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Abstract

The PEGylated liposomal (PEG-LP) Doxorubicin, PEG-LP (DOX), with a diameter
of around 100 nm, accumulates in tumors via the enhanced permeability and
retention (EPR) effect, and is used clinically for the treatment of several types of
cancer. However, there are a number of tumor types that are resistant to DOX. We
report herein on a unique anti-tumor effect of PEG-LP (DOX) in a DOX-resistant
tumor xenograft model. PEG-LP (DOX) failed to suppress the growth of the DOX-
resistant tumors (ex. non-small cell lung cancer, H69AR; renal cell carcinoma,
OSRC-2) as observed in the xenograft model. Unexpectedly, tumor growth was
suppressed in a DOX-resistant breast cancer (MDA-MB-231) xenograft model. We
investigated the mechanism by which PEG-LP (DOX) responses differ in different
drug resistant tumors. In hyperpermeable OSRC-2 tumors, PEG-LP was distributed
to deep tumor tissues, where it delivers DOX to drug-resistant tumor cells. In
contrast, extracellular matrix (ECM) molecules such as collagen, pericytes, cancer-
associated fibroblasts make the MDA-MB-231 tumors hypopermeable, which limits
the penetration and distribution of PEG-LP, and thereby enhances the delivery of
DOX around the tumor vasculature. Therefore, a remarkable anti-angiogenic effect
with a preferential suppression in tumor growth is achieved. Based on the above
findings, it appears that the response of PEG-LP (DOX) to drug-resistant tumors

results from differences in the tumor microenvironment.

Keywords
PEGylated liposome, Doxil, Drug-resistant cancer, Passive anti-angiogenesis, Anti-

tumor effect
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1. Introduction

Chemotherapy, using several cytotoxic drugs including doxorubicin (DOX), is one of
major therapeutic approaches to the clinical treatment of cancers. However, the
major obstacle to the effective treatment of cancer is associated with the fact that
cancer cells eventually become resistant to chemotherapy, a phenomenon that is
commonly called cancer multidrug resistance (MDR) (Desoize and Jardillier, 2000;
Goldie, 2001; Niero et al., 2014). Despite the strong cytotoxic effect, the unequal
biodistribution and severe adverse effects on normal healthy tissues (Swain et al.,
2003) as well as the resistance of cancer cells limits the application of
chemotherapeutic drugs in clinics. Nanoparticles loaded with such drugs have the
ability to bypass the factors responsible for the MDR of cancer cells to the free drug
molecules, thereby are able to function more effectively against the MDR cancers
(Arora et al., 2012; Markman et al., 2013). Moreover, ligand modified targeted
nanoparticles are also utilized to overcome the MDR of cancer cells to chemotherapy

(Kibria et al., 2013; Qiu et al., 2015; Takara et al., 2012).

In cancer therapy, liposomes (LLPs) have become an emerging and effective tool that
modifies the pharmacokinetics and distribution of drug molecules, thereby reducing
the toxicities associated with the use of chemotherapeutic drugs (Slingerland et al.,
2012). Polyethylene glycol (PEG) allows LPs to escape from the mononuclear
phagocyte system/reticuloendothelial system (RES), thereby increasing the in vivo
circulating time as well as the biostability of the LPs (Allen and Cullis, 2013; Bedu-
Addo et al., 1996). Due to their long circulation property, PEGylated liposomes
(PEG-LPs) are passively extravasated and accumulate in tumor tissues through the
leaky tumor vasculature by a universal mechanism referred to as the enhanced
permeability and retention (EPR) effect (Fang et al., 2011; Hashizume et al., 2000;
Kibria et al., 2013; Maeda, 2012; McDonald and Baluk, 2002). One representative
example of such a PEG-LP is Doxil, which was approved by the US Food and Drug
Administration (FDA) in 1995. In this preparation, DOX is encapsulated in LPs
with surface-bound methoxypolyethyleneglycol 2000 (PEG2000), and the resulting



78
79
80
81
82
83
84
85
86
87
88
89
90
01
92
03
04
95
96
97
08
99

100

101

102

103

104

particles have a diameter of ~100 nm (dnm). They function via the EPR effect
against the breast cancer, ovarian cancer and AIDS related Kaposi’s sarcoma where
the disease has progressed or recurred after platinum-based chemotherapy
(Barenholz, 2012; Duggan and Keating, 2011; Immordino et al., 2006; Northfelt et
al., 1996; Symon et al., 1999).

Due to its pharmacokinetic characteristics, facilitating tissue accumulation as well
as the novel mechanism of accumulation in tumor tissues (Northfelt et al., 1996;
Symon et al., 1999), Doxil or PEG-LP (DOX) functions by delivering DOX to tumor
tissues, thereby exerting its effects against the tumor cells. On the other hand, DOX
delivered by Doxil fails to provide a therapeutic benefit in several other tumor
models including the renal cell carcinoma (RCC) (Choi et al., 2013; Kibria et al.,
2013; Takara et al., 2012) where the tumor cells are resistant to DOX. It is
eventually predicted that cancer cells that are resistant to DOX, cannot be treated
by Doxil or PEG-LP (DOX). Therefore, the site of action of the drug delivered by the
delivery tool 1is critical for achieving the expected therapeutic benefit. The
mechanisms of resistance of cancer cells to DOX are well identified and have been
evaluated (Broxterman et al., 2009; Kibria et al., 2014b) however, the accumulation
and distribution pattern of PEG-LP (DOX) in MDR tumor models is not well

understood.

