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Fig. 7. Tissue distribution of pDNA by Man-PEG30g0 bubble lipoplexes and US exposure. Tissue distribution after intravenous administration of (A) Bare-PEGyggg bubble lipoplexes
and (B) Man-PEGggg bubble lipoplexes (50 pg pDNA) with or without US exposure in mice. US was exposed at 5 min after intravenous administration of bubble lipoplexes. Each
value represents the mean = SD (n = 3). *p < 0.05; **p < 0.01, compared with the corresponding group of US exposure.

pCMV-OVA and US exposure significantly enhances the differen-
tiation of helper T cells to Th1 cells, which are pivotal cells for the
activation of cytotoxic T lymphocytes (CTL) with high anti-tumor
activity, by OVA stimulation.

3.11. Antigen-expressing cell-specific CTL activity in immunized
splenic cells

Next, we assessed the CTL activity in the splenic cells harvested
from mice immunized by Man-PEGyogo bubble lipoplexes and US
exposure. Following experiments according to the protocol shown
in Fig. 9B, the splenic cells immunized by Man-PEGyggo bubble
lipoplexes constructed with pCMV-OVA and US exposure showed
the highest CTL activity in all groups against E.G7-OVA cells which
are the lymphoma cells expressing OVA (Fig. 9D). In contrast, the
CTL activity was not observed in EL4 cells which are the lymphoma
cells not expressing OVA in all groups (Fig. 9D). These results
indicate that the splenic cells immunized by Man-PEGygg¢ bubble
lipoplexes constructed with pCMV-OVA and US exposure induce
the OVA-expressing cell-specific CTL activity.

3.12. Therapeutic effects against antigen-expressing tumor by DNA
vaccination

Finally, we investigated the anti-tumor effects by DNA vacci-
nation using Man-PEGygpo bubble lipoplexes and US exposure.
Following experiments according to the protocol shown in Fig. 104,
significantly high anti-tumor effects against E.G7-OVA cells were
observed in mice immunized by Man-PEGyq00 bubble lipoplexes
constructed with pCMV-OVA and US exposure (Fig. 10B). However,
in mice transplanted EL4 cells, no anti-tumor effects were observed
in any of the groups (Fig. 10C). Moreover, we investigated the
maintenance of DNA vaccine effects following administration of
Man-PEGagqp bubble lipoplexes and US exposure. According to the
protocol shown in Fig. 11A, E.G7-OVA cells were re-transplanted

into mice which first-transplanted tumors were completely rejec-
ted by DNA vaccination using Man-PEGgoo bubble lipoplexes and
US exposure. As results, high anti-tumor effects were observed in
mice following re-transplantation of E.G7-OVA cells (Fig. 11B);
therefore it was demonstrated that DNA vaccine effects obtained by
Man-PEG,qgo bubble lipoplexes constructed with pCMV-OVA and
US exposure were maintained for at least 80 days.

4. Discussion

To obtain high therapeutic effects by DNA vaccination using
tumor-specific antigen-coding gene, it is essential to transfer the
gene selectively and efficiently into the APCs, such as macrophages
and dendritic cells [31,32]. However, it is difficult to transfer the
gene into the APCs selectively because of the number of APCs is
limited in the organ [33]. Since the APCs are expressed a large
number of mannose receptors [28,29], we and other groups have
developed mannose-modified non-viral carriers for gene delivery
to the APCs [7,25,34]. On the other hand, our group also reported
that the gene transfection efficiency in the APCs was lower than
that in other cells [35]; therefore it is difficult to achieve high gene
transfection efficiency to induce high therapeutic effects by DNA
vaccination in vivo. In the present study, to establish an APC-
selective and efficient gene delivery system, we developed US-
responsive and mannose-modified carriers, named Man-PEGaggo
bubble lipoplexes, which had selectivity to the APCs and responded
to US exposure. The gene delivery system using Man-PEGagoo
bubble lipoplexes and US exposure enabled to achieve markedly
high gene expression in macrophages and dendritic cells selectively
in vivo, in spite of the handy system used intravenous adminis-
tration and external US exposure. Moreover, we succeeded in
obtaining high anti-tumor effects by applying this method to DNA
vaccine therapy using OVA-expressing pDNA.

Firstly, since PEGpggg-modification is necessary to enclose US
imaging gas stably [12], we prepared Man-PEGypoo lipoplexes
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Fig. 8. Liver toxicity by gene transfection using Man-PEG,q0 bubble lipoplexes and US
exposure. Time-course of serum transaminase activities after transfection by Bare-
PEGz000 lipoplexes, Man-PEGagoo lipoplexes, Bare-PEG2ggo bubble lipoplexes with US
exposure and Man-PEG;g00 bubble lipoplexes with US exposure (50 pg pDNA). Alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in the serum were
measured at predetermined times after transfection. Each value represents the
mean =+ SD (n = 4),

containing Man-PEGzg0g lipids. This Man-PEGygg lipoplexes
exhibited mannose receptor-expressing cell-selective gene
expression both in vitro and vivo (Fig. 2). On the other hand, the
level of gene expression by Man-PEGoqqg lipoplexes was lower than
that by mannosylated lipoplexes without PEG-modification, as
reported previously by our group [1,25]. However, this result was
considered to be contributed by the reduced interaction with the
cell membrane and the reduction of endosomal escape efficiency by
PEGzg00-modification [36,37]. In the sonoporation method, Tachi-
bana et al. demonstrated that a transient pore is created on the cell
membrane followed by the degradation of microbubbles [38]: Then,
nucleic acids, such as pDNA, siRNA and oligonucleotides, are
introduced into the cell through the generated pore [13,15,16].
Consequently, since the nucleic acids are directly introduced into
cytoplasm in the sonoporation method [13,14], it is considered that
the low level of transfection efficiency obtained by Man-PEG2ggg
lipoplexes can be overcome by applying sonoporation method.
As shown in Figs. 3 and 4, a large amount of pDNA is directly
introduced into the cytoplasm and high level of gene expression is
observed by gene transfection using Man-PEGygpo bubble

lipoplexes and US exposure. Therefore, by delivering pDNA to the
APCs using Man-PEGzgg0 bubble lipoplexes, it is suggested that high
level of gene expression in the APCs can easily achieve by following
US exposure in this gene transfection method.

In this study, the level of gene expression obtained by trans-
fection using Man-PEG3qq¢ bubble lipoplexes and US exposure was
higher than that obtained by Man-PEGyggg lipoplexes or Bare-
PEGaggp bubble lipoplexes with US exposure in the liver and spleen
(Fig. 5). Moreover, gene expression by Man-PEGypgo bubble lip-
oplexes and US exposure was observed selectively in the hepatic
NPCs and the splenic dendritic cells (Fig. 6), known as mannose
receptor-expressing cells [28—30]. Although this selectivity of gene
expression was the same as that obtained by mannosylated lip-
oplexes reported previously by our group [1,25], this level of gene
expression was markedly higher. It is considered that this enhanced
and cell-selective gene expression is contributed by the increase of
interaction with mannose receptor-expressing cells by mannose
modification (Supplementary Fig. 1), by the improvement of
delivering efficiency of nucleic acids to the targeted organs (Fig. 7)
and by the direct introduction of nucleic acids into the cytoplasm of
targeted cells followed by US exposure to Man-PEGoggp bubble
lipoplexes (Figs. 3C and 4B and Supplementary Fig. 4). Moreover,
the enhanced gene expression was not observed in the lung, kidney
and spleen (Fig. 5G and H). It is guessed that the reason why the
enhanced gene expression was not observed in the lung is because
US is not spread to the thoracic cavity by the diaphragm, and the
reason why the enhanced gene expression was not observed in the
kidney and heart was because the distributed amounts of bubble
lipoplexes were markedly small. In addition, since the particle size
of bubble lipoplexes (approximately 500 nm) is suitable for delivery
to the liver and spleen, compared with stabilized liposomes
(approximately 100 nm) [39], the gene transfection system using
Man-PEGygg0 bubble lipoplexes and US exposure is a suitable
method for the selective delivery of nucleic acids into the mannose
receptor-expressing cells in the liver and spleen.

