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Abstract 

The vascular endothelial growth factor (VEGF)-mediated enhancement in vascular permeability is 

considered to be a major factor in tumor-targeting delivery via the enhanced permeability and 

retention (EPR) effect. We previously reported that the silencing of the endothelial VEGF receptor 

(VEGFR2) by a liposomal siRNA system (RGD-MEND) resulted in an enhanced intratumoral 

distribution of polyethylene glycol (PEG)-modified liposomes (LPs) in a renal cell carcinoma, a type 

of hypervascularized cancer, although the inhibition of VEGF signaling would be expected to 

decrease the permeability of the tumor vasculature. We herein report that the enhancement in the 

intratumoral distribution of LPs by VEGFR2 inhibition was dependent on the vascular type of the 

tumor (stroma vessel type;SV and tumor vessel type;TV). In the case of TV-type tumors (renal cell 

carcinoma and hepatocellular carcinoma), inhibiting VEGFR2 improved intratumoral distribution, 

while no effect was found in the case of SV-type tumors (colorectal cancer). Moreover, through a 

comparison of the intratumoral distribution of LPs with a variety of physical properties (100 nm vs 

400 nm, neutral vs negative vs positive), VEGFR2 inhibition was found to alter the tumor 

microenvironment, including heparan sulfate proteoglycans (HSPGs). In addition, the results 

regarding the effect of the size of nanoparticles indicated that VEGFR2 inhibition improved the 

penetration of nanoparticles through the vessel wall, but not via permeability, suggesting the 

involvement of an unknown mechanism. Our findings suggest that a combination of anti-angiogenic 



therapy and delivery via the EPR effect would be useful in certain cases, and that altering the tumor 

microenvironment by VEGFR2 blockade has a drastic effect on the intratumoral distribution of 

nanoparticles. 

 

Keywords: liposome, intratumoral distribution, tumor microenvironment, siRNA, tumor 

vasculature 

  



Introduction 

  The enhanced permeability and retention (EPR) effect, a major strategy for delivering 

macromolecules to tumor tissue, is characterized by “1) hypervasculature, 2) enhanced vaclular 

permeability as elicited by a factor, 3) negligible recovery of macromolecules via the blood vessels 

and 4) negligible recovery from the lymphatic system”, as reported in the first study by Maeda 

dealing with the EPR effect [1]. Since this phenomenon was reported, a number of nano drug 

delivery systems (DDSs) based on the EPR effect have been developed [2]. Enhanced vascular 

permeability, which is driven by the vascular endothelial growth factor (VEGF) produced by various 

cells in tumor tissue, such as cancer cells, macrophages [3], fibroblasts [4], is considered to be a 

dominant factor in EPR effect-based delivery [5]. Actually, several enhancers of permeability, 

including VEGF itself, nitric oxide (NO) and bradykinin, have been reported to improve the 

therapeutic efficacy of EPR effect-based nanoparticles [6]. Thus, the immature, permeable 

vasculature in the tumor tissue is believed to mainly contribute to the extravasation of nanoparticles 

from the tumor vasculature to the extracellular space. 

  In contrast, we recently reported that the siRNA-mediated silencing of endothelial VEGF receptor 

2 (VEGFR2) induced the maturation of the tumor vasculature and an unexpected elevation in tumor 

accumulation and the penetration of nanoparticles in a renal cell carcinoma (RCC) model of 

hypervascularized cancer [7]. These results were inconsistent with previously reported findings in 



which permeability enhancers were reported to improve EPR effect-based delivery. We focused on 

remodeling the extracellular matrix (ECM) via VEGFR2 inhibition because the degradation of 

collagen and hyaluronic acid to low molecular weight compounds by enzymes also enhanced the 

EPR-based delivery of nanoparticles [8-10]. As a result, we found that VEGFR2 inhibition via 

siRNA delivery increased the numbers of infiltrating M1 type macrophages, and subsequently 

collagen degradation by matrix metalloproteinases (MMPs) produced from the increased numbers of 

macrophages, thus leading to an improved EPR effect-based delivery of nanoparticles in 

hypervascularized RCC. This discovery suggests that permeability is not the only determinant factor 

of the efficacy of EPR effect-based delivery. In other words, it would be wise to take into account 

the entire tumor microenvironment, including the number of cancer cells, other cell populations 

(macrophages, fibroblast etc.), ECMs, blood flow, to achieve the maximum outcome in the case of 

nanoparticle-based delivery. For purposes of this study, we defined the term “tumor accumulation” 

as the number of nanoparticles that flowed in the effective bloodstream, and subsequently penetrated 

tissue via the vessel wall (Figure S1). This was distinguished from the term “intratumoral 

distribution”, which is defined as the extent of nanoparticles that diffused from the vasculature 

against the steric hindrance from cells and ECMs (Figure S1).        

The use of anti-angiogenic therapy for cancer patients, such as anti-VEGF antibody Bevacizumab, 

anti-VEGFR2 antibody Ramucirumab, multi kinase inhibitors (Sunitinib, Sorafenib etc) and 



inhibitors against mammalian target of rapamycin (mTOR) [11, 12] continues to expand. 

Considering this present situation regarding anti-cancer treatment, the beneficial use of a 

combination of antiangiogenic therapy and nanoparticles should be attempted in future clinical trials. 

However, according to our traditional understanding of the EPR effect, anti-angiogenic therapy 

would be expected to reduce therapeutic outcomes by nanoparticles because VEGF inhibition 

reduces the permeability of the tumor vasculature [13, 14]. Concerning low molecular weight 

compounds, anti-angiogenic therapy enhances the efficacy of therapeutics. For example, Irinotecan, 

Fluorouracil and Leucovorin with Bevacizumab were found to be superior to that without 

Bevacizumab in overall survival rate in cases of untreated metastatic colorectal cancer (CRC) 

patients [15]. This improvement by inhibiting VEGF signaling in the therapeutic effects of low 

molecular weight compounds can be attributed to a recovery of blood flow, the inhibition of leakage 

in outer areas of the tumor tissue via lowered permeability and a decrease in interstitial fluid pressure 

(IFP) [16]. On the other hand, the literature on relationships between anti-VEGF therapy and EPR 

effect based delivery is sparse. In a human lung cancer model, VEGFR and platelet-derived growth 

factor (PDGF) R inhibitor Pazopanib failed to improve the delivery of doxorubicin-loaded liposomes 

[17], while in case of murine colorectal cancer, SU5416, a VEGFR2 inhibitor formulated into an 

emulsion, enhanced the penetration of polyethylene glycol (PEG)-liposomes [18]. In another study, 

Chauhan et al. reported that the improvement in the delivery of nanoparticles via VEGFR2 



inhibition by the antibody DC101 was dependent on the size of nanoparticles by comparing the 

effect with Abraxane (12 nm) and Doxil (100 nm) [19]. No improvement was found for the 

intratumoral distribution of large size nanoparticles (100 nm) by VEGFR2 inhibition, while that for 

smaller sized nanoparticles (12 nm) was. Taken together, the effect of VEGF inhibition on the 

intratumoral delivery of nanoparticles remains a controversial subject, suggesting that its precise 

effect should be clarified for continued progress in the area of EPR effect-based delivery. 

