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Abstract

Conventional chemotherapy with small molecule drugs has been used for many types
of cancer for decades. However, the therapeutic efficacy remains less successful, mostly
because of poor tumor selectivity and severe adverse side effects which hampered
the use of high drug doses. The development of tumor-targeted chemotherapy is thus
critically important for more successful treatment. The enhanced permeability and
retention (EPR) effect is a unique phenomenon of solid tumors based on their anatomical
and pathophysiological differences from normal tissues, namely macromolecular
drugs could accumulate and retain in solid tumor tissues selectively but they will not
distribute much in normal tissue. EPR based chemotherapy is thus becoming an important
strategy to improve the delivery of therapeutic agents to tumors for anticancer drug
development, and macromolecular agents are potentially usefully for not only cancer
therapy, but for cancer diagnosis and imaging. In this commentary, the concept and
application of the EPR effect, as well as methods to further augment EPR effect by using
factors associated with EPR effect such as nitric oxide, carbon monoxide, are briefly
discussed. We believe that understanding EPR effect and EPR based tumor targeting
will greatly promote the development of new therapeutic strategies and anticancer
drugs for anticancer therapeutics.

*Corresponding author

Jun Fang, DDS Research Institute, Sojo University,
Nishi-ku Ikeda 4-22-1, Kumamoto, 860-0082, Japan, Tel:
+81-96-326-4137; Fax: +81-96-326-5048; Email: fangjun@
ph.sojo-u.ac.jp

Submitted: 15 January 2014

Accepted: 28 January 2014

Published: 30 January 2014

Copyright

© 2014 Fang et al.

Keywords

* EPR effect

* Solid tumors

* Drug delivery

* Chemotherapy

DEFINITION OF EPR EFFECT

In1980’s,Maedaandhiscolleaguesfound thatmacromolecules
such as polymers and proteins with molecular weight larger
than 40-50 kDa showed selective accumulation in tumor tissues,
far more than that observed in normal tissues, moreover, they
retained in tumor tissues for long periods, i.e., > 24 h [1]. They
coined this unique phenomenon enhanced permeability and
retention (EPR) effect [1]. Accordingly, an EPR based tumor
targeting strategy (macromolecular therapy) was developed by
using polymer modification, nanoparticles, micelles, liposome
and so on, all of which exhibited more than 10-200 times higher
concentrations in tumor than that in normal tissues, such as skin,
muscle, heart, and kidney, after systemic administration [1-6].
These findings led to generalization of the concept of the EPR

effect, and now itis becoming a “gold standard” for the anticancer
drug design.

EPR effect is a phenomenon due to the unique anatomical
and pathophysiological characteristics of solid tumor. Namely, in
contrast to normal tissues and organs, most solid tumors show
a higher vascular density (hypervasculature), i.e., angiogenesis
that is one of the most important features of tumors to sustain
their rapid growth. Electron microscopy of a vascular cast of
tumor blood vessels that was obtained by using polymer resin
showed distinct differences between tumor vessels and normal
blood vasculature [7-9]. Tumor vascular angiogenesis (vascular
bed) could be observed even when tumor nodules were smaller
than 0.2 mm [10,11]. Moreover, irregular or inconsistent blood
flow is also commonly observed in tumors [12].
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Furthermore, most solid tumors have blood vessels with
defective architecture, such as large gap between endothelial cells
(e.g., ~1um),lack of smooth musclelayers, so that macromolecules
will have the opportunity to escape from tumor blood vessels and
accumulate selectively in tumor tissues, whereas they could not
cross normal blood vessels which will result in less side effects.
The enhanced permeability of tumor blood vessels is also partly
attributed to the over-produced vascular mediators, such as
bradykinin, nitric oxide (NO), vascular endothelial growth factor
(VEGF), carbon monoxide (CO) etc. [2,6,7]. These factors further
enhance the permeability of tumor vasculature, thus being useful
for the augmentation of EPR based tumor targeting which is
discussed below.

