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Enhanced Permeability and Retention Effect in Relation
to Tumor Targeting

Hiroshi Maeda

3.1
Background and Status Quo

We first described the enhanced permeubility and retention (EPR) effect of macro-
molecules in solid tumors under the title of “A new concept for macromolecular
therapeutics in cancer chemotherapy: mechanism of tumoritropic accumulation of
proteins and the antitumor agent SMANCS” in the December 1986 issue of Cancer
Research [1]. In prior publications we had described the relationship of plasma
half-life of small proteins of about 10 kDa to more than 240kDa as well as the bio-
compatibility of proteins in relation to the conformational integrity. For instance,
the native versus denatured form of az-macroglobulin shows a drastic reduction of
plagsma half-life when this plasma protease inhibitor of 240kDa complexes with a
protease {trypsin) due to rapid uptake by phagocytotic cells or hepatic entrapment
[2—4]. Obviously, inadequate chemical modifications of biocompatible plasma or
other proteins will reduce plasma half-life, while appropriate modifications will
prolong their half-lives. This effect was noted for the modification of many proteins
(e.g., superoxide dismutase (30kDa) and ribonuclease (12.5 kDa) with divema (di-
vinyl ether—maleic acid copolymer or pyran copolymer), neocarzinostatin (NCS)
(12 kDa} with styrene~maleic acid copolymer (SMA) or poly(ethylene glycol} (PEG),
etc.) [2—5]. In addition to plasma half-life, two crucial points should be emphasized.
Namely, all plasma and other proteins of molecular weight above 40kDa exhibited
tumor-selective accumulation. Thus, we envisaged preferential drug targeting to
solid tumors by using macromolecular drugs [1, 2. We also noted that such macro-
molecular derivatives accumulated preferentially in the lymphatic tissues [6-8].
The latter point has not received enough attention among oncologists or in the
field of cancer chemotherapy, regardless of its importance in relation to lymphatic
metastases. Namely, many therapeutic failures in cancer chemotherapy can be
attributed to the failure of controlling lymphatic metastases. As a matter of fact,
there is no effective treatment for lymphatic metastases, and therapy with cormmon
anticancer drugs without lymphotropic accumulation does not control the growth
and spread of lymphatic metastases [6--10].

Drug Delivery in Oncology: From Basic Research to Cancer Therapy, First Edition.
Edited by Felix Kratz, Peter Senter, and Henning Steinhagen.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA,
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Figure 3.1 (a) EPR effect visualized (in contrast to blue-stained tumor). Accumu-
in experimental mouse tumors where lated Evans blue will remain in the tumor for
albumin-bound Evans blue {molecular weight more than 2-3 weeks. (b) Relation between
68 kDa) is selectively accumulated only in molecular weight of drugs, plasma level
subcutaneously growing tumor. Arrows ‘T' {area under the concentration curve {AUC)),

pointing to blue spots are tumors. ‘N’ is the tumor concentration, and renal clearance
normal skin that shows no vascular leakage  rate (CL). (Data from [13].)

We have elaborated the EPR effect further by using another biocompatible
synthetic polymer, N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers, with
discrete molecular size distributions, which were supplied by K. Ulbrich (Prague,
Czech Republic) [11-14]. All the data are consistent with the concept of EPR
effect, and show that polymers with a molecular weight above 40kDa exhibited
prolonged plasma residence time and preferential accumulation of the polymetic
or macromolecular drugs in the tumor tissue [11-16] {Figure 3.1).

Meanwhile, the EPR effect is applicable to a wide range of biocompatible
macromolecules, such as proteins/antibodies, liposomes, micelles, DNA or RNA
polyplexes, nanocarriers, and lipidic particles for cancer-selective drug delivery
[13-16]. The number of papers that cite the EPR effect has increased in a
logarithmic manner in recent years, reaching close to 8000in 2010 (Figure 3.2). In
this chapter, I will review the EPR effect briefly, and discuss problems/limitations,
solutions, and further augmentation of the EPR effect.

