High expression of insulin-like growth factor binding
protein-3 is correlated with lower portal invasion and
better prognosis in human hepatocellular carcinoma
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Insulin-fike growth factor binding protein-3 {GFBP-3) modulates cell
proliferation of various cancer cell types. However, it remains
unclear how IGE-IGFBP-3-signaling is involved in growth and
progression of hepatocellular carcinoma (HCC). The aim of the
present study was to evaluate the role of IGFBP-3 in HCC. Type 1
receptor for IGF (IGF-1R) was expressed at various levels in the
seven lines examined, but 1GF-2R was not expressed. Of the seven
lines, the growth of HAK-1B, KIM-1, KYN-2 and HepG2 cells was
stimulated in a dose-dependent manner by the exogenous addition
of 1GF-1 of IGF-I, but the HAKX-1A, KYN-1 and IKYN-3 cell lines showed
no growth. Exogenous addition of 1GFBP-3 markedly blocked IGF-1
and IGF-Il-stimulated cell growth of KYN-2 and HepG2 cells, and
moderately stimulated that of KIM-1 and HAK-1B cells, but no
arowth of the IKYN-1, KYN-3 and HAK-1A cell lines was observed.
IGF-1 enhanced the phosphorylation of IGF-1R, Akt and Erk1/2 in
KY¥N-2 cells, and coadministration of IGFBP-3 blocked all types of
activation by IGF- investigated here. In contrast, no such activation
by IGF-1 was detected in KYN-3 tells. 1GFBP-2 also suppressed
1GE-I-induced cell invasion by KYN-2 cells. Moreover, we were able
to cbserve the apparent expression of IGFBP-3 in KYN-3 cells, but
not in the other six cell lines. Furthermore reduced expression of
IGFBP-3, but not that of IGF-1R, was significantly correlated with
tumor size, histological differentiation, capsular invasion and portal
venous ivasion. Low expression of IGFBP-3 was independently
assoriated with poor survival, IGFBP-3 could be a molecular target
of intrinsic importance for further development of novel therapeutic
strategy against HCC. (Cancer Sci 2006; 97: 1182-1190}

H epatocellular carcinoma (HCC) is one of the most common
and aggressive malignant wmors worldwide. The long-
tenin prognosis of HCC patients has remained unsatisfactory due
to the high incidence of intrahepatic recurrence, which depends
on portal venous invasion and the high incidence of intrahepatic
metastasis, as well as multicentric development of new tmors.!?
Moreover, our understanding of the meolecular mechanisms
underlying the progression of HCC and the development of
effective therapeutic targets remain to be studied in further
detail.

One candidate among the many growth factors that are closely
associated with growth of HCC cells is insulin-like growth factor
(IGF).® The biological effects of IGF are mediated via type 1
IGF receptor (IGF-1R), which leads to activation of the mitogen-
activated protein kinase (MAPK) signaling pathway involved in
cell growth and metabolism,®* Mutation of another type 2 receptor
(M6P/IGF-2R) and upregulation of IGF-II are expected 1o be
responsible for the eardy stages of human hepatocarcinogenesis.
However, it remains unclear how the IGF system is involved in
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the progression of HCC. IGF are known to bind to IGF binding
proteins (IGFBP), which regulate activity and function of IGE®
IGFBP-3 is the most abundant IGFBP that is present in
non-cancerous liver tissues and serves as a negative regulator of
cell proliferation in human HCC.®-'® IGFBP-3 is also known
to regulate cell growth independently of its effects on IGF-
stimulated growth in other types of malignancy,t*-®

In our present swdy, we investigated how IGFBP-3 exerts its
antiproliferative effects on HCC cell lines in culture, and using
immunohistochemical analyses we further examined whether or
not the expression of IGFBP-3 in human clinical samples is
associated with the clinicopathological characteristics of HCC,
We discuss plausible roles of IGFBP-3 in the IGF-dependent
and -independent cell proliferation of HCC, and also the clinical
significance of IGFBP-3 in patients with HCC.

Materials and Methods

Cell culture and reagents. HAIC-1A, HAK-1B, KIM-1, K'YN-1,
KYN-2 and KYN-3 were established at Kurume University
(Kurume, Japan)} as described previously."" HepG2 was
purchased from American Type Culrure Collection {(Manassas,
VA, USA). These cell lines were grown in Dulbecce’s modified
Eagle's medism (DMEM) supplemented with 10% fetal bovine
serum, Human IGE-I (hIGF-I), hIGF-U and hIGFBP-3 were
purchased from R&D systems (Minneapolis, MN, USA).
Anti-JGF-1Ro, antiphospho-IGF-1R, anti-IRS-1, anti-PKB/Akt,
antiphospho-PKB/Akt, anti-Erk and antiphospho-Erk were obtained
from Cell Signaling (Beverly, MA, USA). Anti-IGFBP-3 was
from Santa Cruz (Santa Cruz, CA, USA). Anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was purchased from
TREVIGEN (Gaithersburg, MD, USA).

Western blotting. Westem blotting was carried out as described
previously.?? Briefly, cells were lysed in a lysis buffer (pH 7.4)
containing 20 mM Tris-HCI, 1% Triton X-100, 50 mM each of
NaCl and NaF, 3 mM ethylenediaminetetraacetic acid, 1 mM
Na,VO,, 1 mM phenylmethylsulfony}fivoride and 10 pg/mL
each of aprotinin and leupeptin. The lysates were separated by
sodium dodecylsulfate—pelyacrylamide gel electrophoresis, and
then transferred to a nitrocellulose membrane.

Small interfering RMA transfection. The small interfering RNA
(siRNA) corresponding to nucleotide sequences of IGF-1R
(5-GCAUCGAACUCCUCUUCUCAGUUAA-3) and IGFBP-3
(5'-AAUCAUCAUCAAGAAAGGGCAUU-3Y were purchased
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from Invitrogen {Carlsbad, CA, USA) and QIAGEN (Valencia,
CA, USA), respectively. A negative control siRNA was obtained
from Invitrogen. SIRNA. duplexes were transfected using Lipofec-
tamine 2000 and Opti-MEM medium (Invitrogen) accerding to
the manufacturer’s recommendations.

Real-time quantitative polymerase chain reaction. The extraction
of total RNA was camried out using TRIsol selution (Life
Technologies, Grand Island, NY, USA). Real-time gquantitative
polymerase chain reaction (PCR) was carried out using the
Real-Time PCR system 7300 (Applied Biosystems, Foster
City, CA, USA) as described previously.?? In brief, the PCR
amplification reaction mixtres (20 L) contained cDNA, primer
pairs, dual-labeled fluorogenic probe and TagMan Universal
PCR Master Mix. The primer pairs and probe were obtained
from Applied Biosystems. The relative gene expression for each
sample was determined nsing the formula:

q-4Ct = 2(:1(6&1’1)1-1)«t:u'lm’—151)1

which reflected the IGF-1R gene expression normalized to
GAPDH levels.

Cell proliferation assay. Aliquots of medium containing
3.0 x 10° cells were seeded into a 96-well plate. The following
day, the medium was replaced with serum-free DMEM medium
with or without IGF, The plate was then treated for 72 h
before the addition of WST-8 (2-[2-methocy-4-nitrophenyl]-
3-[4-nitrophenyl}-5-[2,4-disulfophenyl]-2H-tertrazolium) and
absorbance recorded at 450 nm,

Quantification of IGFBP-3 in conditioned medium. The conceniration
of IGFBP-3 in conditioned medium from the HCC cell lines
was measured using a commercially available enzyme-linked
immunosorbent assay (ELISA) kit (R&D systems). The cells
were suspended at a density of 3.0 x 10? cells/mL in 48-well
plates and the suspensions were then cultured for 16 h. The
supernatant was replaced with fresh medinm after 24 h.

Matrigel invasion assay. This assay carried out as described
previously.® In brief, BD BioCoat Matrigel Invasion Chambers
(BD Bioscience, Bedford, MA, USA) were used according to
the manufacturer’s instructions. KYN-2 cells (1 x 10%) in serum-
free DMEM contajining 0.1% bovine serum albumin were
seeded onto Matrigel-coated filters in the upper chambers, In the
lower chambers, DMEM medium with or without IGF-I was
added as a chemoatiractant, After 24 h of incubation, cells on
the upper surface of the filters were removed with a cotton
swab, and the filters were fixed with 100% methanol and stained
with Giemsa dye. The cells that had invaded to the lower side
of the filters were viewed under 2 microscope and counted in
five fields of view. The invasive ability of the cancer cells was
expressed as the mean number of cells in five fields, The assay
was carried out as three independent experiments.

Patients and samples. We reviewed the clinical data and surgically
resected tissue from 87 consecutive patients who underwent
hepatectomy for primary HCC without preoperative treatment
between 1992 and 2000. Written informed consent was obtained
from each patient before tissue acquisition. The study was
approved by the Human Investigation Committee at the Kyushu
University School of Medicine (Fukuocka, JTapan). All specimens
were obtained from files at the Department of Anatomic
Pathology at Kyushu University. All tumors were defined as HCC,
and the pathological features were determined histologically
based on the classification of the Liver Cancer Smdy Group of
Tapan 8

For measurement of serum IGF-I and IGFBP-3 levels, 92
subjects with HCC were included (age, 4583 years; median,
67.6 years; maleffemale, 64/28; hepatitis B virus antigen
(HBsAg) positive, 16; hepatitis C virus antibody (HCV-Ab)
positive, 68; and HBsAg/HCV-Ab negative, 8). The diagnosis
was based on ultrasonography, contrast-enhanced computed
tomography, magnetic resonance imaging angiography and
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lListological findings. All patients underwent hepatectomy for
primary HCC without preoperative rreatment at the Kurume
University Hospital.

immunohistochemistry. The tissue sections (4 pm) were stained
with ant-IGFBP-3, anti-IGF-1Ro or antiphospho-IGF-1R. A
biotinylated secondary antibody was then applied and incubated
with peroxidase-conjugated streptavidin, chromogenized by
diaminobenzidine. The staining was evaluated semiquantitatively
in the selected HCC components containing a predominant
histological grade and the results were compared with those in
adjacent, non-neoplastic hepatocytes. The staining for IGFBP-3
was divided into Jow (Jess than 10% of tumor cells are positive)
and high (more than 10% of tumor cells are positive) expression
groups according to the percentage of immunoreactive celis.
The evaluation for IGF-1R was dependent on its intensity when
IGFBP-3 was evaluated by counting innmunoreactive cells.