In addition, defected lymphatic function that is important
for the recovery of macromolecules in tissues, is always found
in tumor tissues [6-10]. Consequently, once macromolecules
accumulate in tumor tissues, they will not cleared from tumor
tissues but retain there for long time.

Above-mentioned  anatomic and  pathophysiological
characteristics together lead to the unique phenomenon of EPR
effect, the principal mechanism of EPR effect is diagrammatically
represented in Figure 1.

APPLICATION OF EPR EFFECT

EPR-based tumor targeting requires macromolecular drugs
to have longer half-life time in order to provide a sufficient
effective pharmacodynamic level. The usual way to obtain
macromolecular drugs is to “mask” conventional small molecular
drugs by modifying their surface with certain water-soluble
polymers with a well-solvated and flexible main chain, such as
polyethylene glycol (PEG), styrene maleic acid (SMA), N-(2-
hydroxypropyl)methacrylamide (HPMA), and so on [1,13,14].

Regarding the tumor targeting strategy, two kinds of targeting
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Figure 1 Diagrammatic representation of EPR effect. Normal blood vessels
have surrounding smooth muscle-cell layer with tighten the cell-cell junctions
which macromolecular agents are difficult to extravasate. In contrast, in tumor
tissues, blood vessels are always with loose cell-cell junctions, via which
macromolecular agents can escape to tumor tissue. In addition, the defected
lymphatic system in tumors leads to the retention of macromolecular agents in
tumor tissues.

are always mentioned in literatures, i.e., “passive targeting” and
“active targeting”. Passive targeting is so far EPR-based tumor
targeting. To date, many macromolecular drugs were developed
based on EPR effect, some of which are used in clinic and more
are in preclinical stages, including liposomes, polymers, micelles,
and nanoparticles [3-6, 8-10]. Examples of macromolecular
drugs approved for clinical use are DaunoXome® (non-
PEGylated liposomal daunorubicin), Abraxane® (albumin-based
paclitaxel), DepoCyt® (non-PEGylated liposomal cytarabine),
Doxil® (Caelyx in Europe; PEGylated liposomal doxorubicin),
Myocet® (non-PEGylated liposomal doxorubicin), Oncaspar®
(PEGylated L-asparaginase), and Genexol-PM® (paclitaxel-
containing polymeric micelles; approved in Korea). Many other
ones are in early- and late-stage preclinical development [15-19],
which may be approved for certain cancer patients in few years.

Another widely used tumor-targeting strategy is aiming
at the special molecules or receptors in tumor cells using, for
example, transferrin, folate, integrin receptors, epidermal
growth factor, antibodies, glycoprotein etc., namely active
targeting [20-22]. However, it is critically important and should
be noted and emphasized that for targeted tumor delivery, no
matter “passive targeting” or “active targeting”, EPR effect is the
first and necessary step, namely, the drugs need to accumulate
first in tumor by EPR effect, and then active targeting using
ligands, antibodies could be achieved. Tumor specific Fab with
molecular weight less than 40 kDa (no EPR effect) could not
accumulate efficiently in tumor, but most were cleared out from
circulation [5]. On the other hand, it may be a more effective
strategy when active targeting techniques are designed based
on EPR effect. In fact, many clinically-approved active targeting
drugs are antibody-based nanomedicines which can be taking
advantage of EPR effect. For example, Zevalin (CD20-targeted
90yttriumibritumomab tiuxetan), Bexxar (CD20-targeted iodine-
131-tositumomab), Ontak (CD25-targeted diphteria toxin-1L2
fusion protein), and Mylotarg (CD33-targeted ozogamycin-
gemtuzumab) have been successfully used for non-Hodgkin's
lymphoma, T-cell lymphoma and acute myeloid leukemia [23].

