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Abstract

For achieving efficient cancer treatment, it is important to elucidate the mechanism responsible for the

accumulation of nanoparticles in tumor tissue. Recent studies suggest that nanoparticles are not delivered

merely through gaps between tumor endothelial cells. We previously reported that the maturation of the

vascular structure by the vascular endothelial cell growth factor receptor 2 (VEGFR2) using the previously

developed siRNA delivery technology (RGD-MEND) significantly enhanced the accumulation of

nanoparticles in vessel-rich types of cancers (renal cell carcinoma). This result was completely inconsistent

with the generally accepted theory of the enhanced permeability and retention (EPR) effect. We hypothesized

that a caveolin-1 (Cavl)-mediated transcellular route would be involved with the penetration of nanoparticles

into tumor vasculature. To reveal the exact mechanism responsible for this enhancement, we observed the

delivery of long-circulating liposomes (LPs) after Cavl was co-suppressed by RGD-MEND with VEGFR2.

The enhanced delivery of LPs by siRNA against VEGFR2 (siVEGFR2) was accompanied by the elevated

expression of the Cav1 protein. In addition, Cavl knockdown by siRNA against Cav1 (siCavl) canceled the

enhanced delivery of LPs by siVEGFR2. The injection of siCavl had no effect on the formation of alpha

smooth muscle actin or vascular endothelial cell adhesion molecules. These results suggest that a Cavl1-

induced transcellular route and not a paracellular route, at least partially, contributes to the accumulation of

nanoparticles in tumors.
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Introduction

To enhance the pharmacological effect and circumvent an adverse effects of chemotherapeutics that are

used in cancer treatment, a variety of nanoparticles including liposomes (LPs), micelles, polymers have been

developed [1,2]. In most cases, the enhanced permeability and retention (EPR) effect is the putative strategy

for this accumulation of nanoparticles in the tumor tissue. In the EPR theory, nanoparticles with sizes less

than 100 nm with a prolonged circulation time passively accumulate through a malformed vessel structure

in the tumor tissue. In tumor tissue, angiogenesis is highly enhanced by angiogenic factors including vascular

endothelial cell growth factor-A (VEGF-A) [3,4]. Therefore, the structure of the vasculature in the tumor

tissue is clearly altered in comparison with that in normal tissue. Tumor vasculature is characterized by

having permeable vessel walls since the tumor vasculature is devoid on lining cells (pericytes), cell adhesion

proteins between endothelial cells and a basement membrane [5,6]. Therefore, it is thought that nanoparticles

are able to pass through the tumor vasculature, and consequently accumulate in the tumor tissue. The

accumulated nanoparticles are not eliminated via the lymphatic system since the lymphatic system in tumor

tissue breaks down. Since the EPR effect was first proposed in 1986, a number of different types of

nanoparticles have been reported [7]. However, compared to the number of reports on anti-cancer

nanoparticles, only a few nanomedicines are used in the clinic [8,9]. In addition, a recent study that conducted

a meta-analysis of several clinical studies pointed out that there was no statistical significance in therapeutic

effects by nanomedicines in clinic in comparison with free anti-cancer drugs [9]. Some researchers pointed

out that the reason for this limitation was differences in the tumor microenvironment between experimental



animals and humans [10,11]. Therefore, to achieve a breakthrough in cancer nanomedicine, the precise

mechanism for how nanoparticles are delivered to tumor tissue and a promising strategy for potentiating this

delivery through regulating the tumor microenvironment needs to be developed.

To control the tumor microenvironment via the tumor vasculature, we previously developed a liposomal

small interfering RNA (siRNA) delivery system equipped with a cyclic RGD peptide (RGD-MEND) [12,13].

