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more selectively accumulate and retain longer in various tumor
xenografts transplanted s.c. compared with CPT-11 (15-17). In the
present study, we succeeded in demonstrating higher accumulation
and longer retention of NK012 compared with CPT-11 in orthotopic
and peritoneal disseminated gastric cancer model that is closer to
human gastric cancer in clinics,

Peritoneal dissemination sometimes causes intestinal obstruc-
tion, which enhances the enterohepatic circulation of SN-38 after
direct damage to the small intestine, and makes the use of CPT-11
difficult (26, 27). In the present study, no mouse in the NKO012 group
developed diarrhea. The dose-limiting toxic effects of CPT-11 seem
to be neutropenia and diarthea. In our previous data, however,
there was no significant difference in the level of SN-38 in the small
intestine between mice treated with NK012 and mice treated with
CPT-11 despite the higher plasma area under the concentration of
NK012 than CPT-11 (15). Moreover, no serious diarrhea has been
reported even at the MTD dose in two phase | clinical trials against
advanced solid tumors in Japan and the US (28, 29).

In conclusion, we showed that NK012 exerts significantly more
potent antitumor activity against peritoneal dissemination of
scirrhous gastric cancer cells than CPT-11, indicating the pos-
sibility of the clinical evaluation of this drug in patients with
disseminated grastic cancer.
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Abstract

It has been recently reported that NK012, a 7-ethyl- 10-hydroxy-
camptothecin (SN-38)-releasing nanodevice, markedly enhan-
ces the antitumor activity of SN-38, especially in hypervascular
tumors through the enhanced permeability and retention
effect. Renal cell carcinoma (RCC) is a typical hypervascular
tumor with an irregular vascular architecture, We therefore
invuﬂpledﬂumﬂtnmnrulhilyofmuinnhyp:rmcnhr
tumor model from RCC. | i ical examination
revealed that Renca t s contained h more CD34-
positive neovessels than SKRC-49 tumors. Compared with CPT-
11, NK012 had significant antitumor activity against both bulky
Renca and SKRC-49 tumors. Notably, NK012 eradicated rapid-
growing Renca tumors in 6 of 10 mice, whereas it failed to
eradicate SKRC-19 tumors. In the pulmonary melastasis
treatment model, an enhanced and prolonged distribution of
free SN-38 was observed in metastatic lung tissues but not in

ic lung ti after NK012 administration. NK012

to allow effective sustained release of SN-38 inside a tumor and
possess potent antitumor activities especially in a vascular
endothelial growth factor (VEGF)-secreting hypervascular tumor
(6), because the supramolecular structures of NK012 which enable
SN-38 to accumulate in the target tissue are based on the EPR
effect (1).

Renal cell carcinoma (RCC) is a typical hypervascular tumor
with an irregular vascular architecture, We therefore conducted an
investigation to determine whether NKO12 would be effective in
treating RCC by using established RCC tumor models with
pulmonary metastasis,

Materials and Methods

Drugs and cells. CPT-11 was purchased from Yakult Honsha Co., Ltd
SN-38 and NKD12 was prepared and supplied by Nippon Kayaku Co., Ltd.
(6). Five human RCC lines (SKRC-49, Caki-1, 769P, 7860, and KU19-20) and
murine Renca oell.l were maintained in DMI:‘.M or MEM supplemented
with 2 mmol/L gl ine, 1% | amino acids, 100 units/mlL

treatment resulted in a significant decrease in metastatic
nodule number and was of benefit to survival. Our study shows
the outstanding advantage of polymeric micelle-based drug
carriers and suggests that NK012 would be effective in treating
disseminated RCCs with irregular vascular architectures.
[Cancer Res 2008;68(6):1631-5]

Introduction

Passive targeting of the drug delivery system is suited to
combating the pathophysiologic characteristics present in many
solid tumors: hypervascularity, irregular vascular architecture,
potential for secretion of vascular permeability factors, and the
absence of effective lymphatic drainage that prevents efficient
clearance of macromolecules, These characteristics, unique to solid
tumors, are believed to be the basis of the enhanced permeability
and retention (EPR) effect (1). Polymeric micelle-based anticancer
drugs have recently been developed (2, 3), and some were put
under evaluation for clinical trials (4, 5).

7-Ethyl-10-hydroxy-camptothecin (SN-38), a biological active
metabolite of irinotecan hydrochloride (CPT-11), has potent
antitumor activity, but has not been used clinically because it is
a water-insoluble drug, It has been recently shown that novel
SN3§-incorporated polymeric micelles, NKO12, have the potential
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were approved by the Committee for Ethics of An.imnl F.ipenmmlnhnn
and the experiments were conducted in accordance with the Guidelines
for Animal Experiments in the National Cancer Center. Athymic nude mice
(34 wk old) were maintained in a laminar alr flow cabinet under aseptic
conditions. 107 RCC cells were sc. injected into the backs of the mice.
NKOI2 at doses of 10 mg/kg/d or 20 mg/kg/d and CPT-11 at doses of
15 mg/kg/d or 30 mg/kg/d were given Lv. on days 0 (when tumors were
allowed to grow until they b ive in size, d 1.5 cm),. 4, and 8.
Tumaor volume was determined by direct with calipers and
calculated as /6 x (large di ) % (small diameter).

Assessment of treatment effects of NK012 on murine pulmonary
metastasis model. A total of 1 » 10° Renca cells were inoculated into
male BALB/c mice via the tail vein. The mice were randomly divided into
three groups of 10. NK012 at dose of 20 mg/kg/d and CPT-11 at dose of
30 mg/kg/d were given iv. on days 0 (7 d after imoculation). 4. and 8. After
thnLUnmloemmiﬁoed.ﬁnlrhmymmdlnmhuﬂymm
15% India black ink soluti and the ber of i in
uchmwummwd.fodcummtb::&clolmnonmnﬂm

P to the one described above was done. After treatment,
mice were maintained until each animal showed signs of morbidity (i.e.
over 10% weight loss compared with untreated controls), at which point
they were sacrificed. Kaplan-Meier analysis was done to determine the
effect on time to morbidity, and statistical differences were ranked
according lo a Mantel-Cox log-rank test using the StatView 50 software
package.

Histologic and i histochemical lysis. Histologi i
were laken from Renca tumor lissues. After extirpation, ussueu were fixed
with 3.9% formalin in PBS (pH 74), and the subsequent preparations and
H&E staining were performed by Tokyo Histopathological Laboratory Co.
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Table 1. /n vitro growth inhibitory activity of SN-38,
NKO012, and CPT-11 in RCC lines (MTT assay)

Cell line ICsq (umol/L)

SN-38 NKO12* CPT-11

SKRC-49 0.0064 + 0,005 0011 + 0.008 414 + 045
Caki-1 00062 + 000 0032 & 0.006 845 + (.85
Tour 0.015 #0007 0.085 = 0014 M5 £ 376
TB60) 0.031 + 0,007 012 + 0012 2814 + 121
KU19-20 0.10 + 0,006 034 £ 0014 3265 + 125
Renca 045 + 0.005 0L009% + 0.008 226 + 005

*The dose of NK012 is expressed as a dose equivalent to SN-38.

Lid. Monoclonal anti-CD34 antibody (HyCult Biotechnology) was used to
detect the tumor blood vessels. CD34- posir.iw: mmmls were counted in
10 high-power fields (400) by two independent i igators who operated
in a blinded fashion.

Assay for free (polymer-unbound) SN-38 in lung tissues. The Renca
pulmonary metastasis model described above was used for the analysis of
the biodistribution of NK012 and CP'T-11. Ten days after Renca inoculation,
NKO012 (20 mg/kg) or CPT-11 (30 mg/kg) was given iv. to the mice. The
mice were sacrificed at 0, 24, 48, and 72 h after administration, and lung
samples were taken and stored at —80°C until analysis. We pn.'pnmd
control mice without Renca inoculation as the atic
NK012 was administrated as well, and lung samples were stored. Samples
were then homogenized on ice using a Digital homogenizer (luchi) and
suspended in the mixture of 100 mmol/L glycine-HCl buffer (pH 3)/
methanol (1:1, v/v) al a concentration of 5% w/w. Proteins were precipitated
with an ice-cold mixture of | mmol/L HiPO/MeOH/HL0 (1:1:4, v/v/v)
containing camptothecin as an LS. The sample was vortexed for 10 s and
filtered through a MultiScreen Solvinert (Millipore Corporation), and the
concentration of free SN-38 in the alig) of the homogs (100 puL) was
determined using the high-performance liquid chromatography method (6).

Statistical analysis, Dala were exp i as mean + SD). Significance of
differences was calculated using the unpaired ¢ test with repeated measures
of StatView 5.0. P < 0.05 was regarded as statistically significant.

