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target the TECs of tumor tissue. Therefore, the therapeutic effect of
RGD-PEG-LPs (DOX) was observed and compared with that of Doxil
in mice bearing RCC tumors. Doxil itself failed to inhibit tumor
growth (Fig. 3A), as it accumulated in OSRC-2 tumor cells which are
resistant to DOX (Fig. 5A). Unexpectedly, small size RGD-PEG-LP
(DOX) had no effect against tumor growth. Conversely, large size
RGD-PEG-LP with a lower dose of DOX resulted in a significant

reduction in tumor growth (Fig. 3A), despite the similar bio-
distribution to its small size version (Fig. S1B). These results raised
the question as to the reason for the better therapeutic effect of
large size RGD-PEG-LP over its small size version.

To explore the mechanism of the size dependent therapeutic
effect of PEG-LPs (DOX), we next evaluated the induction of
apoptosis in tumor tissues. Doxil failed to induce apoptosis in
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Fig. 6. Observation of the morphology of normal blood vessels treated with PEG-LPs (DOX). Confocal images of normal organs from mice bearing OSRC-2 tumor were treated with
PBS (control) or three consecutive once daily dose of 1.5 mg/kg doxorubicin (i.v. injection via tail vein) in PEG-LPs. At 24 h post-injection, the animals were sacrificed; organs were
collected and stained with FITC-Isolectin (for blood vessel) and Hoechst 33342 (for nuclei) followed by analysis under CLSM. Representative images from three independently
studied mice for each PEG-LP (DOX) are shown (A). Simultaneously, blood sample was collected and toxicological study was performed by measuring the serum ALT (B) and AST (C)
level. Data are presented as the mean £ SD. Statistical analysis vs control was performed by One-way ANOVA followed by Dunrett-test. N.S., not significant,
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tumor tissues (Fig. 4A—B). In contrast, a huge amount of apoptotic
cells was detected in tumors that had been treated with both small
and large size RGD-PEG-LP (DOX) (Fig. 4A), however no significant
difference in the area of the apoptotic cells was observed between
these two groups (Fig. 4B). We further calculated the % of apoptotic
cells that were co-localized with tumor vessels (Fig. 4C). The extent
of co-localization of apoptotic cells with tumor vessels (Fig. 4C), as
indicated by arrows (Fig. 4A), was significantly higher in tumors
that had been treated with large size RGD-PEG-LP (DOX), but not
for the small size version, where such co-localizations were rarely
observed. These results indicate that large size RGD-PEG-LP (DOX}
preferentially targets and kills the TECs, where the small size
largely acts directly on tumor cells.

Furthermore, the effect of PEG-LPs (DOX) on the morphology of
tumeor vessels was evaluated. Both the small and large size RGD-
PEG-LP (DOX) clearly destroyed the tumor vessels (Fig. 4D), as
indicated by the area of the vessels (Fig. 4E), where the large size
version had a stronger effect. However, only the large size RGD-
PEG-LP (DOX) significantly reduced the number of nuclei
(Fig. 4F), indicating the death of tumor cells in a blood supply-
dependent manner. These results revealed that large size RGD-
PEG-LP was able to readily approach tumor vessels, and to effi-
ciently bind to them, which would result in efficient internaliza-
tion; consequently, to deliver higher amounts of DOX to the TECs
where it provides a superior cytotoxic effect, since the large size LP
{~300 dnm) possesses about a 10 times higher internal volume
than the small size ( ~ 100 dnm) [43]. After disruption of the tumor
vasculature, the blood supply within the tumor microenvironment
would be discontinued resulting in the eventual death of the tumor
cells. To investigate the cytotoxic effect of large size RGD-PEG-LP
(DOX} on the TECs in tumor vasculature, we additionally
compared the sensitivity of RCC tumor cells (OSRC-2) and TECs
{OSRC-ECs} isolated from RCC tumeor tissue to DOX; where, the
OSRC-ECs show higher sensitivity to DOX, as compared to OSRC-2
cells (Fig. 5A). Generally, tumor cells grow at a faster rate than
other cells including TECs, which might affect cell viability (Fig. 5).
To assess this issue, we evaluated the growth rate of OSRC-2 and
OSRC-ECs over 24 h; however, no significant difference in growth
rates of the cells was observed (Fig. S4). Therefore, the effect of
growth rate on cell viability can be excluded. These findings indi-
cate the sensitivity of OSRC-ECs to DOX, suggesting that TECs are a
promising target for the delivery of DOX in treating RCC. Therefore,
the in vivo anti-tumor effect of large size RGD-PEG-LP in OSRC-2
tumor-bearing mice can be attributed to the specific apoptotic ef-
fect on TECs followed by rapid destruction of tumor vasculatures,
known as anti-angiogenic effect, rather than on OSRC-2 tumor cells
{Fig. S5). This result is supported by the previous reports showing
that anti-angiogenic therapy would be effective in suppressing the
growth of RCC tumors [31,32].