In the present study, we present information regarding the unique anti-tumor effect
of PEG-LP (DOX) in DOX-resistant tumors. We investigated the therapeutic effect
of PEG-LP (DOX) in three different types of tumor models that are resistant to DOX,
and explored the mechanism by which PEG-LP (DOX) responds in a different

manner in different DOX-resistant tumors.
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2. Materials and methods

Hydrogenated soybean phosphatidylcholine (HSPC), N-(lissamine rhodamine B
sulfonyl)-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (rhodamine-DOPE), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethyleneglycol)-
2000] (PEG2000-DSPE), Cholesterol, Egg phosphatidylcholine (EPC) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Doxorubicin
Hydrochloride was purchased from Wako Pure Chemical Industries (Osaka, Japan).
Hoechst 33342 and RPMI 1640 medium were purchased from Dojindo (Tokyo,
Japan) and Lonza (Walkersville, MD, USA), respectively.

2.1. Cell cultures

Human breast cancer (MDA-MB-231) ((American Type Culture Collection (ATCC),
VA, USA)), small cell lung cancer (H69AR) (ATCC), and renal cell carcinoma
(OSRC-2; Riken cell bank, Tsukuba, Japan) cells were cultured in RPMI 1640
medium supplemented with 10% FBS (v/v), penicillin (100 units/ml), streptomycin
(100 mg/ml) under an atmosphere of 5% COz at 37°C. Human cervical cancer (Hela;
Riken cell bank) cells were cultured in DMEM supplemented with 10% FBS (v/v),
penicillin (100 units/ml), streptomycin (100 mg/ml) under the same atmospheric

conditions.

2.2. Preparation of DOX loaded PEG-LPs

The lipid film hydration method was also followed to prepare the LPs composed of
HSPC:Cholesterol (70:30) as described previously (Kibria et al., 2013). Briefly, the
lipid film was hydrated with 155 mM ammonium sulfate for 25 min followed by a
probe sonication. DOX in PBS was added to the LPs (drug-to-lipid molar ratio of
1:10) followed by incubation at 60°C for 1 h, and the free DOX was removed by
means of an Amicon 50,000 MWCO filter. The amount of DOX in LPs was
determined by disintegration of the liposomal bilayer in methanol and colorimetric
determination of DOX concentration. The DOX loaded LPs were incubated with 5 mol%
PEG2000-DSPE at 60 °C for 30 min to prepare the PEG-LP (DOX).
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2.3. Preparation of PEG-LPs for biodistribution study

The lipid film hydration method was used to prepare the PEGylated liposomes
(PEG-LPs). A lipid film composed of EPC/Cholesterol/PEG2000-DSPE/rhodamine-
DOPE (molar ratio: 70/30/5/1) was formed by evaporation of the organic solvents
from the lipid solution in a glass tube. The lipid film was hydrated with the HEPES
buffer (10 mM, pH 7.4) followed by sonication for about 30 sec in a bath-type
sonicator (AU-25C, Aiwa, Tokyo, Japan).

2.4. Characterization of PEG-LPs
The prepared PEG-LPs were characterized by measuring its mean size and zeta

potential using a Zetasizer Nano ZS ZEN3600 instrument (Malvern Instruments

Ltd., Worchestershire, UK).

2.5. In vivo anti-tumor efficacy

Tumor cells were inoculated on the back of BALB/c nude mice (female mice used for
MDA-MB-231 cells, male mice used for HB9AR and OSRC-2 cells). DOX loaded
PEG-LPs were injected into tumor (at a tumor volume of ~150 mm?3) bearing mice
(n=4-5) via tail vein with a once daily dose of 2 mg DOX (either free or in PEG-
LP)/kg body weight or with PBS (control) at days 1, 4, 7 and day 10. Body weights
and tumor volumes were monitored at three day intervals. Tumor volume was
calculated using the formula: 1/2 x a x b2, where a and b represent the largest and
smallest diameters of tumors, respectively. All animal experiments were performed
according to the national regulations and approved by the Hokkaido University

Animal Care Committee.

2.6. Detection of cell cytotoxicity

The effect of free DOX on the viability of cells was determined by the WST-8 assay
protocol, as described previously (Kibria et al., 2013). Briefly, 4,000 cells were
plated in 96-well plate and incubated overnight. The next day, the cells were
incubated with different doses of DOX for 8 h at 37°C, followed by reincubation for
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16 h in the presence of fresh media. After washing with PBS, cells were re-
incubated with a cell counting kit-8 (CCK-8) solution (Dojindo) for 2 h and the
absorbance of the developed color was measured at 450 nm using a microplate
reader (Thermo Fisher Scientific Inc.). The same protocol was followed to compare
the cytotoxic effect of free DOX and DOX loaded PEG-LPs on the viability of MDA-
MB-231 cells. In this case, the cells were incubated with different concentrations of
DOX (as free drug or encapsulated within the PEG-LPs) at 37°C for 8 h, followed by

reincubation for 16 h in the presence of fresh media.