Results and Discussion

We first evaluated in vitro cellular sensitivity of RCC lines to
SN-38, NK012, and CPT-11. The ICs, values of each agent for RCC
lines are shown in Table 1. NKO12 exhibited higher cytotoxic effect

against each cell line compared with CPT-11 (96-fold to 406-fold
sensitive).

It is essential to elucidate the correlation between the
effectiveness of micellar drugs and tumor hypervascularity and
hyperpermeability. Gross evaluation of those RCC tumors s.c.
injected into the backs of mice revealed that Renca tumors were
more reddish and grew faster than SKRC-49 tumors, and immu-
nohistochemical examination showed that Renca tumors
contained much more CD34-positive neovessels than SKRC-49
tumors (Fig. 1).

We allowed the tumors to grow until they became massive,
around L5 cm, and then initiated treatment. A striking decrease
in Renca tumor volume was observed on day 15 in mice treated
with NK012 at 20 mg/kg/d compared with the untreated control
(Fig. 24). Renca bulky masses completely disappeared on day 21 in
6 of 10 mice treated with NK012 at 20 mg/kg/d. On the other hand,
Henca tumors in mice treated with CPT-11 at 30 mg/kg/d were not
eradicated and rapidly regrew after a partial response at day 15,
An approximate 10% body weight loss occurred in mice treated
with NK012 20 mg/kg, compared with the untreated controls, but
there was no significant difference in comparison with tumor-free
mice treated with NKO12, suggesting that the decrease in body
weight was likely to be due to tumor shrinkage rather than toxic
effects. We next compared the antitumor activities of the NKO12
and CPT-11 treatment in SKRC-49 and Renca tumors. The SKRC-49
tumor volume in mice treated with NK012 at 20 mg/kg/d on day 21
was over 70% smaller than in the untreated controls on day 21
and ~50% smaller than in mice on day 0 (Fig. 28). However, the
SKRC-19 tumors were not eradicated in mice treated with NKO12,
Considering that equivalent in vitro growth inhibitory effects by
NKO012 were observed for SKRC-49 and Renca cells (Table 1),
our results suggest that the antitumor activity of NK012 in vive
might be affected by tumor environment factors, such as tumor
vascularity.

We next examined the distribution of free SN-38 in the
metastatic or nonmetastatic (no inoculation of Renca cells) lung
tissues after administration of NK012 or CPT-11. In the case of
NK012 administration in mice with lung metastasis, free SN-38 was
detectable at the concentration of >100 ng/g in metastatic lung
tissues with a typical microvascular architecture (Fig. 34) even at
72 hours after administration, whereas the concentrations of free
SN-38 in nonmetastatic lung tissues after NK012 administration
were much lower than those in metastatic lung tissues after
treatment with NKO12 (significant at 24, 48, and 72 hours; P < 0.05;

Figure 1. Comparison of turmor

angiogeneses of Renca and SKAC-49 in
athymic nude mice. A, representative
photographs of massive tumors developed
from Renca and SKRC-49 at 28 d
after s.c. injection (inoculation).
Immunohistochemical (CD34, =400)
examinations for @ach tumor are shown.
B, umor neovascularization in each tumor
was quantified by counting CD34-positive
Is. Bars, SD. Exp were

repeated twice with similar results,
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Figure 2. effect of NK012 and
CPT-11 on bulky RCC tumors. |.v. administration
ol NK012 or CPT-11 was started whan the maan
turnor volumes of groups reached a massive
1.500 mm”. The mice were divided inlo lest
groups as mdi A of each
group at day 1Snmﬁmmm
Arrows, Renca allografts (fop). Time profile of
tumar volume in mice trealed with NKO12 or
CPT-11 at indicated doses (botfom). Each group

consisted of 10 mice. Bars, SD. B, the st "
comparison of antitlumor activities of CPT-11 and | Cantrol o @ Control
NKD12 in SKRC-49 xenografts and Renca F 10000 | _; cPrat s mong T ] C P11 Do mghg)
aliogratts. R of mice treated with 2 | ~o—cPr41 0 mong -‘.  NKD1Z (20 mgikg)
NKD12 al day 0 and day 21. Expenments were w 9000 oy MKDIZ 10 mghg i s
repeated iwice with similar resufts. The mice at - || —e—MKD12 20 mghg I ]
day 0 in the photograph belong to the group in i"'r ——— ,;;,/1 Fa
the second expeniment which started just at l L1 -
day 21 of the first @xperiment. Amows, fmo 4000 A 3
grafts. The relative tumor volume values al day » "s 2
21 1o those at day 0 in each group set 1o 1 2000 = =
(bottom). Each group consisted of 10 mice. l : —$—g I 1
- L .

o 3 & ® 12 B W N =0

t t t a

Lv.

Day 0 h.m Day® Oay 21

Fig. 38). On the other hand, the concentrations of free SN-38 after
administration of CPT-11 were almost negligible in metastatic lung
tissues at all time points (data not shown). These results strongly
suggest that SN-38 could be selectively released from NKO12 and
maintained in metastatic Renca tumor tissues.

Deviating from the ordinary experimental pulmonary metastasis
prevention model, we initiated treatment 7 days after inoculation
(day 0) when muitiple lung nodules derived from Renca were
observed in all mice in our preliminary study (Fig. 44). On day 21,
there was no significant difference between the mean number of

metastatic nodules in the control group (287 + 56 nodules, n = 10)
and in the group receiving CPT-11 treatment (236 + 59 nodules,
n = 10). Significant treatment effects were found, however, in the
group receiving NKO12 treatment (32 + 18 nodules, n = 10) on
day 21 compared with the control group on day 21 (P < 0.0001).
Notably, a dramatic decrease in metastatic nodule number was
observed in the NKO012 treatment group on day 21 compared with
the control group on day 0 (126 + 23 nodules, n = 10, P < 0.001;
Fig. 44). Kaplan-Meier analysis showed that a significant survival
benefit was obtained in the NKO12 treatment group compared with

N E (x 100) D34 (x 200)

Free SN-38 concentration

(ng/g tissue)
«5383811%

Figure 3. Puunmaryrmtasmolthmmmwmwmdim%%mrmmdmmzmwtl A, gross

of
ungmmlem(baﬂwl 8, time

MMMMTUW&MM(@} Multiple
profile of free SN-38 in tung t
in letraplicate.

and .
hmwthKUQINHWGI Bars, SD. Exp

www.aacrjournals.org
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Flgurul\. Traalnunteﬁaclo!NKOl?on lished pul " is and survival. NKO12 (20 mo/kg/d) andCPTll(:m mg/kg/d) ware given Lv. to mice

nnaaysu(?ﬂannrnencamulnmn) 4, and 8. A, gross and |

atday 21 (fop).

Thernstas!alk: nodules h1¢ad1mousa were counted. Each group consisted of five mice. B, mice ware ma.mﬂmadfurgounllnreamneammwmm was
assessed by a Kaplan-Meier analysis. Each group consisted of five mice. Experiments were repaated twice with similar results.

the control group (P < 0.001), but no significant survival benefit
was obtained in CPT-11 treatment group (P = 0239 Fig. 48).
Although no severe toxic effects were observed in any mouse
treated with NKO012, 3 of 10 mice treated with NKO012 were
sacrificed during the observation period according to the
‘Guidelines for Animal Experiments because their body weights
had become 10% lower than those of the other mice. However,
the sacrificed mice were a little bit smaller than others when they
started treatment, and they showed no disseminated lung
metastasis (data not shown).

Our results presented here strongly support recent findings
reported by us that the macromolecular drug distribution
throughout the tumor site was enhanced by the hypervascularity
and hyperpermeability, and subsequently higher antitumor activity
was achieved (6). We assume that conventional low molecular size
anticancer agents almost disappear from the bloodstream without
being subjected to the EPR effect before they can reach the target
organs (solid tumor). The clinical importance of angiogenesis in
human tumors has been shown in several reports indicating a
positive relationship between the blood vessel density in the tumor
mass and poor prognosis with chemoresistance in patients with
various cancers (7-9). Furthermore, recent reports showing that
anticancer agents were less active against VEGF-overexpressing
tumors (10, 11) may support the idea that low-molecular drugs are
not so effective in the treatment of solid tumors which are rich in
blood vessels.

Our study thus far has several limitations about clarifying
whether extensive angiogenesis in the tumor is an essential
determinant for the susceptibility to NKO12. In our ongoing study,
we found that NKO12 also has a striking antitumor activity against
some hypovascular tumor models of human pancreatic cancer

xenografts.” It also remains unclear whether NK012 possesses
strong antitumor activity in other metastatic sites besides the lung,
It is known that the EPR effect is affected by various permeability
factors, such as bradykinin (12), nitric oxide (13). and various
cytokines independent of VEGF and hypervascularity (14). Among
solid tumors with rapid progression potential, irregularity occurs
not only in blood flow and vascular density, but also in the vascular
network and anatomic architecture (15, 16), suggesting that
EPR effect may be predominantly promoted in rapid-progressive
tumor phenotypes and influenced by organ-specific tumor
microenvironment. Hoffman and coworkers (17, 18) have devel-
oped a technique of surgical orthotopic implantation (SOI} with
more clinical features of systemic and aggressive metastases than
our conventional animal models. Further preclinical studies using
such models as 501 might clarify cancer phenotypes and metastatic
organs to which we can apply NK012 more precisely.

