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The main scope of this topic is to give an update on pharmacologic and non-pharmacologic
approaches to enhance uptake and penetration of cancer drugs into tumors. Inadequate
accumulation of drugs in tumors has emerged over the last decade as one of the main
problems underlying therapeutic failure and drug resistance in the treatment of cancer.

Insufficient drug uptake and penetration is causally related to the abnormal tumor
architecture. Thus, poor vascularization, increased resistance to blood flow and impaired
blood supply represent a first obstacle to the delivery of antitumor drugs to tumor tissue.
Decreased or even inverted transvascular pressure gradients compromise convective delivery
of drugs. Eventually, an abnormal extracellular matrix offers increased frictional resistance to
tumor drug penetration.

Abnormal tumor architecture also changes the biology of tumor cells, which contributes to
drug resistance through several different mechanisms. The variability in vessel location and
structure can make many areas of the tumor hypoxic, which causes the tumor cells to become
quiescent and thereby resistant to many antitumor drugs. In addition, the abnormally long
distance of part of the tumor cell population from blood vessels provides a challenge to
delivering cancer drugs to these cells. We have recently proposed additional mechanisms of
tumor drug resistance, which are also related to abnormal tumor architecture. First, increased
interstitial fluid pressure can by itself induce drug resistance through the induction of
resistance-promoting paracrine factors. Second, the interaction of drug molecules with vessel-
proximal tumor cell layers may also induce the release of these factors, which can spread
throughout the cancer, and induce drug resistance in tumor cells distant from blood vessels.

As can be seen, abnormal tumor architecture, inadequate drug accumulation and tumor
drug resistance are tightly linked phenomena, suggesting the need to normalize the tumor
architecture, including blood vessels, and/or increase the accumulation of cancer drugs in
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tumors in order to increase therapeutic effects. Indeed, several classes of drugs (that we refer
to as promoter drugs) have been described, that promote tumor uptake and penetration of
antitumor drugs, including those that are vasoactive, modify the barrier function of tumor
vessels, debulk tumor cells, and overcome intercellular and stromal barriers. In addition, also
non-pharmacologic approaches have been described that enhance tumor accumulation of
effector drugs (e.g. convection-enhanced delivery, hyperthermia, etc.).

Some drugs that have already received regulatory approval (e.g. the anti-VEGF antibody
bevacizumab) exert antitumor effects at least in part through normalization of the tumor
vasculature and enhancement of the accumulation of effector drugs. Other drugs, acting
through different mechanisms of action, are now in clinical development (e.g. NGR-TNF in
phase II/III studies) and others are about to enter clinical investigation (e.g. JO-1).
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The main scope of this topic is to give an update on approaches
being studied and developed to improve tumor drug delivery
through active targeting and other methods. Inadequate drug
accumulation has emerged as one of the main problems under-
lying therapeutic failure and drug resistance in the treatment of
solid tumors (Trédan et al., 2007; Marcucci and Corti, 2012a). It is
causally related to the abnormal tumor architecture. Poor vascu-
larization, increased resistance to blood flow and impaired blood
supply represent a first obstacle to the delivery of antitumor drugs
to tumor cells. Decreased or even inverted transvascular pressure
gradients compromise convective transport of drugs. Eventually, an
abnormal extracellular matrix offers increased frictional resistance
to tumor drug penetration. The net result is reduced overall drug
accumulation in tumors, and the propensity of drugs to accumulate
in perivascular spaces without penetrating vessel-distant tumor
areas. This promotes passive and active induction of drug resistance
(Marcucci and Corti, 2012b).

Abnormal tumor architecture, inadequate drug accumulation
and tumor drug resistance are tightly linked phenomena, suggest-
ing that normalization of the tumor architecture, including tumor
blood vessels, may result in increased drug delivery to tumors and
improve the therapeutic efficacy of anticancer drugs. Indeed, sev-
eral classes of drugs, that we have referred to as promoter drugs,
(Marcucciand Corti, 2012a) have been reported to increase tumor
uptake and penetration of antitumor drugs, including drugs that
are: (1) vasoactive (Nagamitsu et al., 2009), (2) normalize tumor
vessels (Jain, 2005), (3) modify the barrier function of tumor
vessels (Corti and Marcucci, 1998; Curnis et al., 2000, 2002), (4)
debulk tumor cells (Padera et al., 2004; Moschetta et al., 2012),
(5) overcome intercellular (Beyer et al., 2011, 2012; Wang et al.,
2011) and stromal barriers (Provenzano et al., 2012). In addition,
non-pharmacologic approaches have been described that enhance
tumor accumulation of effector drugs (e.g., convection-enhanced
delivery, hyperthermia, ultrasound, etc.) (Sen et al., 2011; Watson
etal., 2012).

Some drugs that have already received regulatory approval (e.g.,
the anti-vascular endothelial growth factor antibody bevacizumab)
(Hurwitz etal., 2004) exert antitumor effects at least in part by nor-
malizing the tumor vasculature and enhancing tumor accumula-
tion of chemotherapeutic drugs (Willett et al.,2004). Bevacizumab,
however, has a problematic side-effect profile, and the effective
doses of the drug encompass a very narrow range beyond which
it may even lead to a reduction in drug delivery (Van der Veldt

et al,, 2012). Additional drugs, acting through other mechanisms
of action, are now in clinical development (e.g., vascular targeted
NGR-tumor necrosis factor, in phase II/III studies) (Sacchi et al.,
2006) and others are about to enter clinical investigation (e.g.,
Junction Opener-1) (Beyer et al., 2011, 2012).

To date, the focus has been primarily on the identification of
novel promoter drugs that improve tumor drug delivery. This has
led to a considerable number of promoter drugs and devices that are
effective in preclinical studies, and some of which have proceeded
into clinical investigation or are about to do so. Regarding the types
of drugs to be delivered, chemotherapeutics have been the obvious
first choice, because they are the antitumor drugs in most wide-
spread use (Curnis et al., 2002; Beyer et al., 2012). Another area of
interest is antitumor monoclonal antibodies or related compounds
(e.g.,immunocytokines) (Beyer etal.,2011; Moschettaetal.,2012),
which have become an important component of the antitumor
drug armamentarium over the last 15 years. Preclinical investi-
gations have produced promising results when these therapeutic
agents are combined with drugs that enhance their penetration
into tumors, and it is reasonable to predict that clinical studies will
follow in the forthcoming years. So far, so good, but what next?
Have we looked at all possible applications for promoter drugs,
or are there further applications that we can envisage? We believe
that there is still an important field of application for promoter
drugs that has been relatively unexplored so far, i.e., the possibil-
ity to improve delivery of anticancer cells, in particular immune
cells to the tumor (Marcucci et al., 2013), an area of increasing
clinical interest.

Enhancing penetration of immune cells into tumors may have
two main therapeutic applications. The first is to improve the effi-
cacy of immune-regulatory antibodies, such as the anti-cytotoxic
T-lymphocyte antigen-4 antibody ipilimumab, and the anti-
programed death-1 antibody nivolumab. These antibodies yield
impressive, and often long-lasting therapeutic responses in a limited
fraction (10-20% depending on the antibody) of heavily pretreated
patients with metastatic melanoma and other solid tumors (Hodi
et al., 2010; Topalian et al., 2012). There is a relationship between
the number of tumor-infiltrating immune cells and responsiveness
to ipilimumab (Lynch et al., 2012). In this setting, promoter drugs
could be of value at two levels: first, to improve tumor delivery of
the antibody itself, and second, improve penetration of immune
cells into the tumor. This has the potential to increase the fraction
of patients that become responders to these antibodies. A second
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possible field of application are antitumor vaccines. Antitumor
vaccines are often active only when administered in a prophylactic
setting. With growing tumors, vaccination becomes progressively
less effective. One reason might be that tumor-specific lymphocytes
become sensitized in draining lymph nodes but are then unable
to enter tumors and eliminate tumor cells (Ganss and Hanahan,
1998). Promoter drugs that improve infiltration of immune cells
into tumors may prove useful in increasing the effectiveness of
cancer vaccines. However, infiltration of immune cells into tumors
has requirements that go beyond those of antitumor drugs.
Physiological pathways of immune cell extravasation depend on a
multistep cascade of events involving tethering, rolling, firm adhe-
sion, and migration. These steps are mediated by distinct adhe-
sion molecules and activation pathways (Springer, 1994); however,
adhesion molecules are often downregulated on tumor endothelial
cells, a phenomenon defined as endothelial cell anergy (Piali et al.,
1995). This impairs the entry of immune cells into tumor sites. In
order to enhance tumor infiltration of immune cells, promoter

drugs may be required that induce a local inflammatory reaction.
This leads to up-regulation of adhesion receptors that are able to
attach immune cells to vessel walls and enable their penetration into
tumors. Preliminary studies suggest that certain promoter drugs
may achieve this goal (Calcinotto et al., 2012).

Promoter drugs that improve tumor delivery of chemotherapeu-
tics and antitumor antibodies are likely to become a clinical reality
in forthcoming years. In addition, new possibilities are emerging to
enhance the entrance of therapeutic agents into tumors. For exam-
ple, recent results suggest that promoter drugs may be useful also
for improving infiltration of immune cells into tumors. This may
increase the antitumor effects of a broad range of immune-based
therapeutics, including immune-regulatory antibodies, antibodies
that engage cytotoxic immune cells, and cancer vaccines.
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The microenvironment within tumors is composed of a heterogeneous mixture of cells with
varying levels of nutrients and oxygen. Differences in oxygen content result in survival or
compensatory mechanisms within tumors that may favor a more malignant or lethal phe-
notype. Cells that are rapidly proliferating are richly nourished and preferentially located
close to blood vessels. Chemotherapy can target and kill cells that are adjacent to the vas-
culature, while cells that reside farther away are often not exposed to adequate amounts
of drug and may survive and repopulate following treatment. The characteristics of the
tumor microenvironment can be manipulated in order to design more effective therapies.
In this review, we describe important features of the tumor microenvironment and discuss
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INTRODUCTION

SOLID TUMORS AND DRUG RESISTANCE

The tumor microenvironment within solid tumors

Solid tumors contain a heterogeneous mixture of tumor cells and
non-malignant cells within an extracellular matrix (ECM) sup-
ported by an irregular vascular network. Tumor blood vessels are
often farther apart than in normal tissues, and have variable blood
flow, leading to poor delivery of nutrients and impaired clearance
of metabolic breakdown products from the tumor (Minchin-
ton and Tannock, 2006; Tredan et al., 2007). Many solid tumors
develop regions of hypoxia, which may lead to up-regulation
of genes that predispose to a more malignant phenotype (Wil-
son and Hay, 2011). Blood vessels are also the route by which
anticancer drugs are delivered to the tumor, and our laboratory
and others have shown that the limited blood supply may put
tumors at a disadvantage in terms of drug delivery as compared
to better-vascularized normal tissues (Hirst and Denekamp, 1979;
Minchinton and Tannock, 2006; Tredan et al., 2007). Also, poor
nutrition of tumor cells may lead to low rates of cell proliferation
in some tumor regions (Hirst and Denekamp, 1979; Ljungkvist
et al., 2002), and cells in such regions are likely to be resistant to
cycle-active drugs as shown in Figure 1A.

Tumor acidity

The poor vascular organization and lack of lymphatic drainage of
solid tumors contributes to a build up in metabolic byproducts
such as lactic and carbonic acids leading to a reduced extracel-
lular pH. The production of lactate arises from glycolysis — a
favored route of energy production in tumors. Glycolysis typically
takes place under hypoxic conditions, when oxidative phospho-
rylation is not possible, but in tumors glycolysis also takes place
in oxygenated regions (Song et al., 2006). Tumor acidity influ-
ences drug uptake into tumor cells. When the extracellular tumor

strategies whereby drug distribution and activity may be improved.
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environment is acidic, chemotherapeutic drugs that are basic (such
as doxorubicin, mitoxantrone, vincristine, and vinblastine) are
protonated; this decreases cellular uptake since charged drugs pass
through the cellular membrane less efficiently than those that are
uncharged (Manallack, 2008). In contrast, drugs that are acidic
(such as chlorambucil and cyclophosphamide) will tend to con-
centrate within cells. Even if basic drugs pass through the cellular
membrane, sequestration within acidic organelles such as endo-
somes may occur, leaving less drug to attack tumor DNA and
produce antitumor effects (Mayer et al., 1986).

Tumor hypoxia

Hypoxia is a hallmark of many different tumor types. The con-
voluted vasculature of tumors can result in insufficient oxygen
supply through blood vessels as seen in Figure 1A. This type of
hypoxia is known as chronic or diffusion limited hypoxia. Acute
hypoxia may also occur in solid tumors due to intermittent blood
flow.

Cells that reside far away from functional blood vessels may
become hypoxic due to the limited diffusion of oxygen: the dis-
tance from blood vessels to hypoxic regions will depend on the
rate of oxygen consumption by the tumor cells, but typically
cells residing at a distance greater than 70 pm from functional
blood vessels receive inadequate amounts of oxygen (Vaupel and
Harrison, 2004). Hypoxic cells can be viable, but usually pro-
liferate slowly, presumably due to their reduced production of
ATP; however recent work from our laboratory has shown that
as chemotherapy induces the death of cells close to blood vessels,
hypoxic cells may reoxygenate and proliferate, presumably because
of a better supply of nutrients and oxygen.

Hypoxia in tumors is associated with a poor clinical outcome
as compared to patients with tumors lacking hypoxia (Hockel
et al., 1996; Fyles et al., 2002; Nordsmark et al., 2005; Jubb et al.,
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FIGURE 1 | (A) Strategies to overcome limited drug distribution in solid
tumors. Solid tumors are featured by irregular and poorly organized
vasculature. This makes blood-borne oxygen and nutrients difficult to reach
tumors cells distant from vessels and eventually leads to formation of regions
with low oxygen (hypoxia) and nutrient concentrations. In these areas, tumor
cells are usually highly resistant to chemotherapy and radiation therapy. Drug
distribution in solid tumors is influenced by many factors, such as
physicochemical properties of drugs, consumption of drugs by cells proximal
to blood vessels, and the volume and organization of the extracellular matrix
(ECM). Strategies to enhance drug distribution in tumors (indicated by yellow

background and dashed lines) include increase of tumor blood flow, decrease
of high interstitial fluid pressure (IFP), and modification of ECM. Combination
treatment using “conventional” therapeutics together with drugs (e.g.,
hypoxia-activated pro-drugs and agents targeting autophagy) that are able to
specifically target cells distant from vasculature also have potential to improve
therapeutic efficacy. (B) Schematic representation of multilayered cell
cultures (MCCs) to quantify drug penetration. A drug is first added into the
small compartment above the MCC. After its passage from the semi-liquid
media through the MCC, drug is sampled from the receiving compartment
below the MCC and measured.

2010). The presence of hypoxia leads to up-regulation of genes
that promote a more malignant phenotype and favor cell sur-
vival. The transcription factor hypoxia inducible factor I (HIF-1)
is induced, and causes the synthesis of angiogenesis-relevant pro-
teins, suppression of apoptosis, and enhanced receptor tyrosine
kinase signaling (Mizukami et al., 2007). These in turn favor
epithelial to mesenchymal transition (EMT) — a process that is
associated with tumor invasiveness and metastasis (Wilson and
Hay, 2011). HIF-1 also induces the expression of carbonic anhy-
drase 9 (CA9) which favors the hydration of CO; leading to the
production of carbonic acid — further contributing to a decrease
in extracellular pH (Potter and Harris, 2004).

Tumor hypoxia is linked with loss of the p53 tumor sup-
pressor protein that may result in a loss of apoptotic ability

(Haensgen et al., 2001). Furthermore, hypoxia confers radio-
resistance because reactive oxygen radicals that are produced fol-
lowing radiation under well-oxygenated conditions contribute to
DNA damage (Rofstad et al., 2000). Hypoxia may also inhibit
the effects of chemotherapy via the same mechanism since in
the presence of oxygen drugs such as doxorubicin can produce
reactive oxygen species such as super-oxides that can damage
DNA (Luanpitpong et al., 2012). Hypoxia has also been shown
to down-regulate expression of DNA topoisomerase II, so that
drugs such as doxorubicin and etoposide that target this protein
will be inefficient (Ogiso et al., 2000).

Transient hypoxia can stimulate gene amplification, leading to
increased expression of genes that encode proteins that cause drug
resistance; these proteins include dihydrofolate reductase, with
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associated resistance to methotrexate and the multi-drug resistant
transporter P-glycoprotein (Wartenberg et al., 2003). Increased
expression of P-glycoprotein results in increased levels of sub-
strate drugs being pumped out of cells thus resulting in inadequate
intracellular levels to cause cytotoxicity (Matheny et al., 2001).

Factors influencing drug distribution within solid tumors
Anticancer drugs must reach target tumor cells through the vas-
culature. The penetration of drugs to tumor cells is reliant upon
convection and/or diffusion. Convection depends on pressure gra-
dients and given that the pressure within tumor blood vessels and
the tumor interstitium are both quite high, there is probably mini-
mal movement of drugs from the vasculature to the tumor via this
mechanism (Kuszyk et al., 2001). Diffusion involves the move-
ment of drugs along a concentration gradient, i.e., from areas
where they are concentrated (within the vasculature) to less con-
centrated regions (the tumor interstitium). Larger molecules tend
to move more slowly than smaller molecules via diffusion, and tis-
sue penetration will depend on consumption by the cells (Tredan
etal., 2007). Drugs that are water-soluble will diffuse more readily
through the extracellular fluid, although the diffusion coefficient
will depend on the nature of the ECM. Drugs with higher lipid sol-
ubility can penetrate into cells more easily (Undevia et al., 2005).
Drug half-life is also an important determinant influencing drug
penetration, since drugs with longer half-lives in the circulation
have a better opportunity to establish themselves within tumor
tissues (Undevia et al., 2005).

Quantifying drug distribution

Quantification of drug distribution is important in order to deter-
mine a drug’s ability to penetrate tissue within solid tumors. Both
in vitro and in vivo techniques have been used for quantifying drug
distribution. A common in vitro technique uses tumor spheroids,
and adherent tumor cells can grow spheroids to up to 3mm in
diameter (Conger and Ziskin, 1983). Spheroids develop hypoxic
areas as well as central necrosis once they have reached ~500 pm
in diameter (Vinci et al., 2011). Drug distribution in spheroids can
be studied for fluorescent drugs, or by using autoradiography to
determine the distribution of labeled drugs (Lesser et al., 1995;
Kuh et al., 1999). An alternative is to generate multicellular layers
(MCL) on collagen-coated micro-porous membranes: the rate of
penetration can then be evaluated by adding a drug on one side
of the MCL and measuring its concentration on the other as a
function of time, as shown in Figure 1B (Wilson and Hay, 2011).
Spheroids and MCL have been used to study the distribution of a
wide range of drugs (Tannock et al., 2002), and most drugs show
rather poor distribution in tumor tissue.

Drug distribution can also be studied in tumors grown in ani-
mals. Growth of tumors in window and ear chambers allows
for direct observation of tumor microcirculation, but a disad-
vantage is that tumors are relatively small with limited areas of
hypoxia and/or necrosis (Hak et al., 2010). Tissue sections can
be obtained after drug treatment of animals bearing transplanted
tumors or human tumor xenografts and used for immunohis-
tochemical analysis. This analysis will allow the quantification
of fluorescent drugs in relation to blood vessels or regions of
hypoxia, and the technique can be applied to human biopsies

(Lankelma et al., 1999; Primeau et al., 2005; Fung et al., 2012).
These studies have revealed decreasing concentration of fluo-
rescent doxorubicin, mitoxantrone, or topotecan with increasing
distance from blood vessels (Hirst and Denekamp, 1979). Dis-
tribution of other drugs such as cetuximab, trastuzumab (Lee
and Tannock, 2010), and melphalan (Saggar et al., 2013) within
tumor sections can be quantified with the use of anti-IgG spe-
cific (for the former two) or melphalan DNA adduct specific
(for the former) monoclonal antibodies that recognize the drug
activity.

Most anticancer drugs are non-fluorescent so their distribu-
tion within tumor tissue is difficult to assess. An alternative is to
evaluate molecular markers of drug effect, using antibodies that
recognize cell proliferation (Ki67, cyclin D1, or bromodeoxyuri-
dine incorporation into DNA), antibodies that mark cell death or
apoptosis (e.g., caspase-3 or -6), and markers of DNA damage such
as YH2aX. We recently used antibodies to yH2aX, caspase-3 or -6,
and Ki67, and a computer-based algorithm, to quantify the distrib-
ution of (non-fluorescent) docetaxel (Saggar et al.,2013). Figure 2
depicts the expression of yH2aX following docetaxel treatment in
xenografts; use of this and the other markers show that docetaxel
also has limited distribution from tumor blood vessels.

Given the limited penetration of many chemotherapeutic
agents, cells that are distal from blood vessels do not receive
adequate amounts of drug to cause cell death. Thus, tumor cell
repopulation arising from areas where cells are not killed and
previously under-nourished (e.g., hypoxic regions) is probable,
and indeed we have recently shown that previously hypoxic cells
may reoxygenate and repopulate after treatment of human tumor
xenografts with doxorubicin or docetaxel (Saggar et al., 2013).

Tumor autophagy

Autophagy is a cellular process of self-consumption characterized
by sequestration of bulk cytoplasm, long-lived proteins, and cel-
lular organelles into double-membrane vesicles called autophago-
somes which are delivered to, and degraded in lysosomes (Lars-
son et al., 1985; Funderburk et al., 2010). The autophagoso-
mal membrane requires a kinase complex consisting of class
IIT phosphoinositol 3-kinase (PI3K), p150 myristylated protein
kinase and Beclinl (Atg 6). Subsequently, two further protein
complexes are involved, the Atg4-Atg8 [also known as light
chain (LC3/MAPILC3B)] and the Atgl2-Atg5/Atg7-Atgl6 com-
plex (Levine, 2007). Autophagy is thought to have at least three
roles within the cell (Lee and Tannock, 2006; Levine, 2007): (1) it
is a major pathway for quality control because it degrades damaged
or superfluous cellular components in order to avoid mutational
accumulation; (2) it may facilitate cell death as an alternative or
complementary pathway to apoptosis; (3) it provides an alternative
energy source by recycling cellular constituents during periods of
metabolic stress to maintain cellular viability. Such stressors may
include nutrient deprivation, hypoxia and cytotoxic agents, and
markers of autophagy co-localize with hypoxia in tumor sections
(Hoyer-Hansen and Jaattela, 2007). Hypoxic areas are reported to
be primary sites of autophagy in 12 head and neck tumor cell lines
(Rouschop et al., 2010) and recent data from our laboratory sug-
gest that tumors grown from cells that do not express Atg7 and
beclin-1 genes do not contain hypoxic regions.
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FIGURE 2 | Prostate cancer PC-3 xenografts (A) untreated control or
(B) treated with docetaxel (15 mg/kg). (A,B) Show changes in yH2aX (in
cyan), a biomarker of drug effect, in relation to tumor blood vessels (in red)
at 10 min after injection. (C) Represents quantitative analysis of the
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distribution of yH2aX-positive cells in relation to the nearest blood vessel
in tumors treated with docetaxel for 10 min (green line) and untreated
controls (blue line). Points indicate average of six mice per group; bars, SE.
{: control; o: docetaxel.

Autophagy is prognostic of poor outcome in multiple tumor
types, including cancers of the breast, lung, and colon (Karpathiou
et al., 2011; Sivridis et al., 2011). High levels of autophagy have
been associated with resistance to systemic therapy in several
preclinical and clinical models presumably because it facilitates
survival of stressed or damaged cells through recycling of cel-
lular breakdown products (Yang et al., 2011). Hence targeting
of autophagy with pharmacological agents may be a mecha-
nism to improve the effectiveness of anticancer drugs for solid
tumors.

STRATEGIES TO IMPROVE THERAPY BY MODULATING THE TUMOR
MICROENVIRONMENT

Inhibiting tumor autophagy

The Atg proteins are involved in autophagosome formation —
a critical step required for autophagy to occur, therefore
the inhibition of autophagy can be achieved by knockdown
of Atg genes or by pharmacological inhibition. For exam-
ple, deletion of Atg7 and Beclinl inhibited autophagy induced
by nutrient deprivation of cervical cancer cells and induced
cell death (Yu et al., 2004) while stable knockdown of Atg7
in human breast cancer cells inhibited cell growth in soft

agar and tumor formation in nude mice (Kim et al, 2011).
These strategies can also enhance tumor cell death induced
by diverse anticancer drugs in preclinical models (Yang et al,
2011).

Agents which inhibit endosomal acidification, including
(hydroxy)chloroquine and proton pump inhibitors (PPIs), can
suppress autophagy and may therefore inhibit survival mecha-
nisms for nutrient deprived cells (Marino et al., 2010). Luciani
et al. (2004) reported the use of PPIs to sensitize cancer cells
and solid tumors to various chemotherapeutic agents. Multi-
ple mechanisms are probably involved, but appear to relate to
changes in acidity in both intra and extracellular compartments of
tumor cells. This group also reported that PPIs inhibit autophagy
(Marino et al., 2010) probably because fusion of autophagosomes
with acidic endosomes is central to the process, and we have
confirmed this. Several studies have shown that PPIs such as
omeprazole, esomeprazole, and pantoprazole have activity against
human hematopoietic and solid tumors; they may revert chemo-
resistance in drug-resistant tumors and directly induce killing of
tumor cells (Yeo et al., 2004; De Milito et al., 2007, 2010). Growing
evidence suggests that the major mechanism may be inhibition of
autophagy.
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Strategies to reduce interstitial fluid pressure

The interstitial fluid pressure (IFP) within solid tumors is often
high (Heldin et al., 2004; Lunt et al., 2008), and this can inhibit the
penetration of drugs into tumor tissue. This is particularly true
in human pancreatic tumors that are extremely resistant to sys-
temic cancer therapy (Olive et al., 2009; Provenzano et al., 2012).
Raised IFP is due, at least in part, to a dense ECM and high cell
density that lead to compression of blood vessels, and to inad-
equate lymphatic drainage (Ferretti et al., 2009). High IFP may
have an adverse effect on treatment since it may cause vascu-
lar compression and inadequate drug delivery. A recent study by
Provenzano et al. (2012) showed that there is an abundance of
hyaluronic acid (HA) in the ECM of pancreatic tumors. HA is a
large glycosaminoglycan that is associated with elevated IFP, and
treatment with a HA-targeting enzyme (PEGPH20) was able to
diminish HA levels and result in patent blood vessels and a corre-
sponding increase in doxorubicin penetration (Provenzano et al.,
2012). Other methods of improving vascular perfusion have also
been investigated: Olive et al. (2009) reported that reduction in lev-
els of tumor-associated stromal fibroblasts through disruption of
Hedgehog signaling resulted in increased angiogenesis and greater
penetration of gemcitabine into pancreatic tumors. The use of
HA-targeting enzymes (PEGPH20) and Hedgehog signaling dis-
ruptors (GDC-0449 and LDE225) are being investigated in clinical
trials.

Hypoxia-activated pro-drugs

Since hypoxic cells may survive after systemic drug treatment, and
since tumor hypoxia confers a particularly metastatic and aggres-
sive tumor phenotype, it is a logical target for new approaches to
therapy. Hypoxia-activated pro-drugs (HAPS) have been devel-
oped, such that a pro-drug is administered in an inactive form,
and is activated via a reduction reaction in hypoxic regions to

damage DNA (Wilson and Hay, 2011). Since the pro-drug does
not bind to DNA in oxygenated cells, it should diffuse readily
to hypoxic tumor regions. Several HAPs have been investigated
including tirapazamine, AQ4N, PR-104, and TH-302. Tirapaza-
mine was investigated in phase III clinical trials, but due to limited
clinical benefit (perhaps because of poor distribution in tumor tis-
sue of both the pro-drug, and the activated drug), further clinical
investigation was halted (Denny, 2010).

TH-302 is a 2-nitroimadazole whose nitro group under-
goes fragmentation releasing the active bromo-isophosphoramide
group that binds to DNA and causes cross-linkage to occur (Meng
et al., 2012). TH-302 has been shown to decrease the hypoxic
fraction and increase necrosis following treatment of many differ-
ent tumors in animals (Sun et al., 2012). In a randomized phase
IT clinical trial of gemcitabine and TH-302 in pancreatic cancer,
combined therapy increased progression-free survival from 3.6 to
5.6 months (Borad et al., 2012) and a phase III trial is in progress.
Thus, TH-302 appears to be a promising addition to traditional
chemotherapy, and recent studies in our laboratory suggest that
it can inhibit the repopulation and reoxygenation of formerly
hypoxic cells following treatment of human tumor xenografts with
chemotherapy.

CONCLUSION

Limited drug delivery to tumors is an important cause of treatment
failure. The tumor microenvironment exerts effects that can alter
the delivery of agents to neoplastic cells. Novel therapies that are
able to leverage key characteristics of the tumor microenvironment
such as hypoxia-activated pro-drugs and PPIs have potentials to
result in improved therapeutic outcome.
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Enhancing tumor uptake of anticancer drugs is an important therapeutic goal, because
insufficient drug accumulation is now considered to be an important reason for unrespon-
siveness or resistance to antitumor therapy. Based on a mechanistic tumor uptake model
describing tumor exposure to molecules of different molecular size after bolus adminis-
tration, we have investigated the influence of the duration of intravenous administration
on tumor uptake. The model integrates empirical relationships between molecular size
and drug disposition (capillary permeability, interstitial diffusivity, available volume fraction,
and plasma clearance), together with a compartmental pharmacokinetics model and a
drug/target binding model. Numerical simulations were performed using this model for pro-
tracted intravenous drug infusion, a common mode of administration of anticancer drugs.
The impact of mode of administration on tumor uptake is described for a large range of
molecules of different molecular size. Evaluation was performed not only for the maximal
drug concentration achieved in the tumor, but also for the dynamic profile of drug concen-
tration. It is shown that despite a lower maximal uptake for a given dose, infusion allows
for a prolonged exposure of tumor tissues to both small- and large-sized molecules. More-
over, infusion may allow higher doses to be administered by reducing Cmax-linked toxicity,

thereby achieving a similar maximal uptake compared to bolus administration.

Keywords: tumor, uptake, size, infusion, affinity

INTRODUCTION

Solid tumors are characterized by important abnormalities in
tissue architecture and composition (1). These abnormalities
represent considerable obstacles for uptake and penetration of
antitumor drugs. Thus, tumor blood supply is often inefficient
and, consequently, drug delivery to the tumor is impaired. Also
the transvascular and interstitial transport of antitumor drugs
is impaired because of reduced transvascular pressure gradi-
ent, high interstitial fluid pressure (2), high packing density of
tumor cells (3), intercellular junctions (4), and altered compo-
sition of the extracellular matrix that increases frictional resis-
tance (5). These abnormalities compromise the tumor deliv-
ery of antitumor drugs of all molecular sizes, i.e., low molec-
ular weight drugs, macromolecular drugs, and nanoparticulate
drug formulations. In fact, transvascular and interstitial trans-
port of molecules is governed by flow (convection) and diffusion
from regions of high concentration to regions of lower con-
centration. For macromolecules diffusion is extremely slow, and
they are transported mainly by convection, that is, by stream-
ing of a flowing fluid (6). As regards low molecular weight
drugs, many of them show significant binding to plasma proteins,
which leads them to behave, functionally, like macromolecules.
Convection-driven transport, however, is often compromised in
solid tumors because of decrease or loss of the transvascular
pressure gradient.

Cytotoxic drugs (chemotherapeutics or antibodies mediat-
ing antibody-dependent cellular cytotoxicity or complement-
dependent cytotoxicity) can, at least in part, limit the negative
consequences of these effects. In fact, it has been proposed that
cytotoxic effector drugs that are administered repeatedly at reg-
ular intervals cause “peeling” of increasing numbers of tumor
cell layers until tumor regression is observed (2, 7, 8). Such a
mechanism of action is expected to suffer less from the nega-
tive consequences of an impaired interstitial transport and pen-
etration. The tumor cell layers that are eliminated are the most
proximal to the tumor vessels from which the drug extravasates.
Elimination of vessel-proximal tumor cell layers, however, may
stimulate proliferation and repopulation of more vessel-distant
tumor cells leading them to replace the cells that have been elim-
inated as a result of drug-induced cytotoxicity. This can be an
important cause of treatment failure (9). Moreover, cytotoxic
drugs can also promote active mechanisms of resistance induc-
tion. Thus, it has been shown that intermittent treatment of
mice bearing ovarian cancer xenografts with docetaxel led to the
development of different mechanisms of drug resistance, while
continuous drug infusion resulted in superior antitumor effi-
cacy and prevented drug resistance (10). These results suggested
that continuous drug infusion may have considerable advantages
over the more commonly used, intermittent, bolus administration
protocols (11).
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Effect of infusion on tumor drug uptake

On the basis of these considerations it appeared of obvious
interest to elaborate mechanistic models that describe the effects
of continuous infusion on the tumor uptake of molecules com-
pared to bolus administration. We have performed such a study
taking advantage of a mechanistic tumor uptake model that had
been described for bolus administration (12). In this report we
describe the results of this study and compare them with those
obtained for bolus administration.

MATERIALS AND METHODS

Simulations were performed using the equations of the model
described by Schmidt and Wittrup (12), implemented in R (13)
and modified in its pharmacokinetic components in order to inte-
grate the intravenous administration rate. The model describes the
relationships between molecular radius (Ry,1) and permeability
across the tumor capillary wall (P), diffusivity within the tumor
interstitium (D), available volume fraction in the tumor (¢), and
rate of plasma clearance (kje,;), respectively. These relationships
are based on previously reported experimental measurements for
molecules of various sizes in tumor tissues [supplementary data
from Schmidt and Wittrup (12)].

The impact of molecular radius (Rp,)) on diffusivity and avail-
able volume fraction was described by modeling tumor tissue as a
series of small and large right circular cylindric pores (14). Diffu-
sivity of molecules in each pore (Dporetum) can be estimated from
diffusivity in solution (Dgee) and the ratio () of molecular radius
(Rmol) to pore radius (Rpore) using the equations:

Dporetum = Dfree
1 — 2.105\ + 2.08650\3 — 1.7068\° + 0.72603\°
X
1 — 0.78587)>

—6 2

3 % 10%

Dfyee = TR
mo.

for . < 0.6. For X > 1, Dporetum = 0. For other values of \, the ratio
Dporetum/Dfree Was determined from previously described work
(15). Rppol is expressed in nanometers. Overall, diffusion within
the tumor is:

D=Ax Dporetumsmau + B x Dporetumlarge

where A and B are the relative diffusions occurring in small and
large pores, respectively. According to this two-pore tumor model,
the available volume fraction is defined as:

e=V; (A X @poretumgmy; 1 B x (Pporetumlarge>

where Vj is the interstitial fluid volume fraction [approximated
at 0.5 (16)], and partition coefficients for each pore size (@pore)
is (1 — %) when A < 1, and 0 when X > 1 (17). Vascular perme-
ability was also modeled using a two-pore model of the capillary
wall, and transport was assumed to be mainly diffusive; therefore,
permeability across each pore was:

P porecap = Dporecap X Pporecap

Opverall, total permeability was defined as:
pP= Acap X Pporecapsmall + BCap X Pporecaplarge

The impact of molecular size was modeled both on the renal
plasma clearance (CLg) and the non-renal plasma clearance
(CLNR). For non-renal plasma clearance, an empirical model
accounted for loss of molecules above the cutoff size for glomerular
filtration with an empirical model:

Rmol
CINR = CLNpp — 8 ——
Rmol +v

where CLngr, is the non-renal clearance for small molecule
tracers (set to 2mL/h), and § (mL/h) and y (nm) are empir-
ical constants fit to the data. Renal plasma clearance is mod-
eled as CLR= GFR x 6 where GFR is the glomerular filtration
rate (10mL/h) and 6 is the macromolecular sieving coefficient,
depending on molecular size:

_ ¢KCOHV
1—e 0P 4 d)Kconve_ope

where @ is the equilibrium partition coefficient, o is a correction
term for the geometry of the glomerular slits approximately equal
to 2 for baseline glomeruli, K cony is the solute hindrance factor for
convection, and P, is the Péclet number defined as:

GKeony X v X L

P, =
¢Kdiff X Dree
where v is the fluid velocity vector (0.001 cm/s), L is the mem-
brane thickness [100 nm in mice (18)], and K 4;f is the diffusive
hindrance factor. K¢ony and K gif, along with the partition coeffi-
cient, are empirically modeled as (19)$Kgir = exp(—aRp,)) and
¢ Keonv = exp(—BRmol)-

Plasma clearance (CL) was derived from renal and non-renal
components CL = CLg + CLnR, and along with plasma volume
V (2mL in mice), constituted the pharmacokinetic parameters of
the one-compartment pharmacokinetic model.

Eventually, the tumor uptake was computed using a compart-
mental pharmacokinetic model in equilibrium with the tumor
interstitium and a drug/receptor binding model. Considering 2
defined as:

o~ () (e ol
Zogn) \([4e]/#) ([4] 7¢)

the concentration in tumor after a single bolus administration is:

2PR
[ABlumor = ( CaP)

Dose/ Vplasma (e_kclcar[ — e_m)
(Q - kclear)

2
RKro gh
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tumor concentration after intravenous infusion of rate,

Rate = Dose/ T per, when t > Tperf is:

t (2PR
[AB)uumor = f e
0 R

Krogh

Rate/ Vplasma (eikde‘“(t_u) — eiQ(t*u))

X du
(Q - kclear)

which can be rewritten as:

2PR,
p
[AB]tumor = R2 =
Krogh
<Rate/ Vplasma) 1 —e" cleart 1— e_Qt
X _
(2 — kclear) kclear Q

and tumor concentration after intravenous infusion of rate,
Rate = Dose/ T per, when t < Tperf is:

Tperf
[AB] tumor — /0

_ (t—u) _ _
Rate/vplasma <e Ketear ™ e u))

X du
(Q - kclear)

2PReyp

2
RKro gh

which can be rewritten as:

2P Rate/V,
[AB]tumor _ Rcap ( / plasma)

RIZ(rogh (Q - kclear)

e — kdeart (ekcleaererf — 1)
Kaear

X

oS (eQTpﬂf _ 1)

Q

where Dose is the amount of drug administered, ¢ is the time,
[Ag] is the target antigen concentration (mol/L), k. is the rate of
endocytic clearance (s™!), Ky is the affinity of the targeting mol-
ecule for the antigen (mol/L), Reyp is the capillary radius (wm),
and Ryyogh is the average radius of tissue surrounding each blood
vessel (um).