On the other hand, the liver toxicity followed by gene trans-
fection using Man-PEGyqgo bubble lipoplexes and US exposure was
lower than that by Man-PEGygqp lipoplexes (Fig. 8). It was reported
that the CpG motifs in the pDNA sequence are recognized to Toll-
like receptor 9 (TLR9) in the endosomes [40,41]; therefore it has
been considered that the production of proinflammatory cytokines,
such as TNF-o, IFN-y and IL-12, could be induced in the lipofection
method using liposomes and emulsions, and these cytokines
cause liver injury [42]. However, in the gene transfection using
Man-PEGaqgp bubble lipoplexes and US exposure, a large amount of
pPDNA was directly introduced into the cytoplasm not-mediated
endocytosis (Figs. 3C and 4B and Supplementary Fig. 4). Therefore,
it is considered that pDNA is not recognized to TLR9 in the endo-
somes, and consequently liver toxicity followed by transfection
using Man-PEG;gog bubble lipoplexes and US exposure is low.

In the previous study [16], we developed combination-use
method using mannosylated lipoplexes [1] and BLs [12] with US
exposure to achieve targeted cell-selective gene transfer. However,
this combination-use method is complicated because of the
necessity of twice injection of mannosylated lipoplexes and BLs,
therefore it is difficult to apply for medical treatments using
multiple injection. Moreover, it is considered that the difference of
in-vivo distribution characteristics between mannosylated lip-
oplexes and BLs might be decreased its transfection efficacy. On the
other hand, this transfection method using Man-PEGyggo bubble
lipoplexes and US exposure is handy because of using only once
injection of Man-PEGyppo bubble lipoplexes and external US
exposure. In addition, this method using Man-PEGzp0g bubble lip-
oplexes and US exposure overcame the difference of in-vivo
distribution of formulations, which might lead to the decrease of
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Fig. 9. Cytokine secretion characteristics and CTL activities by DNA vaccination using Man-PEGapog bubble lipoplexes and US exposure. (A) OVA presentation on MHC class |
molecules in the splenic CD11c™ cells at 24 h after transfection by Bare-PEG2000 lipoplexes, Man-PEG2000 lipoplexes, Bare-PEGaago bubble lipoplexes with US exposure and Man-
PEGag00 bubble lipoplexes with US exposure (50 pg pDNA). OVA presentation on MHC class I molecules was determined by IL-2 level secreted from CD8-OVA1.3 cells co-incubated
with the CD11c* cells isolated from once-immunized mice. Each value represents the mean = SD (n = 4). *p < 0.05; **p < 0.01, compared with the corresponding group of N.T. (B)
Schedule of immunization for OVA-specific cytokine secretion experiments and CTL assay. (C) OVA-specific IFN-y and 1L-4 secretion from the splenic cells immunized three times
biweekly by Bare-PEGag00 lipoplexes, Man-PEGzq00 lipoplexes, Bare-PEGagqo bubble lipoplexes with US exposure and Man-PEGaggo bubble lipoplexes with US exposure (50 pg
pDNA). The splenic cells were collected at 2 weeks after last immunization. After the immunized splenic cells were cultured for 72 h in the absence or presence of 100 pg OVA, IFN-y
and IL-4 secreted in the medium were measured by ELISA. Each value represents the mean + SD (n = 4). **p < 0.01, compared with the corresponding group of OVA. (D) OVA-
specific CTL activities after immunization three times by Bare-PEGz000 lipoplexes, Man-PEGygoo lipoplexes, Bare-PEGao00 bubble lipoplexes with US exposure and Man-PEGzo00
bubble lipoplexes with US exposure (50 pg pDNA). CTL activities to E.G7-OVA and EL4 cells in the immunized splenic cells were determined by S1Cr release assay. Each value
represents the mean = SD (n = 4), *p < 0.05; **p < 0.01, compared with the corresponding group of N.T. N.T., non-treatment.

transfection efficiency. In fact, the level of gene expression by this
method was higher than that by combination-use method reported
previously in the targeted organs (liver and spleen) (Fig. 5) and
targeted cells (hepatic NPC and splenic dendritic cells) (Fig. 6);
therefore this gene transfection method using Man-PEGzg00 bubble
lipoplexes and US exposure is more suitable for APC-selective gene
transfer in vivo.

Since APC-selective and efficient gene expression was observed
by transfection using Man-PEGygpp bubble lipoplexes and US
exposure, effective therapeutic effects are to be expected by
applying this transfection method to DNA vaccine therapy, which
the targeted cells are the APCs, using tumor-specific antigen-coding
pDNA [31,32]. However, since the level of gene expression by
transfection using Man-PEG2q00 bubble lipoplexes and US exposure
was reduced sequentially (Supplementary Fig. 6), multiple trans-
fections are essential to obtain more effective vaccine effects
against cancer (Supplementary Fig. 7). On the other hand, a 2 week
interval was needed to achieve the same level of gene expression by

lipoplexes or bubble lipoplexes with US exposure as former trans-
fection in the spleen (Supplementary Fig. 7B and C). Meyer et al.
reported that the optimal transfection interval was necessary to
achieve high gene expression by the second transfection using
lipofection methods because of IFN-y secretion by intravenous
administration of lipoplexes [43]; therefore it is considered that
a similar phenomenon is contributed to the sonoporation methods
using microbubbles constructed with phospholipids. Based on
these findings, we performed the optimization of immunization
times (Supplementary Fig. 7) and determined the optimal immu-
nization schedule as shown in Figs. 9B, 10A and 11A.

In DNA vaccine therapy, unlike cancer immunotherapy using
tumor-specific antigenic peptides, the peptides expressed as gene
products in the cells act as the internal antigen. Since the internal
antigens are presented on MHC class I molecules, the strong acti-
vation of CTL and high anti-tumor effects are expected in DNA
vaccination therapy [44,45]. In this study, by applying this gene
transfection method to DNA vaccine therapy using OVA-expressing
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Fig. 10. Anti-tumor effects by DNA vaccination using Man-PEG,gq0 bubble lipoplexes and US exposure. (A) Schedule of immunization for experiments of therapeutic effects. (B, C)
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(n = 8—11). The tumor volume was evaluated (each value represents the mean + SD) and the survival was monitored up to 80 days after the tumor transplantation. *p < 0.05;

**p < 0.01, compared with the corresponding group of N.T. N.T,, non-treatment.

PDNA, i) the presentation of OVA-peptides on MHC class I mole-
cules of splenic dendritic cells, ii) OVA-specific Th1 cytokine
secretion from splenic cells by OVA stimulation and iii) marked
activation of CTL against OVA-expressing tumor were observed by
gene transfection using Man-PEGyggp bubble lipoplexes con-
structed with pCMV-OVA and US exposure (Fig. 9). Moreover, high
and long-term anti-tumor effects against OVA-expressing tumor
were observed in mice transfected by Man-PEGyggg bubble
lipoplexes constructed with pCMV-OVA and US exposure (Figs. 10
and 11). It is considered that these results are contributed by
APS-selective and efficient gene transfection efficiency using Man-
PEG2000 bubble lipoplexes and US exposure. Although more
detailed examination by pDNA encoding other tumor-specific
antigens, such as gp100 in melanoma or PSA in prostate cancer [45],

is necessary, this transfection method by Man-PEG,ggq bubble
lipoplexes and US exposure might be available for DNA vaccine
therapy.