Statistical analysis. Differences in cell number, the levels of
proteins and serum IGF-I and IGFBP-3 Jevels being examined
were analyzed using the Mann—Whitney U-test. The correlation
between serum IGF-I and IGFBP-3 levels and degree of HCC
progression, and between immunohistochemical results and
clinicopathological factors, were evaluated using the ¥>-test,
Fisher’s exact test and Manu-Whitney U-test. Overall survival
was measured from the time of surgery unti] death with disease,
or until the end of follow up. Patients who died of causes
vnrelated to the disease were censcred at the time of death
{rn=3). One patient was lost from follow up at 2 months after
surgery. Survival curves were calculated using the Kaplan-
Meler method, and the differences between the curves were
analyzed using the log-rank test. Cox’s proportional hazard
model with a stepwise procedure was used for the multivariate
survival analysis. The results were considered significant if the
P-value was less than 0.05.

Results

IGF-dependent cell growth in some HCE cell lines, IGF-1R, IRS-1,
Akt and Erk were expressed at various levels among the seven
cell lines, although no IGF-2R expression was detected
(Fig. 1A). Both IGF-I and IGF-II stimulated cell proliferation
of HAK-1B, KIM-1, KYN-2 and HepG2 in a dose-dependent
manner. Moreover, IGF-1 and IGF-I stimulated only slight, if
any, cell growth among HAK-14, KXYN-1 and KYN-3 (Fig. 1B).
IGF-I effectively stimulated cell proliferation of KYN-2
much more than IGF-II did, but both factors showed similar
stimulatory effects on growth of HAK-1B, KIM-1 and HepG2
cells.

We next examined whether or not IGF-dependent cell growth
of HCC cells is mediated through IGF-1R. The transfection of
IGF-1R siRNA in KYN-2 cells led to a downregulation of
IGF-1R expression in a dose-dependent manner (Fig. 1C). The
growth of KYN-2 cells increased to approximately 1.5-fold the
size of untreated controls when treated with 1GF, and this
IGF-dependent stimulation of growth was almost completely
blocked by 40-100 nM IGF-1R siRNA (Fig. 1D).

Effect of IGFBP-3 on IGF-induced cell growth. The effect of
IGFBP-3 on IGF-induced cell growth was examined. The
IGF-dependent cell growth of KX'YN-2 and HepG2 was almost
completely blocked by treatment with IGFBP-3 at 1-10 pg/mL,
whereas that of HAK-1B and KIM-1 was significantly blocked
by treatment with 10 pg/mL IGFBP-3. In contrast, the growth of
HAK-1 A, KYN-1 and KYN-3 cells was not at all inhibited by
weatment with [GFBP-3 (Fig, 2A). Next we carried out an
ELISA assay in order to determine whether or not HCC cell
lines produce IGFBP-3. Of the seven cell lines examined here,
we were able to observe unequivocal production of higher
amounts of IGFBP-3 in the KYN-3 cells, but this was not the
case in the other cell lines (Fig. 2B).
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Fig. 1. (A) Expression of type 1 insulin-like growth factor {IGF) receptor {IGE-1R), IGF-2R, IRS-1, Akt and Erk was determined by immunoblotting
conducted on protein lysates extracted from these celf lines. The detection of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a
loading control. (B) Effects of 1GF-f and IGF-I on the proliferation of seven hepatoceliular carcinoma cell lines. The cells were treated with or
without IGF at concentrations of 1, 10 or 100 ng/mL for 72 h in serum-free media, and then colorimetric WST assays were carried out, Each bar
represents IGF-1 (closed bar) or IGF-Il (hatched bar). The data are expressed as the mean + 5D. (C) Inhibition by IGF-1R small interfering RNA (sIRNA)
treatment of IGF-1R gene expression of KYN-2 cells. KYN-2 cells were transfected with IGF-1R siRNA at concentrations of ¢, 16, 40 and 100 nM,
and the cells were incubated for the periods of time indicated. After incubation, total RNA was extracted and gene silencing was analyzed by real-
time quantitative polymerase chain reaction. (D) Effect of IGF-1R SIRNA on the proliferation of IGF-I (closed bar} or IGF-Il (hatched bar}-stimulated
KYN-2 cells. The cells were stimulated with 100 ng/mL of IGF-| or 1GF-Il after 24 h of sIRNA treatment, and a WST assay was carried out 72 h after

IGF stimulation. The data are expressed as the mean +5D.

1184 doi: 10.11114.1349-7006.2006.00322.x
© 2006 Japanese Cancer Association



z

KYN-2

b B
5 £
2 =
E g
4 E:
E |
& £
-. % + + + IGF + + IGF
06 0 01 1 10 IGFBP3 O 0 01 1 10 IGFBP-3
(ug/mdi) {1g/mL)
KIM-1
2.0
5 g
s - ]
g g 1.5 g
2 £ |
= o i
@ § 1.0 ~ g
g 2 i
® g 05
- ] A
2 2 %gfi
/ 0.0 - i |
- 4+ &+ 4+ 4+ IGF - + + + + IGF
0 0 01 1 10 IGFBP-3 0 0 01 1 10 IGFBP-3
{pg/mL) {pg/mL)
KYN-1 KYN-3
15
z z g
2 3 T
o o i
- - + IGF
0 0 01 1 10 IGFBP-3 0 0 01 1 10 IGFBP-3 0 01 1 10 IGFBP-3
{vg/mi) (pg/mL} (ng/mL)
(B) 1.4
1.2 —
T 1.0 —
E
2 08 -
@
o 06 -
LL,
9 04
0.2 —
0.0
x m T o g ° 3
ot 10 = z z z 2
< = 2 ¢ £ ¢ 2

Fig. 2. (A) The effects of insulin-like growth factor {IGE) binding protein (IGFBP}-3 on IGF-I- or IGF-H-dependent cell proliferation of seven
hepatocellufar carcinoma cell lines. The cells were incubated with either serum-free medium, 100 ng/mlL of IGF (closed bar} or 100 ng/mL of
IGF-1I (hatched bar) in the presence of various concentrations of IGFBP-3 for 72 h. After incubation, colorimetric WST assays were carried out.
*Significant differences (P < 0.01) compared with treatment with IGF alone in the absence of IGFBP-3. The data are expressed as the mean 5D,
{B) Cellular production of IGEBP-3 in KYN-3 cells. IGFBP-3 protein fevels in the culture medium with the seven cell lines examined here were assayed

quantitatively with enzyme-linked immunosorbent assay systems. The data are the average of triplicate wells 5D.
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Fig. 3. (A} Effects of insulin-like growth factor
(IGF)- and IGF binding protein (IGFBP)-3 on the
phosphorylation of type 1 IGF receptor (IGF-1 R}
Akt and Frk in ICYN-2, KYN-1 and KYN-3 cells,
Serum-deprived cells were treated with 100 ng/mL
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Cell lysates were blotted with the antibodies
indicated. The detection of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as a
loading control. (B} Inhibition by IGFBP-3 small
interfering RMNA (siRNA) treatment of IGF8P-3
expression in KYN-3 cells. KYN-3 cells were
transfected with IGFBP-3 siRNA at concentrations
of 0, 16, 40 and 100nM, and the cells were
incubated for 24h. After incubation, 1GFBP-3
protein levels in the culture medium were assayed
quantitatively with enzyme-linked immunosorbent
assay systems. The data are the average of triplicate
wells £5D. () Restoration of IGF-I-stimulated
proliferation of KYN-3 cells by IGFBP-3 siRNA.
KYN-3 cells were treated for 24 h with 100 nM
IGFBP-3 sIRNA and further incubation with 100 ng/

- * + + + |G mL of IGF-l in the absence or presence of various
0 0 0.1 i 16 IGFBP-3 (ughnt) goses of IGFBP-3 for 72 h, The data are expressed
* + + * 4+ GFBP-3 siRNA (100 ni) as the mean & SD. .

Effect of IGFBP-3 on 1GF-dependent signaling, ce!l growth and invasion.
We further examined whether the activation of IGF-1R and its
downstream signaling were modulated by IGFBP-3 in three cell
lines: KYN-2 with IGE-dependent cell growth, and KYN-1
and K'YN-3 with IGF-independent cel] growth. Treatment with
IGE-I markedly enhanced phosphorylation of IGF-1R, with
concomitant phosphorylation of both Akt and Erk in KYN-2
cells, but such effects were not observed in KYN-1 and KYN-3
cells (Fig. 3A). The IGF-I-induced phosphorylation of IGF-1R,
Akt and Erk was almost completely inhibited in KXYN-2 by
coadministration of IGFBP-3,

Cell growth of KYN-3 was not stimulated by IGF and not
blocked by coadministration of IGFBP-3: KYN-3 cells
produced a significant amount of IGFBP-3 (Fig. 2). We next
examined whether production of IGFBP-3 by KYN-3 cells
could be responsible for their reduced response to IGE. The
transfection of IGFBP-3 siRNA in KYN-3 cells led to a knock-
down of IGFBP-3 expression in a concentration-dependent
manner (Fig. 3B). Cell growth of KYN-3 was found to be

1186

increased to approximately 1.4-fold over the untreated controls
by IGF-I when treated with 100 nM IGFBP-3 siRNA (Fig. 3C).
This IGF-I-dependent growth stimulation was significantly
inhibited by 10 pg/ml JGFBP-3 in IGFBP-3 siRNA-treated
KYN-3 cells (Fig. 34,0).

