Chapter 4
Enhanced Vascular Permeability in Solid
Tumors: A Promise for Anticancer Nanomedicine

Sebastien Taurin and Khaled Greish

Abstract Tumor vessels are structurally and functionally abnormal. The heterogeneity,
irregularity as well as the leakiness of the tight junctions of tumor vasculatures are
potential targets for anti-cancer therapy. Early in 1980s Yasuhiro Matsumura and
Hiroshi Maeda described the enhanced permeability and retention (EPR) effect.
EPR effect is a unique tumor vascular phenomenon; central to it is the abnormal
structure and function of endothelial tight junctions in the developing irregular
tumor vasculatures that allows for selective concentration of Nanosize molecules in
tumor tissues. Nanomedicine that emerged in parallel to the recent advance in
Nanotechnology can concentrate in tumors due to EPR effect. The main advantage
offered by the EPR effect for Nanomedicine is superior pharmacokinetics with pro-
longed drug circulatory half-life and improved biodistribution to tumor tissues. The
EPR effect served as the bridge through which Nanotechnology found appropriate
application in treatment of cancer. In this chapter, we discuss the principles and
factors involved in EPR mechanism, the opportunities, and the challenges that face
this cancer treatment strategy.
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4.1 Introduction

Cancer remains a major challenge to the human kind, both the scientific community
and cancer patients. By 2011, more than 3.8 million research articles have been
published with cancer as a keyword. Conversely, WHO has predicted that global
cancer mortality will increase by 50% by the year 2020, claiming the lives of 50
million patients worldwide (World Health Organization 2003). Clearly, this indi-
cates the need for the scientific community to devise new strategies for more effec-
tive cancer management.

A major focus in cancer research concerns the unique characteristics of tumor
cells or tumor tissues. Understanding these characteristics will aid development of
strategies for selective destruction of abnormal cancer cells without harm to normal
structures and hence less toxicity to the patients. Tumor vasculature is an ideal tar-
get for such strategies because it demonstrates extensive abnormalities clearly
defining them from vessels in normal tissues or organs. Such features of vascular
abnormalities rely largely on the alteration of the properties of tight junctions.
Compared with the vasculature of normal tissue where the endothelium forms a
continuous monolayer and diffusion of plasma solutes or extravasation of
inflammatory cells is controlled, to a considerable extent, by tight junction perme-
ation (Satoh et al. 1996). The tumor vasculature is markedly disorganized, hetero-
typic and highly permeable to solutes and potential metastatic cells (Bazzoni and
Dejana 2004). Subsequently, tumor vasculature exhibit different fluid and molecular
transport dynamics to meet an ever-increasing demand for nutrients and oxygen to
the cancer cells. Among these hallmark characteristics is the enhanced permeability
and retention (EPR) effect of macromolecular agents in solid tumors, or the EPR
effects, which was described more than 20 years ago (Noguchi et al. 1998;
Matsumura and Maeda 1986; Iwai et al. 1984). By means of the EPR effects, accu-
mulation of macromolecules at the interstitium of tumor tissues is facilitated. One
can take advantage of this macromolecular accumulation, via the EPR effect, for the
delivery of macromolecular drugs or Nano-carriers. In this chapter, we will first
describe the basic mechanism and the factors that contribute to it, followed by the
strategies that can be used to further enhance this effect in solid tumors and finally
discuss the challenges that face this cancer treatment strategy.

4.2 Historical Prospective

Paul Ehrlich at the turn of the twentieth century coined the term “magic bullet”.
Even though the magic bullet was coined to describe a specific antibiotic to target
disease causing organism, the term caught the attention of cancer researchers, who
sought methods to translate this concept in cancer treatment. In 1971, Judah Folkman
described in the New England Journal of Medicine how survival of tumor tissues
was dependent on its ability to develop its own new blood supply (Folkman 1971).
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This finding established the first steps towards exploiting tumor vasculature for
anticancer treatment. In the same year Folkman also described a factor that can
enhance tumor vascular development which is now known as Vascular Endothelial
Growth Factor (VEGF) (Folkman et al. 1971). In 1973, Hans-Inge Peterson et al.
conducted a systemic study to evaluate the uptake and later retention of labeled
albumin and fibrinogen in a transplantable rat tumor compared to various normal
tissues of the rat. They found high uptake and retention of both proteins in tumor as
compared to normal tissues and attributed this phenomenon to high tumor capillary
permeability for large protein molecules (Peterson and Appelgren 1973). In early
1980s Hiroshi Maeda invented the first known anticancer Nanomedicine Styrene
co-maleic acid conjugated NeoCarzinoStatin (SMANCS). The drug design was
mainly influenced by the then newly developing theory of enhanced tumor perme-
ability (Iwai et al. 1984). Maeda and his colleagues further studied this phenomenon
and extensively analyzed the different factors that contribute to it for over 20 years.
Maeda’s EPR principle now constitutes the golden standard for the design of many
anticancer Nanocarriers.

4.3 Role of Tight Junction in the Vasculature

The main functions attributed to tight junctions are the regulation of the paracellular
permeability or barrier function and the formation of a paracellular seal or fence
preventing diffusion of lipids and proteins to maintain cell polarity. Evidence for the
barrier functions of tight junctions was shown by early electrophysiological
approaches and tracer barrier assays, suggesting the existence of paracellular aqueous
pores or channels within the tight junctions (Gumbiner 1993; Diamond 1977,
Claude 1978). Additional studies have shown the large contribution of the paracellular
permeability to ions and solutes (perm-selectivity), compared to the transcellular
transport in epithelial cells and endothelial cells, is largely dependent on the nature
of the cells involved and can be modified in an organ-specific manner (Van Itallie
et al. 2003). Movement of material across cell membranes occurs in an energy
dependent manner and involves a specific channel, pump or transporter. In contrast,
the paracellular transport results from the passive movement of material down an
electrochemical gradient created by the active transcellular transport or by an external
driving force (Van Itallie and Anderson 2006).

Tight junctions are intercellular topical junctional complexes found in epithelial
and endothelial cells (Gow et al. 1999). They are one of the two main adhesive
structures responsible for cell-cell contact along the lateral membrane in endothelial
cells, the other being adherens junctions. Whereas the tight junctions control the
paracellular pathway, the adherens junctions maintain cellular proximity. In addi-
tion to cell-cell adhesion, another type of junction, the gap junction mediates cell-cell
communication (Yin and Green 2004; Perez-Moreno et al. 2003; Matter et al. 2005;
Farquhar and Palade 1963). Tight junctions in the endothelium control different
features of vascular homeostasis and show considerable variability across the
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vascular tree (Bazzoni and Dejana 2004). The variability of the composition of the
tight junctions affects the permeability to plasma solutes as well as leukocyte
extravasation and infiltration into areas of inflammation. In large arteries, tight
junctions are abundant and well developed, creating a dynamic seal characterized
by a low permeability. Within the microvasculature, tight junctions are more abundant
in the arterioles compared to the capillaries, but both display high transendothelial
resistance (Aird 2007). In contrast, post-capillary venules display poorly organized
tight junctions which allow dynamic trafficking of circulating cells and plasma
proteins (Aird 2007). The tight junction permeability is also influenced by the
abundance of receptors such as histamine, serotonin and bradykinin at the site of
extravasation (Aird 2007). The abundance of tight junctions as well as their struc-
tural organization and composition has been implicated in the establishment of
tightly regulated barriers such as the blood brain barrier (BBB) or blood retina
barrier (BRB) where a strict control of the fluid dynamic is required to restrict the
transport of solutes (Huber et al. 2001). The blood brain barrier has involved highly
specialized endothelial cells. Tight junctions separate the apical and the basal
membrane domain leading to polarization of the endothelial cells and restriction of
the paracellular pathway (Coisne and Engelhardt 2011). Disruption of the structure
and organization of the blood brain barrier tight junctions has been implicated in
development and propagation of various tumors (Feng et al. 2011a; Fazakas et al.
2011; Davies 2002).

4.4 Tumor Vascular Permeability, the EPR Concept

As tumor cells reach the size of 150-200 um, they start developing their own blood
supply and become dependent on neovasculature for their nutritional and oxygen
supply (Wu et al. 1998). Normal vasculature networks consist of arterioles, capillar-
ies and venules and form a well-organized network with dichotomous branching
and hierarchic order (Herbert and Stainier 2011). Newly formed tumor vessels are
usually abnormal in form and architecture. They are dilated, saccular, poorly aligned
and heterogeneous. Tumor vessels have defective endothelial cells with wide fenes-
tration, lacking smooth muscle layer, or enervation with wider lumen, and impaired
functional receptors for angiotensin II. Furthermore, tumor tissues usually lack
effective lymphatic drainage (Noguchi et al. 1998; Folkman et al. 1971; Folkman
1971). Interestingly, in brain tumors similar to solid tumors, blood vessels charac-
teristically lose their blood-brain barrier properties resulting in an increase vascular
permeability (Liebner et al. 2000). All these factors lead to abnormal molecular and
fluid transport dynamics especially for Nanosize anticancer drugs. The EPR effect
is even more pronounced by pathophysiological factors involved in enhancement
of extravasation of macromolecules (larger than 7 nm) in solid tumor tissues.
For instance, vascular endothelial growth factor VEGF, bradykinin, nitric oxide/
peroxynitrite, prostaglandins, tumor necrosis factor and others (Wu et al. 1998;



4 Enhanced Vascular Permeability in Solid Tumors... 85

Senger et al. 1983; Peterson and Appelgren 1973; Matsumura et al. 1988; Maeda
et al. 1996; Folkman et al. 1971; Folkman 1971; Doi et al. 1996, 1999). The EPR
effect can be clearly demonstrated in rodent tumors by the intravenous injection of
Evans blue dye (EBD), which complexes with albumin and produces an intense
blue color in tumor tissues in great contrast with normal colored surrounding tissues
(Matsumura and Maeda 1986). Sat and Duncan have used HPMA copolymer-
doxorubicin conjugate (PK1) as a probe to investigate the extent of the EPR effect
in different tumor models, and found that many mouse and human xenograft tumors
displayed clear tumor size-dependent EPR-mediated targeting (from ~20% dose/g
of tumor tissue in small tumors to 1-5% dose/g in large tumors). This result was
consistent with their previous reports describing the accumulation and retention of
125]-labelled HPMA copolymer in B16- F10 and sarcoma 180 tumors (Seymour
et al. 1995; Duncan 1999). Ohkouchi K et al., used a system composed of a Walker
256 solid tumor with a supplying artery and a draining vein to study the extravasa-
tion characteristics of mitomycin C-dextran conjugates, where they were able to
show the enhanced vascular permeability of macromolecular drugs in solid tumors
(Ohkouchi et al. 1990).

To accomplish the EPR effect-based cancer drug targeting, the plasma concen-
tration of the drug, generally measured by AUC, must remain high, preferably for
more than 6 h (Matsumura and Maeda 1986). Consequently, extravasations into
tumor tissue increase progressively with time in a matter of several hours or days.
Subsequently, the release of the active component or principle from Nano — carrier
would proceed in tumor tissue to attain therapeutic concentration. For example,
SMANCS in Lipiodol (SMANCS/Lipiodol) when administered interarterialy, is
cleared very slowly from tumor (clearance takes several weeks). The activity of
SMANCS was detected at 20-30 pLg/g tumor tissues even 2—3 months after arterial
injection of 1 mg/ml (SMANCS/Lipiodol) (Konno et al. 1984). This remaining
activity was more than 100 times of the minimal inhibitory concentration against
tumor cells in culture (i.e. SMANCS exhibited a minimum effective concentration
below 0.05 ng/ml). This remarkable tumor selective accumulation of SMANCS
resulted in unprecedented antitumor effect in treating patients with hepatocellular
carcinoma in Japan.

4.5 Factors Contributing to Tumor Vascular Permeability

In 1907 E. Goldmann (1908) wrote the following in Lancet describing tumor vascu-
lature “The normal blood vessels of the organs in which the tumor is developing are
disturbed by chaotic growth, there is a dilatation and spiraling of the affected ves-
sels, marked capillary budding and new vessel formation, particularly at the
advanced border”. Essentially this phrase by this early pioneer summarizes our cur-
rent knowledge of the gross vascular abnormalities in many human tumors.
Following are the main factors that are attributed to these vascular abnormalities;
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Fig. 4.1 Schematic representation of the tight junction organization between endothelial cells
from a normal blood vessel (a) and from a tumor associated blood vessel (b). Tight junctions are
the most apical structure and govern the paracellular permeability of endothelial cells. They are
composed of both transmenbrane proteins like claudins, occludin and junctional adhesion
molecules (JAMs), and intracellular molecules implicated in scaffolding, cytoskeletal attachment,
trafficking and cell signaling. In tumors, the localization of these proteins at the endothelial tight
junction is affected either by a decrease expression, increase degradation or mislocalization leading
to increase permeability of the tight junction

4.5.1 Alteration of Tight Junction in Tumor Vessel

Tight junctions are the most apical structure and govern the paracellular permeability
of endothelial cells (Tsukita et al. 1996). Aberration of the tight junction functions is
a key event during neoangiogenesis of the tumor and may further promote the forma-
tion of metastases (See Fig. 4.1). There are more than 40 proteins identified within
the tight junctions (Yamazaki et al. 2008; Tsukita et al. 2008; Schneeberger and
Lynch 2004), and the interactions and assembly between these components remains
largely unknown. Tight junctions are composed of both transmenbrane proteins like
claudins, occludin (Furuse et al. 1993) and junctional adhesion molecules (JAMs)
(Bazzoni 2003), and intracellular molecules implicated in scaffolding, cytoskeletal
attachment, trafficking and cell signaling (Gonzalez-Mariscal et al. 2003). Several cytok-
ines involved in cancer cell proliferation and metastasis (Wu and Zhou 2010;
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Table 4.1 Modification of tight junction protein complex in tumour associated endothelium

Change in
Cancer type Protein expression References
Gliosbalastoma Hyperplastic Claudin-5, Down Liebner et al. (2000)
vessel occludin
Glioblastoma Interendothelial  Claudin 1 Down Liebner et al. (2000)
junction
Angiosarcomas Claudin-5 Down Miettinen et al. (2011)
Hemangioendotheliomas Claudin-5 Down Miettinen et al. (2011)
Glioblastoma multiforme Claudin-3 Down Wolburg et al. (2003)
Astrocytoma Occludin Down Papadopoulos et al.
(2001)
Astrocytoma Z0-1 Down Sawada et al. (2000)
Melanoma Claudin-1 Down Cohn et al. (2005)
Hepatocarcinoma Sinusoidal Claudin-5 Down Sakaguchi et al.
endothelium (2008)
Endometrial atypical Claudin-3, -4 Up Pan et al. (2007)
hyperplasia
Endometrioid Claudin-3, -4 Up Pan et al. (2007)
adenocarcinoma
Acute Leukemia Occludin, Down Feng et al. (2011b)
Z0-1,
claudin-5
Testicular carcinoma Z0O-1 and Down Fink et al. (2006)
70-2