The objective of this study was to elucidate the precise mechanism responsible for the 

intratumoral distribution of nanoparticles that occur under conditions of VEGF inhibition conditions 

by using different types of nanoparticles and cancer cells. In this study, we prepared clusters of 

cancer cells based on spatial correlation of cancer cells and stroma including vasculature, as 

described in a previous report [20], leading to the producing stromal vessel type (SV) and tumor 

vessel type (TV) clusters. This clustering was first proposed in a study by Smith et al [20]. They 

classified various cancer types according to tumor stroma architecture of clinical tumor specimens; 

namely, vessels that were distributed around the tumor cells (TV) and vessels that were associated 

with stromal cells (SV). TV-type clusters were sensitive to anti-VEGF therapy while SV-type 

clusters did not respond to anti-angiogenic treatment. Therefore, they concluded that this structural 

phenotype determined the extent of response to anti-VEGF therapy. We hypothesized that these 

vasculature phenotypes also determined the effect of VEGFR2 inhibition on the distribution of 



nanoparticles in the tumor tissue. In addition, to determine the optimized carrier and obtain further 

information on the effect of VEGF blockade, alterations in the intratumoral distribution of various 

types of liposomes (LPs) (neutral, anionic, cationic; small, large) were monitored.    

  To specifically silence endothelial VEGFR2 expression, we used a cyclic RGD peptide-modified 

liposomal siRNA system. We previously developed a system for delivering liposomal nucleic acids, 

a multi functional envelope-type nano device (MEND) [21-23]. The lipid envelope of the 

RGD-MEND consists of a pH-sensitive cationic lipid YSK05. YSK05 exhibits fusogenic properties 

at an acidic pH (<5.5) [24], which allows the RGD-MEND to escape from endosomes after being 

internalized. On the other hand, because YSK05 is neutral at physiological pH 7.4, a 

YSK05-containing MEND (YSK-MEND) would have a high biocompatibility. These characteristic 

properties of the YSK-MEND enabled us to inhibit mRNA expression, even in in vivo situations, 

such as the murine liver [25-28], a humanized chimeric liver infected with human hepatitis virus B 

and C [29, 30], liver sinusoidal endothelial cells [31], brain endothelial cells [32], peritoneal 

macrophages [33] and cancer cells [34, 35]. For tumor endothelial cell (TEC)-targeting, we modified 

the YSK-MEND with a cyclic RGD peptide (RGD-MEND), which is known to be a ligand against 

the αVβ3 integrin heterodimer, which is highly expressed in TECs and some types of cancer cells [36]. 

We previously reported that the RGD-MEND had the ability to suppress mRNA and protein 

expression specifically in TECs (ED50: 0.75 mg siRNA/kg) [37, 38]. 



In this manuscript, we report on an investigation of the effect of VEGFR2 inhibition on altering 

the intratumoral distribution of LPs and a tumor microenvironment with a clustered-vessel type 

cancer model by the RGD-MEND. We infer from these results that clustering cell types with regard 

to a relative position between tumor vessels and stroma might pose a difference in the response to 

altering tumor microenvironment therapy, including anti-angiogenic therapy. 

  



2. Materials and Methods 

2.1 Materials 

Phosphate buffered saline without Ca2+ or Mg2+ (PBS (−)) was purchased from Wako Pure 

Chemical Industries (Osaka, Japan). Cholesteryl 3-N-(dimethylaminoethyl)carbamate hydrochloride 

(DC-chol) was purchased from AVANTI Polar Lipids (Alabaster, AL, USA) 

Distearoyl-sn-glycerophosphocholine (DSPC), polyethyleneglycol2000 (PEG) – 

distearoyl-sn-glycerophosphoethanolamine (PEG-DSPE), PEG-dimyristoylglycerol (PEG-DMG) 

and PEG-distearoylglycerol (PEG-DSG) were obtained from the NOF CORPORATION (Tokyo 

Japan). Cholesterol (chol), cholesterol hemisuccinate (CHEMS), TRI Reagent, Hoechst33342, 

RPMI-1640 and DMEM were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI) and 

1,1'-dioctadecyl-3,3,3',3'- tetramethylindodicarbocyanine (DiD) were obtained from PromoKine 

(Heidelberg, Germany). [3H]-cholesteryl hexadecyl ether (CHE), Soluene-350 and Hionic-Fluor 

were purchased from PerkinElmer (Waltham, MA, USA). FITC-labeled isolectin B4 (GSIB4) was 

obtained from Vector Laboratories (Burlingame, CA, USA) the High-Capacity RNA-to-cDNA kit 

and Alexa647-labled GSIB4 were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

YSK05 was synthesized as previously described [24]. Primers were purchased from Sigma-Aldrich 

Japan (Ishikari, Japan), and all of the primer sets are listed in Supplemental Table 1. Anti-mouse 



CD16/32 IgG (101302), PE anti-human HLA-A,B,C antibody (311406) and anti-mouse VEGFR2 rat 

IgG (136402) were obtained from BioLegend (San Diego, CA, USA). Anti-mouse collagen Type 1, 

α1 (COL1A1) rabbit polyclonal antibody was purchased from NOVUS Biologicals (Minneapolis, 

MN, USA). All of siRNAs were synthesized at Hokkaido System Science (Sapporo, Japan), and 

were listed in Supplemental Table 2. Cyclic RGD peptide was purchased from Peptides international 

(Louisville, KY, USA). OS-RC-2 (human renal cell carcinoma, RCC), Huh-7 (human hepatocellular 

carcinoma, HCC) and HCT116 (human colorectal cancer, CRC) were purchased from the ATCC.  