The RGD muotif is readily recognized by Integrin avf33 that is
expressed largely by TECs [6,7] as well as more limitedly from
normal endothelial cells of the spleen, lungs etc [48,49]. Therefore,
it is necessary to evaluate the effect of RGD-PEG-LPs (DOX)} on
normal organs. We first evaluated the morphology of blood vessels
of the major organs. No remarkable changes in the blood vessel
structures were observed (Fig. 6A). Additionally, the induction of
apoptosis by PEG-LPs (DOX)} in normal organs was evaluated
{Fig. S6). Although the preparations exhibited a size dependent
induction of apoptosis in normal organs; however, the magnitude
of the effects was only about 2-fold as compared to the control
Additionally, as the liver is the major clearance organ for nano-
particles, the serum ALT and AST enzyme levels of OSRC-2 mice
were also measured (Fig. 6B—C). Although large size RGD-PEG-LP
(DOX) showed a 20% reduction in liver blood vessel area (Fig. 57),
no significant difference in above enzymes levels was observed
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among the treated groups (Fig. 6B—C). Additionally, our system
shows anti-tumor effect at lower dose of DOX as compared to
others where a higher dose of DOX was used [50—52]. Therefore,
due to lower dose of DOX, large size particle would not provide any
serious toxicity in liver and spleen despite its higher accumulations
(Fig. S1). Moreover, no significant difference in body weights of the
treated mice and the control group was observed (data not shown).
Collectively, these results indicate that the preparations might not
appear to have any serious toxicity.

Based on the results obtained in the present study, we propose
the following mechanism for the anti-tumor effect of large size
RGD-PEG-LP (DOX). In an in vitro study, 40,000 OSRC-2 cells were
incubated with a dose of 10 pg/ml DOX and the amount of inter-
nalized DOX was determined to be 23.7 x 10 * ngjcell, which
caused the death of about 20% of the cells (Fig. 5A). On the other
hand, OSRC-2 tumor bearing mice (20 g body weights) were
injected with 3 pg of DOX (1.5 mg/kg) and the amount of Doxil in
tumors via the EPR effect was found to be 3% IDjg tumor (Fig. 2A),
where 1 g of tumor tissue contains 10° cells [53]. Hence, the
availability of DOX would be 90 x 10 8 ngjtumor cell (Fig. 7}, which
is about 2600 times lower than the dose found in the in vifro sit-
uation, indicating that, to kill 20% of the tumor cells in an RCC tu-
mor, a ~2600 times higher amount of Doxil would be required,
which is a practical impossibility. Therefore, an insufficient amount
of DOX in tumor cells delivered by Doxil fails to provide a sufficient
anti-tumor effect. On the other hand, TECs {OSRC-EC) derived from
OSRC-2 tumor tissue were found to be ~100-fold more sensitive to

Tumor blood vessel

RGD-PEG-LP (large)

