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Figure 1. Chemical structures of amphiphilic block polypeptides, PSar-PMLGs. GA-PSar-PMLGs were used to prepare peptide assemblies, whereas

ICG-PSar-PMLG was used for NIRF-labeling of peptosome.

is nonionic and hydrophilic like PEG, which will suppress the
capture of the peptide assemblies by the RES due to the
formation of a hydration layer on their surface (42, 43). Further,
sarcosine is a naturally occurring amino acid, and the structure
is a part of creatine which helps to supply energy to muscle
cells. Sarcosine is degraded endogenously by sarcosine dehy-
drogenase. No side effect of sarcosine was reported except the
cases of sarcosinaemia, and so forth (44). PSar is therefore
expected to be biocompatible. PSar-PMLGs of a variety of
compositions were synthesized via a sequential N-carboxyan-
hydride (NCA) polymerization method (45). NIRF-labeled
peptosomes were successfully prepared with using PSar-PMLGs.
In vivo experiments about retention in rat blood and NIRF
imaging of cancer on mouse by using the peptosomes as
nanocarrier are discussed.

EXPERIMENTAL PROCEDURES

Materials. All reagents and solvents were purchased com-
mercially and were used as received unless otherwise noted.
Solvents used for NCA preparation and polymerization and
n-hexylamine used as an initiator were purified just before usage
according to the ordinary procedures. ICG (indocyanine green)-
Sulfo-OSu, DY-675, and m-dPEG12 amine were purchased
from Dojin Laboratory Ltd., Dyomics GmbH, and Quanta
BioDesign, Ltd., respectively, and was used as received.

Synthesis. Amphiphilic block polypeptides, PSar-PMLGs,
were synthesized by the NCA polymerization method. PMLG
block was obtained from y-methyl-L-glutamate-N-carboxyan-
hydride (Glu(OMe)-NCA) using n-hexylamine as an initiator,
followed by polymerization of sarcosine-N-carboxyanhydride
(Sar-NCA). The number-average molecular weight of the
polymers prepared in the present study was in the range
2800—8300. The N-terminal of the polypeptides was succes-
sively capped by glycolic acid using HATU as a coupling
reagent to afford GA-PSar-PMLG, or by ICG-Sulfo-OS8u to
afford ICG-PSar-PMLG (Figure 1). Crude polypeptides were
purified by a Sephadex LH20 column with N,N-dimethylform-
amide (DMF) as eluent. The compositions of the polypeptides
were determined by 'H NMR spectrum analysis using trifluo-
roacetic acid-d as deuterated solvent. Degrees of polymerization
(DP) of PMLG and PSar blocks were determined from methyl

ester protons and N-methyl protons, respectively, in comparison
with signals from the initiator. The capping reaction of the
N-terminal was also confirmed by 'H NMR. The detail of the
synthesis is as follows.

Sar-NCA. Benzyloxycarbonyl sarcosine (10.0 g, 44.8 mmol)
was dissolved in SOCl, (10 mL), and the solution was shaken
vigorously for 8 min at 50 °C. The solution was poured into
petroleum ether (200 mL) to afford Sar-NCA as a white solid.
The crude Sar-NCA was purified three times by recrystallization
from ethyl acetate/petroleum ether. FT-IR: 1850, 1780 cm™".
Melting point: 95-96 °C.

Glu(OMe)-NCA. To a suspension of H-Glu(OMe)-OH (7.11
g, 44.1 mmol) in tetrahydrofuran (THF, 70 mL) at 50 °C was
added triphosgene (4.36 g, 14.7 mmol). After 1 h stirring,
another triphosgene (0.86 g, 2.91 mmol) was added, and the
mixture was stirred for 2 h. The reaction mixture was poured
into hexane (210 mL), and the suspension was cooled at —20
°C to complete crystallization. The crude Glu(OMe)-NCA was
purified two times by recrystallization from THF/hexane. FT-
IR: 1850, 1780, 1710 cm™"'. Melting point: 95-97 °C.

GA-PSar-PMLG. To a solution of Glu(OMe)-NCA (0.1 M)
in dry DMF under Ar atmosphere was added n-hexylamine with
the amount of the specified monomer/initiator ratio in feed, and
the solution was stirred for 3 h at room temperature. After
confirmation of the disappearance of NCA signals from the
solution by FT-IR measurement, Sar-NCA in DMF was added
with the amount of the specified ratio of Sar block (PSar) and
Glu(OMe) (PMLG) block in the copolymer. The solution was
kept stirring until the NCA was fully consumed. To the solution
were added glycolic acid (5 equiv), O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) (5
equiv), and N,N-diisopropylethylamine (DIEA) (7.5 equiv) at
0 °C, and the solution was stirred at room temperature for 12 h
under N, atmosphere. Additional portions of HATU (3 equiv)
and DIEA (4 equiv) were added further to the solution at 0 °C,
and the solution was kept stirring at room temperature for
another 12 h under N, atmosphere. The solution was concen-
trated and purified by a Sephadex LH 20 column with DMF as
eluent. The fraction of the copolymer was collected, and the
product was precipitated from DMF/diethyl ether, followed by
washing with acetone. The composition of PSar/PMLG in the
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product was determined by 'H NMR (trifluoroacetic acid (TFA)-
d) with comparing the signal strengths of N-CHj3 of PSar, methyl
ester of PMLG, and the terminal methyl of the initiator.

ICG-PSar-PMLG. Instead of glycol acid at the capping
reaction in the preparation of GA-PSar-PMLG, ICG-sulfo-OSu
(5 equiv of the terminal amino group) was added to the
polymerization solution. The product was purified similarly to
the case of GA-PSar-PMLG. The capping with ICG at the
N-terminal of the copolymer was confirmed by 'H NMR using
2,2 2-trifluoroethanol-d; as solvent.

DY-PEG. To a solution of DY-675 (5.0 mg, 7.1 umol) and
CH;0-PEG;>-NH; (4.3 mg, 7.8 umol, m-dPEG12 amine) in
DMF were added HATU (3.0 mg, 7.8 umol) and DIEA (2.0
uL, 12 gmol) at O °C, and the solution was stirred at room
temperature for 6 h under N, atmosphere. HATU (0.55 mg,
1.4 umol) and DIEA (0.37 uL, 2.6 umol) were added further
to the solution, and the solution was kept stirring at room
temperature for another 16 h under N, atmosphere. The solution
was concentrated under reduced pressure, and the residue was
purified by a Sephadex LH 20 column with using DMF as eluent
to afford the product. Mass analysis (FAB, matrix; nitroben-
zylalcohol): m/z 1248.6 (calcd for Ce7HogN3047S [(M + H)*]
miz 1248.66).

Preparation of Aqueous Dispersion. Polypeptides were
dispersed in a Tris-buffered saline (TBS) (10 mM Tris—HClI,
100 mM NaCl, pH 7.4) by the injection method using 2,2,2-
triftuoroethanol (TFE) as solvent. GA-PSar-PMLG (4.5 mg) was
dissolved in 75 uL of TFE, and the solution was rapidly injected
into 1.5 mL of TBS, which was stirred and cooled on ice. The
aqueous dispersion was applied on a Sephacryl S-100 column
(1.5 x 30 cm, GE healthcare Bio-Sciences) using TBS as eluent
to remove TFE and others. The peptide concentration was in
the range 0.5-0.8 mg/mL. Labeling of the polypeptide assembly
with NIRF was achieved by adding a few wt % of ICG-PSar-
PMLG to GA-PSar-PMLG in a TFE solution before injection.

Dynamic Light Scattering Analysis. The size of the mo-
lecular assemblies formed in aqueous dispersion was analyzed
by dynamic light scattering (DLS) on a Photal DLS-8000
(Otsuka Electronics Co., Japan) using a cylindrical optical cell
of 1 cm diameter. Vertically polarized light of either wavelength
632.8 nm from a He—Ne laser or 488 nm from an Ar laser was
used as the incident beam from a scattering angle of 90°. All
measurements were performed at 25 °C. In order to avoid
contamination of dust, all aqueous dispersions were prepared
in a clean room and filtered through a 0.80 #m cellulose acetate
membrane filter. The autocorrelation function was analyzed by
the time interval method of photon correlation. The light
scattering data were analyzed by the program of Contin (46, 47).

TEM Observation. TEM images were taken using a JEOL
JEM-2000EXII at an accelerating voltage of 100 kV. For the
observation of molecular assembly, a dispersion of GA-PSar56-
PMLG12 in 10 mM Tris—HCI buffer (pH 7.4) was applied on
a carbon-coated Cu grid, and the sample was stained negatively
with 2% uranyl acetate, followed by suction of the excess fluid
with a filter paper.

Encapsulation of Water-Soluble Drug Model. A solution
of a mixture of GA-PSar43-PMLG18 and GA-PSar65-PMLG18
(3:1) and 1 wt % ICG-PSar63-PMLG20 in TFE was injected
rapidly into 1.5 mL TBS containing 4 mg/mL FITC—dextran
(MW: 4000). The mixture of ICG-labeled molecular assembly
and FITC—dextran was applied on a Sephacryl S-100 column
(1.5 x 30 cm) with using TBS as eluent, and the elution profile
was monitored by absorbance at 780 and 490 nm of ICG and
FITC, respectively. Encapsulation of DY-PEG was also done
similarly to the method of encapsulation of FITC—dextran.

Circular Dichroism. To analyze the conformation of polypep-
tides in their aqueous dispersion, circular dichroism (CD)
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spectroscopy was carried out on a JASCO J600 spectropola-
rimeter with an optical cell of 0.1 cm optical path length at
room temperature.