Lichtenberger et al. 2010; Hosoda et al. 2011) affect the expression of proteins essential
for the tight junction barrier function in endothelial cells (Table 4.1). Among those,
hepatocytes growth factor/scatter factor (HGF/SF) is a known angiogenic cytokines
associated with tumor growth and metastasis (Junbo et al. 1999; Gupta et al. 2008).
HGF/SF decreases the expression of occludin and promote a decrease of the transen-
dothelial resistance and increase of the paracellular permeability (Jiang et al. 1999;
Martin et al. 2002). Additional studies performed with different cytokines such as
Interferon y (Oshima et al. 2001), Tumor necrosis factor (TNF) -o. (Wachtel et al.
2001) and VEGF (Wang et al. 2001) were also associated with a decrease in the
expression of occludin and affected the transendothelial resistance. Most of the stud-
ies performed to determine the role of occludin were done in epithelial cells, never-
theless occludin knock-out mice have a complex phenotype, but they do not appear
to have a defect of the intestinal transport or barrier function (Saitou et al. 2000;
Schulzke et al. 2005). A compensatory mechanism could be involved as tricellulin, a
tight junction protein localized at tricellular junctions, may provide functional redun-
dancy (Ikenouchi et al. 2005). Interestingly, the expression of occludin in the endothe-
lium correlates with the number of the claudin strands (Saitou et al. 1997), the
permeability and homeostasis along the vascular tree (Hirase et al. 1997).
Furthermore, additional studies showed that HGF/SF also decreased the expres-
sion of other proteins involved in the endothelial tight junction complex such as
Z0-1, claudin-1, promoting a decrease of the transendothelial resistance and stimulating
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the invasion of a metastatic breast cancer cell line MDA-MB-231 (Martin et al. 2002).
While ZO-1 appears to be critical for claudin localization and initiation of claudin
polymerization (Itoh et al. 1999), claudin-1 is a member of the large PMP22/EMP/
MP20/claudin mammalian superfamily. This family of proteins has emerged as the
most critical protein complex for defining tight junction selectivity. Claudins are
essential for the correct assembly and functions of the tight junctions (Krause et al.
2008). Immunohistological analysis performed on hepatocellular carcinoma
specimens showed a decrease expression of the endothelial tight junction protein
claudin-5. The protein is found in larger amount in the endothelial cells (Tsukita
etal. 2001). In claudin-5 deficient mice, a size-selective increase in the permeability
of the tight junctions in blood vessels was observed with the blood brain barrier
appearing to be leaky for small size particles (<800 Da) but no deficiency was
observed for the transportation of larger molecules, suggesting that claudins can
create variables pore sizes (Nitta et al. 2003). Moreover in vitro work showed a
selectivity of the porosity depending on the claudins expressed (Van Itallie et al.
2008). Claudin-5 expression was found to be down-regulated in hepatocellular
carcinoma and this may promote leakiness of blood vessels (Sakaguchi et al. 2008).
In cutaneous melanoma, a decrease of claudin-1 expression in the endothelium
was associated with the acquisition of the metastatic phenotype (Cohn et al. 2005).
In glioblastoma multiform, the increase in microvascular permeability correlates
with a modification of the ratio of expression of proteins involved in tight junction
organization. Namely, claudin-1 expression was decreased while claudin-5 expression
was not changed; such modification resulted in the alteration of tight junction
particles distribution (Liebner et al. 2000).

All together, these data suggest the implication of the tight junction in the devel-
opment and propagation of cancer. As the molecular mechanism and the structure
of the tight junction of the tumor vasculature are progressively understood, these
studies highlight the specificity of the tight junction components involved and their
potential as a new target for drug delivery.

4.5.2 Anatomical Irregularities of Tumor Neoangiogenesis

The increased vascular density has been repeatedly documented in animal models;
however, its role in human tumors has been debated. Many investigators have estab-
lished the presence of high vascular density in human cancers and correlated the
vascular density with tumor metastasis, which can be linked to poor patient out-
come. In the first study of this type, Weidner et al. (1991) showed a direct correla-
tion between the vascular density (number of vessels per high-powered field) and
the likelihood of metastasis in human breast cancer patients. This finding is not
limited to breast cancer but has been extended to several other tumors, including
carcinoma of the prostate (Weidner et al. 1993; Brawer 1996), lung (Yamazaki et al.
1994; Angeletti et al. 1996), stomach (Maeda et al. 1995), cervix (Wiggins et al.
1995), ovary (Hollingsworth et al. 1995), and in squamous cell carcinoma of the
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head and neck (Gasparini et al. 1993). Thus, for many tumors, increased vascular
density is indicative of increased metastasis and decreased survival. High vascular
density can ensure continuous blood supply to the rapidly growing and metaboli-
cally demanding tumor cells. Further it provides a channel for communication
between the external body environment with its cellular and chemical signals (e.g.
macrophages, and growth factors). Eventually tumor cells utilize this extensive vas-
cular network to extravasate into the blood stream in order to establish secondary
niche in distant organs. Interestingly, a recent study shows that inhibition of claudin-5
expression suppresses angiogenesis both in vitro and in vivo in a retinal neovascu-
larization model (Chen et al. 2011), suggesting a role of claudin-5 in promoting
neovascularization and more specifically, sprouting of blood vessels during devel-
opment and in pathological conditions(Chen et al. 2011). This study suggests that
regulation of claudin-5 expression and localization by post translational modification
involving the Wnt pathway, a pathway known to promote tumor development
(Dejana 2010; Giles et al. 2003), potentially affects the permeability of the tight
junction, but may also promote tumor angiogenesis and vascular density.

Even though this hypervasculature seems to be to the advantage of rapidly grow-
ing tumor cells, it can be utilized to deliver anticancer drugs with high affinity to
tumor cells. In addition to high vascular density in tumor tissues, vascular pore size
in tumor vasculatures exhibits drastic difference from normal blood vessels. Yuan
et al. (1995) measured the size of tumor vessels pores in LS 147 human colon
adenocarcinoma implanted in dorsal skin fold chamber in severe combined
immunodeficiency (SCID) mice and its relation to macromolecular transport into
tumor tissues. They demonstrated that the tumor vascular pore could be as large as
0.4 um in diameters. In another study by Hashizume et al. (2000) using electron
microscopy, they were able to identify structural abnormalities in the endothelium
of tumor blood vessels due to intercellular openings having a mean diameter of
1.7 um (range, 0.3—4.7 um) and transcellular holes with a mean diameter 0.6 um in
mouse mammary carcinomas. These large vascular pores can, in part, explain the
ability of tumor cells of several um diameter, to squeeze itself in its journey for
metastasis.

Fortunately, this large pores can provide selective targeting opportunity for
Nano-size drug carriers (7-100 nM), as carriers with this size will escape clearance
through globular filtration, which have a threshold of 5-7 nm. Thus, they can con-
centrate into tumor tissues with its wide fenestration more preferentially than small
size molecules of classical anticancer chemotherapy. The third element in EPR
anatomical abnormality triad is the lack of functional tumor lymphatics. According
to EPR theory, molecules of size larger than 5—7 nm cannot pass through the renal
glomerular cells, hence it can concentrate preferentially where the endothelial gaps
in small blood vessels allows for its extravasation. This means tumor tissue is a
prime target for this concentration due to the wide gaps present in its ill-developed
vasculature as described above. Further, the lack of functional lymphatics will
lead to the accumulation (retention) of these extravasated Nanosize molecules.
This notion of the absence of lymphatics in tumor was derived from the long held
belief that tumors lack lymphatic vessels. In 1955 Irving Zeidman et al. injected
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radiolabeled gold and berlin blue dye tracer substance into the same afferent
lymphatic that previously carried VX-II tumor-cell emboli to the lymph node,
thereby assuring injection of the proper lymphatic vessels. This experiment showed
that tumor cells developed by the tumor emboli injection did not take any of the
tracers, even under high pressure injection to exclude the presence of occluded or
collapsed blunt end lymphatic (Zeidman et al. 1955). However, this long held view
was challenged recently, partially due to the development of new techniques to
trace and identify lymphatic endothelial cells. These include molecules such as
lymphatic vessel endothelial hyaluronan receptor-1, Prox-1, podoplanin, and
vascular endothelial growth factor receptor (VEGFR)-3 (Wigle and Oliver 1999;
Soker et al. 1998; Breiteneder-Geleff et al. 1999; Banerji et al. 1999). In addition,
vascular endothelial growth factor (VEGF)-C and -D, which are members of VEGF
family, have been reported as lymphatic-specific growth factors (Orlandini et al.
1996; Joukov et al. 1996).

Despite the success of the current research strategies in identifying the presence
of specific tumor induced lymphatic endothelial cell growth, the functionality of
these lymphatic vessels remains essentially unproved in most experimental animal
studies as well as in human tumor tissues specimens (Pepper 2001; Padera et al.
2002).

4.5.3 Vascular Endothelial Growth Factor (VEGF)

VEGEF was first named vascular permeability factor by Dvorak because of its potent
stimulatory effect on the permeability of the tumor microvasculature (Senger et al.
1983). Leung et al. (1989) coined the term VEGF to describe a mitogenic factor that
selectively stimulated endothelial cell proliferation and angiogenesis. This was
confirmed by Connolly et al. (1989), who reported that vascular permeability factor
was mitogenic for endothelial cells and had the capacity to stimulate vascular
proliferation. Recently, the VEGF family of growth factors has expanded with the
addition of four new molecules: placenta growth factor (PIGF), VEGF-B, VEGF-C,
and VEGF-D (Yamada et al. 1997; Olofsson et al. 1996; Maglione et al. 1991; Kukk
et al. 1996). VEGF-C and VEGF-D have a specific lymphatic endothelial cells
growth stimulatory role as described earlier (Orlandini et al. 1996; Joukov et al.
1996). VEGF comprises four main isoforms produced by alternative splicing of
mRNA: VEGF-121, VEGF-165, VEGF-189, and VEGF-206 (Wei et al. 1996;
Ferrara and Davis-Smyth 1997). VEGF is the major player in neoangiogenesis, both
in physiological wound healing or in support of tumor growth.

VEGEF stimulates the migration and proliferation of arterial, venous, and micro-
vascular endothelial cells as well as angiogenesis in vivo and in vitro (Plouet et al.
1989; Leung et al. 1989; Ferrara and Davis-Smyth 1997; Connolly et al. 1989). In
addition, VEGF promotes the balanced degradation of the extracellular matrix
around the sprouting endothelium by inducing the expression of urokinase-type
plasminogen activator, tissue type plasminogen activator (Pepper et al. 1991;



4 Enhanced Vascular Permeability in Solid Tumors... 91

Folkman 1990) and interstitial collagenase (Unemori et al. 1992). By enhancing the
permeability of venules to circulating proteins including fibrinogen, VEGF is
believed to facilitate the perivascular deposition of fibrin, which further potentiates
angiogenesis (Dvorak et al. 1995). Through its capacity to induce nitric oxide,
VEGF may also mediate the vasodilation and increased blood flow that precede
angiogenesis.

Though VEGEF function is indispensable to wound healing to support new tissue
formation after discontinuation of various tissue layers due to injury, tumor cells
have exploited this mechanism for its own growth and spread. Masood et al. mea-
sured the VEGF level of expression in 10 different human cell lines in comparison
to the nil level of expression expected in stable cells. They found that most tumor
cells overexpress VEGF with the range of 419-1,476 pg/10° cells. Further they
demonstrated that VEGF can function as tumor growth factor, where its inhibition
can result in tumor cell growth inhibition (Masood et al. 2001). In addition, VEGF
increases the barrier permeability of endothelial cells through destabilization of the
intermingled adherens junction and tight junction, characteristic of endothelial cells.
VEGF triggers endocytosis of VE-cadherin present in adherens junctions (Gavard
and Gutkind 2006), as well as occludin in tight junctions through phosphorylation
by activation of protein kinase C (PKC) (Erickson et al. 2007; Harhaj et al. 2006)
and ubiquitination (Murakami et al. 2009). VEGF as such can be considered as
the most prominent player in neoangiognesis development as well as its enhanced
leakiness. Currently there are over 60 angiogenesis inhibitors in clinical trials for
various cancer treatments (Lenz 2005; van Moorselaar and Voest 2002).

4.5.3.1 Other Mediators Involved in Enhanced Tumor Permeability

Besides VEGF, the EPR effect is further amplified by numerous other vascular
mediators which include angiotensin II (AT II), bradykinin (BK), nitric oxide (NO),
peroxynitrite (ONOO™), matrix metalloproteinase (MMP) (or collagenase), prosta-
glandins (PGs), among others (Wu et al. 1998, 2001; Suzuki et al. 1981; Okamoto
et al. 2001; Matsumura et al. 1988; Maeda et al. 1996). As discussed earlier, tumor
blood vessels are deranged and as such they lack smooth muscle layer resulting in
its lack of response to vasoconstrictors. Therefore, administration of a vasoconstric-
tor such as AT II that affects normal vessels and increases blood pressure would be
expected to have no effect on tumor vessels. However, hypertension, induced by AT
II, would have mechanical effects and cause dilation of tumor vasculature in a pas-
sive manner. Hori et al. (1991) showed clearly in a window model of solid tumor
that some tumor vessels cannot be seen under normotensive conditions but can be
visualized when an AT II induced hypertensive state is generated. They showed that
apparently avascular tumor tissue actually does have vessels but that they are visible
or functional sporadically, e.g. once every 15 or 25 min. However, the absence of
smooth muscle in tumor vessels accounted for a three- to fivefold increase in blood
flow volume under conditions of induced hypertension, when systolic pressure
increased from 100 to 160 mmHg by infusion of AT II, which consequently enhanced
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macromolecular drug delivery. In contrast to macromolecular drugs, when ['“C]
methylglucose, a representative low-molecular-weight drug mimic, was studied
under hypertensive condition, accumulation of this agent in tumor was much less
than that of polymeric drugs and lasted no longer than 10 min (Li et al. 1993). Such
low-molecular weight drugs seem to be washed out rapidly into the general circula-
tion and are excreted via the urine.

In a converse approach, vasodilators, such as the NO-releasing agent isosorbide
dinitrate (ISDN; Nitrol), were utilized to enhance the EPR effect via widening the
tumor-feeding artery. This result was accomplished by local arterial infusion of
ISDN by catheter (Greish et al. 2003; Greish 2007).