The gene transfection method using Man-PEG,ggp bubble
lipoplexes and US exposure was enabled selective and efficient
gene transfer to the mannose receptor-expressing cells in the
liver such as Kupffer cells and hepatic endothelial cells, which are
components of the APCs (Fig. 6A). Therefore, this method is also
suitable for anti-inflammatory therapy targeted to Kupffer cells
and hepatic endothelial cells, known to play a key role in
inflammation [46,47]. In spite of low liver toxicity, since this gene
transfection system showed NPC-selective and efficient gene
expression in the liver (Fig. 8), better therapeutic effects could be
expected by Man-PEG;pgp bubble lipoplexes constructed with
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Fig. 11. Maintaining of Anti-tumor effects by DNA vaccination using Man-PEGzo00 bubble lipoplexes and US exposure. At 80 days after first transplantation of E.G7-OVA cells to
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various types of nucleic acids, such as NF-kB decoy [48], ICAM-1
antisense oligonucleotides [49], with low doses of nucleic acids.
Moreover, organ-specific gene expression was observed in US-
exposed organ by exposing US to the organ directly after intra-
venous administration of Man-PEGogge bubble lipoplexes
(Supplementary Fig. 5); therefore the beforehand knockdown of
inflammatory factors such as NF-kB or ICAM-1 by Man-PEGzo00
bubble lipoplexes and US exposure might be available for the
prevention of ischemia reperfusion injury, a major problem in
living donor liver transplantation.

5. Conclusion

In this study, we developed the gene transfection method
using Man-PEGpggo bubble lipoplexes and US exposure. This
transfection method enabled APC-selective and efficient gene
expression, and moreover, effective anti-tumor effects was
obtained by applying this method to DNA vaccine therapy against
cancer. This method could be widely used in a variety of targeted
cell-selective and efficient gene transfection methods by
substituting mannose with various ligands reported previously
[2-6]. In addition, in this gene transfection method, pDNA can
directly introduce the nucleic acids into the cells through the
transient pores created by US-responsive degradation of bubble
lipoplexes, therefore this method could apply to many ligands
which are not taken up via endocytosis. These findings make
a valuable contribution to overcome the poor introducing effi-
ciency into cytoplasm which is a major obstacle for gene delivery
by non-viral vectors, and show that this method is an effective
method for in-vivo gene delivery.
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Circadian Rhythm of Transferrin Receptor 1 Gene Expression
Controlled by c-Myc in Colon Cancer-Bearing Mice

Fumiyasu Okazaki', Naoya Matsunaga’', Hiroyuki Okazaki', Naoki Utoguchi?, Ryo Suzuki,
Kazuo Maruyama®, Satoru Koyanagi', and Shigehiro Ohdo’

Abstract

The abundance of cell surface levels of transferrin receptor 1 (TfR1), which regulates the uptake of iron-
bound transferring, correlates with the rate of cell proliferation. Because TfR1 expression is higher in cancer
cells than in normal cells, it offers a target for cancer therapy. In this study, we found that the expression of
T{R1 in mouse colon cancer cells was affected by the circadian organization of the molecular clock. The core
circadian oscillator is composed of an autoregulatory transcription-translation feedback loop, in which
CLOCK and BMALL are positive regulators and the Period (Per), Cryptochrome (Cry), and Dec genes act as
negative regulators. TfR1 in colon cancer-bearing mice exhibited a 24-hour rhythm in mRNA and protein
levels. Luciferase reporter analysis and chromatin immunoprecipitation experiments suggested that the
clock-controlled gene ¢-MYC rhythmically activated the transcription of the TfRI gene. Platinum incorporation
into tumor DNA and the antitumor efficacy of transferrin-conjugated liposome-delivered oxaliplatin could
be enhanced by drug administration at times when TfR1 expression increased. Our findings suggest that
the 24-hour rhythm of TfR1 expression may form an important aspect of strategies for TfR1-targeted cancer
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therapy. Cancer Res; 70(15); 6238-46. ©2010 AACR.

Introduction

In mammals, the master pacemaker controlling the
circadian rhythm is located in the suprachiasmatic nuclei
of the hypothalamus (1). Regulation of circadian physiology
relies on the interplay of interconnected transcription-
translation feedback loops. The BMAL1/CLOCK complex
activates clock-controlled genes, including Per, Cry, and
Dec, the products of which act as repressors by interacting
with BMAL1/CLOCK (2-5). This mechanism also regulates
the 24-hour rhythm in output physiology through the period-
ic activation/repression of clock-controlled output genes in
healthy peripheral tissue and tumor tissue (6, 7).

Transferrin receptor 1 (TfR1) is involved in the uptake of
iron into cells through the binding and internalization of
transferrin, and its regulation by intracellular iron levels
has assisted in the elucidation of many important aspects
of cellular iron homeostasis (8, 9). Iron is important for
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metabolism, respiration, and DNA synthesis. Thus, TfR1 is
expressed not only in normal healthy cells but also in malig-
nant tumor cells (8, 10). Recently, another TfR-like molecule
named TfR2 has been recognized and investigated (11, 12),
but the exact function of TfR2 remains unclear (8). It has
been reported that the expression of TfR1 in mammary
epithelial cells exhibits a significant 24-hour rhythm (13).
Such rhythmic variation in TfR1 expression seems to affect
its iron uptake function resulting in time-dependent changes
in the internalization of iron-loaded Tf. However, it is not
clear if the expression of TfR1 in colon cancer cells shows
a significant 24-hour rhythm.

Many of the pharmacologic properties of conventional
drugs can be improved through the use of an optimized drug
delivery system (DDS), which includes particular carriers
composed primarily of lipids and/or polymers (14). The high
expression of TfR1 in tumor can potentially be used to deliver
cytotoxic agents into malignant cells, including chemo-
therapeutic drugs, cytotoxic proteins (8), and Tf-coupled
polyethylene glycol (Tf-PEG) liposomes were designed as
intracellular targeting carriers for drugs by systemic admin-
istration. In fact, Tf-PEG liposomes encapsulating a platinum
(Pt)-based anticancer drug, oxaliplatin, can increase its accu-
mulation in tumor masses (15, 16). On the other hand, daily
rhythmic variations in biological functions are thought to
affect the efficacy and/or toxicity of drugs: a large number
of drugs cannot be expected to have the same potency at
different administration times (7, 17). However, it is unclear
what influence the rhythmic expression of TfR1 has on the
pharmacokinetics/pharmacodynamics of transferrin target-
ing liposomes.
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In this study, we found that the circadian expression of
c-Myc, which is controlled by the circadian clock, affects
TfRI gene transcription in colon cancer cells. The levels of
TfR1 mRNA and protein exhibited a 24-hour oscillation in tu-
mor cells implanted in mice. Thus, to evaluate the rhythmic
function of TfR1 and the utility for TfR1-targeting cancer
therapy. we investigated how the rhythmic variation in
TfR1 production influenced the pharmacologic efficacy of
TfR1-targeting liposomal DDS.

Materials and Methods

Animals and cells

Seven-week-old male BALB/c mice (Charles River Japan)
were housed with lights on from 7:00 am. to 7:00 p.m. at a
room temperature of 24 + 1°C and a humidity of 60 + 10%
with food and water ad libitum. Colon 26 cells (Cell Resource
Center for Biomedical Research, Tohoku University) were
maintained in RPMI 1640 supplemented 10% fetal bovine
serum (FBS) at 37°C in a humidified 5% CO, atmosphere. A
25-uL volume with 2 x 107 viable tumor cells was inoculated
into the right hind footpad of each mouse. The tumor volume
was estimated according to a formula that has been de-
scribed previously (7). Tissue slices of the removed tumor
masses were made, and the tumor tissue was confirmed
histopathologically.