In Vivo Retention in Blood Measurement. /n vivo retention
in blood of peptosome was evaluated by using rats as the
experimental animals. Seven-week-old Crl:CD(SD) male rats
were used. Peptosomes prepared from GA-PSar56-PMLG12 (n
= 2) and a mixture of GA-PSar43-PMLG18 and GA-PSar65-
PMLGI18 (1:1) (n = 3) were NIRF-labeled with the addition of
5 wt % ICG-PSar63-PMLG20. The dispersions were adminis-
tered at 0.8 mg/mL/kg to rats via tail vein. After administration
of the peptosome, blood samples of 0.5 mL were taken
temporally from rats and were centrifuged to collect the blood
plasma samples. The amount of the ICG-labeled peptosome in
the sample was estimated by fluorescence assay (Ex, 768 nm;
Em, 807 nm). In vivo retention in the blood of the peptide
micelle from GA-PSar93-PMLGI12 and 5 wt % ICG-PSar63-
PMLG20 was also evaluated by the same procedure (n = 2).

Cell Culture and Hypoxic Treatment in Vitro. SUIT-2
human pancreatic cancer cell line was purchased from the
American type Culture Collection. SUIT-2/EF-Luc cells that
carry the luciferase reporter gene under control of pEF constitu-
tive promoter were isolated by the same method as described
elsewhere. SUIT2/EF-Luc cells were maintained at 37 °C with
5% FBS-Dulbecco’s modified Eagle medium (Nacalai Tesque,
Kyoto, Japan).

Tumor Model. SUIT-2/pEF-luciferase cells were subcutane-
ously inoculated at 1 x 10° cells/mL of phosphate-buffered
saline (PBS) into front legs, hind legs, or back of 8-week-old
female nude mice (BALB/c nu/nu; Japan SLC Inc., Hamamatsu,
Japan).

In Vivo Cancer Imaging. For taking images of biolumines-
cence from the SUIT2/EF-luc xenografts, tumor-bearing mice
were intraperitoneally injected with 100 4L D-luciferin solution
(10 mg/mL in PBS; Promega Corp., Madison, WI). In 20 min,
the mice were set in an IVIS-200 in vivo photon-counting device
(Xenogen Corp., Alameda, CA). For taking fluorescence images
from the NIRF-labeled peptosome, tumor-bearing mice were
set in the IVIS-200 at the indicated time following intravenous
injection of the peptosome dispersion (ca. 0.5 mg/mL, 200 uL).
During imaging process, the mice were kept on the imaging
stage under anesthetized condition with 2.5% of isoflurane gas
in oxygen flow (1.5 L/min).

The fluorescence images from ICG were taken with the
accessory ICG filter set, and those from DY-675 were taken
with the Cy5.5/CyS5.5 Bkg filter sets. The pseudo images from
the photon counts were constructed by Living Image 2.50 - Igor
Pro 4.09A software (Xenogen Corp.).

RESULTS AND DISCUSSION

Synthesis of Polypeptides and Their Dispersibility in
TBS. Amphiphilic block copolypeptides, GA-PSar-PMLGs and
ICG-PSar-PMLG (Figure 1), were newly designed and synthe-
sized by the conventional NCA method with the capping
reaction using HATU as a coupling reagent or using active ester.
Compositions of PSar-PMLGs were estimated by 'H NMR
analysis and found to be close to the monomer/initiator ratios
in the feed (Table 1). GA-PSar-PMLGs having more than 43
sarcosine residues (entries 3-8) were dispersed stably in TBS
by the TFE injection method (48), whereas those with shorter
PSar chains yielded precipitates (entries 1, 2). Moderately long
PSar chains are therefore necessary for PMLG chains of 12~18
residues to be dispersed stably in buffer.

Morphology of Molecular Assembly. Size and shape of
molecular assembly of GA-PSar-PMLGs formed in buffer were
analyzed by the DLS measurement and the TEM observation.
Size distribution analysis by the DLS measurements suggested
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Table 1. Compositions of PSar-PMLGs and Properties in Aqueous Dispersion

monomer ratio composition
in feed of polypeptide

entry [Sar)/[Glu(OMe)] [Sar}/[Glu(OMe)] abbreviation” molecular assembly” size (nm)
1 15/15 15/12 GA-PSarl5-PMLG12 precipitate (group PRE)
2 25/15 25/12 GA-PSar25-PMLG12 precipitate (group PRE)
3 40/20¢ 43/18 GA-PSar43-PMLGI18 P (group PEP) 150
4 60/20 56/12 GA-PSar56-PMLG12 M, P (group MIC) 40, 150
5 60/20° 65/18 GA-PSar65-PMLGI18 M. P (group MIC) 30, 90
6 80/20 93/12 GA-PSar93-PMLGI12 M (group MIC) 40
7 entry 3/5=1/1° mixture of GA-PSar43-PMLG18 and GA-PSar65-PMLGI8 (1:1) P. M (group PEP) 100. 30
8 entry 3/5=3/1¥  mixture of GA-PSar43-PMLG18 and GA-PSar65-PMLGI8 (3:1) P, M (group PEP) 100. 30
9 60/20 63/20 ICG-PSar63-PMLG20

“ GA, capped N-terminal with glycolic acid, ICG, capped N-terminal with ICG-Sulfo-OSu. ” P, peptosome, M, micelle. the former capital letter of P,
M or M, P represents the predominant morphology of the mixed molecular assemblies. The block polypeptides are categorized into three groups, group
PRE (precipitate), group PEP (peptosome), and group MIC (micelle), according to the predominant morphology in buffer (shown in the parentheses).
© A mixture of GA-PSar43-PMLG18 and GA-PSar65-PMLG18 at the molar ratio of 1:1. “ A mixture of GA-PSar43-PMLG18 and GA-PSar65-PMLGI8
at the molar ratio of 3:1. © A solution of DMF and chloroform (3/1 v/v) was used for polymerization of entries 3 and 5. In other cases, DMF was used.

Figure 2. TEM image of peptosome in the aqueous dispersion of GA-
PSar56-PMLG12. The sample was stained negatively with uranyl
acetate. Scale bar represents 0.5 gm.

a bimodal distribution for some polypeptides (Table 1, entries
4,5, 7, 8) due to formation of two types of molecular assemblies.
However, the regularization procedure such as Contin used here
may overfit the data to produce apparently two peaks. Indeed,
upon changing the scattering angles in the DLS measurements,
the bimodal distribution could become a smooth monomodal
distribution in some cases. Table 1 shows two values as the
molecular assembly size in some cases, but the sizes of the
minor components are not thus fully convincing. In addition to
the DLS measurements, we therefore analyzed the elution
profiles of the molecular assemblies through gel permeation
chromatography using Sephacryl S-100 or Sephadex 4B. The
elution profiles were agreeable with the results of the DLS
measurements summarized in Table 1. So, the sizes of the minor
components of the molecular assemblies are shown in Table 1
despite their inaccuracy.

The fraction ratio of the two assemblies differs depending
on the length of the PSar block in the copolypeptides. Diameter
of the smaller assembly is in the range from 30 to 40 nm, and
that of the larger one from 100 to 200 nm. Since the molecular
length of GA-PSar-PMLGs is estimated to be about 20 nm with
an extended form of the PSar block and a-helical conformation
of the PMLG block, the smaller molecular assembly is assigned
to a spherical micelle having a hydrophobic core and a
hydrophilic shell.

An aqueous dispersion of GA-PSar56-PMLG12 was observed
by TEM with negative staining (Figure 2). Spheres in the size
range from 100 to 200 nm were present in the TEM image,
and the size distribution of these large spheres is in agreement
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Figure 3. Comparison of size distributions determined by DLS
measurement and TEM image (histogram). In both measurements, GA-
PSar56-PMLG12 was used for preparation of the peptide assembly.

with that of the larger assemblies detected by DLS (Figure 3).
Even though the detail analysis of the smaller assemblies
detected by DLS was not possible by TEM due to the poor
resolution, the peptide micelle should be formed with GA-
PSar56-PMLG 12 from the elution profile through gel permeation
chromatography. On the other hand, GA-PSar43-PMLGIS, a
block polypeptide with a shorter PSar segment and a longer
PMLG segment, formed the large spheres of ca. 150 nm from
the DLS analysis (Table 1). These observations of amphiphilic
polypeptides are consistent with previous reports that the
morphology of molecular assemblies is related generally with
the hydrophilic and hydrophobic balance of amphiphiles (49, 50).
with increasing the hydrophobic property of amphiphiles, the
major morphology shifts from a small micelle to cylinder and
a large vesicle in water. When this relationship is applied to
the present polypeptides, the large assembly of GA-PSar43-
PMLGI8 in buffer should be a vesicle. This structural point is
discussed later with the encapsulation experiment.

Adjustment of the assembly size by mixing two kinds of
polypeptides was examined (Table 1, entries 7, 8). Interestingly,
the size of molecular assembly of GA-PSar43-PMLGI8 was
reduced from 150 to 100 nm by incorporation of GA-PSar65-
PMLGI8 at the molar ratios of 1:1 and 3:1 (GA-PSar43-
PMLG18: GA-PSar65-PMLG18). The longer PSar block of GA-
PSar65-PMLG18 in the mixture should favor staying at the outer
surface of the spherical assembly to reduce the steric congestion
compared with staying at the inner surface, resulting in a large
curvature of the smaller spherical assembly. GA-PSar65-
PMLG18 is thus considered to be inserted into the outer surface
to increase the curvature of the vesicle due to the bulky PSar
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Figure 4. Encapsulation experiment of FITC—dextran in ICG-labeled
molecular assembly prepared from a mixture of GA-PSar43-PMLGI18
and GA-PSar65-PMLGI8 (3:1). Elution profiles of size exclusion
chromatography by a Sephacryl S-100 column were monitored by
absorption of ICG (O) and fluorescein (4). (a) First elution of the
peptide dispersion prepared in a buffer containing FITC-dextran. (b)
The repeated elution of the peptide fraction of the first elution.
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Figure 5. CD spectra of (a) GA-PSar43-PMLG18, (b) GA-PSar65-
PMLGI18, and (c) a mixture of GA-PSar43-PMLG18 and GAPSar65-
PMLGI8 (1:1) in 10 mM Tris buffer containing 0.1 M NaCl and 5%
TFE. The residue concentration of Glu(OMe) was setat 5 x 10 * M
for all the samples.

block at the outer surface. The mixing effect on the assembly
size, however, was not so sensitive in the mixing ratios of 1:1
and 3:1.