2.7. Observation of cell morphology in vitro

To observe morphological changes of MDA-MB-231, 40,000 cells were seeded on a
35-mm glass-bottom dish for 24 h. Next day, cells were incubated with 20 pg/ml of
DOX (as free drug or encapsulated within the PEG-LPs) in cell culture media for 30
h at 37°C. After 30 h, the media was removed followed by washing with PBS and
were observed under confocal laser scanning microscopy, CLSM (Nikon A1, Nikon

Instruments Inc., Tokyo, Japan).

2.8. Time dependent cytosolic distribution of DOX

To observe the distribution of DOX, 40,000 cells were seeded on a 35-mm glass-
bottom dish. On the next day, 50 pg/ml of DOX (as the free drug or encapsulated
within the PEG-LPs) in cell culture media was added to the cells and incubated for
3 h at 37°C. At 2.5 h, cells nuclei were labeled with Hoechst 33342 for 30 min. At 3
h, the previous medium was removed followed by washing with PBS and fresh
medium was added and the samples were reincubated for an additional 20 h,
followed by washing with PBS and fresh medium was added, followed by
reincubation for an additional 32 h. Images at 3 h, 23 h and 55 h time points were

taken by CLSM.

2.9. Quantification of mRNA expression
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When tumor sizes reached a volume of 100 to 200 mm3, tumor tissues were collected.
Samples containing approximately 30 mg of tumor tissues were homogenized using
a Precellys 24 (Birthin technologies, Montigny-le-Bretonneux, France) in 500 pL of
TRIzo1 reagent (Ambion, Austin, TX). Total RNA was extracted according to
manufacturer’s protocol. The total RNA (1 ug) was reverse transcribed using a High
Capacity RNA-to-cDNA kit (Applied Biosystems, Carlsbad, CA, USA) according to
manufacturer’s protocol. A quantitative PCR analysis was performed on 2 ng cDNA
using Fast SYBR Green Master Mix (Applied Biosystems) and Lightcycler 480
system II (Roche Diagnostics GmbH, Germany). All reactions were performed at a
volume of 15 pL. The primers for mouse GAPDH were (forward) 5-AGC AAG GAC
ACT GAG CAA G-3 and (reverse) 5-TAG GCC CCT CCT GTT ATT ATG-3, for
mouse CD31 (vascular endothelial cell marker) were (forward) 5-TAC AGT GGA
CAC TAC ACC TG-3 and (reverse) 5-GAC TGG AGG AGA ACT CTA AC’, for
mouse NG2 (pericyte marker) were (forward) 5-AAG GAA GTG CAG AGG AG-3
and (reverse) 5-CAT CTC GTG CTC ATA CAG-3’, for mouse Collal (collagen type 1
marker) were (forward) 5-AGA GAG GTG AAC AAG GTC-3’ and (reverse) 5-AAG
GTC TCC AGG AAC AC-3, for mouse Pdgfrb (platelet-derived growth factor
receptor protein) were (forward) 5-GTG ATA GCT CAC ATC AGA AG-3 and
(reverse) 5-ATA ACA CGG ACA GCA AC-3’ and for mouse Fapa (fibroblast marker)
were (forward) 5-CCA GTT CCA GAA ATG ATA GCC-3’ and (reverse) 5-GAC AGG
ACT GAG ACA TTC TGC-3'.

2.10. In vivo distribution of PEG-LPs in the tumor tissues

Mice bearing the MDA-MB-231 tumors (~150 mm3) were injected with rhodamine-
labeled PEG-LPs (1.0 umol lipid/200 pl). At 23.5 h post-injection, FITC-conjugated
griffonia simplicifolia isolectin B4 (GS-IB4-FITC) (Vector Laboratories Inc.) was
injected via tail vein to stain the blood vessels. After 30 min, mice were sacrificed
and tumors were collected and frozen in Optimal Cutting Temperature (OCT)

compound under liquid nitrogen. The frozen tissues were further sectioned
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(thickness, 10 um) in a cryostat, fixed on a glass slide followed by observation under

a microscope (CLSM).

2.11. Detection of cell apoptosis in vivo

The MDA-MB-231 tumor bearing mice (tumor volume ~100 mm3) were injected with
3 mg DOX/kg body weight at days 1 and 4. At day 5, 200 ul of Apo-Trace solution
was Injected via tail vein and incubated for 2 h. Mice were anesthetized, tumors
were collected and incubated with Alexa Fluor 647-Isolectin (GS-IB4) solution
(Invitrogen) to stain the blood vessels followed by CLSM analysis. The area of the
blood vessels in each confocal image of the tumors was calculated by counting the

total number of pixels using ImagePro-plus software.