AUGMENTATION OF EPR EFFECT

Because EPR effect is mostly due to the high permeability
of tumor vasculature, it is reasonable to use vascular mediators
such as NO, CO, bradykinin, VEGF to further enhance EPR effect
thus achieving more tumor accumulation of macromolecular
drugs. In this section, we discuss this issue by focusing on the
effect of NO and CO, using our recent findings.

NO and its Derivatives

NO is a vital molecule in living creatures and is produced from
L-arginine by NO synthase (NOS) in the presence of oxygen, which
has multiple roles, directly or indirectly as a signaling messenger.
It is important to note that tumors tissue also showed extensive
iNOS expression, mostly in extensively infiltrated leukocytes
and macrophages, indicating that tumors produce significantly
more NO compared with normal tissues [24,25] (Figure 2A). The
amount of NO produced in tumors has a positive association with
tumor weight-up to 1.75 g in AH136B tumor-bearing rats and
250 mg in mice bearing sarcoma 180 (S-180) tumors [26]. iNOS
knockout mice evidenced clearly delayed tumor growth [27].
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Thus, NO generation is critical for tumor growth, and to maintain
the supply of nutrients and oxygen.

Regarding the roles of NO in tumor vessel permeability
and EPR effect, by use of an oily formulation of NO (a solution
of NO in medium-chain triglycerides), we found a marked
extravasation of Evans blue-/albumin complex at the injection
site after intradermal injection of this formulation into guinea
pigs [26]. The extravasation was significantly inhibited by the NO
scavenger carboxy-2-phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-oxide (cPTIO) [25]. Similarly, using an in vivo experiments
with a tumor-bearing mouse model, we found significant increase
of extravasation of Evans blue in tumors after intravenous
injection (EPR effect), results corresponding to the amount of NO
in tumor (Figure 2B,C), and this extravasation (EPR effect) was
significantly inhibited by both cPTIO and the NOS inhibitor N*-
monomethyl-L-arginine (L-NMMA) [26].

In addition, like NO, oxidized products of NO including
peroxynitrite (ONOO") and nitrogen dioxide could also potentiate
the EPR effect. Among these NO derivatives, ONOO" is a strong
oxidizing and nitrating agent, which forms via the reaction of NO
with superoxide anion (0°,") at a diffusion-limited rate [29], which
is also generated extensively in tumor and inflammatory tissues,
primarily via NADPH oxidase and cytochrome b, reductase in
infiltrated macrophages and neutrophils, as well as xanthine
oxidase [30, 31]. More important, it has also been known that NOS
can catalyze the generation of O",’, by its reductase domain using

Figure 2 NO production in different tumors. (A) RT-PCR for iNOS mRNA
expression in rat AH136B solid tumor: lanes 1 and 2 are AH136B tumors
obtained from two different rats, and lanes 3 and 4 are results for two normal
livers. (B) Correlation of the concentration of NO in solid tumor (AH136B) with
tumor weight. Data are expressed as means * SE. (C) Association between S-180
tumor weight in mice and the extent of extravasation of Evans blue/albumin
in tumor (the EPR effect), and the concentration of NO in tumors of different
size. PTIO is an NO scavenger. Tumors weighing up to 1.75 g in rats (B) and
250 mg in mice (C) showed size-dependent NO production and extravasation
of Evans blue/albumin. Data are from Refs 24-26, with modifications and with
permission.

Figure 3 Dose-dependent effect of ONOO- on vascular permeability of dorsal
skinin normal mice (A) and duration of the enhancement of vascular permeability
(B). (A) ONOO- was injected intradermally at the indicated concentrations. The
inset shows authentic ONOO- induced vascular permeability in mouse skin (left:
decomposed ONOO-, right: ONOO- 100 nmol). (B) Evans blue (10 mg/kg) was
given by i.v. injection at 10, 15, 30, 60, or 120 min after intradermal injection of
100 nmol ONOO- into dorsal skin; dye extravasated for 1 h. Data are from Refs
33, with permission.