Experimental design

To assess the temporal expression profile of TfR1 in
tumor cells, tumor masses were removed from individual
tumor-bearing mice at six different time points (9:00 a.m.,
1:00 p.m., 5:00 p.m., 9:00 p.m., 1:00 am., and 5:00 am.)
7 days after the implantation of tumor cells. The levels of
TfRI protein and mRNA were measured by Western blot-
ting analysis and quantitative reverse transcription-PCR
(RT-PCR), respectively. To investigate how the rhythmic
variation in TfRI expression occurs in tumor cells, the in-
fluence of CLOCK/BMALI and ¢-MYC on the transcription-
al activity of the TfRI gene was assessed using luciferase
reporter constructs containing wild-type E-box or mutated
E-box of the mouse TfRI promoter, which was based on
previous reports. To elucidate the role of c-MYC in the con-
trol of the thythmic expression of 7RI, endogenous c-MYC
in Colon 26 cells was downregulated by small interfering
RNA (siRNA). The c-MYC-downregulated cells were treated
with 50% FBS for 2 hours to synchronize their circadian
clock, and the mRNA levels of TfRI were assessed at 44,
48, 52, 56, 60, 64, and 68 hours after 50% serum treatment.
In the same manner as described above, the protein levels
of ¢-MYC and CLOCK were assessed by Western blotting
analysis. To explore the temporal binding of endogenous
¢-MYC and CLOCK to the E-box in the mouse TfRI gene,
chromatin immunoprecipitation analysis was performed in
individual tumor masses at 9:00 a.m. and 9:00 p.m. To
investigate the function of the 24-hour oscillation of TfR1
expression, time-dependent changes in Pt internalization
into tumor cells were assessed using Tf-coupled liposomes
encapsulating oxaliplatin (Tf-NGPE L-OHP). The cultured

Colon 26 cells were treated with 50% FBS as described
above and then harvested for RNA extraction at 0, 6, 12,
18, and 24 hours after 50% FBS treatment. Nontreated
Colon 26 cells harvested at the same time points were used
as the control. At 6 or 18 hours after serum treatment, cells
were exposed to Tf-NGPE L-OHP (L-OHP, 0.4 mg/mL) for
3 hours. The Pt content in the DNA was measured using an
inductively coupled plasma mass spectrometer (ICP-MS).
To explore the dosing time-dependent difference in the in-
ternalization of Pt into tumor cells in vivo, tumor-bearing
mice were injected with a single dose of Tf-NGPE L-OHP at
9:00 a.m. or 9:00 p.m. Plasma and tumor DNA samples were
collected only once from individual mice at 1, 3, and 6
hours after injection. The plasma concentration of Pt and
its content in tumor DNA were measured as described
above. Then, tumor volumes were measured throughout
the duration of the experiment.

RT-PCR analysis

Total RNA was extracted using RNAiso (TaKaRa). The
¢DNAs of mouse TfRI (NM011638), TfR2 (NM015799),
c-Myc (NM010849), and B-actin (NMO007393) were synthe-
sized using PrimeScript Reverse Transcriptase (TaKaRa),
and the synthesized ¢cDNAs were amplified using GoTaq
Green Master Mix (Promega). The PCR products were run
on 2% agarose gels. After staining with ethidium bromide,
the gel was photographed using Polaroid-type film. The
density of each band was analyzed using NIH image software
on a Macintosh computer. To evaluate the quantitative
reliability of RT-PCR, kinetic analysis of the amplified pro-
ducts was performed to ensure that signals were derived on-
ly from the exponential phase of amplification, as previously
described (7, 17). We evaluated the validity of our semiquan-
titative PCR methods using real-time PCR. cDNA was pre-
pared by reverse transcription of total RNA. Real-time PCR
analysis was performed on diluted cDNA samples with SYBR
Premix Ex Taq Perfect Real-Time (TaKaRa) using a 7500
Real-time PCR system (Applied Biosystems). In addition,
as confirmation of RNA extraction from each tumor cell
sample, the expression level of Vegf mRNA was measured
(Supplementary Data S1).

Western blotting analysis

Nuclear or cytoplasmic proteins in tumor masses were ex-
tracted using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce Biotechnology). The protein concentrations
were determined using a BCA Protein Assay kit (Pierce Bio-
technology). The lysate samples were separated on 6% or
10% SDS-polyacrylamide gels and transferred to polyvinyli-
dene difluoride membranes. The membranes were reacted
with antibodies against TfR1 (Zymed Laboratories), c-MYC,
CLOCK, B-actin (Santa Cruz Biotechnology), or RNA pol 1I
{Abcam). The immunocomplexes were further reacted with
horseradish peroxidase-conjugated secondary antibodies
and visualized using Super Signal Chemiluminescent Substrate
(Pierce Biotechnology). The membranes were photographed
using Polaroid-type film, and the density of each band was ana-
lyzed using NIH image software on a Macintosh computer.
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Construction of reporter and expression vectors

The 5 flanking region of mouse 7fRI (from bp +16 to +436; +1
indicates the transcription start site) gene was amplified us-
ing Elongase Enzyme mix (Invitrogen) using DNA extracted
from Colon 26 cells. PCR was performed using the forward
primer 5'-AGTTGAGCTC(Sacl)GGCTTGGTGCAGCTCAGT-
TAGTAG-3’ and reverse primer 5-ATGAGATATC(£coRV)
TAAATGTCCGTTGACACTAGTAACC-3'. The PCR products
were purified and ligated into a pGL4 Basic vector (7fR1-Luc).
The sequence of the CACGTG E-box (bp +290 to +295) on
TfR1-Luc was mutated using a QuikChange site-directed
mutagenesis kit (Stratagene). Expression vectors for mouse
CLOCK, BMALLI, and c-Myc were constructed using cDNAs
obtained from RT-PCR derived from mouse liver RNA.
All coding regions were ligated into the pcDNA3.1 (+) vector
(Invitrogen), as previously described (7). Protein expression
levels from each expression vector in Colon 26 were assessed
by Western blotting analysis (Supplementary Data S2).

Luciferase reporter assay

Colon 26 cells were seeded at 3 x 10° cells per well in six-
well culture plates (BD Biosciences). After an 18-hour culture,
the cells were transfected with 100 ng per well of reporter
vector and 2 pg per well (total) of expression vector using
Lipofectamine LTX reagent (Invitrogen). A 0.5-ng-per-well
sample of phRL-TK vector (Promega) was also cotransfected
as an internal control reporter. The total amount of DNA per
well was adjusted by adding pcDNA3.1 vector (Invitrogen). At
24 hours posttransfection, cells were harvested and the cell
lysate was analyzed using a dual-luciferase reporter assay
system (Promega). The ratio of firefly luciferase activity to
Renilla luciferase activity in each sample served as a measure
of normalized luciferase activity.

Small interfering RNA

siRNA of the mouse c-Myc gene was designed using
BLOCK-T RNAi Designer (Invitrogen). The siRNA oligonu-
cleotide sequences were as follows: siRNA control sense, 5'-
UAGUGUGAGCACUGUGAUUCCUUGG-3’ and antisense
5'-CCAAGGAUCACAGUGCUCACACUA-3'; c-Myc siRNA
sense 5’-UAGUCGAGGUC-AUAGUUCCUGUUGG-3’ and anti-
sense 5'-CCAACAGGAACUAUGACCUCGACUA-3'. The oligo-
nucleotides were transfected into Colon 26 cells at a final
concentration of 20 nmol/L using Lipofectamine 2000
(Invitrogen).

Chromatin immunoprecipitation assays

Tumor masses were excised and treated with 1% formal-
dehyde for 5 minutes at room temperature to cross-link the
chromatin, and the reaction was stopped by adding glycine
to a final concentration of 0.125 mol/L. Each cross-linked
sample was sonicated on ice and then incubated with anti-
bodies against c-MYC, CLOCK, rabbit-IgG, or goat-IgG (Santa
Cruz Biotechnology). Chromatin/antibody complexes were
extracted using a protein G agarose kit (Roche). DNA was
isolated using the Wizard SV Genomic DNA Purification
System (Promega) and subjected to PCR using the following
primers for the ¢-MYC binding site (E-box) of the TfRI pro-

moter region, forward 5'-GTGACTCCCTTGTCAG-3’ and
reverse 5'-CCGTGACACTAGTAACC-3'. For PCR analysis,
PCR products were amplified for 40 or 45 cycles. PCR products
were run on an agarose (3%) gel, including 0.2 pg/mL ethidium
bromide, and analyzed using the NIH image software.