Insulin-like growth factor-I plays an imporiant role in
invasion and migration of various malignant cell types including
melanoma and pancreatic carcinome.?’?? We next examined
whether IGFBP-3 could affect the invasive ability of IGF-
stimulated KYN-2 cells by Matrigel invasion assay. Invaded
cells were increased to approximately 9.0-fold of untreated con-
trols when treated with 1000 ng/mL IGF-I (Fig. 4). In addition,
the IGF-I-induced cell invasion was significantly suppressed by
529 by treatment with 100 pg/mL IGFBP-3 (Fig. 4). Thus,
IGFBP-3 could inhibit both invasion and cell proliferation
indueed by IGF in HCC.

Expression of IGFBP-3 and IGF-1R and their clinicopathological
implications in clinical HCC. The expression of IGE-1R and
IGFBP-3 was determined in human HCC samples by

doi: 10.1111/].1349-7006.2006.00322.x
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Fig. 4. Effect of insulin-like growth factor {IGF} binding protein
{IGFBP)-3 on invasion by IGF-stimulated KYN-2 cells in Matrigel invasion
assay. Serum-deprived KYN-2 cells {1 x 10%) were seeded onto Matrigel-
coated filters in the upper chambers, and Dulbecco’s modified Eagle's
medium with or without IGF-] {1000 ng/mL} in the presence of various
concentrations of [GFBP-3, The cell invasiveness was quantified as the
mean cefl number in five fields of view per filter, Columns, mean of
three independent experiments; bars, £5D.

immunohistochemical analysis. The clinicopathological
characteristics of 87 HCC patients, from whom the clinical
samples were derived, are shown in Table 1. A representative
immunohistochemical data of case 1 of well-differentiated
HCC is shown in Fig. 5A: the expression of both IGFBP-3 and
IGF-1R protein was higher in carcinoma tissue than jn adjacent
hepatocytes (Fig. 5). In contrast, a representative case of poorly
differentiated HCC (case 2 in Fig.5A) exhibited reduced
expression of both IGFBP-3 and IGF-1R in carcinoma cells,
compared with that in adjacent hepatocytes (Fig. 5A,d-f). In
non-cancerous tissue of case 2, IGF-1R and IGFBP-3 were
found to be expressed in hepatocytes, but not in stromal cells
such as inflammatory cells, Kupffer cells and endothelial
cells (data not shown). Table2Z gives a summary of the
immunochistochemical analysis of IGFBP-3 and IGF-IR
expression in 87 clinical specimens. The linmunohistochemical
analysis of IGF-1R and IGFBP-3 expression in HCC samples
revealed that the intensity of staining in carcinoma was similar
to or stronger than that of adjacent hepatocytes in 57 cases of
IGFBP-3 and 58 cases of IGPF-1R (Table 2).

We then determined whether or not the expression of
IGFBP-3 and IGF-1R was associated with clinicopathological
features of clinical HCC samples. However, we were unable to
obtain any statistically significant zesuits regarding IGF-1R
expression and clinicopathological parameters. In contrast, a
close association between IGFBP-3 expression and certain
clinicopathological characteristics was observed (Table 2). Low
expression of IGFBP-3 was observed in cases with larger tumor
size, poorly differentiated histology, capsular invasion and
portal venous invasion. Moreover, IGF-1R expression was found
to correlate positively with IGFBP-3 expression.

Univariate and multivariate survival analysis. The overall survival
of patients with low IGFBP-3 expression was significantly
worse than those with high IGFBP-3 expression (Fig. 5B). In
the univariate postoperative survival analysis, tumor size,
histological differentiation, portal vein invasion, TNM
classification and intrahepatic metastasis were also associated
with poor survival (data not shown). The multivariate survival
analysis revealed that TNM classification (stage 3/4), low
IGFBP-3 expression and larger tumor size (>4cm) were
independent prognostic factors (Table 3).

Alshima et al.

Table 1. Clinicopathological characteristics of 87 patients

Characteristic n
Sex

Male 67

Female 20

36-83 {mean: 62.3)
0.8-14.5 {(mean: 3.9)

Age {years)
Tumor size (cm}
Virus marker

HBV* 13 (14.9%)
HCv+ 60 (63.0%)
HEV* and HCW* 4 (0.5%)

Liver cirrhosis 37 (42.5%)

© TNM stage

i 12

il 31

1] 18

[\ 15
Histological differentiation

Well H

Moderate 54

Poor 22
Capsular invasion 56 (64.4%)
Partal venous invasion 40 (46.0%)

Intrahepatic metastasis 29 {(33.3%)

HBV*, positive for hepatitis B virus antigen; HCV*, positive for hepatitis
C virus antibody.

Serum iGF-l and IGFBP-3 levels in patients with HCC. Finally, we
examined whether serum levels of IGFBP-3 or IGF-I were
associated with HCC staging in 92 patients. Serum mean
levels of IGF-I and IGFBP-3 in the stage I, Y1, IIl and IV groups
were 92.1:£35.2 and 1.36£0.34, 99.6 £37.4 and 1.30 £ 0.35,
74.6%27.1 and 1.02 £0.30, and 91.7 £ 58.0 and 1.35%1.10,
respectively. There were negative correlations between staging
of HCC and serum IGF-L levels (Fig. 6A) or serum IGFBP-3
levels (Fig. 6B). However, no statistically significant difference
was observed in the correlation between HCC staging and
serum IGF-T levels or serum IGFBP-3 levels,

Discussion

In the present study, we classified seven HCC cell lines into two
groups that exhibited IGF-dependent (HAK-1B, KIM-1, KYN-
2 and HepG2) and independent (HAK-1A, KYN-1 and KYN-3)
growth, whereby all seven cell lines expressed various levels
of IGF-1R. The growth of the former four cell lines was
susceptible to the inhibitory effects of IGFBP-3, whereas the
growth of the latter three cells lines did not show such
susceptibility. IGF-1R, Akt and Erk were markedly activated in
response to IGF-I in K'YN-2 cells with IGF-dependent growth
and invasion, and their activities were almost completely
blocked by coadministration of IGFBP-3. In contrast, IGE-I did
not activate IGF-1R, Akt or Erk in KYN-3 cells exhibiting
IGF-independent growth, and IGFBP-3 was unable to block
phosphorylation of these molecules, Relevant studies have
shown that the growth of HepG2 cells was inhibited by
coadministration of IGFBP-3,'2 which is consistent with our
present data regarding HepG2 cells. These findings suggest that
IGFBP-3 inhibits both growth and invasion of HCC cells
through its interaction with IGE.

Of these seven cell lines, only KYN-3 produced significant
amounts of IGFBP-3. The cellular levels of IGF-1R in the
KYN-3 cells were similar to those in KYN-2 cells, which
wege also highly sensitive to IGFBP-3-induced growth inhibi-
tion. The constitutive expression of IGFBP-3 miglt interfere

Cancer 5¢i | Movember2006 | vol.97 | no.11 | 1187
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(A) Case 1

Fig. 5. {A) lmmunohistochemical expressicn of
insulin-like growth factor {IGF) binding protein
(IGFBP)-3 in hepatocellular carcinoma (HCC). Two
representative cases of well-differentiated HCC
{case 1) and poorly differentiated HCC (case 2.
The expression of both IGFBP-3 and type 1 IGF
receptor {IGF-1R) was stronger in the HCC than
in the adjacent liver In the cases of well-
differentiated HCC (b,c). In contrast, cases of
poorly differentiated HCC showed reduced
expression of IGFBP-3 and 1GF-1R in the HCC tissue
compared with that of the adjacent liver tissue
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with IGF-1R-dependent growth signaling in KYN-3 cells,
resulting in lowered susceptibility to growth inhibition by the
exogenous addition of [GFBP-3. Reduced expression of IGFBP-
3 by treatment with siRNA could restore IGF-I-dependent cell
growth in K'YN-3 cells. The IGF-1R in KYN-3 cells might be
occupied with endogenous IGFBP-3, thus resulting in a lack of
further inhibition by exogenous IGFBP-3.

However, the growth of KXYN-1 and HAK-1A was not
stimulated by exogenous addition of these IGF, and was also
insensitive to growth inhibition by IGFBP-3 when both cell
lines expressed cellular levels of IGF-1R comparable to those

1188

(e,H). (a,d} Hematoxylin—eosin (H-E) staining. €,
cancerous region; N, non-cancerous region. (B}
The overall survival of patients with low IGFBP-3
expression was significantly worse than that of
patients with high 1GFBP-3 expression {P = 0.0007).

in KYN-3 and KYN-2. Unlike the XYN-3 cells, neither the
KYN-1 nor the HAX-1A cells produced significant amounts of
IGFBP-3. It remains unclear why IGFBP-3 was unable (o block
the proliferation of these twao cell lines, HAK-1 A and KYN-1,
both of which express IGF-IR. Although IGF can activate
IGF-IR as well as Akt and Erk, in KYN-2, KIM-1, HAK-1B
and HepG2, all of which exhibit IGF-dependent cell growth,
these IGF were unable to activate IGF-1R and its downstream
signaling pathways in HAK-1A and KYN-1 cells, and in
KYN-3 cells, all of which exhibit IGE-independent cell growth.
It is possible that IGF-IR in the HAK-1A and KYN-1 cell lines

doi: 10.1111/.1348-7006.2006.00322.x
© 2006 Japanese Cancer Association



Table 2. Correlation of clinicopathological features and type 1 insulin-like growth factor (IGF) receptor (IGF-1R) or IGF binding protein (IGFBP}-3

protein expression in hepatocellular carcinoma

IGF-1R IGFBE-3
Variable
High {n = 58) Low {n = 29) P-value High {n =57) Low {n = 30) P-value

