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A B S T R A C T

Human pancreatic cancer is refractory to chemotherapy partly because of blockage to pen-

etration of anticancer agents. This issue must be taken into account particularly for the

drug delivery system (DDS). The aim of the present study is to investigate how NK012

(SN-38-incorporating polymeric micelles) categorised as DDS exerts its antitumour effect

in an orthotopic pancreatic tumour model compared with gemcitabine and irinotecan

hydrochloride (CPT-11), a low-molecular-weight prodrug of a 7-ethyl-10-hydroxy-campto-

thecin (SN-38).

The maximum tolerated doses (MTDs) of NK012 (30 mg/kg/d), CPT-11 (66.7 mg/kg/d) and

gemcitabine (16.5 mg/kg/d) were administered to mice bearing human pancreatic cancer

cell (SUIT-2) xenografts implanted orthotopically. Antitumour effects of these compounds

were evaluated. Drug distribution within the tumour was examined by fluorescence

microscopy and high performance liquid chromatography (HPLC).

NK012 exerted potent antitumour effects compared with CPT-11 and gemcitabine. A high

concentration of NK012 and SN-38 released from NK012 had been observed until 192 h. On

the other hand, SN-38 converted from CPT-11 was detected only 1 h postinjection. Fluores-

cence from NK012 was detected up to 48 h, whereas that from CPT-11 almost disappeared

by 24 h postinjection.

NK012 appeared to exert potent antitumour activity against intractable stroma-rich

orthotopic pancreatic tumour xenografts due to its sufficient accumulation followed by

the effective sustained release of SN-38 from NK012.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Human pancreatic cancer is well known to have the worst

prognosis.1 At the time of diagnosis, the vast majority of the

cancer extends beyond the pancreas. Direct invasion to near-

by organs such as the stomach, duodenum, colon, spleen and
er Ltd. All rights reserved
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kidney is common. Distant metastasis to the liver and perito-

neal dissemination are also common.2,3 Gemcitabine is a

first-line therapy for patients with advanced pancreatic can-

cer; however, only a response rate within 6–11% was observed

in pancreatic cancer patients treated with gemcitabine.4,5 The

recent success of molecular-targeting agents has some
.
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impact on pancreatic cancer treatment. A recent phase III

trial of gemcitabine alone versus gemcitabine and erlotinib

(a tyrosine kinase inhibitor) in patients with advanced pan-

creatic cancer showed that overall survival was significantly

improved with gemcitabine and erlotinib than with gemcita-

bine and placebo. However, the improvement in median over-

all survival with gemcitabine and erlotinib was modest

(6.24 months versus 5.91 months).6 Therefore, novel thera-

peutic approaches against invasive advanced pancreatic can-

cer are urgently needed.

There are several reasons why pancreatic cancer is intrac-

table clinically. One is that anticancer drugs are not efficiently

and sufficiently delivered to the cancer cells within pancreatic

cancer tissues. This is because human pancreatic cancer is

hypovascular7,8 and is rich in interstitial tissue, which may

hinder the efficient distribution of anticancer drugs to the en-

tire pancreatic cancer tissue.

Passive targeting by the drug delivery system is based on

the pathological features of many kinds of solid tumours. So-

lid tumours generally have the features of hypervascularity,

irregular vascular architecture, enhanced vascular permeabil-

ity and the absence of an effective lymphatic drainage that

prevents efficient clearance of macromolecules. Using these

characteristic tumour vasculatures, macro-molecular agents

accumulate selectively in solid tumours compared with low-

molecular agents, with less distribution to normal tissues.

These vascular characteristics of solid tumours are the basis

of the enhanced permeability and retention (EPR) effect.9

SN-38, a biologically active metabolite of CPT-11 has potent

antitumour activity against several cancers.10,11 However, it

has not yet been used clinically because of its water insolubil-

ity and severe toxicity.12,13 It has been recently shown that

NK012, SN-38-incorporating polymeric micelles, can accumu-

late selectively in solid tumours by utilising the EPR effect and

exerts significantly more potent activity against various hu-

man tumour xenografts than CPT-11.14–18 In pancreatic can-

cer, we found that NK012 but not CPT-11 could eradicate

subcutaneous pancreatic tumour xenografts19 because of en-

hanced accumulation, distribution and retention within tu-

mour tissues and the sustained release of SN-38 from NK012.