Determination of L-OHP (Pt) concentration

Plasma samples were obtained by centrifugation at 3,000 rpm
for 3 minutes and stored at —20°C until analysis. Tumor DNA
was extracted using a Wizard Genomic DNA Purification kit
(Promega). Measurements of the L-OHP (Pt) content in plas-
ma and tumor DNA were made using ICP-MS at the Center
of Advanced Instrumental Analysis, Kyushu University. ICP-
MS is capable of detecting very small amounts of Pt. Plasma
Pt concentration and its tumor DNA content were expressed
as micrograms per milliliter and nanograms per nanogram of
DNA, respectively.

Determination of the antitumor effect

Seven days after the inoculation of Colon 26 cells into mice,
a single injection of Tf-NGPE L-OHP (L-OHP: 0, 7.5 mg/kg, i.v.)
or vehicle (9% sucrose) was given to tumnor-bearing mice at
9:00 a.m. or 9:00 p.m. This dosage of Tf-NGPE L-OHP was se-
lected based on a preliminary study (Supplementary Data $3).
In all mice, the tumor volumes were measured every 3 days
throughout the duration of the experiment.

Statistical analysis

ANOVA was used for multiple comparisons, and Scheffe's
test was used for comparison between two groups. A 5% level
of probability was considered significant.

Results

Twenty-four-hour rhythm in the expression of
TfR1 in Colon 26 tumor masses

Two subtypes of TR have been identified: TfR1 and TfR2.
In implanted Colon 26 cells, 7fRI but not TfR2 was detect-
able, although TfR2 was expressed in mouse liver (Supple-
mentary Data S1B). The protein and mRNA levels of TfR1
in implanted Colon 26 cells showed a significant 24-hour
rhythm, with higher levels during the early dark phase
(P < 0.05; Fig. 1A and B). The increase and decrease in mRNA
levels of TfRI seemed to cause the rthythm of TfR1 protein in
Colon 26 tumor masses.

Regulation of the 24-hour rhythm in the
expression of TfRI gene by c-MYC

Among these, c-MYC is a potent activator of TfRI gene
transcription in mice and humans, and the transactivation
effect was elicited through binding to the CACGTG E-box lo-
cated in the first intron region (18, 19). In addition, CLOCK/
BMALL heterodimers also bind cooperatively to CACGTG
E-box sequences and regulate the rhythmic expression of
their target genes (2). Thus, to establish the relevance of
the biological clock system on the expression of TfRI,
CLOCKA19 (CLOCK protein lacking transcriptional activity)
was overexpressed in Colon 26 cells. Clock mutant mice have
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Figure 1. Twenty-four hour variation in the expression of TfR1 in Colon
26 tumor masses. A, temporal expression profile of TfR1 protein in tumor
masses. The photographs show 24-h variation in TfR1 protein in
implanted Colon 26 tumor cells. Cytoplasmic proteins were measured
using each of the antibodies. Bottom, relative TfR1 protein levels. The
data were normalized using B-actin as a control. Points, mean (n = 3,

P < 0.01, ANOVA); bars, SEM. B, temporal expression profile of TfR1
mRNA in tumor masses. The data are normalized using B-actin as a
control. Points, mean (n = 6, P < 0.01, ANOVA); bars, SEM.

a point mutation in exon 19 of the Clock gene and exhibit
low-amplitude rhythms in the expression of various genes (20).
TfR1 and c-Myc expression levels were low in CLOCKA19
overexpressing Colon 26 cells (Supplementary Data S4). Next,
we tested whether these transcription factors participate in
regulation of the rhythmic expression of TfR1 gene in Colon
26 cells. Cotransfection of IfRI-Luc with ¢c-MYC expression
constructs resulted in an 8.1-fold increase in promoter activity,
whereas CLOCK/BMALI had little effect on the transcrip-
tional activity of the TfRI gene (Fig. 2B). The transactivation
effect of c-MYC on IfRI reporters was dependent on the
E-box element located from bp +290 to +295 because muta-

tion of the CACGTG sequence to AAGCTT reduced transcrip-
tional activation by ¢-MYC from 8.1- to 1.5-fold.

Several compounds and high concentration serum have
been shown to induce and/or synchronize circadian gene
expression in cultured cells (21). Thus, to elucidate the role
of ¢-MYC in the circadian regulation of IfRI expression,
the temporal expression profiles of 7fR1 mRNA in ¢-MYC-
downregulated Colon 26 cells were investigated after 50%
FBS treatment. Brief exposure of control scrambled siRNA-
transfected cells to 50% FBS resulted in the oscillation
of TfRI mRNA levels with a period length of ~24 hours
(Fig. 3A). On the other hand, the protein levels of c-MYC were
decreased and the mRNA levels of TfR1 failed to show a
significant 24-hour oscillation after the treatment of c-Myc
siRNA-transfected cells with 50% FBS (Fig. 3B and C). These
results suggested that c-MYC is required for generating the
time-dependent variation in TfRI mRNA expression.

The transcription of ¢-Myc is regulated by components of
the circadian clock, and its mRNA levels in mouse liver and
bones have been shown to exhibit a significant 24-hour oscil-
lation (22). The protein levels of c-MYC in Colon 26 cells im-
planted in mice also showed obvious 24-hour oscillations with
higher levels around the early dark phase and lower levels dur-
ing the early light phase, whereas there was no obvious 24-
hour variation in the protein levels of CLOCK in the tumor
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Figure 2. Influence of CLOCK/BMAL1 and ¢c-MYC on transcription of
the mouse TfR7T gene. A, schematic representation of the mouse TfR7
promoter. The numbers on both sites, the distance (bp) from the
transcription start site (+1) included in the luciferase reporter construction.
The numbers of nucleotide residues below the box, the positions of the
E-box. The underlined nucleotide residues, the mutated sequence of
the E-box. B, wild-type or E-box~mutated TfR7 gene reporter plasmids
(TfR1-Luc) were cotransfected with expression constructs encoding
CLOCK/BMAL1 or c-MYC. Columns, mean (n = 3); bars, SEM.
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Figure 8. Influence of the downregulation of c-MYC on the rhythmic expression of TfR7 mRNA in Colon 26 cells. A, temporal accumulation of TfR7 mRNA
in Colon 26 cells after 50% serum shock. The data are normalized using B-actin as a control. Points, mean (n = 3, P < 0.01, ANOVA); bars, SEM. Data
are plotted relative to the 0-h value after 50% serum shock. B, temporal accumulation of c-MYC protein in control cells or c-Myc knockdown cells

after 50% serum shock. Colon 26 cells were transfected with scrambled siRNA (control siRNA) or specific siRNA for c-Myc (c-Myc siRNA). Crude cell
extracts were measured by Western blotting analysis. The data were normalized using B-actin as a control. Points, mean (n = 3, control cells; P < 0.01,
ANOVA); bars, SEM. *; P < 0.05, when compared with the value for the control siRNA group at the corresponding times. C, temporal accumulation of
TfR17 mRNA in control cells or c-Myc knockdown cells. The mRNA levels of TfR7 were determined at the indicated time points after serum treatment. Points,
mean (7 = 3, control cells; P < 0.01, ANOVA); bars, SEM. *, P < 0.05, when compared with the value for the control siRNA group at the corresponding times.

cells (Fig. 4A). The results of chromatin immunoprecipitation
analysis revealed that endogenous ¢-MYC in Colon 26 cells
bound to the E-box element in the intron region of 7fRI
gene (Fig. 4B). Of particular note, the binding amounts of
¢-MYC increasedat the time of day corresponding to the
peak of TfRI mRNA expression (see Fig. 1B), suggesting that
the time-dependent binding of ¢-MYC to the E-box in TfRI
gene underlies its rhythmic expression. In addition, the
mRNA levels of a prototypical c-MYC-regulated gene, telo-
merase reverse transcriptase (23), in Colon 26 cells im-
planted in mice also showed time-dependent variation
(Supplementary Data S5).