The results of chemotherapy in RCCs have been disappointing,
as indicated by the low response proportions. However, clinical
trials using gemcitabine-containing regimens have been encourag-
ing, with major responses occurring in 5% to 17% of patients
(19, 20), suggesting the possibility that chemotherapy is promising
as a modality for RCC therapy if anticancer agents can be
selectively delivered, released, and maintained around tumor
tissues. Our current report highlights the advantages of polymeric
micelle-based drug carriers like NK0I12 as promising modalities
for treatment, rather than prevention, of disseminated RCCs with
abnormal vascular architecture. The results of our ongoing phase-1

" Y. Saito, M. Yasumaga, ]. Kuroda, Y. Koga, and Y. Matsumura. Unpublished data.
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clinical trial and future phase-1l trials of NK0I12 in patients with
advanced solid tumors including RCC might meet or even exceed

our expectations.
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Themﬁuarepoﬂdhumvhﬂﬂdythﬂﬂﬁﬂll.n?-::g
10-hydroxy-camptothecin (SN-38)-releasing nano-system,
ited high antitumor activity against human colorectal cancer xeno-
This study was conducted to investigate the advantages of
K012 over irinotecan hydrochloride (CPT-11) administered in
combination with 5-fluorouracil (SFU). The cytotoxic effects of
NKO012 or SN-38 (an active metabolite of CPT-11) administered in
combination with SFU was evaluated in vitro in the human color.
ectal cancer cell line HT-29 by the combination index method. The
elfects of the same drug combinations was also evaluated in vivo
nslm HT-29 and HCT-116 cells. All the drugs were
adm Lv. 3 times a week; NKOI2 (10 mg/kg) or CPT11
(50 mg/kg) was n 24 hr before SFU (50 ). Cell cycle anal-
ysis in the HT-29 tumors administered NK012 or CPT-11 in vive
was performed w cylometry. NKO12 exerted more synergis-
tic activity with compared to SN-38, The tic effect of
NKO012/. was significantly superior to that of CPT-11/5FU
against HT-29 tumors (p = 0 ), whereas no significant differ-
ence in the antitumor effect against HCT-116 tumors was
observed between the 2-drug combinations = 0.2230). Cell-
cycle analysis showed that both NK012 and CPT-11 tend to cause
accumulation of cells in the S phase, this efTect was more

nrononm:ed and maintained lfor a more period with
K012 than with CPT-11. mal therapeutic syne was
observed between NK012 and , therefore, this ngfm:.ll{s con-

sidered (o hold promise of clinical benefit, especially for patients
with colorectal cancer.
© 2008 Wiley-Liss, Inc.
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The 5-year survival rates of colorectal cancer (CRC) have
improved remarkably over the last 10 years, accounted for in large
part by the extensively investigated agents after 5-fluorouracil
(5FU). Irinoetcan hydrochloride (CPT-11), a water-soluble, semi-
synthetic derivative of camptothecin, is one such agent that has
been shown to be highly effective, and currently represents a key-
drug in first- and second-line treatment regimens for CRC, CPT-
11 monotherapy, however, has not been shown to yield supenior
efficacy, including in terms of the median survival time, to bolus
SFU/leucovorin (LV) alone.' In 2 Phase I1I trials, the addition of
CPT-11 to bolus or infusional SFU/LV regimens clearly yielded
greater efficacy than administration of SFU/LV alone, with a dou-
bling of the tumor response rate and prolongation of the median
survival time by 2-3 months.'”?

CPT-11 is converted to 7-ethyl-10-hydroxy-camptothecin (SN-
38), a biologically active and water-insoluble metabolite of CPT-
11, by carboxylesterases in the liver and the tumor. SN-38 has
been demonstrated to exhibit up to a 1,000-fold more potent cyto-
toxic activity than CPT-11 against various cancer cells in virro.*
The metabolic conversion rate is, however, very low, with only
<10% of the original volume of CPT-11 being metabolized to
SN-38**; conversion of CPT-11 to SN-38 also depends on genetic
interindividual variability of the activity of carboxylesterases.®
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Direct use of SN-38 itself for clinical cancer treatment must be
shown to be identical in terms of both efficacy and toxicity,

Some drugs incorporated in drug delivery systems (DDS), such
as Abraxane and Doxil, are already in clinical use.”* The clinical
benefits of DDS are based on their EPR effect.” The EPR effect is
based on the pathophysiological characteristics of solid tumor tis-
sues: hypervascularity, incomplete vascular architecture, secretion
of vascular permeability factors stimulating extravasation within
cancer tissue, and absence of effective lymphatic drainage from
the tumors that impedes the efficient clearance of macromolecules
accumulated in solid tumor tissues, Several types of DDS can be
used for i ion of a drug. A liposome-based formulation of
SN-38 (LE-SN38) has been dcvcl:?ud. and a clinical trial to
assess its efficacy is now under way,'®!!

Recently, we demonstrated that NK012, novel SN-38-incorpo-
rating polymeric micelles, exerted superior antitumor activity and
less toxicity than CPT-11."2 NKO012 is characterized by a smaller
size of the icles than LE-SN38; the mean particle diameter of
NKO012 is 20 nm. NKO12 can release SN-38 under neutral condi-
tions even in the absence of a hydrolytic enzyme, because the
bond between SN-38 and the block copolymer is a phenol ester
bond, which is stable under acidic conditions and labile under
mild alkaline conditions. The release rate of SN-38 from NK012
under physiological conditions is quite high; more than 70% of
SN-38 is released within 48 hr. We speculated that the use of
NKO012, in place of CPT-11, in combination with 5FU may yield
superior results in the treatment of CRC. In the present study, we
evaluated the antitumor activity of NK012 administered in combi-
nation with 5FU as compared to that of CPT-11 administered in
combination with SFU against CRC in an experimental model,

Material and methods
Cells and animals

The human colorectal cancer cell lines wsed, namely, HT-29
and HCT-116, were purchased from the American Type Culture
Collection (Rockville, MD). The HT-29 ce'ls and HCT-116 cells
were maintained in RPMI 1640 supplemented with 10% fetal bo-
vine serum (Cell Culture Technologies, Gaggenau-Hoerden, Ger-
many), penicillin, streptomycin, and amphotericin B (100 units/
mL, 100 pg/mL, and 25 pg/mL, respectively; Sigma, St. Louis,
MO) in a humidified atmosphere containing 5% CO; at 37°C.

BALB/c nwnu mice were purchased from SLC Japan (Shi-
zuoka, Japan). Six-week-old mice were subcutaneously (s.c.)
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inoculated with 1 % 10° cells of HT-29 or HCT-116 cell line in
the flank region. The length (a) and width () of the tumor masses
were measured twice a week, and the tumor volume (TV) was cal-
culated as follows: TV = (& % b%)/2. All animal procedures were
performed in compliance with the Guidelines for the Care and Use
of Experimental Animals established by the Committee for Ani-
mal Experimentation of the National Cancer Center; these guide-
lines meet the ethical standards required by law and also comply
with the guidelines for the use of experimental animals in Japan.

Drugs

The SN-38-incorporating polymeric micelles, NI(D]"‘ and SN-
38 were prepared by Nippon Kayaku (Tokyo, Japan).'* CPT-11
was purchased from Yakult Honsha (Tokyo, Japan). SFU was pur-
chased from Kyowa Hakko (Tokyo, Japan).

Cell growth inhibition assay

HT-29 cells were seeded in 96-well plates at a density of 2,000
cells/well in a final volume of 90 pl. Twenty-four hours after
seeding, a graded concentration of NKO12 or SN-38 was added
concurrently with 5FU to the culture medium of the HT-29 cells
in a final volume of 100 uL for drug interaction studies. The cul-
ture was maintained in the CO; incubator for an additional 72 hr.
Then, cell growth inhibition was measured by the tetrazolium salt-
based proliferation assay (WST assay; Wako Chemicals, Osaka,
Japan), WST-1 labeling solution (10 pL) was added to each well
and the plates were incubated at 37°C for 3 hr. The absorbance of
the formazan product formed was detected at 450 nm in a 96-well
spectrophotometric plate reader. Cell viability was measured and
compared to that of the control cells. Each experiment was carried
out in triplicate and was repeated at least 3 times. Data were aver-
aged and normalized against the nontreated controls to generate
dose-response curves,

Drug interaction analysis

The nature of interaction between NK012 or SN-38 and 5FU
against HT-29 cells was evaluated by median-effect plot analyses
and the combination index (CT) method of Chou and Talalay."
Data analysis was performed using the Calcusyn software (Bio-
soft, NY, USA). NKOI2 or SN-38 was combined with 5FU at a
fixed ratio that spanned the individual ICs, values of each drug.
The 1Csq values were determined on the basis of the dose-response
curves using the WST assay. For any given drug combination, the
CI is known to represent the degree of synergy, additivity or an-
tagonism. It is expressed in terms of fraction-affected (Fa) values,
which represents the percentage of cells killed or inhibited by the
drug. Isobologram equations and Fa/CI plots were constructed by
computer analysis of the data generated from the median effect
analysis. Each experiment was performed in triplicate with 6 gra-
dations and was repeated at least 3 times, The resultant dose-
response curves were averaged, to create a single composite dose-
response curve for each combination.