The RGD-MEND induced gene silencing in tumor endothelial cells in several cancer models. We revealed

that an RGD-MEND encapsulating siRNA against vascular endothelial cell growth factor receptor 2

(VEGFR?2) elicited the intratumoral distribution of the subsequently administered LPs with renal cell

carcinoma model. Given the fact that VEGFR?2 is a dominant protein in cancer angiogenesis, the knockdown

of VEGFR2 by the RGD-MEND was accompanied with the maturation of the vasculature, including

increased pericyte coverage and increased endothelial cell adhesion. Since LPs are expected to accumulate

in tumor tissue through the disrupted vasculature, as described above, this result is inconsistent with the EPR

theory. To explain why the accumulation of LPs was substantially improved in spite of the maturation of the

vessel structure, we hypothesized that LPs might not pass via the paracellular route but, rather, a transcellular

route.

Concerning paclitaxel-conjugated albumin (Abraxane®), this nanocarrier is reported to be transported by

transcytosis through the vasculature and that this transport is induced by gp60 [14]. Albumin binds to gp60

on vessels, and is then transcellularly transported to the apical side [15]. The transcytosis occurs through the

activation of Src and subsequent caveolar-mediated endocytosis [16]. Caveolar-endocytosis is initiated in



cholesterol-rich lipid rafts (calveolae), which are coated with Caveolin-1 (Cavl) [17]. Several studies

reported that endothelial Cavl-mediated endocytosis is involved in transcytosis [18,19]. Moreover, this

transcytosis was facilitated under conditions of inflammation [20,21]. Since cancer is accompanied by

chronic inflammation, this Cavl-mediated endothelial transcytosis would be predicted to be upregulated.

Given the above findings and hypotheses, we conclude that Cav1 transcytosis is a possible explanation for

the unexpected elevation in the accumulation of the LPs. In this study, using the RGD-MEND, we examined

how the accumulation of LPs was significantly elevated by endothelial VEGFR2 knockdown in spite of their

mature structures with human renal cell carcinoma model.



Materials and Methods

Materials

1,2-Distearoyl-sn-glycerophosphocholine (DSPC) and poly(ethylene glycol) (PEG)-distearoyl-sn-

glycerophosphoethanolamine (DSPE) were obtained from NOF CORPORATION (Tokyo, Japan).

Cholesterol (chol) was obtained from Sigma-Aldrich (St. Louis, MO, USA). YSKO05 was synthesized as

previously reported [22]. siRNA against siRNA against VEGFR2 was synthesized by Hokkaido System

Science (Ishikari, Japan). The sequence of siVEGFR2 was the same as in a previous study [23]; sense:

cAAccAGAGAcccucGuuudTsdT, antisense: AAACGAGGGUCUCUGGUUGATsAT (Upper case is RNA,

lower case is 2’-OMethylated RNA, s is thioether instead of phosphorothioated and dT is thymine DNA).

siRNA against Cav1 (siCavl) was obtained from ThermoFisher Scientific (Waltham, MA, USA, Assay ID

160016). Other reagents that were used were analytical-grade.

Preparation of tumor-bearing mice

Human renal cell carcinoma OS-RC-2 cells were obtained from the Riken Cell Bank (Tsukuba, Japan).

Cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum and penicillin (100 U/ml),

streptomycin (100 pg/ml) at 37 °C and 5% CO,, respectively. Four-week-old male BALB/cAJcl-nu/nu mice

were purchased from CLEA Japan (Shizuoka, Japan). OS-RC-2 cells (1 x 10° cells) in 70 ul PBS were

subcutaneously inoculated into the right back. The animals were used when the tumor volume (major axis x

minor axis?/2) reached at 100 mm?>. All experiments were approved by the Hokkaido University Animal Care



Committee.

Preparation of liposomes

DSPC (2,000 nmol), Chol (2,000 nmol) and PEG-DSPE (200 nmol) in CHCl3; were added to a glass tube

and Dil was then added to the lipid solution at 0.5 mol% to total lipids. After removing the solvent by a

stream of N, gas, the lipid thin layer was hydrated by PBS at 60°C. The dispersions were sonicated in a bath-

type sonicator for 10 sec. The resulting large LPs were sized by an Extruder with a polycarbonate filter with

400, 200 or 100 nm pores. The final LPs were characterized with a Zetasizer Nano ZS (Malvern Instruments,

Malvern, UK).