Mean age {years) 62.5 61.9 0.7397 63.2 60.6 0.1827
Male : female 45:13 22:7 0.8570 45:12 22:8 0.5542
Mean tumor size {cm) . 386 4.6 0.1337 3.0 5.7 <0.0001
Liver cirrhosis 25 (43.1%]) 12 (41.4%) 0.8781 26 (45.6%) 11 (36.7%) 0.4223
Stage

i 31 12 0.2885 N 12 0,2021

niy ’ 27 17 26 18
Histological differentiation

Wellmoderate/poor 9/38/10 2M16M12 0.0557 11/38/8 01614 0.0007
Capsular invasion 37 {63.8%) 19 {65.5%) 0.8742 31 (54.3%) 25 {83.3%) 0.0074
Portal venous invasion 26 (44.8%) 14 {48.3%) 0.7610 17 {29.8%} 23 (76.7%) «<0.0001
Intrahepatic metastasis 19 (32.8%) 10 {34.5%) 0.8722 19 (33.3%) 10 (33.3%) =0.9999
High IGF-1R expression - - 45 (77.6%) 13 (43.3%) 0.0008

Table 3. Significant variables determined by multivariable survival
analysis

Variables Coefficient SE Coefficient/SE ~ P-value
Stage WV 0.988 0.353 2.797 0.0052
{GFBP-3 0.841 0.329 2.558 0.0105
Tumar size (>4 cm) 0.670 0.332 2.015 0.0440

IGFBP, insulin-fike growth factor binding protein,

nmight be functionally inactive. There appeared to be no
mutations in either the transmembrane domain or in the tyrosine
kinase domain of IGF-IR in any of the HCC cell lines used in
the present study (data not shown). Further studies should be
carried out in order to gain a better understanding of the
mechanism by which IGFBP-3 exerts its inhibitory effects on
the growth of these HCC cell lines,

Thirty-nine percent of HCC clinical samples have been found
to exhibit lower levels of IGF-1R than does non-neoplastic
adjacent liver tissue.9? Consistent with the results of that
previous sindy, our immunchistochemical analysis of 87 HCC
samples demonstrated lower levels of IGF-1R expression in
approximately 40% of the human HCC tissue samples investi-
gated, compared with matched, non-tumorous tissue samples.
The expression of IGF-1R in HCC was not found to be signifi-
cantly associated with any of a number of clinicopathological
characteristics. However, to our sorprise, high levels of IGF-IR

expression were significantly associated with high levels of
IGFBP-3 expression in HCC, Higher Jevels of IGF-1R expression
might modulate the expression of IGFBP-3 in cases of HCC, but
this possibility will require further investigation.

Immunohistochemical analysis of the expression of IGFBP-3
in cancerous and non-cancerous lesions in cases of HCC further
demonstrated a close comrelation of high or low IGFBP-3
expression with twinor size, histological ditferentiation and
portal venous invasion, but not with intrahepatic metastasis.
The close association of tumor size and differentiation in HCC
with the expression of IGFBP-3 suggests that IGFBP-3 might
play a key role in tumor growth and progression in HCC,
The malignant characteristics of HCC are partly due to their
metastatic potential via intrahepatic metastasis and portal
venous invasion. Of these two types of metastatic potential in
cases of HCC, the expression of IGFBP-3 was found to be more
specifically cerrelated with portal venous invasion than with
intrghepatic metastasis, thus suggesting the role of IGFBP-3 in
portal venous invasion. However, there appeared no significant
correlation of HCC staging with serum levels of IGFBP-3 or
serum levels of IGF-I when 92 HCC patients were analyzed.
Qur present clinical data with determination of serum IGFBP-3
levels are also consistent with previous relevant studies.!!?®
Further study should be carried out in order to determine the
potential role of IGFBP-3 in the above-mentioned malignant
characteristics associated with HCC.

In conclusion, the absence or presence of ¥GFBP-3 expression
and a functional IGE-1R could affect the state of IGF-dependent
cell growth in HCC cell lines in colture, The expression of
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IGFBP-3 was also significantly correlated with histological
differentiation, wmor size, portal venous invasion and prognosis,
but not with intrahepatic metastasis in the HCC studied here. As
IGFBP-3 plays a pivotal role in tumor enlargement and metas-
tasis in HCC, it should be considered as a possible molecular
target for the development of novel therapeutic strategies used
in the treatment of HCC,
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Abstract

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. For delivery by Lv. injection, we
have successfully developed NKO0I2, a SN-38-releasing nano-
device, The purpose of this study is to investigate the
pharmacologic character of NK0I2 as an anticancer agent,
especially in a vascular endothelial growth factor (VEGF)-
secreting tumor model. The particle size of NKO12 was ~2¢
nm with a narrow size distribution. NK012 exhibited a much
higher cytotoxic effect against Inng and colon cancer cell lines
as compared with CPT-11. NK012 showed significantly potent
antitumor activity against a human colorectal cancer HF-29
Tenograft as compared with CPT-11. Enhanced and prolonged
distribution of free SN-38 in the tumor was observed after the
injection of NK012. NK012 also bad significant antitumor
activity against bulky SBC-3/Neo (1,533.1 + 1,204.7 mm®) and
SBC-3/VEGF tumors (1,620.7 % 834.0 mm®) compared with
CPT-11. Farthermore, NK012 eradicated bulky SBC-3/VEGF
tumors in all mice but did not eradicate SBC-2/Neo tumors. In
the drug distribution analysis, an increased accumnlation of
SN-38 in SBC-3/VEGF tumors was observed as compared with
that in SBC-3/Neo tumors. NK012 markedly enhanced the
antitumor activity of SN-38, especially in highly VEGF-
secreting tumors, and could be a promising SN-38-based
formulation. (Cancer Res 2006; 66(20): 10048-56)

Introduction

The antitumor plant alkaloid camptothecin (CPT) is a broad-
specirum anticancer agent that targets DNA topoisomerase I
Although CPT has shown promising antitumor activity in vitro and
in vive (1, 2), it has not been clinically used because of its low
therapeutic efficacy and severe toxicity (3, 4). Among CPT
analogues, irinotecan hydrochloride (CPT-11) has recently been
shown to be active against colorectal, lung, and ovarian cancer
(5-9). CPT-11 itself is a prodrug and is converted to 7-ethyl-
10-hydroxy-CPT (SN-38), a biologically active metabolite of CPT-11,
by carboxylesterases. SN-38 exhibits up to 1,000-fold more potent
cytotoxic activity against various cancer cells in vitro than CPT-11

Requests for reprints: Yasuhira Matsurnura, lnvestigative Treatment Division,
Regearch Center for Innovative Oncology, National Cancer Center Hospital East, 6-5-1
Kashiwanoha, Kashiwa, Chiba 277-8577, Jopan. Phone: 81-4-7134-6857; Fax: 81-4-7134-
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(10). Although CPT-1! is converted to SN-38 in the liver and tumor,
the metabolic conversion rate is <10% of the original volume of
CPT-11 (11, 12). In addition, the conversion of CPT-11 to SN-38
depends on the genetic interindividual variability of carboxylester-
ase activity (13). Thus, direct use of SN-38 might be of great
advantage and attractive for cancer treatment, For the clinical use
of SN-38, however, it is essential to develop a soluble form of
water-insoluble SN-38, The progress of the manufacturing
technology of “micellar nanoparticles” may make it possible to
use SN-38 for in vivo experiments and further clinical use,

Passive targeting of drug delivery system is based on the
pathophysiologic characteristics that are observed 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 effect (34-17). Supramolecular structures, such as
liposomes and polymeric micelles, are expected to increase the
accumulation of drugs in tumor tissue through these pathophys-
iologic features. Polymeric micelle-based anticancer drugs have
been developed in recent years (18-20), and some of them have
been under evaluation for clinical trials (21-23). This carrier
system can incorporate various kinds of drugs into the inner core
by chemical conjugation or physical entrapment with relatively
high stability, and the size can be controlled within the range of
20 to 100 nm in diameter. This range of diameters is too large to pass
through normal vessel walls; therefore, the drug can be expected
to reduce side effects due to a decrease in volume of distribution.

Angiogenesis is essentfal for the growth and metastasis of solid
tumors (24). The clinical importance of angiogenesis in human
tumers was shown by several reports indicating a positive
relationship between the blood vessel density in the tumor mass
and poor prognosis for survival in patients with various types of
cancers (25-28). Furthermore, Natsume et al. (29) reporied that the
antitwmor activities of anticancer agents, including cis-diammine-
dichloroplatinum, vincristine, and docetaxel, were less active
against vascular endothelial growth factor (VEGF)-secreting cells,
SBC-3/VEGF, in vive as compared with its mock transfectant {(SBC-
3/Neo), although the high vascularity should have been favorable
for the drug delivery.

VEGF is also well known as a potent vascular permeability facter
{30). The ability of supramolecular structures to accumulate in
target tissie is based on the enhanced tumor angiogenesis and
tumor vascular permeability that occur in solid tumors, Therefore,
we hypothesized that a polymeric micelle-based drug carrier would
increase its accumulation and deliver enhanced therapeutic efficacy
in tumors that secrete higher levels of VEGF. In the present study,
we present the superiority of NK012 over CPT-11 in a tumor model,
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NKO12 Eradicates VEGF-Secreting Tumors

especially in a VEGF-secreting tumor, and we illustrate the
outstanding advantage of polymeric micelle~based drug carriers,

Materials and Methods

Drugs and Cells

8N-38 was synthesized by Nippon Kayaku Co., Ltd. (Tokyo, Japan), CPT-11
was purchased from Yaknlt Honsha Co., Ltd. {Tokyo, Japan). Human colon
cancer cell lines WiDR, SW480, Lovo, and HT-29 and human non-srall-cell
lung cancer cell line A431 were purchased from American Type Culture
Collection (Rockville, MD). Human small-cell lung cancer cell line SBC-3 and
hman non-small-cell lung cancer cell line PC-14 were kindly provided by
Dr. I. Kimura {Okayama University, Okayams, Japan) and Dr. Y. Hayata
(Tokyo Medical University, Tokyo, Japan), respectively. SBC-3 and PC-14 were
maintained in RPMI 1640 supplemented with 10% fetal bovine sernm (Cell
Culture Technologies, Gaggenan-Hoerden, Germany), penicillin, streptomy-
cin, and amphotericin B (100 units/ml, 100 ug/mkb, and 25 pg/ml,
respectively; Sigma, 5t. Louis, MO) in a humidified atmosphere of 5% CO,
at 37°C. Other cell lines were maintoined in DMEM (Nikken Bio Med. Lab,,
Kyote, Japan) supplemented with 10% fetal bovine serum. SBC-3/Neo and
SBC-3/VEGF were generated from SBC-3 cells that were transfected with
BMG-Neo and BMG-Neo-VEGF as previously reported (29), The full-length
sequence of human VEGF expressing 206 amino acids (31) was selected.
SBC-3/VEGF cells express ~ 100 times more soluble VEGF than SBC-3/Neo
and SBC-3 cells in the supernatent of eultured cells as shown by ELISA (29).