2.12. Statistical analysis
Data was expressed as mean + standard deviation. Pair-wise comparisons of subgroups
were made following the two-tail Unpaired Student #test. Differences among means

were considered to be statistically significant at a p value of <0.01 and <0.05.
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3. Results

3.1. In vivo anti-tumor effect of DOX and PEG-LP (DOX)

We first evaluated the anti-tumor activity of DOX and the DOX encapsulating PEG-
LP ((PEG-LP (DOX); size: 105+4.1 nm in diameter, zeta-potential: -12.6+2.2 mV,
polydispersity index (PDI): 0.151, DOX encapsulation efficiency: >96%; where the
commercially available PEG-LP (DOX), Doxil; size: 108 nm, zeta-potential: -13.3 mV,
DOX encapsulation efficiency: >95%; Gabizon et al., 2003; Szebeni et al., 2012)) in
mice bearing MDA-MB-231 and H69AR tumors which are known to be resistant to
DOX (Fig. 1). Mice were intravenously injected with either free DOX or PEG-LP
(DOX) at a DOX dose of 2 mg/kg at the indicated time points. Free DOX failed to
induce a detectable anti-tumor effect in mice bearing MDA-MB-231 tumors (Fig.
1A-B). Unexpectedly, PEG-LP (DOX) showed a significant suppression of tumor
growth in the MDA-MB-231 xenograft model for up to 30 days after the first
injection (Fig. 1C-D). On the other hand, PEG-LP (DOX) failed to suppress tumor
growth in the H69AR xenograft model (Fig. 1E-F). The inefficiency of PEG-LP
(DOX) in inhibiting tumor growth was also observed in mice bearing the OSRC-2
tumors, as previously reported (Kibria et al., 2013). These results indicate that DOX
loaded PEG-LP ((PEG-LP (DOX)) has a different therapeutic effect than free DOX
in different tumor types despite the fact that they are resistant to DOX.

3.2. Response of tumor cells to DOX

We further assessed the sensitivity of MDA-MB-231 to DOX by incubating the cells
with free DOX, and compared its effect with that of Hela cells as a sensitive tumor
cell model. As shown in Fig. 2, the MDA-MB-231 cells showed a higher 1Cs value
(22.37+7.57 ng/ml) as compared to Hela cells (0.01+0.001 pg/ml). Based on these
results as well as on our recent report (Kibria et al., 2014a), it can be concluded that
MDA-MB-231 cells can be classified as being resistant to DOX. We also reported
that HG9AR and OSRC-2 cells are resistant to DOX in our recent study (Kibria et
al., 2014a), where the calculated ICso values for those cells were 71.15+52.84 ug/ml

and 41.427%27.75 pg/ml, respectively.

10
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3.3. Comparison of the in vitro cytotoxic effect of free DOX and liposomal DOX

To examine the mechanism by which anti-tumor effect was induced by treatment
with PEG-LP (DOX) in the MDA-MB-231 tumor model, we first compared the in
vitro cytotoxicity of PEG-LP (DOX) with free DOX whether or not PEG-LP (DOX)
enhanced the cytotoxicity of DOX in MDA-MB-231 cells as compared to free DOX.
As shown in Fig. 3A, PEG-LP (DOX) was less effective in killing the tumor cells
than free DOX. The ICs¢ values of PEG-LP (DOX) and free DOX were found to be
191.24+106.72 ug/ml and 10.744+5.39 png/ml, respectively.

3.4. Observation of the morphology of cells treated with free DOX and liposomal
DOX

To observe the effect of DOX on the morphology of cells, we incubated the MDA-MB-
231 cells with free DOX or with DOX loaded PEG-LP, as shown in Fig. 3B. A huge
amount of DOX was detected inside the cells that had been treated with a higher
dose of drug, and the morphology of cells had changed, becoming round (Fig. 3B),
indicating that free DOX shows its cytotoxic effect on the DOX-resistant MDA-MB-
231 cells. Compared to free DOX, no change in the shape of the cells was observed
when the cells were treated with PEG-LP (DOX), indicating that PEG-LP (DOX) is

inefficient in inducing a cytotoxic effect in an in vitro environment.

3.5. Intracellular distribution of PEG-LPs (DOX)

To observe and compare the distribution of DOX in various cellular compartments
in response to time, MDA-MB-231 cells were incubated with either free DOX or
PEG-LP (DOX). A huge amount of free DOX that had accumulated into cells within
a 3 h incubation period was detected in the nuclei of cells even after a 55 h culture
period (Fig. 4). Compared to free DOX, the amount of DOX delivered at the 3 h time
point by PEG-LP (DOX) was substantially lower, and the signals corresponding to

DOX in the nuclei were reduced gradually with passing time.

11
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3.6. Evaluation of gene expression