Another vascular mediator that greatly influences the EPR effect is bradykinin,
which induces intense pain as well as increases vascular permeability. The increase
of vascular permeability is associated with a down-regulation of the expression of the
tight junction proteins, claudin-5, ZO-1 and occludin and a rearrangement of F-actin
in a blood tumor barrier model (Liu et al. 2008). Furthermore, bradykinin cross-talks
with prostaglandin and NO, resulting in greater vasodilatation as well as angiogen-
esis. A significant activation of the bradykinin generating cascade in the tumor com-
partment was reported, as well as [hydroxyprolyl] bradykinin. Further, BK was
found to be involved in the accumulation of malignant ascetic and pleural fluid
(Matsumura et al. 1988, 1991; Maeda et al. 1988). Angiotensin-converting enzyme
(ACE) inhibitors such as enalapril and other similar agents can inhibit degradation of
bradykinin in vivo and lead to higher bradykinin concentrations at sites of tumor and
infection, because of an amino acid sequence homology to that of bradykinin near
the C-termini. Consequently, ACE inhibitors did enhance the EPR effect (Matsumura
et al. 1988, 1991; Hori et al. 2000) mediated by either bradykinin or NO. Therefore,
increasing the local concentration of bradykinin by means of ACE inhibitors, and
thereby improving tumor-selective delivery of macromolecular drugs would be pos-
sible. Interestingly, ACE inhibitors were found to beneficial on treatment of hepato-
cellular carcinoma (Noguchi et al. 2003) and prostate cancer (Uemura et al. 2005).

Another important mediators for EPR effect are prostaglandins (PGs) particu-
larly PG_,, generated via cyclooxygenase isozymes (COX 2), which is markedly
elevated in inflammatory and cancer tissues. These increased levels of PGs can also
enhance vascular permeability in solid tumor, as evidenced by significant suppres-
sion of vascular permeability in sarcoma 180 and other solid tumor models by the
COX inhibitors indomethacin and salicylic acid (Wu et al. 1998; Maeda et al.
1996). It was found that a PG , analogue (beraprost sodium) with a much longer
in vivo half-life (about 30 min vs. 3 s for PG |,) was useful for the delivery of mac-
romolecules (Tanaka et al. 2003); although a therapeutic advantage of beraprost
sodium needs to be demonstrated. Prostaglandin E2 reverses the effect of the epi-
dermal growth factor in epithelial cells and increases the permeability (Flores-
Benitez et al. 2009).

Another potential modulator of the EPR effect is hydrogen peroxide. The role
of hydrogen peroxide in regulating vascular permeability is currently attracting
the interest of many researchers. Several studies have shown that H,O, is involved
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in the increase of the vascular permeability in various types of cells (Meyer et al.
2001; Jepson 2003). Hydrogen peroxide increases paracellular permeability by
affecting the expression and localization of occludin and ZO-1 (Lee et al. 2004).
Drummond et al. (2000) have discovered a role of hydrogen peroxide in transcrip-
tional and posttranscriptional regulation of endothelial NO synthases expression
by endothelial cells. Direct addition of 100 and 150 mmol/l H,O, caused increases
in bovine aortic endothelial cell eNOS mRNA that were time and concentration
dependent (i.e. 3.1- and 5.2-fold increases), and elevated eNOS protein expres-
sion and enzyme activity, accordingly. In other studies, it had been found that
elevated levels of H O, cause calcium dependent release of NO from the endothe-
lium and potassium channel-dependent relaxation of vascular smooth muscles
(Weir and Archer 1995; Yang et al. 1999). In addition, H,O, was reported to stimulate
multiple forms of vascular phospholipases and directly modify lipids to species
that are vasoactive (Rao et al. 1995; Natarajan et al. 1998). Cseko et al. (2004)
proposed that H,O, in a concentration dependent manner activates several endothelial
and smooth muscle pathways, resulting in biphasic changes on the diameter and
myogenic tone of isolated skeletal muscle arterioles. The constrictions induced by
H,0, are mediated by endothelial PGH2/TxA2, whereas the dilations are caused
primarily by the activation of both endothelial NO synthase and various Kp chan-
nels in vascular smooth muscle cells. It seems plausible that exogenous adminis-
tration of H,O, upstream into a tumor feeding artery could enhance the anticancer
drug delivery, similar to the effect produced by ISDN, however this needs to be
verified. Maeda’s group have demonstrated the role of H,O, in enhancing the EPR
effect utilizing polyethylene glycol conjugated pD-amino acid oxidase, which
can selectively produce H,O, in tumor tissues upon injection of D-proline (Fang
et al. 2002).

Photodynamic therapy, in which a photosensitizer is administrated systemi-
cally or locally and subsequently activated by illumination with visible light,
leading to the generation of cytotoxic reactive oxygen species in the presence of
oxygen, has been identified to have an active role in enhancing tumor vascular
permeability (Fingar 1996; Dougherty et al. 1998). Chen et al. (2006) found that
the concentration of 2,000-kDa FITC-dextran were fivefold higher in orthotropic
MatLyLu rat prostate tumors treated with vascular-targeting photodynamic ther-
apy verteporfin, at 15 min following light irradiation, compared to non-irradiated
control group. When they studied the effects of verteporfin photosensitization on
endothelial cell morphology, and cytoskeleton, they found that photosensitization
causes endothelial cell microtubule depolymerization and induces the formation
of actin stress fibers. Thus, endothelial cells were found to retract, disrupting the
tight junctions and leading to the formation of intercellular gaps, which result in
enhanced vascular permeability. In addition, endothelial cell damage leads to the
establishment of thrombogenic sites within the vessel lumen and this initiates a
physiological cascade of responses including platelet aggregation, the release of
vasoactive molecules, leukocyte adhesion and increases in vascular permeability
(Fingar 1996).
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4.6 Capillary Fluid Transport at Tumor Vasculature

Physiologists have studied fluid dynamics in normal tissue for centuries. Markwalder
and Starling (1914) referred to the constant blood volume between the arterial end
and the venous end of a capillary under normal conditions. In both normal and tumor
vessels, the difference between the hydrostatic and colloid osmotic pressures is
known to affect the movement of fluid and solutes through the capillary vessel wall
(Jain 1994; Guyton 2000). In normal human tissue blood vessels, the arterial end of
a capillary has an average hydrostatic positive pressure of about 25 mmHg. This
value drops to about 10 mmHg at the venous end of the capillary, while the interstitial
colloid osmotic pressures remain constant at both arterial and venous ends of the
capillary. This pressure difference facilitates leakage of fluid and nutrients into
the interstitial space at the arterial end of the capillary, and then reabsorption at the
venous end. This continuous translocation of fluid from the arterial end to the venous
end of capillary through the interstitial space ensures a continuous supply of oxygen
and nutrients for cells, as well as an efficient removal of metabolic waste products
(Guyton 2000). Tumor vessels, however, demonstrate two major differences com-
pared with normal vessels. First, significantly enhanced or almost unrestricted leak-
age of plasma proteins, from the luminal side of vessels into interstitial space, occurs
because of the wide endothelial gap openings with large pore sizes estimated to be
0.2-0.4 mm (Yuan et al. 1995; Davies et al. 2002). Second, the lack of functional
lymphatics in tumor tissue as described in an earlier section. This would lead to
higher interstitial accumulation of macromolecules or Nanoparticles in tumor tissues
than in normal tissue. In doing so, interstitial hydrostatic as well as colloidal pres-
sures are expected to rise. As can readily be perceived, the raised interstitial colloid
osmotic pressure would facilitate transfer of low-molecular-weight components as
well as macromolecules from tumor vessels into the interstitial space of the tumor
tissues, due to the higher solute level there. While the increased interstitial hydro-
static pressure at the arterial end of the capillaries will drive low-molecular-weight
components in fluid from the interstitial space into the venous end of the capillaries
and back to the luminal circulation. Whereas small molecules can move into and out
of blood vessels in both normal and tumor tissues freely, transfer of macromolecules
to the luminal side of blood capillaries does not occur effectively (Maeda 2001; Hori
et al. 1991). Only the lymphatic system can clear macromolecules, Nanoparticles
and lipids (Courtice 1968), as discussed previously functional lymphatics are lacking
in tumor tissues. In effect this results in pronounced accumulation and retention of
anticancer Nanomedicines into tumor tissues.

Furthermore, the venous return in tumor tissues was found to be an order of
magnitude lower than that of normal tissues (Jain 1988). This condition is ideal for
the accumulation of free drug liberated from drug carrier in the case of polymer
conjugates or polymeric micelles delivering their cargo into the tumor interstitial
space, in response to low pH environment or as a result of the equilibration dynam-
ics between the polymer form and free form of drug. Thus, the slow venous return
can also account, in part, for the EPR.
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4.7 EPR Effect in Clinical Anticancer Management

Many different types of Nanomedicines have been designed and evaluated for drug
targeting to tumors. Tumor—targeted Nanomedicines currently approved or tested in
clinical trials are shown in Table 4.2. Nanomedicines carriers are classified into
liposomes, micelles, polymers and Nanoparticles. Among these compounds, lipo-
somal drugs and polymer-drug conjugates are two dominant classes, accounting for
the majority of the products developed. These drugs could be used for either passive
or active targeting. Active targeting is based on the molecular recognition of a
specific biomarkers found to be overexpressed at the surface of the tumor cells by a
ligand combined to a molecule, a protein or nucleic acids attached to a delivery
platform (Allen 2002; Shi et al. 2011). The ligand moiety is constituted by antibod-
ies, antibody fragments or peptides and can facilitate the retention and cellular
uptake via receptor mediated endocytosis (Table 4.2). Since the first description of
targeted liposomes, only few targeted liposomal systems have made it to clinical
trial such as MCC-465(Matsumura et al. 2004a), MBP-426 (Sankhala et al. 2009),
SGT53-01 (Heath and Davis 2008). More recently, self-assembly polymers
Nanoparticles such as BIND-014 and CALAA-01 (Davis 2009) have been devel-
oped and are currently evaluated in phase I clinical trial (Table 4.2).

The exploitation of this EPR effect have led to the development of a few mole-
cules approved for clinical use such as Myocet (Swenson et al. 2003), DaunoXome
(FDA 1996), Doxil (Gordon et al. 2001; James et al. 1994), Depocyt (Chhikara and
Parang 2010), Genexol-PM (Oerlemans et al. 2010), oncaspar (Dinndorf et al. 2007)
and abraxane (Gradishar 2006). The liposomes were first described in 1965
(Bangham et al. 1965) and represent the majority of the Nanomedicine systems
developed (Table 4.2) (Lammers et al. 2008). Liposomes are self-assembling col-
loid structure containing a single or multiple bilayered membranes composed of
natural or synthetic lipids (Torchilin 2005). The size of particle can range from few
nanometers to micrometers. The liposome platforms significantly improved the
pharmacokinetics and biodistribution of several drugs such as doxorubicin for
Myocet and Doxil (Lammers et al. 2008). Polymeric Nanoparticles used are either
natural (albumin, chitosan, and heparin) or synthetic (for example polyethylene gly-
col (PEG) and polyglutamic acid (PGA)) polymers (Riggio et al. 2011). These
Nanoparticles are generally biodegradable and are formed by a self-assembly pro-
cess. The size of the particles is ranging from 10 to 1,000 nm in diameter (Riggio
et al. 2011). These polymeric Nanoparticles rely essentially on the EPR effect and
have shown a drastic improvement of the conjugated drugs to the tumor site (Duncan
2006). They are generally more stable than the liposomes which usually end up to a
large extent in reticuloendothelial system.

The polymeric micelles are composed of amphiphilic molecules that self-assemble
due to the energy minimization. These particles are generally biodegradable with a
size between 10 and 200 nm. The hydrophobic core can be used to carry lipophilic
drugs, making the particle highly suitable for i.v. injection. The stability of the
micelles and the release of the drug is also conditioned by temperature and the
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external pH (Riggio et al. 2011). Genexol-PM is a polymeric micelle of paclitaxel
approved for the treatment of metastatic breast cancer in South Korea (Oerlemans
et al. 2010).

The dendrimers are a new class of synthetic macromolecules with a well-defined
tree-like structure organized in a series of radially homocentric layers (Cheng et al.
2011). Physiochemical properties of these dendrimers make them suitable for anti-
cancer drug delivery (Cheng et al. 2011). Encapsulation of cisplatin within the den-
drimers demonstrated a higher accumulation within the solid tumor compare to the
free drug (Malik et al. 1999). Other Nanoparticle drug delivery platforms that have
been extensively include metal Nanoparticle and molecular targeted Nanoparticles.
Their efficacy of drug delivery systems to enhance the pharmacokinetic properties
of drugs has been confirmed in preclinical trials (Rippel and Seifalian 2011; Wang
et al. 2008a).

4.8 Challenges to the Enhanced Permeability Strategy
to Target Nanosize Drug Carriers

Recognition of the EPR effect among researchers in drug delivery field resulted in a
considerable momentum to the emerging field of Nanomedicine. The expectation
for realization of a selective anticancer drug as a result of adapting the EPR effect in
Nanotechnology was high, however as shown in Table 4.2, only few Nanomedicine
have found its way to the clinic (Duncan 2003). Following we discuss some of the
factors that might interfere with the full exploitation of EPR effect for anticancer
specific targeting.

4.8.1 EPR Effectin Animal Models

The EPR effect has been repeatedly proved in animal models through the use of
Evans blue dye (EBD). EBD binds instantly to plasma albumin which results in
large molecular weight complex about 7 nm in diameter that can simulate the effect
of a Nanomedicine. After 6 h, usually there is a profound accumulation in tumor
lesion compared to surrounding tissues. Similarly, many Nanomedicines have been
proven to accumulate in tumor tissues compare to other organs, such as 11-fold
higher concentration of SMA-doxorubicin micelle compare to free drug (Greish
et al. 2004). The question whether the results of EPR-based drug targeting results in
animal models can be translated clinically remained unanswered. A great difference
between the tumor models in animal and human is the progression rate; animals
usually develop a large clinically relevant tumor (>5 mm) 1 week after tumor cell
inoculation subcutaneously, while such a tumor volume can take few years to
develop in a human. This fast progression rate carries many confounding factors
towards more effective EPR effect in animal models. Animal tumors developing
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quickly produce large quantity of VEGF and vascular mediators to support the
rapid tumor growth. In addition a 1 g tumor mass in a 30 g mouse is about 3% of its
total weight. In human that would be 2—5 kg tumor, which is a rather an advanced
tumor stage that do not represent an ideal condition for utilization of anticancer
Nanomedicine. Further, it is a common practice to utilize immuncompromised
mice to allow for the take of human tumor xenographs. Such condition in fact rarely
represents a human cancer patient. Finally tumor is usually implanted in the dorsal
skin of mice, which allow the developing tumors to take advantage of the extensive
cutaneous vascular network for extending its blood supply. Weather this is a
confounding factor towards more pronounced EPR effect in these models, is
unanswered question.

