, 19).

The major role of COX-2 in angiogenesis is thought to be
induction of the synthesis of prostanoids, which then stimulate the
secretion of proangiogenic factors, including VEGF-A and fibro-
blast growth factor-2, from cancer cells and/or stromal fibroblasts
(20, 21). In addition, COX-2 stimulates the proliferation (22),
migration, and tube formation of vascular endothelial cells (20).
Several clinical studies have indeed shown a correlation between
level of COX-2 expression and extent of angiogenesis in cancer (23).

In contrast to the effect of COX-2 on angiogenesis, that on
lymphangiogenesis remains poorly understood, although correla-
tions between COX-2 expression and lymphangiogenesis or lymph
node metastasis have been reported for several human cancers

www.aacrjournals.org

10181

Cancer Res 2007; 67: (21). November 1, 2007



Cancer Research

(24-28). To examine whether COX-2 is involved in lymphatic
metastasis, we evaluated the effects of treatment with a COX-2
selective inhibitor, etodolac (29, 30), on tumor lymphangiogenesis
and extent of lymph node metastasis using a highly metastatic
human diffuse-type gastric carcinoma cell line, OCUM-2MLN (31).
We also examined the effects of etodolac on lymphangiogenesis in
two other animal models, i.e., a model of carcinomatous peritonitis
and one of chronic aseptic peritonitis. Our findings suggest that
etodolac has antilymphangiogenic activity in vivo and that
inhibition of COX-2 could suppress tumor lymphangiogenesis and
lymph node metastasis.

Materials and Methods

Animals and cells. Immunodeficient BALB/c nu/nu mice at 4 to
5 weeks of age, obtained from Charles River Laboratories, were used for the
model of lymph node metastasis and a model of carcinomatous peritonitis.
Specific pathogen-free BALB/c mice at 4 to 5 weeks of age, obtained from
Sankyo Laboratory, were used for a model of chronic aseptic peritonitis.
Mice were treated in accordance with the policies of the Animal Ethics
Committee of the University of Tokyo. OCUM-2MLN, a human diffuse-type
gastric carcinoma cell line with a high rate of metastasis to lymph nodes,
was previously established (31). RAW264.7, a mouse macrophage-like cell
line, was a kind gift from Dr. Tadashi Muroi (NIH Sciences). Human dermal
lymphatic microvascular endothelial cells (HDLEC) were obtained from
Cambrex.

Model of lymph node metastasis. We used a lentiviral vector (a kind
gift from Dr. Hiroyuki Miyoshi, RIKEN; ref. 32) to express the green
fluorescent protein (GFP) gene stably in OCUM-2MLN. A total of 5 x 10°
cells in 50 pL of PBS were subserosally inoculated into the gastric walls of
BALB/c nu/nu mice as previously described (31) under deep inhalation
anesthesia with ether. Four weeks after inoculation, the mice were
sacrificed for evaluation. Etodolac (500 ppm in food; obtained from Nippon
Shinyaku) or vehicle control was given p.o. throughout the experimental
period from the inoculation of cancer cells until evaluation (n = 7 mice for
each group). The experiment was repeated thrice.

Spread of cancer cells from the site of inoculation in the stomach was
observed with a VB-G25 fluorescence stereomicroscope (Keyence). The
captured fluorescence images and bright-field images were merged using
Adobe Photoshop software (Adobe Systems). All GFP-positive, ie.,
metastatic, lymph nodes were collected, and the total weight of these
lymph nodes was measured. Stomachs were excised, fixed for 1 h in 10%
neutral buffered formalin at room temperature, washed overnight in PBS
containing 10% sucrose at 4°C, embedded in optimal cutting temperature
compound (Tissue-Tek, Sakura Finetek), and snapped frozen in dry-iced
acetone for immunohistochemical examination.

To visualize the lymphatic vessels in normal gastric wall, we injected
India ink into the gastric wall of anesthetized control mice and immediately
observed the draining lymphatic vessels by stereomicroscope.

Model of carcinomatous peritonitis. We ip. injected OCUM-2MLN
cells (5 x 10°) into BALB/c nu/nu mice to induce carcinomatous peritonitis.
The mice were sacrificed 2 weeks after inoculation and were evaluated.
Etodolac (500 ppm in food) or vehicle control was given p.o. throughout the
experimental period from injection of cancer cells until evaluation (n = 5 for
each group). Diaphragms with disseminated tumor cells were excised,
carefully extended, fixed for 30 min in 10% neutral buffered formalin at
room temperature, and washed overnight in PBS containing 10% sucrose at
4°C. These diaphragms were embedded in optimal cutting temperature
compound and snapped frozen in dry-iced acetone for immunohistochem-
ical study or whole-mount immunostained. The experiment was repeated
twice.