In the present study, we examined the antitumour effects

and pharmaceutical features of NK012 compared with those

of CPT-11 and gemcitabine using orthotopic human pancre-

atic cancer xenografts that are more similar to human pan-

creatic cancers in terms of tumour vascularity and

interstitium.

2. Materials and methods

2.1. Drugs and cells

NK012 was prepared and supplied by Nippon Kayaku Co., Ltd.

(Tokyo, Japan). CPT-11 was purchased from Yakult Co., Ltd.

(Tokyo, Japan). SN-38 was supplied by Yakult Co., Ltd. Gemcit-

abine was purchased from Eli Lilly Japan K.K. (Kobe, Japan).

The human pancreatic cancer cell line SUIT-2 was purchased

from the Health Science Research Resources Bank (Osaka, Ja-

pan). SUIT-2 cells were maintained in Dulbecco’s modified Ea-

gle’s medium supplemented with 10% foetal bovine serum

(Cell Culture Technologies, Gaggenau-Hoerden, Germany),
100 units/ml streptomycin and 2 mmol/L L-glutamine (Sigma,

St. Louis, MO, United States of America) in an atmosphere of

5% CO2 at 37 �C.

2.2. Orthotopic pancreatic cancer mouse model

Four-weeks-old female BALB/c nude mice were purchased

from CLEA Japan (Tokyo, Japan). SUIT-2 cells (5 · 106) were in-

jected into the body of the pancreas of nude mouse after lap-

arotomy under anaesthesia. All animal procedures were

performed in compliance with the Guideline for the Care

and Use of Experimental Animals established by the Commit-

tee for Animal Experimentation of the National Cancer Cen-

ter, Japan; these guidelines meet the ethical standards

required by law for the use of experimental animals in Japan.

2.3. In vitro growth inhibition assay

Cell toxicity of NK012, SN-38, CPT-11 and gemcitabine was

measured by tetrazolium salt-based proliferation assay

(WST-8 assay; Wako Chemicals, Osaka, Japan), as described

previously.19 Data were averaged and normalised against a

non-treated control to generate dose–response curves. The

number of living cells (% Control) was calculated using the

following formula: % Control = (Each absorbance – Absor-

bance of blank well)/Absorbance of control well · 100.

2.4. Establishment of SUIT-2 cell lines stably expressing
firefly luciferase and YFP mutant Venus

For the in vivo bioluminescence imaging of orthotopic pancre-

atic tumours, the SUIT-2 cell line stably expressing firefly

luciferase and the yellow fluorescent protein (YFP) mutant Ve-

nus were established. The coding sequence for firefly lucifer-

ase and Venus was subcloned into the pIRES Vector (Clontech

Laboratories, Mountain View, CA, United States of America).

The fragment consists of Luciferase-IRES-Venus generated

from the plasmid with the restriction enzymes Nhe I and

Not I. This fragment was subcloned into the pEF6/V5-His Vec-

tor (Invitrogen, Carlsbad, CA, United States of America) to

generate plasmids of pEF6-Luciferase-IRES-Venus. SUIT-2

cells were transfected with these plasmids. Thereafter, we

established SUIT-2 cell lines stably expressing firefly lucifer-

ase and the YFP mutant Venus.

2.5. Histological and immunohistochemical analyses

Tumour tissues were fixed in 10% formalin, and paraffin sec-

tions were prepared by the Tokyo Histopathologic Laboratory

Co., Ltd. (Tokyo, Japan). For blood vessel staining, the sections

were soaked 3 times for 5 min each in xylene, and then 3

times for 3 min each in ethanol to remove the paraffin. The

sections were then rinsed with phosphate buffered saline

(PBS), and endogeneous peroxidase was blocked with a 0.3%

hydrogen peroxide solution in 100% methanol for 20 min, fol-

lowed by 3 times of PBS rinses for 5 min. Then, Proteinase K

(Dako, Glostrup, Denmark) was added. After the sections were

rinsed 3 times for 5 min each with PBS, non-specific protein

binding was blocked with 5% skim milk (BD, Franklin Lakes,

NJ, United States of America) in PBS for 30 min at room
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temperature. After 3 times of PBS rinses for 5 min, a poly-