 

2.2 Liposomes preparation 

After mixing, 2000 nmol of DSPC and 2000 nmol of chol in a glass tube, the solvent was then 

evaporated under a stream of nitrogen to produce a lipid thin layer. After warming 500 μL of PBS 

(−) to 60°C, it was added to the lipid thin layer, followed by incubation at 600 rpm, 60°C for 30 min 

for hydration. The suspension was then sonicated for 10 sec in a bath-type sonicator. Next, 500 μL of 

pre-warmed PBS (−) was added to the suspension again and mixed with a vortex mixer for a few 

seconds. The resulting mixture was extruded through polycarbonate membranes with nominal pore 

sizes of 400, 200 and 100 nm in descending order (Small), or 400 nm only (Large). To remove 

small-sized LPs in the Large LP solution, the solution was centrifuged (15000 g, 10 min, room 

temperature), and the pellet was collected. The LPs were characterized using a Zetasizer Nano ZS 



instrument (Malvern Instruments Ltd, Malvern, UK). 

 

2.3 PEG-MEND and RGD-MEND preparation 

The methods used to prepare both MENDs have been described in detail in previously 

published papers [7, 37, 39]. Briefly, 40 - 160 μg of siRNA solution in 200 μL of citrate buffer (2 

mM, pH 4.0) was stepwise added to 400 μL of 90% tertiary butanol (t-BuOH/double distilled water 

(DDW) v/v) containing YSK05 (1,500 nmol), cholesterol (1,500 nmol) and PEG-DMG (45 nmol, 

1.5 mol% of total lipid) under mixing. The mixture was diluted with PBS (−), and then subjected to 

ultrafiltration with Amicon Ultra-15 (MERCK MILLIPORE, Darmstadt, Germany) to remove 

un-encapsulated siRNA and t-BuOH. The encapsulation efficiency and a recovery rate of siRNA was 

determined RiboGreen assay [35, 37, 39]. Cyclic RGD was conjugated to PEG-DSPE with 

N-hydroxysuccinimide (RGD-PEG-DSPE) to display RGD peptide on the surface of the MENDs, as 

previously described [37, 39]. To modify MENDs with RGD-PEG-DSPE (RGD-MEND), MENDs 

were mixed with 3 mol% of PEG-DSPE in 7.5% ethanol (EtOH) (v/v) solution (2 mM citrate buffer, 

pH 5.5), and then EtOH in the mixture was removed by ultrafiltration with an Amicon Ultra-15. A 

particle size distribution and zeta-potential were measured with Zetasizer Nano ZS. When MENDs 

were fluorescent labeled, 0.5 mol% of DiI or DiD was added to the initial lipid solution. When 

MENDs with prolonged circulation time was prepared to induce knockdown in cancer cells, not in 



TECs, 1.5 mol% of PEG-DMG in the initial lipid solution was replaced with 3.0 mol% of PEG-DSG 

(PEG-MEND). Besides, RGD-PEG-DSPE modification was not performed in case of PEG-MEND. 

 

2.4 Animal model 

ICR mice (4-week-old, females) were purchased from Japan SLC (Shizuoka, Japan). Balb/cAJcl 

nu/nu (nude) mice were obtained from Japan CLEA (Shizuoka, Japan). CB17/Icr-Prkdcscid/CrlCrlj 

(C.B-17 SCID) mice (4-week-old, male) was purchased from CHARLES RIVER LABORATORIES 

JAPAN (Kanagawa, Japan). To prepare the cancer model, 1 × 106 cells/70 μL PBS (−) of OS-RC-2 

or 5 × 106 cells/70 μL PBS (−) of HCT116 or 5 × 106 cells/70 μL PBS (−) of Huh-7 were inoculated 

into nude mice (for OS-RC-2 and HCT116) or C.B-17 SCID mice (for Huh-7) on the right flank. 

Animal experiments were performed when the tumor volume reached 100 mm3. For inoculating cells, 

they were cultured in DMEM for Huh-7 and HCT116 or RPMI-1640 for OS-RC-2, both of which 

media were supplemented with 10% fetal bovine serum, 100 U/mL of penicillin, 100 mg/mL of 

streptomycin, in humidified 5% CO2 atmosphere at 37°C. In all of animal experiments, tumor 

volume was used at 100 ~ 400 mm3. The experimental protocols were approved by the Hokkaido 

University Animal Care Committee in accordance with the guidelines for the care and use of 

laboratory animals. 

 



2.5 Pharmacokinetics analysis of liposomes 

  To evaluate blood-concentration profile, ICR mice were systemically administered with 

approximately 800 nmol of liposomes labeled with DiD. At the indicated times (typically 0.016, 0.16, 

0.5, 1, 3, 6, 24 h), 12 μL of blood was collected from the tail vein, and rapidly mixed with 1% SDS. 

The fluorescent intensity of the mixture was measured with Infinite M200 (Tecan, Männedorf, 

Switzerland). Blood concentration was calculated by interpolating the standard curve from the 

mixture of known amount of DiD-labeled liposomes and un-treated mice blood. The calculated area 

under the curve (AUC) was determined by fitting the concentration curve to a 2-compartment model 

with multi software. In the case of Supplemental Figure 2, AUC was calculated by trapezoidal rule 

because positive liposomes could not be fitted to 2-compartment model. 

  To evaluate the accumulation of liposomes in tumor tissue, LPs were labeled with approximately 

15,000,000 degradation per minutes (dpm) of [3H]-CHE. Other procedures were the same as the 

usual protocol. Tumor tissue was recovered at 24 h after tumor-bearing mice were systematically 

injected with 3,000,000 dpm of liposomes. Tumor tissues were incubated in 2 mL of Soluene-350 at 

55°C overnight, and the red pigment derived from red blood cells was then quenched by three 

additions of 100 μL of H2O2. Samples were kept at 4°C overnight after adding 10 mL of trimethyl 

benzene-type liquid scintillation cocktail Hionic-Fluor to attenuate non-specific chemiluminescence. 

The radioactivity of each sample was measured with LSC-6100 counter (Hitachi-Aloka Medical, 



Tokyo, Japan). 

 

2.6 Observation of intratumoral distribution of liposomes and MENDs 

  To avoid artificial results during the fixation of tumor sections, row sections (neither frozen nor 

fixed) were used for observation of the intratumoral distribution of liposomes and MENDs. 

Approximately, 500 nmol of DiD-labeled liposomes or MENDs were intravenously administered 

into tumor-bearing mice, and tumor was collected in PBS (−) after 24 h. The tumor tissues were then 

sliced at a 400 μm thickness, and the sliced sections were immersed in PBS (−) containing 10 μg/mL 

of FITC-labeled GSIB4 and 10 μg/mL of Hoechst33342 until being observed. Tumor sections were 

set on coverslips (1.7 mm thickness, Matsunami), and then observed with Nikon A1R (Tokyo, Japan). 