To visualize the lymphatic vessels in normal diaphragm, we i.p. injected
India ink to control mice and observed the lymphatic vessels filled with ink
in the diaphragms 20 min later.

Model of chronic aseptic peritonitis. We i.p. injected 2 mL of 3%
thioglycollate medium (BBL thioglycollate medium, BD Biosciences) into

BALB/c mice thrice a week for 2 weeks to induce peritonitis. Etodolac
(500 ppm in food) or vehicle control was given p.o. during the same period
(n = 5 for each group). The mice were then sacrificed, and their diaphragms
excised and prepared for H&E staining and immunostaining as described
above. The experiment was repeated twice.

Immunohistochemistry. Whole mounts of diaphragms and 20-um
cryostat sections of postfixed frozen samples were stained with one or
more primary antibodies. We used the following antibodies for immunos-
taining, For staining of lymphatic vessels, rabbit polyclonal antibody to
LYVE-1 (1:200 dilution; Abcam), rat monoclonal antibody to mouse LYVE-1
(1:100 dilution; a kind gift from Drs. Yuichi Oike and Toshio Suda, Keio
University), or rabbit polyclonal antibody to Proxl (1:200 dilution;
Chemicon) was used. Rat monoclonal antibody to mouse platelet/
endothelial cell adhesion molecule 1 (PECAM-1; 1:200 dilution; BD
PharMingen) was used for staining of blood vessels. For staining of
VEGF-C and VEGF-D, goat polyclonal antibody to VEGF-C (C-20; 1:50
dilution, Santa Cruz Technology), and rabbit polyclonal antibody to VEGF-
D (H-144; 1:50 dilution, Santa Cruz Technology) were used, respectively.
Macrophages were immunostained with rat monoclonal antibody to
F4/80 (1:20 dilution; Serotec) or rat monoclonal antibody to mouse
CD11b (1:200 dilution; Chemicon). Dividing cells were stained with rabbit
polyclonal antibody to Ki-67 (1:1,000 dilution; Novo Castra). COX-2 was
stained with affinity-purified rabbit polyclonal antibody to COX-2 (1:100
dilution; Cayman Chemical). Subsequently, specimens were incubated with
corresponding secondary antibodies labeled with Alexa Fluors 488, 594, or
647 (Invitrogen-Molecular Probes) at 1:200 dilution. Cell nuclei were
counterstained with 20 pmol/L TOTO-3 (Invitrogen-Molecular Probes). In
control experiments, the primary antibody was omitted. Specimens were
examined with a LSM 510 META confocal microscope (Carl Zeiss) or a
fluorescence stereomicroscope.

Morphometric analysis. In the model of lymph node metastasis, we
double-stained tumor sections for LYVE-1 and PECAM-1 to examine
lymphatic and blood vessel densities. For each tumor section, five hotspots
(i.e., fields with the highest vascular density) in tumor areas were evaluated
at magnification of 200X. Digital images of LYVE-1-positive lymphatic
vessels and highly PECAM-1-positive blood vessels were captured. Area
densities (percentage of total tissue area) of lymphatic vessels or blood
vessels were then calculated using Image] software (NIH).

In the model of carcinomatous peritonitis, whole-mount diaphragms
stained for LYVE-1 were evaluated from the pleural side. Lymphatic sprouts,
defined as tapered projections, were counted at magnification of 100X in 10
microscopic fields per diaphragm.

In the model of chronic aseptic peritonitis, whole-mount diaphragms
stained for LYVE-1 and CD11b were evaluated from the peritoneal side.
Inflammatory plaques, defined as accumulations of inflammatory cells,
especially of macrophages, had formed on the peritoneal surface of the
diaphragm. For each diaphragm, 10 microscopic fields in inflammatory
plaques were evaluated at magnification of 200X. Digital images of LYVE-1-
positive lymphatic vessels were captured, and the area density of lymphatic
vessel was calculated using Image] software.