3.2
What is the EPR Effect: Mechanism, Uniqueness, and Factors Involved

The EPR effect is a phenomenon resulting from multiple causes and effects,
such as anatomical defects in vascular architecture and higher vascular density
as a result of active production of angiogenic factors, especially when tumors
are at an early stage and express growth factors such as vascular endothelial
growth factors (VEGFs) and nitric oxide (NO). Many vascular permeability factors
such as NO (Figure 3.3a-c), bradykinin, prostaglandins, collagenases, matrix
metalloproteinases (MMPs), and so on, are overproduced in the tumor tissues
(Tables 3.1 and 3.2). They facilitate extravasation of macromolecules in solid
tumors [11-21]. As a result, more excessive tumor-selective vascular leakage of



3.2 What is the EPR Effect: Mechanism, Uniqueness, and Factors Involved | 67

6000 —
§500 ~
5000
4500

¢
¢
¢
!
6500 ~ h
]
f
i
I

4000 ~
3500 -] SMANCS Synthesis

Number of citations

3000
2500 ~| SMANCS 1st Paper (1979)

2000 ~ Cancer Research (1986}
1500 ~ Primary article of EPR effect

1000
500

& o &

& & ya B
0 bty L i e I S IR B S I S S ma s S
1978 1979 1986 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year

Figure 3.2 Citation numbers of the EPR effect and invention of the first polymeric drug,
SMANCS (from Science Direct and Scifinder). (Adapted from [16])
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Figure 3.3  (a)~(c) Involvement of NO in and the relation to the size of tumor. ()
the EPR effect: nitric oxide synthase (NOS)  Amount of Evans blue—albumin permeation
induction, relation to tumor size, and ef {EPR effect) and effects of NO scavenger
fect of NO scavenger by tumor size. (a) (2-phenyl-4,4,5,5-tetramethylimidazolineoxyl-1-
Upregulation of the inducible form of NOS  oxyl-3-oxide (PTIO), () or NOS inhibitor
{inducible nitric oxide synthase, iNOS) in (B) in mouse tumors based on tumor size.
tumors (lanes 1 and 2) and normal tissues  Lower zone: control normal tissue; middle
{lanes 3 and 4). (b) Amount of NO gen- zone: treated with PTIO; top zone: control
erated in solid tumor (S-180) in mice as tumor, without NO scavenger. (Adapted

measured by electron spin resonance spec-  from [16, 19}.)
troscopy with dithiocarbamate~Fe complex
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Table 3.1 Factors affecting the EPR effect of macromolec-
wlar drugs in solid tumors (extensive production of vascular
mediators that facilitate extravasation).

Bradykinin

Nitric oxide (NO}

Vascular permeability factor/VEGF
Prostaglandins

Collagenase (MMPs)

Peroxynitrite (ONOCO™)

Anticancer agents

Inflammatory cells and H,04
Heme oxygenase-1 (CO)

Table 3.2 Architectural differences and functions.

1) Active angiogenesis and high vascular density R
2) Defective vascular architecture
lack of smooth muscle layer
lack of or fewer receptors for angiotensin 11
large gap in endothelial cell-cell junctions and fenestration
anomalous conformation of tumor vasculature (€., branching or stretching)
3) Defective lymphatic clearance of macromolecules and lipids from interstitial tissue
(prolonged retention of these substances)
4) Whimsical and bidirectional blood flow

an albumin-bound dye such as Evans blue will occur only at the tumor site, as
seen in the examples shown in Figure 3.1a. The uniqueness of this phenomenon
is that it will be only seen in tumor tissues, but not in the normal healthy tissue
[11, 13~20]. Obviously, normal vasculatures shows no such leakage (Figures 3.1a
and 3.3a and ¢) due to their complete architecture of the blood vasculature as well
as little production of vascular mediators as listed in Table 3.1.

Furthermore, macromolecules with a molecular weight more than 40kDa
above the renal threshold such as synthetic polymers, serum proteins, micelles,
polymer-based or lipid-based nanoparticles that leak out of the blood vasculature
into the interstitial space of tumor tissues remain there for a very long time, even for
several weeks, without being cleared (Figures 3.1a,b 3.4, 3.5, and 3.9b) (1, 13,15]). In
contrast to tumors, such micro- or nano- patticles, should they leak out of the blood
vasculature into normal tissue, will be cleared gradually by the lymphatic system in
several days as is usually seen for common inflammations of normal tissue. Neo-
vasculature generated by the tumor is characterized by an irregular shape, dilated,
leaky, or defective vessels. The endothelial cells are poorly aligned or disorganized
with large fenestrations as illustrated for healthy and tumor vessels in Figure 34.