Simulations of tumor uptake versus time profiles were per-
formed for both intravenous bolus administration and continu-
ous infusion. Duration of continuous infusion Tpef was set to
60h with no loss of generality. The range of molecular radius
(Rmo1) for simulations was set from 0.1 to 100nm, and the
corresponding molecular weight (MW, expressed in kDa) was
approximated as MW = 1.32 x Rf’n o The range of affinity for
the target (Kq) for simulations was [107!2; 107°] (K4 was set

to 10™° when investigating tumor uptake/time relationship).
The case of IgG molecules is out of the scope of the present
work, as their plasma clearance is smaller than other molecules
with the same molecular weight due to their binding to FcRn
receptors (20).

Simulations were performed using estimated parameter values
described in Table 1, consistently with values used by Schmidt
and Wittrup (12). In order to better assess differences in tumor

Table 1 | Definition of the parameters and values used for simulations.

Parameter Definition Value

MW Molecular weight (kDa) 1-1000

Riumsmall Radius of smaller tumor pore within tumor 13.8
(nm)

Riumlarge Radius of larger tumor pore within tumor 1000
(nm)

Recapsmall Radius of smaller tumor pore within capillary 4.5
wall (nm)

Reaplarge Radius of larger tumor pore within capillary 500
wall (nm)

Atum Partition coefficient in smaller pores within 0.9
tumor (—)

Biwum Partition coefficient in larger pores within 0.1
tumor (=)

Acap Partition coefficient in smaller pores within 176
capillary wall per unit membrane thickness
em~")

Beap Partition coefficient in larger pores within 0.65
capillary wall per unit membrane thickness
(cm=1)

Vi Interstitial fluid volume fraction (—) 0.5

GFR Glomerular filtration rate (mL/h) 10

o Empirical fitting constant (nm~") 1.6

B Empirical fitting constant (nm~") 0.95

y Empirical fitting constant (nm) 0.2

3 Empirical fitting constant (mL/h) 1.94

v Fluid velocity vector (cm/s) 0.001

L Membrane thickness (nm) 100

Clnro Non-renal clearance for small molecules 2
tracers (mL/h)

Vplasma Plasma volume (mL) 2

o Correction term for geometry of glomeruli (=) 2

Recap Capillary radius 8

RKkrogh Average radius of tissue surrounding blood 75
vessels (um)

Kg Molecule affinity for antigen (mol/L) 10~12-10-6

Ke Rate of endocytic clearance (1/s) 0.000016

[Ag] Target antigen concentration in the tumor 15
(nmol/L)
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uptake between modes of administration, simulations were per-
formed both using the same administered dose (D) for bolus
administration and continuous infusion, and using D and 100 x D
for bolus administration and continuous infusion, respectively.
Tumor uptake was expressed as a fraction of injected dose/gram
(% ID/g).

RESULTS

We simulated the influence of the molecular radius, the time-
course, and the affinity on the maximal tumor uptake of molecules
administered by continuous infusion. Duration of infusion was set
to 60 h.

The simulation of the influence of the molecular radius on
maximal tumor uptake (ID/g) showed (Figure 1A) that maximal
tumor uptake after continuous infusion was similar to that after
bolus administration for large molecules (R, > 3 nm), but it was
lower for small molecules (R;,0] < 3 nm). The dose administered
by continuous infusion was then increased by a factor of 100 in
order to achieve a maximal tumor uptake (Figure 1B) for small
molecules similar to that after bolus administration. Under these
conditions, the reduced maximal tumor uptake of small mole-
cules after continuous infusion was no longer observed. Regarding
large molecules, the same pattern was observed after both modes
of administration (i.e., bolus and continuous), with an increase
to a maximal value of tumor uptake, and a decrease as molecules
exceeded a size of ~10 nm.
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FIGURE 1 | Maximal tumor uptake as a function of molecular radius
after continuous infusion (green) or bolus administration (red).
Administered dose is the same for both modes of administration in (A), but
is 100x higher for continuous infusion in (B).

The time-course of tumor uptake (Figures 2A,B) showed
that the increase in concentration was delayed after continuous
infusion compared to bolus administration, both for large and
small molecules. However, peak tumor uptake of small molecules
was more affected by the mode of administration than that of
large molecules, i.e., the increase in tumor uptake was higher for
small molecules than for large molecules. Regarding large mol-
ecules, while maximal tumor uptake was comparable between
bolus administration and continuous infusion, tumor exposure
was longer after continuous infusion. The benefit of a higher
maximal tumor uptake of small molecules observed after bolus
administration was balanced by the shorter duration of tumor
exposure.

Eventually, we investigated the relationship between affinity
and maximal tumor uptake (Figure 3). Increasing the affinity of
a molecule increased its maximal tumor uptake up to a plateau
value. This was seen for both bolus (Figure 3A) and contin-
uous infusion (Figure 3B). The affinity at which this plateau
value was attained depended for both modes of administration
on the size of the administered molecule (10~° for larger mole-
cules, and 10! for smaller molecules). The fact that the affinity
required to achieve a similar tumor uptake is much lower for larger
than for smaller molecules shows that although the time-course
of tumor uptake is strongly dependent on the mode of admin-
istration, the relationship between tumor uptake and affinity is
unaffected.

DISCUSSION

In this article we have simulated the influence of molecular radius,
time-course, and affinity of a molecule (e.g., an antitumor drug)
on its maximal tumor uptake after continuous infusion and com-
pared the results with those obtained in a similar model after bolus
administration (12). For continuous infusion we set the duration
to 60 h, a time period sufficient to attain equilibrium between the
different compartments of the body.

We found that administration of a molecule by continuous
infusion led to a relatively homogeneous uptake, that was inde-
pendent of the molecular radius. A further increase of uptake, with
a bell-shaped curve, was observed for molecules with a radius of
~5-20 nm, with a maximal uptake at ~10 nm. This is likely due
to increased systemic accumulation of molecules that are larger
than the size allowing for elimination through kidney filtration.
Not surprisingly, at similar doses, maximal tumor uptake is much
higher for bolus administration than continuous infusion, but this
can be overcome by increasing the dose administered by contin-
uous infusion (in Figure 1B, the dose administered by infusion
is 100x higher than that administered by bolus). It is interest-
ing to note that the shape of the uptake curve upon continuous
infusion did not show the uptake minimum at ~3nm (25kDa
molecular weight) that is observed after bolus administration. This
molecular size corresponds to that, for example, of a bispecific
single-chain variable fragment. A compound of this kind (blina-
tumomab) is now in advanced clinical trials for the treatment
of lymphoma acute lymphoblastic leukemia, and it is interesting
to note that it is administered to patients by continuous infu-
sion (21, 22). While lymphoma therapy is expected to suffer less
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FIGURE 2 | Tumor uptake (color scale, in % ID/g) as a function of time (x-axis) and molecular radius (y-axis) after bolus administration (A) or

50 60 70 80

from the impediments that characterize solid tumors, it appears,
nonetheless, that administration of agents of this molecular size
by continuous infusion is optimal to achieve the highest possi-
ble tumor uptake and accumulation. Overall, continuous infusion
appears to be preferable to bolus administration in view of the pos-
sibility of achieving a more predictable tumor uptake of molecules
of varying molecular size.

Also regarding the time-course of tumor uptake, continuous
infusion appears to present advantages compared to bolus admin-
istration, allowing for longer exposure of the tumor. For small
molecules, maximal tumor uptake was higher for bolus admin-
istration, but, again, this can be easily overcome by increasing
the dose administered by infusion. Eventually, the relationship
between tumor uptake and affinity of the administered mole-
cules appears to be independent of the mode of administra-
tion. Thus, in accordance with previous results obtained with

a similar model (12), the affinity required to achieve a similar
tumor uptake is much lower for larger than for smaller molecules,
and this is true for both bolus administration and continuous
infusion.

Overall, the results from the mechanistic model used in
this study suggest that continuous infusion offers some advan-
tages compared with the more commonly used bolus adminis-
tration. Most importantly, differences in uptake between mol-
ecules of different molecular size become less relevant upon
continuous infusion than bolus administration. In particular,
the nadir in tumor uptake at a ~3nm size disappears. More-
over, infusion allows for a prolonged exposure of tumor tis-
sues to both small- and large-sized molecules. Eventually, this
mode of administration may allow higher doses to be adminis-
tered by reducing Cmax-linked toxicity, thereby allowing a sim-
ilar maximal uptake compared to bolus administration. These
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FIGURE 3 | Tumor uptake (color scale, in % ID/g) as a function of the affinity of the administered molecule for its receptor (x-axis) and molecular
radius (y-axis), 24 h after bolus administration (A) and at the end of a 60 h-continuous infusion (B) (same doses for both modes of administration).

advantages add to those related to reduced induction of drug
resistance as a consequence of more homogeneous distribution
of the drug throughout the tumor (10), thereby preventing or
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Despite significant improvement in modalities for treatment of cancer that led to a longer
survival period, the death rate of patients with solid tumors has not changed during the last
decades. Emerging studies have identified several physical barriers that limit the therapeu-
tic efficacy of cancer therapeutic agents such as monoclonal antibodies, chemotherapeutic
agents, anti-tumor immune cells, and gene therapeutics. Most solid tumors are of epithelial
origin and, although malignant cells are de-differentiated, they maintain intercellular junc-
tions, a key feature of epithelial cells, both in the primary tumor as well as in metastatic
lesions. Furthermore, nests of malignant epithelial tumor cells are shielded by layers of
extracellular matrix (ECM) proteins (e.g., collagen, elastin, fibronectin, laminin) whereby
tumor vasculature rarely penetrates into the tumor nests. In this chapter, we will review
potential strategies to modulate the ECM and epithelial junctions to enhance the intratu-
moral diffusion and/or to remove physical masking of target receptors on malignant cells.
We will focus on peptides that bind to the junction protein desmoglein 2 and trigger intra-
cellular signaling, resulting in the transient opening of intercellular junctions. Intravenous
injection of these junction openers increased the efficacy and safety of therapies with
monoclonal antibodies, chemotherapeutics, and T cells in mouse tumor models and was
safe in non-human primates. Furthermore, we will summarize approaches to transiently
degrade ECM proteins or downregulate their expression. Among these approaches is the
intratumoral expression of relaxin or decorin after adenovirus- or stem cell-mediated gene
transfer. We will provide examples that relaxin-based approaches increase the anti-tumor
efficacy of oncolytic viruses, monoclonal antibodies, and T cells.

Keywords: epithelial junctions, tumor stroma, extracellular matrix, relaxin, junction opener, tumor-associated

macrophages

TUMOR MICROENVIRONMENT

TUMOR STROMA

Tumors are heterogeneous cellular entities in which progres-
sion depends on the crosstalk between the genetically abnormal
cells (the epithelial parenchyma of carcinomas) and the tumor
stroma (the supportive framework of a tumor tissue). This tumor
stroma is basically composed of the non-malignant cells (stro-
mal cells) of the tumor such as cancer-associated fibroblasts
(CAFs), immune cells [tumor-associated macrophages (TAMs)
and tumor-associated neutrophils (TANs)], and mesenchymal
stem cells as well as the extracellular matrix (ECM) consisting
of fibrous structural proteins (collagen and elastin), fibrous adhe-
sive proteins (fibronectin and laminin), and proteoglycans (1-3)
(Figure 1A). In most solid tumors derived from epithelial tissues,
nests of malignant tumor cells are linked through junction proteins
such as E-cadherin, claudins, and desmoglein 2 (DSG2). Tumor
nests are surrounded by tumor stroma (Figures 1B,C). The stroma
is indispensable for normal tissue development and homeostasis,
since it has a vital role in regulating behavior of cells residing in
the local milieu (4-7). Likewise, various components of the tumor
stroma create a niche favoring seeding of metastatic tumor cells.
More importantly, tumor stroma mediates the resistance to cancer

therapeutic agents (8—10). Tumor stroma contributes in at least
two critical ways to drug resistance: (i) by creating a physical bar-
rier formed by stroma proteins that prevents intratumoral drug
penetration and direct contact between drugs/tumor-infiltrating
immune effector cells and their target receptors on malignant cells
and (ii) by production of cytokines and chemokines that trigger
the synthesis of stroma proteins, block activation of immune cells,
or attract/activate immuno-suppressive cells such as regulatory T
cells (Tregs).

It is well established that stroma that is associated with normal
tissue development and homeostasis is strikingly distinct from
that associated with carcinomas (1). Specifically, the composi-
tion of tumor-derived ECM is different from normal ECM (11).
Excess ECM production or reduced ECM turnover are notice-
able in the majority of tumors (12, 13). Various collagens (e.g.,
collagen type L, IL, II1, V, and IX), fibronectin, tenasin C, and pro-
teoglycans exhibit increased accumulation and generate a dense
network in tumor tissues (14—17). Excessive deposition of ECM
components decreases the distance between neighboring ECM
components and diminishes the pore size of the tumor matrix.
This adds diffusional impediment to macromolecules (IgG, IgM,
and dextran 2,000,000 MW) in tumors (18). A strong inverse
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Extracellular matrix

stem cell  Fibroblast

FIGURE 1 | Tumor stroma. (A) Schematic representation of tumor
stroma components. The tumor stroma is composed of stromal cells
(fibroblasts, macrophages, neutrophils, and mesenchymal stem cells)
as well as extracellular matrix. (B) Sections from breast cancer
patient biopsies (stage Il and V). DSG2 staining appears in brown.

(o

Her2/neu Laminin
Malignant cells are DSG2-positive and form nests that are surrounded
by tumor stroma containing DSG2-negative stroma cells such as
fibroblasts. (C) Immunofluorescence analysis for Her2/neu (green)
and the stroma protein laminin (red) on a breast cancer section. The
scale bar is 20 um.

correlation between tumor ECM content and tumor penetration
of cancer drugs has been demonstrated for therapeutic agents such
as anti-tumor immune cells, therapeutic viruses, chemotherapeu-
tic agents, monoclonal antibodies, immunotoxins, interferons, and
complement (18-24). Due to increased ECM deposition, tumor
tissue commonly exhibits increased stiffness compared to normal
tissue. For breast cancer, tumor tissue was found to be 10 times
stiffer than normal breast tissue (26, 27). The elevated ECM stiff-
ness progressively increases interstitial fluid pressure (IFP) which
thereafter interferes with effective spread of anti-cancer therapeu-
tics within the solid tumor (28-30). In summary, the deregulation
and disorganization of the tumor stroma alter the composition,
structure, and stiffness of the ECM, leading to limited penetration
and dissemination of therapeutic agents within solid tumors.

Killing the genetically stable tumor stroma cells has definitive
advantages over targeting the malignant cells, i.e., cells that are
genetically unstable and heterogeneous and represent a moving
target for therapies.

TUMOR STROMAL CELLS

The major contributors of abnormal ECM in solid tumors are
stromal cells such as cancer-associated fibroblasts (CAFs), TAMs,
and TANs (3, 13, 31). These stromal cells display sustained synthe-
sis and secretion of connective tissue components, growth factors,
and cytokines, which promote the ability of malignant cells to pro-
liferate, invade, and metastasize (32, 33). Thus targeting the tumor
stromal cells is considered a promising approach to the treatment
of cancer.
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Cancer-associated fibroblasts

Cancer-associated fibroblasts are the predominant cell type in the
tumor-associated stroma. Their numbers are elevated in tumor
stroma compared to stroma found in healthy tissue (34, 35). In
many carcinomas, the fraction of CAFs is even greater than the
fraction of malignant cells (32). In the tumor microenvironment,
tumor and stromal cells upregulate various profibrotic growth
factors such as transforming growth factor-p (TGF-B), platelet-
derived growth factor (PDGF), and basic fibroblast growth factor
(bFGF), all of which are main mediators for the transdifferenti-
ation of stromal fibroblasts into CAFs (36, 37). CAFs are pheno-
typically and functionally distinct from normal stromal fibroblasts
(38). CAFs are large spindle-shaped mesenchymal cells that share
morphological characteristics of both smooth-muscle cells and
fibroblasts (39). Metabolically, CAFs are perpetually activated,
proliferate faster, and accumulate greater amounts of ECM con-
stituents than fibroblasts in normal tissues (2, 32, 40). In addition
to creating tumor-derived ECM, CAFs have an impact on can-
cer cell proliferation, invasion, and metastasis through secretion
of different growth factors [epidermal growth factor (EGF), FGF,
hepatocyte growth factor (HGF), and insulin-like growth factor-
1 (IGF-1) (2, 3, 31, 34, 41-44)]. CAFs are also involved in the
activation of angiogenic programs as well as the recruitment of
inflammatory cells (45). Local expression of vascular endothelial
growth factor (VEGF) or monocyte chemoattractant protein-1
(MCP-1) by CAFs stimulates angiogenesis and the recruitment of
pro-tumor myeloid cells.

TAMs and TAN's

As another major component in the tumor stroma, TAMs have
emerged as a significant player in the stromal compartment of
virtually all types of carcinoma (46). While type M1 macrophages
are antigen-presenting cells that incite T cells to mount immune
responses, TAMs are M2-type macrophages and tumor promot-
ing. Tumor cells, among other cytokines, produce MCP-1 and
colony stimulating factor-1 (CSF-1) which participates in mobi-
lization of TAM-progenitors from the bone marrow and homing
to tumor stroma. Homing of TAMs to tumors is also supported
by the specific architecture of tumor blood vessels which pro-
mote efficient trafficking of blood cells. There is convincing evi-
dence that the extent of MCP-1 expression in human cancers
correlated with both TAM infiltration and tumor malignancy
(47-53). TAMs contribute to tumor-associated alteration in the
ECM by releasing profibrotic growth factors, which then act in an
autocrine and/or paracrine manner to differentiate normal stro-
mal fibroblasts into CAFs (33, 37, 46). TAMs also produce growth
factors (EGE, HGE, bFGF, and VEGF), cytokines [IL-1, IL-8, and
tumor necrosis factor-a (TNFa)], and enzymes [MMP-2, MMP-
7, MMP-9, MMP-12, and cyclooxygenase-2 (COX-2)] (46, 54).
Additionally, TAMs can suppress anti-tumor immune responses.
For example, TAMs secret a distinctive set of cytokines (IL-10
and TGF-B) as well as chemokines [chemokine (C-C motif) lig-
and (CCL)17, CCL22, and CCL24] favoring recruitment of Tregs
and generation of an immune suppressive microenvironment (55—
57). As outlined in Section “Epithelial-to-Mesenchymal Transition
and Mesenchymal-to-Epithelial Transition in Cancer,” TAMs also
promote epithelial-to-mesenchymal transition (EMT) via TGF-f

(58) and regulate cancer stem cell (CSC) activities (59) in solid
tumors.

Tumor-associated neutrophils comprise another prominent
portion of the immune cell infiltrates observed in a wide vari-
ety of murine models and human cancers (60-63). Similar to
TAMs, products secreted from neutrophils, including reactive oxy-
gen species, cytokine (IL-8), growth factors (VEGF and HGF),
and proteinases [arginase (ARG 1), MMP-2, MMP-8, MMP-9, and
MMP-13], have defined and specific roles in both regulating tumor
cell proliferation, angiogenesis, and metastasis and suppressing the
anti-tumor immune response (64).

TUMOR VASCULARIZATION

Transendothelial transport

Once systemically administered drugs reach the tumor sites, they
have to exit the tumor vasculature and translocate through the
interstitial space in order to reach their target cells. The endothe-
lial cell layer, lining the blood vessels, is thought to present a
barrier to macromolecular drugs (20). Transendothelial transport
of macromolecular drugs involves a phenomenon known as the
enhanced permeability and retention (EPR) effect in solid tumors.
The EPR effect is observed for intravenously administered macro-
molecular anti-cancer drugs that escape renal clearance, due to
their large molecular size (10-500 nm). They are mostly unable to
pass the tight endothelial junctions of normal blood vessels, but
can extravasate and then become trapped in the tumor vicinity
(65). Unlike normal tissues that feature an organized vascular net-
work, the blood vessel system in solid tumors is rather chaotic. The
endothelial cell layers are poorly aligned (66) and elevated levels of
vascular permeability factors generate “leaky” capillaries (65). It is
therefore thought that transendothelial transport is not a critical
limiting obstacle for large sized drugs.

Intratumoral pressure

Rapid tumor cell proliferation and weakly developed lymphatics
cause high IFP (67, 68) and blood vessel remodeling by intus-
susception (69) or compression (70). Additionally, the increased
hydraulic conductivity of “leaky” capillaries can further increase
the IFP in tumors (71). Together, this leads to an imbalance in
blood flow and nutrient supply within the tumor microenviron-
ment. The uniformly high IFP in the center of solid tumors drops
toward the periphery (72), which could negatively affect drug
extravasations in the high-pressure regions. Cells that are distant to
blood vessels (100-200 pm) and located in high-pressure regions
subsequently constitute large areas of hypoxic, necrotic, or semi-
necrotic tissue. This exacerbates the tendency of tumor cells to
overproduce and release lactic acids within these regions, which
results in acidosis (73). Moreover, the vascular surface area per
unit tissue weight is decreasing with tumor growth, which further
limits transvascular exchange for large tumors when compared
to small tumors (74, 75). In contrast, cells situated in the inva-
sive front benefit from the enhanced vascular permeability that
supplies adequate amounts of macromolecules for rapid tumor
growth (76). Furthermore, the blood flow rates in non-necrotic
regions can be substantially higher than in the surrounding nor-
mal tissue (77). It is therefore expected that the uptake of drugs in
solid tumors is heterogeneous and the general distribution might
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decrease with increasing tumor weight. It is thought that induc-
tion of massive cell death by chemo- and radio-therapy can lower
the IFP in tumors (78). The application of chemotherapy to lower
the IFP is also used in approaches to “normalize” the tumor vas-
culature. Anti-angiogenic drugs are thought to compensate for
the pro-angiogenic factors that are extensively produced in the
tumor in order to eliminate “leaky” blood vessels. Ideally, this
would lead to a more organized blood vessel system that fea-
tures more functional and more uniformly perfused capillaries
within solid tumors. On the other hand, this would also inhibit
the extravasation of large drugs.

Hypoxia

Two major consequences of abnormal microcirculation in solid
tumors are hypoxia and low extracellular pH. Hypoxia or oxygen
deprivation is a key factor in tumor progression and resistance
to therapy. The most important regulatory factor of the hypoxia-
signaling pathway activity in cells is hypoxia-inducible transcrip-
tion factor 1 (HIF-1a). Under hypoxic condition, tumors produce
a number of chemokines that attract and differentiate CAFs,
TAMs, and TANs. Approaches that reduced intratumoral hypoxia
therefore block pro-tumoral functions of these cells, including
the production of stroma proteins. It is therefore thought that
hypoxia targeting strategies improve the intratumoral penetration
of drugs (79).

EPITHELIAL PHENOTYPE OF SOLID TUMORS

EPITHELIAL JUNCTIONS

About 90% of solid tumors are of epithelial origin, often featur-
ing a stratified epithelium characterized by multilayered cells with
three-dimensional intercellular junctions. This is in contrast to
monolayered epithelial cells lining epithelial tracts (e.g., airway,
gastrointestinal, and urinary tracts), epithelial ducts (e.g., bile and
pancreatic ducts), or cavities (e.g., brain ventricles), which possess
an apical-basal polarization of their cell membranes and cytoskele-
ton. The epithelial phenotype is generally defined by tight and
adherence junctions that seal the paracellular space between adja-
cent cells and thereby providing a barrier that restricts passing of
ions and macromolecules (Figure 2A) (80).

Tight junctions (zonula occludens)

Tight junctions play a key role in the formation of epithelial sheets.
Strictly linked to tight junctions is a barrier function within a sheet
of cells that restricts ions and small molecules to pass through
the paracellular space between two adjacent epithelial cells (80).
Additionally, tight junctions function as a “fence” that separates
the apical and basal membrane compartments in an individual cell
(81). Importantly, the tight junction strands on one cell are associ-
ated laterally to tight junction strands of opposing membranes on
neighboring cells (82). The permselective barrier function is based
on occludins and claudins, two types of transmembrane proteins
that have been identified among more than 40 proteins within tight
junctions (81, 83). Other tight junction transmembrane proteins
comprise the singlespan junctional adhesion molecules (JAMs) or
coxsackie and adenovirus receptor (CAR) (83-86) and the lately
identified tetraspan tricellulin, which is enriched in areas where
three cells meet (86).

Adherens junctions (zonula adherens)

The major transmembrane proteins of adherens junctions are
classical cadherins, such as epithelial cadherin (E-cadherin). Mem-
bers of this protein superfamily promote homophilic intercellular
adhesion in a Ca>*-dependent manner. Their cytoplasmic domain
binds cytosolic catenins that link the cadherin/catenin complex to
the actin cytoskeleton. The formation of adherens junctions con-
sequently leads to the assembly of tight junctions, but E-cadherin
is dispensable for tight junction maintenance (87). A central role in
maintenance and initiation of an epithelial phenotype is attributed
to E-cadherin, the core protein of adherens junctions. In addition
to its homophilic intercellular adhesive features, the extracellu-
lar E-cadherin domain functions as a direct repressor of receptor
tyrosine kinase (RTK) signaling via blockage of FGF or EGF ligand
binding stimulation (88, 89). The cytoplasmic part of E-cadherin
connects to the actin cytoskeleton and also influences a number
of signaling pathways via direct binding to p120- and B-catenin.
When adjunct to E-cadherin at the membrane, $-catenin inhibits
cell growth (90), whereas its translocation to the nucleus activates
canonical Wnt signaling (91). Similarly, p120-catenin stabilizes E-
cadherin at the membrane, while blocking NF-kB and Ras-MAPK
signaling (92, 93).

Desmosomal junctions/desmosomes (macula adherens)
Desmosomes are molecular complexes of cell adhesion proteins
and linking proteins that attach the cell surface adhesion proteins
to intracellular keratin cytoskeletal filaments. The cell adhesion
proteins of the desmosome, desmoglein, and desmocollin, are
members of the cadherin family of cell adhesion molecules. They
are transmembrane proteins that bridge the space between adja-
cent epithelial cells by way of homophilic binding of their extracel-
lular domains to other desmosomal cadherins on the adjacent cell.
Both have five extracellular domains, and have calcium-binding
motifs. One of these junction proteins, DSG2, is upregulated in
malignant cells (94, 95). DSG2 contains four extracellular cadherin
domains (ECDs; ECD1-ECD4), which link neighboring cells to
each other through homodimers. ECDs are linked via an extracel-
lular anchor and membrane-spanning domain to the intracellular
anchor and intracellular cadherin-typical sequence (ICS) motifs.
The role of the conserved ICS is not known, although consensus
sites for protein kinase C phosphorylation and a caspase-3 cleav-
age site have been identified and could contribute to signaling
(96). Desmosomes probably do not directly regulate paracellular
permeability, but they seem to do this indirectly by altering the
structure and the stability of tight junctions (97).

BLOCK OF INTRATUMORAL DIFFUSION OF MACROMOLECULES

One of the key features of epithelial tumors is the presence of
intercellular junctions, which link cells to one another, and act as
barriers to the penetration of molecules with a molecular weight of
>400 Da (98-100). Most of commonly used chemotherapy drugs
are either nanoparticle-based or encapsulated into liposomes with
diameter greater than 100 nm. For example, nanoparticle albumin
bound paclitaxel/nab-paclitaxel/Abraxane™ has an effective diam-
eter of 130 nm and liposomal doxorubicin/Doxil™ has a size of
90 nm. Even non-encapsulated chemotherapy drugs have a molec-
ular weight of greater 400 Da (for example: paclitaxel/Taxol™: MW
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FIGURE 2 | Architecture of epithelial cells. (A) Adjacent epithelial cells
maintain several intercellular junctions and an apical-basal polarity. Tight
junctions seal the paracellular space close to the apical side. Initial cell contact
is initiated by cadherins in the adherens junction complex that is situated
underneath tight junctions. Adherens junction complexes encircle cells as an
adherens belt, which connects to the F-actin cytoskeleton. Desmosomes are

Claudin 7

Her2/neu Claudin 7

Her2/neu

spot-like adhesions randomly arranged on lateral sides of plasma membranes.
A key desmosomal junction protein is desmoglein 2 (DSG2). (B) Target
receptors for cancer therapy are often trapped in epithelial junctions. Shown
are breast cancer cells stained for Her2/neu (the target receptor for
trastuzumab/Herceptin™) and the junction protein claudin 7. The merged
image shows colocalization of both proteins in junctions between cells.

856.9 Da or irinotecan/Camptosar™: MW 586.7 Da). Several stud-
ies have shown that upregulation of epithelial junction proteins
correlated with increased resistance to therapy, including therapy
with the two major classes of cancer drugs — monoclonal antibod-
ies and chemotherapeutics (101-103). It is thought that the epithe-
lial phenotype of cancer cells and their ability to form physical
barriers protect the tumor cells from attacks by the host-immune
system or from elimination by cancer therapeutics (104).

INACCESSIBILITY OF THERAPY TARGET RECEPTORS

Receptors for therapeutic antibodies are often localized at the baso-
lateral membrane of epithelial cells. This includes Her2/neu (105,
106) and EGFR (107, 108). In our studies on epithelial tumors we
found that target receptors are trapped in intercellular junctions
(109). For example, Her2/neu, the receptor for the widely used
monoclonal antibody Herceptin (trastuzumab) co-stained with
the tight junction proteins claudin 7 (Figure 2B).

EPITHELIAL-TO-MESENCHYMAL TRANSITION AND
MESENCHYMAL-TO-EPITHELIAL TRANSITION IN CANCER
Epithelial-to-mesenchymal transition and mesenchymal-to-
epithelial transition (MET) are important mechanisms that drive
tumor progression and therapy resistance, and indirectly affect
intratumoral drug penetration. EMT and MET have been accred-
ited important roles in embryogenic development, tissue regen-
eration, cancer progression, and recently also the induction and
maintenance of stem cell properties (110). Importantly, the phe-
notypic switches between epithelial and mesenchymal phenotypes
are not irreversible, as they occur several times during formation
of the complex three-dimensional structure of internal organs. In
contrast to epithelial cells, mesenchymal cells exhibit an irregular
shape, which is based on unpolarized cytoskeletons and mem-
branes. Further mesenchymal traits include the deposition of ECM
components, increased motility, invasiveness, as well as elevated
resistance to apoptosis and anoikis (110). EMT engages a series
of events involving inter- and intra-cellular changes in affected
cells. Importantly, not all of which have to occur during the trans-
differentiation process. Often cells remain in stages referred to
as an “incomplete” EMT, suggesting a spectrum of intermediate

stages rather than a strict lineage switch (104). Examples of such
epithelial/mesenchymal (E/M) hybrid cells have been reported for
multiple tissues including the ovarian surface epithelium (111),
ovarian cancer (25), cells within the invasive front of colon (112)
and breast cancer (113), as well as in normal epidermal tissue
during wound healing (114).

EMT and induction of tumor ECM proteins

During progression toward metastatic disease carcinoma cells
engage EMT. The EMT program can be activated by a multitude
of factors secreted by tumor stroma cells, which triggers a complex
signaling network including TGF-f, Wnt, HGE, EGFE, and PDGF
pathways (115). The morphological changes that occur during
EMT are a consequence of diverse molecular mechanisms that
contribute to the acquisition of mesenchymal features. A central
event during EMT is the functional loss of E-cadherin. Subsequent
breakdown of intercellular epithelial junctions plays a major role
in cancer progression, where E-cadherin therefore acts as a repres-
sor of invasion (116). Accordingly, the reduced expression of this
major regulator of the epithelial phenotype is associated with poor
prognosis in several cancers (117). The loss of E-cadherin and
several other epithelial genes including multiple members of the
claudin family as well as occludin is mainly regulated via tran-
scriptional repression by EMT inducers that include transcription
factors Snail, ZEB, Twist, FOXC2, and E47 (118-126). Notably,
these EMT inducers also act as positive regulators of gene expres-
sion for several mesenchymal genes (127, 128). A consequent event
in EMT is the change from E-cadherin to N-cadherin (129). The
importance of this cadherin switch is highlighted by the fact that
homophilic intercellular junctions formed by N-cadherin are less
resistant to rupture under physiological stress conditions, when
compared with E-cadherin (130). Additionally, a shift from several
keratins (-8, -9, and -18) to vimentin occurs, resulting in a more
flexible cytoskeleton (131, 132). Concomitantly with the acquisi-
tion of such mesenchymal features, the expression of several ECM
proteins is induced. Fibronectin, collagen precursors, laminin, and
vitronectin are all reported to be elevated in mesenchymal cells
(133). These and other proteins, including Src kinase, integrin-
linked kinase, integrin $-5, and MMPs, are upregulated during
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EMT, have an impact on cytoskeletal remodeling, and promote
cell motility (104).

MET and cancer stem cells
Successful EMT induction ultimately enables cancer cells to leave
the primary tumor, enter the bloodstream, and attach to distant
organ sites in order to build metastases. The endpoint of this
process however, involves the reversed process (MET), where cells
that underwent EMT regain epithelial properties and form tumors
that histopathologically resemble the primary cancer (110, 134).
Although the underlying mechanisms are currently unknown, it
is likely that MET events are initiated due to the lack of EMT-
inducing signals at attachment sites of metastatic tumor cells. In
support, numerous examples of advanced carcinomas exist, show-
ing that mesenchymal cells can regain characteristics of epithelial
cells or undergo MET (104). It is now generally accepted that
the reverting to an epithelial phenotype through MET repre-
sents a protective mechanism against host-immune attacks and
creates resistance to anti-cancer drugs. The transdifferentiation
into an epithelial phenotype and the formation of tight junctions
between malignant cells that prevent penetration of host anti-
tumor immune cells, host anti-tumor antibodies, and therapeutics
represents one of the most basic cancer resistance mechanisms.
Importantly, changes between EMT and MET occur gradu-
ally, which leads to a wide range of intermediate cell stages that
consequently possess an E/M hybrid phenotype. The E/M hybrid
phenotype is especially prominent in the invasive front of several
carcinomas where it has also initially been linked to cells with a
stem cell-like phenotype (112, 113). We have recently shown in
cancer cells derived from ovarian cancer biopsies that CSCs gener-
ate mesenchymal cells via EMT in vitro and undergo MET to form
tumors containing epithelial cells when injected into immunode-
ficient mice (135). A marker combination widely used to identify
CSCs in multiple cancers including prostate, pancreatic, and colon
is EpCAM and CD44 (136, 137). Interestingly, the expression
of these proteins can be accredited to epithelial and mesenchy-
mal cells, respectively, suggesting a more general pattern of an
E/M hybrid phenotype for tumor-initiating cells (TICs) (25). Very
recently, work by Yu et al. demonstrated that cells, which leave the
primary tumor, possess an epithelial or E/M hybrid phenotype.
In the bloodstream these circulating tumor cells are bound by
platelets, which trigger EMT via TGF-f signaling (138). However,
cells undergoing EMT that leave the primary tumor experience
a proliferation arrest, which is mediated by EMT inducers, like
Twistl. In order to reenter a proliferative stage that allows for
colonization and macrometastasis, the downregulation of Twist1
and concomitant MET is critically needed, while ongoing EMT
signaling leads to dormancy and micrometastases at sites of reat-
tachment (139). Additionally, it was recently reported that two
distinct types of EMT exist in carcinomas, depending on the
presence or absence of EMT inducer paired-related homeobox
transcription factor 1 (Prrx1). When Prrx1 is expressed in cells
undergoing Twist1-induced EMT, a CSC pattern is suppressed and
cells fail to colonize. After Prrx1 is downregulated and other EMT
inducers, such as Twistl or ZEB1 have vanished, MET occurs and
metastatic growth can be initiated (140). Notably, MET has also
been reported in non-epithelial cancers, e.g., sarcoma (141, 142).

STRATEGIES TO DEGRADE TUMOR ECM PROTEINS OR
DOWNREGULATE THEIR EXPRESSION

Tumor-derived ECM plays an important role in inhibiting pene-
tration and dispersion of cancer therapeutic agents within tumor
masses and has been implicated in resistance to therapy of solid
tumors (143). This has been shown for therapeutic modalities such
as oncolytic Ads (21), antibodies (18, 19), immunotoxins (24),
interferons (23), or complement (144). A series of approaches
have been tested to partially degrade ECM proteins and improve
the penetration of macromolecules and nanoparticle-based drugs.
(1) The first type of approaches involves the intratumoral injection
of proteases that can target ECM proteins. These proteases include
trypsin, collagenase, hyaluronidase, MMPs, relaxin, and decorin.
For example, intratumoral injection of collagenase has been shown
to remove diffusive hindrance to the penetration of therapeutic
molecules in subcutaneous human osteosarcoma and glioblas-
toma multiforme xenografts (145, 146). Similar approaches have
been tested in combination with cancer virotherapy, including Ads
(diameter: ~100 nm) and herpes simplex virus (HSV) (diameter:
~190 nm). These viruses represent prototypes of nano-particles
and lessons learned from studies with oncolytic viruses are relevant
for other large anti-cancer drugs. Direct injection of subcuta-
neous human glioblastoma multiforme tumor with a proteolytic
enzyme (trypsin) or a protease mixture (collagenase/dispase)
before intratumoral injection with reporter gene-expressing Ad
vector elicited enhanced virus-mediated gene expression within
the solid tumor (147). Intratumoral co-injection of collagenase
with an oncolytic HSV vector in a human melanoma xenograft
resulted in increased intratumoral viral spread and therapeutic
benefit (148). Likewise, co-delivery of hyaluronidase and oncolytic
Ads led to improved intratumoral diffusion and virus potency
through degradation of hyaluronan-rich ECM in human prostate
and melanoma xenograft models (149). (ii) The second approach
involves the delivery of a protease-encoding gene expression cas-
sette to tumors. Cheng et al. generated replication-incompetent
Ads expressing MMP-8 that breaks down collagen type I, II,
and III in subcutaneous human A549 lung cancer and BxPC-
3 pancreatic cancer xenograft tumors (150). In studies testing
MMP-8-expressing Ads, MMP-8 expression efficiently degraded
collagen in vitro. Furthermore, co-injection of MMP-8-expressing
Ads in combination with wild-type Ads resulted in reduced tumor
cell growth and collagen expression within areas of virus-induced
necrosis compared with wild-type Ad given together with a control
Ad vector. Moreover, Mok et al. showed that intratumoral expres-
sion of MMP-1 and MMP-8 in the human HSTS26T soft tissue
sarcoma xenograft degraded collagen, reduced the levels of sul-
fated proteoglycans, and increased spread and effectiveness of an
oncolytic HSV (151). While degradation of ECM with enzymes,
such as collagenase and MMPs, may improve viral penetration
and distribution, there is a concern that this strategy may also
increase tumor spread; MMPs and collagenase play an impor-
tant role in tumor invasion and metastasis, which might limit
the use of these proteins in a clinical setting (152, 153). There-
fore, further thorough and detailed studies are required to gain
an improved understanding of the potential risk associated with
combined replicating oncolytic virus and ECM-degrading enzyme
or protein therapy.
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Our laboratories have tested approaches involving the expres-
sion of relaxin (154—157) or decorin (158). We will therefore
describe these approaches in more detail.