4.8.2 Tumor Biology and Neoangiogenesis

EPR effect is a phenomenon that is completely related to tumor vasculature. Even
though EPR effect has been repeatedly proven in animal models, to our knowledge,
there are no studies that compare tumor vascular permeability in relation to tumors
of different origins, at different stages, or in different organs. It is becoming clearer
that only a subset of human tumors can exhibit the enhanced permeability. Human
malignant tumors vary with malignant grades; the higher the grade is the further the
tumor cells from its cell of origin. As tumor cells become poorly differentiated they
tend to be more aggressive with higher metastatic potentiality. Usually this subset of
cells can exhibit accelerated growth with active formation of neoangiogenesis
and extensive production of growth factors and permeability enhancing mediators.
On the contrary, slowly growing tumors characteristic of low grade tumors, usually
grow slowly, with less production of VEGF and permeability factors, and as such
the EPR effect will not be true in these tumors (Berger et al. 1995). In addition to
the growth rate of various tumors, the nature of tumor tissue stroma can have an
important role as well. For example, in pancreatic tumors, a dense connective tissue
stroma composes the majority of the malignant lesions and impeded the vascular
supplies to malignant cells, diffusion from neighboring tissue becoming the main
life supply for the intervening malignant cells. In such cases the delivery of drugs
based on the EPR effect will be challenging (Bachem et al. 2005). Similar to the
above example is the tumor cells in the center of a lesion. Those cells have always
and remain the greatest challenge in tumor management. This subset of cells usually
survive the most unfavorable survival conditions in terms of poor oxygen and
glucose supply, in addition to the highest acidic environment in the tumor mass
(West et al. 1980). Central necrosis is a phenomenon known for tumors that over-
grow their blood supply where the central tumor cells die from lack of proper oxy-
genation and nutrients. Lack of oxygen supply has long been the factor contributing
to the radioresistance of these cells as oxygen is needed to mediate the ionizing toxic
effect of radiation. Similarly, no anticancer drug can penetrate deep into the center
of the tumor due to the poor blood supply at this central region (West et al. 1980).
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This problem is valid to a greater extent for the case of large size molecules
(Nanomedicine) that cannot transport through convection or diffuse freely due to
their relative large size. One hypothesis is that impedance of drug diffusion can
result from raising interstitial tumour pressure in tumour tissue. However, raised
interstitial pressure can logically operate to force fluid and solutes towards the side
of lower pressure, which is the venous end of the capillaries, rather than back
towards the arterial end where the hydrostatic pressure derived for cardiac output
and vascular resistance is much higher than that at the venous end. More in depth
research of the controversial role of tumour interstitial pressure in relation to
Nanomedicine drug targeting is essential for this drug delivery technology.

4.8.2.1 Biodistribution

The EPR effect utilizes the unique characteristic of large gaps between endothelial
cells that make up the tumor vessels. Usually these gaps can be from few nanome-
ters to up to 400 nm. With this large size Nanomedicine can penetrate through tumor
tissues preferentially. However, tumors are not the only organs with this large fen-
estration size. Two major organs with such quality are the spleen and liver. Liver
sinusoids can have fenestration around 100 nm in humans (Wisse et al. 2008).
Spleen, on the other hand, has large sinusoid lumina of 20—40 um that can support
the extravasations of aged red blood cells. With this large fenestration size, a great
amount of Nanosize drugs are filtered into the liver and spleen. While the spleen
functions can be compensated for by other lymphatic organs as well as the liver,
liver damage due to the concentration of cytotoxic Nanomedicine remains a poten-
tial challenge to successful anticancer drug targeting. It is not surprising that
Nanoconstruct of Cis-platinum which has dose-limiting renal toxicity resulted in
less toxicity of the kidney, but in exchange for liver dose limiting toxicity(Uchino
et al. 2005).

4.8.3 Release Rate

In order for the successful Nanocarrier to provide selective antitiumor targeting, the
carrier should have a stable chemical bond with the cargo drug while in circulation
to prevent the rapid release of free drug that can otherwise result in a similar biodis-
tribution and toxicity profile comparable to the free drug. However, with a stable
linkage, the release rate of the drug at the site of action (tumor tissue) would be
slow; here there is a dynamic that involves tumor doubling time. While x amount of
drug can kill a certain amount of tumor cells, double the amount of the same drug
will be needed to kill the same subset of tumor after one doubling time. Thus while
a strong chemical bond between the Nanocarrier and the drug is beneficial during
the circulatory phase of the drug, it becomes a disadvantage to encounter the pro-
gressive number of tumor cells. Multiple techniques have been utilized to address
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this problem with different level of success such as devising specific bonds between
the Nanocarrier and the drug that will only cleave upon exposure to specific enzymes in
tumor cells or merely the high acidic condition in tumor tissue (Greish et al. 2003;
Greish 2007).

4.8.4 Biocompatibility

After intravenous administration of a specific dose of a drug carried by Nanocarrier,
a relatively high concentration is targeted to the tumor by the EPR effect. However
this portion of the drug is usually less than 10% of the total administered dose. The
remaining 90% still find its way to different organs and tissue (Bae and Park 2011).
Unless the Nanocarrier is biodegradable this amount of Nanocarrier can remain in
the body after releasing its anticancer drug cargo. The Nanosize particles used
to carry the drug load are frequently recognized and dealt with as a foreign body.
The innate elements of the immune system are non-specifically stimulated by many
Nanocarrier through toll like receptor (TLR’s), i.e. TLR-4 (Kedmi et al. 2010).
Following activation by Nanocarrier, immune cells can produce cytokines which
trigger inflammation and the Nanocarrier is phagocytized by monocyte/macrophage.
At that point the phagocytic cells will try to degrade the Nanocarrier in the lyso-
somal compartment through lysosomal enzymes. Failure of this process can lead
to (frustrated macrophage) or the formation of a giant foreign body cells that closely
resemble the formation of granuloma. This will result in a pathological capsule
with dense fibrous capsule replacing the original functional tissue, which can
compromise organ function, especially in the liver (Kao and Lee 2001). Another
concern of the Nanocarrier not being biodegradable is malignancy induction, where
the prolonged unresolved inflammation may result in malignant transformation.
A successful Nanocarrier thus must be biodegradable.

4.8.5 Intracellular Internalization

While the EPR effect will result in a high drug concentration in the tumor tissues in
a specific subset of tumors, it cannot guarantee the internalization of these drugs
through the tumor cell membrane into the cytoplasm or the nucleus. Usually
Nanosize anticancer drugs are internalized into tumor cells through endocytosis
with the final localization in the endosomes, then the lysosomal compartment
(Zaki and Tirelli 2010). A major limitation in tumor cells is their phagocytic
capability. It was found that macrophages are much more susceptible to toxicity
associated with Nanosized silica Nanoparticles compared to different tumor cells
in vitro, and this deferential cytotoxicity activity in macrophage-derived cell lines
was clearly correlated with the higher intercellular uptake by the professional
phagocytic macrophage (Yu et al. 2011). Based on this observation, it is clear that
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the relatively large carriers (macromolecules and Nanocarriers) that adhere to cell
surfaces without intracellular trans-localization may not give any additional benefit
by the retention effect. Many Nanosize particles may locate juxtaposition to the
leaky sites due to limited permeability or mobility in the extracellular space and
non-specific interactions with the extracellular matrix. Thus, cell internalization
is essential for Nanocarriers for effective drug delivery besides the enhanced
permeation and retention (EPR) effect.

4.9 Conclusion

The EPR effect can be considered a hallmark concept that exploits the anatomical
and pathophysiological defects in the tumor vasculature. It plays a critical role in
selective delivery of Nanomedicine-based-anticancer agents to tumor tissues. EPR
effect outcome can be influenced by variables such as tumor diversity, animal
models, biodistribution, intracellular interaction, and release rate of active cytotoxic
cargo from its Nanosize carrier. Understanding and manipulating the different
variables contributing to the EPR effect, can further improve the selective targeting
of high-molecular-weight biocompatible or anticancer Nanomedicine to tumor, thus
ensuring bright future for EPR based anticancer Nanomedicine.

Acknowledgment The author gratefully acknowledges the support of Professor Hiroshi Maeda.
The EPR effect was first described and extensively studied by Professor Maeda’s group in the
department of Microbiology, Kumamoto University, Japan. This work has been supported by
Departmental fund No.; (PL. 108403.01.S. LM) to KG from the department of pharmacology and
toxicology, Otago University. KG thanks Ms Rebecca Cookson for proof reading the article.

References

Aird WC (2007) Phenotypic heterogeneity of the endothelium: I. Structure, function, and mecha-
nisms. Circ Res 100(2):158-173

Allen T (2002) Ligand-targeted therapeutics in anticancer therapy. Nat Rev Cancer
2(10):750-763

Ando K, Mori K, Corradini N, Redini F, Heymann D (2011) Mifamurtide for the treatment of
nonmetastatic osteosarcoma. Expert Opin Pharmacother 12(2):285-292

Angeletti CA, Lucchi M, Fontanini G, Mussi A, Chella A, Ribechini A, Vignati S, Bevilacqua G
(1996) Prognostic significance of tumoral angiogenesis in completely resected late stage lung
carcinoma (stage IIIA-N2). Impact of adjuvant therapies in a subset of patients at high risk of
recurrence. Cancer 78(3):409-415

Apostolidou E, Swords R, AlvaradoY, Giles FJ (2007) Treatment of acute lymphoblastic leukaemia:
anew era. Drugs 67(15):2153-2171

Bachem M, Schunemann M, Ramadani M, Siech M, Beger H, Buck A, Zhou S, Schmid-Kotsas A,
Adler G (2005) Pancreatic carcinoma cells induce fibrosis by stimulating proliferation and
matrix synthesis of stellate cells. Gastroenterology 128(4):907-921

Bae Y, Park K (2011) Targeted drug delivery to tumors: myths, reality and possibility. J Control
Release 153(3):198-205



106 S. Taurin and K. Greish

Banerji S, NiJ, Wang SX, Clasper S, Su J, Tammi R, Jones M, Jackson DG (1999) LY VE-1, a new
homologue of the CD44 glycoprotein, is a lymph-specific receptor for hyaluronan. J Cell Biol
144(4):789-801

Bangham AD, Standish MM, Watkins JC (1965) Diffusion of univalent ions across the lamellae of
swollen phospholipids. J Mol Biol 13(1):238-252

Bayes M, Rabasseda X, Prous JR (2004) Gateways to clinical trials. Methods Find Exp Clin
Pharmacol 26(8):639-663

Bazzoni G (2003) The JAM family of junctional adhesion molecules. Curr Opin Cell Biol
15(5):525-530

Bazzoni G, Dejana E (2004) Endothelial cell-to-cell junctions: molecular organization and role in
vascular homeostasis. Physiol Rev 84(3):869-901

Beer TM, Ryan C, Alumkal J, Ryan CW, Sun J, Eilers KM (2010) A phase II study of paclitaxel
poliglumex in combination with transdermal estradiol for the treatment of metastatic castration-
resistant prostate cancer after docetaxel chemotherapy. Anticancer Drugs 21(4):433-438

Berger DP, Herbstritt L, Dengler WA, Marmé D, Mertelsmann R, Fiebig HH (1995) Vascular
endothelial growth factor (VEGF) mRNA expression in human tumor models of different
histologies. Ann Oncol 6(8):817-825

Beutel G, Glen H, Schoffski P, Chick J, Gill S, Cassidy J, Twelves C (2005) Phase I study of
OSI-7904 L, a novel liposomal thymidylate synthase inhibitor in patients with refractory solid
tumors. Clin Cancer Res 11(15):5487-5495

Bissett D, Cassidy J, de Bono JS, Muirhead F, Main M, Robson L, Fraier D, Magne ML, Pellizzoni C,
Porro MG, Spinelli R, Speed W, Twelves C (2004) Phase I and pharmacokinetic (PK) study of MAG-
CPT (PNU 166148): a polymeric derivative of camptothecin (CPT). BrJ Cancer 91(1):50-55

Boehlke L, Winter JN (2006) Sphingomyelin/cholesterol liposomal vincristine: a new formulation
for an old drug. Expert Opin Biol Ther 6(4):409-415

Booser DJ, Esteva FJ, Rivera E, Valero V, Esparza-Guerra L, Priebe W, Hortobagyi GN (2002)
Phase II study of liposomal annamycin in the treatment of doxorubicin-resistant breast cancer.
Cancer Chemother Pharmacol 50(1):6-8

Brawer MK (1996) Quantitative microvessel density. A staging and prognostic marker for human
prostatic carcinoma. Cancer 78(2):345-349

Breiteneder-Geleff S, Soleiman A, Kowalski H, Horvat R, Amann G, Kriehuber E, Diem K,
Weninger W, Tschachler E, Alitalo K, Kerjaschki D (1999) Angiosarcomas express mixed
endothelial phenotypes of blood and lymphatic capillaries: podoplanin as a specific marker for
lymphatic endothelium. Am J Pathol 154(2):385-394

Bukowski R, Ernstoff MS, Gore ME, Nemunaitis JJ, Amato R, Gupta SK, Tendler CL (2002)
Pegylated interferon alfa-2b treatment for patients with solid tumors: a phase I/II study. J Clin
Oncol 20(18):3841-3949

Campone M, Rademaker-Lakhai JM, Bennouna J, Howell SB, Nowotnik DP, Beijnen JH, Schellens
JH (2007) Phase I and pharmacokinetic trial of AP5346, a DACH-platinum-polymer conju-
gate, administered weekly for three out of every 4 weeks to advanced solid tumor patients.
Cancer Chemother Pharmacol 60(4):523-533

Chen B, Pogue BW, Luna JM, Hardman RL, Hoopes PJ, Hasan T (2006) Tumor vascular permea-
bilization by vascular-targeting photosensitization: effects, mechanism, and therapeutic impli-
cations. Clin Cancer Res 12(3 Pt 1):917-923

ChenJ, Stahl A, Krah NM, Seaward MR, Dennison RJ, Sapieha P, Hua J, Hatton CJ, Juan AM, Aderman
CM, Willett KL, Guerin KI, Mammoto A, Campbell M, Smith LE (2011) Wnt signaling mediates
pathological vascular growth in proliferative retinopathy. Circulation 124(17):1871-1881

Cheng Y, Zhao L, Li Y, Xu T (2011) Design of biocompatible dendrimers for cancer diagnosis and
therapy: current status and future perspectives. Chem Soc Rev 40(5):2673-2703

Chhikara BS, Parang K (2010) Development of cytarabine prodrugs and delivery systems for
leukemia treatment. Expert Opin Drug Deliv 7(12):1399-1414

Ciuleanu T, Diculescu M, Hoepffner N, Trojan J, Sailer V, Zalupski M, Herrmann T, Roth A, Chick
J, Brock K, Albert D, Philip P (2007) A randomised phase II study of OSI-7904 L versus



4 Enhanced Vascular Permeability in Solid Tumors. .. 107

5-fluorouracil (FU)/leucovorin (LV) as first-line treatment in patients with advanced biliary
cancers. Invest New Drugs 25(4):385-390. doi: 10.1007/s10637-007-9040-0

Claude P (1978) Morphological factors influencing transepithelial permeability: a model for the
resistance of the zonula occludens. J Membr Biol 39(2-3):219-232