Preparation of the RGD-MEND

RGD-MEND was prepared as previously described [12,13]. Briefly, YSKO05, cholesterol and PEG-DMG

were dissolved in ethanol at a molar ratio (70/50, 3 mol%). A solution of siRNA (VEGFR2 or Cavl) solution

in 20 mM citrate buffer was then gradually added. The mixture was then subjected to two ultrafiltrations

with an Amicon Ultra-14 (Merck-Millipore, Burlington, MA, USA). The obtained lipid nanoparticles were

characterized with a Zetasizer Nano ZS. The size of the RGD-MEND particles were typically around 110

nm and the zeta-potential was slightly negative (=20 mV). The encapsulation efficiency of siRNA and

recovery ratio were measured by a RiboGreen assay, as previously reported [24,25]. The encapsulation

efficiency and recovery ratio of the MENDs used in this study were in excess of 90% and 70%, respectively.



Observation of the localization of liposomes by con-focal laser scanning microscopy

The RGD-MEND was systemically administered to mice at a dose of 0.75 or 1.5 mg siRNA/kg three times

every other day. Dil-labeled LPs were systemically administered via the tail vein of tumor-bearing mice at a

lipid concentration of 200 nmol. Tumor tissue was collected under anesthesia at 24 hours after the injection.

After washing the tumor tissue with PBS, slices of the tumor tissue were prepared with a microslicer DTK-

1000 (Dosaka-em, Kyoto, Japan) without freezing so as to not affect the localization of the LPs. The slices

were stained in 1 pg/mL of Hoechst33342 (Sigma-Aldrich) and 100-times diluted Alexa488 anti-mouse

CD31 antibody (Biolegend, clone: MEC13.3). The slices were placed on cover slips (Matsunami, No. 1s),

and then observed by an A1R system (Nikon, Tokyo, Japan).

Observation of proteins expression in the tumor tissue.

To evaluate protein expression, tumor tissue was collected 24 hours after the continuous injection of the

RGD-MEND. The collected tumor tissues were embedded in optical cutting temperature (O.C.T.) compound

(Sakura Finetek, Tokyo, Japan) after fixation in 4% paraformaldehyde. The tissues were cryo-sectioned at

thicknesses of 10 pm and then stained with antibodies; for Cavl Invitrogen, clone:SP43 ; for CD31,

ThermoFisher, clone:2HS; for VEcad, first Biolegend, clone:bV13. The antibodies were diluted according

to the manufacturer’s recommendation. The second antibodies were obtained from ThermoFisher. The slices

were covered by cover slips (Matsunami, No. 1s) with a drop of Prolong Gold (ThermoFisher) and then



observed by an A1R system (Nikon, Tokyo, Japan). The analysis for the quantification of images was

performed by an Image J software.



Results & Discussion

To confirm our hypothesis that Cavl is involved in the enhanced accumulation of LPs by VEGFR2

knockdown, the level of expression of Cavl was followed with changes in the siVEGFR2 dosage (Figure

1A). At a dose of 1.5 mg/kg of siVEGFR2, the expression of Cavl was significantly elevated, but not at a

dosage of 0.75 mg/kg (Figure 1B). These results were consistent with the findings of a previous study,

showing that the injection of siVEGFR2 at a dosage of 0.75 mg/kg did not have a drastic effect on the

intratumoral distribution of LPs. In addition, the localization of the increased Cav1l appeared to be specific

to the vasculature. We then confirmed the knockdown of Cavl via a CLSM study (Figure 2A). The single

knockdown of VEGFR2 resulted in a significant enhancement in the expression of Cavl. It should also be

noted that the single siCavl treatment failed to decrease the levels of Cavl, suggesting that Cavl on tumor