CFI Plan Fluor 10×, CFI Plan Apo Lambda 20× or CFI Plan Apo VC 60× water immersion objective 

lens were used for observation. To confirm that changes in intratumoral distribution via VEGFR2 

inhibition occurred over the entire tumor tissue, we obtained whole images of tumor sections. 

Quantification of distribution area was performed by Fiji software. In the image analysis, a lower 

threshold was determined by using un-treated tumor sections. 

 

2.7 Observation of protein expression with cryosection 

  Tumor tissues was collected, and then fixed by immersing them in 4% paraformaldehyde 



overnight at 4°C. To remove water from the tissues, the fixed tissues were immersed twice in a 4% 

sucrose phosphate buffer (pH 7.4; PB), 10% sucrose PB for 30 min, 15% sucrose for 30 min and 

finally 20% sucrose PB overnight. The tissues were embedded in OCT compound (Sakura Finetek 

Japan, Tokyo, Japan). The embedded tissues were sectioned at a 5-10 μm thickness with CM3050S 

(Leica Microsystems, Nussloch, German), and the sections were placed on the MAS-coated 

slideglass (Matsunami, Osaka, Japan). To prevent non-specific binding of the antibody, the sections 

were kept in PBS (−) containing 1.5% bovine serum albumin and 0.05% sodium azide for 1 h, and 

then washed with PBS (−). The dilution rate of first and second antibody was 200-fold. After a final 

wash, 2 μg/mL of Hoechst33342 was added. After wash by PBS (−), cover slips (Matsunami, #1s) 

were put on the section with a little amount of ProLong Gold (Thermo Fisher Scientific). After 

fixing the cover slips with nail polish, they were kept at 4°C to permit the ProLong Gold solution to 

solidify. 

    

2.8 RNA isolation and qRT-PCR 

  After the tumor tissues were excised and minced by scissors, the minced tissues were 

homogenized PreCellys (Bertin Technologies, Montigny-le-Bretonneux, France) with 1.4 mm 

zirconium beads in 500 μL of TriReagent. Following procedures were done according to the 

manufacturer’s instructions. Then, 1.0 μg of total RNA was reverse transcribed with a High-Capacity 



RNA-to-cDNA kit. The obtained cDNA was diluted, and then subjected to the quantitative reverse 

transcription – polymerase chain reaction (qRT-PCR). The expression level of mRNA was calculated 

by the ΔΔCt method. It was confirmed that the amplification efficiency of all primer sets exceeded 

90%.  

 

2.9 FACS analysis 

  To quantify the intratumoral distribution of the PEG-MEND, the fluorescent intensity derived 

from DiD-labeled MEND in each cell type was measured as previously described [7]. Briefly, the 

minced tumor tissue was digested in 10 mg/mL type II collagenase for 1 h at 37°C, and the resulting 

tissue was passed through a 100-μm cell strainer (BD Falcon, San Jose, CA, USA). Red blood cells 

in cell dispersions were lysed by 155 mM ammonium chloride after washing twice with Hank’s 

balanced salt solution (HBSS). Then, 1 × 106 cells were mixed with anti-mouse CD16/32 rat IgG for 

blocking. To distinguish cancer cells from other cell populations, the cells were reacted with PE 

anti-human HLA-A,B,C antibody (311406). DiD fluorescence in HLA-A,B,C+/propidium iodide− 

cells was measured with FACSCalibur (BD Falcon, San Jose, CA, USA).    

 

2.10 Statistical analysis 

  Statistical analyses were performed by the two-tailed Student’s t-test (two groups) or analysis of 



variance (ANOVA) followed by SNK test. In this study, a p-value < 0.05 was regarded as a 

statistically significant difference. 

  



3. Results 

3.1 Comparison of alterations in intratumoral distribution between small and large liposomes in 

endothelial VEGFR2 inhibited RCC tumors 

  We first examined the difference in intratumoral distribution between small and large LPs under a 

treatment with RGD-MENDs that had been pretreated with siRNA against VEGFR2 (siVR2 (+)). On 

the other hand, no pre-injection of the RGD-MEND was regarded as siVR2 (−). As the area under 

the curve (AUC) of therapeutics is known to be a dominant factor in the EPR effect-based delivery 

of therapeutics [40], we attempted to prepare average diameter 105 nm (Small) and 381 nm (Large) 

LPs with approximately the same AUC by altering the amount of PEG-lipid in the particle. The 

characterization data for the Small and Large LPs are summarized in Supplemental Table 3. The 

AUC of Small LPs with PEG2k-DSPE 2 mol% LPs was 362 % of the injected dose (%ID)/mL blood 

while that of Large LPs with 7 mol% PEG2k-DSPE was 300 %ID/mL of blood (Figure S2). 

Before the administration of fluorescent labeled LPs, siVR2 was systematically administered to 

RCC-bearing mice via the tail vein 3 times at a dose of 3.0 mg/kg. Fluorescent labeled LPs were 

injected at the same time as the 3rd injection of siVR2, and the intratumoral distribution of Small 

and Large LPs was then examined. The intratumoral distribution of Small LPs was significantly 

increased by the siVR2 treatment (Figure 1A left, B). To our surprise, the intratumoral distribution 

of Large LPs was also markedly enhanced by the siVR2 injection (Figure 1A right, B). Concerning 

accumulation, no significant difference was observed between the Small and Large LPs, although the 



extent of accumulation was slightly increased (Figure 1C). The difference between the con focal 

laser scanning microscopy (CLSM) study and the RI-based accumulation study can be attributed to 

the strictly restricted diffusion of Large LP in the absence of siVR2. In the case of siVR2 (−), Large 

LPs were closely retained around the vessels. This explains why the fluorescent intensity in each 

pixel was saturated. On the other hand, the diffusion of Large LPs appeared to be expanded as the 

result of the siVR2 treatment, which could result in the cancellation of the saturated fluorescent 

intensity. In such a situation, if the level of accumulation remained unchanged, it would be likely 

that the expected accumulation of LPs from the CLSM results did not reflect that actual amount of 

accumulation.    

Since the siVR2 injection led to the maturation of the tumor vasculature, the endothelial cell-cell 

junction would be expected to become more tight. Under such conditions, Large LPs would not pass 

through the vessel wall. To exclude the possibility that the siVR2 treatment caused an unexpected 

loss of endothelial junction, we observed vascular endothelial cadherin (VEcad) expression, which 

plays a key role in the endothelial junction and is regarded as a marker of vascular permeability 

[41-43]. The level of VEcad expression was significantly elevated as the result of the siVR2 

treatment, indicating that the endothelial cell-cell junction became more tight in comparison to 

un-treated mice (Figure 2A, B). However, the localization of VEcad was also altered. After the 

siVR2 treatment, VEcad was localized over all tissues, not on vessels. In the case of a Large LP, 



CLSM images indicated an elevated amount of accumulation. However, since the siVR2 treatment 

had no effect on the blood concentration of Large LPs (Figure S3), the red signals in Large LP in 

CLSM images indicated the absence of LPs in the blood circulation. Accordingly, Large LPs appear 

to penetrate tumor vessel through the mature vasculature somehow. Control siRNA encapsulated into 

the RGD-MEND had a slight effect on increasing VEcad expression, but this effect was not 

statistically significant. Judging from these results, not only would be the vascular permeability a 

determinant factor for nanoparticles delivery. 