To obtain information on the molecular assembly of 100
nm, the encapsulation experiment was carried out with using
the peptide assembly of a mixture of GA-PSar43-PMLG18
and GA-PSar65-PMLG18 (3:1) labeled with 1 wt % ICG-
PSar63-PMLG20. The elution profile through a SEC column
of the peptide assembly prepared in the presence of FITC-
dextran (Mw: 4000) in buffer shows coelution of FITC—dextran
with the peptide assembly (Figure 4a). The amount of the
encapsulated dextran in the peptide assembly looks small,
but the ratio of the encapsulated dextran against the total
amount of dextran in buffer is consistent with the ratio of the
total inner volume of the vesicles against the total solution
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Figure 6. In vivo blood clearance curves of ICG-labeled peptosome (blue
A, GA-PSar56-PMLGI12; red B, a mixture of GA-PSar43-PMLG18 and
GA-PSar65-PMLGI8 (1:1)) and ICG-labeled peptide micelle (green @,
GA-PSar93-PMLGI2), in comparison with that of PEGylated liposomal
doxorubicin, Doxil, in the literature (53) (orange #).

Figure 7. In vivo cancer imaging using NIRF-labeled peptosome. ICG-
labeled peptosome prepared from a mixture of GA-PSar43-PMLG18
and GA-PSar65-PMLGIS8 (1:1) labeled with 3 wt % ICG-PSar63-
PMLG20 was used. (a) Bioluminescence image of SUIT2/EF-luc
xenografts on the tumor-bearing mouse after administration of D-
luciferin. (b) Image of fluorescence from ICG, 1 day after the
administration of ICG-labeled peptosome.

volume at the preparation, which was calculated under the
following assumptions: the vesicular assembly of 100 nm
diameter, the diameter of 2 nm for one peptide molecule
occupying at the membrane, and interdigitation structure of the
membrane. Further, the repeated column chromatography of the
peptide fraction did not reduce the relative intensity of
FITC—dextran, suggesting that FITC—dextran was encapsulated
firmly in the vesicle (Figure 4b). Consequently, the peptide
assembly of 100 nm has an inner aqueous phase to encapsulate
a water-soluble compound, indicating the peptide assembly of
vesicle, so-called “peptosome™.

After our previous reports on preparation of peptosome in
the size range of 100 nm (39-47), Deming et al. have also
reported preparation of micrometer-sized vesicular assembly
from ionic polypeptides (57). They reduced the size of assembly
into about 100 nm by using the extruder method. In our case,
a 100 nm sized peptosome was spontaneously formed only by
injection of the peptide solution into buffer, and the size
remained stable for weeks.

Conformation of polypeptides in the molecular assemblies
was studied by CD spectroscopy. The aqueous dispersion of
GA-PSar43-PMLGI18 (group PEP; Table 1) showed negative
Cotton effects at 222 and 208 nm (Figure 5), indicating a-helical
conformation of the hydrophobic PMLG block (52). Since the
signal at 222 nm was more intensive than that at 208 nm, a
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Figure 8. In vivo cancer imaging using NIRF-labeled peptide micelle.
ICG-labeled peptide micelle prepared from GA-PSar93-PMLGI12
labeled with 3 wt % ICG-PSar63-PMLG20 was used. (a) Biolumines-
cence image of SUIT2/EF-luc xenografts on the tumor-bearing mouse
after administration of p-luciferin. (b) Image of fluorescence from ICG,
1 day after the administration of ICG-labeled peptide micelle.

helices should form a bundle structure in the peptide membrane.
Similar results were obtained with GA-PSar65-PMLGI18 (group
MIC; Table 1) and a mixture of GA-PSar43-PMLGI18 and GA-
PSar65-PMLG18 (1:1) (group PEP). The a-helical structure in
the peptide assembly makes a contrast to our previous report
on amphiphilic poly(sarcosine)-b-poly(alanine), in which the
hydrophobic poly(alanine) block took f-sheet structure in
peptide micelle or aggregates (27). The conformation difference
between these two types of block polypeptides in the molecular
assemblies may be attributed to the difference of the side chains
between alanine and Glu(OMe). The large hydrophobic side
chain of Glu(OMe) may prevent the PMLG block from taking
B-sheet structure of the tight molecular packing.

a b
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In Vivo Retention in Blood Measurement. GA-PSar56-
PMLG12 (group PEP) and a mixture of GA-PSar43-PMLGI8
and GA-PSar65-PMLGI18 (1:1) (group PEP) were chosen for
preparation of about 100 nm sized peptosomes, and were
subjected to in vivo retention in blood assay. The ICG-labeled
peptosomes were administered to rats via a tail vein. Residual
amounts of ICG-labeled peptosomes in blood plasma at different
times were determined by fluorescence photometry (Figure 6).
A small fraction of the peptosomes was cleared at the beginning
stage, but the greatest part showed long retention circulating in
the rat blood. When the two-compartment model was applied
to the clearance curve, the half-lives at the § phase of the
clearance curves were estimated to be about 2040 h for these
peptosomes. The relatively long half-life of the peptosomes is
comparable to PEGylated liposome under the same experimental
conditions (54).

ICG-labeled peptide micelle prepared from GA-PSar93-
PMLGI12 (group MIC) also showed a long retention circulation
(Figure 6). However, the peptide micelle disappeared completely
in 48 h, whereas a part of peptosome remained in blood even
after 72 h from the injection. This result may be ascribed to the
smaller size of the peptide micelle, which should promote its
accumulation in liver (55, 56).

In Vive Cancer Imaging. /n vivo NIRF imaging of cancer
on mouse was carried out with using ICG-labeled peptosome
prepared from a mixture of GA-PSar43-PMLG18 and GA-
PSar65-PMLGI18 (1:1) (group PEP). At 1 day after the
administration, intensive fluorescence from ICG was observed
at the two transplanted cancer sites (Figure 7b), which was
confirmed by the bioluminescence from luciferin (Figure 7a).
The peptosome is therefore considered to accumulate in the
tumor tissue by the EPR effect.

ICG-labeled peptide micelle prepared from GA-PSar93-
PMLGI2 (group MIC) was also administered to the tumor-
bearing mouse, and NIRF imaging was carried out. The intensive
fluorescence from ICG was observed similarly at the tumor
tissue (Figure 8). However, the fluorescence level at the
background was moderately high. The peptide micelle may be

M = 2 450407
Max = 4.2287e407|

Figure 9. In vivo cancer imaging using NIRF-labeled peptosome encapsulating water-soluble far-red fluorophore. ICG-labeled peptosome
prepared from a mixture of GA-PSar43-PMLG18 and GA-PSar65-PMLG18 (3:1) labeled with 3 wt % ICG-PSar63-PMLG20 and encapsulating
DY-PEG in the inner aqueous phase (the concentration of DY-PEG was set at 4 mg/mL at the preparation). (a) Bioluminescence image of
SUIT2/EF-luc xenografts on the tumor-bearing mouse after administration of p-luciferin. (b) Image of fluorescence from ICG, 2 days after
the administration of peptosome. (c) Image of fluorescence from DY-675, 2 days after the administration of peptosome. Black circles in b

and ¢ represent the tumor site.
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Max = Jo+08

Figure 10. Control imaging experiment using water-soluble far-red
fluorophore, DY-PEG. The amount of DY-PEG was adjusted to that
used in the doubly labeled peptosome shown in Figure 9. (a)
Bioluminescence image of SUIT2/EF-luc xenografts on the tumor-
bearing mouse after administration of p-luciferin. (b) Image of
fluorescence from DY-675, 2 days after the administration of DY-PEG.

partly incorporated into normal tissues probably due to the small
size or physical instability.

Doubly labeled peptosome, in which the peptide membrane
was labeled with ICG peptide and the inner aqueous phase
encapsulated DY-675 labeled PEG (DY-PEG), was prepared
and administered to the tumor-bearing mouse. These two
kinds of fluorophores can be detected separately by choosing
proper optical filters of the imaging apparatus, because ICG
and DY-675 fluoresce at far-red and near-infrared region,
respectively. ICG-labeled peptosome was prepared from a
mixture of GA-PSar43-PMLG18 and GA-PSar65-PMLG18
(3:1) (group PEP) in a buffer containing DY-PEG. At 2 days
after the intravenous administration to the tumor-bearing
mouse, fluorescence from ICG was detected at the cancer
site (Figure 9b), and at the same site, fluorescence from DY-
675 was also observed (Figure 9¢). In these images, ac-
cumulation of the peptosome in liver was also detected by
both probes. On the other hand, when DY-PEG alone was
administered to the tumor-bearing mouse, fluorescence at the
cancer site was not observed at all even though accumulation
in bladder was detected (Figure 10). Taken together, the
peptosome was confirmed to be accumulated in the tumor
tissue while maintaining its vesicular structure and preserving
the water-soluble compound inside. The selective accumula-
tion is therefore due to the EPR effect.

PSar chains around the peptosome are expected to take a role
of suppressing the capture of peptosome by the RES, and in
vivo retention in blood of peptosome was actually proven to be
extremely long. In the case of PEGylated liposomes, the
retention time in blood was improved by optimization of the
mixing ratio of long and short PEG chains (57). Therefore,
peptosome coated by optimized PSar layer may show further
retention in blood, which is currently under investigation.
Further, poly(ethylene glycol) (PEG), which is a common
artificial water-soluble polymer and is used frequently for
biocompatible materials, may be replaced with PSar in many
cases.