RELAXIN-BASED APPROACHES TO INCREASE DRUG PENETRATION IN
SOLID TUMORS

Relaxin is an insulin-related peptide hormone (159). During preg-
nancy, relaxin has an integral role in softening the uterine cervix,
vagina, and interpubic ligaments in preparation for parturition
(160). Relaxin is the ligand for two leucine-rich repeat-containing
G protein coupled receptors (LGRs), LGR7, and LGR8, now clas-
sified as relaxin family peptide receptors 1 and 2 (RXFP1 and
RXFP2), respectively (161). These receptors have been found on
relaxin target tissues, particularly on endometrial stromal cells
and CAFs (161). Binding of relaxin to these receptors triggers
intracellular signaling resulting in downregulation of ECM pro-
tein expression and upregulation of MMPs, which degrade stroma
proteins. Importantly, relaxin decreases the synthesis of collagens
and increases the expression of MMPs when collagen is abnormally
upregulated, but it does not significantly alter basal levels of colla-
gen expression, in contrast to other collagen-modulatory cytokines
(e.g., interferon-y) (162). This implies that relaxin acts predomi-
nantly on tissues with increased ECM protein expression such as
fibrotic tissues and tumors. In agreement with these observations,
earlier reports showed that relaxin expression mediated by an Ad
vector reversed cardiac fibrosis without adversely affecting nor-
mal collagen levels in other organs in a transgenic murine model
of cardiac fibrosis (163). Relaxin has been used for degradation of
tumor-derived ECM components (164). In immunodeficient mice
bearing human HSTS26T soft tissue sarcomas in dorsal skinfold
chamber, chronic relaxin treatment via osmotic pumps elicited
improved collagen down-regulation and intratumoral dispersion
of macromolecules in tumor tissues, whereby the new tumor
ECM, that is generated after relaxin treatment, was more porous
and had a decreased diffusive resistance (145). In vitro studies
with human OHS osteosarcoma multicell spheroids, recombinant
relaxin increased the diffusion of the 150 kDa FITC-dextran, in
part, due to increased production of collagenase (146). Similar
results were reported in in vivo tumor models after intratumoral
injection of recombinant relaxin (145). In cancer virotherapy stud-
ies, relaxin was demonstrated to enhance tumor penetration and
dispersion of oncolytic Ad, thereby eliciting improved cancer gene
therapy (155) (Figure 3). In this study, the growth of both sub-
cutaneous xenograft (human glioma, hepatocellular carcinoma,
cervical carcinoma, and lung carcinoma) and orthotopic tumors
(human hepatocellular carcinoma) treated with relaxin-expressing
oncolytic Ad was markedly inhibited compared to tumors treated
with control oncolytic Ad that did not express relaxin. When
viral persistence and distribution was confirmed by immunohis-
tochemical studies, more Ad particles were observed across wider
areas of tumor tissues treated with relaxin-expressing oncolytic
Ad. Moreover, the collagen content of tumor tissues was reduced
significantly by relaxin-expressing oncolytic Ad without affecting
adjacent normal tissue. A relaxin-expressing oncolytic Ad contain-
ing Ad5/35 chimeric fibers in a subcutaneous human A375-minl
malignant melanoma xenograft model also exhibited increased

viral spread and transduction efficiency through the tumor mass
and thereby increased anti-tumor efficacy and overall survival in
metastatic tumor models (154).

Access of anti-tumor immune cells and their intratumoral infil-
tration is limited by tumor stroma (19). More specifically, the
tumor stroma contributes to tumor immune escape by creating a
physical barrier formed by ECM components that restricts direct
physical contact between tumor-infiltrating anti-tumor immune
cells and cancer cells. As an approach to overcome this limita-
tion, Li et al. showed that the inducible intratumoral expression of
relaxin through the transplantation of mouse hematopoietic stem
cells transduced with a relaxin-expressing lentivirus vector led to
suppressed tumor growth in an immunocompetent mouse breast
cancer model (157). The therapeutic mechanism of the anti-tumor
effect is associated with the degradation of tumor stroma mediated
by relaxin and enhanced anti-tumor immune responses mediated
by better intratumoral infiltration of anti-tumor immune cells.
The same investigators also tested whether intratumoral relaxin
expression facilitates transplanted anti-tumor T cells to control
tumor growth. In a breast cancer model, they demonstrated that
relaxin augmented the efficacy of neu-targeted adoptively trans-
ferred T cells, and improved survival of mice with neu-expressing
mammary tumors. At day 33, in the T cell transplanted group, 25%
of the mice were alive. Combined with relaxin expression, survival
increased to 62.5%. Relaxin expression combined with naive T
cell treatment also increased survival (37.5%), compared to naive
T cell treatment alone (0%). Better survival of relaxin-expressing
mice was due to a higher number of neu-specific T cells inside the
tumor.

Tumor ECM as well as tumor cell density can inhibit diffu-
sional transport of monoclonal antibody therapeutics in tumor
tissues. In a study of the monoclonal antibody trastuzumab (Her-
ceptin) penetration, Beyer et al. observed extensive tumor ECM
and intercellular junctions in breast cancer patients and xenograft
models (156). Therefore, the authors hypothesized that this hin-
ders the access to Her2/neu and/or the intratumoral dispersion of
trastuzumab. They showed that hematopoietic stem cell-mediated
intratumoral relaxin expression in combination with trastuzumab
therapy resulted in a decrease of ECM proteins and a significant
delay of tumor growth, indicating that a stem cell-based approach
for relaxin expression in tumors facilitates tumor ECM degrada-
tion and substantially enhances effectiveness of antibody therapy
of cancer.

In all of these studies, relaxin expression did not induce metas-
tasis. In fact, it reversed the spread of tumor cells that normally
would metastasize. The latter is in conflict with earlier studies by
Silvertown et al. reporting that permanent relaxin overexpression
increased in vivo prostate xenograft tumor growth and angiogen-
esis (165). These results were recently revised by the same group
(166). While short-term exposure of tumor cells to relaxin in vitro
seems to enhance invasiveness (167), long-term exposure reduces
it (168). The general consensus is that relaxin expression alone is
not sufficient to induce metastasis, a process that involves dissoci-
ation of cells from the primary tumor, enhanced cell motility, and
the ability of cells to invade blood vessels and to grow effectively
at distant sites (154).
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FIGURE 3 | Therapeutic effect of relaxin-expressing oncolytic
adenovirus. (A) ECM acts as a physical barrier in solid tumors, so that
interstitial viral penetration and cell-to-cell spread of conventional
oncolytic adenoviruses is restricted to the site of administration,

leading to limited therapeutic efficacy. (B) Relaxin-expressing oncolytic
adenovirus decreases ECM components within a tumor mass and
increases its tumor penetration and dispersion, thereby eliciting
improved antitumor efficacy.

DECORIN-BASED APPROACHES TO INCREASE DRUG PENETRATION IN
SOLID TUMORS

Decorin, a small leucine-rich proteoglycan consisting of a core
protein and a single glycosaminoglycan chain, is a ubiquitous
component of ECM. Decorin has an impact on the production
of several ECM components. For example, it regulates collagen
fibril formation by interacting with collagen fibrils and delaying
the lateral assembly of individual triple helical collagen molecules,
leading to the reduced diameter of the fibrils (169). Decorin also
influences the production of other ECM components by inhibit-
ing the expression of TGF-f, a key profibrotic growth factor (170).
Moreover, decorin has an important role in inducing ECM remod-
eling through promotion of MMP-1 activity (171). These obser-
vations suggest that decorin can modulate tumor ECM produc-
tion and composition at several levels, and hence has an integral
role in degradation and/or downregulation of tumor ECM con-
stituents. Downregulation of TGF-$ production by decorin could
also facilitate anti-tumor immune responses through inhibition
of immuno-suppressive T cells (172). In an oncolytic virother-
apy study using decorin, Choi et al. showed that tumor tissue
dispersion by decorin-expressing oncolytic Ad was substantially
enhanced compared with that of control oncolytic Ad, in tumor

spheroids prepared from glioma or breast cancer patients as well as
established subcutaneous human glioma xenograft tumors in vivo
(158). In this study, decorin-expressing oncolytic Ad significantly
reduced ECM components within the tumor tissues while normal
tissue adjacent to the tumor was not affected. Decorin-expressing
oncolytic Ad therefore led to dramatically increased anti-tumor
effect as well as survival benefit in a variety of tumor xenograft
models. Importantly, intratumoral administration of decorin-
expressing oncolytic Ad to the primary tumor site substantially
reduced the formation of B16BL6 melanoma pulmonary metas-
tases in mice, indicating that this approach is capable of inducing
a systemic anti-tumor immune response (158).

STRATEGIES TO OPEN EPITHELIAL JUNCTIONS

JUNCTION OPENERS

Various pathogens must first breach the epithelial barrier before
gaining access to the body in order to initiate infection. Sev-
eral mechanisms to disrupt junctional integrity developed in
these pathogens, e.g., Clostridium perfringens enterotoxin removes
claudins-3 and -4 from tight junctions to facilitate bacterial inva-
sion (173). Also, zona occludens toxin (Zot) is produced by Vibrio
cholerae strains and possesses the ability to reversibly modify
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intestinal epithelial tight junctions, granting the passage of macro-
molecules through mucosal barriers (174). Notably Cox et al. have
shown that Zot increases the transport of drugs with low bioavail-
ability (e.g., paclitaxel, doxorubicin, acyclovir, and cyclosporin A)
up to 30-fold (175). Additionally, oncoproteins encoded by human
papillomavirus (HPV), human Ad, and human T-lymphotropic
virus 1 (HTLV-1) can transiently open tight junctions by the mis-
localization of the tight junction protein ZO-1, thereby enhancing
paracellular permeability in epithelial cells (176). It is intriguing
that several viruses target epithelial junction protein to achieve
infection of and dissemination in epithelial tissues. Most species
of human adenoviruses (except species B) binds to the CAR. CAR
is a tight junction protein. A number of studies have demon-
strated that during replication of Ad5, excess production of fiber
or fiber/penton base complexes results in the disruption of epithe-
lial junctions either by interfering with CAR dimerization or by
triggering intracellular signaling that leads to reorganization of
intercellular junctions (177, 178). Measles virus uses the adher-
ence junction protein nectin 4 (179). Finally, we have shown that
species B adenoviruses target the desmosomal junction protein
DSG2. To date, however, there are no epithelial junction open-
ers that are being used for cancer therapy. A number of chemical
detergents, surfactants, calcium-chelating agents, and phospho-
lipids have been used to increase drug absorption through the
gastrointestinal (GI) tract epithelium (180). Recently, Kytogen-
ics Pharmaceuticals, Inc., has developed a tight junction opener
based on chitosan derivatives. It is thought to act by electroneg-
ative forces applied to tight junction proteins. However, all of
these agents act indiscriminately to mechanically disrupt junc-
tions and cannot be applied systemically without major toxic side
effects.

AD SEROTYPE 3 DERIVED JUNCTION OPENER JO-1

Human Ads have been classified into 7 species (A to G) cur-
rently containing 57 serotypes. Wang et al. recently reported that
a group of human Ads uses DSG2 as a receptor for infection
(181). Among DSG2-targeting viruses is serotype 3 (Ad3). Ad3
is able to efficiently breach the epithelial barrier in the airway tract
and infect airway epithelial cells. This is achieved by the bind-
ing of Ad3 to DSG2, and subsequent intracellular signaling that
results in transient opening of tight junctions between epithelial
cells. Wang et al. have capitalized on this mechanism and cre-
ated a recombinant protein that contains the minimal structural
domains from Ad3 that are required for opening of the intercellu-
lar junctions in epithelial tumors. This protein is called “junction
opener 1” or “JO-1.” JO-1 is a self-dimerizing recombinant pro-
tein derived from the Ad3 fiber (182). JO-1 has a molecular weight
of approximately 60 kDa (Figure 4A). It can be easily produced
in E. coli and purified by affinity chromatography. JO-1 binding
to and clustering of DSG2 triggers EMT that results in transient
opening of epithelial junctions, in polarized epithelial cancer cells
invitro (Figures 4B,C) and in vivo, in mouse models with epithelial
tumors. Wang et al. have shown in over 25 xenograft tumor mod-
els that the intravenous injection of JO-1 increased the efficacy of
cancer therapies, including many different monoclonal antibodies
and chemotherapy drugs, in a broad range of epithelial tumors.
Further studies showed that the effective doses of chemotherapy
can be reduced when the chemotherapy drugs are combined with

JO-1. Finally, studies have demonstrated that combining JO-1 with
chemotherapy drugs markedly reduced the toxic side effects of
chemotherapy. The application of JO-1 was safe and well-tolerated
in toxicology studies carried out in human DSG2-transgenic mice
and macaques (109, 181).

Mechanism of JO-1-mediated junction opening

Wang et al. suggested that at least two mechanisms are involved
in JO-1-mediated opening of tight junctions: DSG2 cleav-
age/internalization and EMT-like intracellular signaling. Epithelial
cells are linked to each other by homodimers of DSG2. Studies
in vitro and in xenograft models have shown that the DSG2 ECD
is cleaved upon binding of JO-1, which results in DSG2 internal-
ization (109). On the other hand, a series of data indicate that Ad3
binding triggers EMT-like signaling, which most likely involves
the intracellular domain (ICD) of DSG2. Using mRNA expres-
sion arrays and qRT-PCR, Wang et al. found 12 h after incubation
of polarized breast cancer epithelial cells with a JO-1-like ligand
that 430 genes were upregulated and 352 genes were downregu-
lated compared to incubation with a control protein (181). mRNA
expression profiling revealed the activation of pathways involved
in EMT (MAPK/ERK, adherens junctions, focal adhesion, and reg-
ulation of actin cytoskeleton signaling). Further studies showed an
increase in PI3K and MAPK/ERK1/2 phosphorylation within 1 h
after incubation with Ad type 3 pento-dodecahedral particles or
JO-1 (109, 181). PI3K and MAPK/ERK1/2 activation was signifi-
cantly decreased in cells in which DSG2 expression was suppressed
by siRNA. Beyer et al. also found that subsequently to MAPK and
PI3K activation, the protein levels of E-cadherin, a key junction
protein, decreased in epithelial cells, indicating a down-regulation
of gene expression of junction proteins (109).

JO-1 increases the efficacy of cancer therapy by monoclonal
antibodies and chemotherapy drugs

Beyer et al. have also shown in mouse xenograft tumor models
that the i.v. administration of JO-1-mediated junction open-
ing in epithelial tumors (183). The changes triggered by JO-1
were detectable within 1h after its iv. injection. This, subse-
quently, enabled the increased intratumoral penetration of the
anti-Her2/neu mAb trastuzumab (109). These biological effects
of JO-1 translated into an increased therapeutic efficacy of several
mADbs, including trastuzumab and cetuximab, in xenograft tumor
models, e.g., models of colon, breast, gastric, lung, and ovarian
cancer (109). JO-1 co-administration also enhanced the thera-
peutic efficacy of several chemotherapy drugs, including PEGy-
lated liposomal doxorubicin (PLD or Doxil®), paclitaxel (Taxol®),
nanoparticle albumin bound paclitaxel (Abraxane®), and irinote-
can (Camptosar®) in tumor xenograft models of breast, lung, and
prostate cancer (183). Furthermore, chemotherapy doses could
be decreased without compromising the anti-tumor effects due
to JO-1 co-therapy. This also provided protective effects to nor-
mal tissues (183). For example, we showed that the ability of JO-1
to open intercellular junctions in tumors increased the uptake
and amount of chemotherapeutics in the tumor environment
(Figures 5A—C). This then resulted in reduced drug levels in
normal tissues, thereby providing a larger therapeutic window.
Immunofluorescence analysis of tissue sections also revealed
higher levels of PLD in tumors of JO-1+PLD treated mice
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FIGURE 4 | Junction opener 1 (JO-1). (A) Schematic structure of JO-1
The Ad serotype 3 fiber knob domain and one fiber shaft motif was fused
through a flexible linker to a homodimerizing K-coil domain (182). The
protein is self-dimerizing and can be purified by His-Ni-NTA affinity
chromatography. (B) Mode of action. JO-1 binds with picomolar avidity to
DSG2. In epithelial cancer cells, DSG2 is overexpressed and exposed on
the cell surface with preferential localization to desmosomes. JO-1 binding
to DSG2 triggers cleavage of DSG2 dimers between neighboring cells and
the transient activation of EMT pathways. This triggers junction opening
and relocalization of target receptors that are often trapped in epithelial

15 min after PBS + Ruthenium Red (Ru)
! »

u

junctions. Junction opening allows for access of drugs (for example mAbs)
to their target receptors. (C) Transmission electron microscopy of
junctional areas of T84 cells. Cells were either treated with PBS (upper
panel) or JO-1 (lower panel) for 1h on ice, washed, and then incubated for
15min at 37°C. At this time, the electron-dense dye ruthenium red (Ru) (1)
was added together with the fixative. If tight junctions (above the
desmosomes) are closed, the dye only stains the apical membrane (black
line). If tight junctions are open, the dye penetrates between the cells and
stains the baso-lateral membrane. JO-1 also mediates the partial
dissociation of desmosomes (D). The scale bar is 0.5 um.

compared to mice treated with PLD alone. In these animals, PLD
is found to be more broadly distributed over a greater distance
from blood vessels, suggesting better intratumoral penetration
and absorption by tumor tissue (Figure 5B). Using an ELISA to
measure PEGylated compounds in tissues (184), we found more
PLD in tumors and less in normal tissues of mice that received
JO-1 prior to i.v. PLD injection (Figure 5C). Better intratumoral
penetration and accumulation of PLD after JO-1-mediated junc-
tion opening, resulted in enhanced therapeutic efficacy of PLD
chemotherapy. This was shown in a model with mammary fat pad
tumors derived from primary ovarian cancer cells (obtained from
a patient biopsy) (135). This cell line was nearly resistant to PLD
injected intravenously at a dose that corresponds to PLD doses
used in patients. Importantly, JO-1 pre-treatment significantly
improved PLD therapy (Figure 5D). JO-1 also relieved adverse
side effects from PLD treatment, e.g., liver enzymes (AST, ALT,
and alkaline phosphatase) were significantly decreased in animals

treated with JO-1 and PLD compared to mice treated with PLD
alone. Mice that received JO-1 injections also had less severe tis-
sue damage in the bone marrow and intestine caused by PLD
treatment (183).

Relocalization of target receptors

In breast cancer xenograft sections and in cultured breast cancer
cells, Beyer et al. found co-staining of Her2/neu and the adherens
junction protein claudin 7 (183). Confocal microscopy of breast
cancer BT474 cells confirmed the trapping of Her2/neu in lat-
eral junctions. Incubation of the Her2/neu positive breast cancer
cell lines BT474 or HCC1954 with JO-1 changed the composi-
tion of the lateral epithelial junctions within 1h. As a result of
this, Her2/neu staining at the cells surface became more intense,
while it faded in areas distal of the cell surface. This suggests
that JO-1-mediated junction opening triggered a translocation of
Her2/neu from lateral membranes to the cell surface.
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FIGURE 5 | Junction opener 1 increases tumor penetration and
efficacy of PEGylated liposomal doxorubicin (PLD)/Doxil™. Studies
were performed in mice with mammary fat pad tumors derived from
ovc316 cells (135, 206). Ove316 cells are Her2/neu positive epithelial tumor
cells derived from an ovarian cancer biopsy. (A) Scheme of experiment on
tumor penetration of PLD. Mice were intravenously injected with PBS or
JO-1 (2 mg/kg) followed by PLD or PBS 1 h later. Two hours after PBS or
PLD injection, mice were sacrificed and tumors harvested. (B)
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Immunofluorescence analysis for PLD on tumor sections with anti-PEG
antibodies. PLT appears in red. The scale bar is 20 um. Notably, free PEG is
poorly detected by ELISA or immunohistochemistry (184). (C) PLD
concentrations in tumors measured by ELISA (N =3). (D) Therapy study in
mice with ovc316 tumors. Treatment was started when tumors reached a
volume of 100 mm? (D0). Mice were injected intravenously with 2 mg/kg
JO-1 or PBS, followed by an intravenous injection of PLD (1 mg/kg) or PBS
1 h later. Treatment was repeated weekly (N =5).

Tumor-specificity of JO-1 action

Junction opener 1 does not efficiently bind to mouse (185), ham-
ster, or dog DSG2 (André Lieber, unpublished data). To perform
efficacy and safety studies in a small animal model, we generated
human DSG2-transgenic mice that expressed human DSG2 at a
level and in a pattern similar to humans (185). Using the hDSG2-
transgenic mouse model with syngeneic hDSG2"8" tumors, we
demonstrated that JO-1 predominantly accumulates in tumors
(183). This could be explained by either one of the following
factors: (i) the overexpression of DSG2 by tumor cells, (ii) better
accessibility of DSG2 on tumor cells due to a lack of strict cell
polarization compared to DSG2-expressing normal epithelial cells,
or (iii) a high degree of vascularization and vascular permeability
in tumors.

Toxic side effects and immunogenicity
The i.v. injection of JO-1 at a dose of 2mg/kg into hDSG2-
transgenic mice had no observed adverse side effects, except for
mild, transient diarrhea. There were also no abnormalities found
in laboratory parameters as well as histopathological studies of
tissues. We speculate that this is due to the fact that DSG2 in
tissues, other than the tumor and a subset of epithelial cells
in the intestine/colon, is not accessible to i.v. injected JO-1.
The hDSG2-transgenic mouse model was also used to obtain
biodistribution and pharmacokinetics data for JO-1 (183).
Recently, we started safety studies with JO-1 in macaques. So
far, we injected two animals intravenously with JO-1 at a dose
of 0.6 mg/kg and performed a full necropsy 3 days later. Behav-
ior and health was normal in both animals. In blood and tissue
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analyses, we did not find hematological or histological abnormal-
ities, except for a mild inflammation in the small intestine. JO-1
binding to DSG2 on tumor cells triggers pathways involved in
EMT, a process which, as mentioned above, has been associated
with tumor metastasis. Over 20 in vivo studies conducted with JO-
1 combined with a range of cancer therapeutics in various different
cancers with long-term follow-up, have not provided any evidence
of metastases (183). Transient activation of the EMT pathway is
only one of many steps required for tumor metastasis. Detachment
of tumor cells from epithelial cancers and their subsequent migra-
tion is only possible after long-term crosstalk between malignant
cells and the tumor microenvironment, resulting in changes in
the tumor stroma and phenotypic reprograming of epithelial cells
into mesenchymal cells (186).

Junction opener 1 is a protein derived form Ad3 and there-
fore potentially immunogenic. This might not be a critical issue
if JO-1 is used in combination with chemotherapy, which sup-
presses immune responses (187-189). In addition, Beyer et al.
have shown that JO-1 remains active in vitro and in vivo, even in
the presence of anti-JO-1 antibodies generated by the JO-1 vacci-
nation of mice (183). This may be due to the fact that JO-1 binds
to DSG2 with a very high avidity, thus potentially disrupting the
complexes between JO-1 and antibodies against JO-1. Notably,
JO-1 is a dimer of a trimeric fiber knob, which contributes to the
picomolar avidity to DSG2 (182). Wang et al. performed repeated
injections of JO-1 in an immunocompetent hDSG2 mouse tumor
model to test the effect of anti-JO-1 antibodies on the therapeutic
efficacy of JO-1 (185). Importantly JO-1 had an enhancing effect
on PLD therapy after repeated JO-1 pre-treatment, demonstrating
that JO-1 continues to be effective after multiple treatment cycles,
even in the presence of detectable antibodies.

STRATEGIES TO REMODEL THE TUMOR STROMA THROUGH
TARGETING OF TAMs

As outlined in chapter 1.2, bone marrow-derived cells, including
TAMs, have a pro-tumor effect, in part through the stimulation
of ECM protein synthesis, which in turn blocks intratumoral
penetration of drugs. Therefore, killing of TAMs should, theo-
retically, increase the intratumoral penetration and accumulation
of anti-cancer drugs. TAM depletion results in tumor growth sup-
pression. This has been shown in animal models of cancer by
using transgenic mice (190, 191), clodronate liposome-depletion
of macrophages (192), DNA vaccination against macrophages
(193), and neutralizing antibodies against macrophage chemoat-
tractants (194). For example, Zeisberger et al. showed that combin-
ing macrophage depletion with antibody therapy greatly decreased
the tumor size (195). Furthermore, a recent study showed that
TAM targeting by inhibiting either the myeloid cell receptors
colony stimulating factor-1 receptor (CSF1R) or chemokine (C-
C motif) receptor 2 (CCR2) decreased the number of TICs in
pancreatic tumors, improved chemotherapeutic efficacy, inhib-
ited metastasis, and increased anti-tumor T cell responses (196).
Opverall these studies showed that decreasing the number of TAMs
in the tumor stroma effectively altered the tumor microenviron-
ment and markedly suppressed tumor growth and metastasis.
Targeting TAMs did not interfere with the biological functions of
M1 macrophages, including cytotoxicity and antigen presentation.

We are currently attempting to deliver a suicide gene to TAMs
using TAM targeting Ad vectors or the HSC-based approach
described for relaxin gene delivery (157). To restrict suicide gene
expression to TAMs we utilized a miRNA-based system that avoids
transgene expression in other myeloid cells. As a therapeutic gene
for killing TAMs, we are currently focusing on the enzyme cytosine
deaminase, which converts the prodrug 5-Flurocytosine (5-FC) to
the active chemotherapeutic agent 5-Fluorouracil (5-FU) (197).
Toxic 5-FU and metabolites diffuse out of TAMs to surrounding
cells killing TAMs as well as neighboring dividing tumor cells.

STRATEGIES TO INHIBIT EMT TO REMODEL THE TUMOR
STROMA

As outlined above, EMT in solid tumors promotes the expression
of several ECM proteins and thus blocks penetration of anti-
cancer drugs. This give a rationale for inhibiting EMT processes
in epithelial tumors. Accumulating knowledge about EMT path-
ways in solid tumors led to the development of EMT targeted
therapies (198). Classically, such treatment strategies concentrate
on the blockage of ATP-binding sites in affected kinases using
small molecule inhibitors, as the RTK inhibitor Gefitinib for treat-
ment of non-small cell lung cancer with activated EGFR mutation
(199). While originally designed for their anti-proliferative effect
on cancer cells, it was also shown that such molecules can influence
the EMT status. In a cell-based screening of 267 small molecules,
several compounds targeting ALK5, MEK, and SRC kinases were
identified as potent inhibitors of EMT induced by EGF, HGFE,
and IGF-1 (200). It was also shown that counteracting TGF-f-
induced EMT by treatment with troglitazone or knockdown of
Smad3 in tumor cells can significantly inhibit experimental metas-
tasis in mice (201). Furthermore, targeting early specific EMT
events, like the degradation of epithelial basement membranes,
can be a successful strategy, as shown in renal interstitial fibrosis.
Deficiency of plasminogen activator (tPA), which is a potent acti-
vator of MMP-9, resulted in stable epithelial basement membranes
and inhibition of EMT (202). Furthermore, studies involving the
expression of pro-epithelial factors such as BMP-7 and DKk, have
demonstrated the inhibition of EMT and consequent CSC induc-
tion as well as metastasis in colon and prostate cancer models (203,
204). In pioneering work to understand the complexity underly-
ing EMT induction, Scheel and colleagues showed recently that
canonical and non-canonical Wnt signaling cooperate with TGF-
B in order to initiate EMT in breast cancer (205). Consequently,
a series of commercial or experimental Wnt-pathway inhibitors
counteracted EMT. In summary, similar pathways promote ther-
apy resistance, EMT, CSCs, and metastasis. This gives a rationale
to inhibit processes that induce the mesenchymal phenotype of
cancer cells. Clearly, inhibition of EMT must target a variety of
pathways and should only be considered when combined therapy
is applied that targets proliferating cells.

CONCLUSION

Most solid tumors are derived from epithelial cells. Malig-
nant tumor cells actively protect themselves from host-immune
responses and anti-cancer therapeutics by creating physical
barriers that prevent the intratumoral penetration and contact
to malignant cells. This is achieved by the production of cytokines
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and chemokines that attract fibroblasts and myeloid cells into
the tumor and differentiate them into cells that support tumor
growth and produce ECM proteins that shield nests of malig-
nant tumor cells. Furthermore, although malignant cells display a
high degree of dedifferentiation, they maintain epithelial junc-
tions that seal the paracellular space between tumor cells and
block access to tumor antigens or target receptors. Tumor ECM
and epithelial junctions represent the most basic mechanisms that
create resistance to cancer treatment. Because of their impor-
tance to the tumor, they also represent an “Achilles’ heel” that
can be used for cancer therapy. Removal of these barriers will
either directly negatively affect tumor cells or facilitate anti-tumor
immune responses and drug treatment, through better intratu-
moral penetration and accessibility of target cells. A number of
experimental approaches are aimed toward the transient degra-
dation or downregulation of ECM proteins using injection of
ECM-degrading enzymes into the tumor or their intratumoral
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Neuroblastoma (NB) is the most common extracranial solid tumor in children, accounting
for about 8% of childhood cancers. Despite aggressive treatment, patients suffering from
high-risk NB have very poor 5-year overall survival rate, due to relapsed and/or treatment-
resistant tumors. A further increase in therapeutic dose intensity is not feasible, because it
will lead to prohibitive short-term and long-term toxicities. New approaches with targeted
therapies may improve efficacy and decrease toxicity. The use of drug delivery systems
allows site specific delivery of higher payload of active agents associated with lower
systemic toxicity compared to the use of conventional (“free”) drugs. The possibility of
imparting selectivity to the carriers to the cancer foci through the use of a targeting moiety
(e.g., a peptide or an antibody) further enhances drug efficacy and safety. We have recently
developed two strategies for increasing local concentration of anti-cancer agents, such as
CpG-containing oligonucleotides, small interfering RNAs, and chemotherapeutics in NB. For
doing that, we have used the monoclonal antibody anti-disialoganglioside (GD,), able to
specifically recognize the NB tumor and the peptides containing NGR and CPRECES motifs,
that selectively bind to the aminopeptidase N-expressing endothelial and the aminopepti-
dase A-expressing perivascular tumor cells, respectively. The review will focus on the use
of tumor and tumor vasculature-targeted nanocarriers to improve tumor targeting, uptake,
and penetration of drugs in preclinical models of human NB.

Keywords: drug delivery, targeting, nanocarriers, tumor vasculature, tumor uptake, tumor penetration,

neuroblastoma

INTRODUCTION
Neuroblastoma (NB) is the most common solid tumor in children
derived from the sympathetic nervous system and the commonest
type of cancer to be diagnosed in the first year of life (1). The effec-
tive treatment of NB, either at advanced stages or at minimal resid-
ual disease, remains one of the major challenges in pediatric oncol-
ogy. While Stage I and II tumors are localized and well differenti-
ated, and can be successfully treated by surgical resection, patients
with stage III and IV tumors present regional and disseminated
disease with poor prognosis and low response to intensive ther-
apeutic intervention and conventional treatments (2). Moreover,
despite some advances, these tumors still have unacceptably low
cure rates, and, even when treatment is successful, the acute and
long-term morbidity of current therapy can be substantial (3, 4).

In vitro preclinical research has identified novel agents with
promising therapeutic potential for the treatment of this malig-
nancy, however their in vivo efficacy is limited by unfavorable
pharmacokinetic properties resulting in either insufficient drug
delivery and penetration into the tumor and/or metastatic sites, or
high systemic and/or organ-specific toxicities.

Currently, anti-tumor compounds share, indeed, two prop-
erties: short half-life and small therapeutic index (the range
of concentration between efficacy and toxicity). However, it

has been demonstrated that the encapsulation of these “drugs”
into nanocarriers drastically ameliorates their kinetic profiles,
increasing tumor targeting and reducing side effects.

NANOCARRIERS FOR DRUG DELIVERY

The medical community has recently sought alternative thera-
pies that improve selective toxicity against cancer cells, while
decreasing side effects. Nano-biotechnology, defined as biomed-
ical applications of nano-sized systems, is a rapidly developing
area within nanotechnology (5). Nanoparticles, such as liposomes,
allow unique interaction with biological systems at the molec-
ular level. They can also facilitate important advances in detec-
tion, diagnosis, and treatment of human cancers and have led to
a new discipline of nano-biotechnology, called nano-oncology.
Nanoparticles are being actively developed for tumor imaging
in vivo, biomolecular profiling of cancer biomarkers, and targeted
drug delivery (6-8).

Growing solid tumors have capillaries with increased perme-
ability as a result of the disease process (e.g., tumor angiogenesis).
Pore diameters in these capillaries can range from 100 to 800 nm.
Drug-containing liposomes that have diameters in the range of
approximately 50-200 nm are small enough to extravasate from
the blood into the tumor interstitial space through these pores

www.frontiersin.org

August 2013 | Volume 3 | Article 190 | 40


http://www.frontiersin.org/Oncology
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/about
http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs/10.3389/fonc.2013.00190/abstract
http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs/10.3389/fonc.2013.00190/abstract
http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs/10.3389/fonc.2013.00190/abstract
http://www.frontiersin.org/people/FabioPastorino/102251
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MircoPonzoni&UID=82465
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs/archive
mailto:fabiopastorino@ospedale-gaslini.ge.it
mailto:fabiopastorino@ospedale-gaslini.ge.it
mailto:mircoponzoni@ospedale-gaslini.ge.it

Pastorino et al.

Drug-targeting and penetration in neuroblastoma

(9). Normal tissues contain capillaries with tight junctions that
are impermeable to liposomes and other particles of this diame-
ter. This differential accumulation and penetration of liposomal
drugs in tumor tissues relative to normal cells is the basis for
the increased tumor specificity of liposomal drugs relative to free
drugs. In addition, due to impaired and defective lymphatic ves-
sels, tumors lack lymphatic drainage and therefore there is low
clearance of the extravasated liposomes from tumors. Thus, this
liposome-mediated passive targeting can result in increases in drug
concentrations within solid tumors of several-fold relative to those
obtained with free drugs. This phenomenon has been termed the
enhanced permeability and retention effect (EPR) (10-12). This
mechanism of action of the liposomal drugs is thought to be due
to sustained release of drug from the liposomes and diffusion
of the released drug throughout the tumor interstitial fluid, with
subsequent uptake of the released drug by tumor cells.

At present, however, EPR effect has been measured mostly, if
not exclusively, in implanted tumors with limited data on EPR
in metastatic lesions. Moreover, EPR heterogeneity effect in dif-
ferent tumors (with either differences in vessel structures within
a single tumor type, or different pore dimensions in the vascu-
lature and changed pore size with the location for a given type
of tumor) as well as limited experimental data from patients on
the effectiveness of this mechanism, seems to hamper the progress
in developing drugs using this approach (13). Furthermore, EPR
effect has been demonstrated to be insufficiently performatory in
different animal models of human NB used for testing our pre-
clinical nanocarriers-based therapies (14-19), likely because of the
above mentioned tumor heterogeneity.

Consequently, in the attempt of globally increasing the speci-
ficity of interaction of liposomal drugs with target cells and
the penetration of more amount of drug delivered to latter,
recent efforts in the nanocarriers field have been addressed to the
development of Ligand-Targeted Liposomes (LTLs). These lipo-
somes utilize targeting moieties coupled to the liposome surface,
for delivering the drug-liposome package to the desired site of
action (active targeting). Targeting moieties may include anti-
body molecules, or fragments thereof, small molecular weight
naturally occurring or synthetic ligands like peptides, carbo-
hydrates, glycoproteins, or receptor ligands, i.e., essentially any
molecule that selectively recognizes and binds to target antigens
or receptors over-expressed or selectively expressed on cancer
cells (20).

The great advantages of LTLs encapsulating cytotoxic drugs
over free drugs have been unquestionably demonstrated in a num-
ber of experimental models of cancer (15,20-22). The mechanism
whereby LTLs appears to act is related to the specific binding of
the drug carrying liposomes to the selective receptor expressed on
cell surface of tumor cells and the subsequent internalization of
the liposomal drug package.

Interestingly, localized release of the encapsulated drug at the
targeted cell surface may occur, contributing to the mechanism of
drug penetration and cytotoxicity mainly due as a consequence of
binding to the specific receptor(s) (11, 20). Since most tumors are
heterogeneous with regard to tumor-associated-antigen expres-
sion, another advantage may be the “bystander effect”: specific
binding of LTLs to a tumor cell, with release and diffusion of

the drug into tumor parenchyma may result in cytotoxicity of
bystander tumor cells lacking the specific epitope. It has been
shown that approximately 400-fold more monoclonal antibody
was required to achieve similar results with antibody-drug con-
jugates. Hence, high drug: antibody ratios can be achieved with
LTLs, thus decreasing the need for expensive and potentially
immunogenic antibodies.

TUMOR CELL TARGETING LEADS TO INCREASED UPTAKE OF

ANTI-CANCER AGENTS IN NB

Neuroblastoma tumors express abundant amounts of the disialo-
ganglioside GD; at the cell surface and this epitope is only min-
imally expressed by normal tissues, such as the cerebellum and
peripheral nerves (23), thus the use of anti-GD, whole antibod-
ies or their corresponding Fab’ fragments were used as a selective
ligand for targeting liposomal “drug” to human NB cells.

Below are reported our recent results obtained by using “drug”-
loaded, nanocarrier-mediated targeting of the GD; epitope, via
coupled anti-GD, whole antibodies, with improved uptake and
penetration of drugs into experimental models of human NB.