Cohn ML, Goncharuk VN, Diwan AH, Zhang PS, Shen SS, Prieto VG (2005) Loss of claudin-1
expression in tumor-associated vessels correlates with acquisition of metastatic phenotype in
melanocytic neoplasms. J Cutan Pathol 32(8):533-536

Coisne C, Engelhardt B (2011) Tight junctions in brain barriers during central nervous system
inflammation. Antioxid Redox Signal 15(5):1285-1303

Coleman RL, Brady WE, McMeekin DS, Rose PG, Soper JT, Lentz SS, Hoffman JS, Shahin MS
(2011) A phase II evaluation of Nanoparticle, albumin-bound (nab) paclitaxel in the treatment
of recurrent or persistent platinum-resistant ovarian, fallopian tube, or primary peritoneal cancer:
a gynecologic oncology group study. Gynecol Oncol 122(1):111-115

Connolly DT, Heuvelman DM, Nelson R, Olander JV, Eppley BL, Delfino JJ, Siegel NR,
Leimgruber RM, Feder J (1989) Tumor vascular permeability factor stimulates endothelial cell
growth and angiogenesis. J Clin Invest 84(5):1470-1478

Courtice FC (1968) The origin of lipoproteins in lymph. In: Chairman Mayerson HS, Thomas
CC (eds) Proceedings of the conference on lymph and the lymphatic system, Springfield IL,
pp 89-126

Cseko C, Bagi Z, Koller A (2004) Biphasic effect of hydrogen peroxide on skeletal muscle arterio-
lar tone via activation of endothelial and smooth muscle signaling pathways. J Appl Physiol
97(3):1130-1137

Danhauser-Riedl S, Hausmann E, Schick HD, Bender R, Dietzfelbinger H, Rastetter J, Hanauske
AR (1993) Phase I clinical and pharmacokinetic trial of dextran conjugated doxorubicin
(AD-70, DOX-OXD). Invest New Drugs 11(2-3):187-195

Dark GG, Calvert AH, Grimshaw R, Poole C, Swenerton K, Kaye S, Coleman R, Jayson G, Le
T, Ellard S, Trudeau M, Vasey P, Hamilton M, Cameron T, Barrett E, Walsh W, McIntosh
L, Eisenhauer EA (2005) Randomized trial of two intravenous schedules of the topoi-
somerase I inhibitor liposomal lurtotecan in women with relapsed epithelial ovarian
cancer: a trial of the national cancer institute of Canada clinical trials group. J Clin Oncol
23(9):1859-1866

Davies DC (2002) Blood-brain barrier breakdown in septic encephalopathy and brain tumours.
J Anat 200(6):639-646

Davies CL, Berk DA, Pluen A, Jain RK (2002) Comparison of IgG diffusion and extracellular
matrix composition in rhabdomyosarcomas grown in mice versus in vitro as spheroids reveals
the role of host stromal cells. Br J Cancer 86(10):1639-1644

Davis ME (2009) The first targeted delivery of siRNA in humans via a self-assembling, cyclodex-
trin polymer-based Nanoparticle: from concept to clinic. Mol Pharm 6(3):659-668

Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi CA, Yen 'Y, Heidel JD, Ribas A
(2010) Evidence of RNAi in humans from systemically administered siRNA via targeted
Nanoparticles. Nature 464(7291):1067-1070

Dejana E (2010) The role of Wnt signaling in physiological and pathological angiogenesis. Circ
Res 107(8):943-952. doi:10.1161/circresaha.110.223750

Diamond JM (1977) Twenty-first Bowditch lecture. The epithelial junction: bridge, gate, and
fence. Physiologist 20(1):10-18

Dinndorf PA, Gootenberg J, Cohen MH, Keegan P, Pazdur R (2007) FDA drug approval summary:
pegaspargase (oncaspar) for the first-line treatment of children with acute lymphoblastic
leukemia (ALL). Oncologist 12(8):991-998

Dipetrillo T, Suntharalingam M, Ng T, Fontaine J, Horiba N, Oldenburg N, Perez K, Birnbaum A,
Battafarano R, Burrows W, Safran H (2011) Neoadjuvant paclitaxel poliglumex, cisplatin, and
radiation for esophageal cancer: a phase 2 trial. Am J Clin Oncol. Publish Ahead of Print:10.1097/
COC.1090b1013e318201a318126


http://dx.doi.org/10.1007/s10637-007-9040-0
http://dx.doi.org/10.1161/circresaha.110.223750

108 S. Taurin and K. Greish

Doi K, Akaike T, Horie H, Noguchi Y, Fujii S, Beppu T, Ogawa M, Maeda H (1996) Excessive
production of nitric oxide in rat solid tumor and its implication in rapid tumor growth. Cancer
77(8 Suppl):1598-1604

Doi K, Akaike T, Fujii S, Tanaka S, Ikebe N, Beppu T, Shibahara S, Ogawa M, Maeda H (1999)
Induction of haem oxygenase-1 nitric oxide and ischaemia in experimental solid tumours and
implications for tumour growth. Br J Cancer 80(12):1945-1954

Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D, Korbelik M, Moan J, Peng Q (1998)
Photodynamic therapy. J Natl Cancer Inst 90(12):889-905

Dragovich T, Mendelson D, Kurtin S, Richardson K, Von Hoff D, Hoos A (2006) A Phase 2 trial
of the liposomal DACH platinum L-NDDP in patients with therapy-refractory advanced
colorectal cancer. Cancer Chemother Pharmacol 58(6):759-764

Drummond GR, Cai H, Davis ME, Ramasamy S, Harrison DG (2000) Transcriptional and post-
transcriptional regulation of endothelial nitric oxide synthase expression by hydrogen peroxide.
Circ Res 86(3):347-354

Duffaud F, Borner M, Chollet P, Vermorken JB, Bloch J, Degardin M, Rolland F, Dittrich C, Baron
B, Lacombe D, Fumoleau P (2004) Phase II study of OSI-211 (liposomal lurtotecan) in patients
with metastatic or loco-regional recurrent squamous cell carcinoma of the head and neck.
An EORTC new drug development group study. Eur J Cancer 40(18):2748-2752

Duncan R (1999) Polymer conjugates for tumour targeting and intracytoplasmic delivery. The EPR
effect as a common gateway? Pharm Sci Technol Today 2(11):441-449

Duncan R (2003) The dawning era of polymer therapeutics. Nat Rev Drug Discov 2(5):347-360

Duncan R (2006) Polymer conjugates as anticancer Nanomedicines. Nat Rev Cancer 6(9):
688701

Dvorak HF, Brown LF, Detmar M, Dvorak AM (1995) Vascular permeability factor/vascular
endothelial growth factor, microvascular hyperpermeability, and angiogenesis. Am J Pathol
146(5):1029-1039

Erickson KK, Sundstrom JM, Antonetti DA (2007) Vascular permeability in ocular disease and the
role of tight junctions. Angiogenesis 10(2):103-117

Fang J, Sawa T, Akaike T, Maeda H (2002) Tumor-targeted delivery of polyethylene glycol-con-
jugated D-amino acid oxidase for antitumor therapy via enzymatic generation of hydrogen
peroxide. Cancer Res 62(11):3138-3143

Farquhar MG, Palade GE (1963) Junctional complexes in various epithelia. J Cell Biol 17(2):
375-412. doi:10.1083/jcb.17.2.375

Fassas A, Anagnostopoulos A (2005) The use of liposomal daunorubicin (DaunoXome) in acute
myeloid leukemia. Leuk Lymphoma 46(6):795-802

Fazakas C, Wilhelm I, Nagyoszi P, Farkas AE, Hasko J, Molnar J, Bauer H, Bauer HC, Ayaydin F,
Dung NT, Siklos L, Krizbai IA (2011) Transmigration of melanoma cells through the blood-
brain barrier: role of endothelial tight junctions and melanoma-released serine proteases. PLoS
One 6(6):2

FDA (1996) FDA approves DaunoXome as first-line therapy for Kaposi’s sarcoma. Food and Drug
Administration. J Int Assoc Physicians AIDS Care 2(5):50-51, May 1996

Feng S, Huang Y, Chen Z (2011a) Does VEGF secreted by leukemic cells increase the permeability
of blood-brain barrier by disrupting tight-junction proteins in central nervous system leukemia?
Med Hypotheses 76(5):618-621. doi:10.1016/j.mehy.2010.12.001

Feng S, Cen J, Huang Y, Shen H, Yao L, Wang Y, Chen Z (201 1b) Matrix metalloproteinase-2 and
-9 secreted by leukemic cells increase the permeability of blood-brain barrier by disrupting
tight junction proteins. PLoS One 6(8):17

Ferrara N, Davis-Smyth T (1997) The biology of vascular endothelial growth factor. Endocr Rev
18(1):4-25

Fingar VH (1996) Vascular effects of photodynamic therapy. J Clin Laser Med Surg
14(5):323-328

Fink C, Weigel R, Hembes T, Lauke-Wettwer H, Kliesch S, Bergmann M, Brehm RH (2006)
Altered expression of ZO-1 and ZO-2 in sertoli cells and loss of blood-testis barrier integrity in
testicular carcinoma in situ. Neoplasia 8(12):1019-1027


http://dx.doi.org/10.1083/jcb.17.2.375
http://dx.doi.org/10.1016/j.mehy.2010.12.001

4 Enhanced Vascular Permeability in Solid Tumors. .. 109

Flores-Benitez D, Rincon-Heredia R, Razgado LF, Larre I, Cereijido M, Contreras RG (2009)
Control of tight junctional sealing: roles of epidermal growth factor and prostaglandin E2. Am
J Physiol Cell Physiol 297(3):C611-C620

Folkman J (1971) Tumor angiogenesis: therapeutic implications. N Engl J Med 285(21):
1182-1186

Folkman J (1990) What is the evidence that tumors are angiogenesis dependent? J Natl Cancer Inst
82(1):4-6

Folkman J, Merler E, Abernathy C, Williams G (1971) Isolation of a tumor factor responsible for
angiogenesis. J Exp Med 133(2):275-288

Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, Tsukita S (1993) Occludin: a novel integral
membrane protein localizing at tight junctions. J Cell Biol 123(6):1777-1788. doi:10.1083/
jcb.123.6.1777

Gasparini G, Weidner N, Maluta S, Pozza F, Boracchi P, Mezzetti M, Testolin A, Bevilacqua P
(1993) Intratumoral microvessel density and p53 protein: correlation with metastasis in head-
and-neck squamous-cell carcinoma. Int J Cancer 55(5):739-744

Gavard J, Gutkind JS (2006) VEGF controls endothelial-cell permeability by promoting the beta-
arrestin-dependent endocytosis of VE-cadherin. Nat Cell Biol 8(11):1223-1234

Gelmon K, Hirte H, Fisher B, Walsh W, Ptaszynski M, Hamilton M, Onetto N, Eisenhauer E
(2004) A phase 1 study of OSI-211 given as an intravenous infusion days 1, 2, and 3 every three
weeks in patients with solid cancers. Invest New Drugs 22(3):263-275

Giles RH, van Es JH, Clevers H (2003) Caught up in a Wnt storm: Wnt signaling in cancer.
Biochim Biophys Acta 5(1):1-24

Giles FJ, Tallman MS, Garcia-Manero G, Cortes JE, Thomas DA, Wierda WG, Verstovsek S,
Hamilton M, Barrett E, Albitar M, Kantarjian HM (2004) Phase I and pharmacokinetic study
of a low-clearance, unilamellar liposomal formulation of lurtotecan, a topoisomerase 1 inhibi-
tor, in patients with advanced leukemia. Cancer 100(7):1449-1458

Goldmann E (1908) The growth of malignant disease in man and the lower animals, with special
reference to the vascular system. Proc R Soc Med 1((Surg Sect)):1-13

Gonzilez-Mariscal L, Betanzos A, Nava P, Jaramillo BE (2003) Tight junction proteins. Prog
Biophys Mol Biol 81(1):1-44. doi:10.1016/s0079-6107(02)00037-8

Gordon AN, Fleagle JT, Guthrie D, Parkin DE, Gore ME, Lacave AJ (2001) Recurrent epithelial
ovarian carcinoma: a randomized phase III study of pegylated liposomal doxorubicin versus
topotecan. J Clin Oncol 19(14):3312-3322

Gow A, Southwood CM, Li JS, Pariali M, Riordan GP, Brodie SE, Danias J, Bronstein JM, Kachar
B, Lazzarini RA (1999) CNS myelin and sertoli cell tight junction strands are absent in Osp/
Claudin-11 null mice. Cell 99(6):649-659. doi:10.1016/s0092-8674(00)81553-6

Gradishar WJ (2006) Albumin-bound paclitaxel: a next-generation taxane. Expert Opin
Pharmacother 7(8):1041-1053

Green H, Stil O, Bachmeier K, Bicklund LM, Carlsson L, Hansen J, Lagerlund M, Norberg B,
Franzén A, Aleskog A, Malmstrom A (2011) Pegylated liposomal doxorubicin as first-line
monotherapy in elderly women with locally advanced or metastatic breast cancer: novel treat-
ment predictive factors identified. Cancer Lett 313(2):145-153

Greish K (2007) Enhanced permeability and retention of macromolecular drugs in solid tumors: a
royal gate for targeted anticancer Nanomedicines. J Drug Target 15(7-8):457-464

Greish K, Fang J, Inutsuka T, Nagamitsu A, Maeda H (2003) Macromolecular therapeutics: advan-
tages and prospects with special emphasis on solid tumour targeting. Clin Pharmacokinet
42(13):1089-1105

Greish K, Sawa T, Fang J, Akaike T, Maeda H (2004) SMA-doxorubicin, a new polymeric micellar
drug for effective targeting to solid tumours. J Control Release 97(2):219-230

Gumbiner BM (1993) Breaking through the tight junction barrier. J Cell Biol 123(6):1631-1633.
doi:10.1083/jcb.123.6.1631


http://dx.doi.org/10.1083/jcb.123.6.1777
http://dx.doi.org/10.1083/jcb.123.6.1777
http://dx.doi.org/10.1016/s0079-6107(02)00037-8
http://dx.doi.org/10.1016/s0092-8674(00)81553-6
http://dx.doi.org/10.1083/jcb.123.6.1631

110 S. Taurin and K. Greish

Gupta A, Karakiewicz PI, Roehrborn CG, Lotan Y, Zlotta AR, Shariat SF (2008) Predictive value
of plasma hepatocyte growth factor/scatter factor levels in patients with clinically localized
prostate cancer. Clin Cancer Res 14(22):7385-7390

Guyton A (2000) Textbook of medical physiology, 10th edn. WB Saunders, Inc, Philadelphia

Hamaguchi T, Doi T, Eguchi-Nakajima T, Kato K, Yamada Y, Shimada Y, Fuse N, Ohtsu A,
Matsumoto S, Takanashi M, Matsumura Y (2010) Phase I study of NK012, a novel SN-38-
incorporating micellar Nanoparticle, in adult patients with solid tumors. Clin Cancer Res
16(20):5058-5066