Preparation of an SN-38-Conjugated Poly(Ethylene Glycol)-

Poly(Glutamic Acid) Block Copolymer for NK012

Construction

Poly(ethylene glycol)-poly(glntamic acid} block copolymer [PEG-
PGlu(SN-38)] was synthesized as follows: A poly(ethylene glycol)-
poly{gintamic acid} block copolymer [PEG-PGlu] was prepared according
to the previously reported technique (32, 33). SN-38 was covalently
introduced into the PGlu segiment by the condensation reaction between
the carboxylic acid on PGln and the phenel on SN-38 with 1,3-
diisopropylcarbodiimide and N,N-dimethylaminopyridine at 26°C. Conse-
quently, the PGlu segment obtained sufficient hydrophobicity. Accordingly,
NKD012 was constructed with self-assembling PEG-PGIu(SN-38) amphiphilic
block copolymers in an agueons milieu.

Determination of the Size Distribution of NK012 and Drug

Release Behavior of SN-38 from NKOI2

The size distribution of NK012 was measured with the dynamic Jight
scattering method at 25°C using a Particle Sizer NICOMP 380ZLS {Particle
Sizing Systems, Santa Barbars, CA). The release behavior of SN-38 from
NK012 was investigated in vitro at 20°C or 37°C in PBS (pH 7.3) or
5% glucose solution (pH 4.6). The concentration was 0.1 mg/mL. The
amount of SN-38 released from NK012 was estimated by UV measurement
at 265 nm.

In vitro Growth Inhibition Assay

The growth inhibitory effects of NK012, SN-38, and CPT-11 were
examined with a 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazelinom bro-
mide (MTT) assay. One hundred eighty microliters of an exponentially
growing cell suspension (6 % 10%/ml-12 % 10%/mL) were seeded into a
96-well microtiter plate, and 20 pL of various concentrations of each drug
were added, After incubation for 72 hours at 37°C, 20 pL of MTT solution
(5 mg/mL in PBS) were added to each well and the plates were inenbated
for an additional 4 hours at 37°C. After centrifuging the plates at 200 X g
for & minutes, the medium was aspirated from each well, and 180 pL of
DMSO were added to each well to dissolve the formazan. The growth
inhibitory effect of each drug was assessed spectrophotometrically
(SpectraMax 190, Molecudar Devices Corp., Sunnyvale, CA),

In vivo Growth Inhibition Assay
The animal experimental protocols were approved by the Committee for
Ethics of Animal Experimentation and the experiments were conducted in

accordance with the Guidelines for Animal Experiments in the National
Cancer Center or Nippon Kayalar

Experiment 1. Female BALB/c nude mice, 7 weeks old, were purchased
from CLEA Japan (Tokyo, Japan), Himan colorectal cancer HT-29 cells were
grown as g.c. tumor in the flank of the mice. The tumors were excised from
the mice and fragments were inoculated s.c. in the mounse flank. When
the tumor volume reached 70 to 170 mm? mice were randomly divided
into test groups consisting of six mice per group (day 0). Drugs were
administered on days 0, 4, and 8 by iv. injection into the imil vein
NK01Z was given at doses of 30 (maximum tolerated dose), 15, and
75 mg/kg/d. The reference drug, CPT-11, was given at the maximum
tolerated dose, 66.7 mg/kg/d, in the optimal schedule reported (34), The
length (a) and width (#) of the tumor mass were measured twice a week,
and the tnmor volume (TV) was ealculated as follows: TV = (a % 5%} / 2
Relative tumer volumes at day n were calculated according to the following
formula: RTV = TV,, / TV,, where TV, is the tumor volume at day 7, and
TV, is the tumor volume st dey 0. Differences in relative tumor sizes
between the treatment groups at day 21 were analyzed with an unpaired
I test

Experiment 2. As a hypervascular tumor model, we nsed SBC-3/VEGF
cells. SBC-3/Neo or SBC-3/VEGF cells (107) were s.c. injected into the back
of mice. NK012 or CPT-11 was administered when the mean tumor volumes
(n = 4) reached a massive size of 1,500 mm®, which gave tumors slmost
15 cm in length. It took ~ 65 days for SBC-3/Nec¢ and 20 days for SBC-3/
VEGF to reach the tumer volume of 1500 mm® from the day of incculation.
NK012 at & dose of 10 or 20 mg/kg/d and CPT-11 at & dose of 15 or
30 mg/kg/d were administered iv. on days 0, 4, and 8. Differences in tumor
sizes between the treatment groups and contro] group at day 14 were
anglyzed with en unpaired £ test.

Histologic and Immunohistochemical Analysis

Histologic sections were taken from SBC-3/Neo and SBC-3/VEGF tumor
tissues when the volumes reached 1,500 mm® After extirpation, tissues
were fixed with 3.9% fermalin in PBS (pH 74), and the subsequent
preparations and HE&E staining were done by Tokyo Histopathelogic
Luboratory Co., Lid. (Tokyo, Japan). For detection of tumor blood vessels,
polyclona! anti-von Willebrand factor antibody (Dako, Glostrup, Denmark)
was nsed.

Assay for SN-38 and CPT-11 in Plasma and Tissues

Female BALB/c nude mice benring HT-29 (as mentioned in experiment
1; # = 3) were used for the analysis of the biodistribution of NKGI12 and
CPT-11. NK012 (30 mg/kg)} or CPT-11 (66.7 mg/kg) was administered iv. to
the mice. Under anesthesia, blood and tumor samples were taken at
5 minutes, 1, 6, 24, 48, 72, and 168 hours after administration of NK012 and
at 5 minutbes, 1, 3, 6, and 24 hours after administration of CPT-11. The blood
samples were cellected in microtubes and immediately centrifuged at
1,600 %X g for 15 minutes, The plasma and tumor samples were stored
at —80°C ontil analysis.

For the biodistribntion study in hypervasenlar tumors {experiment 2),
female BALB/c nude mice (# = 3) bearing 1,500-mm® massive SBC-3/Neo
and SBC-3/VEGF tumors were used. NK012 (20 mg/kg) and CPT-11
(30 mg/kg} were administered on day 0. The mice were sacrificed at
1, 6, 24, and 72 hours (day 3) after administration. The tumor, liver, spleen,
npper small intestine, Iung, and blood were taken and stored at —80°C
until analysis.

Preparation of the free SN-38 (polymer-unbound SN-38) and
CPT-11. Tumor samples were homogenized on ice using a Digital
homogenizer (Tuchi, Osaka, Japan} and suspended in the mixture of
100 mmol/L glycine-HC] buffer (pH 3)/methane] (1:1, v/v) at a concent-
ration of 5% w/w. The concentrations of free SN-38 and CPT-11 in the
plasma and tumor from aliquots of the homogenates (106 uL) and plasma
{50 pL} were determined by high-performance lignid chromatography.
For free SN-38 (polymer-unbound SN-38) end CPT-11, proteins were
precipitated with an ice-cold mixture of methanol/H;0/HCIO, (50:45:5,
v/v/v) containing CPT as an internal standard. The sample was vortexed
for 10 seconds, filtered throngh a MultiSereen Solvinert (Millipore Corp.,
Bedford, MA), and analyzed
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Preparztion of the polymer-bound SN-38 (S8N-38 remaining bound
to PEG-PGlu}. To permit complete release of SN-38 from the conjugate,
20 pL of plasma and 100 pk of Lissue samples were diluted with 20 pL of
‘methanol (50%, v/v) and 20 pl of NaOH (0.3 mol/L for plasma and
0.7 mol/L for tissue). The samples were incubated for 15 minutes at 25°C.
After incubation, 20 pL of HC! (0.3 mol/L for plasma and 0.7 mel/L for
tissue) and &0 pL of internal standard solution were added to the samples,
and then the hydrolysis was filtered throngh & MultiScreen Solvinert. The
filtrate was applied to the high-performance liquid chromatography system.