clonal antibody against factor VIII (Invitrogen) was added at

a dilution of 1:50, followed by incubation for 1 h and 3 times

of PBS rinses for 5 min each. Biotinylated anti-rabbit IgG

was added at a dilution of 1:50, followed by incubation for

1 h. The sections were rinsed 3 times with PBS, and Vectastain

Elite ABC Reagent (Vector Laboratories, Burlingame, CA, Uni-

ted States of America) was used. The sections were rinsed

again 3 times with PBS and incubated with 3,3 0-diaminobenzi-

dine tetrahydrochloride (DAB+) Liquid System (Dako) for 30 s.

Finally, the sections were rinsed and counterstained with

haematoxylin solution.

2.6. In vivo growth inhibition assay

2.6.1. Experiment 1
Orthotopic mice bearing a pancreatic tumour were randomly

divided into four groups consisting of five mice per group. The

maximum tolerated doses (MTDs) of NK012 (30 mg/kg at SN-

38 equivalents dose, 0.076 mmol/kg) and CPT-11 (66.7 mg/kg;

0.098 mmol/kg) were intravenously injected on days 0 (21 d

after tumour inoculation), 4 and 8. The MTD of gemcitabine

(16.5 mg/kg) was administrated intraperitoneally on days 0,

3, 6 and 9 as described previously.20 As a control, normal

0.9% NaCl solution was intravenously administered on days

0, 4 and 8. Kaplan–Meier analysis was performed to determine

the effects of the drugs. Statistical differences were ranked

according to the Mantel–Cox log-rank test using StatView

5.0. The percentage of Increase in Life Span (ILS%) was calcu-

lated as follows21: ILS% = (T/C – 1) · 100. T is the median sur-

vival days in drug treatment mouse group and C is the

median survival days in control mouse group.

2.6.2. Experiment 2
To assess the antitumour effects of NK012, CPT-11 and gem-

citabine, in vivo bioluminescence imaging studies were per-

formed using the Photon Imager animal imaging system

(Biospace, Paris, France). For imaging, mice bearing orthotopic

pancreatic tumour were simultaneously anesthetised with

isoflurane and D-luciferine potassium salt (Synchem, Ger-

many), normal 0.9% NaCl solution was intraperitoneally

administrated at 125 mg/kg, and images were taken 5 min

postinjection. For bioluminescence image analysis, regions

of interest encompassing the area of a signal were defined

using Photo Vision software (Biospace), and total numbers

of photons per minute (cpm) were recorded. The pseudo-col-

our luminescent image from violet (least intense) to red (most

intense) represented the spatial distribution of detected pho-

ton counts emerging from active luciferase within an animal.

Twenty-one days after SUIT-2/Luc inoculation, treatment was

conducted as described in Experiment 1. In vivo biolumines-

cence imaging studies were performed on days 0, 3, 6, 9 and

12 from the day of treatment initiation. To determine the ef-

fects of treatment on the time to change luminescence inten-

sity, ANOVA analysis was carried out using StatView 5.0

software. P < 0.05 was considered significant.

2.6.3. Experiment 3
Mice bearing orthotopic pancreatic tumour were treated as

described in Experiment 1. Twelve days later from treatment
initiation, tumours were excised from the pancreas. Thereaf-

ter, the length (a) and width (b) of tumour masses were mea-

sured; tumour volume was calculated as follows: tumour

volume = (a · b2) · 0.5233. At the same time, we measured tu-

mour weight.

To evaluate the metastatic nodules of the implanted pan-

creatic cancer, we measured nodule area in the mesentery.