Harhaj NS, Felinski EA, Wolpert EB, Sundstrom JM, Gardner TW, Antonetti DA (2006) VEGF
activation of protein kinase C stimulates occludin phosphorylation and contributes to endothe-
lial permeability. Invest Ophthalmol Vis Sci 47(11):5106-5115

Hashizume H, Baluk P, Morikawa S, McLean JW, Thurston G, Roberge S, Jain RK, McDonald
DM (2000) Openings between defective endothelial cells explain tumor vessel leakiness. Am J
Pathol 156(4):1363-1380

Heath JR, Davis ME (2008) Nanotechnology and cancer. Annu Rev Med 59:251-265

Herbert SP, Stainier DYR (2011) Molecular control of endothelial cell behaviour during blood
vessel morphogenesis. Nat Rev Mol Cell Biol 12(9):551-564

Hersh EM, O’Day SJ, Ribas A, Samlowski WE, Gordon MS, Shechter DE, Clawson AA, Gonzalez
R (2010) A phase 2 clinical trial of nab-paclitaxel in previously treated and chemotherapy-
naive patients with metastatic melanoma. Cancer 116(1):155-163

Hirase T, Staddon JM, Saitou M, Ando-Akatsuka Y, Itoh M, Furuse M, Fujimoto K, Tsukita S,
Rubin LL (1997) Occludin as a possible determinant of tight junction permeability in endothe-
lial cells. J Cell Sci 110(14):1603-1613

Hollingsworth HC, Kohn EC, Steinberg SM, Rothenberg ML, Merino MJ (1995) Tumor angiogen-
esis in advanced stage ovarian carcinoma. Am J Pathol 147(1):33—41

Homsi J, Simon GR, Garrett CR, Springett G, De Conti R, Chiappori AA, Munster PN, Burton
MK, Stromatt S, Allievi C, Angiuli P, Eisenfeld A, Sullivan DM, Daud AI (2007) Phase I trial
of poly-L-glutamate camptothecin (CT-2106) administered weekly in patients with advanced
solid malignancies. Clin Cancer Res 13(19):5855-5861

Hori K, Suzuki M, Tanda S, Saito S, Shinozaki M, Zhang QH (1991) Fluctuations in tumor blood
flow under normotension and the effect of angiotensin II-induced hypertension. Jpn J Cancer
Res 82(11):1309-1316

Hori K, Saito S, Takahashi H, Sato H, Maeda H, Sato Y (2000) Tumor-selective blood flow decrease
induced by an angiotensin converting enzyme inhibitor, temocapril hydrochloride. Jpn J Cancer
Res 91(2):261-269

Hosoda H, Izumi H, Tukada Y, Takagiwa J, Chiaki T, Yano M, Arai H (2011) Plasma hepatocyte
growth factor elevation may be associated with early metastatic disease in primary lung cancer
patients. Ann Thorac Cardiovasc Surg 29:29

Huber JD, Witt KA, Hom S, Egleton RD, Mark KS, Davis TP (2001) Inflammatory pain alters
blood-brain barrier permeability and tight junctional protein expression. Am J Physiol Heart
Circ Physiol 280(3):H1241-H1248

Ikenouchi J, Furuse M, Furuse K, Sasaki H, Tsukita S (2005) Tricellulin constitutes a novel barrier
at tricellular contacts of epithelial cells. J Cell Biol 171(6):939-945

INGN 201: Ad-p53, AASCMV-p53, adenoviral p53, p53 gene therapy introgen, RPR/INGN 201.
Drugs R D 8(3):176-187

Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S (1999) Direct binding of three tight
junction-associated MAGUKSs, ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins.
J Cell Biol 147(6):1351-1363

Iwai K, Maeda H, Konno T (1984) Use of oily contrast medium for selective drug targeting to
tumor: enhanced therapeutic effect and X-ray image. Cancer Res 44(5):2115-2121

Jain RK (1988) Determinants of tumor blood flow: a review. Cancer Res 48(10):2641-2658

Jain RK (1994) Barriers to drug delivery in solid tumors. Sci Am 271(1):58-65



4 Enhanced Vascular Permeability in Solid Tumors. .. 111

James ND, Coker RJ, Tomlinson D, Harris JR, Gompels M, Pinching AJ, Stewart JS (1994)
Liposomal doxorubicin (Doxil): an effective new treatment for Kaposi’s sarcoma in AIDS.
Clin Oncol 6(5):294-296

Jepson MA (2003) Disruption of epithelial barrier function by H202: distinct responses of Caco-2 and
Madin-Darby canine kidney (MDCK) strains. Cell Mol Biol (Noisy-le-Grand) 49(1):101-112

Jiang WG, Martin TA, Matsumoto K, Nakamura T, Mansel RE (1999) Hepatocyte growth factor/
scatter factor decreases the expression of occludin and transendothelial resistance (TER) and
increases paracellular permeability in human vascular endothelial cells. J Cell Physiol
181(2):319-329

Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E, Saksela O, Kalkkinen N, Alitalo
K (1996) A novel vascular endothelial growth factor, VEGF-C, is a ligand for the FIt4 (VEGFR-
3) and KDR (VEGFR-2) receptor tyrosine kinases. EMBO J 15(2):290-298

Junbo H, Li Q, Zaide W, Yunde H (1999) Increased level of serum hepatocyte growth factor/scatter
factor in liver cancer is associated with tumor metastasis. In Vivo 13(2):177-180

Kao W, Lee D (2001) In vivo modulation of host response and macrophage behavior by polymer
networks grafted with fibronectin-derived biomimetic oligopeptides: the role of RGD and
PHSRN domains. Biomaterials 22(21):2901-2909

Kato K, Chin K, Yoshikawa T, Yamaguchi K, Tsuji Y, Esaki T, Sakai K, Kimura M, Hamaguchi T,
Shimada Y, Matsumura Y, Tkeda R (2011) Phase II study of NK105, a paclitaxel-incorporating
micellar Nanoparticle, for previously treated advanced or recurrent gastric cancer. Invest New
Drugs 5:5

Kedmi R, Ben-Arie N, Peer D (2010) The systemic toxicity of positively charged lipid Nanoparticles
and the role of toll-like receptor 4 in immune activation. Biomaterials 31(26):6867-6875

Kim ES, Lu C, Khuri FR, Tonda M, Glisson BS, Liu D, Jung M, Hong WK, Herbst RS (2001) A
phase II study of STEALTH cisplatin (SPI-77) in patients with advanced non-small cell lung
cancer. Lung Cancer 34(3):427-432

Kim DW, Kim SY, Kim HK, Kim SW, Shin SW, Kim JS, Park K, Lee MY, Heo DS (2007)
Multicenter phase II trial of Genexol-PM, a novel Cremophor-free, polymeric micelle formula-
tion of paclitaxel, with cisplatin in patients with advanced non-small-cell lung cancer. Ann
Oncol 18(12):2009-2014

Konno T, Maeda H, Iwai K, Maki S, Tashiro S, Uchida M, Miyauchi Y (1984) Selective targeting
of anti-cancer drug and simultaneous image enhancement in solid tumors by arterially admin-
istered lipid contrast medium. Cancer 54(11):2367-2374

Kottschade LA, Suman VJ, Amatruda T 3rd, McWilliams RR, Mattar BI, Nikcevich DA, Behrens
R, Fitch TR, Jaslowski AJ, Markovic SN (2011) A phase II trial of nab-paclitaxel (ABI-007)
and carboplatin in patients with unresectable stage IV melanoma: a North Central Cancer
Treatment Group Study, NO57E(1). Cancer 117(8):1704-1710

Krause G, Winkler L, Mueller SL, Haseloff RF, Piontek J, Blasig IE (2008) Structure and function
of claudins. Biochim et Biophys Acta (BBA) Biomembr 1778(3):631-645. doi:10.1016/j.
bbamem.2007.10.018

Kukk E, Lymboussaki A, Taira S, Kaipainen A, Jeltsch M, Joukov V, Alitalo K (1996) VEGF-C
receptor binding and pattern of expression with VEGFR-3 suggests a role in lymphatic vascular
development. Development 122(12):3829-3837

Lammers T, Hennink WE, Storm G (2008) Tumour-targeted Nanomedicines: principles and
practice. Br J Cancer 99(3):392-397

Latagliata R, Breccia M, Fazi P, Iacobelli S, Martinelli G, Di Raimondo F, Sborgia M, Fabbiano F,
Pirrotta MT, Zaccaria A, Amadori S, Caramatti C, Falzetti F, Candoni A, Mattei D, Morselli M,
Alimena G, Vignetti M, Baccarani M, Mandelli F (2008) Liposomal daunorubicin versus stan-
dard daunorubicin: long term follow-up of the GIMEMA GSI 103 AMLE randomized trial in
patients older than 60 years with acute myelogenous leukaemia. Br J Haematol 143(5):681-689

Lee H-S, Namkoong K, Kim D-H, Kim K-J, Cheong Y-H, Kim S-S, Lee W-B, Kim K-Y (2004)
Hydrogen peroxide-induced alterations of tight junction proteins in bovine brain microvascular
endothelial cells. Microvasc Res 68(3):231-238


http://dx.doi.org/10.1016/j.bbamem.2007.10.018
http://dx.doi.org/10.1016/j.bbamem.2007.10.018

112 S. Taurin and K. Greish

Lee JL, Ahn JH, Park SH, Lim HY, Kwon JH, Ahn S, Song C, Hong JH, Kim CS, Ahn H (2011)
Phase II study of a cremophor-free, polymeric micelle formulation of paclitaxel for patients
with advanced urothelial cancer previously treated with gemcitabine and platinum. Invest New
Drugs 20:20

Lenz HJ (2005) Antiangiogenic agents in cancer therapy. Oncology (Williston Park) 19(4 Suppl 3):
17-25

Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N (1989) Vascular endothelial growth
factor is a secreted angiogenic mitogen. Science 246(4935):1306—-1309

Li CJ, Miyamoto Y, Kojima Y, Maeda H (1993) Augmentation of tumour delivery of macromolecu-
lar drugs with reduced bone marrow delivery by elevating blood pressure. Br J Cancer
67(5):975-980

Lichtenberger BM, Tan PK, Niederleithner H, Ferrara N, Petzelbauer P, Sibilia M (2010) Autocrine
VEGEF signaling synergizes with EGFR in tumor cells to promote epithelial cancer develop-
ment. Cell 140(2):268-279

Liebner S, Fischmann A, Rascher G, Duffner F, Grote EH, Kalbacher H, Wolburg H (2000)
Claudin-1 and claudin-5 expression and tight junction morphology are altered in blood vessels
of human glioblastoma multiforme. Acta Neuropathol 100(3):323-331

Lin NU, Parker LM, Come SE, Burstein HJ, Haldoupis M, Ryabin N, Gelman R, Winer EP,
Shulman LN (2007) Phase II study of CT-2103 as first- or second-line chemotherapy in patients
with metastatic breast cancer: unexpected incidence of hypersensitivity reactions. Invest New
Drugs 25(4):369-375

Liu L-b, Xue Y-x, Liu Y-h, Wang Y-b (2008) Bradykinin increases blood-tumor barrier permeabil-
ity by down-regulating the expression levels of ZO-1, occludin, and claudin-5 and rearranging
actin cytoskeleton. J Neurosci Res 86(5):1153-1168

Maeda H, Matsumura Y, Kato H (1988) Purification and identification of [hydroxyprolyl3]brady-
kinin in ascitic fluid from a patient with gastric cancer. J Biol Chem 263(31):16051-16054

Maeda K, Chung YS, Takatsuka S, Ogawa Y, Sawada T, Yamashita Y, Onoda N, Kato Y, Nitta A,
Arimoto Y et al (1995) Tumor angiogenesis as a predictor of recurrence in gastric carcinoma.
J Clin Oncol 13(2):477-481

Maeda H, Akaike T, Wu J, Noguchi Y, Sakata Y (1996) Bradykinin and nitric oxide in infectious
disease and cancer. Immunopharmacology 33(1-3):222-230

Maeda H, Bharate GY, Daruwalla J (2009) Polymeric drugs for efficient tumor-targeted drug
delivery based on EPR-effect. Eur J Pharm Biopharm 71(3):409-419

Maeda H (2001) SMANCS and polymer conjugated macromolecular drugs: advantages in cancer
chemotherapy. Adv Drug Delivery Rev 46:169-185

Maglione D, Guerriero V, Viglietto G, Delli-Bovi P, Persico MG (1991) Isolation of a human
placenta cDNA coding for a protein related to the vascular permeability factor. Proc Natl Acad
Sci U S A 88(20):9267-9271

Malik N, Evagorou E, Duncan R (1999) Dendrimer-platinate: a novel approach to cancer chemo-
therapy. Anticancer Drugs 10(8):767-776

Markwalder J, Starling EH (1914) On the constancy of the systolic output under varying condi-
tions. J Physiol 48(4):348-356

Martin TA, Mansel RE, Jiang WG (2002) Antagonistic effect of NK4 on HGF/SF induced changes
in the transendothelial resistance (TER) and paracellular permeability of human vascular
endothelial cells. J Cell Physiol 192(3):268-275

Masood R, Cai J, Zheng T, Smith DL, Hinton DR, Gill PS (2001) Vascular endothelial growth fac-
tor (VEGF) is an autocrine growth factor for VEGF receptor-positive human tumors. Blood
98(6):1904-1913

Matsumura Y, Maeda H (1986) A new concept for macromolecular therapeutics in cancer chemo-
therapy: mechanism of tumoritropic accumulation of proteins and the antitumor agent smancs.
Cancer Res 46(12 Pt 1):6387-6392

Matsumura Y, Kimura M, Yamamoto T, Maeda H (1988) Involvement of the kinin-generating cas-
cade in enhanced vascular permeability in tumor tissue. Jpn J Cancer Res 79(12):1327-1334



4 Enhanced Vascular Permeability in Solid Tumors. .. 113

Matsumura Y, Maruo K, Kimura M, Yamamoto T, Konno T, Maeda H (1991) Kinin-generating
cascade in advanced cancer patients and in vitro study. Jpn J Cancer Res 82(6):732-741

Matsumura Y, Gotoh M, Muro K, Yamada Y, Shirao K, Shimada Y, Okuwa M, Matsumoto S, Miyata
Y, Ohkura H, Chin K, Baba S, Yamao T, Kannami A, Takamatsu Y, Ito K, Takahashi K (2004a)
Phase I and pharmacokinetic study of MCC-465, a doxorubicin (DXR) encapsulated in PEG
immunoliposome, in patients with metastatic stomach cancer. Ann Oncol 15(3):517-525

Matsumura Y, Hamaguchi T, Ura T, Muro K, Yamada'Y, Shimada Y, Shirao K, Okusaka T, Ueno H,
Ikeda M, Watanabe N (2004b) Phase I clinical trial and pharmacokinetic evaluation of NK911,
a micelle-encapsulated doxorubicin. Br J Cancer 91(10):1775-1781