Based on the results presented in Fig. 3 and Fig. 4, it appears that the in vitro effect
of PEG-LP (DOX) on MDA-MB-231 cancer cells itself cannot be used to explain the
in vivo anti-tumor effect of PEG-LP (DOX) in mice bearing the MDA-MB-231
xenografts (Fig. 1C-D). Therefore to explore the difference in the in vivo tumor
microenvironment, we evaluated the expression of different genes in the MDA-MB-
231 tumor tissues (Fig. 5), and the results were compared with those of the OSRC-2
tumors, since PEG-LP (DOX) is ineffective against this tumor model (Kibria et al.,
2013; Takara et al., 2012). Based on the results presented in Fig. 5A, the expression
of the CD31 gene is 2-fold lower in MDA-MB-231 tumors as compared to that of
OSRC-2 tumors, indicating that the MDA-MB-231 tumor is less angiogenic than the
OSRC-2 tumor. Additionally, as compared to OSRC-2 tumors, the expressions of
pericytes (NG2, normalized by CD31) and Pdgfrb markers were found to be 2-3 fold
higher in MDA-MB-231 tumors (Fig. 5A-B), indicating that the MDA-MB-231
tumors are hypopermeable. These results suggest that MDA-MB-231 tumors are
less angiogenic and more hypopermeable than the OSRC-2 tumors. Furthermore,
the mRNA expression levels of several other genes including Col/lal (ECM) and
Fapa (fibroblast markers) in MDA-MB-231 tumors were also found to be
approximately 2-3 fold higher than those in the OSRC-2 tumors (Fig. 5A),
suggesting that the MDA-MB-231 tumors have a stroma rich environment as
compared to the OSRC-2 tumors. These results indicate that PEG-LP (DOX) is
capable of penetrating into the deep tissues of the OSRC-2 tumors, while the
penetration of PEG-LP (DOX) would be more limited in the MDA-MB-231 tumors.
These results suggest that the presence of extracellular matrix compounds in MDA-
MB-231 tumors is responsible for limiting the penetration and distribution of PEG-

LPs (i.e. Doxil) deep into tumor tissues.

12



329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358

3.7. Mechanism responsible for the enhanced anti-tumor effect in vivo MDA-MB-
231 tumor by PEG-LP (DOX)

To examine our hypothesis, we further observed the distribution of PEG-LP labeled
with fluorescence in the tumor tissues. Compared to the control, a huge amount of
PEG-LP was detected in the tumor, and where PEG-LP was found around the blood
vessels in the MDA-MB-231 tumor after i.v. injection (Fig. 6A). It is well known that
PEG-LP passively accumulates in tumors via the EPR effect after intravenous
administration (Fang et al., 2011; Kibria et al., 2013; Maeda, 2012). Based on the
images presented in Fig. 6A, it is likely that PEG-LP was directed to and
accumulated in the tumor tissues via the EPR effect, however, a large population of
the PEG-LP was present around the tumor blood vessels and it is possible that a
few might reach the tumor cells, given their concentrations. On the other hand, in
OSRC-2 tumors, most of the PEG-LPs that accumulated in the tumor were
extravasated and directed into deep tumor cells (Fig. 6B and Fig. S1), as we
observed in a previous study (Kibria et al.,, 2013). Taking these results into
consideration, it appears that PEG-LP (DOX) is unable to access the tumor cells in
MDA-MB-231 tumor tissues, but accumulates in the pre-vasculature region where

1t might kill tumor endothelial cells and induce the anti-angiogenic effect.

To further explore the effect of PEG-LP (DOX) in more depth, we evaluated the
apoptosis of cells in the tumor microenvironment after the administration of PEG-
LP (DOX) (Fig. 7). Almost no signals corresponding to apoptotic cells were detected
in the MDA-MB-231 tumor treated with the free DOX. In contrast, a huge number
of cells undergoing apoptosis were detected in the tumor that had been treated with
PEG-LP (DOX), and most of the detected apoptosis signals were merged along with
the area of the tumor blood vessels. In addition, compared to the control or the free
DOX, signals for the tumor blood vessels were dramatically reduced in number in
the case of the tumor treated with PEG-LP (DOX) (Fig. 7A), which is also evident in
the quantitative analysis showing a significant level of reduction in the area of the

blood vessels (Fig. 7B). These results suggest that the anti-tumor effect of PEG-LP

13



359
360
361
362

(DOX) in MDA-MB-231 tumors could be caused by disrupting the blood vessels
induced by PEG-LP (DOX), resulting in an anti-angiogenesis effect shutting off the

supply of oxygen and nutrients, thus suppressing tumor growth.
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4. Discussion

The distribution of nanoparticles in tumor tissues depends on the characteristics of
the tumor microenvironment after passively accumulating in the tumor via a
process called the EPR effect. It was reported that nanoparticles with diameters in
excess of 50 nm hardly penetrate into interstitial rich tumors such as pancreatic
cancer (Cabral et al., 2011). The molecular weight and size dependent accumulation
of dextran (3.3 kDa-2 MDa) was observed in human squamous cell carcinoma
xenograft tissues (Dreher et al., 2006). The tumor vasculatures are much leakier
(~100-600 nm) (Hashizume et al., 2000; McDonald and Baluk, 2002) than those of
the normal tissues, therefore, it would be much easier for PEG-LPs (~100 nm) to

extravasate to tumor cells.

In general, the tumor blood vessel targeted delivery of cargos could be achieved by
installing active targeting ligands on the surface of the delivery vehicles. The
findings reported herein show that DOX loaded PEG-LP ((PEG-LP (DOX)) having
~100 nm passively accumulated in the tumor vessels followed by the induction of
anti-angiogenesis in the tumor microenvironment. Here, we examined three
different tumor models, all of which are resistant to DOX. Following the EPR effect,
PEG-LP (DOX) accumulates in the tumor tissues, thereby delivering the DOX to the
tumor cells. Hence, it is reasonable to predict that PEG-LP (DOX) should not induce
an anti-tumor effect in DOX-resistant tumors. To evaluate this assumption, we
observed the anti-tumor effect of PEG-LP (DOX) in mice bearing MDA-MB-231 and
H69AR tumors. Surprisingly, PEG-LP (DOX) exhibited a remarkable anti-tumor
effect in mice bearing the MDA-MB-231 tumors (Fig. 1A), where the free DOX failed
to provide any detectable therapeutic effect. On the other hand, no anti-tumor effect
of PEG-LP (DOX) was observed in mice bearing H69AR tumors (Fig. 1C), and
similarly, PEG-LP (DOX) was also observed to be inefficient in mice bearing OSRC-
2 (RCC) tumors, as we reported recently (Kibria et al., 2013; Takara et al., 2012).