In vivo analysis of the effects of NK0OI2 combined with SFU
as compared to those of CPT-11 combined with 5FU

When the mean tumor volumes reached ~93 mm’, the mice
were randomly divided into test groups consisting of 5 mice per
group (Day 0). The drugs were administered 1.v. via the tail vein
of the mice. In the groups administered NK012 or S5FU as single
agents, the drug was administered on Days 0, 7 and 14. In the
combined treatment groups, NK012 or CPT-11 was administered
24 hr before SFU on Days 0, 7 and 14, according to the pmvmnsly
reported combination schedule for CPT-11 and 5FU.'* Complete
response (CR) was defined as tumor not detectable by palpation at
90 days after the start of treatment, at which time-point the mice
were sacrificed. Tumor volume and bo-:ly weight were measured
twice a week. As a genernl rule, animals in which the rumor vol-
ume exceeded 2,000 mm” were also sacrificed.
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Experiment 1. Evaluation of the effects of NK0OI2 combined
with 5FU and determination of the maximum tolerated dose
(MTD) of NKOI2/5FU. By comparing the data between NK012
administered as a single agent and NK0O12/5FU, we evaluated the
effects of the combined regimen against the s.c HT-29 umors. A
preliminary experiment showed that combined administration of
NKO012 15 mg/kg + 5FU 50 mg/kg every 6 days caused drug-
related lethality (data not shown). To determine the MTD, there-
fore, we set the dosing schedule of the combined regimen at 5 or
10 mg/kg of NKO12 + 50 mg/kg of SFU three times a week.

Experiment 2. Comparison of the antitumor effect of NK0I12/
SFU and CPT-11/5FU. Based on a comparison of the data
between NKO012/5FU and CPT-11/5FU against the s.c. HT-29 and
HCT-116 tumors, we investigated the feasibility of the clinical
application of NKO12/5FU for the treatment of CRC. CPT-11/
5FU was administered three times a week at the respective MTDs
of the 2 drugs as previously reponed that is, CPT11 at 50 mg/kg
and SFU at 50 mg/kg, respectively.'* NK012/SFU was adminis-
tered once three times a week at the respective MTDs of the
2 drugs determined from Experiment 1.

Cell cycle analysis

Samples from the HT-29 wmors that had grown to 80-100 mm*
were removed from the mice al 6, 24, 48, 72 and 96 hr after the
administration of NKO12 alone at 10 mg/kg or CPT-11 alone at
50 mg/kg. The samples were excised, minced in PBS and fixed in
70% ethanol at —20°C for 48 hr. They were then digested with
0.04% pepsin (Sigma chemical Co., St Lous, MO) in 0.1 N HCL
for 60 min at 37°C in a shaking bath to prepare single-nuclei sus-
pensions. The nuclei were then centrifuged, washed twice with
PBS and stained with 40 pg/mL of propidium iodide (Molecular
Probes, OR) in the presence of 100 pg/mL RNase in 1 mL. PBS
for 30 min at 37°C. The stained nuclei were analyzed with B-D
FACSCalibur (BD Biosciences, San Jose, CA), and the cell cycle
distribution was analyzed using the Modfit program (Verity Soft-
ware House Topsham, ME).

Statistical analyses

Data were expressed as mean * SD. Data were analysed with
Student’s ¢ test when the groups showed equal vanances (F test),
or Welch's test when they showed unequal variances (F test). p <
0.05 was regarded as statistically significant. All statistical tests
were 2-sided.

Results
Antiproliferarive effects of NK012 or SN-38 administered
in combination with SFU

Figure la shows the dose-response curves for NKOI2 alone,
SFU alone and a combination of the two, The ICs; levels of
NKO12 and SFU against the HT-29 cells were 39 nM and 1 uM,
respectively, and the ICsy level of SN-38 was 14 nM (data not
shown). Based on these data, the molar ratio of NKO12 or SN-
38:5FU of 1:1,000 was used for the drug combination studies.

Figures 15 and lc show the median-effect and the combination
index plots. Combination indices (Cls) of <1.0 are indicative of
synergistic interactions between 2 agents; additive interactions are
indicated by Cls of 1.0, and antagonism by Cls of >1.0. Figure l¢
shows the combination index for NK0O12 and 5FU, when 2 drugs
are supposed to be mutually exclusive. Marked synergism was
observed between Fa 0.2 and 0.6, Theoretically, the CI method is
the most reliable around an Fa of 0.5, suggesting synergistic
effects of the combination of NKOI2 and SFU. This synergistic
effect was more evident than that of SN-38/5FU (Fig. 1d).

In vivo effect of combined NKOI2 and SFU

Experiment . Dose oprimization and effect of combined NK012
and SFU against HT-29 tumors. Comparison of the relative tu-
mor volumes on Day 40 revealed significant differences between
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Figure 1 — Interaction of NK012 and SFU in vitro. (a) Dose-response curves for NK012 alone (W), SFU alone (&) and their combination (1)

against HT-29 cells. HT-29 cells were

at 2,000 cells/well. Twenty-four hours after seed

graded concentration of NK012 or SFU

ing, a
was added to the culture medium of the HT-29 cells. Cell growth inhibition was measured wwsr'? assay after 72 hr of treatment. Cell viability

was measured and compared with that of the control cells, Each experiment was carried out |

ntly and repeated at least 3 times. Points,

ndepende:
mean of tripricates: bars, SD. (&) Median effect plot for the interaction of NK012 and 5FU, (¢, 4) Combination index for the interaction as a

function of the level of effect (fraction effect = 0.5 is the ICy). The straight

line across the CI value of 1.0 indicates additive effect and Cls

above and below indicate antagonism and s ism, respectively. The molar ratio of NK012/5FU (c) or SN-38/5FU (d) at 1:1.000 was tested

by CI analysis. Black circles represent the

of the actual data points, solid lines represent the computer-derived Cls at effect levels ranging

from 10 to 100% inhibition of cell growth, and the dotted lines represent the 95% confidence intervals.

those in the mice administered NKO12 alone and those adminis-
tered NKO12/5FU at 5 mg/kg of NKOI2 (p = 0.018) (Fig. 2a).
Although there was no statistically significant difference in the rel-
ative tumor volume measured on Day 54 between the mice admin-
istered NK012 alone and NKO12/5FU at 10 mg/kg of NKOI12 (p =
0.3050), a trend of superior antitumor effect was demonstrated in
the group treated with NK0O12/5FU at 10 mg/kg of NKOI2 (Fig.
2a). The CR rates were 20, 40 and 60% for 5 mg/kg NKOI2 +
50 mg/kg SFU, 10 mg/kg NKO12 alone and 10 mg/kg NKO12 +
50 mg/kg SFU, respectively. The schedule of 10 mg/kg NK012 +
50 mg/kg SFU resulted in no remarkable toxicity in terms of body
weight changes, and these doses were determined as representing
the MTDs (Fig. 2b).

Experiment 2. Comparison of the effect of combined
NKQI2/5FU and CPT-11/5FU against HT-29 and HCT-116
tumors. The therapeutic effect of NK012/5FU on Day 60 was sig-
nificantly superior to that of CPT-11/5FU against the HT-29
tumors (p = 0,0004) (Fig. 3a). A more potent antitumor effect,
namely, a 100% CR rate, was obtained in the NKOI12/5FU group
as compared to the 0% CR rate in the CPT-11/5FU group.
Although no statistically significant difference in the relative tu-
mor volume on Day 61 was demonstrated between the NK012/

SFU and CPT-11/5FU in the case of the HCT-116 tumors (p =
0.2230), a trend of superior antitumor effect against these tumors
was observed in the NKO12/5FU treatment group (Fig. 3b). The
CR rates for the case of the HCT-116 wmors were 0% in both
NKO012/5FU and CPT-11/5FU groups.