In conclusion, we have succeeded in preparation of 100
nm sized peptosome, which is a vesicular assembly of
genuine amphiphilic polypeptide, using PSar as a hydrophilic
block and PMLG as a hydrophobic block. NIRF-labeled
peptosome was prepared by adding ICG-conjugated polypep-
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tide. Diameter of the peptosome prepared from GA-PSar-
PMLGs was in the range from 100 to 200 nm, which is the
appropriate size for the passive targeting into the solid tumor
by the EPR effect. In vivo retention in blood of ICG-labeled
peptosome was assayed by using rats as experimental animals,
and the retention time was proven to be as long as the
PEGylated liposome. 1CG-labeled peptosome was also ad-
ministered to the tumor-bearing mouse and successfully
detected the tumor tissue due to the EPR effect.
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Emission under Hypoxia: One-Electron Reduction and
Fluorescence Characteristics of an Indolequinone-

Coumarin Conjugate

Kazuhito Tanabe,*?' Nao Hirata,® Hiroshi Harada,™ 9 Masahiro Hiraoka,® ! and

Sei-ichi Nishimoto*®

A characteristic feature of the reactivity of indolequinone deriva-
tives, substituents of which can be removed by one-electron re-
duction under hypoxic conditions, was applied to the develop-
ment of a new class of fluorescent probes for disease-relevant
hypoxia. A reducing indolequinone parent molecule conjugated
with fluorescent coumarin chromophores could suppress effi-
ciently the fluorescence emission of the coumarin moieties by an
intramolecular electron-transfer quenching mechanism and a
conventional internal-filter effect. Under hypoxic conditions, how-
ever, the conjugate, denoted IQ-Cou, underwent a one-electron

Introduction

Most cellular functions rely on the continuous and adequate
supply of oxygen molecules from blood vessels. A stable
oxygen supply is preserved in normal tissues by so-called
oxygen homeostasis. An inadequate oxygen supply to cells in-
duces hypoxia, which is one of the well-known pathophysio-
logical characteristics of cardiac ischemia," inflammatory dis-
eases,?! and solid tumors.” Tumor hypoxia is of particular im-
portance, as it has been associated closely with the malignant
phenotype of cancer cells, resistance to cancer therapies, and
the low mortality rate of cancer patients.” Therefore, there has
been increasing demand for hypoxia-specific molecular probes
as useful indicators for the pathophysiologica! analysis of dis-
eases.

We have developed prodrugs of the well-documented anti-
tumor agents S-fluorouracil (5-FU) and S-fluorodeoxyuridine (5-
FdUrd), which release 5-FU and 5-FdUrd, respectively, upon
hypoxic X irradiation”) One 5-FdUrd prodrug with an indole-
quinone structure showed strong cytotoxicity against hypoxic
tumor cells.*? Indolequinone derivatives have been identified
by other research groups as a new class of hypoxia-specific
prodrugs that can be activated to eliminate cytotoxic substitu-
ent components (active drugs) selectively by bioreduction or
radiolytic reduction under hypoxic conditions.” These findings
prompted us to investigate the development of hypoxia-imag-
ing molecular probes containing a reducing indolequinone
skeleton. Two coumarin chromophores were thus conjugated
with an indolequinone unit through a 2,6-bisthydroxymethyl)-
p-cresol linker™® to produce 1Q-Cou, the indolequinone unit of
which undergoes one-electron reduction to liberate three func-
tional components through the spontaneous cyclization of a
free-amine intermediate and the rearrangement of the result-
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reduction triggered by X irradiation or the action of a reduction
enzyme to release a fluorescent coumarin chromophore, where-
upon an intense fluorescence emission with a maximum intensity
at 420 nm was observed. The one-electron reduction of 1Q-Cou
was suppressed by molecular oxygen under aerobic conditions.
1Q-Cou also showed intense fluorescence in a hypoxia-selective
manner upon incubation with a cell lysate of the human fibro-
sarcoma cell line HT-1080. The IQ-Cou conjugate has several
unique properties that are favorable for a fluorescent probe of
hypoxia-specific imaging.

ing phenol derivative to the corresponding 1,4-quinone me-
thide (Scheme 1). IQ-Cou itself showed weak fluorescence, be-
cause the fluorescent excited singlet state of the coumarin
unit is quenched efficiently by the indolequinone unit located
intramolecularly in close proximity. Upon the one-electron re-
duction of the indolequinone unit, the coumarin chromophore
was eliminated and no longer affected by the fluorescence-
quenching action of the indolequinone unit; thus, an intense
fluorescence emission was observed. With these reaction char-
acteristics, 1Q-Cou might be applicable as a fluorescent probe
for the molecular imaging of disease-relevant hypoxia.

Results and Discussion

The synthetic route to IQ-Cou is outlined in Scheme 2. The diol
3 was prepared by a previously described method™® and cou-
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Scheme 1. Mechanism for the activation of IQ-Cou to release a fluorescent coumarin chromophore under reductive conditions.

pled with the acid chloride 8 to form 4. The diester 4 was con-
verted into the free amine under acidic conditions and then
coupled with the indolequinone derivative 7 (prepared from
the alcohol 6) to give 1Q-Cou.

We first compared the fluorescence spectrum of 1Q-Cou with
that of the reference compound coumarin-3-carboxylic acid
(Figure 1 A). Whereas coumarin-3-carboxylic acid showed an in-
tense fluorescence emission at about 420 nm upon excitation
at a wavelength of 300 nm, the apparent fluorescence intensity
of 1Q-Cou was extremely weak: The formal fluorescence quan-
tum yields {&;) of coumarin-3-carboxylic acid and 1Q-Cou were
0.042 and 0.002, respectively. These results indicate that the
fluorescence of the coumarin chromophore in IQ-Cou is
quenched intramolecularly by the neighboring indolequinone
unit and predict that fluorescence emission will be restored
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upon the one-electron reduction of 1Q-Cou to release a cou-
marin-3-carboxylic acid fragment.

The suppressed fluorescence emission of 1Q-Cou is attributa-
ble to two modes of action of the indolequinone unit. First, a
conventional internal filter effect due to the presence of the
indolequinone unit could lead to a decrease in the apparent
fluorescence quantum yield of the counterpart coumarin chro-
mophore by about a third in view of the similarity of the molar
extinction coefficients at 300 nm of coumarin-3-carboxylic acid
and the indolequinone 6 {¢=6206 and 5863 m~'cm™', respec-
tively).® Second, a photoinduced electron-transfer (PET) pro-
cess™ should be operative as a key mechanism for modulating
the fluorescence properties of iQ-Cou. The PET that leads to
fluorescence quenching can occur between the excited states
of an electron-withdrawing (electron-donating} fluorophore
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Scheme 2. Reagents and conditions: a) 8, Et,N, CH,Cl,, room temperature, 62%; b) HCl, MeOH, room temperature; c) 7, Et;N, CH,Cl,, room temperature, 39%
{two steps); d) 4-nitrophenyl chloroformate, Et;N, CH,Cl,, 0°C, 37%. Boc = tert-butoxycarbonyl.
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Figure 1. A) Fluorescence spectra of 1Q-Cou (10 jy1ra; —) and coumarin-3-carboxylic acid
(10 pr4; - in acetonitrile. The fluorescence spectra were measured with excitation at
300 nm. B) Transient absorption spectra observed upon the excitation at 355 nm of 1Q-
Cou (30 j24) in acetonitrile; 1 (e), 10 (c), 20 (a), and 30 ps (A) after laser flash photolysis.
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coumarin-3-carboxylic acid increased with increasing
irradiation dose upon hypoxic X irradiation of 1Q-Cou.
The fluorescence after 720 Gy of X irradiation was
three times as intense as that of IQ-Cou in the ab-
sence of irradiation (Figure 2 A). These results indicate
clearly that 1Q-Cou is activated to release coumarin-3-
carboxylic acid from the indolequinone quencher by
radiolytic one-electron reduction by e,;~ with the re-
storation of fluorescence.

A smaller enhancement in fluorescence emission
occurred upon aerobic irradiation: The sample solu-
tion showed only a 1.5-fold increase in fluorescence
intensity upon exposure to 720 Gy of X irradiation
(Figure 2B). This oxygen effect on the activation of

and an electron-donating (electron-withdrawing) A 8)
quencher. The feasibility of the process depends on 400 /’\\ 720‘Gy 400
the relative ordering of the energy levels of the high- 300 p W
. . > 2 300
est occupied molecular orbitals (HOMO) and the £ / \ @
lowest unoccupied molecular orbitals (LUMO) of the $ 200 g 8 200 720 Gy
fluorophore and the quencher!' The MO energy = = }
levels of 3-methoxycarbonylcoumarin and the indole- 100 100 0 Gy
quinone 6 were estimated by ab initio calculations at
the B3LYP/6-31G(d) level, which revealed that the 0 : * 0
LUMO energy level of 6 (—2.94 eV) is lower than that 300 400 2/nm 500 800 300 400 /nm 500 600

of coumarin (—2.25 eV), whereas the HOMO energy
level of 6 (—6.15 eV) is higher than that of coumarin
{—6.77 eV). These calculation results suggest strongly
that an intramolecular electron transfer from coumar-
in in the excited state to the indolequinone unit in
the ground state is feasible thermodynamically in 1Q-
Cou.

We also carried out laser flash photolysis studies to gain fur-
ther insight into the suppressed fluorescence emission of 1Q-
Cou. Figure 18 shows the transient absorption spectra ob-
served in the laser flash photolysis at 355 nm of 1Q-Cou in ace-
tonitrile. The transient absorption appeared 1 ps after the laser
flash. An absorption in the region 360-390 nm was assigned to
the semiquinone radical anion.">*® We also observed a transi-
ent absorption at 410-440 nm that may be assigned to the
coumarin radical cation.""" This absorption decayed in a similar
way to that of the semiquinone radical anion. These results in-
dicate that the photolysis of 1Q-Cou induces electron transfer
from the excited coumarin unit to the indolequinone unit.
Thus, we concluded that indolequinone could suppress effi-
ciently the fluorescence emission of coumarin by an intramo-
lecular electron-transfer mechanism.

We measured the changes in the fluorescence spectrum of
1Q-Cou upon X irradiation. An argon-purged, aqueous solution
of 1Q-Cou in the presence of excess 2-methylpropan-2-ol was
used for these experiments. Under these conditions, 1Q-Cou
undergoes one-electron reduction, whereby the indolequinone
unit, with a lower LUMO energy level, may capture reducing
hydrated electrons (e,,”) generated as a primary intermediate
of water radiolysis.'*'¥ As shown representatively in Figure 2,
the intensity of the fluorescence at about 420 nm assigned to
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Figure 2. Changes in the fluorescence spectrum of 1Q-Cou upon X irradiation. 1Q-Cou
(100 pm) was irradiated, and then the fluorescence spectra were measured with excita-
tion at 300 nm. A) Fluorescence spectra observed after hypoxic irradiation of 1Q-Cou
{from bottom to top: 0, 72, 144, 288, 528, 720 Gy). B) Fluorescence spectra observed
after aerobic irradiation of 1Q-Cou (from bottom to top: 0, 72, 144, 288, 528, 720 Gy).