15
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To explore the mechanism of action of DOX loaded PEG-LP, PEG-LP (DOX), in
DOX-resistant MDA-MB-231 tumors, we first compared the in vitro cytotoxic effect
of PEG-LP (DOX) with that of the free DOX in MDA-MB-231 cells (Fig. 3A). It was
observed that the free DOX exhibited a better cytotoxic effect and a change in the
morphology of the cells as compared to that of PEG-LP (DOX) in an in vitro
situation (Fig. 3). Consequently, we explored the intracellular distribution of PEG-
LP (DOX) as a function of time, as indicated in Fig. 4. After a 3 h incubation, a huge
amount of free DOX was detected in MDA-MB-231 cells as compared to that of DOX
delivered by PEG-LP (DOX). With passing time, the DOX signal in cells that had
been treated with free DOX was clearly observed in the nuclei of cells where the
DOX actually functions (Fig. 4), due to which free DOX exhibited a better cytotoxic
effect and change in cell morphology as compared to PEG-LP (DOX) in an in vitro
situation (Fig. 3). Moreover, the confocal microscope images suggested that the
uptake amount of DOX by PEG-LP (DOX) was lower than that of free DOX (Fig. 4).
While free DOX can be readily taken up by the cells, the accumulation of DOX
depends on the amount of PEGylated liposomes that is taken up in the case of PEG-
LP (DOX) (Fig. 4). Therefore, the lower uptake of DOX delivered by PEG-LP (DOX)
could account for the inferior cytotoxicity of PEG-LP (DOX) compared to that of free
DOX (Fig. 3). These results indicate that the in vivo therapeutic effect of PEG-LP
(DOX) (Fig. 1) in MDA-MB-231 breast tumors cannot be explained by its effect
observed in the in vitro studies (Fig. 3 and Fig. 4).

Therefore, we hypothesized that the difference in anti-tumor effects of PEG-LP
(DOX) between the MDA-MB-231 tumor and PEG-LP (DOX)-ineffective tumors (ex.
H29AR and OSRC-2), might result from differences in the tumor microenvironment.
To explore this further, we evaluated the expression of different genes associated
with the extracellular matrix (ECM) molecules (Fig. 5A) in the tumors. Compared to
OSRC-2 tumors, the expression of pericytes or other ECM molecules in MDA-MB-
231 tumors was found to be significantly higher (Fig. 5A-B). These results

demonstrate that the MDA-MB-231 tumors are stroma rich and their vasculatures
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are hypopermeable. To explore the effect of the ECM proteins on the penetration of
PEG-LP into DOX-resistant tumor tissues, we further evaluated the distribution of
PEG-LP (~100 nm) in the tumor microenvironment. Interestingly, based on the
results of the biodistribution study (Fig. 6A), most of the PEG-LP was extravasated
via the EPR effect, accumulates and resides in close proximity to the blood vessels
of the MDA-MB-231 tumor. Therefore, the limited penetration and accumulation of
PEG-LP in the MDA-MB-231 tumor further demonstrates its hypopermeable
characteristics. Such an observation was also supported by the fact that most of the
DOX injected and delivered by the PEG-LP was found in the vicinity of tumor blood
vessels (Fig. 7A). Due to such an effect, DOX loaded PEG-LP (PEG-LP (DOX))
induced apoptosis (Fig. 7A) of the cells present around the tumor blood vessels
including tumor endothelial cells (TECs) (Fig. 7A), resulting in the disruption of the
tumor blood vessels, and finally inducing a significant anti-angiogenic effect (Fig.
7B and Fig. 8). It is well established that angiogenesis of tumor blood vessels plays
a pivotal role in the growth and progression of tumors (Folkman, 1971, 2007).
Moreover, in tumor tissues, the growth and survival of tumor cells depends on life
support (blood, oxygen, nutrients, growth factors etc.) supplied by the TECs present
in the tumor blood vessels. In the case of tumor tissue, the percentage of ECs is very
low (~2%), and the number of tumor cells is about 100-times higher as compared to
ECs (Folkman, 1995; Matsuda et al., 2010). It can be predicted that the killing of
one TEC by the drug molecule would lead to the suppression of growth or even the
death of many surrounding tumor cells (Hida et al., 2008; Molema et al., 1998).
Therefore, it is reasonable to conclude that the anti-tumor effect of PEG-LP (DOX)
in the DOX-resistant MDA-MB-231 tumor (Fig. 1C-D) is mediated by the anti-
angiogenic effect of PEG-LP (DOX) (Fig. 8).