Matter K, Aijaz S, Tsapara A, Balda MS (2005) Mammalian tight junctions in the regulation of
epithelial differentiation and proliferation. Curr Opin Cell Biol 17(5):453-458. doi:10.1016/j.
ceb.2005.08.003

McKiernan JM, Barlow LJ, Laudano MA, Mann MJ, Petrylak DP, Benson MC (2011) A phase I
trial of intravesical Nanoparticle albumin-bound paclitaxel in the treatment of bacillus Calmette-
Guerin refractory nonmuscle invasive bladder cancer. J Urol 186(2):448-451

Meerum Terwogt JM, ten Bokkel Huinink WW, Schellens JH, Schot M, Mandjes 1A, Zurlo MG,
Rocchetti M, Rosing H, Koopman FJ, Beijnen JH (2001) Phase I clinical and pharmacokinetic
study of PNU166945, a novel water-soluble polymer-conjugated prodrug of paclitaxel.
Anticancer Drugs 12(4):315-323

Meyer TN, Schwesinger C, Ye J, Denker BM, Nigam SK (2001) Reassembly of the tight junction
after oxidative stress depends on tyrosine kinase activity. J Biol Chem 276(25):22048-22055

Michallet M, Maloisel F, Delain M, Hellmann A, Rosas A, Silver RT, Tendler C (2004) Pegylated
recombinant interferon alpha-2b vs recombinant interferon alpha-2b for the initial treatment of
chronic-phase chronic myelogenous leukemia: a phase III study. Leukemia 18(2):309-315

Miettinen M, Sarlomo-Rikala M, Wang ZF (2011) Claudin-5 as an immunohistochemical marker
for angiosarcoma and hemangioendotheliomas. Am J Surg Pathol 28:28

Murakami T, Felinski EA, Antonetti DA (2009) Occludin phosphorylation and ubiquitination
regulate tight junction trafficking and vascular endothelial growth factor-induced permeability.
J Biol Chem 284(31):21036-21046

Natarajan V, Scribner WM, al-Hassani M, Vepa S (1998) Reactive oxygen species signaling
through regulation of protein tyrosine phosphorylation in endothelial cells. Environ Health
Perspect 5:1205-1212

Neville ME, Boni LT, Pflug LE, Popescu MC, Robb RJ (2000) Biopharmaceutics of liposomal
interleukin 2, oncolipin. Cytokine 12(11):1691-1701

Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, Furuse M, Tsukita S (2003) Size-
selective loosening of the blood-brain barrier in claudin-5-deficient mice. J Cell Biol 161(3):
653-660

Noguchi Y, Wu J, Duncan R, Strohalm J, Ulbrich K, Akaike T, Maeda H (1998) Early phase tumor
accumulation of macromolecules: a great difference in clearance rate between tumor and nor-
mal tissues. Jpn J Cancer Res 89(3):307-314. doi:S0910505097868561 [pii]

Noguchi R, Yoshiji H, Kuriyama S, Yoshii J, Ikenaka Y, Yanase K, Namisaki T, Kitade M, Yamazaki
M, Mitoro A, Tsujinoue H, Imazu H, Masaki T, Fukui H (2003) Combination of interferon-beta
and the angiotensin-converting enzyme inhibitor, perindopril, attenuates murine hepatocellular
carcinoma development and angiogenesis. Clin Cancer Res 9(16 Pt 1):6038-6045

Oerlemans C, Bult W, Bos M, Storm G, Nijsen JF, Hennink WE (2010) Polymeric micelles in
anticancer therapy: targeting, imaging and triggered release. Pharm Res 27(12):2569-2589

Ohkouchi K, Imoto H, Takakura Y, Hashida M, Sezaki H (1990) Disposition of anticancer drugs
after bolus arterial administration in a tissue-isolated tumor perfusion system. Cancer Res
50(5):1640-1644

Okamoto T, Akaike T, Sawa T, Miyamoto Y, van der Vliet A, Maeda H (2001) Activation of matrix
metalloproteinases by peroxynitrite-induced protein S-glutathiolation via disulfide S-oxide
formation. J Biol Chem 276(31):29596-29602


http://dx.doi.org/10.1016/j.ceb.2005.08.003
http://dx.doi.org/10.1016/j.ceb.2005.08.003
http://dx.doi.org/S0910505097868561 [pii]

114 S. Taurin and K. Greish

Olofsson B, Pajusola K, Kaipainen A, von Euler G, Joukov V, Saksela O, Orpana A, Pettersson RF,
Alitalo K, Eriksson U (1996) Vascular endothelial growth factor B, a novel growth factor for
endothelial cells. Proc Natl Acad Sci U S A 93(6):2576-2581

Orlandini M, Marconcini L, Ferruzzi R, Oliviero S (1996) Identification of a c-fos-induced gene
that is related to the platelet-derived growth factor/vascular endothelial growth factor family.
Proc Natl Acad Sci U S A 93(21):11675-11680

Oshima T, Laroux FS, Coe LL, Morise Z, Kawachi S, Bauer P, Grisham MB, Specian RD, Carter
P, Jennings S, Granger DN, Joh T, Alexander JS (2001) Interferon-gamma and interleukin-10
reciprocally regulate endothelial junction integrity and barrier function. Microvasc Res
61(1):130-143

Padera TP, Kadambi A, di Tomaso E, Carreira CM, Brown EB, Boucher Y, Choi NC, Mathisen D,
Wain J, Mark EJ, Munn LL, Jain RK (2002) Lymphatic metastasis in the absence of functional
intratumor lymphatics. Science 296(5574):1883—-1886

Pan XY, Wang B, Che YC, Weng ZP, Dai HY, Peng W (2007) Expression of claudin-3 and
claudin-4 in normal, hyperplastic, and malignant endometrial tissue. Int J Gynecol Cancer
17(1):233-241

Papadopoulos M, Saadoun S, Woodrow C, Davies D, Costa-Martins P, Moss R, Krishna S, Bell B
(2001) Occludin expression in microvessels of neoplastic and non-neoplastic human brain.
Neuropathol Appl Neurobiol 27(5):384-395

Paz-Ares L, Ross H, O’Brien M, Riviere A, Gatzemeier U, Von Pawel J, Kaukel E, Freitag L, Digel
W, Bischoff H, Garcia-Campelo R, Iannotti N, Reiterer P, Bover I, Prendiville J, Eisenfeld AJ,
Oldham FB, Bandstra B, Singer JW, Bonomi P (2008) Phase III trial comparing paclitaxel
poliglumex vs docetaxel in the second-line treatment of non-small-cell lung cancer. Br J Cancer
98(10):1608-1613

Pepper MS (2001) Lymphangiogenesis and tumor metastasis: myth or reality? Clin Cancer Res
7(3):462-468

Pepper MS, Ferrara N, Orci L, Montesano R (1991) Vascular endothelial growth factor (VEGF)
induces plasminogen activators and plasminogen activator inhibitor-1 in microvascular
endothelial cells. Biochem Biophys Res Commun 181(2):902-906

Perez-Moreno M, Jamora C, Fuchs E (2003) Sticky business: orchestrating cellular signals at
adherens junctions. Cell 112(4):535-548. doi:10.1016/s0092-8674(03)00108-9

Peterson HI, Appelgren KL (1973) Experimental studies on the uptake and rentention of labelled
proteins in a rat tumour. Eur J Cancer 9(8):543-547

Plouet J, Schilling J, Gospodarowicz D (1989) Isolation and characterization of a newly identified
endothelial cell mitogen produced by AtT-20 cells. EMBO J 8(12):3801-3806

Plummer R, Wilson RH, Calvert H, Boddy AV, Griffin M, Sludden J, Tilby MJ, Eatock M, Pearson
DG, Ottley CJ, Matsumura Y, Kataoka K, Nishiya T (2011) A phase I clinical study of cisplatin-
incorporated polymeric micelles (NC-6004) in patients with solid tumours. Br J Cancer
104(4):593-598

Posey JA 3rd, Saif MW, Carlisle R, Goetz A, Rizzo J, Stevenson S, Rudoltz MS, Kwiatek J,
Simmons P, Rowinsky EK, Takimoto CH, Tolcher AW (2005) Phase 1 study of weekly poly-
ethylene glycol-camptothecin in patients with advanced solid tumors and lymphomas. Clin
Cancer Res 11(21):7866-7871

Rademaker-Lakhai JM, Terret C, Howell SB, Baud CM, De Boer RF, Pluim D, Beijnen JH,
Schellens JH, Droz JP (2004) A phase I and pharmacological study of the platinum polymer
AP5280 given as an intravenous infusion once every 3 weeks in patients with solid tumors. Clin
Cancer Res 10(10):3386-3395

Rao G, Runge M, Alexander R (1995) Hydrogen peroxide activation of cytosolic phospholipase
A2 in vascular smooth muscle cells. Biochim Biophys Acta 1265(1):67-72

Reynolds C, Barrera D, Jotte R, Spira Al, Weissman C, Boehm KA, Pritchard S, Asmar L (2009)
Phase II trial of Nanoparticle albumin-bound paclitaxel, carboplatin, and bevacizumab in first-
line patients with advanced nonsquamous non-small cell lung cancer. J Thorac Oncol
4(12):1537-1543

Ricart AD, Berlin JD, Papadopoulos KP, Syed S, Drolet DW, Quaratino-Baker C, Horan J, Chick
J, Vermeulen W, Tolcher AW, Rowinsky EK, Rothenberg ML (2008) Phase I, pharmacokinetic


http://dx.doi.org/10.1016/s0092-8674(03)00108-9

4 Enhanced Vascular Permeability in Solid Tumors... 115

and biological correlative study of OSI-7904 L, a novel liposomal thymidylate synthase inhibi-
tor, and cisplatin in patients with solid tumors. Clin Cancer Res 14(23):7947-7955

Riggio C, Pagni E, Raffa V, Cuschieri A (2011) Nano-oncology: clinical application for cancer
therapy and future perspectives. J] Nanomater 164506, 10p

Rippel RA, Seifalian AM (2011) Gold revolution—gold Nanoparticles for modern medicine and
surgery. J Nanosci Nanotechnol 11(5):3740-3748

Rudin CM, Marshall JL, Huang CH, Kindler HL, Zhang C, Kumar D, Gokhale PC, Steinberg J,
Wanaski S, Kasid UN, Ratain MJ (2004) Delivery of a liposomal c-raf-1 antisense oligonucle-
otide by weekly bolus dosing in patients with advanced solid tumors: a phase I study. Clin
Cancer Res 10(21):7244-7251

Sabbatini P, Aghajanian C, Dizon D, Anderson S, Dupont J, Brown JV, Peters WA, Jacobs A,
Mehdi A, Rivkin S, Eisenfeld AJ, Spriggs D (2004) Phase II study of CT-2103 in patients with
recurrent epithelial ovarian, fallopian tube, or primary peritoneal carcinoma. J Clin Oncol
22(22):4523-4531

Sabbatini P, Sill M, O’Malley D, Adler L, Secord A (2008) A phase II trial of paclitaxel poliglumex
in recurrent or persistent ovarian or primary peritoneal cancer (EOC): a gynecologic oncology
group study. Gynecol Oncol 111(3):455-460

Saif MW, Podoltsev NA, Rubin MS, Figueroa JA, Lee MY, Kwon J, Rowen E, Yu J, Kerr RO
(2010) Phase II clinical trial of paclitaxel loaded polymeric micelle in patients with advanced
pancreatic cancer. Cancer Invest 28(2):186-194

Saitou M, Ando-Akatsuka Y, Itoh M, Furuse M, Inazawa J, Fujimoto K, Tsukita S (1997)
Mammalian occludin in epithelial cells: its expression and subcellular distribution. Eur J Cell
Biol 73(3):222-231

Saitou M, Furuse M, Sasaki H, Schulzke JD, Fromm M, Takano H, Noda T, Tsukita S (2000)
Complex phenotype of mice lacking occludin, a component of tight junction strands. Mol Biol
Cell 11(12):4131-4142

Sakaguchi T, Suzuki S, Higashi H, Inaba K, Nakamura S, Baba S, Kato T, Konno H (2008)
Expression of tight junction protein claudin-5 in tumor vessels and sinusoidal endothelium in
patients with hepatocellular carcinoma. J Surg Res 147(1):123-131

Sankhala K, Mita A, Adinin R, Wood L, Beeram M, Bullock S, Yamagata N, Matsuno K, Fujisawa
T, Phan A (2009) A phase I pharmacokinetic (PK) study of MBP-426, a novel liposome encap-
sulated oxaliplatin. J Clin Oncol 27(15):2535

Satoh H, Zhong Y, Isomura H, Saitoh M, Enomoto K, Sawada N, Mori M (1996) Localization of
TH6 tight junction-associated antigen along the cell border of vascular endothelial cells corre-
lates with paracellular barrier function against ions, large molecules, and cancer cells. Exp Cell
Res 222(2):269-274

Sawada T, Kato Y, Kobayashi M, Takekekawa Y (2000) Immunohistochemical study of tight junc-
tion-related protein in neovasculature in astrocytic tumor. Brain Tumor Pathol 17(1):1-6

Schneeberger EE, Lynch RD (2004) The tight junction: a multifunctional complex. Am J Physiol
Cell Physiol 286(6):C1213-C1228

Schulzke JD, Gitter AH, Mankertz J, Spiegel S, Seidler U, Amasheh S, Saitou M, Tsukita S,
Fromm M (2005) Epithelial transport and barrier function in occludin-deficient mice. Biochim
Biophys Acta 15(1):34-42

Scott LC, Yao JC, Benson AB 3rd, Thomas AL, Falk S, Mena RR, Picus J, Wright J, Mulcahy MF,
Ajani JA, Evans TR (2009) A phase II study of pegylated-camptothecin (pegamotecan) in the
treatment of locally advanced and metastatic gastric and gastro-oesophageal junction adeno-
carcinoma. Cancer Chemother Pharmacol 63(2):363-370

Seetharamu N, Kim E, Hochster H, Martin F, Muggia F (2010) Phase II study of liposomal cisplatin
(SPI-77) in platinum-sensitive recurrences of ovarian cancer. Anticancer Res 30(2):541-545

Seiden MV, Muggia F, Astrow A, Matulonis U, Campos S, Roche M, Sivret J, Rusk J, Barrett E
(2004) A phase II study of liposomal lurtotecan (OSI-211) in patients with topotecan resistant
ovarian cancer. Gynecol Oncol 93(1):229-232

Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF (1983) Tumor cells
secrete a vascular permeability factor that promotes accumulation of ascites fluid. Science
219(4587):983-985



116 S. Taurin and K. Greish

Seymour LW, Miyamoto Y, Maeda H, Brereton M, Strohalm J, Ulbrich K, Duncan R (1995)
Influence of molecular weight on passive tumour accumulation of a soluble macromolecular
drug carrier. Eur J Cancer 31A(5):766-770