- DOX
DOX ke P sensitive
resistant _ <5 :%: S
<2 R
Parameters Doxil RGD-PEG-LP Relative value
(large) (vs tumor cell)
Target site OSRC-2 OSRC-EC -
No. of cell 108/g tumor  2x10%/g tumor -
Injected DOX 3 pg/mouse 3 pg/mouse -
(total)
Delivered DOX 3% ID/g 2.5% ID/g
dose (%) tumor tumor
Delivered DOX 90x108ng 37.5x108 ng 40
J/cell
DOX sensitivity 100 pg/mi 1 ug/mi 100
(ECs0)

Fig. 7. Comparisons describing the therapeutic efficacy of large size RGD-PEG-LP
(DOX) over Doxil in RCC tumor. Doxil (small size PEG-LP, ~100 dnm) extravasates to
tumor cells (OSRC-2) which are resistant to DOX. Large size RGD-PEG-LP (~300 dnm)
minimizes the extravasation and preferentially targets the TECs (OSRC-EC) which are
~10C times more sensitive to DOX. Compared to DOX delivered by Doxil to tumor
cells, about 40 times higher amount of DOX could be delivered by large size RGD-PEG-
LP to TECs indicating its efficiency for the treatment of RCC.
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DOX than OSRC-2 cells (Fig. 5A). At a dose of 10 ug/ml DOX to OSRC-
EC, the internalized DOX/cell was found to be 2.38 x 10 *ng, which
causes the death of about 80% of cells (Fig. 5A). In addition, at a dose
of 3 pg DOX/20 g body weight of mice, the amount of large size
RGD-PEG-LP (DOX)} was found to be 2.5 ¥ID/g tumor (Fig. 2A),
where most of the particles targeted the TECs (Fig. 2B). TECs
represent about 2% of tumor tissue (2 x 108 cells/g tumor) [38,54],
the availability of DOX in one TEC would be 37.5 x 10 © ng (Fig. 7),
which is only 6 times lower than the DOX found in vitro conditions.
Itis feasible that a ~ 6 times higher amount of DOX delivered by the
large size RGD-PEG-LP (DOX) would be able to kill ~80% of the
OSRC-ECs in OSRC-2 tumors. Furthermore, the number of tumor
cells is about 100-times greater than the TECs in tumor tissues
[38,54,55], hence attacking one TEC would lead the suppression of
growth or death of many surrounding tumor cells [29,56].
Compared to the DOX delivered by Doxil to tumor cells, about 40
times higher amount of DOX could be delivered by large size RGD-
PEG-LP to TECs (Fig. 7} where TECs are ~ 100 times more sensitive
to DOX. These calculations explain the better therapeutic efficacy of
large size RGD-PEG-LP for the treatment of RCC. Due to the resis-
tance of RCC, DOX is not used clinically. However, this study out-
lines a potential approach for treating RCC by utilizing DOX loaded
nanoparticles via the targeting of tumor vessels.

5. Conclusions

Collectively, small size PEG-LPs (either Doxil or RGD-PEG-LP}
extravasate to DOX resistant tumor cells via the EPR effect, where
the large size RGD-PEG-LP (DOX) can minimize the EPR effect and
specifically bind to and kill the TECs, a process called the anti-
angiogenic effect. This then leads to the death of angiogenesis
dependent tumor cells. Therefore, the anti-tumor activity of the
large size RGD-PEG-LP (DOX) at its lower dose against RCC tumors
can be ascribed to the selective targeting and apoptosis of TECs
{OSRC-ECs) and destruction of the tumer vasculature rather than
having a direct effect on drug resistant OSRC-2 cells. For targeting
TECs in drug-resistant cancer, the large size particle shows more
promise than the small size version, because of its higher target-
ability and drug delivery efficiency to TECs. Even though; large size
particles remained beyond the interest of use, our results show an
application of such particles in cancer therapy, indicating the shift
of paradigm. The results obtained in this study revealed an effective
anti-angiogenic therapy mediated by controlling the size of the
nanoparticles for the treatment of drug-resistant, rapidly growing
kidney cancer, indicating an attractive approach for future clinical
trials.
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