 

 

Figure 1. The intratumoral distribution and accumulation of Small and Large LPs. A) The 

effect of pre-siVR2 treatment on the intratumoral distribution of LPs. Green and red dots denote 

vessels and LPs, respectively. Scale bars are 100 μm for magnified images, 1000 μm for whole 

images. B) Quantitative data of magnified images in Figure 1A. Red pixels indicating LPs were 

divided by green pixels indicating vessels. Student’s t-test was performed between siVR2 (−) and (+). 

*:p<0.05, * p<0.01 (n=6-8). C) Amounts of Small and Large LPs that accumulate in tumor tissue, 



with or without siVR2 treatment. Radioactivity in tumor tissues was measured with liquid 

scintillation counter 24 h after [3H]-CHE-labeled LPs were administered into OS-RC-2-bearing mice. 

Data represent the mean ± standard deviation. (n=3) 

 

 

Figure 2. VEcad expression as an indicator of the integrity of the tumor vasculature. A) 

Representative images of VEcad expression. VEcad expression was investigated when siVR2 or 

control siRNA encapsulated in the RGD-MEND were 3 times administered at doses of 0.75, 1.5 or 

3.0 mg/kg. In the upper panels, blue, green and red dots indicate the nucleus, CD31 and VEcad, 

respectively. In the lower panels, VEcad is shown in grayscale mode. B) Quantified data from A). 

VEcad pixels were normalized to nucleus pixels because theoretically VEcad didn’t exist in vascular 

lumens. For statistical analysis, non repeated ANOVA was performed, followed by the Bonferroni 

test (vs. non treatment (N.T.)). P>0.05 was regarded as not statistically significant difference. Scale 

bars are 100 μm. 

  



3.2 Comparison of altering intratumoral distribution among various surface charged liposomes in 

endothelial VEGFR2 inhibited RCC tumor 

  We then examined the effect of surface charge of LPs. To change the surface charge of the Small 

LP without drastic changing in lipid packing, structure and stability, we used cholesterol derivatives 

instead of cholesterol; CHEMS for negatively charged Small LP (Smallneg) and DC-chol for 

positively charged Small LP (Smallpos). The characterization of these Small LPs is summarized in 

Supplemental Table 4. While the diameters of LPs were almost the same, the zeta-potential of these 

LPs were prepared to function at pH 6.5, which was assumed to be tumor acidic conditions by the 

Warburg effect [44]. The AUC values for these LPs were completely different (Figure S4). Above 

all, the Smallpos was present in low blood at relatively low concentrations early on, but then 

recovered. This is because once a cationic LP accumulates in the lung, it is then gradually released 

from the lung [45]. 

  To allow us to readily compare the intratumoral distribution of LPs with different AUCs, the 

injected fluorescence intensity was adjusted to be the same among three Small LPs, only in Figure 

3A and 3B. The intratumoral distribution of Small and Smallneg was improved (Figure 3A, B). 

However, only the intratumoral distributed Smallpos appeared to be localized on vessels in the 

presence of siVR2 (+) (Figure 3A ,B and Figure S5), but not significant (Figure 3C). Tumor 

accumulation of Smallpos was significantly enhanced by the siVR2 treatment, whereas the elevation 



of Small and Smallneg, while they were slightly increased, the increase was not significant (Figure 

3D). Taken together, the mode of improvement in the intratumoral distribution of LPs was dependent 

on the charge of the nanoparticle. 

 

 

Figure 3. The intratumoral distribution and accumulation of neutral, negative and positive 

LPs. A) The effect of pre-siVR2 treatment on the intratumoral distribution of LPs. Green and red 

dots denote vessels and LPs, respectively. In this experiment, the dosage of each of the LPs was 

adjusted to shown the same AUC of fluorescence as the lowest Smallpos LP. Scale bars are 100 μm 

for magnified images, 1000 μm for whole images. B) Quantitative data of the magnified images in 

Figure 2A. Red pixels indicating LPs were divided by green pixels indicating vessels. The signs – 

and + mean that siVR2 (–) and siVR2 (+), respectively. The Student’s t-test was performed between 



siVR2 (−) and (+). *:p<0.05 (n=6-8). C) The change in localization of each LPs. White and black 

column mean LPs not on vessel and LPs co-localized on vessels, respectively. The signs – and + 

mean that siVR2 (–) and siVR2 (+), respectively. D) Accumulation amount of Small, Smallneg and 

Smallpos LPs with or without siVR2 treatment. Radioactivity in tumor tissues was measured by 

liquid scintillation counting 24 h after OS-RC-2-bearing mice were administered with 

[3H]-CHE-labeled LPs. Data represent the mean ± standard deviation. (n=3) 

  



3.3 Analysis of improvement mode in different tumor types 

  As mentioned above, we chose cancer cells according to clustering TV and SV; Huh-7 (human 

HCC) as TV and HCT116 (human CRC) as SV. We first observed the alteration of LPs in the 

intratumoral distribution by CLSM. As a result, in the case of Huh-7 model (TV-type), the 

intratumoral distribution of LPs was significantly improved, while that of HCT-116 (SV-type) was 

markedly reduced (Figure 4A). To quantitatively measure the intratumoral distribution of LPs, the 

extent of cellular uptake by either of the cells was determined by flow cytometry. Cellular uptake 

was improved in the case of Huh-7 model (Figure 4B upper). However, that for HCT-116 became 

worse (Figure 4B lower). We then examined the effect of the improvement in the intratumoral 

distribution by siVR2 on the pharmacological efficacy of liposomal siRNA (PEG-MEND), which 

could induce gene silencing in cancer cells [34]. As for TV-type tumor, the silencing of human 

cancer associated gene polo-like kinase 1 (PLK1) was significantly improved by siVR2 in human 

RCC OS-RC-2, whereas it was slightly, but not significantly, enhanced in the case of human HCC 

Huh-7. On the other hand, we were not able to assess the effect of siVR2 on the silencing effect of 

the PEG-MEND because it is very difficult to deliver siRNA to SV type tumors using 100 nm 

diameter PEG-MENDs (Figure S5). We therefore were not able to examine the effect of siVR2 in 

pharmacological effects in SV-type tumors. These results suggest that the siVR2 treatment improved 

the intratumoral distribution of LPs in TV-type HCC, but not SV-type CRC. 