LIPOSOMAL FENRETINIDE

Due to the success of 13-cis-retinoic acid in NB high-risk patients
with elevated frequency of relapse from minimal residual disease
(24),an increased scientific interest has been consolidated in devel-
oping retinoids, a known class of molecules able to trigger both
terminal differentiation and apoptosis/necrosis on NB cells (25,
26). In this scenario, newer chemotherapeutic approaches also
count on the addition of more potent retinoids, such as fenre-
tinide (HPR), a synthetic retinoic acid derivative, which has a very
low degree of toxicity relative to others and has shown efficacy
as a highly active and promising therapeutic and chemopreven-
tive agent in different experimental models and clinical trials (27,
28). However, despite good tolerability in humans, therapeutic
efficacy of HPR is limited by its relatively poor bioavailability par-
ticularly from ingested tablets (29). Indeed, the phase II study of
oral capsular HPR has recently underlined how, this formulation
is characterized by intraindividual and interindividual variation
in pharmacokinetic features as HPR is too lipophilic to easily
pass the intestinal membrane (30). This hindrance has prompted
scientists to draw clinical protocols based on more appropriate
HPR formulations with improved biodistribution after both oral
route and intravenous injection and suitable also for pediatric
use. Maurer et al. (31) has proposed a lipid complex to deliver
HPR, called 4-HPR/Lym-X-Sorb (LXS), that was able to improve
the retinoid solubility and oral bioavailability and to significantly
increase plasma and tissue levels in mice (32). On the other hand,
an in vitro study has proposed, as novel carriers for HPR, specific
amphiphilic macromolecules formed by branched polyethylene
glycol covalently linked with alkyl hydrocarbon chains: in this for-
mulation, HPR is entrapped onto hydrophobic inner cores and
the resultant complexes have dimensions suitable for intravenous
administration (33).

In order to improve tumor targeting, drug stability, and drug
pharmacokinetics and bioavailability, we designed a formula-
tion of HPR, encapsulated in sterically stabilized, GD,-targeted
immunoliposomes [GD,-SIL(HPR)]. We demonstrated that HPR
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efficiently induced a dramatic inhibition of metastases, leading to
almost 100% of curability in NB-bearing mice, only when encap-
sulated in GD;-targeted nanocarriers (14). These achievements
totally disappeared when HPR was administered either free (free
HPR) or loaded in non-targeted liposomes [SL(HPR)], confirm-
ing the importance of the tumor targeting as a mandatory tool
for enhancing binding, uptake, and anti-tumor effects against NB
(Figure 1A).

On the other hand, in this NB animal model, anti-GD,
monoclonal antibody (anti-GD,; mAb) also led to a consider-
able anti-tumor effect, indicating that the anti-GD, “di per se”
was responsible of part of the observed therapeutic effects
(Figure 1B) (14). Thus, in the subsequent therapeutic, liposomes-
based experiments we decided to use nanocarriers decorated with
the non-immunogenic Fab’ fragments of anti-GD,, thus avoiding
antibody-dependent cell cytotoxicity.

Indeed, the coupling of antibody Fab’ fragments instead of
whole immunoglobulin molecules abolishes the mononuclear
phagocyte system uptake of the anti-GD;, which takes place via an
Fc receptor-mediated mechanism (34). Consequently, small LTLs
decorated with Fab’ fragments have significantly longer circula-
tion time than comparable formulations containing whole mAbs
(20). This can result in an enhanced accumulation of the lipo-
somes in solid tumor (35) and in a significant suppression of
tumor growth (36, 37).

Here, we present some results obtained by using Fab’ fragments
of anti-GD, immunoliposomes to increase uptake and anti-tumor
activity of CpG-containing antisense oligonucleotides (asODNss),
small interfering RNAs (siRNAs), and chemotherapeutics in
animal models of human NB.

LIPOSOMAL ANTISENSE OLIGONUCLEOTIDES

The identification of cancer-associated genes hold promise for
the development of novel therapeutic strategies that selectively
target tumor cells. asODNs can be used to specifically down
modulate tumor associated gene expression (resulting in a direct
anti-cancer effect) and as immune adjuvant by CpG-containing
asODN-driven cytokines production and innate immune stim-
ulation (38). However, since the in vivo applicability of ODNs
is impaired by their high sensitivity to extracellular and cellular
nuclease degradation (39), their encapsulation within liposomes
should increase their stability. C-myb gene expression has been
reported in several solid tumors of different embryonic origin,
including NB, where it is linked to cell proliferation and/or differ-
entiation (40, 41). We performed a new technique to encapsulate
CpG-containing c-myb asODNs within lipid particles. Liposomes
resulting from this technique were called coated cationic lipo-
somes (CCLs) (41), since they were made up of a central core of a
cationic phospholipids bound to myb asODNs and an outer shell
of neutral lipids.

Fab’-GD,-targeted, CpG-containing c-myb asODNs-loaded
CCLs reduced in a specific and time-dependent manner the
expression of c-Myb protein by NB cells (Figure 2A). Importantly,
we also demonstrated that their systemic administration in NB-
bearing mice, induced anti-tumor effects with increased survival
only when encapsulated in nanocarriers targeting the NB surface
antigen, GD, that internalizes after binding its ligand (Figure 2B)

A
100
-= CTR
= —+ free HPR
g —~ SL[HPR]
5 507 -+ GD,-SL[HPR]
X
N 0 3I0 6)'0 9I0 1 I20 1I50
days after HTLA-230 (i.v.) injection
B
100
-= CTR
50 — anti-GD2 mAb

-~ GD,-SL[HPR]

% survival

0 30 60 90 1I20 1 I50
days after HTLA-230 (i.v.) injection

FIGURE 1 | Survival of neuroblastoma-bearing mice after treatment
with fenretinide (HPR)-containing nanocarriers. Nude mice were
injected intravenously with 3 x 10° HTLA-230 cells, and treated 4 h after
with the following HPR formulations for 5 days: (A) Hepes Buffer pH 74,
control (CTR); free HPR, 15 mg/kg/total dose; SL(HPR), 15 mg/kg/total dose;
GD,-SL(HPR), 15 mg HPR/kg/total dose (containing 2 mg mAb/kg/total
dose). In a second experiment (B), a group of mice were treated with 2 mg
of GD, monoclonal antibody/kg/total (anti-GD, mAb). All the experiments
have been performed with n= 10 animals/group.

(17). We further demonstrated that increased animals life span
was due to a dual mechanism of action. Firstly, a direct inhibition
of tumor growth, via tumor cell binding, uptake, and inhibition
of c-myb proto-oncogene expression; secondly, an indirect CpG-
dependent immune stimulation, whose function was lost as the
result of using clodronate-driven macrophage depletion in nude
mice (Figure 2C) and B and NK cells depletion in SCID-bg mice
(Figure 2D) (17).

LIPOSOMAL SMALL INTERFERING RNAs
Despite the considerable potential of RNA interference (RNAi)
for treating cancers (42, 43), several challenges still need to be
overcome for exogenous siRNAs to be widely used as cancer ther-
apeutics. The most significant hurdle is the specific and non-toxic
delivery of siRNAs to the site of action. siRNA applications are so
far limited almost to targets within the liver, where the delivery
systems naturally occur, while delivery of siRNAs to extra-hepatic
targets remain a serious challenge.

In order to solve this limitation, we consequently developed
a new tumor-targeted delivery system for siRNAs, through their
encapsulation into Fab’ fragments GD,-targeted coated CCLs,
and validated their ability to silence the oncogene anaplastic lym-
phoma kinase (ALK) by increasing NB tumor binding and siRNA
penetration-driven anti-tumor effect.
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FIGURE 2 | Inhibition of c-Myb protein expression and increase of
survival of neuroblastoma-bearing mice after treatment with c-myb
antisense oligonucleotides (asODNs)-containing nanocarriers. (A)
GI-LI-N neuroblastoma cells were treated with CpG-containing c-myb
asODN:Ss, either free (free CpG-myb-as) or encapsulated in untargeted
[CCL(CpG-myb-as)] and targeted [Fab’-GD,-CCL(CpG-myb-as)] nanocarriers,
at a concentration of 100 wg/ml at the beginning of the experiment and 18
and 36 h later. Two hours after each addition, the cells were washed and
transferred to CpG-myb-as-free fresh complete medium. The cells were
harvested at 48 h (upper panel) or at the indicated time points (lower panels)
and analysis of protein expression (c-Myb and c-Myc as control) was
performed by immunoblotting. (B) Nude mice (n= 10 animals/group) were
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injected intravenously with 3.5 x 10° HTLA-230 cells. Treatment with either
as or scrambled (scr), CpG-containing ODNs, administered free and
encapsulated in untargeted (CCL) and targeted (Fab’-GD,-CCL) liposomes
was started at 4 h after cell inoculation. Mice were treated 4 days a week,
for 2 weeks, with 3 day rest between treatments. Each mouse received

50 ng ODN. Control mice (CTR) received HEPES-buffered saline. (C,D)
Effects of either macrophages or natural killer (NK) cells depletion on
anti-tumor activity mediated by treatment with liposomal formulations
containing ODNs. Mice [nude, n=8 animals/group (C) and SCID-bg, n=10
animals/group (D)] were inoculated with HTLA-230 cells and then treated as
already mentioned in Figure 1. In some treatment groups of (C), mice were
injected with Clodronate-liposomes to deplete macrophages.

Indeed, over expression of either mutated or wild-type ALK
tyrosine kinase receptor proteins induces constitutive kinase activ-
ity in NB (44), while ALK expression knockdown leads to a
pronounced decreased cell proliferation. Moreover, ALK muta-
tions and amplifications, as well as gene over expression, clearly
correlate with poor outcomes in both advanced and metastatic
NB disease, when compared with localized tumors (44). Based on
these concepts, we tested the therapeutic efficacy of targeting ALK
gene in NB, by developing a selective silencing approach (45).

We showed that, while almost no binding and uptake
was observed by siRNA-containing, untargeted liposomes
[CCL(siRNA)] in NB cells, Fab’-GD,-targeted CCL(siRNA) were
efficiently internalized (Figure 3A). Interestingly, in biologically
relevant NB animal models, we demonstrated that, compared to
free ALK-siRNA, Fab’-GD,-CCL(ALK-siRNA) increased siRNA
stability, and a selective block of NB tumor growth, resulting in
partial tumor regression (Figure 3B), improved silencing of the
specific gene (Figure 3C), and increased life span in NB xenografts
(Figure 3D) (45). This strategy also induced inhibition of

angiogenesis and of metastatic potential in a safe and highly effec-
tive manner (46), confirming the pivotal role of targeted therapies
to enhance tumor “drug” penetration and cytotoxic effects.

LIPOSOMAL DOXORUBICIN

To eradicate tumors with chemotherapy, anti-cancer drugs must
reach lethal concentrations, in theory, in all of the tumor cells.
Failure to achieve high local levels of drugs, e.g., due to lim-
ited drug delivery and/or penetration within tumors is critical
for the effectiveness of solid-tumor chemotherapy (47). Meth-
ods for improving drug delivery and penetration in tumor tissues
are, therefore, of great experimental and clinical interest. On this
direction, one approach to selective eradicate NB tumor cells is
based on the fact that NB is a chemosensitive tumor and cytotoxic
agents, such as doxorubicin (DXR), are considered to be effective
treatment modalities. However, the therapeutic efficacy of DXR,
which is widely used in the treatment of solid tumors, is restricted
by dose-limiting toxicity to bone marrow and heart tissue (48).
The selective toxicity of DXR would be greatly improved if the
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FIGURE 3 | Neuroblastoma-targeted nanoparticles entrapping siRNA
specifically knockdown ALK. (A) Uptake and internalization of
liposome-encapsulated FAM-labeled scrambled-siRNA (scr-siRNA-FAM) into
GD,-expressing neuroblastoma cells (SH-SY5Y). Cells were incubated at 37°C
for 1h, with either untargeted [CCL(scr-siRNA-FAM)] or Fab’ fragments
GD,-targeted coated cationic liposomes [Fab’-GD,-CCL(scrsiRNA-FAM)]. After
washing and cytospin centrifugation, cells were fixed and stained with a
monoclonal antibody specific for the cellular adhesion molecule N-CAM
(a-CD56) to reveal plasma membrane localization. Cell nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI). The cellular distribution of
scrsiRNA-FAM (green), CD56 (red), nuclear DAPI staining (blue), and merged
colors resulting from siRNA-liposome binding to the cell surface (orange)
fluorescences was analyzed with a laser scanning spectral confocal

A
CCL|[scr-siRNA-FAM]  Fab’-GD,-CCL|[scr- B
siRNA-FAM] 4.
3. “+CTR
'E 3, ~~Fab'-GD,-CCL[ALK-siRNA|
S 2. —~Fab'-GD,-CCL[scr-siRNA]
e —*free ALK-siRNA
g *kk
= 1. *%
S 1. w3k
> 0. it
O.U' T T 1
0 10 20 30
Days after SH-SYS5Y orthotopic
implantation

CTR
Fab'-GD,-CCL[ALK-siRNA]
Fab'-GD,-CCL[scr-siRNA]
free ALK-siRNA

759

betd

50

254

0
0

T T T

0 25 50 75
Days after SH-SY5Y orthotopic implantation

microscope. Bars: 50 wm. (B-D) Tumor growth inhibition in vivo by ALK-siRNA
encapsulated in Fab’-GD,-CCL. SCID-bg mice (n=8) were orthotopically
injected with 1.5 x 10® SH-SYBY cells in the capsule of the left adrenal gland.
Seven days after the tumor implantation, mice were treated, two-time a week
for 3weeks with ALK-siRNA, either free or encapsulated in GD2-targeted
nanocarriers [Fab’-GD,-CCL(ALK-siRNA)]. Another group of mice received a
scrambled (scr) siRNA-loaded nanoparticles [Fab’-GD,-CCL (scrsiRNA)] as
control or HEPES-buffered saline (CTR). Tumor expansion over time measured
by calipers (B) and survival times (D) were used for determination of the
treatment efficacy. (C) The day after the last treatment (25 day), tumors from
three mice per group were recovered for western blot analyses and ALK
protein expression. *P < 0.05; **P < 0.01; ***P <0.001,
Fab’-GD,-CCL(ALK-siRNA) vs. Fab’-GD,-CCL(scrsiRNA).

concentration of drug in tumors could be increased relative to
that in sensitive normal tissues.

Two strategies, based on tumor and vascular targeting, have
been recently described for increasing the local concentration of
the chemotherapeutic drug DXR in tumors and its therapeutic
index. The first strategy is based on the direct targeting of the
tumor cells by the use of Fab’ fragments of GD;-targeted DXR
liposomal [Fab’-GD,-SIL(DXR)] (15). The second approach that
will be discussed in the next chapter, is based on direct targeting
of the tumor vasculature, using DXR encapsulated into modi-
fied liposomes able to bind and home to tumor blood vessels
(16,21, 49).

In the first study Fab’-GD,-SIL(DXR) has presented increased
selectivity and efficacy in inhibiting NB cell proliferation com-
pared to free drug and non-targeted DXR formulation. The
in vivo anti-tumor activity of Fab’-GD,-SIL(DXR) was evaluated
in terms of metastasis growth inhibition and increased life span

in a pseudometastatic animal model of human NB. In this study,
100% of mice treated with DXR-loaded Fab’-immunoliposomes
1 day after tumor cells injection, were still alive more than 4 months
after treatment. DXR administered either free or encapsulated in
non-targeted nanocarriers did not show any anti-tumor effect,
again confirming the important role of the specific tumor target-
ing in improving drug uptake and consequent tumor cells killing
(Figure 4A) (15).

The next aim was to verify whether these anti-tumor effects
were maintained in more established tumors or if the thera-
peutic efficacy declined when treatment was delayed. Indeed,
a longer period of time between inoculation of cells and the
administration of treatment would allow the tumor cells to estab-
lish metastases that might escape treatment. The metastatic cells
would become less accessible from the vasculature and the tumor-
targeted liposomes become less effective as their accessibility to
the tumor cells becomes compromised. As expected, a delay in the
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FIGURE 4 | Survival of neuroblastoma-bearing mice after treatment
with doxorubicin (DXR)-containing, GD,-targeted nanocarriers. (A)
Nude mice received injections in the tail vein with 4 x 106 HTLA-230 cells
and 1 and 3 days post-inoculation mice received 5 mg/kg of DXR. Treatment
groups (n=8/group) consisted of DXR administered either free (free DXR)
or encapsulated in untargeted [SL(DXR)] and targeted [Fab’-GD,-SIL(DXR)]
nanocarriers. (B) Nude mice (8/group), inoculated i.v. with 4 x 10° HTLA-230
cells, were treated on days 1, 2, 5, or 10 with 8 mg DXR/kg/week x 2 as
Fab’-GD,-targeted nanocarriers [Fab’-GD2-SIL(DXR), t;, 15, ts, tio,
respectively). Control mice (CTR) received HEPES-buffered saline. Partially
reproduced from Pastorino et al. (21).

start of treatment substantially reduced the therapeutic efficacy
of Fab’-GD,-SIL(DXR), demonstrating the time dependence of
the anti-tumor activity of the tumor-targeted formulation against
advanced NB animal models (Figure 4B). However, with increas-
ing time, the new lesions begin to recruit blood vessels to support
their growth and the lesions will have increased sensitivity to anti-
vascular therapy with time (21). Thus, our findings suggest the
subsequent use of therapies targeting the vascular network of the
tumor, as discussed below, to treat more mature solid tumors.

INCREASING LOCAL CONCENTRATION OF ANTI-CANCER
AGENTS IN NB BY TUMOR VASCULATURE TARGETING
STRATEGY

The alternative strategy we pursued to increase the delivery and the
uptake of DXR into NB is based on the use of tumor vasculature-
targeted liposomes. The targeting of therapeutics to blood vessels,
using probes that bind to specific molecular addresses in the
vasculature, has indeed became a major research area (50). The
inhibition of tumor growth by attacking the vascular supply of
the tumor offers a primary target for therapeutic intervention.
Indeed, host endothelial cells are believed to play a central role
in tumor growth, progression, and metastasis, acting as the pri-
mary building blocks of the tumor microvasculature (51). Because
of the “angiogenesis dependence” of solid tumors, predicted by

Folkman nearly 40 years ago, selective inhibition or destruction
of the tumor vasculature (using anti-angiogenic or anti-vascular
treatments, respectively) could trigger tumor growth inhibition,
regression, and/or a state of dormancy and thereby offer a novel
approach to cancer treatment.

There are several advantages of targeting chemotherapeutic
agents to proliferating endothelial cells in the tumor vasculature
rather than directly to tumor cells. First, acquired drug resis-
tance, resulting from genetic and epigenetic mechanisms reduces
the effectiveness of available drugs (52). Anti-angiogenic/anti-
vascular therapy has the potential to overcome these problems
or reduce their impact. The tumor vasculature, composed of non-
malignant cells that are genetically more stable than malignant
cells, is therefore unlikely to mutate into drug-resistant vari-
ants. Second, the fact that a large number of cancer cells depend
upon a small number of endothelial cells for their growth and
survival might also amplify the therapeutic effect (53). Third,
anti-angiogenic therapies may also circumvent what may be a
major mechanism of intrinsic drug resistance, namely insuffi-
cient drug penetration into the interior of a tumor mass due to
high interstitial pressure gradients within tumors (54). A strat-
egy that targets both the tumor vasculature and the tumor cells
themselves may be more effective than strategies that target only
tumor vasculature, since this strategy can leave a cuff of unaffected
tumor cells at the tumor periphery that can subsequently re-grow
and kill the animals (55). Fourth, oxygen consumption by neo-
plastic and endothelial cells, along with poor oxygen perfusion,
creates hypoxia within tumors. These pathophysiological charac-
teristics of solid tumors compromise the delivery and effectiveness
of conventional cytotoxic therapies as well as molecularly targeted
therapies (53, 54). Finally, the therapeutic target is independent of
the type of solid tumor; killing of proliferating endothelial cells in
the tumor microenvironment can be effective against a variety of
malignancies.

Phage display technology has been recently used to discover
novel ligands specific to receptors on the surface of tumor epithe-
lial and endothelial cells (56). In vivo panning of phage libraries
in tumor-bearing mice has selected peptides that interact with
proteins expressed on tumor-associated vessels and that home to
neoplastic tissues (57). This technology, for instance, was used to
isolate peptides homing specifically to the tumor blood vessel-
associated addresses, aminopeptidase N (APN) and A (APA) (58,
59). We have firstly demonstrated that liposome-entrapped DXR,
and targeted to APN via an NGR-containing peptide, induced
tumor regression, pronounced destruction of the tumor vessels,
and prolonged survival in NB-bearing mice (16).

Specifically, to determine whether the NGR-targeted lipo-
somes [NGR-SL(DXR)] could deliver DXR to angiogenic tumor-
associated blood vessels, we injected them into the tail vein of mice
bearing established adrenal tumors. In one set of experiments,
liposomes were allowed to circulate from 2 to 24 h, followed by
perfusion and immediate tissue recovery. There was a clear time-
dependent uptake of DXR in the tumor vasculature. At 24 h, the
staining pattern indicated that the DXR had spread outside the
blood vessels and into the tumors (16). This spreading was attrib-
utable to increased permeability of tumor blood vessels to the
intact liposomes (60) and/or uptake of the targeted liposomes
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by angiogenic endothelial cells and subsequent penetration and
transfer to tumor cells. Likely both mechanisms are working at
the same time. In the second set of experiments, tissues were
examined 16 h after the injection of DXR-loaded liposomes, dec-
orated with either the specific NGR [NGR-SL(DXR)] or with the
miss-matched ARA [ARA-SL(DXR)] peptides. Strong DXR stain-
ing in tumor vasculature was seen only in animals treated with
NGR-liposomes (Figure 5A). Tumor-specific DXR uptake was
completely blocked when mice were co-injected with a 50-fold
molar excess of the soluble NGR peptide (16), confirming the
peptide recognizing tumor vasculature-driven cell drug binding
and penetration.

Histopathological analysis of cryosections taken from NGR-
SL(DXR) treated mice revealed pronounced destruction of the
tumor vasculature. Indeed, double staining of tumors with
TUNEL and anti-factor VIII antibody or anti-human NB, demon-
strated endothelial cell apoptosis in the vasculature as well
as increased tumor cell apoptosis (16). Moreover, mice dis-
played rapid tumor regression, inhibition of metastases growth,
and suppression of blood vessel density, while mice treated
with ARA-SL(DXR) formed large well-vascularized tumors
(Figures 5B-D) (16).

Subsequently, we developed a novel liposomal formulation tar-
geting the perivascular tumor cell marker APA, expressed in the
vascular wall of NB primary and metastatic lesions.

The primary goal of this study was to validate the hypoth-
esis that the combined targeting of both the tumor endothelial
cells (recognizing APN) and the pericytes (recognizing APA), sup-
porting the vessels wall within the tumor, has improved tumor
targeting, uptake, drug penetration, and therapeutic effects relative
to each therapy alone.

Neuroblastoma-bearing mice receiving APA-targeted liposo-
mal DXR [CPRECES-SL(DXR)] exhibited an increased life span
in comparison to control mice, but to a lesser extent relative to that
in mice treated with APN-targeted formulation [NGR-SL(DXR)]
(18). However, mice treated with a combination (COMBO) of
APA- and APN-targeted, liposomal DXR had an enhanced accu-
mulation of both the carriers and the drug in the tumor mass
(Figures 6A,B), and a significant increase in life span compared
to each treatment administered separately (18). There was a sig-
nificant increase in the level of apoptosis in the tumors of mice
on the combination therapy, and a pronounced destruction of
the tumor vasculature with nearly total ablation of endothelial
cells and pericytes (Figure 6C). Thus, these results clearly demon-
strated that the combined targeted strategy, through an increased
drug penetration, was more effective for destruction of the tumor
vasculature than either monotherapy. Combination therapy led
to a statistically significant increase in life span in a murine
xenograft model of human NB compared to the formulations
given alone (18).

NGR-SL[DXR] ARA-SL[DXR]

C

1200
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FIGURE 5 | Anti-angiogenic and anti-tumor effects of doxorubicin
(DXR)-containing, tumor vascular targeted nanocarriers. (A) Tumor
homing of NGR-targeted liposomal DXR in SCID mice orthotopically
injected in the left adrenal gland with 1.5 x 10 SH-SY5Y neuroblastoma
cells. DXR-loaded, either NGR-targeted or miss-matched peptide
ARA-targeted nanocarriers, were injected via the tail vein as a single bolus
dose. After 16 h, tumors were collected and DXR (red) visualized by
fluorescence microscopy of fixed, paraffin embedded, tissue sections.
(B-D) Delivery of DXR to tumor vessels inhibits angiogenesis, causing
regression of established NB tumors. SCID mice orthotopically implanted
with SH-SYBY cells were injected intravenously with 3 mg DXR/kg, 21, 28,
and 35 days post tumor inoculation. Treatment groups (n = 8/group)
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consisted of DXR administered either free (free DXR) or encapsulated in
untargeted [SL(DXR)] and either NGR-targeted [NGR-SL(DXR)] or
miss-matched peptide ARA-targeted [ARA-SL(DXR)] nanocarriers. Control
mice (CTR) received HEPES-buffered saline. (B) Tumor vessels density
inhibition after NGR-targeted liposomal DXR treatments. Orthotopic
tumors, at day 36 from CTR and from both NGR- and ARA-targeted,
DXR-treated groups, were sectioned and stained with an antibody to factor
VIII to count blood vessels. Each bar represents the mean 4 SD of five
replicates. (C) Neuroblastoma tumor growth arrest by NGR-targeted
liposomal DXR. Each point represents the mean + SD of six replicates. (D)
Increase in animal life span by NGR-targeted liposomal DXR. Partially
reproduced from Pastorino et al. (16).
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TUNEL

FIGURE 6 | Combined targeting of endothelial and perivascular tumor
cells enhances anti-tumor efficacy of liposomal doxorubicin (DXR) in
neuroblastoma. (A,B) Accumulation of APN- and APA-targeted, DXR-loaded,
nanocarriers in nude mice orthotopically implanted with GI-LI-N
neuroblastoma cells. (A) *H-labeled, endothelial- (via NGR peptide) and
perivascular (via CPRECES peptide) targeted, DXR-loaded nanocarriers were
injected intravenously in a single bolus. Treatment groups consisted of
NGR-*H-SL(DXR), CPRECES-*H-SL(DXR), and combination of targeted
liposomes (COMBO). At selected time points post-injection, blood was
measured for *H in a beta-counter. Points, average of three mice; bars, £95%
C.I. (B) Tumor accumulation of DXR visualized by fluorescence microscopy of
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NB tissue sections. Magnitude, 40x. (C) Effects of the combination therapy
on endothelial, perivascular, and tumor cells in vivo. Immunohistochemistry
was performed on established NB tumors removed from untreated mice
(CTR) or from mice treated with DXR-loaded, NGR-targeted or
CPRECES-targeted nanocarriers, or with a combination of the two liposomal
formulations (COMBO). Tumors were removed on day 36 and tissue sections
were immunostained for CD31 and SMA to detect tumor vasculature (scale
bar, 250 wm). TUNEL was performed to detect tumor apoptosis (scale bar,
100 wm). Cell nuclei were stained with DAPI. Columns, mean of CD31, SMA,
and TUNEL staining intensities; error bars represent 95% C.I. **P <0.01;
*¥**P <0.001, COMBO vs. single treatments.
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CONCLUDING REMARKS
In a tumor mass, neoplastic cells and the vascular endothelium
of angiogenic blood vessels that support tumor growth express
targetable surface markers that are accessible from the circulation.
Thus, targeting therapeutic agents to tumor cells and to tumor
vessels made it possible to deliver the anti-cancer agents to the
tumor site, and to combine blood vessel destruction with the con-
ventional anti-tumor actions of drugs, leading to more efficacious
effects and less systemic toxicity than conventional therapy.
However, despite good results obtained in preclinical experi-
mental models, targeted therapies have also practically met with
some drawbacks, restricting their clinical translation. In particular,
this approach has only a partial success for the treatment of well-
established solid tumors, where tumor vessels are poorly perfused
with blood and are dysfunctional, limiting the delivery of blood-
borne compounds into the tumor masses (61). Tumors have also

an high interstitial pressure deriving from dysfunctional lymphat-
ics, which causes tissue fluid to flow out of the tumor thus reducing
diffusion of drugs from the blood vessels into the tumors (61,
62). Finally, interstitial fibrosis can further retard the diffusion of
targeted compounds through the dense tumor parenchyma (63).

Consequently, to further overcome these drawbacks and to
increase anti-tumor efficacy of the targeted therapies, in the near
future the use of targeting probes with even more enhanced tumor-
penetrating properties and receptors that are likely shared between
tumor vessels and tumor cells should be envisaged.
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Systemic anticancer treatments fail in a substantial number of patients. This may be
caused by inadequate uptake and penetration of drugs in malignant tumors. Consequently,
improvement of drug delivery to solid tumors may enhance its efficacy. Before evaluat-
ing strategies to enhance drug uptake in tumors, better understanding of drug delivery to
human tumors is needed. Positron emission tomography (PET) is an imaging technique
that can be used to monitor drug pharmacokinetics non-invasively in patients, based on
radiolabeling these drugs with short-lived positron emitters. In this mini review, principles
and potential applications of PET using radiolabeled anticancer drugs will be discussed with
respect to personalized treatment planning in oncology. In particular, it will be discussed
how these radiolabeled anticancer drugs could help to develop strategies for improved
drug delivery to solid tumors. The development and clinical implementation of PET using
radiolabeled anticancer drugs will be illustrated by validation studies of carbon-11 labeled
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docetaxel ([''Cldocetaxel) in lung cancer patients.

Keywords: positron emission tomography, radiolabeled anticancer drugs, drug delivery, tumors, ["Cldocetaxel,

lung cancer

INTRODUCTION

To date, an increasing number of anticancer drugs is available
for treating cancer patients. Nevertheless, resistance to anticancer
drugs remains a problem in a substantial number of patients and,
consequently, these patients may suffer from drug-induced tox-
icities without any benefit. Tumor response to anticancer drugs
is, amongst others, thought to be directly related to drug con-
centrations in tumor tissue. Strategies that improve drug delivery
to tumors may therefore enhance efficacy of anticancer drugs.
Prior to the evaluation of these strategies, better understand-
ing of drug delivery to human tumors is needed. Direct assess-
ment of tumor drug concentrations in cancer patients, how-
ever, is challenging, as it requires accessibility to tumors that
are usually deeply seated within the body. Positron emission
tomography (PET) is an imaging technique that can be used
to monitor drug pharmacokinetics non-invasively in patients by
radiolabeling drugs of interest with short-lived positron emit-
ters. In this mini review, principles and potential applications
of PET using radiolabeled anticancer drugs will be discussed
for personalized treatment planning in oncology. Furthermore,
development and clinical implementation of radiolabeled anti-
cancer drugs will be illustrated by validation studies of carbon-
11 labeled docetaxel ([''C]docetaxel) in lung cancer patients.
Finally, it will be discussed how these radiolabeled anticancer drugs
could help to develop strategies for improved drug delivery to
tumors.

POSITRON EMISSION TOMOGRAPHY

PRINCIPLES OF PET

Positron emission tomography is a highly sensitive nuclear imag-
ing technique that enables non-invasive in vivo monitoring of
dynamic processes (1). PET tracers are molecules of interest that
are labeled with a positron emitting radionuclide. Such a radionu-
clide decays by emission of a positron from its nucleus, which
almost immediately results in the simultaneous emission of two
gamma rays in opposite direction. For PET imaging, in general
short-lived radionuclides, such as carbon-11 ['!C], fluorine-18
[18F], and oxygen-15 ['50] are used. A PET scanner usually con-
sists of a ring of detectors and is capable of detecting high-energy
gamma rays that are emitted from tissue after intravenous admin-
istration of a PET tracer (Figure 1). After reconstruction, data
obtained provide information on the 3-dimensional tracer con-
centration within the body. To date, a PET scanner is combined
with an integrated computed tomography (CT) scanner (2), which
is used for attenuation correction as well as anatomical localization
of tracer uptake.

KINETIC MODELING OF PET DATA

In clinical practice, a PET image can be extremely useful for diag-
nosis and staging of cancer. However, absolute quantification of
tracer kinetics in tissue is necessary for complete characteriza-
tion of functional processes in vivo. For quantification of tracers,
their uptake in tissue needs to be measured as function of time.
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FIGURE 1 | Schematic illustration of an annihilation reaction and the
subsequent coincidence detection. Positrons released from the nucleus
of the radionuclide annihilate with electrons in tissue, releasing two
coincidence photons of 511 keV, which are detected by scintillation crystals
(blue rectangles). Coincidence detection of annihilated photons identifies a
line-of-response and makes it possible to localize the source of the
annihilation.

Therefore, PET data need to be acquired as dynamic rather than
static scans. For diagnostic purposes, usually whole body scans
are performed, which consist of a series of static scans by moving
the scanner bed over multiple bed positions. During a dynamic
PET scan, patients are scanned at one bed position and detailed
(kinetic) information on a selected part of the body is obtained.
As a result, a dynamic scan is limited by the field of view of the
PET scanner, which is ~15-20 cm. Consequently, the tissue of
interest needs to be adequately defined prior to acquisition of the
PET data. Net tracer uptake in tissue is determined by its deliv-
ery, extraction from blood and washout from tissue as function of
time. Each tracer has its own distinct behavior in vivo, which can
be described by tracer kinetic models (3). Several compartmental
models have been developed to describe PET data. In Figure 2,
schematic diagrams of standard single tissue and two tissue com-
partment models are presented. The kinetic rate constants in these
models can be estimated from dynamic PET data. To this end, a tis-
sue time-activity curve (TAC; Figure 3) is fitted to the appropriate
model equation using the arterial plasma TAC as input function,
and the best fit then provides estimates of these kinetic parameters
(Figure 4). The arterial input function can be obtained from arte-
rial blood sampling using an on-line detection system (4). Arterial
blood sampling, however, is an invasive and cumbersome proce-
dure. In principle, the time course of the tracer in a large arterial
blood structure, e.g., the aorta, can also be used to generate a
non-invasive image derived input function.

PET IMAGING IN ONCOLOGY

Over the past decade, clinical applications of PET have expanded,
particularly in oncology. To date, 2-deoxy-2-['3F]fluoro-p-
glucose (['8F]FDQG) is the most widely used PET tracer for eval-
uation of cancer. High ["®F]FDG uptake in tumors is based
on altered glucose metabolism in most cancer cells (5). As
['8F]FDG uptake in tissue is not specific for malignancy and
does not provide information on other biological characteristics
of tumors, other PET tracers have been developed. For example,
3-deoxy-3-['3F]fluorothymidine (['3F]FLT) has been developed

A Tissue
K,
Cplasma - CTissue
ky
B Tissue
K, Ky
Cplasma — c1 RV Cz
k, Ky

FIGURE 2 | Compartment models to describe the behavior of a tracer
in tissue. (A) Schematic diagram of a single tissue compartment model in
which only one tissue compartment can be distinguished, such as in the
case of a flow tracer. According to this model, the tracer concentration in
tissue (Cresue) depends on plasma concentration (Cpisma), influx from plasma
(K, or rate constant for transfer from plasma to tissue), and clearance from
tissue to plasma (k, or rate constant for transfer from tissue to plasma). (B)
Schematic diagram of a two tissue compartment model. Crie cOnsists of
tracer concentrations in compartments 1 and 2, representing free (C,) and
bound or metabolized tracer (C,), respectively. Tracer kinetics in tissue are
regulated by Cp.sma @and four kinetic rate constants K, k, ks, and k. K is
the rate constant for transport from plasma to tissue, k, for transport from
tissue to plasma, and k3 and k, are kinetic rate constants describing
exchange between the two tissue compartments. For an irreversible two
tissue compartment model k, =0.

Tissue 1

N

., Tissue2

Concentration

Time

FIGURE 3 | Time-activity curves. Example of time-activity curves of
radioactivity concentrations in plasma and two different tissues of interest.

to measure tumor proliferation (6). In addition, radioactive water
(['>0]H,0) can be used to measure tumor perfusion (7), whereas
hypoxia tracers such as ['8F]fluoroazomycinarabinofuranoside
(['8F]FAZA) and ['8F]fluoromisonidazole (['®F]FMISO) can
be used to determine hypoxic areas in tumors (8). Although
these PET tracers may provide additional information on var-
ious biological processes in tumors and could be useful for
response evaluation, they are not specific enough to predict tumor
response to specific anticancer drugs. As an alternative, anti-
cancer drugs can be labeled with positron emitters. Using PET,
these radiolabeled drugs can then be used to monitor drug phar-
macokinetics in patients non-invasively. As tumor response to
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FIGURE 4 | Schematic diagram of data required for analysis of PET
data (TAC: time-activity curve).

anticancer drugs is thought to be directly related to drug con-
centrations in tumor tissue, uptake of radiolabeled anticancer
drugs in tumors may predict treatment outcome. Preliminary
PET studies using F-18 labeled 5-fluorouracil (['3F]5-FU; (9, 10)),
tamoxifen (['8F]fluorotamoxifen; (11)), and C-11 labeled doc-
etaxel ([ C]docetaxel; (12)) showed that high tumor uptake of the
radiolabeled anticancer drug was associated with improved tumor
response following corresponding therapy. These studies suggest
that radiolabeled anticancer drugs may be useful for prediction of
outcome prior to start of treatment. Consequently, an increasing
number of anticancer drugs has now been radiolabeled including
radiolabeled cytotoxic agents (e.g., [!! C]temozolomide, ['®F]5-
fluorouracil, and ['!C]docetaxel), selective hormone recep-
tor modulators (e.g., [18F]fluorotamoxifen), tyrosine kinase
inhibitors (TKIs, e.g., N-[!'C]methylimatinib, ['!C]sorafenib,
and [''Clerlotinib), and monoclonal antibodies [Mabs, e.g.,
[89Zr]cetuximab, [3°Zr]trastuzumab, and [3°Zr]bevacizumab;
(10, 11, 13=20)].

DEVELOPMENT OF RADIOLABELED ANTICANCER DRUGS

For the development of radiolabeled anticancer drugs, a com-
plex, and expensive research infrastructure is required: a cyclotron
for production of positron emitters, an on-site good manufac-
turing practice laboratory for synthesis of the tracer, a PET/CT
scanner for acquisition of images, an on-line blood sampler in
case of arterial blood sampling, an on-site laboratory for measure-
ments of radioactivity concentrations and radioactive metabolites
in plasma, and dedicated computers and software to analyze and
quantify acquired PET data. In addition, these facilities need to
be staffed by qualified personnel including a cyclotron operator,
a chemist who synthesizes the PET tracer, a radiopharmacist who
is responsible for quality control of the tracer production, a tech-
nologist for acquiring PET images, a (nuclear medicine) physician
who is clinically responsible for the patient as well as for arterial
blood sampling, a chemist for analyzing blood samples during PET
scanning, and a physicist who is responsible for acquisition pro-
tocols and data analyses. The short half-lives of most PET tracers

require that these facilities and personnel are located and working
in the same building at very close proximity. Besides these logistic
issues, the use of PET and radiolabeled anticancer drugs can be
limited by technical issues including complex tracer synthesis and
the spatial resolution of the scanner. Before implementation of a
new PET tracer in the clinic, technical, and biological validation of
the tracer is required. To this end, the optimal patient population
should be selected based on patient characteristics and technical
issues.