High-performance liguid chromatography. Reversed-phase high-
performance liquid chromatography was done at 35°C on a Mightysil
RP-18 GP column 150 X 4.6 mm (Kanto Chemical Co., Inc., Tokyo, Japan).
The samples were injected into an Alliance Waters 2795 high-performance
lignid chromatography system (Waters, Milford, MA) equipped with a
Waters 2475 multi A fluorescence detector. The detector was set at 365 and
430 nm (excitation and emission, respectively) for CPF-11 and CPT, and
at 365 and 540 nm for SN-38. A reversed-phase column was used at 35°C.
The mobile phase was a mixture of 100 mmol/L ammonium scetate
(pH 4.2) and methanol {11:9 (v/v) for 5N-38 in plasma and tumor, 32 (v/v)
for CPT-11 in plasma, and 63:37 (v/v) for CPT-11 in tumor]. The flow rate
was 1.0 mL/min, Peak data were recorded with a chromatography
management system (Empower, Waters)., Polymer-bound SN-38 was
determined by subtraction of polymer-unbound SN-38 from the total
SN-38 of the hydrolysate,

Pharmacokinetic and Statistical Analyses

The concentrations of SN-38 and CPT-11 in plasma and tissue were
fitted to a pharmacokinetic model by the nonlinear least-square method
using WinNonlin Professional software (version 4.1; Pharsight Corp., Palo
Alto, CA). We used a noncompartmental analysis. The pharmacokinetic
varisbles were calculated using the following equations (AUC. was
calculated by the trapezoidal rule to the last measurable data point):

{2
AUC = f C(t)dt
o

Tm,(terminai half — Ilfe) = 0.693/.12

(Az is first-order rate constant associated with the terminal portion of the
curve)

CLye= Dose/AUC,,
Vi = MRT X CLyy {MRT, mean residence Lime)

Date were expressed as mean + SD. Data were analyzed with the
Student’s ¢ test when the groups showed equal variances (F test) or with
Welch's test when they showed unequal variances (F test). P < 0.05 was
regarded as stetistically significant. All statistical tests were two sided

Results

Preparation and characterization of NK012, NKOI2 is an
SN-38-loaded polymeric micelle constructed in an aqueous milieu
by the self-assembly of an amphiphilic block copolymers, PEG-
PGlu{SN-38}, The molecular weight of PEG-PGlu(SN-38) was
determined to be ~ 19,000 (PEG segment, 12,000; SN-38-conjugated
PGlu segment, 7,000}, NKOI2 was obtained as a freeze-dried
formulation and contained ca. 206% (w/w) of SN-38 (Fig. 14). The
mean patticle size of NK012 is 20 nm in diameter with a relatively
narrow range (Fig, 1B). The releasing rates of SN-38 from NK012 in
PBS at 37°C were 57% and 74% at 24 and 48 hours, respectively,

and those in 5% glucose solution at 37°C were 1% and 3% at 24
and 48 hours, respectively (Fig. 1C). SN-38 is loaded by chemical
bonding to the block copolymer. The bonding is phenyl ester bond,
which is stable under acidic condition and labile under mild
alkaline condition. These results indicate that NK012 can release
SN-38 under neutral condition even without the presence of a
hydrolytic enzyme and is stable in 5% glucose solution. It is
suggested that NKO12 is stable before administration and starts to
release SN-38, the active component, under physiologic conditions
after administration.

Cellular sensitivity of non-small-cell lung cancer and colon
cancer cells to SN-38, NK012, and CPT-11. The ICy, values of
NKO0I2 for the cell lines ranged from 0.009 pmol/L (SBC-3 cells) to
0.16 pmol/L (WiDR cells). The growth inhibitory effects of NK012
are 43- to 340-fold more potent than those of CPT-11, whereas the
ICso values of NKOIZ were 2.3- to 5.8-fold higher than those of
8N-38. NK012 exhibited a higher cytotoxic effect against each cell
line as compared with CPT-11 {43- to 340-fold sensitivity). On the
other hand, the ICy, values of NK012 were 2 little higher than those
of SN-38, similar to the cytotoxic feature also reporied in a
previous study about micellar drugs (ref. 23; Table 1).

Antitumor activity and pharmacokinetic analysis of NK0I2
and CPT-11 using HT-29-bearing nude mice (experiment 1),
Potent activity was observed in mice treated with NK012 at doses
of 15 and 30 mg/kg (Fig. 24), although neither CPT-11 at a dose
of 66.7 mg/kg/d nor NK012 at a dose of 7.5 mg/kg/d exerted
any significant antitumor activity in wive. Comparison of the
relative tumor volume at day 21 revealed significant differences
between 15 mg/kg/d NKOI2 and 667 mg/kg/d CPT-11 and
between 30 mg/kg/d NKO012 and 66.7 mg/kg/d CPT-11 (P < 0.05).
Although trestment-related body weight loss was obgerved in
mice treated with each drug, body weight recovered by day 21
(Fig, 2B). These results clearly show the significant in vive activity
of NK012 against HT-29,

After injection of CPT-11, the concentrations of CPT-11 and
SN-38 for plasma declined rapidly with time in a log-linear fashion,
On the other hand, NKO12 (polymer-bound SN-38) exhibited
slower clearance {Fig. 34). The clearance of NK012 in the HT-29
tumor was significantly slower and the concentration of free
SN-38 was maintained at >30 ng/g even at 168 hours after injection
{(Fig. 3B). The pharmacokinetic variables of each drug in the
plasma and tumeor are depicted in Table 2.

Tumor-to-plasma concentration ratios (Kp} of polymer-bound
and free SN-38 increased during the observation peried. The
highest value of Kp was achieved at 168 hours after administration,
108 for polymer-bound and 11.0 for free SN-38 (Table 3). These
results indicate that NK012 can remain in the tumor tissue for a
longer period and release free SN-38.

Antitumor activity and the distribution of NK012 and CPT-
11 in SBC-3/Neo or SBC-3/VEGF tumors (experiment 2). To
determine whether the potent antitumor effect of NKO012 is
enhanced in the tumors with high vascularity, we used VEGE-
secreting cells SBC-3/VEGF, There was no significant difference in
the in vitro cytotoxic activity of each drug between SBC-3/Neo and
SBC-3/VEGF (Fig. 44), SBC-3/VEGF tumors ave reddish by gross
evaluation as compared with SBC-3/Neo turnors (Fig, 48). Histologic
and immunohistochemical (von Willebrand factor) examination
revealed that prominent leakage of erythrocytes and high
vascularity were observed in SBC-3/VEGF tumor xenografts. On
the other hand, SBC-3/Neo tumors have less tumor vasculatures
and more interstitial space as compared with SBC-3/VEGF tumors
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(Fig. 4B), Deviating from the ordinary experimental tumor model,
tumors were allowed to grow until they became massive in size,
~ 1.5 em (Fig. 4C), and then the treatment was initiated. NK012 at
doses of 15 and 20 mg/kg showed potent antitumor activity against
bulky SBC-3/Neo tumors (1,533.1 & 1,204.7 mm®) as compared with
CPT-11 (Fig 4C). Striking antitumor activity was obsexved in mice
treated with NK012 (Fig. 4C) when we compared the antitumor
activity of NK012 with that of CPT-11 using SBC-3/VEGF cells. SBC-
3/VEGF bulky masses (1,620.7 & 834.0 mm®} disappeared in all
mice, although relapse 3 months after treatment was noted in one
mouse treated with NK012 20 mg/kg. On the other hand, $BC-3/
VEGF were not eradicated and rapidly regrew after a partial
response in mice treated with CPT-11. Approximately 10% body
weight loss was observed in mice treated with 20 mg/kg NK012,
but no significant difference was observed in comparison with
mice treated with 30 mg/kg CPT-11.

We then examined the diskribution of free SN-38 in the SBC-3/
Neo and SBC-3/VEGF masses after administration of NK012 and
CPT-11, In the case of CPT-11 administration, the concentrations
at 1 and 6 hours after the administration were <100 ng/g both in
the SBC-3/Neo and SBC-3/VEGF tumors and were almost
negligible at 24 hours in both tumors (Fig. 54). There was no
significant difference in the concentration between the SBC-3/Neo
and SBC-3/VEGF tumors. On the other hand, in the case of
NKO012 administration, free SN-38 was detectable in the tumors

even at 72 hours after the administration, The concentrations of
free SN-38 were higher in the SBC-3/VEGF tumors than those
in the SBC-3/Neo tumors at any time point during the period
of observation (significant at 1, 6, and 24 hours; P < 0.05;
Fig. 54).

Tissue distribution of SN-38 after administration of NK¢12
and CPT-11, We examined the concentration-time proﬁle of free
SN-38 in various tissues after iv. administration of NK012 and

Table 1. /n vitro growth inhibitory aciivity of SN-38,
NK012, and CPT-11 in human lung and colorectal cancer
cells (MTT assay)

Cell line I1Csp (umol/L)

SN-38 NKO12 CPT-11

WIDR 0.046 * 0.008 016 £ 0.014 204 + 16
SWA80 0.025 + 0.003 011 + 0.028 319 + 13
Lovo 0.0067 £ 0.0012 0.026 + 0.003 724  1.04
HT-29 0.016 + 0.003 0.068 + 0.007 231 % 263
PC-14 0.044 + 0.025 014 £ 0021 596 + 0.90
5BC-3 0.0016 * 0.001 0.0093 £ 0.005 072 £ 022
A431 0.0081 + 0.002 0019 + 0.007 56 * 15
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CPT-11. All organs messured exhibited the highest concentration
of SN-38 at 1 hour after administration in mice given CPT-11
(Fig. 5B). On the other hand, mice given NKO012 exhibited
prolonged distribution in the liver and spleen (Fig. 5B). In a
similar manner to other micellar drugs (19, 23), NK012 showed
relatively higher accumulation in organs of the reticuloendothelial
system. In the lung, kidney, and small intestine, the highest
concentration of free SN-38 was achieved at 1 hour after injection
of NK012 and the concentration was almost negligible at 24 hours,
Although relatively high at 1 hour after administration of NK012
“and CPT-11, the concentrations of free SN-38 in the small intestine
rapidly decreased. Interestingly, there was no significant difference
in the kinetic character of free SN-38 in the small intestine between
mice treated with NK012 and CPT-11.

Discussion

The drug-incorporating polymeric micelle has characteristic
pharmacokinetic features. These structures are too large to pass
through normal vessel walls and evade renal excretion. The outer
shell of the drug with PEG diminishes nonspecific capture by the

reticuloendothelial system. Therefore, the drug can be expected to
achieve a long half-life, which permits a large amount of the drug-
incorporating micelles to reach the tumor site through the
enhanced permeability and retention effect. The pharmacokinetic
study revealed that the plasma AUFC of polymer-bound SN-38 after
administration of NK012 at a dose of 30 mg/kg to the HT-
29-bearing mice was ~200-fold higher than that of CPT-11 at a
dose of 66.7 mg/kg, A 14-fold higher AUC of the free SN-38 was
achieved in mice given NK012 compared with mice given CPT-11.
Prolonged circulation of NK012 in the blood might increase the
accumulation of NKOI2 in a tumor tissue due to the enhanced
permeability and retention effect. In fact, the tumor concentra-
tion of free SN-38 at 24 hours after administration of NK0I2
reached 904 ng/g and high concentrations were maintained up
to 168 hours (53.1 ng/g for 48 hours, 42.6 ng/g for 72 hours, and
358 ng/g for 168 hours). This range of concentrations can exert
sufficient antitumor activity against tumor cells. On the other
hand, the concentration of CPT-11 was only 45 ng/g at
24 hours. These results indicate that the enhancement of tumor
distribution closely contributes to the potent antitumor activity
of NKO12 in vive.