RNA isolation and quantitative reverse transcription—-PCR. Gastric
walls with or without tumor were excised from mice, immersed in RNAlater
(Qiagen), embedded in optimal cutting temperature compound, and
snapped frozen. Total RNAs were extracted from tissue sections using the
RNeasy micro kit (Qiagen). Total RNAs from RAW264.7 and HDLECs were
extracted using the RNeasy mini kit (Qiagen). First-strand ¢cDNAs were
synthesized using the Quantitect reverse transcription kit (Qiagen) with
random hexamer primers. Quantitative real-time reverse transcription-PCR
(RT-PCR) analysis was done using the 7500 Fast Real-Time PCR system
(Applied Biosystems). The primer sequences used are given in Supplemen-
tary Table S1.

Cell growth assay. Cell growth was determined with a WST-8 assay kit
(Nacalai Tesque). Briefly, HDLECs (1 x 10* cells per well) or OCUM-2MLN
(7.5 x 10* cells per well) in 96-well plates were incubated overnight.
Thereafter, the medium was replaced with a new medium containing
etodolac and/or lipopolysaccharide (LPS; O111:B4; Sigma-Aldrich). After
24 to 96 h of incubation, the WST-8 reagent was added to the culture. After
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2 h of incubation, absorbance at 450 nm was measured with a microplate
reader (Bio-Rad).

Statistical analysis. Statistical analysis was carried out using Excel
software (Microsoft). Results were compared by Students ¢ test and
expressed as mean values with SE. Differences were considered statistically
significant at P < 0.05. All statistical tests were two-sided. Effects of etodolac
on the growth of OCUM-2MLN were evaluated by multivariate ANOVA
testing using JMP software (SAS Institute).

Results

Spread of cancer cells via lymphatic vessels in a murine
model of lymph node metastasis of gastric cancer. To
determine lymph node metastasis in vivo, we used an animal
model of human metastatic gastric carcinoma, in which OCUM-
2MLN cells expressing GFP were inoculated orthotopically into the
gastric wall of BALB/c nu/nu mice. Examination by fluorescence
stereomicroscope 4 weeks after inoculation revealed that the
cancer cells had metastasized from the site of inoculation into the
regional lymph nodes. Using this model, we examined tumor

lymphangiogenesis and spread of cancer cells through the
lymphatic vessels. The cancer cells in this model exhibited invasion
into peritumoral lymphatic vessels and spread along lymphatic
vessels in the gastric wall toward the regional lymph nodes
(Fig. 14). Visualization by intravital injection of India ink into the
gastric wall of control mice (Supplementary Fig. S1) revealed that
the sizes and numbers of the lymphatic vessels were dramatically
increased in the mice inoculated with gastric cancer cells (Fig. 14)
compared with those in control mice. To confirm the increase in
lymphatic vessels in the mice bearing cancer cells, we double-
stained the sections of the gastric wall of the mice using LYVE-1, a
specific lymphatic vessel marker, and Ki-67, a marker of cell
proliferation. Some dividing lymphatic endothelial cells stained by
both LYVE-1 and Ki-67 were observed in the gastric wall of the
tumor-bearing mice (Fig. 1B), demonstrating induction of lym-
phangiogenesis in this model.

Suppression of lymphangiogenesis and lymph node metas-
tasis by etodolac in the model of lymph node metastasis.
We examined whether etodolac, a COX-2 inhibitor, inhibits
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Figure 1. Effects of etodolac on a murine model of lymph node metastasis of gastric carcinoma. A, spread of GFP-expressing OCUM-2MLN cells 4 wk after inoculation
into gastric wall of BALB/c nu/nu mouse. GFP-positive cancer cells (purple) which have invaded peritumoral lymphatic vessels in the gastric wall and metaslasized
to regional lymph nodes (arrowheads). Arrows, orthotopically inoculated OCUM-2MLN tumor. Scale bar, 1 mm. B, cross-section of gastric wall with GFP-positive
cancer cells (blue), stained for lymphatic vessels (anti-LYVE-1; red) and dividing nuclei (anti—Ki-67; green). Arrowheads, lymphatic endothelial cells positive for Ki-67.
Scale bar, 20 pm. C, orthotopic GFP-positive OCUM-2MLN (blue) tumor in control mice or in etodolac-treated mice, stained for lymphatic vessels (anti-LYVE-1; red)
and blood vessels (ant-PECAM-1; green). Scale bar, 50 um. D, left, quantification of tumor lymphatic vessels. Columns, mean area density of LYVE-1-positive
pixels per microscopic field; bars, SE (data from one section per tumor, with 10 images per section). **, P = 0.008, two-sided Student's t test. Middle, total weights of
metastatic lymph nodes from control mice and etodolac-treated mice. Columns, mean; bars, with SE. **, P = 0.006. Right, quantification of tumor blood vessels.
Columns, mean area density of pixels highly positive for PECAM-1 per microscopic field; bars, SE. **, P = 0.002.
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Figure 2. Effects of etodolac on
lymphangiogenesis in the model of
carcinomatous peritonitis. A, lymphatic
vessels in the diaphragm in normal mice
and those with carcinomatous peritonitis.
Immunostaining of lymphatic vessels
(anti-LYVE-1, red), macrophages
(anti-F4/80, green), and nuclei (blue) in
parasagittal sections of the diaphragm
from cancer-free mice and those with
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diaphragms from cancer-free mice and
those with carcinomatous peritonitis
treated with vehicle control or etodolac.
Top, images of the entire diaphragm at
low power; bottom, the boxed areas in the
top in higher magnifications. Scale bars,