THE EXAMPLE OF [''CIDOCETAXEL PET IN LUNG CANCER
PATIENTS

DOCETAXEL

The cytotoxic agent docetaxel is a taxane, a class of drugs consist-
ing of microtubule stabilizing agents that function primarily by
interfering with microtubular dynamics, inducing cell cycle arrest
and apoptosis (21). In clinical practice, docetaxel is administered
as a 1-h intravenous infusion, usually given at a dose of 75 or
100 mg m~2 in a three-weekly regimen. In 1996, docetaxel was first
approved for the treatment of anthracycline-refractory metastatic
breast cancer. Thereafter, the drug was registered as monotherapy
as well as in combination strategies for the treatment of several
advanced malignancies including hormone refractory metastatic
prostate cancer, gastric adenocarcinoma, head and neck cancer,
and non-small cell lung cancer (NSCLC) (21). In these malig-
nancies, docetaxel has shown clinical efficacy, including tumor
response and improved survival. Nevertheless, failure of docetaxel
therapy occurs and patients are often subjected to docetaxel related
toxicities without gaining benefit.

LABELING OF DOCETAXEL

Docetaxel has been radiolabeled with the radionuclide carbon-
11 (22, 23). As a stable carbon atom is replaced by carbon-11
(Figure 5), the chemical structure of the tracer [''C]docetaxel
is identical to that of the drug docetaxel. Hence, pharmacoki-
netics of tracer and drug are identical. As the specific activity
of [''C]docetaxel is approximately 10 GBqLmol~!, which con-
tains 30 g docetaxel for a typical administration of 370 MBq
[''C]docetaxel, only 0.02% of a therapeutic dose of docetaxel
is administered for PET. As a result, [!'C]docetaxel microdosing
prevents patients from drug-induced toxicities that are associated
with therapeutic doses. The following paragraphs describe succes-
sive steps in the validation of ['! C]docetaxel for use in lung cancer
patients.

BIODISTRIBUTION OF [''CIDOCETAXEL IN RATS

In preparation of humans studies, the biodistribution of
[11C]docetaxel in healthy rats was investigated (24). This preclin-
ical study was needed to obtain an initial estimate of the expected
radiation dose in humans, which in turn was required for obtain-
ing ethics permission to conduct human studies. The biodistrib-
ution of ['!C]docetaxel was determined in healthy male rats at 5,
15, 30, and 60 min after injection. This preclinical study showed
the highest [!!C]docetaxel uptake in spleen, followed by urine,
lung and liver, whereas brain and testes showed the lowest uptake
(Figure 6). Within less than 5 min, [!! C]docetaxel essentially had
cleared from blood and plasma. As the estimated effective dose in
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docetaxel

stable and labeled compound are exactly the same.

FIGURE 5 | Synthesis of [""C]docetaxel. [" Cldocetaxel is synthesized by replacing a stable carbon atom by carbon-11 (22, 23), so that chemical properties of

[''C]docetaxel
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FIGURE 6 | Biodistribution of ["C]docetaxel in healthy male rats. (A)
PET image showing the biodistribution of [ Cldocetaxel in a male rat. This
image was obtained using a high resolution research tomograph (HRRT)
with a spatial resolution of about 2.5 mm. Red indicates the highest
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[""Cldocetaxel uptake. (B) Standardized uptake values of [ Cldocetaxel in
organs as obtained from dissection studies. Standardized uptake values
were calculated as tissue radioactivity concentration normalized for
injected dose and body weight.

humans extrapolated from this rat study was 5.4 wnSv MBq~!, the
use of ['1C]docetaxel in humans was considered to be safe.

BIODISTRIBUTION OF [''CIDOCETAXEL IN HUMANS

Following the preclinical study in rats, both biodistribution
and actual human radiation dosimetry of [!'C]docetaxel was
determined in seven patients with solid tumors using whole
body PET/CT scans (25). Gall bladder and liver showed high
['!C]docetaxel uptake, whilst uptake in brain and normal lung
was low (Figure 7). In the liver, the percentage injected dose at
1 h was 47 4 9%. In addition, ['!C]docetaxel was rapidly cleared
from plasma and no radiolabeled metabolites were detected. The
effective dose of ['!C]docetaxel was 4.7 wSv MBq~ 1, which was
comparable to the estimated effective dose in rats. In contrast to
the preclinical study in rats, [!! C]docetaxel showed low uptake in
human lungs. As a result, [1'C]docetaxel could be a useful tracer
for tumors in the thoracic region.

QUANTIFICATION OF TUMOR UPTAKE

Although uptake of ['!'C]docetaxel in normal tissues may be
interesting, its uptake in tumor tissue is more important. The
feasibility of quantitative [!'C]docetaxel PET scans was evalu-
ated in patients with lung cancer (Figure 8). In addition, it was
investigated whether [!!C]docetaxel kinetics were associated with

tumor perfusion or tumor size. In this study, 34 lung cancer
patients underwent dynamic PET/CT scans using ['!C]docetaxel
and ["°O]H,0 (12). For quantification of [MC]docetaxel kinetics,
the optimal tracer kinetic model was determined. Tumor kinetics
of [1'C]docetaxel were irreversible and could be quantified using
Patlak graphical analysis. Furthermore, it was shown that repro-
ducible quantification of ['C]docetaxel kinetics in tumors was
possible using a non-invasive image derived input function. In
tumors, the net rate of influx (K;) of [!'C]docetaxel was variable
and strongly related to tumor perfusion, but not to tumor size.
Finally, effects of dexamethasone administration on drug uptake
in tumors were investigated, as corticosteroids are potent induc-
ers of the drug efflux transporter ABCBI. Prior to administration
of therapeutic doses of docetaxel, all patients are premedicated
with corticosteroids, as this reduces incidence and severity of
docetaxel induced fluid retention and hypersensitivity reactions
significantly (26, 27). In this dynamic PET study, the first 24
patients were premedicated with dexamethasone, whereas the last
10 patients were not. In dexamethasone premedicated patients,
uptake of [!!'C]docetaxel in tumors was significantly lower than
in patients without premedication, indicating that co-medication
may affect accumulation of drugs in tumor tissue. Finally, in a
subgroup of patients who subsequently received docetaxel therapy,
high tumor uptake of [!!C]docetaxel was related with improved
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0-6 min 8-19 min

uptake of [" Cldocetaxel in the gall bladder (25).

FIGURE 7 | Biodistribution of ["Cldocetaxel in patients. Four successive [" Cldocetaxel whole body PET scans showing that ["" Cldocetaxel first accumulates
in liver, before being excreted into bile and ultimately into intestine. Because of high [ Cldocetaxel uptake in the liver, these projections do not show the high

23-39 min

42-63 min

(12)1. (B) Corresponding CT image. (C) PET-CT fusion image.

FIGURE 8 | (A) Summed PET image of ["'Cldocetaxel uptake from 10 to 60 min post injection showing a mediastinal metastasis with increased uptake [arrow;

tumor response (12, 28), suggesting that the observed variation
n ['!C]docetaxel kinetics between tumors may reflect differential
sensitivity to docetaxel therapy.

VALIDATION OF THE MICRODOSING CONCEPT

['1C]docetaxel microdosing protects patients from toxicities that
are associated with therapeutic doses of docetaxel. However, phar-
macokinetics of ['!C]docetaxel at tracer doses may be different
from those at therapeutic doses, as the latter can significantly affect
uptake of radiolabeled anticancer drugs in normal organs as well
as in tumors (29-32). Therefore, the microdosing concept was val-
idated for ['! C]docetaxel in another study (28). The research ques-
tion to be addressed was whether a PET study using a tracer dose of
[11C]docetaxel could predict tumor uptake of unlabeled docetaxel
during a therapeutic infusion. For this purpose, docetaxel naive
lung cancer patients underwent two [!! C]docetaxel PET scans, one
after a bolus injection of a tracer dose ['!C]docetaxel and another
during a combined infusion of a tracer dose [M'C]docetaxel and
a therapeutic dose of docetaxel (75mgm~2). Compartmental
and spectral analyses were used to quantify ['!C]docetaxel tumor

kinetics. In addition, ['! C]docetaxel PET measurements were used
to estimate the area under the curve of therapeutic doses of doc-
etaxel in tumors. At 90 min, the accumulated amount of docetaxel
in tumors was < 1% of the total infused dose of docetaxel, indicat-
ing that only a small amount accumulates in tumors. In addition,
the uptake of therapeutic doses in tumors was related to the
uptake of [!!C]docetaxel during the microdosing scan, indicat-
ing that [!!C]docetaxel PET can be used to predict tumor uptake
of docetaxel during chemotherapy.

COMBINATION THERAPY

Within the context of combination therapy, effects of the
anti-angiogenic drug bevacizumab on tumor perfusion and
[11C]docetaxel uptake in lung tumors were investigated in NSCLC
patients (33). Bevacizumab is a humanized monoclonal anti-
body that targets circulating vascular endothelial growth fac-
tor (VEGF) and subsequently prevents binding of VEGF to its
receptors. Combined with chemotherapy, bevacizumab has been
approved for the treatment of several advanced malignancies
including NSCLC (34). It is assumed that anti-angiogenic drugs,
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such as bevacizumab, transiently normalize abnormal tumor
vasculature and contribute to improved delivery of subsequent
chemotherapy (35). To investigate this concept, a study was per-
formed in NSCLC patients using PET and [!! C]docetaxel. Within
5h, a therapeutic dose of bevacizumab reduced both perfusion
and [''C]docetaxel uptake in NSCLC. These effects persisted
after 4 days and were not associated with significant changes in
heterogeneity of [!!C]docetaxel uptake in tumors. Reduction in
["1C]docetaxel delivery to tumors was accompanied by rapid
reduction in circulating levels of VEGE. The clinical relevance of
these findings is notable (36-38), as there was no evidence for
substantial improvement in drug delivery to tumors after admin-
istration of bevacizumab. This study highlights the ability of PET
to potentially optimize scheduling of (anti-angiogenic) drugs.

CONCLUSION

PET using radiolabeled anticancer drugs may help to reveal the
underlying mechanisms of treatment failure in cancer patients. In
particular, this technology enables assessment of accumulation of
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The endothelial barrier strictly maintains vascular and tissue homeostasis, and therefore
modulates many physiological processes such as angiogenesis, immune responses, and
dynamic exchanges throughout organs. Consequently, alteration of this finely tuned func-
tion may have devastating consequences for the organism. This is particularly obvious in
cancers, where a disorganized and leaky blood vessel network irrigates solid tumors. In
this context, vascular permeability drives tumorinduced angiogenesis, blood flow distur
bances, inflammatory cell infiltration, and tumor cell extravasation. This can directly restrain
the efficacy of conventional therapies by limiting intravenous drug delivery. Indeed, for more
effective anti-angiogenic therapies, it is now accepted that not only should excessive angio-
genesis be alleviated, but also that the tumor vasculature needs to be normalized. Recovery
of normal state vasculature requires diminishing hyperpermeability, increasing pericyte
coverage, and restoring the basement membrane, to subsequently reduce hypoxia, and
interstitial fluid pressure. In this review, we will introduce how vascular permeability accom-
panies tumor progression and, as a collateral damage, impacts on efficient drug delivery.
The molecular mechanisms involved in tumordriven vascular permeability will next be
detailed, with a particular focus on the main factors produced by tumor cells, especially
the emblematic vascular endothelial growth factor. Finally, new perspectives in cancer ther
apy will be presented, centered on the use of anti-permeability factors and normalization

agents.

Keywords: VEGF, permeability, VE-cadherin, endothelial barrier, tumor angiogenesis

VASCULAR PERMEABILITY IN CANCERS

VASCULAR BARRIER ORGANIZATION

Endothelial cells, pericytes, smooth muscle cells, and the basal
membrane collectively form the blood vascular wall, which ensures
selective exchanges between plasma and irrigated tissues. The pas-
sage of macromolecules, fluids, and cells through this endothelial
barrier can occur either through (transcellular) or between cells
(paracellular) (1). The ability to pass from the interstitial space to
the blood compartment, and vice versa depends on charge, size,
and binding characteristics.

Small molecules (inferior to 3 nm) are commonly transported
by the transcellular route, which requires a system of trafficking
vesicles, called vesicular vacuolar organelles (VVOs) (Figure 1).
Several permeability factors, such as vascular endothelial growth
factor (VEGF) and histamine have been demonstrated to acti-
vate VVOs and to orchestrate vascular homeostasis (2). These
VVOs comprise, among other things, clustered caveolae, and rely
on caveolin-1 protein function, that notably guarantees albumin
transport. Interestingly, caveolin-1 plays a dual regulatory role in
microvascular permeability by stabilizing caveolae structures and
allowing caveolar transcytosis, while acting as a negative regulator
through endothelial nitric oxide synthase (eNOS) (3, 4).

Cells and macromolecules larger than 3 nm use the paracellu-
lar pathway, which is mediated by the coordinated opening and
closing of endothelial cell—cell junctions. Adherens (AJ) and tight
(TJ) junctions maintain the restrictiveness of the barrier, while
gap junctions connect adjacent endothelial cells. Gap junctions

are responsible for water and ion transport but do not contribute
significantly or directly to the establishment of vascular barriers
(Figure 1). Among AJ proteins, the most important is vascular
endothelial cadherin (VE-cadherin), which is exclusively expressed
in vessels (1, 5). In mice, VE-cadherin gene deletion results in early
embryoniclethality due to massive vascular defects, while loss of its
function provokes a hyperpermeability phenotype in adults (6, 7).
VE-cadherin comprises five immunoglobulin-like domain repeats
in its extracellular region, one single-pass transmembrane domain
and a short cytoplasmic tail. While the extracellular domain con-
fers Ca*™ dependency and allows homophilic interaction in trans
(i.e., between cadherins on neighboring cells), the transmem-
brane domain participates in lateral clustering within the same
cell (cis) (8). The cytoplasmic part of VE-cadherin binds to pro-
teins from the armadillo-repeat gene family, namely p120-catenin
and either p-catenin or plakoglobin (y-catenin). This complex
serves to strengthen adhesion forces and allows dynamic con-
tacts (Figure 2). p120-catenin interacts with the juxtamembrane
part of the VE-cadherin cytoplasmic domain and is involved in
its retention at the cell surface, while B/y-catenins, on the other
hand, act as constitutive partners of VE-cadherin, bound to its
carboxy-terminal part (9, 10). Importantly, VE-cadherin is also
connected to the actin cytoskeleton through the actin-binding
protein, a-catenin (5). Other adhesive proteins that accumulate in
or close to AJ, include N-cadherin, platelet-endothelial cell adhe-
sion molecule (PECAM-1), and junctional adhesion molecules
(JAM).
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FIGURE 1 | Transcellular and paracellular pathways in endothelial cells. The passage of cells and macromolecules through the endothelial barrier can occur
through transcellular (vesicular vacuolar organelles) or paracellular (tight and adherens junctions) pathways. Gap junctions ensure water and ion transport.
Moreover, endothelial cells are anchored and connected to the extracellular matrix (ECM) through integrin-based adhesion complexes, namely focal adhesions.
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FIGURE 2 | VE-cadherin adhesive complex. VE-cadherin mediates the
adhesion between endothelial cells in calcium-dependent manner.
VE-cadherin is constituted of an extracellular domain, which allows homophilic
interaction in trans. The transmembrane domain participates to lateral
clustering in cis. The intracellular domain of VE-cadherin binds p120-catenin

VE-cadherin

VEGF-R2

(p120), and B-catenin (B-cat), which participates to VE-cadherin membrane
retention. Actin cytoskeleton is anchored to VE-cadherin via a-catenin (a-cat)
or plakoglobin (plako). In addition, VE-cadherin can bind VEGFR2 (vascular
endothelial growth factor receptor 2) and VE-PTP (vascular endothelial
phosphotyrosine phosphatase).

Tight junctions participate in endothelial cell cohesion and
block molecule diffusion along the apical and basolateral poles
(11). They rely on transmembrane adhesion proteins (occludin

and claudins), JAM family proteins, and intracellular con-
nectors, including ZO-1, -2, -3 (Zonula Occludens). First,
occludin and claudins contain four transmembrane domains with
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N- and C-terminal intracellular parts. Second, JAM-A belongs
to the immunoglobulin superfamily with one intracellular short
domain, one single transmembrane domain, and two extracellu-
lar immunoglobulin-like domains. Third, the ZO proteins contain
three PDZ (post synaptic density protein PSD95, Drosophila disk
large tumor suppressor Dlgl, and zonula occludens-1 protein
z0-1), one SH3 (SRC homology 3) and one guanylyl kinase-like
domains (11). Contrary to VE-cadherin, deletion of the claudin-5
gene does not impair mouse embryo development, but rather leads
to post-natal death caused by a defective blood-brain barrier (12).
Thus, VE-cadherin is instrumental in vascular barrier integrity,
while claudins may have a more restrictive role (13). Neverthe-
less AJ and TJ are functionally and structurally linked and can
influence each other (14, 15).

Within blood vessels, endothelial cells are interactively
anchored to the extracellular matrix (ECM) through integrin-
based adhesion complexes, namely focal adhesions (Figure 1).
Indeed, integrins bridge the ECM to the acto-myosin contractility
apparatus (16), and allow endothelial cells to adapt to extracellular
signals and cues (e.g., shear stress and secreted molecules). From
a molecular standpoint, Rho-GTPase activation, stress fiber for-
mation, and acto-myosin contraction are finely tuned through
integrin adhesion and collectively contribute to the modula-
tion of endothelial junction integrity (17, 18). More recently,
it was demonstrated that the integrin-associated focal adhesion
tyrosine kinase (FAK) contributes to the impairment of vascu-
lar barrier function (19). Indeed, VEGF-induced FAK activation
was shown to lead to VE-cadherin/FAK interaction in associa-
tion with B-catenin phosphorylation on tyrosine Y142, result-
ing in VE-cadherin/B-catenin dissociation, junction opening, and
endothelial barrier disruption.

Hence, vascular barrier properties depend on both structural
(basal membrane, smooth muscle cells, endothelial cells) and func-
tional (VVO, AJ, TJ]) features. To endorse this role, endothelial
cell adhesion has to be tightly regulated. Indeed, aberrant and
uncontrolled increase of vascular permeability can participate
in the progression of many pathological states, such as chronic
inflammatory diseases, diabetes, and tumor angiogenesis.

VASCULAR LEAKAGE IN THE TUMOR MICROENVIRONMENT
Compared to normal tissues, tumor vasculature is immature and
exhibits structural abnormalities, such as dilatation, saccular for-
mation, and a hyper-branched and twisted pattern. Moreover,
solid tumors usually present few to none functional lymphatic
vessels (20, 21). Many molecular and cellular factors contribute
to this morphological and functional failure, in which vascular
permeability is central. Rapidly growing tumors secrete an abun-
dance of different factors (VEGE, chemokines, and others) that
govern uncontrolled angiogenesis. In such microenvironments,
most of the criteria that define the endothelial barrier properties
are circumvented.

First, tumor vessels are characterized by extensive angiogene-
sis, i.e., neovessel formation from pre-existing vascular networks.
In this scenario, tumor endothelial cells have a proliferation rate
50-200 times faster than that of normal quiescent endothelial cells
(22). They also have to migrate and rearrange into vascular tubules,
dedicated to fuel the tumor mass. This high endothelial plasticity in

the constantly remodeled vascular wall is accompanied by elevated
permeability. Tumor vessel hyperpermeability correlates with faint
VE-cadherin expression, opening of paracellular junctions, and
transcellular holes formation (23). In the course of tumor growth,
the direct consequence of hyperpermeable vessels is plasma
membrane protein extravasation and formation of a provisory
matrix to allow endothelial cell sprouting and formation of new
vessels (24).

Morphologically, the pericytes surrounding tumor vessels are
abnormally shaped and are weakly associated with endothelial
cells (25). In addition, tumor blood vessels lack smooth muscles
(Figure 3). Similarly, the basal membrane can be either unusu-
ally thick or totally absent (26). In these conditions, resistance to
blood flow is increased, and thereby the efficacy in tumor blood
supply is reduced. As a consequence, despite a high microvessel
density, tumors are poorly vascularized with hyperpermeable vas-
culature. This could lead in fine to the accumulation of metabolic
products (lactic and carbonic acids) and extracellular pH decrease
(27). Tumor vessel defects also quell oxygen supply, frequently
causing hypoxia in the tumor microenvironment. Hypoxia, in
turn, supports tumor angiogenesis through the hypoxia-inducible
transcription factors (HIF), and further elevates the expression of
pro-angiogenic molecules, such as VEGE, TNF (tumor necrosis
factor), and PDGF (platelet-derived growth factor). Interestingly,
because of its involvement in chemo- and radio-resistance, as well
as metastasis, hypoxia has been suggested as an adverse prognostic
factor (28).

Within the tumor microenvironment, the ECM undergoes sig-
nificant compositional modifications most notably by increasing
the levels of expression of collagen-1, matrix metalloproteases
(MMP)-1 and -2, and laminin-5 (29). For instance, collagen-
1 deposit increases ECM stiffness, and this is related with
poor prognosis and higher metastasis potential (30). In addi-
tion, ECM stiffness enhances integrin expression and promotes
focal adhesion signaling, and consequently influences tumor cell
malignancy (31).

In summary, abnormal blood vessels and lack of lymphatic ves-
selsin tumors, as well as increased ECM stiffness and relatively high
interstitial fluid pressure (IFP) collectively contribute to the func-
tional outcome called enhanced permeability and retention (EPR).
This phenomenon facilitates both macromolecule extravasation
and retention. Whereas normal vessels form a selective barrier,
limiting cell and macromolecule passage, the tumor vasculature
is extremely leaky and not restrictive. Consequently, although
these features could benefit to tumor angiogenesis and growth,
anti-tumor drug delivery is rather limited.

IMPACT ON DRUG DELIVERY
To gain in bioavailability and selectivity toward tumor cells, thera-
peutic molecules must counteract biological and physical barriers,
among which are endothelial transport and blood flow. Drug efflux
pumps are one of the main obstacles that anti-cancer drugs must
overcome. These transporters are highly expressed in a large panel
of cancer cells, as well as in the blood-brain barrier, where they
ensure drug detoxification (32, 33).

However, tumor vessels cannot ensure correct tumor blood per-
fusion, since they are structurally aberrant and hyperpermeable
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FIGURE 3 | Endothelial barrier in normal and tumor vessels. The
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disorganized and anarchic, presents morphological and structural difference,
i.e., weak association between endothelial cells, abnormal shapes of
pericytes, lack of smooth muscles, as well as basal membrane modification.

(24). The pressure difference between vessels and surrounding
tissues constitutes also an important physical barrier. Upon vas-
cular leakage, transcapillary interstitial fluid flow decreases and
IFP increases resulting in poor drug penetration through tumor
vessels (21). In addition to blood vessel leakage, both the absence
of a functional lymphatic system and increased ECM-frictional
resistance also lead to tumor IFP increase (34). This ultimately
provokes disruption in blood flow directions, again limiting drug
delivery.

Importantly, tumor drug delivery can be tailored by changing
the size and charge of the delivered molecule. Of interest, mole-
cules larger than 40 kDa cannot be passively eliminated through
renal clearance and are unable to cross normal blood vessels
through endothelial junctions; however, they could easily pene-
trate tumors through leaky vessels. EPR of tumor vessels permits
the passage of molecules ranging from 40 to 70 kDa, thus, in associ-
ation with other properties such as the ability to traverse relatively
long distances, prolonged plasma half-life and slow clearance, these
larger molecule have been proposed to be the most appropriate for
specific tumor delivery (35, 36). In addition, due to the negative
charges of the vessel luminal face, the use of cationic therapeutic
molecules may also favor vascular accumulation, which in turn
can elevate tumor drug concentration (37).

Thus, although drug delivery is strongly impaired in tumors
because of structural and functional vascular defects, some of these
constraints, such as vessel leakiness, can be exploited for curative
purposes.

MOLECULAR MECHANISMS INVOLVED IN VASCULAR
PERMEABILITY

As presented above, endothelial barrier integrity ensures vascular
and tissue homeostasis. In cancers, deregulation of this fine-tuned
function leads to the formation of a chaotic blood vessel network
associated with elevated permeability. We will now detail the mole-
cular mechanisms involved in tumor-driven vascular permeability,
focusing on the main factors produced by tumor cells, such as
VEGF and chemokines. This knowledge could open new avenues
for drug design.

VASCULAR ENDOTHELIAL GROWTH FACTOR

Vascular endothelial growth factor belongs to the family of
platelet-derived growth factors and was originally referred to as
vascular permeability factor (38). It is a homodimeric glycopro-
tein of which several forms have been described in mammals, these
are: VEGF-A, B, C, D, and the placenta growth factor PIGF. Among
these, VEGF-A is the most commonly studied and better described

Frontiers in Oncology | Pharmacology of Anti-Cancer Drugs

August 2013 | Volume 3 | Article 211 | 60


http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs
http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs/archive

Azzi et al.

Vascular permeability in cancers

in literature. Various cell types, such as endothelial cells, smooth
muscle cells, fibroblasts, and immune cells (macrophages, lym-
phocytes, neutrophils, and eosinophils) can produce and release
VEGEF within the environment. In turn, VEGF can act in both an
autocrine and paracrine manner. In cancers, tumor cells consti-
tute an important source of VEGFE. VEGF stimulates endothelial
cell growth and promotes vasculogenesis and angiogenesis. It also
increases vascular permeability, its first described function, in
many tissues, and plays a crucial role in tumor vasculature devel-
opment (22). VEGF intracellular signaling is mediated by three
tyrosine kinase-receptors, namely VEGF-R1, -R2, and -R3, as well
as co-receptors such as neuropilins. The binding of the ligand to
its cognate receptors induces their dimerization, autophosphory-
lation, and subsequent signal transduction (39). VEGF-A inter-
acts with both VEGF-R1 and -R2, but only VEGF-R2 is directly
involved in normal and pathological vascular permeability (40).
However, VEGF-R1 is reported to act as a regulator of VEGF-R2
signaling, and thus might indirectly regulate vascular permeability.

VEGEF-A promotes vascular permeability by disruption of AJ
and TJ, resulting in transient opening of endothelial cell—cell
contacts (5, 14) (Figure 4). Indeed, VEGF-A promotes tyrosine
phosphorylation of VE-cadherin and of its binding partners {3-
catenin, plakoglobin, and p120, in a Src-dependent mechanism
(41). Consistent with this, VE-cadherin phosphorylation is inhib-
ited in Src-deficient mice (41). VE-cadherin can also associate
with VEGF-R2 and inhibit its phosphorylation and subsequent
internalization (42). This association potentiates the phospho-
rylation of AJ components by Src, thus impairing endothelial
barrier integrity and favoring tumor cell extravasation and dissem-
ination in pathological models (43). The VE-cadherin/VEGF-R2
association also contributes to VE-cadherin-induced contact inhi-
bition of cell growth and requires the -, but not p120-catenin,
binding domain of VE-cadherin (42, 44). In addition, VEGF-A
mediates VE-cadherin phosphorylation and internalization via
the sequential activation of Src, the guanine nucleotide exchange
factor Vav2, the Rho-GTPase Rac, and its downstream effector,
the serine-threonine kinase PAK (Figure 4). This signaling path-
way culminates in the PAK-dependent phosphorylation of VE-
cadherin, which directs its internalization (45). Moreover, VEGF
signaling decreases VE-cadherin/p120-catenin association pro-
moting clathrin-dependent VE-cadherin endocytosis (46). Indeed,
p120 binding to VE-cadherin prevents its internalization, while
its silencing by siRNA leads to VE-cadherin degradation, and
loss of cell—cell contacts (10, 47). The expression of VE-cadherin
mutants that compete with the endogenous molecule for binding
with p120, triggers VE-cadherin degradation, suggesting that p120
might act as plasma membrane retention signal. More recently,
a motif within VE-cadherin was identified to be responsible for
VE-cadherin/p120 coupling and endocytosis sorting (48). In this
context, VE-cadherin-mediated cell-cell contacts are stabilized
by the small GTPase Rapl and its effector, the cyclic adeno-
sine monophosphate (cCAMP)-activated guanidine exchange factor
Epac (49, 50). Small GTPases also regulate myosin light chain
(MLC) phosphorylation, acto-myosin contractility, and endothe-
lial permeability (51). Indeed, VEGF induces the phosphorylation
of MLC that results in the formation of stress fibers which exert
centripetal tension on intercellular junctions (52).

Of note, endothelial permeability can also be regulated through
changes in the expression of A] and TJ components (15, 53). For
example, VEGF signaling through VEGF-R2 induces the expres-
sion of SRF (serum response factor), which is important for
VE-cadherin expression (54). Indeed, SRF knockdown in mice
reduces VE-cadherin expression and angiogenesis. Furthermore,
claudin-5 expression is regulated by VE-cadherin, confirming that
the latter is instrumental in controlling endothelial barrier func-
tion (15). Recently, it has been described that VEGF is involved in
claudin-5 down-regulation in peritoneal endothelium, inducing
ascites in ovarian cancer patients (55).

INTERLEUKIN-8

Cytokines are key drivers of immune responses and play impor-
tant roles in cancer progression. Among these, the chemokine
IL-8 (CXCL8, CXC chemokine ligand 8) is overexpressed and
secreted by cancerous cells. Of note, their cognate G-protein-
coupled receptors (GPCR), CXCR1 and CXCR2, are expressed on
endothelial cells, tumor cells, and neutrophils/tumor-associated-
macrophages, indicative of pleiotropic activities of IL-8. Activation
of IL-8 endothelial receptors is known to promote angiogenic
responses, through enhanced proliferation, survival, and migra-
tion (56). Furthermore, intratumoral IL-8 concentration is pro-
posed to chiefly cause neutrophil recruitment into the tumor
microenvironment and to promote metastasis (57). Besides its
chemotactic role, IL-8 arose as an essential factor of angiogen-
esis and increased vascular permeability (58). Indeed, IL-8 can
provoke VEGF-R2 phosphorylation and transactivation, which in
turn result in both Src and RhoA activation, leading to endothe-
lial gap formation, and elevated permeability (59). IL-8 can also
increase permeability in mouse and human endothelial cells via a
VEGEF-R2 independent mechanism (60). IL-8 initiates a signaling
route through CXCR2/Rac/PI3Ky that triggers the phosphory-
lation and subsequent internalization of VE-cadherin, thereby
promoting increased permeability. Moreover, blockade of CXCR2
and PI3Ky with pharmacological inhibitors or by RNA interfer-
ence (RNAi), limits IL-8-induced neovascularization and vessel
leakage (60). In glioblastoma, cancer cells were found to secrete
high concentrations of IL-8, which was further demonstrated to
function as a key factor involved in tumor-induced permeabil-
ity in vitro, and to signal to brain microvascular endothelial cells
via CXCR2, promoting VE-cadherin cell-cell junction remodeling,
and elevated permeability (61). Similarly, in prostate cancers, IL-8
secretion is associated with increased Akt expression and activa-
tion, which impacts on endothelial cell survival, angiogenesis, and
cell migration (62).

TRANSFORMING GROWTH FACTOR-g1

TGF-B1 is a multifunctional polypeptide member of the trans-
forming growth factor beta superfamily. It regulates the pro-
duction of cytokines and ECM components, and is involved in
diverse biological processes, such as proliferation and differen-
tiation in many cell types (63—65). Within the tumor microen-
vironment, macrophages, mesenchymal, and cancer cells secrete
TGF-1 under hypoxic and inflammatory conditions. TGF-$1
was suggested to act as a potent inducer of angiogenesis, since
its increased expression correlates with high microvessel density
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VEGF-A decreases the VE-cadherin/p120-catenin association and
promotes VE-cadherin endocytosis. VEGF-A also induces the
phosphorylation of myosin light chains (MLC), which produces stress
fibers that exert tension on intercellular junctions, thus weakening
cell—cell contacts. Finally, VEGFA stimulation causes the dissociation of
VE-PTP/VE-cadherin and triggers loss of adhesion and permeability
increase.

and poor prognosis in various types of cancers (66). TGF-p1
also augments vascular permeability by altering cell-cell contacts.
This is thought to involve p38 mitogen-activated protein kinase
(MAPK) and RhoA signaling cascades, which in turn modulate
ECM adhesion and lead to the loss of endothelial-barrier integrity
and function (67). In primary breast tumors, TGF-B1 activity
is associated with an increased risk of lung metastasis. Indeed,
angiopoietin-related protein 4 (ANGPTL4), a TGF-P1 target gene,
disrupts endothelial cell-cell junctions, and facilitates the extrava-
sation of breast cancer cells (68). Moreover, TGF-$1 induces
the expression of VEGF in fibroblasts (69), whereas it inhibits
angiopoietin-1, an anti-permeability factor, therefore exacerbat-
ing tumor-associated vascular leakage (70). In addition, TGF-B1
potentiates the secretion and activation of MMPs (71).

STROMAL CELL-DERIVED FACTOR 1

Stromal cell-derived factor 1, also known as CXCL12, is a mem-
ber of the a-chemokine subfamily and the ligand for the GPCR
CXCRA4. In adulthood, SDF-1 was implicated in angiogenesis by
recruiting endothelial progenitor cells from the bone marrow (72).
SDEF-1 is highly expressed in a number of cancers and is associ-
ated with tumor extravasation and increased metastases (73, 74).
CXCR4 expression also corroborates with metastatic properties

of breast cancer cells (75). Indeed, CXCR4 levels were found to
be higher in malignant breast tumors in comparison to those of
normal healthy counterparts. In vivo, neutralizing CXCR4/SDF-1
signaling axis significantly impaired breast cancer cell extravasa-
tion and propagation (75, 76). SDF-1 can also mediate endothelial
permeability via CXCR4, as for instance, SDF-1 stimulation of
breast cancer cells in vitro increased their passage across the
endothelial barrier. This effect is dependent on both PI3K/Akt and
calcium signaling in endothelial cells (77). Inhibiting this pathway
with anti-CXCR4 antibodies, on the other hand, decreased vas-
cular leakage (77). Moreover, SDF-1 is involved in macrophage
recruitment to breast tumors in mice, in response to chemother-
apy (78). This action is believed to stimulate tumor blood vessel
growth, counteracting the effects of the drug. Finally, it is to be
noted that VEGF stimulates SDF-1 secretion and vice versa (79,
80). However, VEGF implication in SDF-1-induced permeability
remains to be elucidated.

INTERLEUKIN-10

IL-10, also known as human cytokine synthesis inhibitory factor,
is an anti-inflammatory cytokine. The role of IL-10 in cancers,
though well accepted, is vaguely understood (81). Indeed, IL-10
is suspected to exert both pro- and anti-tumor activities, and
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contradictory results have been reported regarding its involve-
ment in tumor angiogenesis. On one hand, IL-10 could hamper
angiogenesis and tumor growth in mice bearing VEGF-producing
ovarian cancer (82), and suppress tumor growth and metastasis of
human melanoma cells (83). On the other hand, other studies have
suggested that IL-10 may promote angiogenesis in a melanoma cell
model, by inhibiting macrophage functions and inducing tumor
and vascular cell proliferation (84).

MATRIX METALLOPROTEINASES

Metalloproteinases are a large family of proteases that include
MMP and ADAM (a disintegrin and metalloproteinase). MMPs
belong to a family of zinc-containing endopeptidases that degrade
various components of the ECM. Their aberrant over-expression
correlates with cancer progression, cell invasion, and metastasis
(85). Tumor-associated macrophages secrete VEGF and MMP-9,
which are directly involved in both breast cancer and colorectal
cancer cell invasion and metastasis (86). In addition, MMPs pro-
mote tumor progression by rearrangement of the ECM. Indeed,
they trim cell adhesion molecules and degrade matrix proteins,
favoring cell proliferation, and angiogenesis. MMP-7 can shed VE-
cadherin, while MMP-2 and MMP-9 are involved in occludin pro-
teolysis, thus enhancing endothelial permeability (87, 88). MMPs
can also potentiate vascular leakage in a more indirect fashion,
via cleavage and activation of chemokines such as IL-8, which is
processed by MMP-9 (89, 90). Moreover, in vitro experiments have
demonstrated a role for ADAM10 and ADAM17 in endothelial
gap formation in response to cytokines. This is probably mediated
by the cleavage of adhesion molecules within cell—cell junctions,
including VE-cadherin and JAM-A (91).

SEMAPHORINS

Semaphorins correspond to a family of secreted and membrane-
bound proteins that can act as both attractive and repulsive
guidance molecules (92, 93). Besides their role in neural develop-
ment, some of these molecules can modulate endothelial plasticity
(94). Indeed, semaphorin 4D plays a positive role in endothelial
migration and tumor angiogenesis (95, 96). In contrast, class 3
semaphorins, notably semaphorin 3A (S3A), and semaphorin 3E,
are reported to operate as selective inhibitors of VEGF-induced
angiogenesis (97-100). However, S3A and VEGF can also coop-
erate to induce vascular permeability (101). Indeed, S3A induces
Akt phosphorylation through PI3K signaling, thus enhancing vas-
cular permeability (101). In glioblastoma, the cancer stem-like cell
sub-population expresses and secretes S3A ex vivo (102). In this
context, S3A mediates endothelial cell-cell junction destabiliza-
tion and elevates endothelial permeability (102). On a molecular
level, S3A disrupts the VE-cadherin/PP2A complex, allowing VE-
cadherin serine phosphorylation and subsequent internalization
(45,102). Consistent with this, inhibition of S3A by blocking anti-
body or by silencing RNAs has been demonstrated to abrogate
these effects.

NITRIC OXIDE AND PEROXYNITRITE

Nitric oxide (NO) is a highly reactive free radical, which medi-
ates a myriad of cellular reactions (103). NO is produced from
L-arginine and oxygen by NO synthases (NOS). There are three

major NOS isoforms: inducible NO synthase (NOS2/iNOS),eNOS
(NOS3/eNOS), and neuronal NO synthase (NOS1/nNOS). NOS3
is constitutively expressed in endothelial cells, cardiac myocytes,
and hippocampal pyramidal cells and is involved in suppressing
platelet aggregation, maintaining vascular tone, inhibiting smooth
muscle cell proliferation, and prompting angiogenesis (104). In
cancers, NOS3 generates NO in blood vessels, which can favor
endothelial proliferation, migration, and tumor progression (105,
106). Of note, NOS3 can be induced by VEGF in a MAPK/PLC-
y-dependent manner (107). NOS3 may also be involved in mod-
ulating vascular leakage. Indeed, it has been reported that eNOS
translocation to the cytosol, but not to the Golgi, is associated
with hyperpermeability in vitro and in vivo (108, 109). Stimu-
lation of endothelial cells with platelet-activating factor (PAF)
induces S-nitrosylation of p-catenin and p120 and significantly
diminishes their association with VE-cadherin (110). Further-
more, VEGF treatment elicited S-nitrosylation of p-catenin at the
Cys619 residue, within the VE-cadherin interaction site (111).
Inhibition of B-catenin S-nitrosylation prevents NO-dependent
dissociation of 3-catenin from VE-cadherin and disassembly of AJ
complexes, thereby inhibiting VEGF-mediated endothelial perme-
ability (111). Moreover, oxidized products of NO, such as perox-
ynitrite (ONOO-), activate MMPs, which favor matrix rearrange-
ment and endothelial permeability as discussed above. However,
NO can induce cytotoxic effects on cancer cells. The balance
between NO-mediated permeability and angiogenesis or apoptosis
should thus be considered in tumor-targeted therapy (112).