 

 

Figure 4. The intratumoral distribution of LPs in comparison with tumor vessel (TV)-type and 

stroma vessel (SV)-type tumors. A) The effect of a pre-siVR2 treatment on the intratumoral 

distribution of LPs. Green and red dots means vessels and LPs, respectively. Scale bars are 100 μm 

for magnified images, 1000 μm for whole images. B) Quantitative data of LPs taken up by cancer 

cells. Black solid line means fluorescent intensity from un-treated mice. Red filled histogram means 

the fluorescent intensity from mice treated from fluorescent labeled LPs. The value indicates the 

population of cell fraction in which LPs-derived fluorescence was detected. C) Pharmacological 

effect of siVR2 on the silencing effect of tumor-targeting liposomal siRNA (PEG-MEND). Human 

PLK1 mRNA expression was measured by qRT-PCR 24 h after the injection of PEG-MEND. siVR2 

(+) 1.5 and siVR2 (+) mean that RGD-MEND loaded with siRNA against VEGFR2 was injected 3 

times at a dose of 1.5 or 3.0 mg/kg, respectively, before the injection of the PEG-MEND. siControl 



(+) 3.0 means that siRNA against luciferase encapsulated in the RGD-MEND was administered 3 

times at a dose of 3.0 mg/kg before the injection of the PEG-MEND. Upper and lower graphs means 

the gene knockdown data in OS-RC-2 and Huh-7, respectively. Data represents mean ± standard 

deviation. Statistical analyses were performed by non-repeated ANOVA, followed by SNK test. 

(n=3-6) 

  



To identify the factors responsible for this difference between TV-type and SV-type, we examined 

the maturation of the tumor vasculature and ECM remodeling. Alpha smooth muscle actin (αSMA) 

is generally regarded as an indicator of vascular maturation. In Huh-7, a siVR2 injection had no 

effect on the extent of vascular maturation (Figure 5). Likewise, αSMA was not increased in 

HCT116 (Figure 5). Thus, vascular maturation does not explain the difference in the mode of 

improvement in intratumoral distribution between TV-type Huh-7 and SV-type HCT116. 

We examined the expression of collagen, a typical ECM component, because we previously 

reported that collagen degradation by macrophages that was induced as the result of an siVR2 

injection enhanced the intratumoral distribution and accumulation of LPs [7]. Unlike the previous 

report, the amount of type I collagen 1α (COL1A1) was not changed by the siVR2 treatment in the 

case of Huh-7 (Figure 6A right, B). On the other hand, was COL1A1 markedly increased in the 

case of HCT116-bearing mice (Figure 6A left). In addition, the knockdown of VEGFR2 was 

observed in the both model (Figure S6). These results suggest that a change in intratumoral 

distribution does not explain the difference in VEGFR2 knockdown efficiency. Thus, ECMs, 

including COL1A1, affected the intratumoral distribution of EPR effect-based nanoparticles. Further, 

to elucidate how an increase of COL1A1 in HCT116 tumors could inhibit the intratumoral 

distribution of LPs, changes in the number of functional vessels were examined. Dense arrays of 

collagen molecules would be expected to compress a tumor vessel via solid stress. In a previous 



report by Chauhan et al., found that the amount of collagen I was inversely correlated to the 

proportion of perfused vessels [46]. Moreover, they discovered that the angiotensin II receptor 

blocker losartan suppressed the activity of cancer associated fibroblast (CAF), which is a major 

producer of collagen [47], via the inhibition of type 1 angiotensin II receptor. Losartan decreased the 

content of collagen I by suppressing CAF, and consequently increased the amount of perfused 

vessels. Thus, collagens not only restrict the diffusion of nanoparticles but also obstruct blood flow 

in tumor tissue. Based on this information, we determined the population of vessels with blood flow 

by comparing vessels that were stained by the intravenous injection of FITC-labeled GSIB4 prior to 

their collection and vessels (vessels with the blood flow) that were stained by immersing the 

collected tumor tissue in Alexa Fluor 647-labeled GSIB4 (all vessels). The findings indicate that 

functional vessels were decreased by the siVR2 treatment in HCT116 (Figure S7). Taken together, 

the reaction to the inhibition of VEGF signals was completely different between TV- and SV-type 

tumor tissues.  

 



 

Figure 5. The change of COL1A1 expression by siVR2 treatment with tumor vessel (TV)-type 

and stroma vessel (SV)-type tumors. A) The effect of pre-siVR2 treatment on COL1A1 expression. 

Blue, green and red dots means nucleus, vessels and αSMA, respectively. Scale bars are 100 μm. B) 

Quantitative data of pericyte coverage. Statistical analysis was performed by Student’s t-test. (n=5-6) 

 



 

Figure 6. Alteration in type I collagen by siVR2 in comparison with tumor vessels (TV)-type 

and stroma vessels (SV)-type tumors. A) Whole images of COL1A1 in Huh-7 (TV-type) and 

HCT116 (SV-type) xenografts. COL1A1 in the tumor tissues with or without siVR2 pretreatment 

were observed. Blue, green and red dots indicate nucleus, vessels and COL1A1, respectively. Scale 

bars are 1000 μm.  



Discussion 

  The findings reported herein show that the suppression of VEGF signaling in endothelial cells 

could enhance intratumoral distribution specifically in TV-type tumor, but not in SV-type tumors, 

which would include several implications.  

  Notably, siVR2 injection enhanced the intratumoral distribution of not only Small LPs but also 

Large LPs. VEGF acceleration played an important role in the abnormality of the tumor vasculature 

[48]. For example, the sizes of the intercellular gap and intracellular hole were identified to be 1.7 ± 

0.1 μm 0.6 ± 0.1 μm in MCa-IV (murine breast cancer) model by transmittion electron microscopy 

(TEM) [49]. Generally, the size of the gap is in the range from 100 to 800 nm [50]. Nanoparticles 

pass through such pores in endothelial cells. An siVR2 treatment should led to the maturation of the 

tumor vasculature. Accordingly, the size of the intercellular gap and intracellular hole (fenestrae) 

would be reduced. Actually, our previous results revealed that the tumor vasculature matured as the 

result of a siVR2 treatment in the case of a TV-type RCC tumor model [7]. In this case, the levels of 

the endothelial cell junction protein VEcad were substantially increased as the result of the siVR2 

treatment (Figure 2). Taken together, the improvement in the intratumoral distribution of Large LPs 

by the siVR2 treatment could not be explained by vascular permeability. Considering nanoparticles 

containing albumin-bound paclitaxel (Abraxane), which is known to be delivered to tumor tissue via 

transcytosis through a vessel wall [51]. Abraxane first binds to endothelial protein GP60, and is then 



internalized by endothelial cells via caveolin-mediated endocytosis [52-54]. This may be the case in 

another nanoparticle delivery. Further study will be needed for the elucidation of the mode of 

penetration of nanoparticles when the tumor vasculature is mature.  