Specificity of cell cycle perturbation

We studied the differences in the effects between NKOI12 10
mg/kg and CPT-11 50 mg/kg on the cell cycle (Fig. 4a). The data
indicated that both NK012 and CPT-11 tended to cause accumula-
tion of cells in the S phase, although the effect of NK012 was
stronger and maintained for a more prol iod than that of
CPT-11; the maximal of S-phase cells in the total cell
population in the tumors was 34% at 24 hr after the administration
of CPT-11, whereas it was 39% at 48 hr after the administration of
NKO12 (Figs. 4b, and 4c¢).

Discussion

Qur primary endpoint was to clanfy the advantages of NK012
over CPT-11 administered in combination with 5FU. We demon-
strated that combined NK012 and SFU chemotherapy exerts more
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Ficure 2 - Effect of NKO12 alone or NK012 in combination with
5FU against HT-29 tumor-bearing mice. Points, mean; bars, SD. (a)
Antitumor effect of each regimen on Days 0, 7 and 14. (O) control,
() 5FU 50 mg/kg alone, () NK012 mgfkg alone, (@) NKOI12
5 mg/kg 24 hr before SFU 50 mg/kg, (A) NKO12 10 mg/kg alone, (A)
NKO12 10 mg/kg 24 hr before SFU 50 mg/kg. (b) Changes in the rela-
tive body weight. Data were derived from the same mice as those used
in the present study.

synergistic activity in vitro and significantly greater antitumor ac-
tivity against human CRC xenografts as compared to CPT-11/
SFU. The combination of NK012 and 5FU is considered 1o hold
promise of clinical benefit for patients with CRC.

CPT-11, a topoisomerase-1 inhibitor, and 5FU, a thymidilate
synthase inhibitor, have been demonstrated to be effective agents
for the treatment of CRC. A combination of these 2 drugs has also
been demonstrated to be clearly more effective than either CPT-
11 or SFU/LV administered alone in vivo and in clinical set-
tings."*"* Administration of SFU by infusion with CPT-11 was
shown to be associated with reduced toxicity and an apparent
improvement in survival as compared to that of administration of
the drug by bolus injection with CPT-11.'% This synergistic
enhancement may result from the mechanism of action of the
2 drugs; CPT-11 has been reported to cause accumulation of cells
in the S phase, and SFU infusion is known to cause DNA damage
specifically in cells of the S phase.'* On the basis of this back-
ground, our results suggesting the more pronounced and more pro-
longed accumulation of the tumor cells in the S phase caused by
NKO12 as compared with that by CPT-11 may explain the more
effective synergy of the former administered with SFU infusion,
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Figure 3 — Effect of NKO12/5FU as compared with that of CPT11/
SFU against HT-29 (a) or HCT-116 (b) tumor-bearing mice. Antitu-
mor effect of cach schedule on Days 0, 7 and 14, (O) control, (%)
CPT-11 50 mg/kg 24 hr before SFU 50 mm. (A) NKOI2 10 mg/kg
24 hr before SFU 50 mg/kg. Points, mean; . SD.

This may be attributable to accumulation of NKO12 due to the
enhanced permeability and retention (EPR) effect.” It is also
speculated that NKO12 allows sustained release of free SN-38,
which may move more freely in the tumor interstitium.'* Other-
wise NKO12 itself could internalize into cells to localize in several
cytoplasmic organelles as reported by Savic er al.'® These charac-
teristics of NKOI2 may be responsible for its more potent antitu-
mor activity observed in this study, because CPT-11 has been
reported to show time-dependent growth-inhibitory activity
against the tumor cells,'’

The major dose-limiting toxicities of CPT-11 are diarrhea and
neutropenia. SN-38, the active metabolite of CPT-11, may cause
CPT-11-related diarrhea as a result of mitotic -inhibitory activ-
ity."® Because it undergoes significant biliary excretion, SN-38
may have a potentially long residence time in the gastrointestinal
tract that may be associated with prolonged diarrhea. 2" In our
previous report, we evaluated the tissue distribution of SN-38 after
administration of an equimolar amount of NK012 (20 mg/kg) and
CPT-11 (30 mg/kg), and found no difference in the level of SN-38
accumulation in the small intestine.'” A significant antitumor
effect of NK012 with a lower incidence of diarrhea was also dem-
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onstrated as compared to that observed with CPT-11 in a rat mam-  treated with FOLFIRI (CPT-11 regimen with bolus and infusional
mary tumor model.”’ Combined administration of CPT-11 with  SFU/LV) and those treated with FOLFOX6 (oxaliplatin regimen
5FU/LV infusion appears to be associated with acceptable toxicity  with bolus and infusional SFU/LV).*** Our in vive data actually
in patients with CRC. In addition, no significant difference in the revealed no severe body weight loss in the NKO12/SFU group.
frequency of Grade 3/4 diarrhea was noted between patients Consequently, we expect that the NKO12/5FU regimen, especially
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with infusional 5FU, may be an attractive arm for a Phase [11 trial
in CRC, with CPT-11/5FU as the control arm. We have already
initiated a Phase [ trial of NK012 in patients with advanced solid
tumors based on the data suggesting higher efficacy and lower tox-

icity of this preparation than CPT-11 in vive.

12
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In conclusion, we demonstrated that combined NK012 and SFU

chemotherapy exerts significantly greater antitumor activity
against human CRC xenografts as compared to CPT-11/5FU,

indicating the necessity of clinical e

ion of this ¢

regimen.
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Human pancreatic cancer is generally hypovascular in nature and
rich in interstitium. These pathological barriers may contribute to
the intractable nature of pancreatic cancer by binding the
penetration of anticancer agents throughout the tumor tissue. The
aim of the present study was to determine whether NK012 is an
appropriate formulation for the treatment of hypovascular tumors.
Among pancreatic tumor xenografts, PSN1 appeared to have the
richest tumor vasculature and the least number of stromal cells
and matrix. In contrast, Capan1 had the poorest tumor vasculature
and most abundant stromal tissue. Fluorescence microscopy and
high-performance liquid chromatography analysis demonstrated
that although NK012 accumulated and continued to be distributed
for more than 48 h throughout the entire body of both tumors,
CPT-11 disappeared almost entirely from both tumors within 6 h. In
addition, efficient sustained release of SN-38 was maintained for
more than 96 h in both tumors following administration of NK012,
Following the administration of CPT-11, SN-38 was no longer
detectable after 24 h in the Capan1 tumor or after 48 h in the PSN1
tumor. All tumors were eradicated in the mice treated with NK012
but not in those treated with CPT-11. Because the antitumor activity
of SN-38 is time dependent, NK012, which combines enhanced
distribution with sustained release of SN-38 within tumors, may be
ideal for the tr of hyp ular tumors, such as pancreatic
cancer. (Cancer 5ci 2008; 99: 1258-1264)

Pancrcmic cancer has one of the worst prognoses among
cancers.'" The median survival of cases of advanced
pancreatic cancer is only approximately one in two 1 year after
systemic gemcitabine-based chemotherapy.” The recent success
of molecular-targeting agents has also had some impact on
pancreatic cancer treatment, A recent phase 11l trial of gemcita-
bine alone versus gemcitabine plus erlotinib (a tyrosine kinase
inhibitor) in patients with advanced pancrearic cancer showed
that overall survival was significantly prolonged in the gemcitabine
+ erlotinib arm. However, median survival in the gemcitabine
+ erlotinib arm (6.24 months) was only 10 days longer than in
the gemcitabine-alone arm (5.91 months).”™ There is therefore
an urgent need to develop modalities by which cytotoxic drugs
can exert their significant antitumor activity to their full potential
and reasonably prolong the overall survival of patients with
advanced pancreatic cancer. There may be several reasons why
pancreatic cancer is intractable, It is conceivable that anticancer
agents are not delivered efficiently enough to the pancreatic
cancer cells to kill them. Pancreatic cancer tissue is generally
hypovascular in nature,"* and is rich in stromal cells and extra-
cellular matrix, and these pathological barriers may hinder efficient
penetration of the anticancer agents throughout the entire body
of the pancreatic cancer.

CancerSci | June2008 | vol.99 | no.6 | 1258-1264

The role of drug delivery systems (DDS) is to selectively
deliver cytotoxic drugs to tumor tissues while lessening their
distribution to normal tissues in order to reduce their side
effects.'*™ However, it is conceivable that satisfactory drug
delivery cannot be achieved in cancers having very few tumor
vessels and an abundant collagen-rich interstitium. Therefore, a
more sophisticated DDS may be needed for efficient delivery of
drugs 1o such types of cancer as pancreatic cancer,

SN-38, a biologically active metabolite of irinotecan hydro-
chloride (CPT-11), has potent antitumor activity but has not
been used clinically because of its water insolubility. NK012, a
successful drug formulation composed of SN-38-incorporating
polymeric micelles, has been developed recently, and the remark-
able antitumor effects of NK012 against the human small cell lung
cancer SBC-3, especially the vascular endothelial growth factor
(VEGF)-secreting SBC-3-VEGF tumor, has been demonstrated.™

In the present study, we clarified the relationship between the
tumor vasculature and interstitium using several human pancre-
atic xenografis, and evaluated the therapeutic effect of NK012
in a hypovascular and hypervascular pancreatic tumor.