In conclusion, endothelial permeability-mediated signaling
pathways converge at the disruption and destabilization of cell-
cell contacts, promoting AJ and TJ restructuration and subsequent
opening of endothelial cell-cell junctions. We will now present
the anti-permeability factors and normalization agents that may
represent new perspectives in cancer therapy.

PERSPECTIVES IN CANCER THERAPY

It is now well accepted that vascular permeability limits drug deliv-
ery thus restraining the efficacy of conventional therapies. New
approaches aim now at diminishing both excessive angiogenesis
and hyperpermeability. In this paragraph, perspectives in cancer
therapy, such as the use of anti-permeability factors and blood
vessel normalization agents will be discussed.

ANTI-PERMEABILITY FACTORS

The most relevant anti-permeability factors are angiopoietin-1
and its cognate receptor Tie2, sphingosine-1-phosphate (S1P),and
fibroblast growth factor (FGF) (Figure 5).

Angiopoeitin-1 is a potent pro-angiogenic factor with the
particularity of stabilizing blood vessels and counteracting
VEGF-induced vascular permeability (63, 113). As mentioned
above, VEGF elevates endothelial permeability via VE-cadherin
adhesion destabilization in a Src-dependent mechanism (41,
45). Angiopoietin-1 elicits a signaling pathway through Tie2
that promotes the sequestration of Src though mammalian
diaphanous (mDia) (114), thus hindering VEGF signaling and
VE-cadherin internalization. In an intact endothelial monolayer,
angiopoietin-1 promotes the interaction of Tie2 with the vas-
cular endothelial protein tyrosine phosphatase VE-PTP (115,
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116). VE-PTP associates with VE-cadherin and stabilizes it at
the plasma membrane by blocking its tyrosine phosphoryla-
tion in response to VEGF-R2 activation (117). Angiopoeitin-1
also maintains the barrier integrity by increasing the associa-
tion between VE-cadherin and plakoglobin (118), thus strength-
ening cell-cell contacts and limiting endothelial permeability.
Consistently, VEGF signaling in vivo triggers the dissociation of
VE-PTP from VE-cadherin, facilitating leukocyte extravasation
and vessel leakage (119). Furthermore, angiopoeitin-1 balances
VEGF pro-permeability actions by controlling NO release from
endothelial cells. Indeed, it increases eNOS phosphorylation on
Thr497, and subsequently reduces NO release and transendothelial
permeability (120).

In addition to angiopoeitin-1, S1P, a biologically active phos-
phorylated lipid growth factor released from activated platelets,
has emerged as an endothelial barrier protective agent. In both
pulmonary artery and lung microvascular endothelial cells, S1P
was able to reverse barrier dysfunctions elicited by thrombin (121).
At the molecular level, S1P signaling maintains vascular integrity
by cytoskeletal rearrangement and barrier enhancement through
Rac activation (121). Moreover, high-density lipoproteins, acting
as major plasma carriers for S1P, promote endothelial-barrier
integrity via the Akt signaling pathway (122). Plasma-derived
S1P also plays an essential role in maintaining vascular integrity.
Indeed, mutant mice engineered to selectively lack S1P in plasma
show increased vascular leak and impaired survival after admin-
istration of permeability inducing factors (123). Elevated leak
was associated with interendothelial cell gaps in venules and was
reversed by acute treatment with an agonist for the S1P receptor
1 (SIPR1) (123). Furthermore, recent works present SIPR1, as a
key component of vascular stability (124, 125). These two studies
elegantly showed that S1PR1 inhibits VEGF-induced VE-cadherin

destabilization and internalization, and thereby enhances cell—cell
adhesion (124, 125).

Other factors, such as FGE, can act as VE-cadherin stabilizing
agents. Indeed, the inhibition of FGF signaling results in the disso-
ciation of the VE-cadherin/p120-catenin complex, and subsequent
VE-cadherin internalization, disassembly of AJ and TJ, and loss of
vascular barrier integrity (126).

Thus, since they counteract VEGF-induced permeability and
contribute to the maintenance of vascular barrier function, anti-
permeability factors appear as potential therapeutic candidates.
Another promising approach is the use of anti-VEGF/VEGEF-
R drugs to promote normalization of the vascular wall and its
microenvironment.

NORMALIZATION AGENTS
From 1950 to the 2000s, the only existing non-invasive treatment
for solid tumors has been chemotherapy, which is mainly based
on reducing tumor cell proliferation. Because its lack of selectivity
causes a large panel of side effects, new strategies, such as mole-
cular and personalized therapies, attempt to focus on molecules
overexpressed in cancers. Unfortunately, the results from clinical
trials targeting such molecules in anti-cancer therapy have been
quite disappointing with an overall low extension of survival, with
the exception of imatinib, a tyrosine kinase inhibitor (TKI) used in
chronic myelogenous leukemia treatment (127). In addition, anti-
angiogenic molecules have been suggested to improve anti-cancer
therapy, not only because they reduce tumor vascularization, but
also thanks to their “normalization” action, which improves drug
delivery.

Bevacizumab (commercialized as Avastin) was one of the first
clinically available anti-angiogenic drugs. This humanized mouse
antibody targeting VEGF was FDA-approved about a decade ago
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for combination use with standard chemotherapy in colorectal and
non-small cell lung cancers. In addition, bevacizumab alone can
significantly curb disease progression in patients with metastatic
renal cell cancer (128). Recently published data suggest promis-
ing clinical efficacy of bevacizumab monotherapy in metastatic
melanoma (129). Beside anti-VEGF, broad-spectrum multi-target
TKI prolong cancer-free survival by collectively decreasing tumor
vessel diameter, density, and permeability, even when admin-
istered in the absence of conventional therapies. For instance,
sunitinib and sorafenib monotherapies appear particularly effi-
cient in gastrointestinal and renal cancers (130). Nevertheless,both
bevacizumab and TKI can cause serious adverse effects, such as
gastrointestinal perforations.

The Notch ligand delta-like 4 (DIl4) has recently emerged as
a critical regulator of tumor angiogenesis (131). Activation of
the Notch pathway in neighboring endothelial cells causes inhi-
bition of tip cell formation, an early event in sprouting angio-
genesis. Mechanistically, this is believed to occur through the
down-regulation of VEGF-R2/3 pro-angiogenic pathway and the
up-regulation of VEGF-RI anti-angiogenic pathway (132). Inter-
estingly, VEGF can also operate upstream of DIl4 to potentiate
its effects (133). However, the exact role of D14 in tumor growth
and its potential in anti-cancer therapy remain unclear. Indeed,
DIl4/Notch activation reduces overall tumor angiogenesis, while
tumor vascular function was improved and tumor growth was
heightened (134). This supports the notion that further strategy
in anti-cancer therapy could be based on DIl4/Notch signal-
ing blockade. On the other hand, DIl4-driven Notch activation
might reduce both tumor-induced angiogenesis and endothelial
cell responsiveness to VEGF (135), and therefore argue rather
for the use of DIl4 as an effective therapeutic approach in
cancers.

COMBINATION THERAPY AND FUTURE STRATEGIES

Recently, based on general hallmarks of the tumor vasculature, i.e.,
poor blood flow, leakage, and reduced drug uptake, a new trend in
anti-cancer treatment has emerged, that involves combining vas-
cular normalization agents with traditional therapies to improve
treatment response.

To re-establish an efficient tumor vascularization, assis-
tant molecules, namely those bearing anti-angiogenic or anti-
permeability properties, have been designed and tested in clinical
trials, in parallel with cytotoxic drugs. In this scenario, the use of
either the vasoconstrictor Angiotensin II (136) or the vasodilator
Bradykinin B2 receptor agonist (137) improves tumor treatment
uptake, through an increase in transcapillary pressure. Similarly,
to facilitate stromal barrier crossing, the ECM-degrading enzyme
collagenase (138) was shown to exert favorable changes in the tran-
scapillary pressure gradient and thereby enhance anti-cancer drug
penetration.

Alternatively, bevacizumab, the anti-VEGF drug, impinges
on both microvascular density and tumor IFP, and improves
drug uptake in colorectal carcinoma patients (139). Moreover,
pazopanib, an inhibitor of VEGF and PDGF receptors, induces
better tumor liposomal drug delivery (140). Likewise, radiother-
apy combined with anti-integrin antibody (intetumumab) reduces

tumor vessel density, while increasing tumor cell apoptosis and
hindering metastasis (141). Interestingly, apart from its role in
permeability, high levels of VEGF have been reported to pro-
mote T-reg proliferation, inhibit antigen-presenting cell matu-
ration and as a consequence, decrease immune responses (142,
143). Therefore, anti-angiogenic drugs, especially those targeting
VEGEF actions, could improve cancer immunotherapy by stimulat-
ing tumor microenvironment immune responses (142). Although
significant evidence has demonstrated the benefits of anti-VEGF
therapies in cancer treatment, its general use is still controversial.
First, significant increase in overall survival is observed only when
bevacizumab is combined with standard chemotherapies. In addi-
tion, many patients exhibit resistance to anti-VEGF treatments,
while timing and doses to be administered, cost and relapse effects
raise some major concerns. Finally, vascular regrowth remains
highly problematic. Indeed, a second wave of angiogenesis orches-
trated by pro-angiogenic ligands of the FGF family could account
for the short-term efficacy of VEGF-based anti-angiogenic thera-
pies (144). Unlike bevacizumab, combination of TKI with conven-
tional chemotherapy does not improve the outcome of anti-cancer
treatment. In this scenario, use of erlotinib, a potent inhibitor
of the epidermal growth factor receptor tyrosine kinase, with
standard chemotherapy has failed to enhance tumor response or
survival in lung carcinoma (145). Highly efficient TKI monother-
apy could be combined with chemotherapy only when tumor cells
become resistant to TKIs.

Alternatively, dose, schedule, and decreased toxicity may
amend tumor responses. Contrary to standard chemotherapy,
i.e., high doses with prolonged drug-free breaks, metronomic
chemotherapy refers to chronic and equally spaced administra-
tion of low doses of cytotoxic drugs, without pauses. For example,
reduced but continuous doses of cyclophosphamide suppressed
tumor growth more effectively than canonical chemotherapy
scheduling, even in drug-resistant tumors (146). Interestingly,
metronomic chemotherapy exerts anti-tumor and anti-metastatic
actions by decreasing VEGF serum concentration and increas-
ing apoptosis of cancer cells (147). For those reasons, metro-
nomic chemotherapy could be considered as an anti-angiogenic
chemotherapy.

Importantly, the efficacy of anti-angiogenic therapy combined
with cytotoxic conventional therapies (chemo- and/or radio-
therapies) depends on optimal treatment scheduling. Indeed for
each anti-cancer therapy, a “normalization window,” has to be
determined to define period and doses necessary for tumor vessel
normalization (148).
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Increasing the penetration of drugs within solid tumors can be accomplished through mul-
tiple ultrasound-mediated mechanisms. The application of ultrasound can directly change
the structure or physiology of tissues or can induce changes in a drug or vehicle in order to
enhance delivery and efficacy. With each ultrasonic pulse, a fraction of the energy in the
propagating wave is absorbed by tissue and results in local heating. When ultrasound is
applied to achieve mild hyperthermia, the thermal effects are associated with an increase in
perfusion or the release of a drug from a temperature-sensitive vehicle. Higher ultrasound
intensities locally ablate tissue and result in increased drug accumulation surrounding the
ablated region of interest. Further, the mechanical displacement induced by the ultrasound
pulse can result in the nucleation, growth and collapse of gas bubbles. As a result of such
cavitation, the permeability of a vessel wall or cell membrane can be increased. Finally,
the radiation pressure of the propagating pulse can translate particles or tissues. In this
perspective, we will review recent progress in ultrasound-mediated tumor delivery and the

opportunities for clinical translation.

Keywords: ultrasound, sonoporation, vascular permeability, tumor penetration, enhanced drug delivery

THE PROBLEM

The goal of this Frontiers issue is to explore methods to enhance
the penetration of drugs within solid tumors. Combining ultra-
sound with a drug does indeed have the potential to enhance
delivery; however, due to the requirement to guide the beam to
the tumor such treatment will be a possibility only for localized
primary tumors and well-characterized metastases that are acces-
sible to sound waves. Ultrasound is easily directed to superficial
organs such as the breast and prostate, as well as most abdomi-
nal organs, and has also been applied in the treatment of brain
tumors. The effects of high intensity ultrasound on biological tis-
sue, and particularly on the central nervous system, have been
recognized for more than 70 years; the ability to heat and ablate
tissue was described initially (1-5). Within studies in the 1940s and
1950s, ultrasound was also determined to have non-thermal effects
on tissue, typically characterized as mechanical effects (6). The
mechanical effects of ultrasound can act directly upon the tumor
tissue or on injected microbubbles whose oscillations enhance
vascular or cell membrane permeability. Although early studies
were not geared toward drug delivery, these same mechanisms
of high temperature ablation or mild hyperthermia can increase
drug accumulation within a lesion and lesion boundary. In recent
strategies, the increased temperature is applied to influence both
the tissue and the drug capsule.

ENHANCED EXTRAVASATION OF NANOTHERAPEUTICS

THROUGH MECHANICAL AND THERMAL EFFECTS ON TISSUE
The direct effects of ultrasound on tissue and vasculature have
been reported to enhance the extravasation of antibodies and
nanotherapeutics (7-9). In some cases, the mechanical effects of
ultrasound have been shown to enhance therapeutic penetration.

With a center frequency of 1 MHz ultrasound at a peak nega-
tive pressure (PNP) of 8.95 MPa, antibody penetration has been
shown to be enhanced at the tumor periphery, presumably through
mechanical effects (8). The compression and rarefaction resulting
from the ultrasound wave can produce the nucleation, growth, and
collapse of gas bubbles within tissues. Such cavitation is assumed
to facilitate transport within tumor tissue.

The thermal dose delivered by ultrasound is typically mea-
sured in cumulative equivalent minutes at 43°C (CEM 43) which
is defined as tR4~1) with t being the time of treatment, T
the average temperature during treatment, and R a constant that
equals 0.25 for temperatures between 37 and 43°C and 0.5 above
43°C (10, 11). Hyperthermia has been demonstrated to increase
tumor blood flow and microvascular permeability (12). While it
has long been recognized that heat increases the accumulation
of small particles in the heated region of interest, the typical
protocol has involved 1 h or more of heating. However, by combin-
ing the mechanical and thermal effects of ultrasound, enhanced
delivery has been achieved with a shorter treatment (13). In
such studies, the temperature goal is ~41-42°C and insonation
continued for ~5-20 min. As a result of hyperthermia and the
mechanical effects of ultrasound, we have observed that the accu-
mulation of liposomes in an insonified tumor can be increased
up to threefold to as much as 22%ID/g. While ultrasound was
shown to enhance accumulation in syngeneic murine tumors, the
ultrasound parameters that were required to enhance nanopar-
ticle accumulation were shown to differ between epithelial and
epithelial-mesenchymal transition (EMT) tumor phenotypes (7).
While mild hyperthermia enhanced accumulation in the epithe-
lial tumors, likely through decreased intratumoral pressure and
enhanced apparent permeability, higher ultrasound pressure was
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required to enhance delivery in the poorly vascularized EMT phe-
notype. Further, excessive temperature or thermal dose can result
in vascular stasis, particularly in highly vascular epithelial tumors.
The requirement to personalize the ultrasound parameters to the
tumor biology will likely require image guidance to insure clinical
success.

In part due to the differing effects of mild hyperthermia with
tumor biology, the use of high temperature ablation to enhance
delivery has been explored as a methodology that is likely to be
generally effective in increasing delivery. While it seems coun-
terintuitive that tissue ablation can greatly enhance accumulation,
edema, enhanced blood flow, and increased transport in the region
surrounding the ablated site can successfully improve delivery. In
our experience, the peak delivery in regions surrounding ablation
can exceed 30%ID/g. Also of clinical interest, the hyperthermia
surrounding radiofrequency (rf) ablation lesions has been used to
enhance local delivery; however, the temperature obtained with
such devices ranges from 50 to 90°C (14). Rf ablation has been
applied in previous studies to achieve a similar enhanced delivery,
and such techniques are now in clinical trials (15, 16). High inten-
sity focused ultrasound similarly enhances delivery surrounding
the site of ablation, although combinations of ablation and drug
delivery remain primarily under pre-clinical investigation.

RELEASE OF DRUG FROM NANOPARTICLES WITHIN THE
VASCULATURE

Nanoparticles that can be triggered to release a small molecule
cargo within a tumor have shown the potential to increase both
the local concentration of the drug and tumor penetration. Yet, the
challenge of developing particles that are stable in circulation and
release their cargo upon activation has long been recognized as
a major challenge in pharmaceutical development. While many
activatable particles are under development (11, 17-23), ther-
mally sensitive liposomes have been frequently combined with
ultrasound in recent pre-clinical and clinical studies and will be
considered here. In studies of thermally sensitive liposomes, imag-
ing has been used to verify that amphipathic cargo released within
the tumor vasculature remains concentrated within the tumor in
the region of release (18). We have found that release of drug
from such temperature-sensitive vehicles can be highly effective,
resulting in a complete response in aggressive murine tumors
(unpublished data).

Temperature-sensitive liposomes were initially proposed con-
taining 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
with a phase transition of Ty, = ~41°C and multiple formulations
containing DPPC have been proposed (24, 25). The incorpora-
tion of lyso-phospholipids in DPPC-based liposomes decreases
the phase transition temperature and speeds the release of the
cargo, likely due to the creation of local defects within the lipid
bilayer (26). The Thermodox™ formulation, with the incorpora-
tion of a lyso-phospholipid, releases at a clinically desirable tem-
perature of ~39°C. The incorporation of the lyso-phospholipids
also enhances the ion permeability and drug release rates at the
membrane phase transition (27). Unfortunately, using the con-
ventional ammonium sulfate loading, liposomes containing lyso-
phospholipids also rapidly release their cargo within the blood
pool. As a result, while local delivery can be achieved within tens

of minutes after injection, the dose limiting toxicities of such for-
mulations have typically limited their application to single dose
administration. Although the pre-clinical data using Thermodox
has been very exciting, this activatable doxorubicin formulation
reportedly failed to meet its primary endpoint in the Phase III
HEAT Study in patients with hepatocellular carcinoma (HCC).
Yet, in spite of this setback, the potential for temperature-sensitive
vehicles to have a significant impact on the concentration and
penetration of drugs within solid tumors is substantial. Although
early clinical studies have typically been limited to one-time
treatment, with new formulations repeated treatment should be
feasible and the resulting clinical impact enhanced. Multiple alter-
native formulations have been proposed and compared and have
been shown to enhance circulation time (25, 28-30). Alterna-
tive strategies using metal-drug complexes, a Brij surfactant and
phosphatidylglycerol have been reported to enhance the stability
of temperature-sensitive liposomes and are promising alterna-
tives for future investigation. The ultrasound parameters used to
enhance delivery with temperature-sensitive liposomes have also
varied widely with the center frequency typically ranging from 1
to 3 MHz and duty cycle ranging from ~10 to 100% (20, 31, 32).

MICROBUBBLES

Micron-scale gas bubbles with a stabilizing shell are used in ultra-
sound imaging to improve imaging of the blood pool and have
been widely applied in pre-clinical studies of enhanced drug deliv-
ery. The microbubble shell can be coupled to nanotherapeutics,
such as liposomes, or coated with a drug (33, 34). The gas core can
transport oxygen or other useful gas cargo, although for imaging
the gas core is selected to reduce diffusion through the shell mater-
ial (35). Alternative formulations in which liquid perfluorocarbon
particles are injected and change to a gaseous phase in vivo have
also been shown to have efficacy in the delivery of drugs to solid
tumors (36).

Reflections of ultrasound waves from tissue increase in propor-
tion to variations in density and compressibility of the medium
and therefore highly compressible gas bubbles produce strong
ultrasound echoes. These small bubbles expand and contract
in response to ultrasound waves. When driven at a frequency
near the resonance frequency that is determined by the size and
physical composition of the microbubble, a multi-fold expan-
sion can result. During the subsequent collapse, the velocity of
the microbubble wall can reach hundreds of meters per second
(37, 38), and the gas core can fragment into a set of small gas
particles (39). Also, during microbubble collapse, small jets can
impact nearby cell membranes and result in enhanced transport
of materials into the cell. In vitro studies in phantom materi-
als and ex vivo studies within tissues have confirmed that the
oscillating microbubble can travel through the vessel wall or can
affect the mechanical integrity of the vessel (40—42). Still, such jets
affect cells only within a distance on the order of tens of microns.
Therefore, the application of microbubbles to alter vascular, rather
than tumor cell, permeability is attractive since the vascular con-
centration is initially high and large numbers of microbubbles
are required to effectively change the membrane permeability of
a large fraction of cells within a tissue. Within the vasculature,
catheters have also been applied to direct streams of bubbles to a
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region of interest (43). Also, microbubble-enhanced gene delivery
has been widely studied since the biological amplification resulting
from transfection is expected to increase the impact of treatment
although the protocols have varied (44—48). Within such studies,
microbubbles and DNA have been co-injected or combined into
a single vehicle and the administration has been intratumoral or
intravascular. Typical ultrasound parameters for enhanced tumor
gene delivery have included a center frequency on the order of
1 MHz and a low pulse repetition frequency; however, the peak
negative ultrasound pressure has varied significantly and success-
ful transfection at higher ultrasound frequencies has also been
reported.

The ultrasound parameters used to increase vascular perme-
ability must be chosen carefully as insonation of microbubbles
with low ultrasound frequencies has been shown to reduce blood
flow (49). A parameter space for safe and effective use of microbub-
bles for enhancing vascular permeability has been established (41,
50-52). Many parameters, including microbubble dosage and size,
the ultrasound center frequency, pulse duration, pulse repetition
frequency, and the PNP determine the effect of the oscillating
microbubble on the surrounding tissue.

In addition to the formation of jets, physical mechanisms
exploited in microbubble-enhanced delivery include radiation
forces and microstreaming of fluid (53, 54). Radiation force refers
to a mechanism by which oscillating microbubbles or other parti-
cles are displaced, most typically in the direction of wave propaga-
tion (55-57). This displacement can be used to enhance vascular
targeting of a microbubble or microbubble-drug conjugate. Fur-
ther, local motion of fluid surrounding the oscillating bubble is
known as microstreaming and has been shown to increase cellular
uptake of therapeutics (53, 54).

One of the most important applications for the use of
microbubbles to enhance delivery has been the enhancement of
blood brain barrier (BBB) permeability (58—65). In general, the
technique consists of systemically injecting microbubbles and
insonifying the region of the brain where enhanced permeabil-
ity is desired. Here again, a parameter space has been established
within which enhanced BBB transport is achieved with minimal
hemorrhage and cell death. Still, the extension of these techniques
into the clinic is expected to require the use of real-time cavita-
tion detection, as individual variations in the skull penetration
of the ultrasound wave are significant and the therapeutic win-
dow for effective and safe therapy is relatively small (66). As noted
above, pre-clinical-application of microbubble-enhanced delivery
is widespread. In addition, the authors are aware of yet unreported
small clinical studies of microbubble-enhanced delivery to solid
tumors.

APPLICATION OF IMAGING TECHNOLOGY

A major reason for the expansion of the application of thera-
peutic ultrasound is the development of methods to monitor the
treated location and the temperature using MRI (67) or ultrasound
(68). While mild hyperthermia (CEM 43 < 0.5) is associated with
increased metabolism, blood flow, and tissue repair, higher ther-
mal doses are associated with enhanced cell death and therefore the
methods to carefully control and monitor the delivered tempera-
ture are critically important (69). Image guidance using nuclear

medicine techniques is also attractive due to their high sensitivity
and the opportunity for quantitation of delivery (70, 71). By radi-
olabeling nanoparticles, the rate and magnitude of extravasation
can be directly estimated from PET data (71). Even with the rela-
tively low spatial resolution of PET (~1 mm), the penetration of
nanoparticle-based therapeutics has been assessed and shown to
differ from small molecular weight agents (72).

In order to fully evaluate the enhanced penetration of a drug
resulting from ultrasound, multiple imaging labels can be incor-
porated with drug accumulation and penetration assessed at the
whole body, organ, and cellular scales (8, 9, 70, 73, 74). Multiple
MRI protocols can be proposed for the guidance of ultrasound
therapies including diffusion-weighted (75, 76), T2-weighted (77,
78), and contrast enhanced T1-weighted imaging (79-81), fluid
attenuated inversion recovery (FLAIR) (82), heteronuclear (**Na)
(83), spectroscopy (84), and displacement sensitive sequences via
MR elastography (85). Following HIFU ablation of the prostate,
gadolinium enhanced MRI is often used to evaluate the extent of
tissue damage. Although contrast enhanced T1-weighted MRI can
detect tissue damage following HIFU ablation (86, 87), it does not
correlate to histological results (intensity of necrosis, presence of
foci of viable cancer) immediately following HIFU (87). However,
for follow-up examinations, DCE MRI has demonstrated good
sensitivity and diffusion MRI has shown specificity in identifying
tumor progression after HIFU ablation (75, 88).

In addition to endogenous contrast mechanisms that can be
used to guide and assess ultrasound therapies, exogenous agents
can be used to report on specific changes. For example, co-
administration of two paramagnetic contrast agents (gadolinium
and thulium) within liposomal drug carriers has been previously
utilized to follow internalization and cellular trafficking of the
vehicle (89). Similarly, multi modal liposomal agents spanning
CT and MRI have been used to assess the penetration of lipo-
somes within tumors and have been proposed for cross modality
registration and as a means to guide imaging-based interventions
(73, 74). Many physiological parameters can also be assessed by
MRI and coupled with the soft tissue anatomical information
motivate MRI as an excellent tool for guiding thermal therapies
(90, 91).

In addition to the role of MRI in the assessment of drug
penetration and distribution, MR thermometry can be applied
to monitor the temperature of a region during an interven-
tion (92-100). The proton resonance frequency (PRF) of water
is frequently used to detect changes in temperature (101) both
because it has a thermal coefficient that is linear over a wide
temperature range and, excepting adipose tissue, the PRF shift
has little dependence on tissue type even following coagulation
(99, 102). The PREF shift can be measured rapidly with gradient
echo sequences, which is advantageous during thermal therapies
where high temporal resolution is desirable, especially during abla-
tive processes, to avoid damage to surrounding tissue. Further
increases in temporal resolution can be gained via partial par-
allel imaging techniques using phased arrays (103—105) utilizing
various algorithms (105).

Neither clinical focused ultrasound (FUS) systems, which typ-
ically operate around 1 MHz (106, 107), nor clinical MR scanners
(e.g., 1.5, 0r 3T) are ideal for small animal imaging. In the former,
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the focal spot depth may encompass an appreciable portion of
the animal, while the latter may have insufficient signal-to-noise
ratio (SNR) to easily obtain detailed images of murine tumors.
The smaller focal depth at higher FUS frequencies makes them
more suitable for pre-clinical imaging of small animals (108).
High field scanners are especially useful for small animal ther-
mal imaging because in addition to providing higher SNR, which
can be used for higher spatial resolutions, they also improve the
sensitivity of thermal measurements made with the PRF shift
method, which itself has a first order dependence on magnetic
field strength.

FUTURE APPLICATIONS

The use of the thermal and mechanical effects of ultrasound to
enhance delivery to solid tumors is expanding. With the increas-
ing availability of MRI-guided high intensity focused ultrasound,
well-controlled and calibrated clinical studies are feasible. Both the
use of ultrasound to alter tissue properties and to release a drug
from a carrier are in widespread pre-clinical evaluation. With the
addition of microbubbles, drug penetration through the endothe-
lium can also be increased, although the protocols are currently
more complex due to the need to co-inject the therapeutic and
microbubbles.
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INTRODUCTION

Tumor-homing peptides can be used to deliver drugs into tumors. Phage library screen-
ing in live mice has recently identified homing peptides that specifically recognize the
endothelium of tumor vessels, extravasate, and penetrate deep into the extravascular
tumor tissue. The prototypic peptide of this class, iIRGD (CRGDKGPDC), contains the
integrin-binding RGD motif. RGD mediates tumorhoming through binding to av integrins,
which are selectively expressed on various cells in tumors, including tumor endothelial
cells. The tumorpenetrating properties of iRGD are mediated by a second sequence motif,
R/KXXR/K. This C-end Rule (or CendR) motif is active only when the second basic residue
is exposed at the C-terminus of the peptide. Proteolytic processing of iRGD in tumors
activates the cryptic CendR motif, which then binds to neuropilin-1 activating an endocytic
bulk transport pathway through tumor tissue. Phage screening has also yielded tumor-
penetrating peptides that function like iRGD in activating the CendR pathway, but bind to
a different primary receptor. Moreover, novel tumorhoming peptides can be constructed
from tumor-homing motifs, CendR elements and protease cleavage sites. Pathologies other
than tumors can be targeted with tissue-penetrating peptides, and the primary receptor
can also be a vascular “zip code” of a normal tissue. The CendR technology provides a
solution to a major problem in tumor therapy, poor penetration of drugs into tumors. The
tumorpenetrating peptides are capable of taking a payload deep into tumor tissue in mice,
and they also penetrate into human tumors ex vivo. Targeting with these peptides specifi-
cally increases the accumulation in tumors of a variety of drugs and contrast agents, such
as doxorubicin, antibodies, and nanoparticle-based compounds. Remarkably the drug to be
targeted does not have to be coupled to the peptide; the bulk transport system activated
by the peptide sweeps along any compound that is present in the blood.

Keywords: synaphic targeting, homing peptide, tumor-penetrating peptide, neuropilin-1, av integrins, C-end Rule

endothelial growth factor receptors [VEGF-Rs, (2)]. These recep-

A major problem in systemic therapy is that only a small propor-
tion of administered drug reaches its intended target site(s). Selec-
tive delivery of the drug to the target tissue can alleviate this prob-
lem. Affinity-based physical targeting (synaphic, pathotrophic, or
active targeting) makes use of molecular markers that are specif-
ically expressed at the target, and not elsewhere in the body, to
accomplish selective targeting of systemically administered drugs
(1). The desired outcome of the synaphic targeting is similar
to topical application: increased local accumulation and lower
systemic concentration of the therapeutic payload.

Synaphic targeting efforts have led to improved cancer drug
delivery, but this approach only partially solves the selective
delivery problem. Delivering a payload to a molecule specif-
ically expressed on the surface of vascular cells in the target
tissue can be effective because the vasculature is readily avail-
able for blood-borne probes. Thus, anti-angiogenic and vascular
disrupting compounds can benefit from this approach. In fact,
many of these compounds inherently target the vascular endothe-
lium. An obvious example is antibodies that block the vascular

tors are generally expressed at elevated levels in tumor vasculature.
Hence the antibody (or other VEGEFR ligand) has more binding
sites in tumor vessels than elsewhere and could selectively carry
a payload there. Less well known is that many of the natural
and designed anti-angiogenic proteins highjack integrin-binding
plasma proteins (fibronectin, vitronectin, fibrinogen) to selec-
tively target the angiogenic tumor vessels. The anti-angiogenic
proteins for which this has been shown include angiostatin, endo-
statin, anginex, and anastellin (3). However, besides tumor ves-
sels, it is desirable to also target the tumor cells (and stromal
cells) within the tumor. While delivering a drug to tumor ves-
sels can improve the efficacy of the drug, the drug still has to
extravasate and penetrate into the extravascular tumor tissue to
reach the tumor cells. The technology we review in this article
provides a solution to the tumor penetration problem. It can also
help to deal with another, less appreciated problem of synaphic
delivery: that the number of available receptors in a tumor is
likely to be too low for the delivery of sufficient quantities of a
payload drug.
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VASCULAR ZIP CODES IN DRUG DELIVERY
The endothelia of vessels in different organs, even when mor-
phologically indistinguishable, are molecularly (and as a result,
likely functionally) different [“vascular zip codes,” (4)]. Moreover,
specific response patterns are activated in vascular cells during
processes such as tumor growth, inflammation, tissue repair, and
atherosclerosis. Many of the zip codes elicited by these processes
are secondary to angiogenesis, the sprouting of new blood vessels
from existing vessels. A common denominator is endothelial cell
(and pericyte) activation, but each condition can also put an indi-
vidual signature of the vasculature. One set of activation-related
cell surface molecules, comprised of P-selectin, E-selectin, ICAM-
1,and VCAM-], is turned on by inflammation in venular endothe-
lial cells and mediates leukocyte rolling and adhesion/emigration
in response to inflammation (5, 6). Another signature set of cell
surface molecules, comprising certain integrins, growth factor
receptors, extracellular proteases, and extracellular matrix pro-
teins, is expressed during angiogenesis, which is the main factor
making tumor vasculature distinguishable from normal vascula-
ture in the adult organism. Lymphangiogenesis and macrophage
infiltration also contribute to tumor-related marker molecules (7).
In vivo phage display has been instrumental in establishing
the extent of the molecular specialization in the vasculature and
has contributed a number of new markers of tumor vasculature
(4, 8). Bacteriophage can be genetically modified to incorporate
random peptide sequences as fusions with the coat proteins at a
diversity of about one billion variants per library, which is close to
the total number of possible permutations of a random 7-amino
acid sequence (1.28E9). For in vivo selection, a library of phage
displaying random peptides is injected systemically into the ani-
mals, followed by removal of target organs, amplification of the
bound phage, and subjecting the amplified pool to another round
of selection. In vivo peptide phage screening combines subtrac-
tive elements (removal of phage displaying pan-specific peptides)
with positive selection at the target tissue (9). This technology
has yielded peptides with unique tumor-penetrating properties as
discussed below.

TUMOR-PENETRATING PEPTIDES

MODULAR STRUCTURE OF TUMOR-PENETRATING PEPTIDES

About 10vyears ago, our laboratory identified a peptide, LyP-1
(CGNKRTRGC), with the ability to take the phage expressing
it to the lymphatic vessels and hypoxic areas in tumors (10,
11). Surprisingly, the LyP-1 phage reached its targets in tumors
within minutes of intravenous injection. Given that the phage is
a nanoparticle and consequently diffuses slowly, diffusion did not
seem to account for the rapid spreading within the tumor. It took
the discovery of the CendR system, and the realization that it was
responsible for the spreading within tumors of a more recently
identified tumor-homing peptide, iRGD, to understand how these
peptides penetrate into tumors (12, 13).

Tumor-penetrating peptides like iRGD and LyP-1 contain three
independent modules: a vascular homing motif, an R/KXXR/K
tissue penetration motif, and a protease recognition site. These
modules cooperate to ensure a multistep, highly specific process
of tumor-homing and penetration. The sequence of the prototypic
tumor-penetrating peptide, iRGD, is CRGDR/KGPDC. We mostly

use the K-variant, CRGDKGPDC, because it appears to provide
stronger tumor-homing than the R-variant. Following systemic
administration, the iRGD peptide is first recruited through its
RGD motif to av integrins, which are overexpressed on tumor
endothelial cells. After the initial binding, proteolytic process-
ing exposes the internal R/KXXR/K motif at the C-terminus of
the truncated peptide. We have termed the R/KXXR/K motif
the C-end Rule or CendR motif (pronounced sender) because
of the requirement of C-terminal exposure for activity. The C-
terminal CendR motif interacts with neuropilin-1 (NRP-1), and
the NRP-1 interaction triggers the activation of a transport path-
way (CendR pathway) through the vascular wall and through
extravascular tumor tissue (12, 13). These peptides can take along
both conjugated and co-administered payloads into the tumor
parenchyma.

We came across the CendR phenomenon while screening phage
libraries for peptides that would bind to and internalize into cells
isolated from tumors grown in mice. We were initially disap-
pointed to find that, independent of the starting library con-
figuration (we used cysteine-flanked cyclic and linear random
heptapeptide libraries), the selected peptides all looked similar;
they all had a C-terminal arginine or lysine residues with another
basic amino acid at the —3 position. However, we soon realized
that the consensus motif, R/KXXR/K, had to be some kind of a
master cell internalization signal and set out to study it. It is worth
noting that, while our laboratory used the filamentous phage dis-
play system introduced by Smith (14, 15) in our early studies (8,
16), we later switched to the T7 phage. The important distinction is
that in T7, the exogenous peptide is expressed at the C-terminus of
the phage coat protein, whereas it is at the N-terminal end in the
filamentous phage. Thus, the C-terminal truncations producing
the CendR motif could only be selected for in the T7 system.

The binding and internalization of R/KXXR/K-displaying
phage or synthetic nanoparticles required the presence of free
C-terminal arginine or lysine residues as addition of additional
amino acid residues to the motif or amidation of the carboxyl ter-
minus resulted in loss of activity (12). In addition to the prostate
cancer cell lines, the active CendR motif triggered binding, and
internalization in many cultured tumor cell lines and in cells in
suspensions prepared from normal mouse tissues. Studies on the
prototypic active CendR peptide, RPARPAR, showed that the bind-
ing only takes place for the peptide made of L-amino acids and that
the binding can be inhibited by excess of free peptide, suggest-
ing the existence of a saturable receptor with a chiral recognition
specificity. In contrast, cell-penetrating peptides, widely used for
intracellular delivery of payloads in vitro are independent of posi-
tion and chirality, and no specific receptors for them have been
identified.

Affinity chromatography with RPARPAR identified NRP-1 as
the main binding molecule for RPARPAR. NRP-1 is a trans-
membrane receptor with major roles in cell migration and
endothelial cell sprouting in blood vessels, while NRP-2 with a
similar, but not identical binding specificity is abundant and plays
an important role in lymphatic vessels (17, 18). NRP-1 is best
known for its role as a co-receptor for certain members of the vas-
cular endothelial growth factor (VEGF) and semaphorin families
(19,20). The NRP-1-binding VEGFs and semaphorins, and TGFf,
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all have C-terminal CendR motifs. Tuftsin is an immonomodu-
latory peptide that has been shown to bind to NRP-1 [it has a
C-terminal arginine residue, but lacks the complete CendR motif;
(21)]. It induces vascular permeability (22), but no evidence on
tissue penetration has been presented.