2.7. Evaluation of NK012 and CPT-11 distribution in
tumour tissue by fluorescence microscopy

The SUIT-2 orthotopic pancreatic tumour tissues described

above were used for the analysis of the biodistributions of

NK012 and CPT-11. Twenty-one days after the SUIT-2 cell

inoculation, the MTD of NK012 (30 mg/kg) or CPT-11

(66.7 mg/kg) was injected intravenously into the tail vein of

mice. 1, 6, 24 and 48 h after NK012 or CPT-11 injection, the

mice were administered with fluorescein Lycopersicon esculen-

tum lectin (100 ll/mouse) (Vector Laboratories) to visualise tu-

mour blood vessels. After sacrificing the mice under

anaesthesia, tumours were then excised and embedded in

an optimal cutting temperature compound and were frozen

at –80 �C until use. Tissue sections (6 lm thick) were prepared

using Tissue-Tek Cryo3 (Sakura Finetek United States of

America, Inc., Torrance, CA, United States of America), and

the frozen sections were examined under a fluorescence

microscope, BIOREVO BZ9000 (Keyence, Osaka, Japan), at an

excitation wavelength of 377 nm and an emission wavelength

447 nm to evaluate the distributions of NK012 and CPT-11

within the tumour tissues. Because formulations containing

SN-38 bound via ester bonds possess a particular fluores-

cence, both NK012 and CPT-11 could be detected under the

same fluorescence conditions.

2.8. Pharmacokinetics study of NK012 and CPT-11

Mice bearing orthotopic SUIT-2 cells were used for the analy-

sis of the biodistributions of NK012 and CPT-11. NK012

(30 mg/kg) and CPT-11 (66.7 mg/kg) were intravenously

administered to mice bearing SUIT-2 cells or to normal mice.

Mice were sacrificed under anaesthesia, and tumour and nor-

mal pancreatic tissues were obtained 1, 6, 24, 48, 72, 96, 120,

144, 168 and 192 h after NK012 or CPT-11 injection. Pharmaco-

kinetics study was conducted as described previously.14

Briefly, the tumour and normal pancreatic tissues were rinsed

with physiological 0.9% NaCl solution, mixed with 0.1 M gly-

cine–HCl buffer (pH 3.0)/methanol at w/w% and then homog-

enised. To analyse the concentration of free SN-38 and CPT-

11, 100 ll of the tumour homogenates was mixed with 20 ll

of 1 mM phosphoric acid/methanol (1:1), 40 ll of ultrapure

water and 60 ll of camptothecin solution (10 ng/ml for SN-

38 and 15 ng/ml for CPT-11) as an internal standard. The sam-

ples were vortexed vigorously for 10 s, and then filtered

through Ultrafree-MC Centrifugal Filter Devices with a cut-

off molecular diameter of 0.45 lm (Millipore Co., Bedford,

MA, United States of America). Reversed-phase HPLC was per-

formed at 35 �C on a Mightysil RP-18 GP column

(150 · 4.6 mm; Kanto Chemical Co., Inc., Tokyo, Japan). A sam-

ple (50 ll) was injected into an Alliance Waters 2795 HPLC sys-

tem (Waters, Milford, MA, United States of America) equipped
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with a Waters 2475 multi k fluorescence detector. Fluores-

cence originating from SN-38 was detected at 540 nm with

an excitation wavelength of 365 nm and that originating from

CPT-11 was detected at 430 nm with an excitation wavelength

of 365 nm. The mobile phase was a mixture of 100 nmol/L

ammonium acetate (pH 4.2) and methanol (11:9(v/v)). The

flow rate was 1.0 ml/min. SN-38 content was calculated by

measuring the relevant peak area and calibrating against

the corresponding peak area derived from the CPT-11 internal

standard. Peak area was recorded using a chromatography

management system (MassLynx v4.0, Waters). In these exper-

iments, limit of the detection of CPT-11 or SN-38 was 0.002 lg/

g tumour or0.018 lg /g tumour, respectively.

For polymer-bound SN-38 detection, SN-38 was released

from the conjugate. Briefly, 100 ll of tissue samples was di-

luted with 20 ll of methanol (50 w/w%) and 20 ll of NaOH

(0.7 mol/L). The samples were incubated for 15 min at 25 �C.