  The surface charge of LPs also affect the modality of the improvement of intratumoral distribution 

by siVR2. The intratumoral distribution of cationic LPs (Smallpos) deteriorated while that of neutral 

(Small) and anionic LPs (Smallneg) was enhanced as the result of the siVR2 treatment. Before the 

treatment, the intratumoral distribution of Smallpos LPs was superior to Small and Smallneg. This may 

be because cationic nanoparticles were able to penetrate into the tumor tissue more deeply via 

transcytosis [55]. On the other hand, magnified images revealed that Smallneg was localized on the 

vessel (Figure 3). This change can be attributed to the elevated levels of heparan sulfate 

proteoglycans (HSPGs) caused by siVR2 (Figure S8). As a result of measurements of HSPGs 

including Syndecans (Sdn) and Glypicans (Gly), Sdc2, Gpc1 and Gpc2 were elevated by the siVR2 

treatment in dose-dependent manner. On the other hand, Sdc1, Sdc4 and Gpc3 were increased by 

control siRNA encapsulated in RGD-MEND. As VEGFR2 and HSPGs coordinately facilitate the 

development of angiogenesis [56], the inhibition of VEGFR2 by siVR2 altered the expression of 

some HSPGs. Likewise, a recent study showed that an anti-VEGF antibody treatment resulted in 

increased levels of glycosaminoglycans (GAGs) [57]. In addition, the cyclic RGD peptide itself had 

an inhibitory function by binding αvβ3 integrin [58]. Accordingly, siVR2 treatment deteriorated the 



intratumoral distribution of Smallpos LPs. In summary, tumor stroma containing ECMs and GAGs 

should be taking into consideration in assessing the intratumoral distribution of EPR effect-based 

nanoparticles. 

  The results of a comparison between TV and SV-type tumors implied that the architecture around 

the vasculature could be a dominant factor for EPR effect-based delivery. We currently hypothesize 

that TV-type tumors are hypervascularized and stroma-poor whereas SV-types are hypovascularized 

and stroma-rich, and that blood flow, vascular permeability and ECMs remodeling are closely 

related. Our results suggest that the response to siVR2 was completely different. In the case of the 

TV-type cluster, the siVR2 treatment led to the degradation of collagen molecules and consequently 

the intratumoral distribution of LPs. On the other hand, siVR2 significantly increased the level of 

collagen molecules and deteriorated the intratumoral distribution of LPs in the case of SV-type 

tumors. Sakai et al. reported that the co-inoculation of cancer cells and fibroblast growth factor 

(FGF)-2 significantly increased collagen expression and thus reduced the therapeutic efficacy of 

Abraxane in the case of stroma-rich human pancreatic cancer (PC) BxPC3 [58]. Taken together, 

ECMs might be more intimately involved in EPR effect-based delivery than vascular permeability.  

  The difference between TV- and SV-type on EPR effect-based delivery has been reported. Miano 

et al. clarified that lipid nanoparticles were taken up less by cancer cells in the case of SV-type 

tumors, since the abundant numbers of fibroblasts in the TV-type preferentially took up lipid 



nanoparticles. Thus, it would be expected to be difficult to apply EPR effect-based delivery to 

SV-type cancer therapy. In spite of our efforts, we also failed to achieve gene silencing in SV-type 

tumors using a 100 nm diameter PEG-MEND (Figure S5). For this reason, it was not possible to 

evaluate the effect of siVR2 treatment on the pharmacological effect of nanoparticles in SV-type 

tumors. According to reference [20], SV-types include epithelial, adenocarcinoma (CRC, PC, lung 

cancer), which common malignant neoplasms. For this reason, a solution to improving therapeutic 

efficacy in those SV-type cancers should be very important. Inhibition of transforming growth factor 

(TGF)-β is one of solutions against this issue. A TGF-β inhibitor was reported to enhance the EPR 

effect-based delivery of 100 nm liposomes in BxPC-3 model [59]. Furthermore, the effect of tumor 

stroma on the intratumoral distribution of nanoparticles was diminished when the size of 

nanoparticles was reduced [60]. This implies that, if we could have used size-limited nanoparticles in 

siRNA delivery, it would have been possible to assess the effect of the siVR2 treatment on the gene 

silencing effect, even in SV-type tumors. However, recent studies revealed that small-sized lipid 

nanoparticles are unstable in the bloodstream [27, 61]. Therefore, methodology directed at altering 

tumor microenvironment to achieve optimal EPR effect-based delivery represent crucial issues in 

addition to development the small-sized stable nanoparticles in the bloodstream. In summary, further 

study will be needed for a complete understanding of the underlying mechanisms between the 

relationship between ECM/tumor stroma and nanoparticle delivery and the difference in ECM 



remodeling by VEGF inhibition to be elucidated among cancer types. 

  Moreover, the manipulation of tumor models can have an effect on clinical tumor tissue. The 

results of a recent meta-analysis suggested that anti-cancer drugs formulated into liposomes are not 

statistically significant, and not a non-clinical model [62]. This paper suggested that the 

subcutaneous inoculation model did not reflect on the relevance of clinical tumor tissue. Actually, 

almost all xenografts exhibited the TV-type characteristic phenotype, even though clinical tumor 

tissues were the SV-type phenotype [20]. This is because the speed of growth of xenograft models 

and murine syngeneic graft models are higher than that for a clinical tumor. Specifically, the rapidly 

growing murine syngeneic model might be inappropriate for exploring EPR effect-based delivery. In 

addition, several studies have revealed that the structure of tumor vasculature differed as the tumor 

continued to grow [63, 64]. In these reports, when the size of the tumor tissue was small, the 

vasculature was not covered by pericytes. It is currently unclear which model was appropriate for an 

evaluation of EPR effect-based delivery. In the near future, a tumor model which is more similar to 

the clinical tumor tissue will be needed for continuing progress in nanoparticles-based delivery. 