Materials and Methods

Drugs and cells. SN-38 and NKO012 were synthesized by Nippon
Kayaku (Tokyo, Japan). CPT-11 was purchased from Yakult
(Tokyo, Japan). The human pancreatic cancer cell lines Pancl,
PSNI1, BxPC3, and Capanl were purchased from American
Type Culture Collection (Rockville, MD, USA).

Pancl, PSNI, and Capanl were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, streptomycin, and L-glutamine (Sigma, St
Louis, MO, USA) in ammosphere of 5% CO, at 37°C. BxPC3
were maintained in RPMI-1640 supplemented with 10% fetal
bovine serum, streptomycin, and L-glutamine (Sigma) in an
atmosphere of 5% CO, at 37°C.

Experimental mouse model. Female BALB/c nude mice, 6 weeks
old, were purchased from CLEA Japan (Tokyo, Japan). Mice
were inoculated subcutaneously in the flank with 1 x 107 cells/
300 pL. phosphate-buffered saline (PBS). All animal procedures
were carried out in compliance with the guidelines for the care
and use of experimental animals, laid down by the Commitice
for Animal Experimentation of the National Cancer Center;
these guidelines meet the ethical standards required by law and
also comply with the guidelines for the use of experimental
animals in Japan.
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Immunohistochemical study of various human pancreatic tumor
xenografts. When the tumor volume reached 300 mm’, tumors
were excised from the mice and used for immunohistochemical
analysis. To stain the blood vessels, the tissues were embedded
in Optimal Cutting Temperature Compound (Sakura Finetechno-
chemical, Tokyo, Japan) and frozen at —80°C until use. Six
micrometer-thick tumor sections were prepared using a cryostatic
microtome, Tissue-Tek Cryo3 (Sakura Finetechnochemical), and
then air dried for 1 h. The sections were soaked in 10% formalin
for 15 min, and washed three times with 0.2 M PBS. The sections
were then rinsed with ultrapure water. Endogeneous peroxidase
was blocked with a 0.3% hydrogen peroxide solution in 100%
methanol for 20 min. The sections were then rinsed three times
with PBS for 3 min each. Non-specific protein binding was
blocked with 5% skim milk (BD, Franklin Lakes, NJ, USA) in
PBS for 30 min at room temperature. After draining off the skim
milk solution, a polyclonal antibody against factor VIII (Zymed
Laboratories, South Sgn Francisco, CA, USA) was added at a
dilution of 1:50, followed by incubation for 1 h and three rinses
with PBS for 5 min each. Biotinylated antirabbit IgG was added
at a dilution of 1:50, followed by incubation for 1 h. The sections
were rinsed three times with PBS, and Vectastain Elite ABC
Reagent (Vector Laborutories, Burlingame, CA, USA) was added
for 30 min. The sections were rinsed again three times with PBS
and incubated with the 3,3"-diaminobenzidine tetrahydrochloride
(DAB+) Liquid System (Dako, Glostrup, Denmark) for 30 s.
Finally, the sections were rinsed and counterstained with hemat-
oxylin solution. For staining of type 1, 11, and IV collagen, tissues
were fixed with 4% formalin, and the paraffin sections were
prepared by the Tokyo Histopathologic Laboratory (Tokyo, Japan).
First, the sections were soaked three times for 5 min each in
xylene, and then three nmes for 3 min each in ethanol to remove
the paraffin. The sections were then rinsed with ultrapure water
and endogeneous peroxidase was blocked with a 0.3% hydrogen
peroxide solution in 100% methanol for 20 min, followed by
three rinses for 5 min with PBS. Then, Proteinase K (Dako) was
added. After the sections were rinsed three times for 5 min each
with 0.2 M PBS, non-specific protein binding was blocked with
a 1% normal goat serum (Dako) solution in PBS for 30 min at
room temperature. Then, after three rinses for 5 min each with
PBS, polyclonal rabbit anti type 1, 111, and IV collagen antibodies
(Dako) were added at dilutions of 1:500 (type 1 collagen),
1:10 000 (type 111 collagen), and 1:2000 (type IV collagen),
followed by incubation for 1 h. The slides were rinsed in PBS
and incubated for 30 min with Envision/HRP (Dako) directed
against the primary antibody. After further rinsing, the sections
were incubated with the DAB+ Liquid System (Dako) for 30 s.
Then, after a final rinse, the sections were counterstained with
hematoxylin solution.

In vitro growth assay. The growth-inhibitory effects of NK012,
SN-38, and CPT-11 were examined using the WSTS8 assay. Cell
suspensions (5000 cells/100 uL.) were seeded into a 96-well micro-
liter plate, which was incubated for 24 h at 37°C. Then, after
removal of the medium, 100 pL. of medium containing various
concentrations of each drug was added to the wells, which were
then incubated for 48 h at 37°C. After removal of the medium,
10 pL of WSTS solution and 90 pL of medium were added to
the wells, followed by incubation for 4 h at 37°C. The growth-
inhibitory effect of each drug was assessed spectrophotometri-
cally (SpectraMax 190; Molecular Devices, Sunnyvale, CA, USA).

Distribution studies of CPT-11 and NK012 in the tumors by fluore-
scence microscopy. Nude mice bearing PSN1, as a hypervascular
tumor model, or Capanl, as a hypovascular tumor model, were
used for studying the distribution of NKO12 and CPT-11, when
the tumors reached 300 mm* in volume. The maximum tolerated
dose (MTD) of NK012 (30 mg/kg) or CPT-11 (66.7 mg/kg) was
injected intravenously into the mice. At 1, 6, 24, or 48 h after
the injection of NK012 or CPT-11, the mice were administered
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fluorescein-labeled Lycopersicon esculentum lectin (100 pl/mouse)
(Vector Laboratories) for the purpose of visualizing the tumor
blood vessels. The tumors were then excised and embedded in
Optimal Cutting Temperature Compound and frozen at —80°C
before 6 pum-thick sections were prepared using Tissue-Tek
Cryo3. The frozen sections were examined under a fluorescence
microscope, Biorevo (Keyence, Osaka, Japan), al an excitation
wavelength of 377 nm and emission wavelength 447 nm in
order to evaluate the distribution of CPT-11 and NKO012 within
the twmor tissues. Because formulations containing SN-38
bound via ester bonds possess a particular fluorescence, both
CPT-11 and NK012 were detected under the same fluorescence
conditions.

Distribution studies of free SN-38, CPT-11, and NK012 in the tumors
by high-performance liquid chromatography. When PSNI and
Capan| tamors reached 300 mm® in volume, NK012 (30 mg/kg)
or CPT-11 (66.7 mg/kg) was administered intravenously to the
mice. At 1, 6, 24, 72, or 96 h after the injection of NK012 and
CPT-11, each tumor was excised. The tumor tissues were rinsed
with physiological saline, mixed with 0.1 M glycine-HCI buffer
(pH 3.0) in methanol at 5% (w/w) and homogenized. To detect
free SN-38 and CPT-11, the tumor samples (100 ul) were
mixed with 20 pL. of 1 mM phosphoric acid in methanol (1:1),
40 pL ultrapure water, and camptothecin was used as the internal
standard (10 ng/mL for free SN-38, 15 ng/mL for CPT-11). The
samples were vortexed vigorously for 10 s and filtered through
Ultrafree-MC Centrifugal Filter Devices (Millipore, Bedford,
MA, USA). Reverse-phase high-performance liquid chromato-
graphy (HPLC) was conducted at 35°C on a Mightysil RP-18
GP column (150 x 4.6 mm; Kanto Chemical, Tokyo, Japan).
The samples were injected into an Alliance Water 2795 HPLC
system (Waters, Milford, MA, USA) equipped with a Waters
2475 multi A fluorescence detector. The detector was set at 365
and 430 nm (excitation and emission wavelengths, respectively)
for CPT-11, and at 365 and 540 nm for SN-38.

For polymer-bound SN-38 detection, SN-38 was released from
the conjugate as described previously.™ In brief, 100 pL tissue
samples were diluted with 20 ul. methanol (50% [w/w]) and
20 ul. NaOH (0.7 M). The samples were incubated for 15 min
at room temperature. After incubation, 20 pL. HCI (0.7 M) and
60 pL of intemal standard solution was added to the samples,
and then the hydrolysate was filtered. The filtrate was applied to
the HPLC system.

Polymer-bound SN-38 was determined by subtraction of
non-polymer-bound SN-38 from the total SN-38 in the hydrolysate.