1Q-Cou can be accounted for by the reactivity of molecular
oxygen, which captures efficiently reducing e,,” species to
form a superoxide anion radical (0,7). Furthermore, recent
studies on the reductive activation of indolequinone prodrugs
suggest that a semiquinone anion radical intermediate gener-
ated by the one-electron reduction of the indolequinone unit
could reduce molecular oxygen to form the original indolequi-
none and O,”, a process that would lead to a decrease in the
net yield of the released drug."” Because of the reaction char-
acteristics of molecular oxygen, the described radiolytic activa-
tion of IQ-Cou to enhance the fluorescence emission is-likely
to occur substantially under hypoxic conditions.

We also monitored the course of the radiolytic reduction of
IQ-Cou and release of coumarin-3-carboxylic acid with time by
a reversed-phase HPLC (Figure 3). Upon the hypoxic X irradia-
tion of an argon-purged, aqueous solution of 1Q-Cou in the
presence of excess 2-methylpropan-2-ol, the concentrations of
decomposed 1Q-Cou and released coumarin-3-carboxylic acid
increased with increasing radiation dose. G values'® of 218.9
and 15.2 nmol )~ were found for the decomposition of 1Q-Cou
and the release of coumarin, respectively!¥ Consistent with
the smaller change in fluorescence intensity in the aerobic irra-
diation of IQ-Cou, the decomposition of 1Q-Cou was sup-
pressed to a G value of 16.5 nmol)™" and the release of cou-
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Figure 3. X-Radiolysis (4.0 Gymin~") of 1Q-Cou (100 pm; open symbols) in
aqueous salution containing 30% 2-methylpropan-2-ol at ambient tempera-
ture under hypoxic (square) and aerobic (triangle) conditions, with the re-
lease of coumarin-3-carboxylic acid (filled symbols).

marin-3-carboxylic acid was not detected under aerobic condi-
tions. Thus, the concentration change of coumarin-3-carboxylic
acid upon irradiation correlates well with the change in fluo-
rescence intensity.

To characterize the biological one-electron reduction of 1Q-
Cou, we subjected 1Q-Cou to enzymatic reduction. NADPH:cy-
tochrome P450 reductase is an electron-donating protein that
. catalyzes the one-electron reduction of quinone derivatives to
semiquinone anion radicals. Evidence that NADPH:cytochro-
me P450 reductase is expressed in many pathological tissues!*!
stimulated us to carry out the bioreduction of 1Q-Cou. We incu-
bated 1Q-Cou with NADPH :cytochrome P450 reductase and the
cofactor -NADPH at three different oxygen concentrations
(<0.5, 8.2, and >20mgL™"). An intense fluorescence emission
was observed for the solution of 1Q-Cou incubated with
<05 mgL™" oxygen as a model of hypoxia (Figure 4). At an
oxygen concentration of 8.2mgL™', as under aerobic condi-
tions, the extent of enhanced fluorescence intensity dimin-
ished significantly as a result of the competitive scavenging by
molecular oxygen of hydrated electrons, e,;”, and the semiqui-
none radical to inhibit partially the reductive fragmentation of
IQ-Cou. Thus, 1Q-Cou was activated by NADPH:cytochrome
P450 reductase in a hypoxia-selective manner, in accord with
the resulits of radiolytic reduction. We also confirmed the hypo-
xia-selective release of coumarin-3-carboxylic acid from 1Q-Cou
upon treatment with NADPH:cytochrome P450 reductase, as
monitored by HPLC (see the Supporting Information).

To further assess the function of 1Q-Cou, we studied the re-
action of 1Q-Cou upon treatment with a cell lysate. 1Q-Cou was
incubated at 37°C for 4 h under hypoxic and aerobic condi-
tions with a lysate of the human fibrosarcoma cell line HT-
1080. After incubation, the samples were filtered and analyzed
by fluorescence spectrophotometry and HPLC. An intense fluo-
rescence emission at about 420 nm was observed for the
sample incubated under hypoxic conditions (Figure 5A). The
intensity of the emission was four times as strong as that of
the sample incubated under aerobic conditions. The difference
in the fluorescence intensity of the two samples correlates well
with the corresponding yields of coumarin-3-carboxylic acid
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Figure 4. Fluorescence spectra of IQ-Cou after treatment with reductase.
1Q-Cou (500 yin) was incubated with NADPH:cytochrome P450 reductase
{10.6 pgmL=") and [3-NADPH (2 mm) at 37 °C for 45 min at three different
oxygen concentrations (<0.5 mgL™": ----- ;82mgmb™": —; >20mgmL™":
)1 The fluorescence spectra were measured with excitation at 300 nm,

from 1Q-Cou, as quantified independently by HPLC (Figure 58).
We also confirmed that the incubation of IQ-Cou in a buffer
solution resulted in a similar fluorescence intensity to that ob-
served for the sample incubated aerobically. These results indi-
cate strongly that 1Q-Cou undergoes one-electron reduction by
intracellular reductase to release fluorescent coumarin-3-car-
boxylic acid under hypoxic conditions.

In this study, we developed a new type of hypoxia-specific
fluorescence imaging probe. 1Q-Cou is activated efficiently by
intracellular reductase under hypoxic conditions. Although low
expression of NADPH :cytochrome P450 reductase was report-
ed for the HT-1080 cell line!'" an intense fluorescence emission
was observed for IQ-Cou even upon treatment with HT-1080
cell fysate under hypoxic conditions. {Q-Cou may therefore be
expected to show more intense fluorescence emission when
incorporated in certain hypoxic tumor cells with higher reduc-
tase expression. In view of the hypoxia-specific fluorescence
emission of 1Q-Cou, the one-electron reduction of indolequi-
none derivatives could be a promising strategy for the detec-
tion of disease-relevant hypoxia. However, 1Q-Cou has some
drawbacks: First, an inner-filter effect due to the overlapping
of the absorption of indolequinone with that of coumarin
leads to the apparent suppression of fluorescence emission.
Therefore, fluorescent molecules that absorb in a wavelength
region that does not coincide with the absorption of indole-
quinone should be employed to establish a highly sensitive
hypoxia-specific fluorescence imaging probe. Second, the fiuo-
rescence spectrum of coumarin-3-carboxylic acid occurs at
around 420 nm, that is, at wavelengths that are too short to
be applied to the imaging of deep-seated malignant tissues.
One of the key strategies for in vivo optical imaging is the em-
ployment of near-infrared (NIR} light, because hemoglobin, as
a principle absorber of visible light, and water and lipids, as
principle absorbers of infrared light, have their lowest absorp-
tion in the NIR region, at around 650-900 nm."® Moreover,
tissue autofluorescence observed in the NIR region has a mini-
mum intensity. From this point of view, it is essential to apply
dyes with fluorescence at NIR wavelengths to the present
strategy with indolequinone derivatives.

429

www.chembiochem.org

—132—



CHEVMBIOCHEM

K. Tanabe, S.-i. Nishimoto et al.

A) 8)
1Q-Cou
300 {
Cou ;
z 20 {
§ | A N i 4 h (hypoxic)
E o0 4 h (aerobic)
—t -
, Oh
0 I T T T T
300 600 0 24 48 72 96
tr / min

Figure 5. Treatment of 1Q-Cou with a cell lysate obtained from the human fibrosarcoma cell line HT-1080. IQ-Cou (500 pum) was incubated with the cell lysate
for 4 h at 37°C under hypoxic or aerobic conditions. A) The fluorescence spectrat® of IQ-Cou upon treatment with the cell lysate under hypoxic (-----) or
aerobic conditions (—). IQ-Cou was also incubated alone in a buffer solution as a control (). The fluorescence spectra were measured with excitation at
300 nm. B) HPLC profiles of IQ-Cou (500 pr) upon treatment with the cell lysate for 0 and 4 h under hypoxic or aerobic conditions. The HPLC signal indicated
“Cou” was identified as coumarin-3-carboxylic acid. The HPLC signal indicated with the symbol “*” possibly corresponds to a reaction intermediate; however,
the compound could not be identified because of its low stability and prompt degradation.

Conclusions

In summary, we have characterized the reactivity by one-elec-
tron reduction of 1Q-Cou, which was synthesized as a hypoxia-
specific fluorescence probe. 1Q-Cou consists of a hypoxia-sensi-
tive oxidizing indolequinone parent unit, two fluorescent cou-
marin chromophores, and a 2,6-bis(thydroxymethyl)-p-cresol
linker. Both radiolytic and enzymatic one-electron reduction
under hypoxic conditions lead to the efficient decomposition
of 1Q-Cou, with the release of coumarin-3-carboxylic acid ac-
companied by intense fluorescence. A similar enhancement in
fluorescence emission was also observed in a hypoxia-selective
manner upon the incubation of 1Q-Cou with an HT-1080 cell
lysate. Thus, it appears that IQ-Cou can be activated by intra-
cellular reductase. Although [Q-Cou is a promising candidate
as a hypoxia-specific fluorescence imaging tool, the absorption
and emission of the coumarin fluorophore at relatively short
wavelengths is a disadvantage. Furthermore, it is necessary to
characterize the reactivity of the probe with potentially re-
active species in living cells in detail to establish a molecular
system for hypoxia imaging. Our current studies focus on the
construction of a hypoxia-specific imaging probe that is sensi-
tive to NIR light and thereby applicable to in vivo optical imag-

ing.