On the other hand, compared to MDA-MB-231 tumors, a significantly higher
expression of the CD31 gene was found in the OSRC-2 (RCC) tumors (Fig. 5A),
indicating its hypervascular properties, and this observation is consistent with the

previous reports showing that RCC tumors are highly angiogenic (Iwai et al., 2004;
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Kaelin, 2004). Moreover, the blood vessels of OSRC-2 tumors were found very leaky
or hyperpermeable (Fig. 6B and Fig. S1) (Kibria et al., 2013), this was also
supported by the presence of comparatively lower levels of extracellular matrix
proteins (Fig. 5). Hence, the leakiness of OSRC-2 tumor vasculatures dictates the
accumulation of PEG-LP (DOX) in deep tumor tissues where the tumor cells are
resistant to DOX (Fig. 8). Therefore, in OSRC-2 tumors, apoptotic cells were nearly
absent in the tumor treated with the PEG-LP (DOX) (Fig. S2). Moreover, no anti-
angiogenic effect of PEG-LP (DOX) was observed in OSRC-2 tumors, indicating that
PEG-LP (DOX) fails to induce blood vessel disruption (Fig. S3), and, as a result, has
negligible therapeutic effect (Kibria et al., 2013) (Fig. 8). Similar to the OSRC-2
tumor, the H69AR tumor would be predicted to show a similar distribution and
accumulation pattern of PEG-LP, which might lead to the failure of PEG-LP (DOX)
against the DOX-resistant H69AR tumor cells (Fig. 1E-F).

Although the EPR effect enhances the accumulation and localization of
nanoparticles in the solid tumors, the presence of extracellular matrix (ECM)
molecules such as collagen (McKee et al.,, 2006; Provenzano et al., 2006;
Stylianopoulos et al.,, 2012), pericytes (Hida et al.,, 2008), cancer-associated
fibroblasts (Stylianopoulos et al., 2012) in tumors form a barrier that limits the
penetration and distribution of nanoparticles through the interstitial space. The
intrinsic barriers drastically affect the anti-tumor efficacy of nanoparticles by
impairing their penetration and the subsequent delivery of drug molecules in the
tumors. Therefore, degradation of the matrix (Cabral et al., 2011; Jacobetz et al.,
2013; McKee et al., 2006; Stylianopoulos et al., 2012) and the depletion of cancer-
associated fibroblasts (Chauhan et al., 2013; Stylianopoulos et al., 2012) decompress
the tumor vessels, and preferentially enhance the delivery, distribution and
therapeutic efficacy of the drug molecules by the nanoparticles. However, such
intrinsic barriers likely play a pivotal role in the passive accumulation of PEG-LP
(DOX) around the vasculatures of MDA-MB-231 tumor tissues (Fig. 6A and Fig. 7),

and the subsequent delivery of DOX disrupts the tumor vasculature, eventually
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resulting in an anti-angiogenic effect. Such a process would induce a significant
anti-tumor effect for PEG-LP (DOX) in DOX resistant MDA-MB-231 tumors.
However, in an in vitro study, due to the higher cellular uptake of free DOX, the
cytotoxic effect on MDA-MB-231 cells was enhanced, as compared to PEG-LP (DOX),
indicating that the in vitro results for PEG-LP (DOX) do not explain the outcome of
its effect in wvivo. Taken together our results indicate that, depending on the
penetration and accumulation pattern of the PEG-LP in the tumor tissue, a PEG-
LP loaded with a drug would be capable of exerting a therapeutic effect against

tumors in which the tumor cells are drug-resistant.

5. Conclusions

In the tumor micro-environment, the intrinsic barriers created by the presence of
extracellular matrix (ECM) molecules govern the penetration and distribution of
PEG-LP in the tumors. In this study, PEG-LP (DOX), DOX encapsulated within a
PEG-LP, showed an efficient anti-tumor effect in multidrug resistant (MDR) breast
cancer (MDA-MB-231) xenograft model. Due to the hypopermeable characteristics
of the MDA-MB-231 tumors, PEG-LP accumulates around the tumor vasculature as
the result of the EPR effect, and the DOX delivered by the PEG-LP preferentially
induces an anti-angiogenic effect, thereby causing the angiogenesis dependent
inhibition of DOX resistant tumor growth. In contrast, due to the presence of PEG-
LP in the deep tissues of hyperpermeable MDR renal cell carcinoma (OSRC-2)
tumors, PEG-LP (DOX) fails to induce anti-angiogenesis as well as an anti-tumor
effect. Our study demonstrated that the ECM molecules preferentially limit the
penetration and accumulation of nanoparticles around the tumor vasculature and
such an effect contributes to the therapeutic efficacy of drug loaded nanoparticles in
MDR tumors. To overcome the limitations associated with the MDR in cancer, the
site of action of the drug delivered by the nanoparticles in the microenvironment of
the MDR tumors is critical and clearly needs to be elucidated for the development of

an effective drug delivery system for the treatment of MDR cancers in the future.
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Figure Captions

Fig. 1. Therapeutic effect of DOX loaded PEG-LP in mice bearing different types of
drug-resistant tumors. Mice bearing MDA-MB-231 tumors (A-D) and H69AR (E-F)
were treated with 2 mg/kg DOX in PEG-LP or with PBS (control). Data are presented as
the mean + SD (n =4-5). Statistical analysis was done by two-tail Unpaired Student t-
test. **P < 0.01; *P < 0.05; N.S., not significant.