B
1000 1000
100 § © 100
10 ¥ 1w
- B Figure 3. Plasma and tumor concentrations
E 1 = 1 of respective analytes after an |.v.
E] B admintstration of CPT-11 {66.7 mglkg)
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Table 2. Phamacokinetic variables of analytes i in plasma and tumor after an i.v. admmistratlon of NK012 ar CPT-11 to nude
mlce bearlng human colon cancer HT-29 cells (NKo12, 30 mg/kg, CPT—11 66 7 mg/kg) S .

Test article Coax  Twmex Tamz  AUCug AUC: Clon Vie  MRATp MRT,.
@gml) () ()  (ohml) (ghil) (mUikg) (kg (b (h)
Plasma  NK012 P-b 8N-38* ! — 314 5,000 5010 5,99 40.4 6,68 0.14
P-u SN-38 : 3.10 0.0833 617 155 158 — — 10.8 15.3
CPT-11 CPT-11 — _ 3.08 221 222 3,010 5420 1.78 1.80
SN-38 0.488 00833 3.76 110 111 — — 3.82 404
Tumeor NKO012 P-b SN-38 13.8 6 — 1,010 — — — 62.8 —
P-u1 5N-38 0.188 6 — 10.2 — — — 581 —
CPT-11 CPT-11 12.6 3 336 99,7 100 — —_ 441 455
SN-38 0108 1 475 1.07 1.10 —_ — 5.20 592

*Polymer-bound SN-38; SN-38 remaining bound to PEG-PGlu
1Not determined,
1 Polymer-unbound 8N-38; free SN-38 from PEG-PGIn.

NOTE: Three female nude mice were used for the analysis of biodistribution of $N-38 and CPT-11 in plasma and tissues. Data were expressed as means.

Several preclinical studies on cytotoxic agent-incorporating
polymeric micelles show their advantage as anticancer agents
in vivo as compared with drugs of small molecular size (19, 22, 23).
Because the advantage of passive targeting has been explained by
the enhanced permeability and retention theory, it is essential to
elucidate the correlation between the effectiveness of micellar
drugs and tumor hypervascularity and hyperpermeability. We
hypothesized that a polymeric micelle-based drug carrier could
increase its accumulation in the tumor site and could thus
enhance the thergpeutic efficacy in tumors with high vascularity.
To ascertain the hypothesis, we used SBC-3/VEGF. We adopted &
bulky tumor model for our in vive experiment to clarify the
difference in activity against SBC-3/Neo and SBC-3/VEGF tumors.
Histologic examination of SBC-3/VEGF showed hypervascularity
and prominent leakage of erythrocytes. On the other hand, SBC-3/
Neo showed hypovascularity, Our in vive experiment showed that
NK012 obviously enhanced its antitumor activity in SBC-3/VEGF-
inplanted mice and eradicated bully masses. It was thought that

the gensitivity of cells to NKOI2 might not change ir vivo because
the in vitro sensitivity of NKO12 was almost equivalent between
SBC-3/Neo and SBC-3/VEGF cells. When we compared the
distribution: of NK012 (free SN-38) in the tumor sites, significantly
enhanced accumulation was observed in the SBC-3/VEGF tumors.
This strongly suggested that the drug distribution throughout
the tumor site was enhanced by the hypervascularity and
hyperpermeability induced by VEGE, and, subsequently, higher
antitumor activity was achieved. High vascular density and
enhanced vascular permeability might also be favorable for drug
delivery of low molecular weight drugs. However, the SN-38
concentration wasg not significantly high in SBC-3/VEGF tumors
after the administration of CPI-1], and tumors exhibited rapid
regrowth after the treatment, We assume that such conventional
low molecular size anticancer agents almost disappear from the
bloodstream without being subjected to the enhanced permeability
and retention effect before they can reach the target organs (solid
tumor). The fact of correlation between the blood vessel density in

Table 3. Tumor-to-plasma concentration ratio (Kp) of analytes after an i.v. administration of NK012 (30 mg/kg) to nude mice
bearing human colon cancer HT-29 cells
Test article Analyte Time after administration (h)
0.0833 1 6 24 48 72 168
NKO012 P-b SN-38* Plasma (pg/mL) 612 410 284 233 125 0.278 0.0333
Tumor (pg/g) 4,99 8.00 13.8 9,95 5.90 5.08 358
Kp' (mL/g) 0.00815 0.0195 0.0543 0427 472 181 108
P-usN-38’  Dlasma (ng/mL) 3.10 1.24 0.673 0.0717 0.0127 0.00925 0.00325
Tumor (ug/g) 0.0763 0.187 0.188 0.0904 0.0531 0.0426 0.0358
Kp (mL/g) 0.0246 0.151 0.279 1.26 4,18 461 110
NOTE: Data were expressed as means of three mice.
*Polymer-bound SN-38; SN-38 remaining bound te PEG-PGlu.
1Kp values were calculated on the mean concentrations of three mice,
1Polymer-unbeund SN-38; free SN-38 from PEG-PGlu.
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the tumor mass and poor prognosis for survival in people with
various types of cancers (25-28) supports the idea that low
molecular weight drugs are not so effective in the treatment of
solid tumors, which are rich in blood vessels.

Jain (35) reported that the convective passage of large drug
molecudes into the core of solid tumors could be impeded by
abnormally high interstitial pressures in solid tumors, However, he
also considered that low molecular weight anticancer agents might
be harmful to normal organs because they can leak out of normal
blood vessels freely; he finally concluded that one useful strategy
for evading the barriers to drug dispersion would be to inject
patients with drug carriers, such as liposome, filled with low
molecular weight drugs. NKO12 has the potential to allow the
effective sustained release of SN-38 inside a tumor following the
accumulation of NK012 into tumor tissue. As a matter of fact,
substantial amount of SN-38 is expected to be released from the
polymeric micelle. Consequently, released SN-38 becomes distrib-
uted throughout the tumor tissue and internalizes into cancer cells
to kill them.

In recent years, the novel liposome-based formulation of SN-38
(LE-3N38) has been developed (36). LE-SN38 shows promising
antitumor activity against various cancer cell lines (37, 38) and a
clinical trial to assess its efficacy is now under way (39). The
release of SN-38 from LE-SN38 is very slow as compared with
NKO012, ~1.9% of the drug being released from LE-SN38 in PBS
buffer over 120 hours (36). The size of LE-N38 ranges from 150 to
200 nm. On the other hand, the particle size of NK012 is —~20 nm.
Interestingly, Unezaki et al. (40} reported that fluorescence-labeled
PEG liposomes were densely located outside the tumor vessels and
stayed around the vessel walls for 2 days after iv. injection. These
data suggest that the PEG liposome is too large to move freely in

the tumor interstitium and too stable to be released easily. The
difference in size distribution and the character of the drug release
between NK012 and LE-SN38 might influence their clinical
effectiveness in the treatment of solid tumors.

One of the major toxicities associated with CPT-11 administra-
tion is severe diarrhea. Although the mechanism of the diarrhea
has not yet been elucidated, one possible explanation is structural
and functional injuries to the gastrointestinal tract owing to the
mitotic inhibitory activity of SN-38 and CPT-11, It was reported
that the number of episodes of diarrhea had a better correlation
with the plasma AUC of SN-38 than with CPT-11 (41). In the
present study, no difference in SN-38 accumulations in the small
intestine was seen when equimolar NK#12 (20 mg/kg) and CPT-11
(30 mg/kg) were administered, We also reported, using a rat
mammary tumor model, that NK012 showed significant antitumor
effect with diminishing incidence of diarrhea as compared with
CPT-11 (42). These results suggest that diarrhea, one of the dose-
limiting toxicities of CPT-11, is not augmented by the administra-
tion of NK012,

In conclusion, the present data suggest that NK012 possesses a
treatment advantage over CPT-11, especially in hypervascular
tumors such as renal cell carcinomas, medulloblastomas, and hepa-
tocellular carcinomas. We have now started a phase I clinical trial
for NKO1I2 in patients with advanced solid tumors.
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NK 105, a paclitaxel-incorporating micellar nanoparticle, is a more
potent radiosensitising agent compared to free paclitaxel

T Negishi', F Koizumi', H Uchine?, | Kuroda', T Kawaguchi’, S Naito? and Y Matsurmura™!