Figure 4 Effect of CO releasing molecule (CORM-2) on the vascular
permeability of the dorsal skin of normal mice. Different concentrations of
CORM-2 were administered i.d., followed by i.v. injection of Evans blue (10 mg
/ kg). The dye was allowed to extravasate for 2 h. (A) Representative images
showing CORM- 2-induced extravasation of blue dye. (B) Quantification of Evans
blue extravasation in the skin. Data are the mean + SEM (n = 3-4). *P < 0.05, **P
< 0.01. Data are from Refs 43, with permission.

oxygen and nitroguanosine (a nitrosated product of guanosine)
[32], which may further enhance the production of ONOO".

In a similar manner, intradermal injection of ONOO
increased extravasation of Evans blue/albumin in a dose-
dependent manner at the site of injection (Figure 3A). This
extravasation lasted for a relatively long time (e.g., 2 h) after
ONOO-administration (Figure 3B) [33], even though the half-life
of ONOO" at physiological pH is only a few seconds [34]. These
findings suggested a secondary or indirect mechanism in ONOO-
induced enhancement of the EPR effect. One major mechanism
may involve matrix metalloproteinases (MMPs) [33], which
are classified as zinc-dependent neutral endopeptidases that
are expressed at high levels in tumor cells and play important
roles in tumor invasion, metastasis, and angiogenesis [35, 36].
Namely, ONOO- may potentially activate MMPs which in turn
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cause disintegration and remodeling of the extracellular matrix
as a result of collagenolytic action, thus facilitating vascular
permeability [33]. Moreover, activated MMPs may probably affect
blood vessels as well. Also, ONOO can be decomposed to generate
NO, which leads to functioning of the EPR effect. In addition, the
high reactivity of ONOO"leads to rapid production of nitrate or
nitrosated aromatic residues including proteins and nucleic
acids, and thus generation of nitrotyrosine and nitroguanosine
[37]. These nitro compounds are likely to release nitrite (NO,")
and may serve as a source of NO to augment EPR effect.

Cco

CO is an increasingly attractive molecule, being accepted
as a cytoprotective and homeostatic molecule with important
signalling capabilities in physiological and pathophysiological
conditions, with most similar functions as NO [38]. The major
source (i.e.>80%) of CO in biological systems is heme oxygenase
(HO)-catalysed heme degradation [39]. CO has been reported
as an important endogenous signaling molecule with various
biological functions including regulation of vascular tonus, being
involved in anti-apoptosis, having anti-inflammatory effects,
and inducing angiogenesis [39, 40]. Regarding the effect of CO
on vasoregulation, most data support a prodilatory role for CO;
however, vasoconstrictor effects of CO have also been reported
via inhibition of NO synthesis to antagonize NO-dependent
vasodilation [41] or via the induction of a more oxidative stage
of the vasculature by CO [42]. In our laboratory, we clearly
found that CO increased vascular permeability and blood flow,
suggesting a vasodilatory role for CO in the experimental setting
and improving the EPR effect (Figure 4) [43]. Inducing the
production of CO in tumors, by upregulating HO or by using CO
donor, may become a useful tool to enhance EPR effect and tumor
delivery of macromolecular drugs, whereas warrants further
investigations.

PROSPECT OF EPR EFFECT

Many current tumor drug delivery systems are trying to
go further than just providing tumor accumulation. Attempts
are under way to combine tumor cell-specific targeting with
longevity-sponsored EPR based accumulation. Intracellular
delivery of drug-loaded macromolecular conjugates and
pharmaceutical nanocarriers accumulated in tumors via the EPR
effect can be facilitated by various means.

Accordingly, the opportunities for the tumor drug delivery
look just great. But whatever complex schemes are being
developed to effectively bring anticancer drugs and genes into
tumors, the EPR effect-mediated tumor accumulation remains
the first crucial step of any scheme.
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