These anatomical features make the vasculature of tumor tissue permeable for
macromolecules or even larger nanosized particles such as liposomes or polymeric
micelles, whereas in blood vessels of healthy tissue only small molecules can pass
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(a) Healthy Tumor

) Healthy ' Tumor

Figure 3.4 (a) Scanning electron mi- healthy (mouse mammary gland, left) and
croscopy {SEM) imaging of polymer casts tumor (MCa-lV mouse mammary carcinoma,
of normal (vasa vasorum of rat carotid si- right) blood vessels. While the healthy vessel
nus, left) and tumor (xenograft of human is smooth and has tight endothelial junc-
head and neck cancer in nude mouse, right} tions {arrow heads), the tumor vessel shows
microvasculature. Marked differences are widened intercellular spaces, overlapping en-
found in the degree of organization and dothelial cells (arrow heads), opening {OP)

o an apparent lack of conventional hierar- and other abnormalities. (Reproduced with

: chy of blood vessels of the tumor sample.  permission from [221)

(b} SEM images of the luminal surface of

the endothelial barrier. The pore size of tumor microvessels was reported to vary
from 100 to 1200nm in diameter {depending on the anatomic location of the
turmor). In contrast, the tight junctions between endothelial cells of microvessels
In most normal tissues are less than 2 nm in diameter (noteworthy exceptions are
found in postcapillary venules (up to 6 nm), and in the kidneys, liver, and spleen
{up to 150nm)) Figure 3.4b.

The EPR effect is depicted schematically in Figure 3.5.

Figure 3.5 illustrates that blood vessels in most normal tissues have an intact
endothelial layer that allows the diffusion of small molecules, but not the entry of
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Figure 3.5 Schematic representation of the anatomical and
physiological characteristics of normal {upper half) and tu-
mor {lower half) tissues with respect to the vascular per-
meability and retention of small (lighter circles) and large
molecules {(darker circles) (see text) [23].

macromolecules into the tissue. In contrast, the endothelial layer of blood vessels
in tumor tissue is often leaky so that small as well as large molecules have access
to malignant tissue. As tumor tissue does not generally have a lymphatic drainage
system, macromolecules are thus retained and can accumulate in solid tumors.

As described above, we can demonstrate this retention effect by injecting Evans
blue intravenously, which binds with high affinity and selectivity to the plasma
protein albumin (66.5kDa), and remains in circulation for more than several
hours in rodents.

During the long circulation time of Evans blue bound to albumin, the
albumin—Evans blue complex will eventually permeate through the porous tumor
blood vessels into the interstitial tissue of tumor, thus staining the tumor blue
(Figure 3.1a, 3.5). Alternatively, by infusing a lipid contrast agent such as Lipiodoi@
withjwithout the polymeric anticancer drug SMANCS (a conjugate of SMA and
NCS) via the tumor-feeding arterial route, Lipiodol will be taken up most effectively
by the tumor (Figure 3.6a,c and 3.7). In this case, the ratio of the concentration of
Lipiodol in the tumor to circulating blood is more than 2000-fold, translating into an
extremely tumor pin-pointed targeted delivery [24—26]. When X-ray computed to-
mography (CT) scans are taken 1 or 2 days after Lipiodol infusion, one can visualize
the white Lipiodol-stained tumor areas showing tumor-selective extravasated areas
(Figure 3.7a). In this setting, the lipophilic polymeric drug SMANCS dissolved in
Lipiodol (thus named SMANCS/Lipiodol} is retained in the tumor tissue selectively.
The presence of Lipiodol and SMANCS can be detected as high-election-density
areas (“white areas”) due to iodine in Lipiodol using X-ray imaging [14, 24--26].

This method allows detection of tumor nodules as small as a few millimeters in
diameter [24, 25]. Furthermore, this prolonged retention in tumor tissue is more
than just a passive targeting. Namely, when a low-molecular-weight water-soluble
contrast agent is infused under identical conditions (known as angiography)
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Figure 3.6 (a) Angiographic arterial infusion of
. SMANCS/Lipiodol using a catheter (Seldinger methad) via
" the hepatic artery (where vascular leakage is seen, but only
within 1 min). White Lipiodol particles coming out are cap-
tured at the tumor, (b} Arterial phase (blood vessels are
visible). (¢} Venous phase.