Antitumor activity of NK012 and CPT-11 against Capan1 or PSN1
xenografts. When the tumor volume reached approximately
300 mm* in volume, the mice were divided randomly into test
groups consisting of five mice per group (day 0). The drugs
were administered on days 0, 4, and 8 by intravenous injection
into the tail vein. NK012 was given at a dose of 30 mg/kg (MTD)
and CPT-11 was given at a MTD of 66.7 mg/kg as indicated in
the optimal schedule reported previously.”

The length (L) and width (W) of the tumor mass were
measured every 3 days. The tumor volume (TV) was calculated
as follows: TV = (L x W?) x 0.5233.

Statistical analysis. Student’s r-test was used for the statistical
analyses. P < 0.05 was considered to denote statistical significance.

Results

Density of collagen and the number of tumor blood vessels in
the various human pancreatic tumor xenografts, We examined the
density of collagen in four pancreatic cancer xenografts (Fig. 1a).
Type 1 collagen was present in the greatest abundance in
Capanl and was least abundance in PSN1. The density of type
I collagen in Pancl and BxPC3 was in second and third place,
respectively.
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Examination of the amount of stroma and the number of tumor blood vessels in four human pancreatic cancer xenografts. (a) The amount

of stroma in the four xenografts BxPC3, Pancl, PSN1, and Capanl. Immunohistochemical staining was conducted in order to determine the
distribution of type |, Ill, and IV collagen in the tumors. The area occupied by each of type | collagen (left, upper), type Ill collagen (right, upper),
and type IV collagen (left, bottom) was quantified. A representative immunostained image for type IV collagen is shown (right, bottom). (b) The
number of blood vessels in the four xenografts, After immunostaining with anti-factor Vil antibody, the number of tumor blood vessels in each

of the xenografts was counted. “P < 0.05. Bar =5D.

Capan] exhibited the highest density of type III collagen, and
BxPC3 and PSN1 were in second and fourth place, respectively, with
respect to the density of type III collagen. The distribution of type
IV collagen tended to be similar to that of type I and 111 collagen.

We also examined the number of tumor blood vessels (Fig. 1b).
The PSNI1 wmor possessed the largest number of blood vessels
among the tumors. In contrast, the Capanl xenografts had the
smallest number of tumor blood vessels.

We have summarized the results on collagen density and blood
vessel number obtained in our study for each pancreatic xenograft.
Capanl was the most collagen-rich tumor, and the density of
collagen was lowest in PSN1. In contrast, tumor blood vessels
were most abundant in PSN1 and least abundant in Capanl.

1260

Therefore, we decided 1o use Capanl as a hypovascular tumor
model and PSN1 as a hypervascular tumor model.

In vitro cytotoxic effects of NK012, SN-38, and CPT-11 against the
Capan1 and PSN1 cell lines. The 50% inhibitory concentration (IC,)
values of NKO12 for the two cell lines, Capanl (Fig. 2a) and
PSNI1 (Fig. 2b), ranged from 0.001 to 0.1 uM. NKO12 exhibited
a remarkably higher cytotoxic effect against both of the cell
lines compared with CPT-11. In contrast the cytotoxic effect of
SN-38 was similar to that of NK0I12. The IC,, value of cach
drug against PSN1 was almost similar to that of Capanl.

Antitumor activity analysis of NK012 and CPT-11 using Capani-
and PSN1-bearing nude mice. Antitumor activity was observed in
mice treated with NKOI12 at a dose of 30 mg/kg/d and CPT-11

doi: 10.1111/1.1349-7006.2008.00806.x
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Fig. 2. (a) Capan1 and (b) PSN1 cells were exposed to the indicated
concentrations of each drug for 72 h. The growth inhibition curves for
NK012 (A), SN-38 (<), and CPT-11 (M) are shown.

at a dose of 66.7 mg/kg/d in vive (Fig. 3). Although CPT-11 exerted
a significant antitumor effect compared with the control group
in mice bearing the Capanl tumor, the tumor volume continued
to increase consistently. However, in the mice treated with
NKO12, the tumor volume started to shrink on day 8, and the
disappeared completely by day 28 in all treated mice bearing the
Capanl tumor.

In contrast to the observations for the Capanl tumor, mice
bearing the PSN1 tumor treated with CPT-11 showed a slight
reduction in tumor volume from day 4 to 12. However, after day
12 the wmor volume began to increase again. On the other
hand, the tumor disappeared completely in all mice bearing the
PSN1 tumor treated with NKO12.

Distribution studies of CPT-11 and NK012 in the solid Capan1 and
PSN1 tumors. With the purpose of evaluating drug distribution and
accumulation over time, sections of the tumor treated with NK012
or CPT-11 were examined by fluorescence microscopy. Also, we
examined the number of tumor blood vessels. In sections of the
Capan| tumor treated with CPT-11, maximum drug accumulation
was observed within 1 h of the injection of CPT-11 (Fig. 4a). At
6 h after the injection, the fluorescence originating from CPT-11
had almost entirely disappeared. Subsequently, no accumulation
of CPT-11 was observed within the tumor tissues. However, in
sections of the Capanl mor treated with NK012, fluorescence
from NKOI12 began to appear around tumor blood vessels at 1 h
after the intravenous injection and lasted until 48 h. After 6 h,
the fluorescent area began to increase and the maximum fluore-
scence area was observed at 24 h after the injection. Similar results
were obtained for the PSN1 tumor (Fig. 4b).

These microscopic observations were confirmed quantitatively
by measuring the amount of SN-38 that could be extracted from
each of the solid tumors by reverse-phase HPLC. Only slight
conversion from CPT-11 to SN-38 was seen from | to 24 h in
the Capan| tumor and from | to 48 h in the PSNI tumor, and
no SN-38 was detected thereafter. In contrast, SN-38 released
from NKOI2 continued to be detected in both tumors from | to
96 h after the injection of NKO012 (Fig. 5).
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Fig. 3. Antitumor effect of NK012 and CPT-11. NK012 (W), CPT-11 (D),
or saline (A) was administered intravenously. When the mean tumor
volumes reached 300 mm® (on day 0), NK012 (30 mg/kg/day) or CPT-11
(66.7 mg/kg/day) was administered on days 0, 4, and 8. Each group
consisted of five mice. (a) Capan1 tumor; (b) PSN1 tumor. *P < 0,05
(NK012 vs CPT11); **P < 0.05 (NK012 vs saline).

Discussion

Recently, several new formulations categorized as DDS have
been approved in the field of oncological treatment, such as Doxil,
a polyethylene glycol-liposome incorporating adriamycin, """
and abraxane, a taxol coated with albumin.*'" In addition,
several clinical trials of drugs based on the DDS concept are
now underway.""* '* Because such formulations possess a longer
plasma area under the curve (AUC), liposomal drugs should have
sufficient time to exit from tumor blood vessel and accumulate
at reasonably high dose levels in the surrounding interstitium.

It has been reported that although polyethylene glycol (PEG)
liposomes can be delivered efficiently to a solid tumor, free drug
is not transferred sufficiently to cancer cells, particularly those
that are distant from the tumor vessels, because the formulations
are too large to move through the wumor interstitium.'” Also, it
has been suggested that liposomes are too stable to allow the
drug within to be released easily. Therefore, it has been speculated
that PEG liposomes may not be so effective against cancers in
which the tumor vessel network is irregular and loose because
of an abundant collagen-rich matrix. Some examples of such
cancers include scirrhous cancer of the stomach and pancreatic
cancer. In fact, Doxil is known to be clinically effective against
ovarian and breast cancers, both of which are characterized by a
high density of tumor microvessels, whereas it is not effective
against stomach and pancreatic cancers."" Therefore, it is con-
ceivable that some special device is necessary for DDS drugs 1o
exert their antitumor effect sufficiently even against hypovascular
tumors such as pancreatic cancer,

In the present study, we characterized the tumor vessel and its
interstitium using four kinds of human pancreatic xenografts.
The results revealed that the number of tumor blood vessels was
inversely related to the amount of collagen within the tumor
tissues. Among the four cell lines, Capanl was the poorest in
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Distribution of NK012 or CPT-11 in the (a) Capanl and (b) PSN1 tumor xenografts. Mice bearing Capan1 or PSN1 tumors were injected

with NK012 (30 mg/kg/day) or CPT-11 (66.7 mg/kg/day). The tumor tissues were excised at 1, 6, 24, and 48 h after the intravenous injection of
NK012 or CPT-11. Each mouse was administered an injection of fluorescein-labeled Lycopersicon esculentum lectin just before being killed, for
detecting the tumor blood vessels. The frozen sections were examined under a fluorescence microscope at an excitation wavelength of 377 nm

and emission wavelength of 447 nm. The same fluorescence conditions can be applied for visualizing NK01

can not be detected under these fluorescence conditions

tumor vasculature and richest in the amount of collagen within
the tumor tissue. Conversely, PSN1 was the richest in tumor
vasculature and poorest in the amount of collagen. Therefore, it
may safely be said that Capanl xenografts are most like human
pancreatic cancer tissue in terms of the amount of interstitial
tissue among the four cell lines tested.