endothelial cells, but not on cancer cells, was induced by VEGFR2 knockdown (Figure 2B) The intratumoral

distribution of the LPs was then observed (Figure 2C). The single knockdown of VEGFR2 substantially

improved the intratumoral distribution of the LPs. On the other hand, the single knockdown of Cav1 had no

effect on the intratumoral distribution of the particles. However, the knockdown of both VEGFR2 and Cavl

canceled the improvement in the LP distribution caused by the single knockdown of VEGFR2, indicating

that Cavl in the tumor tissue is involved in the intratumoral distribution of LPs, accounting for at least part

of the enhancement caused by the VEGFR2 knockdown [26]. Since our previous study revealed that the

knockdown by the RGD-MEND was specific to tumor endothelial cells, this indicates that a relationship

exists between endothelial Cavl and the accumulation of LPs in the tumor tissue through the vessel wall



[13].). The combination of siVEGFR2 and siCavl completely canceled the elevation in Cavl expression.

Finally, to exclude the possibility that the siCavl treatment disrupted the rigid structure of the tumor

vasculature, the levels of alpha smooth muscle actin (aSMA) and vascular endothelial cadherin (VEcad),

which are generally regarded as maturation markers, were examined. Their expressions in the vasculature

were strongly correlated with the integrity of the vasculature [27,28]. The injection of siVEGFR2

significantly upregulated the expression of aSMA and VEcad, indicating that the treatment induced the

maturation of the tumor vasculature (Figure 3A). However, the expression of aSMA and VEcad were not

altered by the siCavl single or the siCav1/siVEGFR2 double knockdown, which was confirmed by the

quantitative analysis of images (Figure 3B). Collectively, the reduced accumulation in the tumor tissue via

Cav1 knockdown would not be caused by the enhanced permeability in the tumor vasculature.

It is generally assumed that the maturation of the structure of the tumor vasculature blocks the

accumulation of LPs in the tumor tissue via the paracellular route. Our results clearly indicate that the

expression of endothelial Cavl plays a pivotal role in the accumulation of LPs, at least in the case where the

accumulation was elevated by the inhibition of VEGF signaling. Moreover, based an examination of the

vasculature structure, this extravasation of LPs appeared to occur via the transcellular route and not

paracellular route with renal cell carcinoma model. In our previous study, this VEGFR2 knockdown-induced

elevation occurred in vessel-rich cancer (hepatocellular carcinoma) but not in vessel-poor cancer (colorectal

cancer, breast cancer) [29]. Smith et al. reported that tumor type was classified into vessel in stroma (vessel-

poor, termed “stroma-vessel type”’) and vessel in cancer cells (vessel-rich, termed “tumor-vessel’), and that



only tumor-vessel type cancer was responded to anti-VEGF therapy [30]. Thus, the accumulation elevated

by VEGFR2 knockdown might been observed only in a specific type of cancers. On the other hand, it was

not clear whether the involvement of Cavl with the translocation from the vessel lumen to cancer

parenchyma. Further study of the relationship between Cavl expression and the accumulation of

nanoparticles in tumor tissue will be needed in order to elucidate the exact mechanism of nanoparticle

distribution in tumor tissue.

Recent studies suggest that dynamic molecular biology contributes to the accumulation of nanoparticles.

The results of a recent intravital imaging study suggested that nanoparticles were transiently released from

the tumor vasculature to the interstitial space of a tumor, functioning as a vent, a process that was referred

to as an “eruption” [31]. The eruption randomly occurred at different sites in the tumor tissues. This study

also suggested that the vent did not limit the size of nanoparticles, which is contrary to the current thinking

regarding the EPR effect. In the EPR effect theory, the adequate size of nanoparticles is severely limited.