In addition to the above findings, the difference in ECM remodeling and the intratumoral 

distribution of LPs by the inhibition of VEGF signaling suggests that the EPR effect might be more 

complicated than expected. This would be the first study to reveal that the inhibition of VEGF 

signaling by nanoparticle delivery was completely different between TV- and SV-type tumors. Such 



a difference in response against another treatment intended to alter the tumor microenvironment is 

possible. In future studies, we plan to establish a novel, unified concept for the delivery of 

tumor-targeting nanoparticles. 

 

  

  



Conclusions 

Although the inhibition of VEGF signaling suppressed EPR effect-based delivery, based on 

traditional understanding for the EPR effect, our results suggest that VEGFR2 inhibition by 

liposomal siRNA against VEGFR2 (siVR2) exerts the intratumoral accumulation and the distribution 

of nanoparticles in tumor vessel (TV)-type tumors including renal cell carcinoma and hepatocellular 

carcinoma. On the other hand, in the case of SV-type HCT116, siVR2 deteriorated the intratumoral 

distribution of particles via the increased extracellular matrixes (ECMs). These findings imply that 

cancer cell types, vascular structure and ECMs as well as vascular permeability when the EPR 

effect-based delivery is developed and designed, all have to be taken into consideration.  
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Figure legends 

 

Figure 1. The intratumoral distribution and accumulation of Small and Large LPs. A) The 

effect of pre-siVR2 treatment on the intratumoral distribution of LPs. Green and red dots denote 

vessels and LPs, respectively. Scale bars are 100 μm for magnified images, 1000 μm for whole 

images. B) Quantitative data of magnified images in Figure 1A. Red pixels indicating LPs were 

divided by green pixels indicating vessels. Student’s t-test was performed between siVR2 (−) and (+). 

*:p<0.05, * p<0.01 (n=6-8). C) Amounts of Small and Large LPs that accumulate in tumor tissue, 

with or without siVR2 treatment. Radioactivity in tumor tissues was measured with liquid 

scintillation counter 24 h after [3H]-CHE-labeled LPs were administered into OS-RC-2-bearing mice. 

Data represent the mean ± standard deviation. (n=3) 

  



 

Figure 2. VEcad expression as an indicator of the integrity of the tumor vasculature. A) 

Representative images of VEcad expression. VEcad expression was investigated when siVR2 or 

control siRNA encapsulated in the RGD-MEND were 3 times administered at doses of 0.75, 1.5 or 

3.0 mg/kg. In the upper panels, blue, green and red dots indicate the nucleus, CD31 and VEcad, 

respectively. In the lower panels, VEcad is shown in grayscale mode. B) Quantified data from A). 

VEcad pixels were normalized to nucleus pixels because theoretically VEcad didn’t exist in vascular 

lumens. For statistical analysis, non repeated ANOVA was performed, followed by the Bonferroni 

test (vs. non treatment (N.T.)). P>0.05 was regarded as not statistically significant difference. Scale 

bars are 100 μm. 

  



 

Figure 3. The intratumoral distribution and accumulation of neutral, negative and positive 

LPs. A) The effect of pre-siVR2 treatment on the intratumoral distribution of LPs. Green and red 

dots denote vessels and LPs, respectively. In this experiment, the dosage of each of the LPs was 

adjusted to shown the same AUC of fluorescence as the lowest Smallpos LP. Scale bars are 100 μm 

for magnified images, 1000 μm for whole images. B) Quantitative data of the magnified images in 

Figure 2A. Red pixels indicating LPs were divided by green pixels indicating vessels. The signs – 

and + mean that siVR2 (–) and siVR2 (+), respectively. The Student’s t-test was performed between 

siVR2 (−) and (+). *:p<0.05 (n=6-8). C) The change in localization of each LPs. White and black 

column mean LPs not on vessel and LPs co-localized on vessels, respectively. The signs – and + 

mean that siVR2 (–) and siVR2 (+), respectively. D) Accumulation amount of Small, Smallneg and 

Smallpos LPs with or without siVR2 treatment. Radioactivity in tumor tissues was measured by 



liquid scintillation counting 24 h after OS-RC-2-bearing mice were administered with 

[3H]-CHE-labeled LPs. Data represent the mean ± standard deviation. (n=3) 

  



 

Figure 4. The intratumoral distribution of LPs in comparison with tumor vessel (TV)-type and 

stroma vessel (SV)-type tumors. A) The effect of a pre-siVR2 treatment on the intratumoral 

distribution of LPs. Green and red dots means vessels and LPs, respectively. Scale bars are 100 μm 

for magnified images, 1000 μm for whole images. B) Quantitative data of LPs taken up by cancer 

cells. Black solid line means fluorescent intensity from un-treated mice. Red filled histogram means 

the fluorescent intensity from mice treated from fluorescent labeled LPs. The value indicates the 

population of cell fraction in which LPs-derived fluorescence was detected. C) Pharmacological 

effect of siVR2 on the silencing effect of tumor-targeting liposomal siRNA (PEG-MEND). Human 

PLK1 mRNA expression was measured by qRT-PCR 24 h after the injection of PEG-MEND. siVR2 

(+) 1.5 and siVR2 (+) mean that RGD-MEND loaded with siRNA against VEGFR2 was injected 3 

times at a dose of 1.5 or 3.0 mg/kg, respectively, before the injection of the PEG-MEND. siControl 

(+) 3.0 means that siRNA against luciferase encapsulated in the RGD-MEND was administered 3 



times at a dose of 3.0 mg/kg before the injection of the PEG-MEND. Upper and lower graphs means 

the gene knockdown data in OS-RC-2 and Huh-7, respectively. Data represents mean ± standard 

deviation. Statistical analyses were performed by non-repeated ANOVA, followed by SNK test. 

(n=3-6) 

  



 

Figure 5. The change of COL1A1 expression by siVR2 treatment with tumor vessel (TV)-type 

and stroma vessel (SV)-type tumors. A) The effect of pre-siVR2 treatment on COL1A1 expression. 

Blue, green and red dots means nucleus, vessels and αSMA, respectively. Scale bars are 100 μm. B) 

Quantitative data of pericyte coverage. Statistical analysis was performed by Student’s t-test. (n=5-6) 

  



 

Figure 6. Alteration in type I collagen by siVR2 in comparison with tumor vessels (TV)-type 

and stroma vessels (SV)-type tumors. A) Whole images of COL1A1 in Huh-7 (TV-type) and 

HCT116 (SV-type) xenografts. COL1A1 in the tumor tissues with or without siVR2 pretreatment 

were observed. Blue, green and red dots indicate nucleus, vessels and COL1A1, respectively. Scale 

bars are 1000 μm. 
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