After incubation, 20 ll of HCl (0.7 mol/L) and CPT solution

(10 ng/ml for SN-38 and 15 ng/ml for CPT-11) were added to

the samples, and then the hydrolysate was filtered through

a MultiScreen Solvinert. The filtrate (15 ll) was applied to

the same HPLC system described above.

2.9. Statistical analysis

Student’s t-test was used for the statistical analyses unless

otherwise mentioned. P < 0.05 was considered significant.

3. Results

3.1. In vitro cellular sensitivity of SUIT-2 cells to NK012,
gemcitabine, CPT-11 and SN-38

The inhibitory concentration 50% (IC50) values showed that

the growth inhibitory effects of NK012 were 100-fold more po-

tent than those of CPT-11 against SUIT-2 cells. On the other
Fig. 1 – In vitro growth inhibitory activities of NK012, SN-38,

CPT-11 and gemcitabin. Cell growth inhibitory activities of

NK012, SN-38, CPT-11 and gemcitabin were measured using

the WST-8 assay. SUIT-2 cells (5000 cells/well) in 96-well

plates were incubated overnight. Growth medium was

changed to new medium with various concentrations of

NK012 (s), SN-38 (m), CPT-11 (h) and gemcitabin (d). Cell

viability was measured as described in Section 2. Points,

mean; Bars, SD.
hand, the IC50 values of NK012 were almost similar to those

of SN-38 and gemcitabine (Fig. 1).

3.2. Orthotopic SUIT-2 pancreatic tumour and its
metastatic nodules in mesentery of mice

We previously found that NK012 could eradicate human tu-

mour xenografts grown subcutaneously in mice.19 However,

the pathological features of the subcutaneous tumour were

different from those of the human pancreatic cancer. Addi-

tionally, the latter frequently exhibits extensive invasion into

surrounding tissue. To assess the antitumour effects of NK012

in a model similar to human pancreatic cancer, we estab-

lished orthotopic pancreatic tumour xenografts. We then

examined pancreatic tumour growth and spread in the mes-

entery from 1 to 3 weeks postinjection of SUIT-2 cells into

the pancreas (Fig. 2A). The tumour transplanted orthotopical-

ly grew from 1 to 3 weeks within the pancreatic body, and

thereafter metastatic nodules developed in the mesentery.

We also compared the number of blood vessels between an

orthotopic tumour and a subcutaneous tumour 3 weeks post-

inoculation (Fig. 2B). We found that the orthotopic tumour

had a smaller number of blood vessels than the subcutaneous

tumour.

3.3. Antitumour activity of NK012, CPT-11 and
gemcitabine against SUIT-2 orthotopic pancreatic tumour
xenografts

Kaplan–Meier analysis showed significant improvement in

survival rate in the NK012 treatment group (ILS%, 177) than

in the control, CPT-11 (ILS% 63) and gemcitabine groups

(ILS%, 74) (Fig. 3A). Regarding antitumour activity, a photon

imager indicated that NK012 showed the most potent activity

amongst all treatment drugs (Fig. 3B). To confirm the antitu-

mour effects obtained by the photon imager, each tumour

was excised for tumour volume and weight measurement

(Fig. 3C). NK012 also strongly inhibited the metastatic nodule

area compared with the control group (Fig. 3D).

3.4. Studies on distribution and pharmacokinetics
analysis of NK012 and CPT-11 in orthotopic pancreatic
tumour tissues

To examine NK012 and CPT-11 distributions, pancreatic tu-

mour tissues were obtained 1, 6, 24 and 48 h after NK012 or

CPT-11 injection, and frozen sections were observed under a

fluorescence microscope (Fig. 4A). The drug distribution pat-

tern was clearly different between NK012 and CPT-11. In the

sections of CPT-11-treated tumour tissues, fluorescence from

CPT-11 was observed in the area of entire tumour tissue, and

maximum drug accumulation occurred within 1 h of CPT-11

injection. However, 24 h after CPT-11 injection, fluorescence

had almost disappeared and no CPT-11 accumulation was ob-

served thereafter. In the sections of NK012-treated tumour

tissues, fluorescence from NK012 started appearing within

the tumour tissue 1 h after NK012 injection. The fluorescence

area started to increase throughout the tumour tissue 6 h

postinjection and maximum fluorescence was observed at

24 h. The fluorescence from NK012 continued to be observed



Fig. 2 – Progression of orthotopically implanted SUIT-2 pancreatic tumour xenografts. (A) In vivo bioluminescence imaging