Experimental Section

General methods: NMR spectra were recorded on a 270-MHz
JMN-AL-270 (JEOL), 300-MHz JMN-AL-300 (JOEL), or 400-MHz JMN-
AL-400 (JOEL) spectrophotometer at ambient temperature. Chemi-
cal shifts are reported in ppm relative to the residual solvent peak.
Mass spectra were recorded on a JMS-SX102 A (JOEL) mass spec-
trometer, with a glycerol or m-nitrobenzylalcohol (NBA) matrix as
an internal standard. All reactions were carried out under a dry ni-
trogen atmosphere with freshly distilled solvents, unless otherwise
noted. Reagents were purchased from Aldrich, Wako Pure Chemical
Industries, or Nacalai Tesque and used without purification.
NADPH :cytochrome P450 reductase and -NADPH coenzyme were
obtained from Oxford Biomedical Research and Oriental Yeast Co.,
respectively. Tetrahydrofuran was distilled under a nitrogen atmos-
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phere from sodium/benzophenone ketyl immediately prior to use.
Ultrapure water was obtained from a Yamato WR-600 A water puri-
fier. Precoated TLC (Merck silica gel 60 F,;,) plates were used for
monitoring the reactions. Wako gel (C-300, Wako Pure Chemical In-
dustries) was used for column chromatography. A Rigaku Radio-
flex-350 X-ray generator was employed for X radiolysis at ambient
temperature. High-performance liquid chromatography (HPLC) was
carried out with a Shimadzu HPLC system (SPD-10A UV/Vis detec-
tor, CTO-10A column oven, two LC-10AS pumps, C-R6A chromato-
pac). Sample solutions were injected onto a reversed-phase
column (Inertsil ODS-3, GL Science Inc., @ 4.6 x 150 nm). The follow-
ing solvent program was used: of 88.9% B (20 min) followed by
88.9-16.7% B (a linear gradient over 70 min; solution A: 959% ace-
tonitrile; solution B: 5% acetonitrile containing 0.1 m triethylammo-
nium acetate (TEAA) buffer, pH 5). Fluorescence spectra were re-
corded with excitation at 300 nm on a Shimadzu RF-5300PC spec-
trofluorophotometer at ambient temperature, whereby a UV-33
glass filter (Toshiba Glass Co.) was set on the detector side to cut
off the excitation peak at 300 nm. The amount of dissclved oxygen
(DO) was measured with an OM-51 DO meter (Horiba) at 37°C.
Compound 7 was prepared from compound 6 as reported else-
where ! The human fibrosarcoma cell line, HT-1080, was purchased
from American Type Culture Collection (Manassas, VA) and main-
tained in Dulbecco Modified Eagle Medium (Invitrogen) containing
fetal bovine serum (10%) in a humidified incubator with 5% CO,,
959 air at 37°C.

Preparation of compound 4: Coumarin-3-carboxylic acid (510 mg,
2.68 mmol) was dissolved in thionyl chloride (5 mL), and the result-
ing mixture was stirred at 100°C for 2.5 h. The mixture was then
concentrated by evaporation to give the acid chloride 8, which
was used immediately, without purification, in the next step.

The crude acid chloride 8 was added as a solution in dichloro-
methane (2 mL) and Et;N (1 mL) to a solution of 3 (254 mg,
0.66 mmol) in dichloromethane (3 mL), and the resulting mixture
was stirred at 0°C for 15 min, and then at ambient temperature for
3 h. The reaction mixture was then diluted with saturated aqueous
sodium hydrogen carbonate and extracted with chloroform. The
organic layer was washed with brine, dried over anhydrous magne-
sium sulfate, filtered, and concentrated in vacuo. The crude prod-
uct was purified by flash chromatography (SiO,, 339% hexane/ethyl
acetate) to give 4 (300 mg, 629%) as a brown oil. 'H NMR (300 MHz,
CDCl;; as a result of restricted rotation about the amide bond adja-
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cent to the linker, two signals were observed for some atoms): 0=
8.49 and 8.46 (s, 2H), 7.57-7.49 (m, 4H), 7.29-7.17 (m, 6H), 5.22 (s,
4H), 3.54-3.23 (m, 4H), 3.08, 2.83, and 2.67 (s, 6H), 2.28 (s, 3H),
1.32 and 1.29 ppm (s, 9H); ">C NMR (68 MHz, CDCl,; as a result of
restricted rotation about the amide bond adjacent to the linker,
two signals were observed for some atoms): ¢=162.0, 156.3,
154.9, 154.0, 149.0, 1489, 145.9, 136.0, 1359, 1343, 131.7, 1314,
129.5, 128.4, 124.7, 117.6, 117.4, 117.3, 116.5, 79.6, 62.6, 62.5, 47.5,
47.1, 46.3, 35.5, 35.3, 34.9, 29.6, 28.4, 20.9, 14.2 ppm; FABMS (NBA/
CHCL): m/z 727 [M+H]T; HRMS: m/z calcd for CyHy N0y,
727.2498 [M+-H]*; found: 727.2505.

Preparation of 1Q-Cou: Compound 4 (155 mg, 0.21 mmol) was
added to 0.5m HCI/MeOH (2 mL), and the mixture was stirred for
14 h at ambient temperature. The solvent was then removed
under reduced pressure to give 5 (181 mg) as a colorless oil. The
crude product 5 was dissolved in N,N-dimethylformamide (DMF;
1 mb).

The indolequinone derivative 7 (177 mg, 0.44 mmol) in DMF (1 mL)
was added to the solution of 5 in DMF, and the resulting mixture
was stirred at ambient temperature for 8 h. The mixture was then
diluted with saturated aqueous sodium hydrogen carbonate and
extracted with ethyl acetate. The organic layer was washed with
brine, dried over anhydrous magnesium sulfate, filtered, and con-
centrated in vacuo. The crude product was purified by flash chro-
matography (5i0,, from 16.7% ethyl acetate/hexane to 1009% ethyl
acetate) to give 1Q-Cou (72.1 mg, 399%) as an orange oil. 'H NMR
(300 MHz, CDCl,, room temperature; as a result of restricted rota-
tion about the amide bonds, two signals were observed for some
atoms): 6=28.55 and 851 (s, 2H), 7.58-7.53 (m, 4H), 7.31-7.20 (m,
6H), 5.52-5.39 {m, 1H), 5.24-5.04 (m, 6H), 3.83-3.66 (m, 6H), 3.58-
2.74 (m, 10H), 2.31 (s, 3H), 2.24 and 2.19 ppm (s, 3H); 'H NMR
(400 MHz, [DJDMSO, 120°C): 6=862 (s, 2H), 7.83 (d, J=0.02 Hz,
2H), 7.72 (t, J=0.02 Hz, 2H), 7.38 (t, J=0.02 Hz, 6H), 5.61 (s, 1H),
5.27-5.13 (br, 4H), 5.11 (s, 2H), 3.74 (s, 3H), 3.71 (s, 3H), 3.48-3.33
(m, 5H), 2.92-2.69 (m, 5H), 2.36 (s, 3H), 2.19 ppm (s, 3H); PCNMR
(100 MHz, CDCl;, room temperature; as a result of restricted rota-
tion about the amide bonds, two signals were observed for some
atoms): 0=178.4, 177.0, 162.1, 159.3, 156.4, 155.0, 154.1, 1493,
149.0, 145.7, 138.1, 136.0, 134.3, 131.4, 129.6, 129.0, 1285, 124.7,
121.6, 117.77, 117.75, 117.3, 116.6, 106.5, 62.5, 57.5, 56.3, 47.2, 46.7,
357, 353, 350, 323, 21.0, 96, 9.4 ppm; “CNMR (100 MHz,
[DJDMSO, 120°Cy: 0=177.3, 1763, 163.0, 1615, 1589, 1551,
154.2, 152.8, 147.8, 145.1, 137,5, 1346, 133.8, 129.8, 1295, 128.3,
127.8, 124.2, 1206, 117.2, 117.1, 1156, 115.1, 106.2, 61.4, 56.7, 55.8,
46.3, 45.8, 34.2, 33.9, 31.3, 19.8, 8.3 ppm; FABMS (NBA/CHCL,): m/z
888 [M+H]*; HRMS: m/z calcd for C,;Hg,N;O,5: 888.2610 [M+H]™;
found: 888.2604.

Measurement of extinction coefficients: The extinction coeffi-
cients (¢) of compound 6 and coumarin-3-carboxylic acid were cal-
cufated according to the Beer-Lambert law. UV spectra of the sam-
ples in acetonitrile (final concentration: 120 um) were recorded
with a Jasco V-530 UV/Vis spectrometer.

Fluorescence spectrophotometry: Fluorescence spectra of 1Q-Cou
and coumarin-3-carboxylic acid in acetonitrile (final concentration:
10 um) were recorded with a Shimadzu RF-5300PC fluorescence
spectrophotometer with excitation at 300 nm.

Measurement of fluorescence quantum yleld: The fluorescence
quantum yield (@) was determined by using Coumarin 153, with a
known & value of 0.42 in methanol, as a reference. The area of
the emission spectrum was integrated by using instrumentation
software, and the quantum yield was calculated according to Equa-
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tion (1), in which @ and dxy are the fluorescence quantum
yields of the sample and the reference, respectively, the terms A,
and Ag, refer to the area under the fluorescence spectra, (Abs)g,
and {Abs), are the optical densities of the sample and reference
solutions at the excitation wavelength, and ny and ng are the
refractive indices of the solvents used for the sample and the refer-
ence.

Ay (ADS) g ngs)’
P, = ST ) 1
Pesi/ Prew Ag (Abs)i) Mg’ M

Laser flash photolysis: Laser flash photolysis was carried out with
a Unisoku TSP-601 flash spectrometer. A continuum Surelite-l Nd-
YAG (Q-switched) laser with the fourth”harmonic at 355 nm was
employed for flash photoirradiation. The probe beam from a
Hamamatsu 150-W xenon short-arc lamp was guided with an opti-
cal fiber scope to a perpendicular orientation with respect to the
excitation laser beam. The probe beam was monitored with a Uni-
soku MD200 photomultiplier tube through a Hamamatsu DG535
image-intensifier controller {1024 photodiodes). The timing of the
excitation pulse laser, the probe beam, and the detection system
was achieved through a Tektronix model TDS 3012 digital phos-
phor oscilloscope interfaced to an IBM Windows XP computer. A
solution of 1Q-Cou (30 um) in acetonitrile was deaerated by bub-
bling argon through it prior to laser flash photolysis.