Initial 6 months later
Figure 3.7 X-ray CT scan images of hep- retained in the tumor. (a) CT image at the
atocellular carcinoma (hepatoma) of a first injection. (b) Significant size reduc-
patient, where tumor location ‘T" and tion of the tumor is seen after 6 months
size are visualized by white staining of of arterial injection of SMANCS 3 times in
high-electron-density iodine in the radio 6 months via the hepatic artery.

contrast agent Lipiodol, which is selectively

(Figure 3.6a and b) it allows visualization of a solid tumor with the aid of X-ray
imaging. However, this tumor staining lasts for only 1-5min as illustrated by
venous-phase staining images (e.g., Figure 3.6¢). In contrast to this short time
of duration, lipid particles (e.g., Lipiodol) or polymeric drugs, or albumin-bound
Evans blue are retained for significantly longer time periods as a result of the
EPR effect. The prolonged retention of macromolecules and nanoparticles in the
tumor continues for days to weeks, and if they carry a drug this can be released
in the vicinity of tumor cells. When an adequate concentration of the active drug
in the tumor tissue is attained, it will lead to definite tumor regressions [27]. Thus,
‘the EPR effect is an event observed in in vivo settings, but not in vitro or cell-free
systems, not to mention in normal tissues.
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In this context, it may be worth mentioning the enhanced vascular permeability
of inflammatory tissues. The enhanced vascular permeability of a tissue is one of
the hallmark manifestations of inflammation, which may also involve bradykinin,
reactive oxygen species, and other mediators, We had initially observed that
bacterial proteases induce activation of a bradykinin-generating cascade [28-32].
Similar events were also discovered in cancer tissues [20, 21, 29-32). Activation
of the kallikrein—kinin cascade leads to the generation of bradykinin that will
potentiate the EPR effect instead of suppressing the EPR effect. Another effect is
the heterogeneous tumor cell growth with unparalleled angiogenesis resulting in
inadequate supply of oxygen (i.e., low pO;y), which will affect induction of p53 or
other events that will lead to apoptosis signaling, including the disappearance of
vasculature or apoptotic/necrotic tissue death. ‘
If the tumor tissue retained normal or near normal innate immunity such as
macrophage functions, it would exert defensive a host response generating NO and
superoxide (O7). Both of them react immediately to become peroxynitrite (ONOO™)
at confined local vicinities, where ONOO™ is highly toxic and exerts oxidative and !
nitrating effect, and affects cancer cells [29]. In addition to the cytotoxic effect of
ONOO™ (and ClO7), ONOO™ can activate MMPs (or collagenases) that disrupt
tissue matrices and vascular integrity, and facilitate vascular leakage (i.e., the EPR
effect) [19, 20, 29, 33]. (The ONOO™ thus generated modifies tyrosine to form ni-
trotyrosine and guanine to form 8-nitroguanine in nucleic acid as well as 8-nitrocylic
GMP (34, 35]. 8-Nitroguanosine becomes a substrate of NADPH-dependent reduc-
tase such as cytochrome bs reductase and iNOS [36, 37). As a matter of fact, one can
demonstrate the presence of nitrotyrosine and 8-nitroguanosine in tumor cells {by
fluorescence immunostaining and high-performance liquid chromatography). The
cell-killing potency of ONOO™ is as strong as hypochlorite (ClO™;i.e., below 10 pM),
which is another reactive chemical produced by leukocytes (neutrophils) from H,0,
and CI™ by myeloperoxidase [29].) Tumor tissues under these circumstances are
therefore heterogeneous or different from normal pathophysiological tissue.
These vascular effectors that are common among cancer and inflammatory
tissues open up the endothelial cell--cell junction, and allow proteins and macro-
molecules to extravasate into the interstitial tissue. However, they will be gradually
recovered via the lymphatic clearance system in a matter of a few to several days. In
contrast to this phenomenon of normal tissue, the clearance of drug nanoparticles
or drug polymer conjugates from cancer tissue is much slower, and results in
sustained access of this type of polymer therapeutics to cancer cells, which is the
most desired goal in cancer drug delivery.