(upper panels) and metastastic nodules in the mesentery (middle panels: scale bar, 10 mm; lower panels: scale bar, 1 mm). (B)

Number of blood vessels in orthotopic tumour xenografts and subcutaneous (S.C.) tumour xenografts. After immunostaining

with anti-factor VIII antibody, the number of tumour blood vessels in each xenograft was counted. Column, mean + SD.

P < 0.01 (orthotopic versus S.C.). Scale bar: 200 lm.

654 E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 6 5 0 – 6 5 8
until 48 h. Microscopic observations were confirmed quantita-

tively by measuring the amount of SN-38 from tumour tissues

by reversed-phase HPLC. In the tumour tissues (Fig. 4B), CPT-

11 concentration decreased rapidly with time in a log-liner

fashion after CPT-11 injection. Free SN-38 (converted from

CPT-11) was only detected 1 h after CPT-11 injection. On the

other hand, NK012 (polymer-bound SN-38) and free SN-38 (re-

leased from NK012) continued to be detected from 1 to 192 h

after NK012 injection. Additionally, we compared NK012 con-

centration between pancreatic tumour tissues and normal

pancreatic tissues (Fig. 4C). NK012 concentration in normal

pancreatic tissues was significantly lower than that in pan-

creatic tumour tissues from 1 to 192 h after NK012 injection.

4. Discussion

Here, we used an orthotopic pancreatic tumour model to

evaluate the antitumour effects of NK012. The orthotopic
pancreatic cancer xenografts showed poorer vasculature

and more abundant interstitium than the subcutaneous tu-

mour xenografts. Moreover, peritoneal dissemination accom-

panied the orthotopic tumour. These results indicate that

SUIT-2 orthotopic tumours can be used as a substitute for lo-

cally advanced human pancreatic cancer.

NK012 showed more potent antitumour activity and longer

survival rate than CPT-11, gemcitabine and control. We

observed drug accumulation and distribution within tumour

tissues by fluorescence microscopy. Maximum drug accumu-

lation was observed within 1 h of CPT-11 injection. Twenty-

four hours after CPT-11 injection, fluorescence from CPT-

11 had almost disappeared, whilst that from NK012 started

appearing within the tumour tissues 1 h postinjection, and

then spread to the entire body of the pancreatic tumour tis-

sues by 48 h postinjection. These microscopic observations

were confirmed quantitatively by HPLC. Regarding the distri-

bution of NK012 in normal major organs, it showed relatively



Fig. 3 – Antitumour effects of NK012 in orthotopic tumour xenografts. Mice bearing SUIT-2 tumours were assigned into 4

groups, 21 d after tumour inoculation. Mice were intravenously administered with NK012 (s) (30 mg/kg/d), CPT-11 (m)

(66.7 mg/kg/d) and 0.9% NaCl solution (d) (as a control) on days 0 (21 d after tumour inoculation), 4 and 8. Gemcitabine (h)

(16.5 mg/kg/d) was administrated intraperitoneally on days 0, 3, 6 and 9. (A) Effects of NK012 treatment on survival. Survival

was assessed by Kaplan–Meier analysis. NK012, CPT-11 and 0.9% NaCl solution were administered on days 0, 4 and 8 (black

arrows) and gemcitabine on days 0, 3, 6 and 9 (white arrows). P < 0.0018 (NK012 versus CPT-11), P < 0.0018 (NK012 versus

gemcitabine), P < 0.0018 (NK012 versus control). (B) Representative luminescence intensity images obtained in individual

control and treatment group mice on days 0 and 9. Points, mean + SD. P = 0.0074 (NK012 versus control), P = 0.0231 (NK012

versus CPT-11), P = 0.0239 (NK012 versus gemcitabine). (C) Tumour volume and tumour weight in mice treated with NK012,