Since nanoparticles are thought to pass through the intercellular gap and/or the fenestrae, indicative of a

transcellular pore, in the tumor vasculature, the optimum size of nanoparticles is considered to be

approximately 100 nm [32,33]. In our previous study, VEGFR2 knockdown enhanced the accumulation of

LPs even those sizes of 400 nm with renal cell carcinoma model [29]. The elevated permeability of LPs

caused by VEGFR2 knockdown can be attributed to eruption-like dynamics. Another study revealed that the

delivery of LPs was accompanied by the extravasation of neutrophils [34]. It was reported that neutrophils

opened the basement membrane thus allowing LPs to leak from this opening and that net neutrophil



localization was correlated with neutrophil infiltration. Lipopolysaccharide (LPS)/N-acetylgalactose-

induced neutrophil infiltration was reported to be significantly attenuated in Cav1 knockout mice [35]. In

addition, the deletion of Cavl suppressed the formation of nuclear factor kB (NFkB) and intracellular cell

adhesion molecules-1 (ICAM-1) on liver endothelial cells [36]. Circulating neutrophils recognize endothelial

ICAM-1 that is induced by inflammation and initiates infiltration to the inflammatory tissue [17]. Thus, the

expression of endothelial Cav1l caused by VEGFR2 might induce the accumulation of LPs. As of this writing,

the issue of whether Cav1-mediated accumulation occurs in the untreated tumor endothelium remains unclear.

In physiological conditions, oxidized low density lipoprotein (oxLDL) was reported to be internalized via

Cavl-mediated endocytosis, and subsequently transported to the apical side by endothelial cells [17]. There

are some reports suggesting that LPs sometimes behave like lipoproteins. Since apolipoprotein E (ApoE) in

the blood binds to lipid nanoparticles, systemically administered lipid nanoparticles associated with ApoE

were internalized via LDL receptors in hepatocytes [37,38]. This lipoprotein-like behavior of LPs can be

attributed to Cavl-mediated endocytosis in the tumor tissue. If so, this elevation in accumulation by

VEGFR2 knockdown might be limited only to LPs. Therefore, further study will be needed to clarify the

contribution of Cavl-mediated delivery in a wide variety of cancer types and nanoparticle types.
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Figure/Table Legends



Figure 1 The expression of Cavl is elevated by VEGFR2 knockdown. A) The expression of Cavl was

observed by CLSM after the injection of the RGD-MEND at a dose of 0.75 or 1.5 mg siRNA/kg. Green and

red dots indicate CD31 and Cavl, respectively. Scale bars: 50 pm. B) The Cavl on the tumor vasculature

was quatified. Data represents mean + standard deviation (SD). **: P<0.01 (ANOVA followed by SNK test,

n=3~6)

Figure 2 Knockdown of Cavl and cancelation of the improvement in tumor accumulation by Cavl

knockdown. A) The expression of Cavl in the tumor tissue was evaluated. Green and red dots mean vessels

and Cavl, respectively. Scale Bars: 50 um. B) The Cavl expression was quantified. The green dots

colocalized with red dots (i.e. yellow dots) were counted by an Image J software. Data represents mean +

SD. *: P<0.01 (ANOVA followed by Bonferroni test, n=3~11). C) The localization of systemically

administered LPs was observed. Tumor tissue was collected 24 hours after systemic injection. Tumor

samples were sliced by a microslicer and then stained by anti-CD31-Alexa488 antibody. Green and red dots

mean vessels and LPs, respectively. Scale bars: 50 pm.

Figure 4 The structure of the tumor vasculature after VEGFR2 and/or Cavl knockdown. The

expression of aSMA (upper figures) and VEcad (lower figures). Green pixels mean vessels. Red dots

represent aSMA (upper figures) and VEcad (lower figures), respectively. Scale bars: 50 pm. B) The aSMA

and VEcad expression was quantified. The green dots colocalized with red dots (i.e. yellow dots) were

counted by an Image J software. Data represents mean + SD. *: P<0.01 (ANOVA followed by Bonferroni



test, n=3~11).
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