!Investigative Treatment Division, Research Center far Innovative Oncology, National Cancer Center Hospital East, 6-5-1 Kashiwanoha, Kashiwa, Chiba
277-8577, Japar; *Department of Uralogy, Graduate School of Medical Seiences, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka, Fukuoka
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NKI105 is a micellar nanoparticle formulation designed to enhance the delivery of pacfitaxel (FTX) to solid tumours. It has been
reported to exert antitumour activity in vivo and to have reduced neurotoxicity as compared to that of free PTX The purpose ofthis
study was to investigate the radiosensitising effect of NKI05 in comparison with that of PTX. Lewis lung carcinoma {LLC)-bearing
mice were administered a single intravenous (iv.) injection of PTX or NK105; 24 h after the drug administration, a proportion of the
mice received radiation to the tumour site or lung fields. Then, the antitumour activity and lung toxicity were evaluated, In one subset
of mice, the tumours were excised and specimens were prepared for anaiysis of the cell cycle distribution by fiow cytometry.
Combined NKI05 treatment with radiation yielded significant superior antitumour activity as compared to combined PTX treatment
with radiation (P=0.0277). On the other hand, a histopathological study of lung sections revealed no significant difference n
histopathological changes between mice treated with PTX and radiation and those treated with NKIO5 and radiation. Flow-
cytometric analysis showed that NK105-treated LLC tumour cells showed more severe arrest at the G2/M phase as compared to
PTX-treated tumour cells, The superior radiosensitising activity of NKI0S was thus considered to be attributable to the more severe
cell cycle arrest at the G2/M phase induced by NKI05 as compared to that induced by free PTX. The present study results suggest
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Paclitaxel (PTX) has been demonstrated to be one of the most
effective anticancer agents available at present {Carney, 1996;
Khayat et al, 2000). Besides its antitumour activity, its ability to
induce radiosensitisation has been reported both in vitre (Tishler
et al, 1992; Choy et al, 1993; Lokeshwar et al, 1995; Rodriguez et al,
1995) and in vive (Milas et al, 1994, 1995; Cividalli et al, 1998) this
effect has been attributed to its effect of stabilising microtubules
and inducing cell cycle arrest at the G2/M phase, the most
radiosensitive phase of the cell cycle (Terasima and Tolmach, 1963;
Sinclair and Morton, 1966). As several clinical studies have
demonstrated the efficacy of PTX-based chemotherapy combined
with radiotherapy, the combined modality is considered to be a
potentially important treatment option for lung and breast cancer
(Choy et al, 1998a,b, 2000; Dowell e al, 1995; Formenti et al, 2003;
Kao et al, 2005}

The adverse effects of radiation, namely, lung toxicities in
patients with breast or lung cancer treated by thoracic radiation,
are of great concern, and may be dose limiting or even have a
negative impact on the quality of life of the patients, even though
radiation is an efficient treatment option. Lung toxicities often

#Correspondence: Dr Y Matsumura; E-maif: yhmatsum@eastnccgo.p
Revised 5 June 2006; accepted 11 July 2006; published online 8 August
2006

that further clinical trials are warranted to determine the efficacy and feasibility of combined NKI05 therapy with radiation.
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result in lung fibrosis, necessitating change of the treatment
method and causing much distress or even death of the patients
(Penney and Rubin, 1977; Early Breast Cancer Trialists’ Colla-
borative Group, 2000; Lind et al, 2002). Some clinical trials actually
reported an increased incidence of pneumonitis following
combined PTX therapy with radjation in patients with breast or
lung cancer (Taghian et al, 2001; Hanna et al, 2002; Chen and
Okunieff, 2004).

Although widely used, PTX itself has several adverse effects,
such as peripheral sensory neuropathy (Rowinsky er al, 1993;
Rowinsky and Donehower, 1995), and its poor solubility in water is
also associated with such effects as anaphylaxis and other severe
hypersensitivity reactions attributable to Cremophor EL and
ethanol, which are essential for solubilising PTX (Weiss et al,
1990; Rowinsky and Donehower, 1995). In order to overcome these
problems, we prepared a new formulation, NK105, which is a PTX-
incorporating polymeric micellar nanoparticle {85nm in size)
(Hamaguchi er al, 2005). NK105 is formed by facilitating the
self-association of amphiphilic block copolymers constructed
using polyethylene glycol (PEG) as the hydrophilic segment and
modified polyaspartate as the hydrophobic segment in an aqueous
medium. Owing to the PEG constituting the outer shell of the
micelles, NK105 is soluble in water. In addition, PEG also confers a
stealth property to the formulation, that allows the micellar drug
preparation to be less avidly taken up by the reticuloendothelial
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system (RES) and to be retained in the circulation for 2 longer
period of time (Klibanov et al, 1990, 1951; Allen, 1994; Gabizon
et al, 1996). The prolonged circulation time and the ability of
NK105 to extravasate through the leaky tumour vasculature (e,
the EPR (enhanced permeability and retention) effect) causes
accumulation of PTX in tumour tissues {Matsumura and Maeda,
1986; Maeda and Matsumura, 1989). We previously demonstrated
that NK105 is associated with reduced neurotoxicity and also
exerts more potent antitumour activity on human cancer
xenograft, as compared to free PTX. In addition, because of its
solubility in water, it is expected that the incidence of anaphylaxis
and hypersensitivity reactions attributable to Cremophor EL and
ethanol may also be reduced with NK105. A clinical trial of NK105
is now under way.

In this context, it is expected that the use of NK105 in place of
PTX in combination with radiation may also yield superior
results, because of the more potent antitumour activity of this
drug as compared to that of free PTX. In this study, we evaluated
the antitumour activity and severity of lung fibrosis induced by
PTX and NKIO5 administered in combination with thoracic
radiation, to examine whether combined NKI105 chemotherapy
with radiation would be an acceptable or useful treatment
modality.

MATERIALS AND METHODS
Mice

Eight-week-old female C57BL/6] mice were purchased from
Charles River Japan Inc. (Kanagawa, Japan). All the animal
procedures were performed in compliance with the gunidelines
for the care and use of experimental animals, drawn up by the
Committee 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.

PTX and NK105

Paclitaxel was purchased from Merican Corp. (Tokyo, Japan).
NK105 is a PTX-incorporating ‘core-shell-type’ polymeric micellar
nanoparticle formulation that was prepared by a previously
reported procedure {Hamaguchi et al, 2005). Briefly, polymeric
micellar particles were formed by facilitating the self-association of
amphiphilic block copolymers in an aqueous medjum. The
polymer of NK105 was constructed using PEG as the hydrophilic
segment and modified polyaspartate as the hydrophobic segment.
The carboxylic groups of the polyaspartate block were modified by
the esterification reaction with 4-phenyl-1-butanel, resulting in
conversion of half of the groups to 4-phenyl-I-butanclate.
Molecular weight of the polymers was determined to be
approximately 2000 (PEG block: 12000; moditied polyaspartate
block: 8000).

Via the self-association process, PTX was incorporated into the
inner core of the micelle system by physical entrapment throngh
hydrophobic interactions between the drug and specifically well-
designed block copolymers for PTX. NK105 was obtained as a
freeze-dried formulation and contained ca.23% (WW™') of PTX.
Finally, NK105, PTX-incorporating polymeric micellar nanoparti-
cle formulation with a single and narrow size distribution, was
obtained. The weight-average diameter of the nanoparticles was
approximately 85 nm ranging from 20 to 430 nm.

Irradiation

The mice were anesthetised by intraperitoneal (i.p.) injection of
nembutal (75 mgkg™") znd placed on the stage for irradiation. The
whole thorax or subcutaneous (s.c.) tumours of the thigh were
irradiated using a Paxitron cabinet X-ray system model CP-160 by
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100kV X-rays from a linear accelerator, at a dose rate of
2Gymin~'. Totally 12Gy was irradiated to each mouse. The
whole body except irradiated parts, lung field or tumour lesion,
were shielded with specially designed lead blocks.

Flow cytometry

At 24h after the injection of PTX or NK105 into the Lewis lung
carcinoma (LLC) tumour-bearing C57BL/6j mice, the tumours
were excised, minced in PBS, and fixed in 70% ethanol at 4°C for
48h. After being fixed, the tumours were digested with 0.04%
pepsin (Sigma chemical co., $t Louis, MO, USA) in 6.1 n HCI for
60min at 37°C in a shaking bath for preparing single-nuclei
suspensions. The nuclei were then centrifuged, washed twice with
PBS, and stained with 40 ug ml™" of propidium iodide {Molecular
Probes, OR, USA) in the presence of 100 ugml™" RNase in 1m!
PBS for 30 min at 37°C. The stained nuclei were analysed with a
B-D FACSCalibur (BD Biosciences, San Jose, CA, USA). The cell
cycle distribution was analysed using the Modfit program (Verity
Software House Inc., Topsham, ME, USA).

Evaluation of the antitumour activity

For this experiment, 3 x 16° LLC cells were inoculated s.c. into the
right thighs of mice. The tumour volume was calculated using the
formula, tumour volume (mm®) =z x ¥*/2 {a=longest tumour
diameter, b=shortest tumour diameter). When the twmour
volume reached approximately 100mm® on day 14 after the
tumour inoculation, the mice were randomly allocated to test
groups of about four or five mice each, and started the treatment
on the same day, There were six test groups, as follows: untreated
control, PTX treatment alone, NKI0S treatment alone, radiation
alone, combined PTX treatment with radiation, and combined with
NKI105 treatment with radiation.

In the groups receiving PTX or NKIO5, the mice were
administered a single intravenous (iv). injection of PTX or
NK105 at the dose of 45mgkg™; 24h after the drugs were
administered, the tumour sites of the mice in the groups scheduled
to receive radiation were irradiated.

The antitumour activity of each treatment regimen was
evaluated by measuring the tumour volume. Tumour volume
and body weight was measured every 3 days.

Evaluation of lung toxicity

The severity of lung toxicity was evaluated histologically in the
following test groups; untreated control (n=¢6), radiation treat-
ment alone (n=6), combined PTX treatment with radiation
(1=9), and combined NK105 treatment with radiation (s==10).
Mice were administered a single i.v. injection of PTX or NK105 at
the dose of 45 mgkg™"; 24 h after the drugs were administered, the
thorax of the mice in the groups scheduled to receive radiation was
irradiated. All the mice were killed 36 weeks after the drug
administration. At the time of the killing, the lungs were removed,
and the right lungs were fixed in 10% buffered formalin for 24 h,
then embedded in paraffin. The lungs were inflated at 20 cm water
pressuze by intratracheal infusion of 10% buffered formalin before
fixation. Sections (5pum- thick) were stained with haematoxylin
and eosin (H&E) and observed under the light microscope. The
severity of the pulmonary fibrosis was assessed based on
Ashcroft’s scoring system (Ashcroft et al, 1988). Briefly, all the
fields of each lung section were scanned under a Leica microscope
at a magnification of x 100, then each field was visually graded
from 0 (normal lung) to 8 (total fibrotic obliteration of the field).
The mean grades obtained for all of the fields was then calculated
as the visual fibrotic score,
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