CPT-11, gemcitabine and control. Column, mean + SD. *P < 0.05 (versus NK012). **P < 0.01 (versus NK012). Scale bar, 10 mm. (D)

Suppression of metastatic nodules in mesentery by NK012. After 12 d of treatment initiation, the mesentery was dissected

and nodule area was measured. Upper panel scale bar, 10 mm; lower panel scale bar, 1 mm. Graph column, mean + SD.
**P < 0.01 (versus NK012).
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Fig 3. (continued)
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prolonged distribution in the liver and spleen.14 However, he-

patic toxicity was not observed by a biochemical analysis in

the injection of NK012. This long SN-38 retention time is

important for its antitumour effects because its antitumour

activity is time-dependent.22 Therefore, we conclude that

long-term distribution and retention of NK012 and SN-38

released from NK012 is one of the essential properties

underlying the superior antitumour activity of NK012 in such

stroma-rich tumours.

In hypervascular tumours, drug formulations categorised

in DDS can effectively accumulate in the tumours and suffi-

ciently exert antitumour effect. However, in hypovascular

tumours, for example, liposomal drugs can be efficiently deliv-

ered to the tumour tissue but free drugs are not sufficiently

distributed to cancer cells. Because their formulation is too

large to allow penetration of tumour interstitium and is too

stable to allow the free drug within liposomes to be released

easily. In fact, Doxil23, a pegylated liposomal doxorubicin, is

clinically effective against hypervascular cancers24,25 such as

ovarian tumours, breast cancer and Kaposi sarcoma but not
against stomach and pancreatic cancers, both of which have

a low density of tumour microvessels. On the other hand,

NK012 is small (20 nm)14 compared with liposomes, which is

why it can be distributed more uniformly in the tumour tissue.

Furthermore, NK012 has the potential to allow the effective

sustained release of free SN-38 inside a tumour following

NK012 accumulation in the tumour tissue. Consequently,

SN-38 thus released distributes throughout the tumour tissue

and is internalised into cancer cells to kill them.

Here, we have shown that NK012 has potent antitumour

effects against orthotopic pancreatic tumours compared with

gemcitabine and CPT-11, and that NK012 decreased the num-

ber of metastatic nodules in the peritoneal cavity. Thus, we

admonish that it is better to use orthotopic tumour xeno-

grafts to evaluate the antitumour activity against cancer char-

acterised by few tumour vessels and high amount of tumour

stroma. Moreover, enhanced accumulation, distribution and

retention of polymeric micelle-based anticancer drugs within

the tumour tissue and the sustained release of anticancer

drugs from the micelles are key elements for the treatment



Fig. 4 – Distribution of NK012 or CPT-11 in orthotopic tumour xenografts. Concentrations of NK012 (polymer-bounded SN-38),

free SN-38 and CPT-11 in tumour or normal pancreatic tissues. (A) Mice bearing SUIT-2 tumours were injected with NK012

(30 mg/kg) or CPT-11 (66.7 mg/kg). Tumour tissues were excised 1, 6, 24 and 48 h after intravenous NK012 or CPT-11. Each

mouse was administered with fluorescein-labelled Lycopersicon esculentum lectin 5 min before sacrifice to detect tumour

blood vessels. Frozen tissue sections were examined under a fluorescence microscope at an excitation wavelength of 377 nm

and an emission wavelength of 477 nm. The same fluorescence condition can be applied for visualising NK012 and CPT-11

fluorescence. Scale bar, 100 lm. (B) Concentration of NK012 (polymer-bounded SN-38) (s), free SN-38 released from NK012 (m),

CPT-11 (h) and free SN-38 converted from CPT-11 (d) in orthotopic tumour xenografts. Points, mean + SD. (C) Concentration of

NK012 (polymer-bounded SN-38) in tumour tissue or normal pancreatic tissue. Black column, tumour tissues, mean; white

column, normal pancreatic tissue, mean. Bar, SD. **P < 0.01 (tumour tissue versus normal pancreas, each time).
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of hypovascular tumours. A phase I clinical trial of NK012 has

been completed.26,27 A future phase II clinical trial in patients

with hypovascular and stroma-rich tumour such as pancre-

atic cancer is warranted.
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