We evaluated the in virro cytotoxic effect of CPT-11, SN-38,
and NKO012 and the in vive antitumor activity of CPT-11 and
NKO12 against Capanl tumors as a hypovascular tumor model
and PSNI tumors as a hypervascular tumor model. SN-38 and
NKO012 exhibited a higher cytotoxic effect against the two cell
lines compared with CPT-11. Between SN-38 and NKO012, the
cytotoxic effect of NKO12 was almost similar or a little lower
compared with that of SN-38. As CPT-11 itself is a prodrug and
is converted 1o SN-38, an active metabolite of CPT-11, by car-
boxylesterases, the activity of CPT-11 is dependent on the activity
of the enzymes. It is speculated that the efficient sustained
release of SN-38 from NKOI12 allows the formulation to exert a
similar cytotoxic effect to that of SN-38. In the in vivo experi-
ment, CPT-11 showed significant antitumor activity against both
PSN1 tumors as a hypervascular tumor model and Capanl tumors
as a hypovascular tumor model. A slight reduction in tumor size
was observed from day 4 to 12 in the case of PSNI tumors, but
not Capanl tumors. We suggest that the higher antitumor activity
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seen in PSN1 compared with Capanl tumors is probably because
of the greater accumulation of CPT-11 in the PSNI xenogr:
because of the more abundant vasculature. Surprisingly, NK012
could cause complete disappearance of both PSN1 and Capanl
tumor xenografis. Before conducting the experiment, we had anti-
cipated that NKO12 might exert stronger antitumor effects against
PSNI compared with Capanl, because such macromolecular
drugs can accumulate more efficiently in the PSN1 xenografis
because of the richer vasculature. Therefore, we then intensively
examined the distribution of NK012 and CPT-11 within the PSN1
or Capanl xenografts by fluorescence microscopy and HPLC. In
the analysis by fluorescence microscopy, NK012 appeared within
and around the twmor blood vessels in both the PSN1 and
Capanl xenografts at 1 h after the injection. NKO12 began to
spread from the blood vessels within the tumor tissue of both
xenografts. Fluorescence originating from NKO012 increased 1o a
maximum in both of the wmors by 24 h after the injection of
NKOI12. Namely, NKO12 was distributed throughout the entire
body of both umors at 24 h after the injection. Furthermore,
fluorescence originating from NKO012 was clearly and diffusely
detected throughout both tumors.

However, fluorescence originating from CPT-11 increased to
a maximum at | h in both tumors after the injection of CPT-11,
indicating that maximum distribution of CPT-11 was achieved
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Fig. 5. Tumor distribution of CPT-11, NK012 (or polymer bound 5N-38),
and free SN-38 after administration of NK012 and CPT-11 to mice
bearing (a) Capan1 or (b) PSN1 xenografts. The time profiles of polymer-
bound SN-38 (W), free SN-38 released from NKO12 (), CPT-11 (@), and
free SN-38 converted from CPT-11 (O) were obtained by high-performance
liquid chromatography analysis. The time points examined were 1, 6,
24, 48, 72, and 96 h after the administration of CPT-11 or NK012.

in both tumors within | h of the injection. No or very slight flu-
orescence of CPT-11 was observed in the tumors at 6 h after
CPT-11 injection. These observations were confirmed quantita-
tively by measuring the amount of SN-38 extracted from both
tumors by reverse-phase HPLC. Only slight conversion to SN-
38 from CPT-11 was seen from | to 24 h in the Capanl tumor and
from 1 to 48 h in the PSN1 twmor, and no SN-38 was detected
thereafter. SN-38 released from NKOI2 continued to be detected
in both tumors from 1 to 96 h after the injection of NKO12. In
both CPT-11 and NKO12, SN-38 binds to each counter molecule
via an ester bond, which confers blue fluorescence on CPT-11
and NK012. Therefore, it is speculated that polymer-bound SN-
38 can be distributed throughout the entire body of the tumor,

References

Jemal A, Siegel R, Ward E, Murray T, Xu J. Thun MJ. Cancer statistics,
2007. CA Cancer J Clin 2007, §7: 43-66.

Burris HA 3nd, Moore MJ, And 1 et al. Impro in survival and
clinical benefit with gemcitabine as first-line therapy for patients with
advanced pancreas cancer: a randomized trial. J Clin Oncol 1997, 15: 2403
13

b

[}

Moore MI, Goldstein D, Hamm 1 et al. Erdotinib plus gemcitabine compared
with gemcitabine alone in patients with advanced pancreatic cancer: a phase
111 trial of the National Cancer Institute of Canada Clinical Trials Group.
J Clin Qncol 2007; 25: 1960-6.

4 Hosoki T, Dynamic CT of pancreatic wmors. AJR Am J Roenrgenol 1983;
140: 959-65.

Sofuni A, lijima H, Moriyasu F er al. Differential diagnosis of pancreatic
tumors using ultrasound contrast imaging. J Gastroenteral 2005; 40: 518-

tA

s
6 Mauu.mm X, M.acda 1L A new concept for mncmtmluulsr therapeutics in
cancer ¢ py: mechanism of lation of f

regardless of the amount of interstitial tissue. We are unable to
explain clearly how NKOI2 was distributed well even in hypovas-
cular umors. However, it is speculated that NKO12 can move
smoothly within the tumor interstitium because of its relatively
small particle size (20 nm) compared with other DDS formula-
tions, and because of its flexibility the formulation can pass
through even narrow gaps within the interstitium. Previously, we
reported that sustained release of 74% free SN-38 occurred from
NKO12 under physiological conditions within 48 h.™ It is also
important to remember that the antitumor activity of SN-38 is
time dependent.''” Taking all of these data together, it may be
concluded that NKO12 can selectively accumulate in pancreatic
tumor xenografts, to be distributed effectively throughout the
entire body of the tumor, including in hypovascular tumors, and
shows sustained release for a prolonged period of time. Con-
sequently, NK012 can exert more significant antitumor activity
than CPT-11, which is not an ideal formulation for realizing the
time-dependent actions of the drug.

In addition to our present study, there have been several efforts
1o enhance the accumulation of anticancer agents in tumors to
obtain higher antitumor activities of drugs. For example, it has
been reported that a transforming growth factor-f inhibitor can
enhance tumor vascular permeability to promote accumulation
of macromolecules.”” Conversely, combined use of an antiang-
iogenic agent, such as an antibody to VEGF, with an anticancer
agent could enhance the antitumor activity, probably by lowering
the tumor vascular permeability with a consequent decrease in
the interstitial fluid pressure so that the anticancer agents may
accumulate more easily in the tumor.?'* However, much remains
to be clarified.

In the present paper, we have shown not only the superiority
of the antitumor effect of NK012 compared with that of CPT-11,
but also propose that enhanced accumulation, distribution, and
retention of DDS within the tumor tissue and the sustained
release of anticancer agents from DDS particles are key elements
for the treatment of hypovascular tumors. A phase I clinical trial
is now underway. Not only the clinical usefulness of NKO012,
but also the new concept for antitumor actions described in this
paper are intended to be verified in the near future through further
preclinical and clinical studies.
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Genetic Variations and Haplotypes of ABCC2
Encoding MRP2 in a Japanese Population
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Summary: The multidrug resistance-associated protein 2 (MRP2) encoded by the ABCC2 gene is expressed
in the liver, intestine and kidneys and preferentially exports organic anions or conjugates with glucuronide or
glutathione. In this study, all 32 exons and the 5’-flanking region of ABCCZ in 236 Japanese were rese-
quenced, and 61 genetic variations including 5 novel nonsynonymous ones were detected. A total of 64
haplotypes were determined/inferred and classified into five “1 haplotype groups (*1A, "1B, "1C, "1G,
and "1H) without nonsynonymous substitutions and *2 to *9 groups with nonsynonymous variations. Fre-
quencies of the major 4 haplotype groups *1A (= 1774delG), " 1B (no common SNP), '1C (= 24C>T and
3972C >T), and "2[1249G > A (Val417lle)] were 0.331, 0.292, 0.172, and 0.093, respectively. This study
revealed that haplotype *1A, which has lowered activity, is quite common in Japanese, and that the fre-
quency of "1C, another functional haplotype, was comparable to frequencies in Asians and Caucasians. In
contrast, the haplotypes harboring 3972C > T but not —24C > T (" 1G group), which are reportedly common
in Caucasians, were minor in Japanese. Moreover, the allele 1446C >T (Thr482Thr), which has increased
activity, was not detected in our Japanese population. These findings imply possible differences in MRP2-
mediated drug responses between Asians and Caucasians.
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