Relationship between the rhythmic expression of
TfR1 and time dependency of Pt incorporation into
tumor DNA

T{-NGPE L-OHP is a transferrin-conjugated liposome
encapsulating L-OHP, a diaminocyclohexane Pt antitumor
agent, which forms adducts with DNA. TNGPE L-OHP binds
to TfR, which is expressed on the plasma membrane and can

internalize Pt into the cell® Thus, to explore the function of
internalization into the cell through transferrin in the rhythmic
expression of TfR1, we investigated the temporal profile of TfRI
gene expression and incorporation of Pt into tumor DNA in
synchronized and desynchronized Colon 26 cells. A brief expo-
sure of cultured Colon 26 cells to 50% FBS medium for 2 hours
induced an oscillation in the expression of TfRI mRNA
(Fig. 5A). The mRNA levels of TfRI peaked at 18 hours after
treatment of the cells with 50% FBS. The oscillation of TfRI
mRNA levels was also found on day 3 after serum treatment
(see Fig. 3). The amount of Pt incorporated into the DNA of
serum-shocked cells after treatment with Tf-NGPE L-OHP in-
creased significantly at the time point corresponding to the
peak in the level of TfR1 protein (P < 0.05; Fig. 5B). In contrast,
in nontreated cells, neither the mRNA and protein levels of
T{R1 nor Pt incorporation showed significant time-dependent
variations (Fig, 5A and B), suggesting that the oscillation in the

® Our unpublished data,
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expression of TfR1 underlies the time-dependent change in Pt
incorporation into tumor DNA.

Influence of dosing time on the ability of Tf-NGPE
L-OHP to inhibit tumor growth

The plasma Pt concentration decreased gradually after a
single injection of 7.5 mg/kg Tf-NGPE L-OHP (iv.) at both dos-
ing times, but the Pt concentration in plasma at 3 hours after
Tf-NGPE L-OHP injection was significantly higher in mice in-
jected with the drug at 9:00 a.m. than at 9:00 p.m. (Fig. 6A, left).
On the other hand, Pt incorporation into DNA in tumor cells at
3 and 6 hours after T--NGPE L-OHP injection was significantly
higher in mice injected with the drug at 9:00 p.m. than at 9:00
a.m. (Fig. 6A, right). We also attempted to determine the Pt
contents in tumor DNA at over 6 hours after Tf-NGPE L-
OHP injection, but accurate assessment was difficult, probably
due to L-OHP-induced apoptotic or necrotic tumor cell death.

A significant antitumor effect of TE-NGPE L-OHP was
observed when tumor-bearing mice were injected iv. with
a single dose of 7.5 mg/kg L-OHP (Supplementary Data S3).
Thus, the dosage was set at 7.5 mg/kg to investigate whether

the antitumor effect of TE-NGPE L-OHP was altered depend-
ing on its dosing time. The growth of tumor cells was signif-
icantly suppressed by the administration of Tf-NGPE L-OHP
(7.5 mg/kg, iv.). The antitumor effects were more potent in
mice injected with the drug at 9:00 p.m. than in those that
received it at 9:00 a.m. (Fig. 6B). Fifteen days after injection
of the drug, the tumor volume in mice injected with T-NGPE
L-OHP at 9:00 p.m. was significantly smaller than that in
mice injected at 9:00 a.m. (P < 0.05).

Discussion

TfRI is a key cell surface molecule that regulates the uptake
of iron-bound transferrin (8). It has been shown that correla-
tion exists between the number of surface TfR1 and the rate of
cell proliferation. TfR1 expression is higher in tumor cells than
in normal cells. Thus, intracellular targeting using iron-
saturated Tf as a ligand for TfR-mediated endocytosis has
attracted attention. In this study, the protein abundance of
TfR1 on Colon 26 tumor cells implanted in mice showed a
clear 24-hour oscillation. The rhythmic phase of TfR1 protein
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paralleled that of its mRNA levels. However, the mechanisms
of transcriptional rhythm of TfR1 were unclear.

The molecular circadian clock operates at a cellular level
and coordinates a wide variety of physiologic processes (24).
CLOCK/BMALIL heterodimers activate the transcription of
Per, Cry, and Dec genes through CACGTG E-box enhancer
elements (8). The results of luciferase reporter assays and
chromatin immunoprecipitation experiments revealed that
the CACGTG E-box located in the first intron of the mouse
TfRI gene was unable to respond to CLOCK/BMALI hetero-
dimers. In contrast, as reported previously (19), c-MYC could
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Figure 8. Influence of rhythmic changes in the expression of TfR1 on
intratumoral delivery of L-OHP by Tf-NGPE liposomes. A, the temporal
expression profile of TFRT mRNA in synchronized (0) or unsynchronized ()
Colon 26 cells. Cuitured Colon 26 cells were synchronized by exposure
to 50% FBS for 2 h. Points, mean (n = 3, synchronized cells; P < 0.05,
ANOVA); bars, SEM. B, the photographs show temporal expression of
TfR1 protein in synchronized or unsynchronized Colon 26 cells. Bottom,
that temporal profile of Pt incorporation into DNA in synchronized or
unsynchronized Colon 26 cells. Cells were exposed to Tf-NGPE L-OHP
(L-OHP: 0.4 mg/mL) for 3 h at 6 or 18 h after the serum treatment, and
then the amounts of Pt incorporated into tumor DNA were measured.
Columns, mean (n = 3); bars, SEM. *, P < 0.05 for the comparison
between the two time points.

bind to the E-box of the mouse TfRI gene and activate its
transcription. The amount of endogenous ¢c-MYC protein
binding to the mouse TfRI gene E-box fluctuated in a time-
dependent manner. The binding of ¢-MYC to the E-box in-
creased at the time corresponding to the peak of T7fR1 mRNA
expression, suggesting that ¢c-MYC acts as a regulator of
circadian expression of the TfRI gene in Colon 26 tumor
cells. This hypothesis was also supported by the present
findings that the amplitude of the TfRI mRNA rhythm in
serum-shocked Colon 26 cells was decreased by the down-
regulation of c-MYC. On the other hand, CLOCK protein
did not bind to the TfRI gene E-box. This may account for
the unresponsiveness of the TfRI gene to CLOCK/BMALI
heterodimers. The sequence surrounding the E-box and its
location had a marked influence on the transcriptional activ-
ity of CLOCK/BMALI1 (6). In fact, a CT-rich cis-acting
element of the mouse vasopressin gene confers robust
CLOCK/BMALI responsiveness on an adjacent E-box (25).
The absence of such a CT-rich cis-acting element around
the E-box may result in the inability of CLOCK/BMALLI to
transactivate the mouse IfRI gene.

Because the rhythmic phase of c-MYC protein abundance
in Colon 26 cells correlated with the time dependency of its
binding to the TfRI gene E-box, the oscillation in ¢-MYC pro-
tein levels may cause the 24-hour rhythm in the expression of
downstream genes by rhythmic binding to their DNA re-
sponse elements. In fact, mTERT mRNA in implanted Colon
26 tumor also showed time-dependent variation. In addition,
c-Myc is regulated by clock genes, as indicated by previous
results (26). TfR1 and c-Myc expression levels were low in
CLOCKA19-overexpressing Colon 26 cells. Although the
E-box of the TfRI gene did not respond to CLOCK/BMALI,
the molecular components of the circadian clock may
indirectly regulate the expression of the TfRI gene in Colon
26 cells.