3.3
Heterogeneity of the EPR Effect: A Problem in Drug Delivery

The EPR effect is universally observed in rodent, rabbit, and human solid tumors.
It is more typical when the tumor size is less than 1cm. However, as shown in
Figure 3.8a-c, when a tumor grows larger than 1c¢m, the tumor exhibits more
heterogeneity in the EPR effect. Yet it is seen even when tumor nodules are as
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Figure 3.8 Heterogeneity of the EPR ef- in normal skin will be cleared via the lym-
fect as seen by extravasation of Evans phatics. Ki-67 immunchistochemistry was

blue—albumin in tumor. (a) and (b) S-180
tumor in mouse. Macroscopic tumor and
the skin, after intravenous Evans blue injec-
tion. In both (2) and (b), the tumor tissue
shows heterogeneous staining of Evans blue
as inhomogeneous extravasation of the blue
dye—albumin complex. This type of periph-
eral uptake of SMANCS/Lipiodol is seen via
CT in metastatic human tumors and is clas-
sified as B-type staining (26). Arrows in (a)
and (b) point to areas in which the EPR ef-
fect also oceurs in normal tissue as a result
of the generation of vascular mediators such

used to assess tumor proliferation in (¢) and
(d). Proliferating cells were demarcated by
intense brown diaminobenzidine staining in
(¢). In (d), polymeric drug SMA-pirarubicin
reduced tumor proliferation by greater than
75% in 72h after one intravenous injec-
tion. Control tumors of (c) demonstrated a
high degree of tumor proliferation. Tumor
proliferation was restricted to a thick viable
band at the tumor periphery with signifi-
cant central necrosis (N). (d) Proliferation
in SMA~pirarubicin-treated tumors was re-
stricted to the thin viable rim at the tumor

as bradykinin. This extravasated blue albumin periphery. Scale bars = 200 yum [38].

small as 0.5 mm in diameter in metastatic micronodules of the liver (Figure 3.8¢,d),
although tumor-selective extravasation of a polymeric drug (by the EPR effect) can
be observed (Figure 3.9b). In the metastatic liver cancer model of colon cancer, the
microheterogeneity of the EPR effect is also observed as viable parts and necrotic
parts near the center of the tumor (Figure 3.8¢) [38]. However, it should be noted
that the tumor-proliferating area is located primarily at the periphery of the solid
tumor, which coincides with the area showing an extensive EPR effect, while a
hypovascular or avascular appearance is seen in the tumor center (Figures 3.8a
and ¢ and 3.10a and b). Despite the heterogeneity of the EPR or the vasculature
of the tumor, macromolecular drugs show much more drug accumulation by EPR
in the tumor periphery where more proliferating tumor cells exist (see peripheral
staining in Figures 3.8a and ¢ and 3.10a,b).

Therefore, the area with a high EPR effect coincides with the tumor growth
area. Thus, using cylostatic polymeric drugs is more advantageous from the
therapeutic point of view since they act effectively on proliferating cancer cells.
In this context, 90~95% suppression of metastatic tumor nodules in the liver by
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Vascularity

o

Normal liver

Figure 3.8 SEM images of metastatic colon
cancer to the liver. (a) Normal liver vessels.
{b) Metastatic micronodule of tumor indicat-
ing by ‘T (blood bed) where polymeric resin
is extravagated by the EPR effect. (c) After

a treatment of tumor-selective polymeric
drug (SMA micelles with pirarubicin) by in-
travenous injection. The nodular blood bed
of the metastatic twmor has disintegrated:

Tumor nedule

Metz;stahc nodule

Pin point delivery

Effect of polymeric drug
e Pipointed toodoity

tumor tissue has undergone apoptosis and
necrosis by tumor-selective drug delivery;
however, no damage to the normal liver tis-
sue is seen. More than 95% of tumor nod-
ules in the liver are destroyed by this drug
given intravenously. The images are cour
tesy of Dr. . Daruwalla and Professor C.
Christophi of the University of Melbourne,
Austratia {38).

Figure 3.10  X-ray CT scan of the liver can-
cer after SMANCS/Lipiodol injection via the
arterial route under normotensive blood
pressure. Heterogeneity of drug uptake in

{a) and (b) is remarkable as a ring-like stain-
ing. Namely, an avascular or hypovascular
area is noted as a dark area in the central
part of metastatic liver cancer (), a massive

size metastasized tumor from the gallblad-
der, and (b} metastatic liver cancer from the
colon. In (¢}, primary liver cancer (hepato-
cellular carcinoma) seen as a white area at
the right side of the liver lobe in the CT im-
age where uptake of SMANCS/Lipiodol is
homogeneous.