1 mm. C, quantification of lymphatic
sprouts. Columns, mean number of
lymphatic sprouts per microscopic field;
bars, SE. n = 5 mice for each group and
10 fields per mouse; cancer-inoculated
control mice versus cancer-free mice:

T, P < 0.001; etodolac-treated mice versus
cancer-inoculated control mice:

et P2 0001,

lymphangiogenesis and lymph node metastasis in this model
Etodolac (500 ppm in food) or vehicle control was given p.o.
throughout the experimental period, from inoculation of cancer
cells to evaluation of lymphangiogenesis and lymph node
metastasis. We stained the sections of tumors in the gastric wall
for LYVE-1. As shown in Fig. 1C, tumor lymphangiogenesis was less
prominent in the etodolac-treated mice than in the control mice.
Quantification of LYVE-1-positive areas in hotspots confirmed
these findings (Fig. 1D, left). We also determined the extent of
lymph node metastasis by measuring the total weight of metastatic
lymph nodes identified by expression of GFP using a fluorescence
stereomicroscope (Supplementary Fig. S2). Consistent with the
decrease in density of lymphatic vessels, the total weight of
metastatic lymph nodes was significantly less in etodolac-treated
mice than in the control mice (Fig. 1D, middle).

To determine whether etodolac affects angiogenesis, as well as
lymphangiogenesis, we examined tumor angiogenesis by staining
sections of tumors for PECAM-1. The relative area occupied by
vessels strongly positive for PECAM-1 was significantly decreased
in the etodolac-treated mice compared with the control mice
(Fig. 1D, right).

Lymphatic vessels in the diaphragm in normal mice and
those with carcinomatous peritonitis. To evaluate tumor
lymphangiogenesis in another fashion, we established a new model

of lymphangiogenesis, in which the lymphatic vessels of the
diaphragm of mice can be observed. We first observed the
physiologic function and morphologic characteristics of lymphatic
vessels in the diaphragm. Only 20 min after the injection of India
ink into the abdominal cavity, lymphatic vessels in the diaphragm
were stained with the ink (Supplementary Fig. S34). Lymphatic
vessels in the diaphragm were also observed by whole-mount
immunostaining for LYVE-1 and Proxl as specific markers of
lymphatic vessels (Supplementary Fig. S3B). Immunostaining of
sections of the diaphragm for LYVE-1 revealed a lymphatic network
consisting of lymphatic lacunae on the peritoneal side and
intermuscular lymphatic vessels (Fig. 24, left; ref. 33).

Next, we observed the diaphragms of mice with carcinomatous
peritonitis. Two weeks after i.p. inoculation of OCUM-2MLN cells
(5 x 10 into BALB/c nu/nu mice, cancerous ascites had
accumulated, and dissemination of cancer on the peritoneal
surface of the diaphragm was observed (data not shown). Sections
of diaphragm revealed that these sites of dissemination consisted
of cancer cells and F4/80-positive macrophages (Fig. 24, right). The
lymphatic vessels in the diaphragm were increased in both size and
number. Outgrowths of the lymphatic vessels into the site of
dissemination were also detected (Fig. 24).

Suppression of lymphangiogenesis by etodolac in the model
of carcinomatous peritonitis. As described above, lymphatic
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