It was reported previously that L-OHP could accumulate in
tumor masses following delivery using Tf-PEG liposomes
(16). TfR-targeting liposomes also bind to TfR on tumor cell
surfaces and are internalized into the cells by receptor-
mediated endocytosis. In this study, to evaluate the function
of the 24-hour oscillation in TfR1, Tf-NGPE liposomes were
used as a targeting carrier for intratumoral delivery of
L-OHP. This TfR-targeting liposomal DDS exhibited similar
pharmacokinetic properties to Tf-PEG liposomes, and iv. ad-
ministration of L-OHP encapsulated within Tf-NGPE lipo-
somes lead to the accumulation of a high concentration of
L-OHP in tumors as much as Tf-PEG liposomes.* The amount
of Pt in tumor DNA after Tf-NGPE L-OHP injection increased
at the times of day when TfR1 was abundant on the tumor
surface in this study. This notion was also supported by in vitro
findings that the time dependency of Tf-NGPE liposome-
delivered L-OHP into tumor cells disappeared in the absence
of the oscillation in TfR1 expression. These findings suggest
that the oscillation in the expression of TfR1 underlies the
dosing time-dependent changes in the internalization into

* Our unpublished data.
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Figure 6. Influence of dosing time on the
ability of T-PEG L-OHP to inhibit tumor
growth in mice. Colon 26 tumor-bearing mice
were injected i.v. with a single dose of
Ti-NGPE L-OHP (L-OHP: 7.5 mg/kg) or vehicle
(9% sucrose) at 9:00 a.m. or 9:00 p.m.

A, dosing time—dependent differences in the
intratumoral delivery of L-OHP by Tf-NGPE
liposomes were examined. Plasma Pt
concentration (left) and Pt incorporation into
tumor DNA (right) were measured at the B
indicated times after an injection of TI-NGPE
L-OHP. Columns, mean (n = 5); bars, SEM;
** P < 0.01;* P < 0.05 for comparison
between the two groups. B, dosing time-
dependent difference in the antitumor effect
of T-NGPE L-OHP. Points, mean (n = 8-10);
bars, SEM; *, P < 0.05 for comparison between
the two dosing times.
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the cells by receptor-mediated endocytosis. In addition, after
a single injection of Tf-NGPE L-OHP, the antitumor effect of
the drug varied according to its dosing time. The dosing time
dependency of the antitumor effect seemed to be caused by
time-dependent changes in the intratumoral delivery of
L-OHP by TfR-targeting liposomes.

In the present study, it was shown that the 24-hour rhythm
of TfR1 expression in colon cancer cells was controlled by
¢-MYC, and the cyclical accumulation of TfR1 caused dosing
time-dependent changes in the intratumoral delivery of
L-OHP by receptor-mediated endocytosis. Identification of
the circadian properties of molecules that are targeted by
ligand-directed DDS may aid the choice of the most appro-
priate time of day for their administration.
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Development of Anti-tumor Blood Vessel Antibodies by Phage Display Method
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Tumor blood vessels are essential for tumor growth. Therefore, these blood vessels are potential targets for anti-
cancer therapy. The purpose of this study is to develop anti-tumor endothelial cell (TEC) antibodies for delivering anti-
cancer agents or drugs. To achieve this goal, we utilized the phage antibody display library method to create monoclonal
antibodies in vitro. Accordingly, we developed anti-TEC antibodies from an single chain Fv fragment (scFv) phage dis-
play library prepared using the Fv genes amplified from the mRNAs isolated from the TEC-immunized mice. The size of
the phage antibody library prepared from the mRNA of the TEC-immunized mice was approximately 1.3 X107 CFU. To
select and enrich for the phages displaying the anti-TEC antibodies, cell panning was performed first using the TEC fol-
lowed by subtractive panning using the normal endothelial cell. After five cycles of panning, the affinity of bound phage
clones increased approximately 10 000 folds. Subscquently, clones isolated from the post-panning output library were
tested for their antigen-specificity by ELISA and western blotting. One of the scFv phage clones showing antigen-
specificity recognized only TEC in vitro, and when injected into the Colon26 bearing mice, this clone accumulated more
on the tumor tissue than the wild type phage. These results suggest that the isolated an antibody and this clone’s target
molecule could be potentially useful for novel anti-tumor therapics.

Key words——tumor endothelial cell; phage display; antibody
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(FIk-1/KDR) DRBREEOHRTH 2, 830 27T
AW T, FRAMBARRE, BEAMKMETHEN
AAR—H—BBOBAIB Y- EDBES, lEE
HEOLERRS ONVBEICHT 30820tk
DNA T U R—3ik & bl U Cili ] i 7 51 14 G112
THBT7—IFA AT VA EEAWTRS.

2. 77=CF4 X743k

T7—TF 1+ A7 LA H:id 1985 4£12 Smith 5 |2

Lo THESN, NI FUF T 7 —PHIEET
BT 7—VIRRYI—~HRKBET (RTFEK .
FONUE - HEE) 2EATDIET, Ny5
F77—VRACBNG TERBASIEH I L 2THE
ETIEMTHD, TODFRINIFUFT77—2
DA—LFNUE (g3p) LRALBETRER
LTWa, HiAERADIERAK 1990 £12 Mcafferty
SIMFUSERE R A 2R RLAET77—PF 1 XS
VABENA T R—REIRbBHLVWE/ Y
O—F )V HURERBERE LTHRE L &IChE
5.3 1991 4E 1213 Marks SMRFELTVARVLE b
DR 2 NEREEREMBHIBEL 77— 20
ES1T5Un5, b MEEARDS, ¥—F—FA
TIWVTE, 9NE7INTI R ERBHHOH
FIZHT 237 7 —PHEONBERE LW

WMER 77— MBIEBRKO—FEY / A
DNA 2%b, Z0EHDIZSDDA— NI NP
H (g3p, 86p, 87p, £8p, 89p) ASERE L MR VAR
OHIEZELTHY, KBEICREL CTHETS Y1
WATHB., 77—CF1RATLAI, choso7
F=VaA~RI N ERARRURTF REBEL
EETREAIEZIETI7—VRAICF 1 AT L
1EHDHEETHB.

T77—ITF 1 AT L1 EOBREIE, © £EOH
ROPTFRT77—PRMTIERTESZE, QI1H
DEEXHICIBOZ7 7 - ULARELANED
(pDNA incompatibility it & 59 3), 77—
NONARBETF &7 7 —VEREICERR I N 008
GTFEDN—BLTWEIE, @ #is skl Ez
TEPERRLE7 7 — P2 BEEE 0284
EHETDIM47SVELTESIT, »2EHBH (1
AMLK) THMBETESZE, @ BEEICRRX
BELETMIBERFED 77—V BIETE2 D &
‘:5,‘5’ 34,35)

HRBIETF & L T—ASHH4& (single chain varia-
ble fragment: scFv) #{EFZ2AWVWS 77— JHikS
175V, 77— RERETAMSEEU LD
UN—=hU—2HT2HEBELERAICTHS
VL g & VH fEi % 1 > h— TG L7 scFy #i
hERESEH2HOTHS (Fig.1). cOSA4T
TUNCENS NI BFERNZEETS 70—
SEER - BUL, MIETBEBE Ny %
BORTZEICKST, EWIUNIBIIESTS
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M13 filam entous phage
scFy library

/

~g7pegip

Fig. 1. The scFv Phage Display System

scFy itk FERERRLET7 7 —Y 2 A0 ) —
ST B ENIETH H.3630 Lndbigohi
T — U EMNHEE - RS BHEBTERE LT
WA, PFAOEE TIPS FRFHCEE TS &
BAETH D, 0L, J7—IF1 AT LA
itk S 1 7 5 Uk in vitro THAKRR O FKME LR %
B L, E5I1I0EKROGIERM SMIL LB Ok
Bz B EN RIS 27 A& LT, Hik
ESpFEICRESHEML TS,

3. HESHEENEREORIR

31, ESASOEARMIBETIL  HUREE
SIS TR Z AT B 7200, MR i AS N K
A 25 Ui i S W0as, SRR A
I D & % A R TG LR A S BT 5 & &1k
WICHHTH D, I THEE SN AMIRO R L
# (Conditioned Medium: CM) Zf5 Z & T,
in vivo O35 HL# 45 PR R I 2 B0 L 72 I a5l
SEMAS U ISV % in vitro DR THRGEL,
ZOEFIANN SHES >y g h
Z W THURAE 2 AT, RRE TR 7 AR
A (Colon26) @ CM THi#E L 7= b MFHHT
PR E AR (HUVEC) 2 IR A As & fl
13E5)L (Colon26 CM-HUVEC) & L /= (Fig. 2).