Radiolytic reduction: To establish hypoxia, an aqueous solution of
1Q-Cou (100 pm) containing 2-methyl-2-propanol  (30%) was
purged with argon for 30 min and then irradiated in a sealed glass
ampoule at ambient temperature with an X-ray source
(4.0 Gymin™). After irradiation, aliquots were taken at appropriate
time intervals for fluorescence spectrophotometry, and then dilut-
ed by 33% with Milli-Q water for analytical HPLC. A control air-sa-
turated sample solution was irradiated and analyzed in a simifar
manner.

Bioreduction by NADPH-P450 reductase: To establish hypoxia, a
solution of NADPH:cytochrome P450 reductase (final concentra-
tion: 10.6 ugmL~") and B-NADPH (final concentration: 2 mm) in
phosphate buffer (25 mm, pH7.4) was purged with argon for
10 min at 37°C. 1Q-Cou (final concentration: 500 um) was added to

" the resulting solution, which was then incubated at 37°C. For ana-

lytical HPLC, aliquots were taken at appropriate time intervals and
diluted by 109% with Milli-Q water/acetonitrile (1:1). The reaction
mixture was extracted with ethyl acetate to remove [3-NADPH
coenzyme, and florescence spectra of the organic layer were mea-
sured with excitation at 300 nm. A control aerobic sample solution
was irradiated and analyzed in a similar manner.

Bioreductive activation of 1Q-Cou by HT-1080 cell lysate: HT-
1080 cells were cultured in six dishes (909 confluent in dishes of
100 mm in diameter) and washed twice with ice-cold phosphate-
buffered saline. The cell lysate was then harvested with ice-cold
CelLytic M cell lysis reagent (2 mL; Sigma-Aldrich), maintained at
ambient temperature for 15 min, and centrifuged at 14000 rpm for
5 min to remove the cell debris. The resulting supernatant was
kept in a Bactron Il anaerobic environmental chamber (Sheldon
Manufacturing, Cornelius, OR; 949% N, 5% CO,, 1% H,) at 37°C for
22 h for hypoxic treatment. 1Q-Cou (final concentration: 500 pm)
was added to the hypoxic lysate, which was then incubated at
37°C for 4 h. Aliquots were taken at appropriate time intervals, di-
luted by 10% with a 1:1 mixture of Milli-Q water and acetonitrile,
and then diluted by 50% with acetonitrile. All solutions were fil-
tered with a Cosmonice Filter S (Nacalai Tesque, Kyoto, Japan) for
analytical HPLC and fluorescence spectrophotometry. Normoxic
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lysate, which was kept in a well-oxygenated incubator (95% air,
5% CO,, 37°C), and lysis buffer alone were mixed in a similar way
with 1Q-Cou and analyzed as negative controls.
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Significance of HIF-1-active cells in angiogenesis and radioresistance
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Human solid tumors contain hypoxic regions that have
considerably lower oxygen tension than the normal tissues.
Hypoxia offers resistance to radiotherapy and anticancer
chemotherapy, as well as predispose to increased tumor
metastases. Furthermore, hypoxia induces hypoxia-inducible
factor-1 (HIF-1), which in turn increases tumor angiogene-
sis. Thus, eradication of HIF-1-active/hypoxic tumor cells is
very important for cancer therapy. We have previously
reported that procaspase-3 fused with a von Hippel-Lindau
(VHL)-mediated protein destruction motif of alpha subunit
of HIF-1 (HIF-1a) containing Pro564, named TAT-ODD-
procaspase-3 (TOP3), specifically induced cell death to
hypoxic cells in vivo as well as in vitro. We now report that
TOP3 also eradicates the radiation-induced HIF-1-active
tumor cells. HIF-1 activity in the xenografts of human
tumor cells, which express luciferase under the transcrip-
tional control of HIF-1, were monitored and quantified daily
with an in vivo bioluminescence photon-counting device.
HIF-1 activity in tumors was more rapidly increased by
fonizing radiation (IR) compared to untreated tumors.
TOP3 efficiently decreased the HIF-1-activity in irradiated
tumors as well as unirradiated ones, indicating TOP3
eradicated tumor cells with HIF-1-activity induced by IR as
well as hypoxia. Eradication of HIF-1-active/hypoxic cells
in the xenografts during irradiation exhibited significant
suppression in angiogenesis and strong enhancement in a
long-term growth suppression of tumor xenografts. These
results further strengthen the argument that HIF-1-active/
hypoxic cells play crucial roles in angiogenesis and radio-
resistance.
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Introduction

Reduced oxygen tension far below physiological levels is
a characteristic of solid tumors (Vaupel et al., 1989;
Harris, 2002; Brown and Wilson, 2004). Polarographic
needle electrode analysis and immunohistochemical
analysis with antibodies against hypoxia markers have
demonstrated that solid tumors contain severely hypoxic
regions, in which pO, values are less than 10mmHg
(Hockel et al., 1993; Raleigh et al, 1998). Because
oxygen has the highest affinity for electrons among any
molecule in the cell, it reacts rapidly with unpaired
electrons of free radicals in irradiated DNA, thereby
aggravating radiation damage (Brown, 1999; Vaupel,
2001). Therefore, cytocidal effects of ionizing radiation
(IR) are severely compromised under low oxygen
tension, making hypoxia a critical limitation for the
success of radiotherapy.

Hypoxia-inducible factor-1 (HIF-1) is expressed in
hypoxic tumor cells. In addition, HIF-1 is also induced
transiently in tumors following radiotherapy in response
to the reoxygenation stress, and this induction peaked at
around 48 h after irradiation (Moeller et al., 2004). HIF-
1 transactivates various hypoxia-responsive genes,
which confer malignant properties to tumors such as
apoptosis resistance, enhanced tumor growth, invasion
and metastasis (Semenza, 2003). In addition, HIF-1
activates proangiogenic cytokines such as vascular
endothelial growth factor (VEGF) and platelet-derived
growth factor, which confer radiation resistance to
endothelial cells as well as increase the proliferation and
regrowth of tumor blood vessels (Gorski er al., 1999;
Geng et al., 2001; Abdollahi ef al., 2003; Moeller et al.,
2004). Neovascularization is a particularly important
contribution of HIF-1 to the survival and regrowth of
tumors after irradiation (Abdollahi et al., 2003). Thus,
hypoxia impacts tumor radioresponsiveness not only
in altering the physicochemical properties of radiation-
induced DNA damage, but also in activation of pro-
angiogenic genes, which are crucial for the survival and
proliferation of tumors under these adverse conditions.

HIF-1 is a heterodimer composed of o and 8 subunits,
and HIF-la is regulated in an oxygen-dependent
manner at the post-translational level (Semenza and
Wang, 1992; Huang et al., 1998; Kallio ez al., 1999;
Semenza, 2003). In normoxia, HIF-1« is hydroxylated at
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its proline residues of the oxygen-dependent degradation
(ODD) domain by prolyl hydroxylases (Bruick and
McKnight, 2001; Epstein et al., 2001). The modification
accelerates the interaction of HIF-lx with the von
Hippel-Lindau (VHL) tumor suppressor protein, result-
ing in the rapid ubiquitination and subsequent degrada-
tion of HIF-1x by the 26S proteasome (Cockman er al.,
2000: Kamura et al., 2000; Ohh er al., 2000; Tanimoto
et al., 2000).

In order to eradicate HIF-la-expressing hypoxic
cells, we have developed TOP3 (TAT-ODD-procas-
pase-3), a fusion protein with three domains (Figure 1)
(Harada er al., 2002, 2005, 2006; Kizaka-Kondoh ef al.,
2003; Inoue er al., 2004). The PTD is derived from the
protein-transduction domain (PTD) of the human
immunodeficiency virus type-1 tat protein (Schwarze
et al., 1999) and efficiently delivers TOP3 to any tissue
in vivo. The ODD domain contains a VHL-mediated
protein destruction motif of human HIF-la protein
and confers hypoxia-dependent stabilization to TOP3
(Harada et al., 2006). Procaspase-3 is the proenzyme
form of human caspase-3 (Fernandes-Alnemri et al.,
1994) and confers potential cytocidal activity to TOP3.
While TOP3 effectively target hypoxic cells, it does not
directly affect the normoxic tumor cells (Harada et al.,
2005). On the other hand, IR effectively targets
normoxic cells but is less effective to hypoxic cells
(Brown, 1999; Vaupel, 2001). Thus, we expect that
combination of TOP3 and IR would improve the
outcome of antitumor treatment.

Here we demonstrate that the combination of TOP3
and IR efficiently reduced tumor cells with HIF-1
activity induced by both hypoxia and irradiation,
leading to long-term suppression of tumor growth and
angiogenesis.
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Figure 1 Schematic of structure and domain function of TOP3.
TOP3 consists of three domains, which function as drug delivery,
oxygen-dependent protein degradation and cell killing. The
protein-transduction domain (PTD) enables the fusion protein to
diffuse and enter the cell. The stability of TOP3 is regulated by the
same mechanism as HIF-lz through the oxygen-dependent
degradation (ODD) domain. The procaspase-3 can be activated
under hypoxic conditions and induce apoptosis in hypoxic tumor
cells.
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Results

IR increases HIF-1 activity

Because stabilization of TOP3 is regulated by the same
mechanism as HIF-1« (Harada er al., 2006), TOP3 has
potential cytosical activity to HIF-1-active cells. Thus,
we first examined change in HIF-1 activity in the
xenografts during the treatment with IR. HIF-1-driven
luciferase activity in HeLa/SHRE-Luc xenografts on the
right leg was monitored daily with and without
irradiation with 10 Gy. We used this dose because the
growth-suppressive effect of TOP3 in combination with
5Gy IR was less clear, while 20Gy IR alone was
effective enough to remove tumors almost completely
and thus the effect of TOP3 was not assessed (data not
shown). In the unirradiated animals, HIF-1 activity
gradually increased as tumors grew over the observation
period (Figure 2a, upper panels and Figure 2b),
indicating the total number of hypoxic tumor cells in
xenografts increase as tumors grow. With irradiation,
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Figure 2 Increase of intratumoral hypoxia-inducible factor-1
(HIF-1) activity by irradiation. Mice (n =35 for each group) were
transplanted with HeLa/SHRE-Luc cells in the right hind leg. The
tumor-bearing mice were treated with local irradiation of
xenografts with 0 or 10 Gy on day 0 (blue arrowhead). Change in
the intratumoral HIF-1 activity was monitored using biolumines-
cence (photons/sec) every day with the IVIS photon-counting
system. (a) A mouse with representative images during the
observation period was chosen from the unirradiated (0Gy) and
the 10 Gy-irradiated groups and shown in. (b) Photon counts from
the xenografts irradiated with 0 and 10Gy on each day were
divided by the corresponding photon counts on day 0 and indicated
as relative photon counts. *P<0.05.
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HIF-1 activity increased significantly more rapidly for 2
days after irradiation (Figure 2a, lower panels and
Figure 2b; P<0.05).