Seymour LW, Ferry DR, Anderson D, Hesslewood S, Julyan PJ, Poyner R, Doran J, Young AM,
Burtles S, Kerr DJ, Committee ftCRCPIICT (2002) Hepatic drug targeting: phase I evaluation
of polymer-bound doxorubicin. J Clin Oncol 20(6):1668-1676

Seymour LW, Ferry DR, Kerr DJ, Rea D, Whitlock M, Poyner R, Boivin C, Hesslewood S, Twelves
C, Blackie R, Schatzlein A, Jodrell D, Bissett D, Calvert H, Lind M, Robbins A, Burtles S,
Duncan R, Cassidy J (2009) Phase II studies of polymer-doxorubicin (PK1, FCE28068) in the
treatment of breast, lung and colorectal cancer. Int J Oncol 34(6):1629-1636

Shen LJ, Shen WC (2006) Drug evaluation: ADI-PEG-20 — A PEGylated arginine deiminase for
arginine-auxotrophic cancers. Curr Opin Mol Ther 8(3):240-248

Shi J, Xiao Z, Kamaly N, Farokhzad O (2011) Self-assembled targeted Nanoparticles: evolution of
technologies and bench to bedside translation. Acc Chem Res 44(10):1123-1157

Soepenberg O, de Jonge MJ, Sparreboom A, de Bruin P, Eskens FA, de Heus G, Wanders J,
Cheverton P, Ducharme MP, Verweij J (2005) Phase I and pharmacokinetic study of DE-310 in
patients with advanced solid tumors. Clin Cancer Res 11(2 Pt 1):703-711

Soker S, Takashima S, Miao HQ, Neufeld G, Klagsbrun M (1998) Neuropilin-1 is expressed by
endothelial and tumor cells as an isoform-specific receptor for vascular endothelial growth
factor. Cell 92(6):735-745

Stinchcombe TE, Socinski MA, Walko CM, O’Neil BH, Collichio FA, Ivanova A, Mu H, Hawkins
MlJ, Goldberg RM, Lindley C, Claire Dees E (2007) Phase I and pharmacokinetic trial of car-
boplatin and albumin-bound paclitaxel, ABI-007 (Abraxane) on three treatment schedules in
patients with solid tumors. Cancer Chemother Pharmacol 60(5):759-766

Stopeck AT, Jones A, Hersh EM, Thompson JA, Finucane DM, Gutheil JC, Gonzalez R (2001)
Phase II study of direct intralesional gene transfer of allovectin-7, an HLA-B7/beta2-micro-
globulin DNA-liposome complex, in patients with metastatic melanoma. Clin Cancer Res
7(8):2285-2291

Suzuki M, Hori K, Abe I, Saito S, Sato H (1981) A new approach to cancer chemotherapy: selec-
tive enhancement of tumor blood flow with angiotensin II. J Natl Cancer Inst 67(3):663—-669

Swenson CE, Bolcsak LE, Batist G, Guthrie TH Jr, Tkaczuk KH, Boxenbaum H, Welles L, Chow
SC, Bhamra R, Chaikin P (2003) Pharmacokinetics of doxorubicin administered i.v. as Myocet
(TLC D-99; liposome-encapsulated doxorubicin citrate) compared with conventional doxoru-
bicin when given in combination with cyclophosphamide in patients with metastatic breast
cancer. Anticancer Drugs 14(3):239-246

Tanaka S, Akaike T, Wu J, Fang J, Sawa T, Ogawa M, Beppu T, Maeda H (2003) Modulation of
tumor-selective vascular blood flow and extravasation by the stable prostaglandin 12 analogue
beraprost sodium. J Drug Target 11(1):45-52. doi:10.1080/1061186031000086072

Teneriello MG, Tseng PC, Crozier M, Encarnacion C, Hancock K, Messing MJ, Boehm KA,
Williams A, Asmar L (2009) Phase II evaluation of Nanoparticle albumin-bound paclitaxel in
platinum-sensitive patients with recurrent ovarian, peritoneal, or fallopian tube cancer. J Clin
Oncol 27(9):1426-1431

Torchilin V (2005) Recent advances with liposomes as pharmaceutical carriers. Nat Rev Drug
Discov 4(2):145-205

Tsukita S, Furuse M, Itoh M (1996) Molecular dissection of tight junctions. Cell Struct Funct
21(5):381-385

Tsukita S, Furuse M, Itoh M (2001) Multifunctional strands in tight junctions. Nat Rev Mol Cell
Biol 2(4):285-293

Tsukita S, Yamazaki Y, Katsuno T, Tamura A (2008) Tight junction-based epithelial microenviron-
ment and cell proliferation. Oncogene 27(55):6930-6938

Uchino H, Matsumura Y, Negishi T, Koizumi F, Hayashi T, Honda T, Nishiyama N, Kataoka K,
Naito S, Kakizoe T (2005) Cisplatin-incorporating polymeric micelles (NC-6004) can reduce
nephrotoxicity and neurotoxicity of cisplatin in rats. Br J Cancer 93(6):678-687


http://dx.doi.org/10.1080/1061186031000086072

4 Enhanced Vascular Permeability in Solid Tumors. .. 117

Uemura H, Hasumi H, Kawahara T, Sugiura S, Miyoshi Y, Nakaigawa N, Teranishi J, Noguchi K,
Ishiguro H, Kubota Y (2005) Pilot study of angiotensin II receptor blocker in advanced hormone-
refractory prostate cancer. Int J Clin Oncol 10(6):405-410. doi:10.1007/s10147-005-0520-y

Unemori EN, Ferrara N, Bauer EA, Amento EP (1992) Vascular endothelial growth factor induces
interstitial collagenase expression in human endothelial cells. J Cell Physiol 153(3):557-562

Valle JW, Armstrong A, Newman C, Alakhov V, Pietrzynski G, Brewer J, Campbell S, Corrie P,
Rowinsky EK, Ranson M (2011) A phase 2 study of SP1049C, doxorubicin in P-glycoprotein-
targeting pluronics, in patients with advanced adenocarcinoma of the esophagus and gastroe-
sophageal junction. Invest New Drugs 29(5):1029-1037

Van Itallie CM, Anderson JM (2006) Claudins and epithelial paracellular transport. Annu Rev
Physiol 68:403-429

Van Itallie CM, Fanning AS, Anderson JM (2003) Reversal of charge selectivity in cation or
anion-selective epithelial lines by expression of different claudins. Am J Physiol Renal Physiol
285(6):F1078-F1084. doi:10.1152/ajprenal.00116.2003

Van Itallie CM, Holmes J, Bridges A, Gookin JL, Coccaro MR, Proctor W, Colegio OR, Anderson
JM (2008) The density of small tight junction pores varies among cell types and is increased by
expression of claudin-2. J Cell Sci 121(Pt 3):298-305

van Moorselaar RJ, Voest EE (2002) Angiogenesis in prostate cancer: its role in disease progres-
sion and possible therapeutic approaches. Mol Cell Endocrinol 197(1-2):239-250

Vis AV, van der Gaast AG, van Rhijn BR, Catsburg TC, Schmidt CS, Mickisch GM (2002) A phase 11
trial of methotrexate-human serum albumin (MTX-HSA) in patients with metastatic renal cell
carcinoma who progressed under immunotherapy. Cancer Chemother Pharmacol 49(4):342-345

Wachtel M, Bolliger MF, Ishihara H, Frei K, Bluethmann H, Gloor SM (2001) Down-regulation of
occludin expression in astrocytes by tumour necrosis factor (TNF) is mediated via TNF type-1
receptor and nuclear factor-kappaB activation. J Neurochem 78(1):155-162

Wachters FM, Groen HJ, Maring JG, Gietema JA, Porro M, Dumez H, de Vries EG, van Oosterom
AT (2004) A phase I study with MAG-camptothecin intravenously administered weekly for 3
weeks in a 4-week cycle in adult patients with solid tumours. Br J Cancer 90(12):2261-2267

Wang S, Hung M (2000) Transcriptional targeting of the HER-2/neu oncogene. Drugs Today
(Barc) 36(12):835-843

Wang W, Dentler WL, Borchardt RT (2001) VEGF increases BMEC monolayer permeability by
affecting occludin expression and tight junction assembly. Am J Physiol Heart Circ Physiol
280(1):H434-H440

Wang A, Gu F, Zhang L, Chan J, Radovic-Moreno A, Shaikh M, Farokhzad O (2008a)
Biofunctionalized targeted Nanoparticles for therapeutic applications. Expert Opin Biol Ther
8(8):1063-1070

Wang X, Yang L, Chen ZG, Shin DM (2008b) Application of Nanotechnology in cancer therapy
and imaging. CA Cancer J Clin 58(2):97-110

Wei MH, Popescu NC, Lerman MI, Merrill MJ, Zimonjic DB (1996) Localization of the human vas-
cular endothelial growth factor gene, VEGF, at chromosome 6p12. Hum Genet 97(6):794-797

Weidner N, Semple JP, Welch WR, Folkman J (1991) Tumor angiogenesis and metastasis—
correlation in invasive breast carcinoma. N Engl J Med 324(1):1-8

Weidner N, Carroll PR, Flax J, Blumenfeld W, Folkman J (1993) Tumor angiogenesis correlates
with metastasis in invasive prostate carcinoma. Am J Pathol 143(2):401-409

Weir EK, Archer SL (1995) The mechanism of acute hypoxic pulmonary vasoconstriction: the tale
of two channels. FASEB J 9(2):183-189

West GW, Weichselbaum R, Little JB (1980) Limited penetration of methotrexate into human
osteosarcoma spheroids as a proposed model for solid tumor resistance to adjuvant chemo-
therapy. Cancer Res 40(10):3665-3668

White SC, Lorigan P, Margison GP, Margison JM, Martin F, Thatcher N, Anderson H, Ranson M
(2006) Phase II study of SPI-77 (sterically stabilised liposomal cisplatin) in advanced non-
small-cell lung cancer. Br J Cancer 95(7):822-828

Wiggins DL, Granai CO, Steinhoff MM, Calabresi P (1995) Tumor angiogenesis as a prognostic
factor in cervical carcinoma. Gynecol Oncol 56(3):353-356


http://dx.doi.org/10.1007/s10147-005-0520-y
http://dx.doi.org/10.1152/ajprenal.00116.2003

118 S. Taurin and K. Greish

Wigle JT, Oliver G (1999) Prox1 function is required for the development of the murine lymphatic
system. Cell 98(6):769-778

Wisse E, Jacobs F, Topal B, Frederik P, De Geest B (2008) The size of endothelial fenestrae in human
liver sinusoids: implications for hepatocyte-directed gene transfer. Gene Ther 15(17):1193-1199

Wolburg H, Wolburg-Buchholz K, Kraus J, Rascher-Eggstein G, Liebner S, Hamm S, Duftner F,
Grote E, Risau W, Engelhardt B (2003) Localization of claudin-3 in tight junctions of the
blood-brain barrier is selectively lost during experimental autoimmune encephalomyelitis and
human glioblastoma multiforme. Acta Neuropathol 105(6):586-592

World Health Organization (3 April June 2003) Press Release WHO/52-Available online

WuY, Zhou BP (2010) TNF-alpha/NF-kappaB/Snail pathway in cancer cell migration and invasion.
Br J Cancer 102(4):639-644

Wu J, Akaike T, Maeda H (1998) Modulation of enhanced vascular permeability in tumors by a
bradykinin antagonist, a cyclooxygenase inhibitor, and a nitric oxide scavenger. Cancer Res
58(1):159-165

Wu J, Akaike T, Hayashida K, Okamoto T, Okuyama A, Maeda H (2001) Enhanced vascular
permeability in solid tumor involving peroxynitrite and matrix metalloproteinases. Jpn J Cancer
Res 92(4):439-451

Yamada Y, Nezu J, Shimane M, Hirata Y (1997) Molecular cloning of a novel vascular endothelial
growth factor, VEGF-D. Genomics 42(3):483-488

Yamazaki K, Abe S, Takekawa H, Sukoh N, Watanabe N, Ogura S, Nakajima I, Isobe H, Inoue K,
Kawakami Y (1994) Tumor angiogenesis in human lung adenocarcinoma. Cancer
74(8):2245-2250

Yamazaki Y, Okawa K, Yano T, Tsukita S (2008) Optimized proteomic analysis on gels of cell-cell
adhering junctional membrane proteins. Biochemistry 47(19):5378-5386

Yang Z, Zhang A, Altura BT, Altura BM (1999) Hydrogen peroxide-induced endothelium-
dependent relaxation of rat aorta involvement of Ca2+ and other cellular metabolites. Gen
Pharmacol 33(4):325-336

Yin T, Green KJ (2004) Regulation of desmosome assembly and adhesion. Semin Cell Dev Biol
15(6):665-677. doi:10.1016/j.semcdb.2004.09.005

Yu T, Malugin A, Ghandehari H (2011) Impact of silica Nanoparticle design on cellular toxicity
and hemolytic activity. ACS Nano 5(7):5717-5728

Yuan F, Dellian M, Fukumura D, Leunig M, Berk DA, Torchilin VP, Jain RK (1995) Vascular
permeability in a human tumor xenograft: molecular size dependence and cutoff size. Cancer
Res 55(17):3752-3756

Zaki N, Tirelli N (2010) Gateways for the intracellular access of Nanocarriers: a review of receptor-
mediated endocytosis mechanisms and of strategies in receptor targeting. Expert Opin Drug
Deliv 7(8):895-913

Zeidman I, Copeland BE, Warren S (1955) Experimental studies on the spread of cancer in the
lymphatic system. II. Absence of a lymphatic supply in carcinoma. Cancer 8(1):123-127


http://dx.doi.org/10.1016/j.semcdb.2004.09.005

	Chapter 4: Enhanced Vascular Permeability in Solid Tumors: A Promise for Anticancer Nanomedicine
	4.1 Introduction
	4.2 Historical Prospective
	4.3 Role of Tight Junction in the Vasculature
	4.4 Tumor Vascular Permeability, the EPR Concept
	4.5 Factors Contributing to Tumor Vascular Permeability
	4.5.1 Alteration of Tight Junction in Tumor Vessel
	4.5.2 Anatomical Irregularities of Tumor Neoangiogenesis
	4.5.3 Vascular Endothelial Growth Factor (VEGF)
	4.5.3.1 Other Mediators Involved in Enhanced Tumor Permeability


	4.6 Capillary Fluid Transport at Tumor Vasculature
	4.7 EPR Effect in Clinical Anticancer Management
	4.8 Challenges to the Enhanced Permeability Strategy to Target Nanosize Drug Carriers
	4.8.1 EPR Effect in Animal Models
	4.8.2 Tumor Biology and Neoangiogenesis
	4.8.2.1 Biodistribution

	4.8.3 Release Rate
	4.8.4 Biocompatibility
	4.8.5 Intracellular Internalization

	4.9 Conclusion
	References