Fig. 2. The sensitivities of cancer cells to DOX. The MDA-MB-231 (A) and Hela (B)
cells were incubated with different concentrations of DOX for 8 h followed by
reincubation for 16 h in the presence of fresh media. The viability of cells (DOX
concentration leading to 50% cell-death, ECso) was determined by following the WST-8
assay protocol (n=3). The MDA-MB-231 cells exhibited resistance to DOX, where the

Hela cells were found to be sensitive to DOX.

Fig. 3. The cytotoxic effect of free DOX and DOX loaded PEG-LP. A. MDA-MB-231
cells were incubated with different concentrations of DOX for 8 h followed by
reincubation for 16 h in the presence of fresh media. The viability of cells (the DOX
concentrations leading to 50% cell-death, ECso) was determined by following the WST-8
assay protocol (n=3). Compared to PEG-LP (DOX), free DOX exhibited a better
cytotoxic effect. B. Effect of DOX on the morphology of MDA-MB-231 cells. Cells were
incubated with either free DOX or DOX loaded PEG-LPs at 37°C. In in vitro culture
conditions, free DOX (red) dramatically changes the morphology as well as induces the

apoptosis of cells compared to PEG-LP (DOX). Scale bars 20 pm.

Fig. 4. Time dependent distribution of DOX delivered by PEG-LPs. MDA-MB-231
cells were incubated with either free DOX or DOX loaded PEG-LP (50 ug DOX/ml) for 3
h at 37°C, followed by washing and reincubation with fresh media for an additional 20 h,
followed by rewashing and reincubation with fresh media for an additional 32 h. Images
at 3 h, 23 h and 55 h were taken by CLSM. Red: DOX, Blue: Nucleus.

26



681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711

Fig. 5. The mRNA expression levels of various genes in the MDA-MB-231 and
OSRC-2 tumors analyzed by real-time PCR. The mRNA expression level of CD31
(vascular endothelial cells marker) in OSRC-2 tumors was higher than that of the MDA-
MB-231 tumors. The mRNA expression levels of genes associated with the extracellular
matrix (ECM) molecules such as collagen (Col1a1), pericytes (NG2), cancer-associated
fibroblasts (Fapa), platelet-derived growth factor receptor protein (Pdgfrb) were up-
regulated in MDA-MB-231 tumors than those in OSRC-2 tumors. The mRNA expression
levels were normalized to GAPDH (A), NG2 expression level was normalized to CD31

(B). **p<0.01 versus OSRC-2 tumors, unpaired student’s t-test.

Fig. 6. Distribution of PEG-LP in MDA-MB-231 and OSRC-2 tumor tissues. Mice
bearing MDA-MB-231 tumor (A) and OSRC-2 tumor (B) were injected with rhodamine
labeled PEG-LP (0.5 ymol lipid/mouse), or with PBS (Control). Representative images
of tumors collected at 24 h post-injection (MDA-MB-231 tumor) or 6 h post-injection
(OSRC tumor) are shown, green: tumor vessel, red: PEG-LP, blue: nulcei. PEG-LP was
mostly found around the vessels in MDA-MB-231 tumor where it merged (yellow);
where as in OSRC-2 tumor, PEG-LP was distributed to deep tumor tissue. Scale bars
50 um. Distribution of PEG-LP observed at 24 h post-injection in OSRC-2 tumors was
also presented in Fig. S1. Furthermore, we reported the distribution of PEG-LP in

OSRC-2 tumors in our previously published article (Kibria et al., 2013).

Fig. 7. Site of action and the anti-angiogenic effect of DOX loaded PEG-LP in
tumors. A. Mice bearing MDA-MB-231 tumors were treated with 2 mg/kg DOX in PEG-
LP or with PBS (Control). At 24 h post-injection, the tumors were collected and analyzed
by CLSM. To detect apoptosis in tumors, the mice were injected with an Apo-Trace
solution, green: tumor vessel, red: doxorubicin (DOX), blue: apoptotic cells. The total
area of the tumor blood vessels (B) were counted from at least 10 images taken from

different positions in the tumor/treated group.

Fig. 8. Schematic representation of the mechanism of action of DOX loaded PEG-

LP in different types of drug-resistant tumors. In the hyperpermeable tumor (OSRC-
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2, renal cell carcinoma), PEG-LP (DOX) extravasates to deep tumor tissues via the
EPR effect where it delivers DOX to the DOX-resistant tumor cells, therefore PEG-LP
(DOX) fails to provide an anti-tumor effect. In contrast, the presence of higher amounts
of pericytes, collagen fibers, fibroblasts, platelet-derived growth factor (PDGF) receptor
protein makes the MDA-MB-231 tumors hypopermeable, which, in turn, limits the
penetration and distribution of PEG-LP (DOX) around the tumor vasculature, and such
an effect induces passive anti-angiogenesis, thereby having an effect on life-support

(oxygen, nutrients, growth factors etc.) in the drug-resistant tumor.
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Fig. 5
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Fig. 8
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