The b1b2 domain of NRP-1 that contains the binding pocket
for the CendR motif has been crystallized together with tuftsin
(23). Molecular modeling studies show that peptides with a C-
terminal CendR motif, such as RPARPAR fit well to the binding
pocket, but do not provide an explanation for the role of the penul-
timate arginine residue, which remains outside the binding pocket
[Figure 1; (24, 25)]. Perhaps this arginine could be engaging an
as-yet unknown molecule in a three-way interaction with NRP-1.

Based on molecular simulations and phage binding to puri-
fied NRP-1 protein it appears that formation of a stable complex
between a CendR peptide and NRP-1 requires interaction of the
-2 and -3 residues with loop III of the bl domain of the NRP-1,
as in the case of RPAR, RRAR, RDAR, RPDR, RPRR, and RPPR
(25). For a stable interaction to occur, loop III must be engaged
in a pairwise interaction that stabilizes the interaction of the C-
terminal carboxylic group with the CendR binding pocket in the
bl domain of NRP-1.

Interestingly, the D-conformer of RPARPAR is a poor fit with
the binding pocket, suggesting that the D-Tat, even with a C-
terminal arginine would not bind to NRP-1. The modeling studies
also indicate that under some circumstances a cyclic peptide could
fit into the binding pocket (24). Indeed, peptides built on a ther-
mostable, protease-resistant cyclotide kalata B1 scaffold have been
described that are thought to interact with NRP-1 as intact cyclic
peptides (26). These modeling studies provide a basis for in sil-
ico screening of CendR analogs and evaluation of low molecular

FIGURE 1 | Ribbon representation of the NRP-1-RPAR complex
showing the most notable interactions found between the peptide
and the binding pocket of NRP-1. The ligand and the interacting side
chains of the receptor are depicted as solid lines. NRP-1 backbone is shown
in purple and RPAR backbone in green Hydrogen atoms are omitted for
clarity. Specific interactions are drawn: hydrogen bonds are shown as blue
discontinuous lines while salt bridges are marked by yellow discontinuous
lines. Reprinted with permission from Haspel et al. (24). Copyright 2011
American Chemical Society.

weight compounds resulting from high throughput screening. The
molecules that bind to the CendR binding pocket on b1b2 domain
of NRP-1 will be either acting as agonists or antagonists with
potential applications in cancer drug delivery, and in diseases asso-
ciated with elevated vascular permeability and pathogen spreading
in tissues (see below).

A wide range of other receptors have been reported to use NRP-
1 as a co-receptor, earning NRP-1 designation as a “hub” receptor
(27), but it is not clear whether the ligands of these receptors use
the CendR motif binding site for docking to NRP-1. Whereas NRP-
1 can signal independently of other signal-transducing receptors,
the primary role of NRP-1 is believed to be acting as a co-receptor
that ensures the recruitment and presentation of various ligands
to the effector receptors. NRP-1 is overexpressed in many can-
cer cell lines, where it is implicated in migration, proliferation,
and survival. NRP-1 is overexpressed in tumors, both in cancer
cells and in stromal cells, and is implicated in development and
maintenance of the tumor vessels and in tumor growth and pro-
gression (28, 29). NRP-1 is a target of anti-cancer therapy with
antibodies and peptide-bound therapeutic agents (30-34). How-
ever, as the NRPs are also widely expressed in normal vessels,
the overexpression in tumors will only afford a degree of tumor
specificity. Another aspect is that in bloodstream, plasma pro-
teases carboxypeptidases [e.g., carboxypeptidase M and N; (35)]
rapidly remove C-terminal arginine residues, thus limiting the effi-
cacy of systemic active CendR peptides in tumor drug delivery. In
contrast, the localized tumor-specific proteolytic activation of the
cryptic CendR motif of our tumor-penetrating peptides results in
tumor-specific activation of a cell and tissue penetration pathway.

THE CendR PATHWAY

The ability of VEGF and semaphorins to increase vascular per-
meability has been recognized for some time. Dvorak and Feng
(36) showed that VEGF induces the formation of a network of
tubular vesicles in endothelial cells they named the “Vesiculo-
vacuolar organelle,” and presented morphological evidence that
these interconnected vesicles could form a pathway though cells.
The complicating factor in interpreting these results is the activ-
ity of the main signaling receptors for VEGF (VEGF-Rs) and for
the semaphorins (plexins). CendR peptides allow one to study the
NRP binding in isolation of other receptors and have made it pos-
sible to show that NRP-1 [and NRP-2, (37)] activate a trans-tissue
transport pathway.

The uptake of the payload of CendR peptides into intracellular
vesicles shows that the entry into cells is through an endosomal
route. Moreover, the rapid penetration of the payloads of tumor-
homing CendR peptides into tumors in vivo and ex vivo, and
its energy dependence (13, 37, 38) shows that this is an active
transport pathway, not one dependent on diffusion. The CendR
pathway may be distinct from the known endosomal pathways,
but at this point the evidence to that effect is limited to the use
of various pharmaceutical inhibitors of the known pathways (12).
The extravasation and tumor-penetration activities of iRGD sug-
gest that the payload of the CendR endocytic vesicles is also at
least partially released from cells by fusion of the endosomes with
the plasma membrane. We have not yet observed the exocytosis
phase of this presumed transcellular pathway, but the rapid tissue
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penetration of the CendR payloads support of this possibility.
However, we cannot exclude that an alternative pathway such as
propelling cell surface-bound payload forward by the cell mem-
brane or membrane projections. Genetic and proteomics studies
are underway to elucidate the cellular molecular basis of the CendR
pathway.

Our discovery of the CendR tissue transport pathway raises the
fascinating question of the physiological function of this path-
way. While the focus so far has been on how this pathway might
be used in drug delivery, it obviously does not exist for this pur-
pose. One possibility is that it facilitates the transfer of nutrients
to cells that are far from blood vessels or otherwise under duress.
The overexpression of NRP-1 in tumors suggests that supplying
nutrient deficient/hypoxic areas in tumors may be yet another way
tumors make use of a physiological pathway to foster their own
growth. The CendR pathway may have been hijacked by viruses
and microbial toxins for cell entry and tissue spreading. Cleavage
of a viral surface proteins and pro-toxins by host proteases (most
commonly furins and related enzymes) at sites that create an active
CendR motif is a recurrent theme seen in many pathogens. Exam-
ples include the Human T-lymphotropic virus-2, Crimean—Congo
hemorrhagic fever virus, tick-born encephalitis virus, and Ebola
viruses, as well as anthrax toxin (39-43). CendR sequences are
also present in snake and bee venoms (e.g., mellitin), and may
contribute to the spreading of these toxins in tissues.

Vascular edema is associated with many diseases (hemorrhagic
virus infections, sepsis, and vascular leak syndromes). Several
proinflammatory vasoactive (poly)peptides capable of increas-
ing vascular permeability display a functionally important argi-
nine residue at their C-terminus. Examples include complement
C3a and C5a anaphylatoxins (C-terminal sequences ASHLGLAR
and KDMQLGR, respectively) as well as kinins (bradykinin and
kallidin, which have an identical C-terminal sequence, RPPGF-
SPFR). Intriguingly, we have observed that phage that display
peptides corresponding to the C-terminal amino acids of C5/3a
and bradykinin bind to the recombinant b1b2 domain of NRP
(in preparation) and that the binding is reversed by an excess of
the free peptide. It remains to be seen whether the NRP/CendR
axis plays a role in the activity of C3/5a, bradykinin, and/or other
vasoactive peptides.

DESIGNER PEPTIDES FOR CendR PATHWAY ACTIVATION

Having worked out the two-motif requirement for a tumor-
homing peptide to have CendR activity, we tested the universality
of the concept by designing a new peptide with such activities.
We used as the starting point the NGR tumor-homing motif pre-
viously identified by our laboratory (44, 45), which recognizes a
form of aminopeptidase N in angiogenic tumor vessels (46, 47).
We added a second arginine to the NGR motif to convert it into the
CendR motif, RNGR and embedded that motif in the iRGD frame-
work by replacing RGDK with RNGR. The resulting peptide, iNGR
(CRNGRGPDC) has all the properties of iRGD, except that its
tumor recruitment is not mediated by integrin but another recep-
tor, presumably aminopeptidase N (48). We have also designed
tumor-homing CendR peptides by arranging in tandem a CendR
motif, a proteolytic cleavage site for a tumor-associated protease
that cleaves after a basic residue, and a tumor-homing motif
(Teesalu et al., in preparation). These peptides also home to and

penetrate into tumors. A construct created to deliver a non-specific
cell-penetrating peptide, appears to serendipitously follow this
design (49). Whether these tandem tumor-penetrating peptides
are as effective as the peptides in which the homing motif and
CendR motif overlap remains to be seen. The iRGD and LyP-1
peptides lose their affinity for the primary receptor [av integrins
for iRGD and a mitochondrial/cell surface protein p32 for LyP-1
(7) after the proteolytic cleavage that activates the CendR motif has
taken place (13, 37)]. The resulting release of the peptide from the
primary receptor may facilitate subsequent binding to NRP-1 and
make the primary receptor available for binding of another intact
peptide. Peptides with tandem motifs would lack this latter feature.
Another possible design for CendR activation would be blocking
the C-terminus with a chemical group other than an amino acid or
peptide. One can envision peptides, the CendR activity of which
is triggered by a phosphatase, demethylase, sulfatase, etc. To the
extent such an enzyme is specific for the target tissue, new useful
probes could be created.

DRUG DELIVERY WITH TUMOR-PENETRATING PEPTIDES

THE DRUG PENETRATION PROBLEM

To reach tumor cells and tumor-associated parenchymal cells (e.g.,
tumor-associated fibroblasts, macrophages), drugs must cross the
vascular barrier and penetrate into the extravascular stroma. Can-
cerous tissue is heterogeneous, with striking regional differences
in tumor structure (leaky vasculature and defective lymphatics,
which causes buildup of interstitial fluid pressure in the tumor),
and physiology (e.g., inflammation, fibrosis, hypoxia, acidity).
These features translate into steep drug gradients and variabil-
ity in the uptake and distribution of anti-cancer drugs within
tumor parenchyma (50). For example, evaluation of doxorubicin
distribution in tumors after systemic administration showed that
the concentration of this drug decreases exponentially with dis-
tance from tumor blood vessels, reaching half of its perivascular
concentration at a distance of about 40 pm (51). The distribu-
tion of trastuzumab (Herceptin) in breast tumor xenografts is
also highly heterogeneous with many tumor cells exposed to no
detectable drug (52). To some extent, the tumor drug delivery chal-
lenges are alleviated by the Enhanced Permeability and Retention
(EPR) effect — accumulation of compounds (typically liposomes,
nanoparticles, and macromolecular drugs) in tumor tissue more
than they do in normal tissues. The underlying causes of the EPR
effect are abnormal structure and function of tumor vessels: poorly
aligned endothelial cells with fenestrations, deficient pericyte cov-
erage, and lack of lymphatic drainage. However, EPR is highly
variable as it is influenced by differences between tumor types and
heterogeneity within individual tumor. Tumor interstitial pressure
(IFP) depends on integrity of blood and lymphatic vessels, tumor
cell proliferation, deposition of matrix molecules, and interac-
tion of cells with the matrix molecules. The difference between
tumor microvascular fluid pressure and IFP determines intratu-
moral convection fluxes that have a major influence on the vascular
exit of the compounds over 10 kDa. Intratumoral fluid pressure
gradients can be in some cases favorably influenced by vasodilatory
compounds such as bradykinin, endothelin, and calcium channel
antagonists, to allow better tumor perfusion and increased drug
delivery (53). Other approaches include dissolving extracellular
matrix with enzymes such as collagenase or hyaluronidase (54),
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or killing or inhibiting the activity of tumor-associated fibroblasts
(55). Obviously, the delivery of enzymes and drugs aimed at low-
ering the IFP to the tumor parenchyma faces the similar tumor
penetration challenges seen for the cancer drugs.

CendR-ENHANCED DRUG DELIVERY

The tumor-homing CendR peptides provide a solution to the drug
penetration problem. A probe or drug attached to iRGD or LyP-
1 is delivered to extracellular tumor tissue more effectively than
the drug alone. We have extensively demonstrated the tumor pen-
etration with fluorescein (FAM)-labeled peptides. Intravenously
injected FAM-iRGD, LyP-1, and iNGR are found dispersed in
tumor parenchyma minutes after administered, whereas FAM-
labeled inactive control peptides do not appear in the tumors at
all. FAM-labeled homing peptides that lack a CendR motif bind to
the blood vessels, but do not penetrate into the rest of the tumor
(10,11, 13, 48). Remarkably, iRGD and LyP-1 have quite different
distributions within tumors, presumably reflecting the expression
of their primary receptors in different tumor compartments (7,
10, 13). The effect of the cryptic CendR motif is vividly illus-
trated by the differences between iRGD and conventional RGD
peptides, such as CRGDC and cycloRGDfK. While iRGD pay-
load, even a poorly diffusing nanoparticle, readily enters tumor
parenchyma, the conventional RGD peptides only take their pay-
load to the tumor vessels (13, 38). LyP-1 and CGKRK, a peptide
we have recently shown to also use p32 as its receptor but lack the
CendR activity (56) show a similar difference (11, 57).

The observations with the fluorescent probe described above
prompted us to study the ability of iRGD and the other CendR
peptides to enhance the delivery of actual anti-cancer drugs to
tumors. We have shown that therapeutics as diverse as a small
molecular weight drug (doxorubicin), trastuzumab (anti-Her2
antibody), and the nanoparticle drugs Abraxane and Doxil can

benefit from iRGD-enhanced delivery (13, 38). In showing this,
we mostly made use of a unique property of iRGD and other simi-
lar peptides; they can enhance tumor penetration of payloads that
are not attached to the peptide, just administered at the same time.
The reason is that iRGD activates a bulk transport pathway that
moves along any compound present in the blood when the system
is active. The scheme in Figure 2 illustrates this principle.

Timing measurements have shown that the CendR pathway
is active for about 1h, with peak activity about 30 min after the
administration of the peptide (38). The timing agrees with the
half-life of the peptide in the blood, which for a peptide of this
size can be expected to be about 10 min (58). The main reason for
the short half-life is elimination of the peptide through filtration
into the urine. It remains to be determined whether prolonging
the half-life of the peptide would further enhance drug delivery
into tumors. We compared the efficacy of directly conjugating the
drug to iRGD and the co-administration with Abraxane as the
drug. Both methods gave significantly higher anti-tumor activity
than the drug alone, and seemed equally effective in this regard
in the tumor system we studied (38). However, it should be noted
that the number of receptors at the target limits the efficacy of
the conjugated delivery. Calculations show that a gram of tumor
tissue is not likely to have more than a few picomoles of any given
receptor available for targeting of drugs with probes coupled to the
drug (1). Most drugs to be effective require greater concentrations
than could be delivered to this small an amount of receptor. The
co-administration mode does not have this limitation, as only the
triggering of the trans-tissue transport pathway is needed. Another
major advantage is that it is not necessary to conjugate the drug
to the homing peptide, which would create a new chemical entity
with the attendant regulatory hurdles.

LyP-1 coupled to Abraxane nanoparticles also increased the
efficacy of the drug (59) and iNGR promoted the activity of

1. Intravenous
administration of tumor
penetrating peptide

FIGURE 2 | The tumor penetration cycle of CendR peptides. Following
systemic administration, tumor-penetrating peptides are initially recruited to
tumor blood vessels (2) followed by proteolytic processing to unmask the
CendR motif, and activation of NRP-1-binding (3, 4). NRP-1 engagement

3. Proteolytic cleavage to unmask

CendR motif
iRGD: CRGDKGPDC | CRGDK
iNGR: CRNGRGPDC [, CRNGR
CGNKRTR

LyP-1: CGNKRTRGC

2. Binding to endothelial
receptors

4. Binding to NRP-1 and
activation of the CendR pathway

S. Increased
systemic access to
tumor tissue

6. Extravasation of the peptide
and payload and penetration
through tumor tissue.

triggers extravasation of the processed peptide and payload and triggers a
bulk transport process that increases delivery of payloads (6) and systemic
accessibility of blood-borne compounds, including unprocessesed
tumor-penetrating peptides for progressive penetration into tumor tissue (5).
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doxorubicin in a mouse tumor model in a way similar to iRGD
(48), by a factor of about 3. Importantly, the iRGD work with dox-
orubicin showed that there was no change in the main side effect of
this drug, cardiotoxicity. This side effect was nearly eliminated by a
threefold reduction of the drug dose. Thus, the tumor-penetrating
peptides can be used both to enhance the activity of anti-cancer
drugs, or lowering the side effect with the same anti-cancer activity,
or some of both.

The tumor-penetrating peptides can also enhance tumor imag-
ing, as demonstrated by coating iron oxide nanoparticles with
iRGD for MRI imaging. iRGD gave stronger images than a conven-
tional RGD peptide, CRGDC; the main difference was that iRGD
spread into the whole tumor, whereas only highlighted the tumor
vessels (13). LyP-1 has been used in optical imaging of tumors (11,
61) and atherosclerotic plaques (60), as well as in MRI and PET
imaging of plaques (61). LyP-1 homes to and penetrates into acti-
vated macrophages in tumors and atherosclerotic plaques (60, 61)
revealing a similarity between the macrophages in tumors and the
plaques (61). LyP-1 has also been shown to selectively accumulate
in tumor-draining lymph nodes prior to the arrival of tumor cells,
defining a premalignant niche in tumors (62).

CONCLUSION AND FUTURE PROSPECTS

The discovery of tumor-penetrating peptides has led to the iden-
tification of a new trans-tissue transport pathway, the C-end Rule
or CendR pathway. The physiological function of the CendR path-
way and its molecular workings are obviously important questions
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Selective and targeted delivery of drugs to tumors is a major challenge for an effective
cancer therapy and also to overcome the side-effects associated with current treatments.
Overexpression of various receptors on tumor cells is a characteristic structural and bio-
chemical aspect of tumors and distinguishes them from physiologically normal cells. This
abnormal feature is therefore suitable for selectively directing anticancer molecules to
tumors by using ligands that can preferentially recognize such receptors. Several subtypes
of integrin receptors that are crucial for cell adhesion, cell signaling, cell viability, and motil-
ity have been shown to have an upregulated expression on cancer cells. Thus, ligands that
recognize specific integrin subtypes represent excellent candidates to be conjugated to
drugs or drug carrier systems and be targeted to tumors. In this regard, integrins recog-
nizing the RGD cell adhesive sequence have been extensively targeted for tumorspecific
drug delivery. Here we review key recent examples on the presentation of RGD-based
integrin ligands by means of distinct drug-delivery systems, and discuss the prospects of

such therapies to specifically target tumor cells.

Keywords: integrins, RGD, tumor, targeted delivery, avp3, avp5, o581 and ovp6

INTRODUCTION

Cancer diagnosis, therapy, and monitoring represent fundamen-
tal topics of research in medicine and are of utmost importance
in healthcare of today’s society. An efficient cancer therapy should
possess exceptional abilities not only to ensure a complete removal

Abbreviations: A549, human non-small cell lung carcinoma; ATCC, CCL-185
cells; ATCC, HTB-65 cells; bFGE, basic fibroblast growth factor; BMEC, brain
microvascular endothelial cells; Cap-RGD, Ac-CCVVVTGRGDSPSSK-COOH;
DCP-TEPA,  dicetylphosphate-tetraethylenepentamine; DOPE, dioleoylphos-
phatidylethanolamine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine;
DSPC, distearoylphosphatidylcholine; DSPE, distearoylphosphatidylethanolamine;
DTPA, diethylenetriamenepentaacetate; FDG, fluoro-2-deoxy-p-glucose; HEK,
human embryonic kidney; HeLa, human cervical carcinoma cells; HPAE-co-
PLA/DPPE,  poly[(amine-ester)-co-(p,L-lactide)]/1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine copolymer; HPMA, N-(2-hydroxypropyl)methacrylamide;
HAS, human serum albumin; HUVEC, human umbilical vein endothelial
cells; IV, intravenous; Luc-pDNA, luciferase pDNA; Mal-PEG-PCL, maleimide-
poly(ethylene glycol)-block-poly(e-caprolactone); MDR, multi-drug resistance;
MeWo, human malignant skin melanoma; MMAE, monomethyl-auristatin-E;
MRI, magnetic resonance imaging; NSCLC, non-small cell lung cancer; PCL-PEEP,
poly(e-caprolactone)-block-poly-(ethyl ethylene phosphate); pCMVLuc, Photinus
pyralis luciferase under control of the CMV enhancer/promoter; PEG, polyethylene
glycol; PEI, polyethylenimine; PEO-b-PCL, poly(ethylene oxide)-block-poly(e-
caprolactone); PET, positron emission tomography; PGA, poly-glutamic acid; PLA,
poly(lactic acid); PLG, poly-L-glutamic acid; PLGA, poly (p,L-lactide-co-glycolide);
PLL, poly (r-lysine); PLys, polylysine; pORF-hTRAIL, plasmid expressing the
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL); P(PEGMEMA),
poly[poly(ethylene glycol) methyl ether methacrylate]; sFlt-1, soluble fms-like
tyrosinekinase-1 (pDNA encoding the soluble form of VEGF receptor-1); SPECT,
single-photon emission computed tomography; TAT peptide, CGRKKRRQRRR;
Tf, transferrin; TfR, transferrin receptor; TLT, transplantable liver tumors; VEGE,
vascular endothelial growth factors.

of the tumor but also to prevent its spreading and invasion to
other tissues by metastasis. Current clinical approaches to treat
cancer include, and often combine, surgery, chemotherapy, radia-
tion therapy as well as immunotherapy. However, these methods
in general still fail to treat highly aggressive metastatic cancers,
and present some serious limitations. For instance, irradiation of
tumors may damage adjacent healthy tissues, and chemotherapy,
which is based on a non-specific systemic distribution regime,
requires high drug dosage and promotes severe adverse side effects.
For example, the administration of Paclitaxel (PTX), a drug used
for the treatment of lung, ovarian, and breast cancers, has been
associated with unwanted effects such as hypersensitivity reac-
tions, myelosuppression, and neurotoxicity (1, 2), among others.
Doxorubicin (DOX), another drug used in cancer chemotherapy,
has also been described to have cardiotoxic side effects (3, 4).
Moreover, chemotherapy might turn inefficient due to acquired
chemoresistance as exemplified in the case of Gemcitabine — prime
therapeutic used to treat pancreatic cancers (5), for DOX (3) and
also for PTX (6, 7).

Tumor targeted drug-delivery (Figure 1) represents a promis-
ing approach to overcome some of the above mentioned lim-
itations (8). This strategy aims to specifically guide and direct
anticancer therapeutics (or imaging agents) to tumor cells with-
out interfering with normal tissues. Such targeted approach relies
on the fact that tumor vasculature and tumor cells display a
well-differentiated pattern of (over-)expression of specific recep-
tors (i.e., receptors required for tumor angiogenesis), which is
consistent with the concept of “Vascular Zip Codes” (9, 10). Tar-
geted drug-delivery methods hence employ small molecules or
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FIGURE 1 | Schematic representation of the principle of tumor targeted drug delivery for treating cancer.
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FIGURE 2 | (A) Integrin recognition motif RGD; (B) schematic representation of cyclic RGD (cRGD); (C) Cilengitide — c(RGDf-NMeVal); (D) peptide sequences
of RGD4C (the green curves indicate disulfide bridges), 581 ligand PR_b, and avp6 ligand A20FMDV2.

monoclonal antibodies selective to receptors that are proven to be
abnormally expressed on tumors. The conjugation of anticancer
drugs to these selective ligands will allow a preferential or selective
delivery of the drug to the tumor.

As a result, this technique benefits from several advantages: (i)
non-specific interactions with normal tissues are reduced, and thus
the adverse side-effects associated to conventional chemother-
apy can be minimized. (ii) Site-directed drug release leads to
higher local concentrations at the diseased tissue and thus allows
dosage reduction. (iii) Acquired chemoresistance can potentially
be reduced by co-delivering other therapeutics capable of regulat-
ing cancer multi-drug resistance (MDR). To avail these advantages,
well accessible cell surface receptors are preferred over intracellular
targets where (complex) drug internalization mechanisms need

to be taken into consideration. In this regard, one of the most
intensely referred class of proteins for targeted therapy is the
integrin family (11).

Integrins are heterodimeric transmembrane glycoproteins con-
sisting of an o and a B subunit. In total, 24 different subtypes of
integrins that are constituted from 18 a and 8 § subunits have been
discovered to date (12). Almost half of them bind to various extra
cellular matrix (ECM) proteins such as fibronectin, vitronectin,
and collagen through the tripeptide motif Arg-Gly-Asp =RGD
[(13), Figure 2], and are vital in the adhesion, signaling, migration,
and survival of most cells (14). Integrins have also very important
roles in cancer progression and some subtypes have been described
to be highly over-expressed on many cancer cells. This is the case
of integrins avB3, avP5, and a5p1, which are crucial mediators
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of angiogenesis in cancer (8, 15-17). Underlying cause for this is
the elevated demand by the enlarging tumor for adequate sup-
ply of necessary nutrients and oxygen. In order to meet these
demands through blood supply, tumor tissue with a rapidly over-
growing number of cells, signals [via growth factors like vascular
endothelial growth factor (VEGF) or basic fibroblast growth factor
(bEGF)] for increased angiogenesis, a state known as “angiogenic
switch.” Sprouting of new blood vessels and overexpression of
integrins in tumor tissues and vasculature are thus key features in
the pathophysiology of cancer. Other integrins such as avB6 and
a6P4 are also observed to be expressed on tumor cells (8). Another
pivotal function of integrins is the promotion of cell migration by
virtue of their binding to ECM components. This phenomenon
is responsible for the process of tumor proliferation, migration,
invasion, and metastasis (18). These functional aspects together
with the high expression levels found on tumor cells have con-
verted integrins into very interesting proteins for targeted cancer
diagnosis and therapy studies.

Our review shortly recapitulates recent developments in inte-
grin targeted cancer therapy, with special focus on targeted deliv-
ery of chemotherapy or gene therapy via non-viral vectors like
nanoparticles (NPs), micelles, vesicles, or other systems grafted
with RGD-based integrin ligands. Considering the vastness of
the topic, we have only cited a limited amount of recent works.
For previous studies and developments in this field other detailed
reviews are available (19-22). Applications based on integrin tar-
geting antibodies and therapies involving the blocking of integrin
functions with antagonists and other ligands are not subject of this
review.

INTEGRIN LIGANDS AND INTEGRIN TARGETING

Since the discovery of the integrin recognizing RGD motif by
Ruoslahti et al. (13, 23), extensive research has been carried
out to develop RGD-based peptide and peptidomimetic inte-
grin ligands (24). Various synthetic strategies have been applied
to develop RGD peptide analogs with enhanced biological prop-
erties and pharmacokinetics like affinity and selectivity for dif-
ferent integrin subtypes, metabolic stability, and biodistribution.
These strategies include the introduction of amino acids flank-
ing the tripeptidic RGD sequence, cyclization, and variation of
stereochemical configuration of the constituent amino acids (25),
and N-methylation (26, 27) (Figure 2). Cilengitide — ¢(RGDf-
NMeVal) (Figure 2), a very potent antagonist of avp3, was devel-
oped by using some of these approaches and has been clinically
tested by Merck primarily for treatment of glioblastoma multi-
forme (28, 29). Despite promising preliminary data, its use as
anticancer therapeutic has been discontinued due to failure in
phase-1III clinical trials (Merck press release on Cilengitide stud-
ies: http://www.merck.de/de/presse/extNewsDetail. htmI?newsId=
C47977D13865FCB9C1257B1D001EFICA&newsType=1). Other
well-known RGD peptides are cRGDfV (25) — the parent peptide
for Cilengitide, cRGDfK (30), and RGD4C (ACDCRGDCFCG)
(31). RGDA4C is susceptible to be expressed by recombinant meth-
ods into proteins and viruses for their targeted delivery. Targeting
integrins using cRGDfX, cRGDeV, cRGDyYV, and other peptides
or peptidomimetics (Figure 2) has also been reported in the
literature.

TARGETED DRUG DELIVERY

Targeted delivery can be accomplished by two approaches: the
direct conjugation of the targeting motif to the drug or the use of
drug vehicular systems grafted with the targeting motif. Of these,
the use of carrier systems offers several advantages compared to
direct conjugation methods:

1. Carrier systems have the capacity to present multiple ligands
on each particle. This facilitates effective targeting via multi-
ple and simultaneous interactions between the ligands and the
receptors, exploiting the concept of multivalency.

2. Vehicular systems may keep the drug unexposed to physi-
ological systems, thereby protecting it from degradation or
alteration, and more importantly, minimizing undesirable non-
specific interactions of the drug with normal tissues. Therefore,
these systems may remarkably reduce the side effects of the
drug.

3. Targeted carrier systems usually are internalized via receptor-
mediated endocytosis and the drug is directly released within
cell. This is more effective to attain higher in-cell drug
concentrations for amplified therapeutic activity.

4. Being larger in size (~>100nm) than classical drugs, carrier
systems are not filtered off by renal pathways (size limit for
renal filtration ~5 nm). This enables a prolonged half-life time
of carrier particles in the blood stream and allows for a gradual
release of the drug over longer periods of time. Such release
kinetics avoid high systemic concentrations of the drug and
improves the effectiveness of the administered dose.

5. The abnormal architecture and permeability of tumor vascu-
lature promotes extravasation of the particles that are in blood
circulation. This phenomenon is called enhanced permeability
and retention (EPR) effect. Facilitated by this passive transport
mechanism, the nano-sized vehicular systems enter into tumor
tissues. However, the quick clearance of these NPs from the
tissue is prevented by their large size and lead to prolonged
retention times in tumor. Hence, the double targeting — passive
and active receptor-mediated targeting, enhances therapeutic
efficacy.

Among the carrier systems, viral vectors such as retroviruses
and adenoviruses have been successfully developed and found to
be efficient in targeted gene therapy (32). However, their use is
associated with several disadvantages that have precluded their
clinical application. In the first place, they can produce unwanted
immune responses (33). Also, it is not easy to express viruses
composed with targeting moieties that contain unnatural amino
acids or chemically modified scaffolds. Moreover, viral vectors can
only be used for gene therapy and are not suitable for delivery of
chemotherapeutics. Last but not least, they also carry a negative
public perception concerning safety (33, 34). Therefore, develop-
ment of non-viral targeting vectors is a preferred alternative in
targeted therapy. In this regard, various kinds of polymer-based
nanocarriers have been developed for tumor targeting using inte-
grin ligands including the use of RGD coated virus like particles
(VLPs) which use only the capsid of the viruses (35). In the follow-
ing sections, some representative examples are discussed according
to the targeted integrin subtype.
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TARGETING ovB3 AND ov35 INTEGRINS

As previously introduced, the avB3 integrin subtype plays a major
role in angiogenesis, tumor neovascularization, and tumor metas-
tasis (8). The angiogenic pathways dependent on avf3 have been
described to be induced by bFGF or tumor necrosis factor oo (TNE-
a). Its expression is upregulated on angiogenic endothelial cells
(36-38) and on various tumor cell lines (39, 40). Antagonistic inhi-
bition of avfB3 integrin has been shown to suppress angiogenesis
(41) and to induce apoptosis (42). The well-established biolog-
ical roles, high expression on tumor tissues, and the availability
of ligands with high affinity, have set avB3 the most extensively
studied integrin for tumor targeting. The integrin avf5 is also
involved in angiogenesis but through a distinct pathway stimu-
lated by VEGF or transforming growth factor a (TGF-a) (16).
Since most RGD-containing peptidic avp3 antagonists also recog-
nize avB5, although usually with a lower affinity, these two integrin
subtypes are discussed together.

TARGETED DELIVERY OF CHEMOTHERAPY USING POLYMERIC VEHICLES
Encapsulation of drugs in polymer-based carrier systems is a prac-
tical approach to protect them from degradation in biological
system. Furthermore, these systems may reduce the systemic tox-
icity of the drug and also enhance their safe elimination from
the physiological system. In addition, these vehicles often amelio-
rate the drug’s pharmacokinetic profile and biological distribution
within the organism. Phospholipid or polypeptide-based poly-
mers are commonly employed to prepare drug-delivery vehicles
as they are akin to biological molecular components and thus
display low toxicity and are easily biodegradable. Since the physic-
ochemical properties of these polymers can be easily tuned to
produce liposomes, micelles, or NPs, via well-established proto-
cols, these materials are frequently used to construct drug-delivery
vehicles. In fact, liposomes have already been used for the formu-
lation and delivery of DOX (4). These vehicles may additionally
be PEGylated to improve their aqueous solubility and to reduce
non-specific interactions with plasma proteins and membranes.
Besides encapsulation, drugs can as well be bound to these sys-
tems by chemical methods. This enables drug stability and also
secured pH-sensitive release of drugs in situ. These sorts of carrier
systems have been equipped with integrin targeting ligands and
experimented for their capabilities as targeted drug-delivery sys-
tems in cancer treatment. Some illustrative recent works are listed
in Table 1.

TARGETED DELIVERY OF CHEMOTHERAPY USING PROTEIN-BASED NPs
Although polymer-based vehicle systems are a common choice
for drug delivery, their long-term biological toxicity might be an
issue and needs to be carefully assessed. For this reason, protein-
based NPs are considered an attractive alternative for targeted
therapy due to their high biocompatibility, biodegradable prop-
erties, and water solubility. With regard to this, albumin is one
of the proteins that has been most majorly explored for drug
delivery. For example, linking ¢(RGDyK)C to albumin NPs loaded
with Gemcitabine showed an increased in vitro and in vivo anti-
tumor efficacy in BxPC-3 pancreatic cancer cell lines compared
to NPs without the targeting sequence (43). The conjugation of
cyclic RGD to albumin not only lead to successful targeting but

also increased the intracellular uptake of NPs and Gemcitabine as
monitored by florescence studies. The avf3-mediated uptake of
the RGD-conjugated components into pancreatic cells was further
confirmed by competitive inhibition studies using soluble RGD
ligands. In another study (44), Fluorouracil-bearing ¢cRGDfK-
albumin nanospheres have shown significant improvement in
binding to avB3-expressing HUVEC cells in vitro. A considerable
improvement in prevention of lung metastasis and angiogenesis,
and in tumor regression was observed in vivo in B16F10 tumor-
bearing mice as compared with the activity of the free drug. The
binding of nanospheres conjugated with RGD to endothelial cells
was eightfold higher than that of nanospheres without RGD or
conjugated with the RAD sequence (which does not bind to inte-
grins). Similarly, enhanced homing to tumors and endothelial
cell binding were reported for cRGDfK-PEG-albumin NPs that
were linked to the antimitotic agent monomethyl-auristatin-E
(MMAE) (45). These studies were carried out on HUVECs and
C26 carcinoma-bearing mice. Two kinds of target systems were
prepared with an RGD peptide linked to albumin either by a
PEG chain (RGD-PEG-MMAE-HSA) or a short alkyl chain (RGD-
MMAE-HSA). After IV administration in mice, fluorescent studies
showed colocalization of both carrier systems with the tumor
vasculature and tumor cells.

Besides the use of albumin as drug-delivery system, spider silk
is a protein that holds great promise for application in targeted
therapies. Due to its water solubility, excellent biocompatibil-
ity, and unique mechanical properties, spider silk has attracted
growing interest in a number of biomedical areas. Spider silks
are currently under investigation for the encapsulation and con-
trolled release of drugs and growth factors, with so far optimistic
outcomes (46). Scheibel’s group has prepared spider silks con-
taining the integrin recognition motifs GRGDSP or ¢RGDfK
by either recombinant expression or chemical methods, respec-
tively (47). These RGD functionalized proteins have been used
to generate spider silk films that retain the biophysical proper-
ties observed for silks prepared using the native proteins. Sig-
nificant improvements in the attachment and proliferation of
BALB/3T3 mouse fibroblasts were observed on films containing
the RGD sequence but not on unmodified or RGE-containing
silk. These results encourage further exploration of spider silk pro-
tein as a prospective carrier system for targeted drug delivery in
cancer.

TARGETED DELIVERY OF CHEMOTHERAPY USING METALLIC NPs

Gold and other metallic NPs can be used for the polyvalent display
of targeting scaffolds (48). Ease of preparation and functionaliza-
tion as well as unique physicochemical properties make gold NPs
very attractive systems for use in cancer diagnosis and therapy. For
instance, PEGylated gold NPs coupled to a cRGD peptidomimetic
via thiol chemistry showed good affinity and binding to avf3-
positive PC-3 prostate cancer cells in vitro (49). In another study,
Yang et al. have examined the utility of multifunctional PEGylated
superparamagnetic iron oxide (SPIO) NPs in targeted drug deliv-
ery and PET/Magnetic Resonance Imaging (MRI) (50). To this
end, cRGDfC and a common %Cu chelator were bound to the
distal ends of the PEG chains, whereas the drug, DOX, was con-
jugated to the SPIO particles via pH-sensitive hydrazone bonds.
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Table 1 | Outline of representative recent examples of polymer-based targeted delivery studies using avf3 and/or avp5 integrin ligands.