Z OREE A R VL, RIS
HLAR A PRI I B B 7 R 8 C &b S IR 2
POFIEERRL, ™ F 7 IEEANE N R TS
)V DEEHLE % BHRHIIIC SV A5, T ORHRAINE 2
YA HRELET S, invivo iZBWT, R
2Bl &R 29 2 & < LA s Ry B0y 7 355
AR AN, TS PUEEA R AR E e
GRREERF—). 511, 2 RICERIKERITIC
LD, TOHRNGHIRS DN HOGEEST SN E
rofs CGRIERFT—5).

Colon26 carcinoma
conditioned medium

{ Colon 26 CM)

Adjunction

2 days

Supf:rnatani

Colon26
{ Mouse colon
{ carcinoma

1 day
SCRITEITo

==

HUVEC ) ColonZ6 CM-HUVEC
[ Hum an umbilical ] {TEGmodel)

vein endothelial colls

P

Fig. 2. Development of the Tumor Endothelial Cell Model

Human umbilical vein endothelial cells (HUVEC) cultured in Colon26
carcinoma-conditioned medium (Colon26 CM-HUVEC) were used as model
TECs.

NSO ENS, ZOMEHRLERNENIEET
TV A RPN 00 T 355 AL 1 A5 P R I & 42 < TR U4
BHIR Y > 87 B R L TWAREEDIER I
HOEHLENS.

32, [EERBOEARMIBETLEERES A
TSYDER B, T7y—JHikII TS &
LT, SREL TWRLWI-es Ao Bz
ke LE 1A =T 77 —=HEkSAT 5
1) 39400 & gh g5 U 7= T e iR AR O B AIlIE & sk
ELT g7 7 =Pk o075 1300 2 il
MECMNSN TS, &340 77 UIKIBENEN
B« @iid 0, A4 —777—2hk317
S| RHUARHE TIZR D O WEERIEITE AT
ha4 750 BBWHTEDEND ENiE/RD—F
T, PUERE HOMWikEGRS T ENRHETSH D
ENIEH b EEDETWS, £/, RE 77—
CHitkS 475U JHEHEE OBV ESS
TEMTEDLEWDENZKFED—HT, REIKEIC

U &L THSNDHIET 1 75 VIR
SLWEWIEHTEED., ZOXSKHIATIY
B TH5H0, HNITEDETHEVBTT S
DIENH B,

AMR T IR I IG5 U 7o PR 2 PUSTERER - fif
Bow—IbELTEGTRL, RIvTFuNy—
DY = ELTHWAIHWAH B, LD
G AT D PR R ER (58T 7 — 28
K170 R

GER L TIEEmMENEMEEFT VTS S
Colon 26 CM-HUVEC % BALB/c ¥ A 12— [H]
BEIC2EMEETTo /. RIZ, ¥ AD Colon26
CM-HUVEC {23 9 D HifR i 2 J5E R, M4k 2 BY
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L, mRNA 2L &, £WT, ZO mRNAZEF
> L= NZ cDNA 2{E# L, PCRIZLDHikD
VL, VH fi{i > DNA OlE&E{T> /2. 512, I
f@ L 7= VL, VH il DNA Zi# 3 % assen-
bly PCR #7715, scFv DNA Z#{E# L7 =L T,
ZDscFyDNA % 77— 3 R ¥ — (pCAN-
TABSE) Ny no—=4 L. fggicro—=>
THOT 7= R Y- KEH (TGl) ~T
Lo bORL—2 a0k DAL, HEELES
AT IVDTAT T YA LEKIGE OB IR
RBEIDRM UL, TORE, BELEFKS 17
UL 1.3X 107 CFU & WS IR B Z REFL T
7= (Fig. 3).

33. iEEEEOEREDOR ) —=
Bt 128 S8 T30 0A Y- TFD
WEIR 7 7 —PF 1 AT Vb1 H0OREET, F1 A
TLA R ERET2EA0F—Fy /0P —&1
THEEHIND., UGS AFAEREEE,
fEfbik ON =) REAFALFEEA ML T
7 E D EEEERE WA ) =2 S
MEEGEBIRZRELTHOBLSRTWS, LilL, &
AT Y= 2T e L <D oI, "Ry
DEHWIYE b7 %M, H5WEEESERLT
KVDBETHD, T SITEFUISREDEEAM:,
WEER CEBOBERSEET B,

A, bbb I NS N7 Bk
BLTWBRRD, JUEI-1 7516 HiIEHLR
EPREBENTDEA Y=o 7% & LTI

marker VL _VH
SR s T B
40065 patiel e = "0

marker scFy

900bp e

ViL+ VH gens PCR scFv gene PCR

- BI-PGR

e
5
|

Immunizetion of € : )
straction of mANA 4 ’
- Vi VH § X .
Colen26CM Gerived splenocyles L VHgens libeary 2cFy cOHA Library

HUVECantigen

=
) e B Clbrary site |
O {; 1.3 x107CFU |

Cloning to Trancform stion % :
phagemidveetor ts E.eeliTGY R

Fig. 3. Development of the Tumor Endothelial Cell Immune
Antibody Library
The single chain antibody fragment variable {scFv) phage display libra-
ry was prepared by amplifying the Fv genes from the mRNA derived from
the TEC-immunized murine splenocytces.

DU EBEIR U, N2 Ty — DRSS
AT S URNS, FEFELUZENS 280 BRI
WIS B9 20 o— 28R - EIL, BET 58
ETHD, ZONZ VT E2HDRT &L
T, BUY 2N EIZHAB T 5 scFy itk T2 %
iR LD 7 — &R - I8 T 5 Z EWFRET
5 (Fig. 4),

AR, BT O ST D HURE S R g
KOS 78, HLU B9l Twa
BfetEy oo L 75y —-FIZAMNE) 237
WS DHEATH S, SEME T SHEOTFHRNLE
YHELT, QL ESEE RS v FFUNY—, &
ooy — )L ELTHERTSZE2HBEL TN
Dz, MY BHEZHERNSY N7 H TR
<, ML Lo >80 M BT A5k T
HBHIEMBHFNHTHEBDEZEAOND. D&
MG, bbby o e L ik E8NT 5
BRI P W 2 R8RS, AR I s s s Al
DHMANE > N7 EBRAT BN D55, Hlldhh
WS >N 08 GRS — &, 7%/ —)il
RS > XD ) 2HWA0TRA<, 4Hl
270 FREENFFEEL THWAZ EAEETH
HEZEAT.

S50, FUBGHAROLE R E T 212H-
T, DNONPEFEICERETHEEBEATNSHILE
W, BWAREHEH O DR WHEEENTENTH
%, NEEEHUAE 5 13 00 B LA A P R A S B 5 1
TOENT HHEMERTF (1 N1 >, FEhA

2

Elution A

I Subiraction cell
! X
| panning

77

Binding to
Colon26 CM-HUVEC

Wash out

Fig. 4. Antibody Selection by Subtraction Cell Panning
Anti-TEC untibodies were selected by cell panning against Colon26 CM-
HUVEC with subtractive panning against normal HUVEC.