Suppression of both hypoxia- and irradiation-induced
HIF-1 activities by TOP3
To investigate whether these tumor cells expressing
HIF-1 after IR can be target of TOP3, we next examined
the antitumor effect of the combination with IR and
TOP3. For this purpose, we divided tumor-bearing mice
to four groups (buffer, TOP3, IR and TOP3 and IR)
and examined effects of monotherapies and the combi-
nation therapy on intratumoral HIF-1 activity. When
TOP3 was intraperitoneally (i.p.) injected in mice
carrying HeLa/SHRE-Luc xenografts on day 0, day 1|
and day 2 (Figure 3a), the intratumoral HIF-1 activity
was significantly decreased by day 2 (Figure 3a, lower
panels and Figure 3b; P<0.01). In contrast, HIF-1
activity in buffer-treated HeLa/SHRE-Luc xenografts
continuously increased over the observation period
(Figure 3a, upper panels and Figure 3b).
Immunohistochemical analysis using an anti-lucifer-
ase antibody confirmed that the luciferase protein
induced by HIF-1 was localized in the similar region
detected by a hypoxia marker, pimonidazole, in
untreated xenografts (Figure 3c). In our previous study,
the quantitative correlation was demonstrated between
the level of HIF-1x expression and the luciferase activity
(Harada er al., 2005). In the TOP3-treated tumors, HIF-
l-induced luciferase and pimonidazole-binding proteins
were barely detected (Figure 3c), confirming that TOP3
eliminated HIF-1-active hypoxic cells and reduced the
cells reactive with pimonidazole (Harada er al., 2005).
In the tumors given IR alone on day 2, HIF-1 activity
increased by threefold 2 days after irradiation
(Figure 4a, upper panels and Figure 4b). The fold
increase of HIF-1 activity of irradiated tumors vs
unirradiated tumors from day 2 to day 4 (3.6 vs 2.1,
Figures 3b and 4b) was almost identical to the one in
Figure 2b (2.5 vs 1.5). When treated with TOP3 for 3
consecutive days from day 0 and irradiated on day 2, the
intratumoral HIF-1 activity remained low (approximately
threefold of the one on day 0) on day 4 (Figure 4a,
lower panels and Figure 4b) and was comparable to the
one treated with buffer only on day 4, which was also
approximately threefold of the one on day 0 (Figure 3b).
This indicated that TOP3 effectively inhibited HIF-I1
induced by hypoxia as well as IR.

Suppression of long-term tumor growth by the
combination of TOP3 and IR

Next we examined effects of monotherapies and the
combination therapy on tumor growth. The growth of
HeLa/SHRE-Luc xenografts was significantly but tem-
porarily suppressed by TOP3 alone over a 12-day period
(Figure 5a; P<0.05 over none). The growth of tumors
treated by IR (10 Gy) alone was significantly suppressed
starting from | week after irradiation (Figure 5a; P<
0.01 over none). During a 14-day observation period,
the combination treatment did not have a significantly
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Figure 3 Reduction of hypoxia-induced hypoxia-inducible factor-
1 (HIF-1) activity by TAT-ODD-procaspase-3 (TOP3) treatment.
Mice (n=5 for each group) were transplanted with HeLa/SHRE-
Luc cells in the right hind leg. The tumor-bearing mice were treated
with local irradiation of xenografts with buffer or TOP3 on day 0, 1
and 2 (green arrowheads). The change in intratumoral HIF-
lactivity was monitored as described in the legend to Figure 2. (a)
A mouse with representative images during the observation period
was chosen form the control (buffer) and TOP3-treatment (TOP3)
groups and shown in. (b) Photon counts from the xenografts on
each day were divided by the corresponding photon counts on day
0 and indicated as relative photon counts. *P<0.01; **P <0.005.
(c) Buffer- or TOP3-treated xenografts were surgically excised on
day 2 and used for immunohistochemical analysis with anti-
pimonidazole antibody (Pimonidazole). anti-luciferase antibody
(Luciferase) and hematoxylin and eosin (HE). Bar = 100 um.

greater effect than IR alone. However, when the
observation was extended to 80 days, the combination
treatment was much more effective (Figure 5b). The
days required for the tumor volume to increase threefold
(tripling time) was 11.1+2.2 days for the buffer-treated
animals and 13.643.2 days for the TOP3 alone. This
small difference due to TOP3 alone was due to the low
dose used. This gave us an opportunity to precisely
analyse the efficacy of the combination treatment with
TOP3 and radiotherapy. The tripling time was 41.6+5.5
days for the IR alone, while that for the combination
treatment was 75.7+11.6 days. Thus, a large enhance-
ment was observed for the combination treatment

—]38—



a f 7 20000
- 000D
A
15000
TOP3 F -
&R A 10000
0 1 2 3 4
IR A 5000
TOP3 A A A
Days after initial treatment Color Bar
Min-1000
Max-200
b HIF-1 activity
18
17 —
6 — —&— IR
18 p——
14 — —&— TOP3&IR
2 13 —
§ 12
o n
$ w© /
s i
£° 7
L3 8 x /
g’ ~
@ 6
x . f
4 *k /
1
i -
|
1 ‘4 #
L 1 \k"f I
0 1 2 3 4
IR ‘

TOP3 A A A

Days after initial treatment

Figure 4 Reduction of the intratumoral hypoxia-inducible factor-
1 (HIF-1) activity by TAT-ODD-procaspase-3 (TOP3) and
ionizing radiation (IR). Tumor-bearing mice (n =5 for each group)
with HeLa/SHRE-Luc xenografts in the right hind leg were
irradiated with 10Gy on day 2 (blue arrowhead). Mice of the
TOP3 and IR group were additionally treated with TOP3 on day 0,
1 and 2 (green arrowheads). (a) A mouse with representative
images during the observation period was chosen form the IR-
alone group (upper panel) and the TOP3 and IR group (lower
panel) and shown in. (b) The intratumoral HIF-1 activity was
monitored as described in the legend to Figure 2 and presented in
the graph. *P<0.01; **P <0.005.

which delayed tumor growth by 1.8-fold over IR
alone. We also tested the combination treatments on
CFPAC-1 xenografts and similar results were obtained
(Figures 5c¢ and d).

Antiangiogenesis efficacy by TOP3 and IR

combination treatment

Although the growth suppression by TOP3 alone was
only temporary, the combination treatment resulted in
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significantly greater effect on the long-term suppression
of tumor growth than IR alone (Figure 5). In order to
resolve the discrepancy, the histological sections of
HeLa/SHRE-Luc xenografts were examined on day 14
for an endothelial marker, CD31. As is clear from
Figure 6a, CD3l-positive microvessels distributed
less in tumors with the combination treatment than
those of other groups. Interestingly, TOP3 alone
was effective in reducing the microvessels density
(Figure 6a). The sections of HeLa/5SHRE-Luc xeno-
grafts treated as Figure 5a were examined for the
microvessel density (the number of microvessels per
square millimeter) on day 14 after the initial treat-
ments. The microvessel densities were 31.3+9.5 and
28.5+10.0/mm? for the control and IR-treated tumors,
respectively which were not statistically different
(P=0.58) (Figure 6b). In contrast, TOP3 treatment
decreased the microvessel density to 17.5+3.7/mm?’
with a good statistical significance (P<0.001). More-
over, the combination treatment of TOP3 and IR
further reduced the density to 8.5+ 2.0/mm? (P <0.001
over TOP3 treatment alone). Although there was a
significant difference in the microvessel density between
buffer- and TOP3-treated tumors on day 14 (Figures 6a
and b), these two exhibited a similar speed of growth
thereafter (Figures 5b and d). Immunohistochemical
examination revealed that the buffer- and TOP3 alone
did not differ in the microvessel density (Figure 6c),
indicating anti-angiogenic function of TOP3 was temp-
orary. In contrast, examination of the combination
treatment demonstrated long lasting and statistically
significant  suppression of tumor neovasculari-
zaiton in the tumor (Figure 6d; P<0.01 over TOP3
alone).

Discussion

It has long been recognized that the tumor hypoxia is a
critical limit to radiotherapy. Various radiosensitizers
have been developed in the past, which were designed to
sensitize hypoxic tumor cells to radiation. However,
their clinical use was hampered because of their
neurotoxicity and low efficacy (Rowinsky, 1999; Zack-
risson et al., 2003; Overgaard er al., 2005; Rischin et al.,
2005). Recently, Sobhanifar et al. (2005) examined
human tumor biopsies and human cancer xenografts
with expression of HIF-la and distribution of a
chemical hypoxia marker, pimonidazole, which become
reactive at less than 10mm Hg oxygen tension. They
found that expression of HIF-la was reduced in the
pimonidazole-positive regions, which are the target of
the most of hypoxic cytotoxins. This suggests that these
hypoxic cytotoxins are less effective in HIF-1-active
hypoxic cells and may explain in part their low efficiency
in vivo, HIF-1-active tumor cells have recently become a
central issue for not only radiotherapy, but also for
general tumor therapy since HIF-1 is now known to
activate a variety of genes involved in anti-apoptosis and
angiogenesis (Semenza, 2003).
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