Carrier system Targeting motif Drug Cellular system Results and characteristics (reference)

Cholesterol/DOPE/ cRGDfK DOX R40P murine pancreatic Fifteen fold increase in drug efficacy relative to animals

DSPC/DSPE-(PEO)4- and SN12C renal treated with free drug (95)

cRGDfK/DSPE- carcinoma cells

mPEG2000

PLG-PEG micelles cRGDfC DOX UB7MG human pH-sensitive drug release, higher cellular uptake, higher

glioblastoma cells accumulation at tumor sites as monitored by positron

emission tomography (PET) and ex vivo fluorescence
experiments (96)

PLGA-4-arm-PEG cRGDfC - Pancreatic tumor in mice Efficient uptake by U87MG glioma cells over-expressing

branched NPs and U87MG glioma cells avp3. Highest accumulation at tumor site as monitored by
whole body imaging. Low in vivo inherent physiological
toxicity for the NPs (97)

PGA-PTX-E- cRGDfK PTX 4T1 murine breast cancer Augmented antitumor activity and reduced systemic toxicity

[c(RGDfK)]2 tumors for PTX, blockade of endothelial cell migration to VEGF and

conjugate NPs adhesion to fibrinogen. Lysosomal enzyme assisted release
of PTX is observed (98)

PLGA-PEG NPs GRGDS and RGD  PTXand DOX  HUVECs and syngenic TLT  High cellular uptake in vitro, improved anticancer efficacy

peptidomimetic cells and higher survival rate of mice (99)
cRGDyK-PEG- cRGDyK PTX Intracranial glioblastoma 2.5-Fold increase in antiglioblastoma cell cytotoxicity effect

PLA-PTX micelle

model

FOR OTHER STUDIES USING PLGA-PLL NPs PLEASE SEE REF. (101, 102)

HPMA copolymers

HPMA copolymers

PCL-PEEP and
Mal-PEG-PCL
micelles

HPAE-co-PLA/DPPE
polymer NPs

PFC
(perfluorocarbon)
NPs

P(PEGMEMA) based
micelles

cRGDfK

cRGDfK

Tf and cRGDfK

Tf and cRGDfK

Non-peptidic avp3
antagonist

RGD

Geldanamycin

Docetaxel

PTX

PTX

Fumagillin

Albendazole

PC-3 and DU 145 prostate
cancer cell lines

PC-3 and DU 145 prostate
cancer cell lines

BMEC and U87MG glioma
cells

HUVECs and Hela cells

Vx-2 adenocarcinoma
tumor

OVCAR-3 ovarian cancer
cells

over non-targeted system, improved drug accumulation,
increase in life time of diseased mice (100)

Tumor growth inhibition activity as efficient as free drug,
decrease in ICsq values for targeted conjugates.
Improvements in biodistribution profile, both in vitro and
in vivo antiangiogenic, and antitumor activities for targeted
systems (103-105)

Inhibition of PC3, DU145 cell growth and also of HUVECs
in vitro. In vivo tumor regression is also observed (106)

Double targeting by Tf and RGD ligand. Uptake of micelles
increased 2.4 times for BMEC compared to micelles lacking
Tf. High drug accumulation in brain upon IV injection (107)

In vitro cytotoxicity for NPs coated with cRGD is increased
10 times in avB3-expressing HUVECs while Tf targeting to Tf
receptor over-expressed Hela cells lead to twofold increase.
pH-sensitive intracellular drug release (108)

Diminished development of tumor neovasculature and
reduced tumor growth are observed at much lower drug
concentrations compared to the previous concentration
used in rodent and human clinical trials (109)

Improved cellular uptake of polymeric micelles and 80% cell
deaths at a micelle concentration of 10 pgmL~" (110)

The cRGD-conjugated SPIO nanocarriers exhibited higher cellular
uptake and cytotoxicity in U87MG cells compared to cRGD-free
systems. Also, in vivo PET imaging of U87MG tumor-bearing
mice revealed increased tumor accumulation of cRGD-SPIO NPs
compared to cRGD-free counterparts. Intracellular specific drug

release by SPIOs was facilitated by pH-selective cleavage of the
SPIO-DOX hydrazone linkage. Such multifunctional systems that
are able to simultaneously target a cell or tissue, deliver a drug, and
provide a diagnosis are known as theranostics, which constitute an
upcoming area of research.
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TARGETED DELIVERY OF GENE THERAPY

Delivery of gene therapy using targeted non-viral vehicles has been
widely studied (20). A directed delivery of DNA or RNA fragments
is required to prevent from using high doses, which otherwise
can lead to off-target gene silencing effects. Using carrier systems
for gene therapy is advantageous as it reduces the problems of

biodegradability, nucleosomal cleavage, and size and charge lim-

ited membrane impermeability associated with the delivery of
nucleic acids. As mentioned earlier, non-viral vectors are also help-
ful to overcome complications and safety issues described for viral
vectors. Here, we briefly tabulate some recent targeted gene therapy
studies (Table 2).

Table 2 | Outline of recent targeted gene delivery studies using avf3 and/or avp5 integrin ligands.

Carrier system Targeting motif Gene Cellular system Results and Characteristics (reference)

PEG-PLys polyplex cRGDfK Luc-pDNA Hela cells and 293T cells Enhanced transfection efficiency (TE) and perinuclear

micelle accumulation of pDNA within 3 h of incubation (111)

PEG-PLys polyplex cRGDfK Luc-pDNA Hela cells and 293T cells Improvements in TE, selection of endocytotic pathways and

micelle: cross-linked regulation of intracellular trafficking by cRGD. Preferential

by thiolation caveolae mediated endocytosis is observed. Thiol
cross-linking helped polyplex stabilization and pDNA
protection (112)

PEG-PLys polyplex cRGDfK sFIt-1 BxPC-3 pancreatic Upon IV injection, significant tumorspecific TE and gene

micelle: cross-linked adenocarcinoma tumors expression is observed which lead to a decrease in tumor

by thiolation vasculature. Thiol cross-linking has to be optimized to
improve results (113, 114)

PEG-PEI polyplex B6 peptide and pCMVLuc DU145 and PC3 prostate Significant improvement in TE via targeting. RGD helped in

micelles RGD bicyclo cancer cells initial association of polyplexes to cells whereas the

peptide internalization is observed to be mediated by TfR

endocytosis (115)

PEG-PEI polyplex Non-cyclic RGD- MeWo and A549 cells Increased binding, uptake, and luciferase transgene

micelles peptidomimetic expression in model cells (116)

PEG-PEI polyplex cRGDyK pORFhTRAIL Intracranial U87 Higher gene transfection and increased therapeutic

micelles glioblastoma tumor efficiency of TRAIL are observed and is reflected in

xenografts improved longevities of mice (117)

DNA/PEI-Au-RGD Cap-RGD pEGFP-Luc Hela cells A 5.4- to 35-fold increase in TE corresponding to a low or

nanoclusters high density of avB3 on Hela cells. Observed TEs are far
higher than that for targeted or untargeted commercial
transfection vector — JetPEl. Higher concentration of gold
NPs is found to be toxic (118)

PEG-oligo(ethane B6 peptide or pEGFP-Luc Mouse N2A Selective binding and transfection efficiency are observed

amino) amide cRGDfK neuroblastoma and DU145  which are mediated by the targeting ligands. The carrier

polymers human prostate systems however required use of endosomolytic agents for

adenocarcinoma cells release of polyplexes from endosomes (119)

DCP-TEPA cRGDfK siLuc2 B16F10-luc2 murine Successful targeting, transfection, and knockdown of luc2

polycation liposomes melanoma cells expression in vitro in B16F10-luc2 cells and also in vivo as
monitored by imaging in mice with tumorbearing lungs, is
observed (120)

PEO-b-PCL micelles  RGD4C mdr1 siRNA MDA435/LCC6 cells The system is decorated with cell penetrating peptide (TAT)

and DOX resistant to DOX as well. Dual functional micelles showed improved cellular

uptake and mdr1 activity leading to lowered P-gp expression
both at the mRNA and protein levels. These effects caused
reversal of MDR for DOX, which increased DOX
accumulation in cytoplasm and nucleus, and enhanced DOX
cytotoxicity (121)
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PHOTOTHERAPY USING TARGETED SYSTEMS

Gormley et al. have tested the use of targeted gold nanorods
(GNRs) for plasmonic photothermal therapy (PPTT) aiming at
reducing the amount of heat required in thermal therapy (51).
To this end, PEGylated GNRs were prepared and functionalized
with cRGD{K via thiol chemistry. Studies on HUVEC and DU145
prostate cancer cells showed effective in vitro selective target-
ing of RGD-GNRs to both these cell types but not in vivo in a
DU145 mice model. The absence of in vivo effects was attrib-
uted to faster clearance of GNRs from physiological system due
to the presence of negative charges in ¢RGDfK-functionalized
GNRs. On similar lines, for PPTT, Akhavan et al. have pro-
jected reduced single layer graphene oxide nanorods (GONRs)
functionalized by amphiphilic PEG polymers containing RGD-
based peptides (52). RGD-presenting GONRs showed increased
radiation absorption compared to non-functionalized GONRs
and also improved destruction of U87MG human glioblastoma
cells at reduced doses as low as 1 g mL~!. Trradiation for 8 min
with near-infrared radiation at this concentration resulted in
remarkable values of cell destruction (>97%). On the con-
trary, <11% of cell destruction and 7% of DNA fragmenta-
tion were observed for non-targeted nanorods using the same
concentration.

TARGETING THE o581 INTEGRIN
In addition to avB3 and avB5, an upregulated expression of a5 1 in
tumor vasculature and other cancer cells has also been described
(36, 53-57). a5B1 primarily recognizes fibronectin through the
RGD binding motif. Kim et al. have reported that a581 inhibition
induces cell apoptosis in endothelial cells (58) and also showed that
this integrin mediates the migration of endothelial cells. Notewor-
thy, it has been shown that a5 might substitute the activity of av
during vasculature remodeling (59). For these reasons, targeting
of this integrin has also been approached in cancer therapy.
Kokkoli and co-workers have explored a5p1 integrin for tar-
geting cancer cells by using a fibronectin mimetic a581-selective
RGD-containing peptide, named PR_b (60) (Figure 2). This group
produced DPPC-based liposomal NPs covered by PEG and further
decorated with PR_b peptide, and studied their targeting capacity
in a CT26.WT mouse colon carcinoma experimental model. The
quantities of PEG and peptide were fine-tuned in order to optimize
the delivery of the nanovector. By increasing the quantity of conju-
gated peptide, an enhancement in binding of liposomes to cells was
observed, whereas the opposite effect was found when the concen-
tration of PEG was augmented. The cytotoxicity of 5-Fluorouracil
carried by these PR_b targeted liposomes was found to be compa-
rable to that of the free drug and better than that of the particles
containing only the control GRGDSP sequence, confirming the
importance of targeting @51 on this cancer model. Similar results
were obtained in studies using HCT116 and RKO human colon
cancer cells (60). This liposomal system has been further investi-
gated for the delivery and cytotoxicity of DOX to MDA-MB 231
breast cancer cells (61). Confocal microscopy experiments showed
that these targeted liposomes were internalized in breast cancer
cells via an endocytic pathway, and transferred within the first
minutes into early endosomes, and after prolonged times into late
endosomes and lysosomes. Particularly at high concentrations, the

therapeutic effect of encapsulated DOX in MDA-MB 231 cells was
comparable to that of the free DOX.

In a recent approach, PR_b targeted polymersomes have also
been explored for siRNA delivery (62). T47D breast cancer cells
were studied to check the expression of Orai3. The downregula-
tion of Orai3 levels results in cell apoptosis. The delivery of Orai3
by PR_b-conjugated polymersomes decreased the viability of can-
cer cells but did not affect non-cancerous MCF10A breast cells.
When compared to a commercial transfection agent (Lipofecta-
mine RNAIMAX), the observed therapeutic effect of the polymer-
some formulation is still moderate. However, this method has not
shown any systemic toxicity unlike other transfection reagents.

TARGETING THE ovB6 INTEGRIN

The integrin subtype avp6 is expressed at low or undetectable
levels in most adult epithelia, but may be upregulated during
inflammation and wound healing (8). avp6 preferentially binds
to TGF-B1 latency associated peptide (LAP) (63), but can also rec-
ognize the ECM proteins tenascin and fibronectin (64). In this
regard, avp6 is biologically important for the activation of TGF-
Pl and has been shown to control TGF-B activity or signaling
in fibrosis and to play a crucial role in TGF-B-integrin crosstalk
in carcinomas (65). Furthermore, avf6 was found to be signifi-
cantly upregulated in tumor tissues (8) and in certain cancer types
including colon (66), ovarian carcinoma (67), and in early stage
of non-small cell lung cancer (NSCLC), which is associated with
poor patient survival (68, 69). Other studies have shown that avB6
expression is correlated with the development of metastasis in
gastric cancer and the enhanced survival and invasive potential of
carcinoma cells (70, 71). This pathological relevance has turned
avP6 into a promising target for tumor diagnostics and antitumor
therapy.

To date, several linear and cyclic peptides as well as pep-
tidomimetics have been developed to target specifically the avp6
integrin subtype (68, 70, 72—-74). For instance, the high affinity
avB6-specific 20-mer peptide H2009.1 (75) was conjugated as a
tetramer to a poly-glutamic acid polymer carrying DOX, and was
shown to specifically target avB6-expressing cells in vitro (76).
In another work, the selectivity of this peptide toward avfi6 was
exploited to guide fluorescent quantum dots to lung adenocar-
cinoma cell line H2009 in vitro (68). Recently, this peptide has
also been conjugated to a water soluble PTX conjugate resulting
in selective cytotoxicity for the avp6-expressing NSCLC cell line
(77). The conjugate was able to reduce the rate of tumor growth
in vivo, however without an increased benefit over the use of free
PTX. Furthermore, the same peptide was used to investigate the
multimeric effect on functionalized liposomes (78). In this study,
liposomes displaying tetramers of the H2009.1 peptide demon-
strated higher drug delivery and toxicity toward avB6-expressing
cells than liposomes displaying single copies of H2009.1, even if
the total number of peptides bound to each liposome was identi-
cal. In another approach, H2009.1 was used to functionalize the
surface of multifunctional micelles encapsulated with SPIO and
DOX for MRI and drug-delivery applications, respectively (79).
The functionalized micelles significantly increased cell targeting
and uptake in avB6-expressing H2009 cells, as verified by MRI
and confocal imaging.
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A20FMDV2 (80, 81) is another avp6-selecitve 20-mer pep-
tide (Figure 2) that can be used for targeted therapies. As an
example, this peptide was radiolabeled on solid phase using 4-
['8F]fluorobenzoic acid and the conjugate was selectively uptaken
by avB6-positive tumors but not by avf6-negative tumors, as
monitored in mice by PET (70). In a similar approach, A20FMDV2
was conjugated to 5-['¥F]fluoro-1-pentyne via an azide-based 1,3-
dipolar cycloaddition (click chemistry). However, no difference
in tumor targeting in vivo was observed for such strategy com-
pared to the previous labeling method (82). 8F-labeled derivatives
of the same peptide were described to improve tumor uptake
capacity in BxPC-3 (pancreatic cancer) xenograft-bearing mice
over ['8F]-EDG (83). Recently, A20FMDV2 was conjugated to
an '8F-based tracer by copper-free, strain promoted click chem-
istry. However, the resulting derivative did not show a remarkable
in vivo tumor uptake by mouse with mouse model DX3purof6-
tumor (84). Furthermore, A20FMDV2 was conjugated to DTPA
and labeled with '''In for SPECT imaging. In this study, the
conjugate showed specific localization in avf6-tissues, and dis-
played increased uptake in an avB6-positive tumor and in a mouse
xenograft model bearing breast tumors that express avB6 endoge-
nously (85). Additionally, A20FMDV2 was incorporated into a
recombinant adenovirus type 5 (Ad5) leading to increased cyto-
toxicity on a panel of avB6-positive human carcinoma cell lines
in vitro and enhancement in tumor uptake and improved tumor
transduction in an avB6-positive xenograft model in vivo over the
Ad5 wild type (86).

In another approach pursued by the Gambhir research group,
cystine knot peptides showing high affinity for avf6 but none
for the related subtypes avf3, avf5, and a5p1 were developed
and conjugated to ®*Cu-DOTA for PET-based tumor imaging
(87). Injection of these conjugates into mice bearing either avp6-
positive BxPC-3 xenografts or avf6-negative tumors, and mon-
itoring by PET imaging, showed avp6-selective targeting for the
tumors expressing avf6. In a recent study (88), two cystine knot
peptides were labeled with '8F-fluorobenzoate and their capac-
ity to be uptaken by tumor cells assessed in vivo. PET imaging
revealed for both peptides specific targeting of avB6-positive
BxPC-3 xenografted tumors over avB6-negative HEK 293 tumors.
These results illustrate the potential of the described strategies
to be clinically used in PET imaging of avB6-over-expressing
tumors.

CONCLUDING REMARKS
A wide variety of carrier systems have been described to achieve
tumor-specific therapeutic effects via integrin targeting. The prin-
cipal success of this strategy is evidenced by two main obser-
vations — the dosage of drug has been usually reduced and an
enhanced (and often selective) activity against tumors is achieved.
The data obtained from independent studies using different car-
rier systems are promising and there is therefore hope to bring the
targeted delivery methods into practice. However, a number of
aspects related to the use of these drug-delivery systems in cancer
therapy should be carefully considered.

In the first place, comparative studies between distinct carrier
systems are missing. Such studies could provide useful insights
on their relative advantages and disadvantages, and help in their

further development and optimization. Detailed studies con-
cerning the systemic toxicity and long-term side effects of the
drug-delivery vectors in physiological systems are also essen-
tial. Another important aspect to optimize the concentration of
drugs in cancer therapy would be to evaluate the efficiency of
drug uptake with regard to the overall administered dose, but
most studies have only rated the efficiency of the targeted sys-
tems in comparison to untargeted systems, without mentioning
about the concentrations of the drug used. The investigation of
the metabolic stability of these systems in gut and liver as well
as their bioavailability profile would also be crucial to improve
the efficacy of the therapy. Further optimization of such drug
formulations could be directed toward new routes of admin-
istration, including, though certainly difficult, orally available
conjugates.

It should be mentioned that most studies in this field rank the
antitumor potency of the targeted systems based on the reduc-
tion in tumor volume and size, parameters that will however
not entirely assure the success of the therapy. More satisfactory
would be to carry out longer experiments to ensure the com-
plete removal of tumors and arrest of resurrections. In this regard,
recent findings have suggested that antiangiogenic therapeutics
that aim at treating cancer primarily through reduction and con-
trol of tumor growth, may, in some cases, indirectly promote
cancer invasiveness and metastasis (89, 90). This ultimately alarms
development of targeted therapies which can inhibit multiple cel-
lular functions and affecting not only cell survival in sifu but
also mechanisms involved in the promotion and progression of
metastasis. Further investigations on this matter should include
the study of targeted therapy on early stage and late stage tumors,
and the effect (if any) of these strategies in the development of
drug resistance mechanisms by some tumors. Additionally, treat-
ment of cancer often necessitates a combination therapy (com-
bination of different therapeutics or therapies). In this respect,
it is demanding to study the usage of targeted approaches for
delivering multiple drugs or therapies either by a single carrier
system or multiple carrier systems. These studies are further pend-
ing in literature. Most of the studies on targeted gene delivery
have used luciferase model system. Though it is a good analo-
gous system for understanding gene delivery, proper experimental
gene therapy studies aimed to treat cancers are to be extensively
studied.

The choice of an optimal integrin ligand is another aspect
of paramount importance in the design of integrin-based tar-
geted therapies in cancer. This will depend on the differential
pattern of integrin expression in cancer cell types and the bio-
logical activity and selectivity profiles of the targeting ligands.
Many applications have used linear or cyclic RGD peptides to
deliver drugs or nucleotides to tumors. Most of these peptides
are active for avf3; however, it is often ignored that these lig-
ands may target other integrin subtypes as well. This might not
be relevant as long as simplified cellular or experimental animal
models are investigated. However, it may raise safety concerns
if clinical applications in humans are to be envisaged. E.g., the
habitually used peptide — c(RGDfX), developed in our group long
ago (25, 30), has about 1nM affinity for avB3 and is certainly
selective against alIbB3 (low affinity for the platelet receptor).

Frontiers in Oncology | Pharmacology of Anti-Cancer Drugs

August 2013 | Volume 3 | Article 222 | 93


http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs
http://www.frontiersin.org/Pharmacology_of_Anti-Cancer_Drugs/archive

Marelli et al.

Tumor targeting via integrin ligands

Nonetheless, the compound also has affinity in the low nanomo-
lar range for avf5 (7.6nM) and a5p1 (15nM) (73). Thus, the
use of ¢(RGDfX) might not always provide enough selectivity to
distinguish between distinct cell types. In this regard, our group
has recently developed (91, 92) and functionalized (93, 94) pep-
tidomimetics which can clearly discriminate between avB3 and
a5p1. Application of such single integrin subtype selective ligands
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The tumor is a hostile microenvironment for T lymphocytes. Indeed, irregular blood flow,
and endothelial cell (EC) anergy that characterize most solid tumors hamper leukocyte
adhesion, extravasation, and infiltration. In addition, hypoxia and reprograming of energy
metabolism within cancer cells transform the tumor mass in a harsh environment that
limits survival and effector functions of T cells, regardless of being induced in vivo by vac-
cination or adoptively transferred. In this review, we will summarize on recent advances
in our understanding of the characteristics of tumorassociated neo-angiogenic vessels as
well as of the tumor metabolism that may impact on T cell trafficking and fitness of tumor
infiltrating lymphocytes. In particular, we will focus on how advances in knowledge of the
characteristics of tumor ECs have enabled identifying strategies to normalize the tumor-
vasculature and/or overcome EC anergy, thus increasing leukocyte-vessel wall interactions
and lymphocyte infiltration in tumors. We will also focus on drugs acting on cells and
their released molecules to transiently render the tumor microenvironment more suitable
for tumor infiltrating T lymphocytes, thus increasing the therapeutic effectiveness of both
active and adoptive immunotherapies.
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combination therapy

INTRODUCTION
Active and adoptive cancer immunotherapies have breached the
wall between bench and bedside at last, and have just entered a
new golden age. This is the result of several concomitant tech-
nological advancements and breakthrough discoveries. On the
one hand, powerful technical tools (e.g., tetramers and live imag-
ing) have been made available to more deeply investigate the
interactions between the growing tumor and the host, and espe-
cially the immune system. Thus, sophisticated genetically engi-
neered animal models have allowed building new theories on the
process of cancer immune surveillance (1). Furthermore, high-
throughput technologies are making possible investigating the
tumor microenvironment as a whole (2), and genomic landscap-
ing, proteomic profiling, and more recently metabolomics and
algorithms applied to cancer histochemistry (3—8) are drawing
an entirely new picture of the tumor mass. On the other hand,
strong efforts from hundreds of laboratories around the word in
the last 20 years have defined tumor-associated antigens (TAAs)
and adjuvants to such an high degree of knowledge [e.g.,(9)] that
active immunotherapy has eventually reached the bedside with
the first FDA approved cancer vaccine for metastatic prostate can-
cer patients (10). Even more importantly, clinical grade in vitro
expanded tumor infiltrating lymphocytes (TILs) and genetically
engineered T cells have demonstrated the full potential of adoptive
immunotherapy (11, 12).

Yet, several hurdles still need to be overcome (Figure 1) to
extend such treatments to the majority of cancer patients. Firstly,
the tumor mass is characterized by abnormal tumor vessels and

interstitium that limit leukocyte adhesion, extravasation, and infil-
tration (13), and favors hypoxia and reprograming of energy
metabolism within cancer cells (14). Metabolic alterations within
the tumor mass also limit T cell functions, and the tumor microen-
vironment eventually becomes a site of immune privilege where
several cancer cell intrinsic and extrinsic mechanisms suppress the
tumor-specific T cell response (15).

Here, we will summarize on recent advances in our under-
standing of the characteristics of tumor-associated neo-angiogenic
vessels as well as of the tumor metabolism that may impact on
T cell trafficking and fitness of TILs. We will also report on
drugs acting on cells and their released molecules to transiently
render the tumor microenvironment more suitable for tumor
TILs (Figure 1), thus increasing T cell trafficking into tumors
and the therapeutic effectiveness of both active and adoptive
immunotherapies.

T CELL ADHESION TO THE ENDOTHELIUM, EXTRAVASATION,
AND INFILTRATION WITHIN INFLAMED TISSUES

Once a T cell has been activated in secondary lymphoid organs,
it reaches the blood flow and navigates within vessels to the site
of extravasation, which usually coincides with a site of inflamma-
tion. Activated T cells prefer to exit the blood stream at the level
of post-capillary venules, where the hemodynamic shear stress is
lower than in arteries and capillaries and the endothelium is more
prone to extravasation. Activated T cells travel more efficiently
than naive T cells to inflamed tissues because they upregulate adhe-
sion molecules and chemoattractant receptors for inflammation
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FIGURE 1 | Strategies that favor lymphocyte trafficking into tumors
and fitness of TILs. The cartoon highlights abnormalities of
tumor-associated vessels and alterations of the metabolism within the
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tumor microenvironment that limit lymphocyte trafficking into tumor and
TIL anti-tumor activities. Strategies to overcome such hurdles are also
indicated.

induced ligands. Transendothelial migration involves specific
adhesive interactions between T cells and endothelial cells (ECs)
that guide the lymphocytes from the vascular compartment to
the extravascular tissue. We refer the interested reader to excel-
lent reviews on this topic (16-20). In brief, T cells undergo four
distinct adhesion steps during their migration through blood
vessels. These include tethering, rolling, activation, and arrest.
Tethering and rolling of leukocytes are mediated by interactions
between selectins and specific carbohydrate moieties bound to
a protein backbone (21), which allow rapid engagement with
high tensile strength. The selectins are a family of three C-type
lectins expressed by bone marrow-derived cells and ECs. L-selectin
(CD62L) is expressed by all myeloid cells, naive T cells, and
some activated and memory cells. P-selectin (CD62P) is found
in secretory granules of platelets and ECs and is expressed on the
cell surface after activation by inflammatory stimuli. E-selectin
(CD62E) is expressed by acutely inflamed ECs in most organs
and by non-inflamed skin microvessels. Thus, P-selectin glyco-
protein ligand 1 (PSGL-1) and CD43 on activated T cells engage
CD62P and CD62E on activated ECs, respectively. Rolling T cells

receive signals from chemokines on ECs, which induce modula-
tion of integrins to acquire high avidity for their ligands. Integrins
may participate to the rolling phase but are essential for the firm
adhesion of leukocytes. In particular, activated T cells depend
on lymphocyte function-associated antigen 1 (LFA-1), very late
antigen-4 (VLA-4; a4P1),and a4f7 for their interactions with acti-
vated ECs that express intracellular adhesion molecule 1 (ICAM-
1), intracellular adhesion molecule 2 (ICAM-2), VCAM-1, and
mucosal addressin-cell adhesion molecule type 1 (MAACAM-1),
respectively (22).

Quiescent ECs poorly interact with circulating leukocytes.
Autacoid mediators released by mast cells and other cells of
the innate immunity, upon stimulation by inflammatory signals
(e.g., infection and tissue damage), cause rapid enhancement of
venular permeability, translocation of integrins, and chemokines
from intracellular stores to the cell surface and formation of
a provisional matrix (23), all processes that favor T cell-EC
interactions.

A very different scenario may characterize T cell-EC interac-
tions in tumor-associated vessels.
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TUMOR-ASSOCIATED MODIFICATIONS OF THE
ENDOTHELIUM HAMPER T CELL ADHESION,
EXTRAVASATION, AND TUMOR INFILTRATION

While acute inflammation is an efficacious means by which the
organism repairs a tissue that has been damaged by a physi-
cal insult or infection, chronic inflammation has emerged has
indispensable requisite for chronic diseases including cancer (24).
Indeed, tumor-promoting inflammation has been recently recog-
nized has as an enabling characteristic that allows cancer cells to
acquire multiple hallmark capabilities including sustaining prolif-
erative signaling, resisting cell death, avoiding immune destruc-
tion, activating invasion, and metastasis and inducing angio-
genesis (25). Virtually any neoplastic lesion contains immune
inflammatory cells although with variable densities (26). Yet,
gene expression profiling of the total cellular composition of
tumors has evidenced at least two subsets of tumors. The first
“inflamed” subset is characterized by transcripts encoding innate
immune cell molecules, chemokines that can contribute to effec-
tor T cell recruitment, various T lineage-specific markers, and,
paradoxically, immune inhibitory mechanisms. Conversely, the
“not-inflamed” phenotype is distinguished for high expression
of angiogenesis-associated factors as well as macrophages and
fibroblasts (2). Thus, it has been hypothesized that TILs effectively
extravasate in inflamed tumors but are inhibited by immuno-
suppressive mechanisms, including indoleamine-2,3-dioxygenase
(IDO), programed cell death 1ligand 1 (PD-L1), and forkhead box
P3 (FoxP3)™ regulatory T cells (Tregs), whereas, T cell migration
is defective in not-inflamed tumors (2).

More in general, vessels are irregularly distributed within the
tumor mass that, when reaches 1-2mm in diameter, presents
a patchy distribution of less-perfused and hypoxic areas (27).
Hypoxia is one of the strongest stimulators of angiogenesis, largely
through the expression of hypoxia inducible transcription factors
[HIFs; (28)]. Tumor vessels that sprout from existing ones are dis-
organized, tortuous, dilated, saccular, and leaker then the normal
ones. Also the composition of the vessel is abnormal, and ECs may
acquire aberrant morphology, pericytes may be absent or loosely
attached, and the vessel may lack basement membrane or have it
unusually thick (13, 29). In addition, tumor cells may mimic ECs
and generate vascular conduits, which however, are even more
abnormal (30). All together, these vascular abnormalities render
tumor vessels leaker then normal ones, may increase the inter-
stitial pressure, cause heterogeneous permeability, and promote
irregular blood flow, therefore making leukocyte trafficking within
the tumor mass difficult. Interstitial pressure is also increased by
the extrinsic compression of tumor vessels by proliferating cancer
cells. In addition, angiogenic factors such as vascular EC growth
factors (VEGFs) and fibroblast growth factors (FGFs) cause down-
regulation of ICAM-1/2, VCAM-1, and CD34 on ECs, a phenom-
enon defined as “EC anergy” (31-33). Thus, the few effector T
cells that circulate in tumor vessels, regardless of being induced
in vivo by vaccination or adoptively transferred (34, 35), can hardly
interact with ECs and begin their migration through blood vessels
(Figure 2A). In line with this view, gene expression profiling and
in situ immunohistochemical staining of large cohorts of cancer
patients have shown that more aggressive tumors are characterized
by peritumoral immune infiltrates (36), whereas a strong in situ

accumulation of T cells both in the center of the tumor and the
invading margin correlates with a favorable prognosis regardless
of the local extent of the tumor and of metastasis (37).

WAYS TO FAVOR T CELL ADHESION TO TUMOR-ASSOCIATED
ENDOTHELIAL CELLS, EXTRAVASATION, AND TUMOR
INFILTRATION

Crossing the abnormal tumor vessel barrier and interstitium is
one major hurdle for tumor-specific T cells that have reached
the tumor mass (Figure 1). Few years ago, we proposed that
delivery of vasoactive inflammatory cytokines like tumor necro-
sis factor a (TNF) to neo-angiogenic vessels might represent a
good strategy to induce selective activation of ECs in tumor tis-
sues, thereby enhancing T cell extravasation and tumor infiltration
(38). TNF is produced in the tumor microenvironment mainly by
macrophages, but also by smooth muscle cells, ECs and tumor
cells (39), and it affects primarily the tumor-associated vascula-
ture (40). Indeed, most tumor cells and vessels of normal tissues
are resistant to TNF (41). Depending on the amount of TNF that
reaches the tumor mass, its effects range from EC activation, to
increased vessel permeability, EC damage, and massive hemor-
rhagic necrosis (42). The in vivo effects of TNF have been well
characterized both in pre-clinical models and in humans under-
going isolated limb perfusion, a regional cancer therapy used to
deliver high doses of a drug into the bloodstream of a limb avoid-
ing severe systemic side effects (42). An alternative strategy to
avoid TNF-induced systemic toxicity is indeed to selectively target
minute amounts of the cytokine to the tumor vessels. Selective
delivery of TNF to tumor vessels has been achieved by fusing this
cytokine with a tumor-vasculature-homing peptide that contains
the Cys-Asn-Gly-Arg-Cys (NGR) sequence, a ligand of a CD13 iso-
form expressed by neo-angiogenic vessels (43,44). The new moiety
called NGR-TNF was shown to transiently enhance tumor vessel
permeability (45), thus increasing the penetration of chemother-
apy agents in murine models of lymphoma, melanoma, and spon-
taneous prostate cancer without TNF-related systemic toxicity (46,
47). NGR-TNF is currently under clinical investigation in various
clinical studies in cancer patients (48).

In accordance with our original hypothesis (38), we have
recently shown that extremely low doses of NGR-TNF (5 ng/Kg)
are sufficient to induce the up-regulation of VCAM-1 and ICAM-
2 on the endothelial lining of tumor vessels as well as the release,
in the tumor microenvironment, of chemokines that favor T-
cell trafficking (Figure 2B). Rapid and transient modification
of the tumor microenvironment can enhance the infiltration of
either fully activated endogenous or adoptively transferred T cells
in transplantable melanoma and autochthonous prostate can-
cer (49). Additionally, we have demonstrated that NGR-TNF can
increase the therapeutic efficacy of tumor vaccines and adoptive
immunotherapy with no evidence of toxic reactions (49). The
effects of NGR-TNF on tumor infiltration by leukocytes go beyond
the transient activation of tumor-associated ECs (50). Indeed,
NGR-TNF transiently modifies the endothelial barrier function by
loosening VE-cadherin dependent adherence junctions (51), thus
favoring T cell extravasation (Figure 2B). It can also transiently
reduce hypoxic areas of the tumor (52) and favor TIL proliferation
and survival (50).
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FIGURE 2 | Strategies to increase T cell infiltration into tumors. (A)
Increased interstitial pressure, heterogeneous permeability and irregular
blood flow, together with reduced expression of adhesion molecules on
ECs, limit lymphocyte penetration in tumors. (B) NGR-TNF, which
selectively binds CD13 expressed in ECs of neo-angiogenic vessels and
favors the interaction of TNF with TNF receptors (TNFRs), alters tumor
vessel permeability by loosening VE-cadherin dependent adherence
junctions, induces up-regulation of adhesion molecules in ECs, and elicits
the release of pro-inflammatory cytokines and chemokines, thereby

VEGFR-CAR-
modified T cells

favoring the recruitment and extravasation of T lymphocytes. (C)
Anti-VEGF and anti-VEGFR antibodies both transiently normalize the
tumorvasculature and overcome EC anergy, thus favoring T cell trafficking
within tumors. (D) Also immunization against VEGFR2 or the adoptive
transfer of autologous T cells genetically engineered to express chimeric
antigen receptor targeted against VEGF-R2 (VEGFR-CAR) favor tumor
infiltration by T cells, although the mechanism has not yet been clarified. It
has been proposed that VEGF-R-specific T cells kill both ECs and MDSCs
and Tregs (not shown) that express VEGF-R.

A similar compound, consisting of TNF fused to another
tumor-vasculature-homing peptide (RGR) has been recently
shown to stabilize tumor vessels and to enhance active
immunotherapy in experimental pancreatic neuroendocrine

tumors (52). Notably, a recent phase II study of NGR-TNF
(0.8 pg/m2) in combination with doxorubicin in relapsed ovar-
ian cancer patients showed that patients with baseline periph-
eral blood lymphocyte count higher than the first quartile had
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improved progression-free survival and overall survival (53),
therefore suggesting that a similar effect may occur in humans.

Other strategies have been pursed to target TNF to the tumor.
As an example, TNF has been fused with the single chain Fv AbL19,
which is specific for the extradomain B of fibronectin expressed
by the tumor neovasculature (54). However, the location of the
target molecules in tumor vessels and their level of expression are
different from that of CD13, and additional studies are necessary
to investigate whether this compound acts in synergy with active
or adoptive immunotherapy.

Leukocyte infiltration in tumors can also be favored by the use
of classic anti-angiogenic drugs. VEGF is the focus of most of
these approaches (55). The importance of VEGF-mediated mech-
anisms in cancer is underlined by clinical data showing that the
expression of VEGF in tumor tissue is negatively correlated with
the presence of TILs. This was reported to be one of the strongest
prognostic factors in ovarian carcinoma (56). In addition, VEGF
negatively regulates functional maturation of and antigen pre-
sentation by dendritic cells (DCs), favors the accrual and activity
of cell populations with immunosuppressive functions including
myeloid derived suppressor cells [MDSCs; (57)] and regulatory T
cells [Tregs; (58)], and induces T cell apoptosis, therefore con-
tributing to the immunosuppressive tumor microenvironment
(59). Over the last decades several therapeutic approaches have
been proposed to counteract VEGF and neoangiogenesis, such
as anti-VEGF antibodies and tyrosine kinase inhibitors of mul-
tiple pro-angiogenic growth factor receptors (13). Inhibition of
VEGEF interaction with its receptors has been also reported to be
at the basis of vessel “normalization” (29). Anti-angiogenic drugs
transiently normalize the tumor-vasculature, pruning away imma-
ture and leaky vessels and remodeling the remaining vasculature.
As a result, the enhanced oncotic pressure gradient together with
decreased interstitial fluid pressure and hydrostatic pressure gra-
dient facilitate delivery of oxygen, nutrients, and also chemother-
apeutic agents into the tumor microenvironment (13). Some of
these strategies can also overcome EC anergy and promote leuko-
cyte infiltration in tumors [Figure 2C; (60-62)]. In addition, it has
been reported that lower-dose of anti-VEGF (DC101; 10 mg/Kg),
when compared with the standard high dose (40 mg/Kg), normal-
izes the tumor-vasculature, favors extravasation of T cells, reduces
the fraction of MDSCs, and polarizes macrophages toward an
M1 phenotype within the tumor mass (63). Thus, anti-angiogenic
drugs and TNF targeting are conceptually different approaches, as
the former aims at vessel normalization, whereas the latter exploits
the cytokine as an inflammatory agent that induces vascular
activation.

Alternative approaches to target the VEGF-VEGF receptor
(VEGFR) pathway are immunization against VEGFR-2 (64) or
the adoptive transfer of autologous T cells genetically engineered
to express a chimeric antigen receptor targeted against VEGFR-2
[Figure 2D; (65)]. The simultaneous targeting of VEGFR-2 and
TAAs by a mixture of genetically engineered T cells expressing a
chimeric antigen receptor targeting VEGFR-2 and T cells express-
ing a TCR specific for a melanoma-associated TAA synergistically
eradicated established melanoma tumors in mice and prolonged
their tumor free survival (66). The mechanism behind this synergy
is still under investigation, and the transduction of anti-VEGFR-2

CAR into TCR transgenic T cells did not enhance the therapeutic
efficacy of adoptively transferred cells (66). Because of the exten-
sive tumor necrosis induced by the adoptive transfer of T cells,
vessels could not be investigated in these tumors (66). The authors
favor the hypothesis that anti-VEGFR-2 T cells not only target ECs
but also suppressor cell populations including MDSCs and Tregs
that express VEGFR-2 (67, 68).

In general, anti-VEGF-mediated transient normalization of
tumor vessels lasts between few days to a month (29). Unfor-
tunately, the anti-angiogenic drugs available to date are not suf-
ficiently selective in damaging only neo-angiogenic vessels. Risks
of sustained and/or aggressive anti-angiogenic therapies are the
unselected recruitment of pro-angiogenic inflammatory cells, and
excessive trimming of vessels with inadequate delivery of oxy-
gen and drugs. The latter effect may be dangerous also for highly
vascularized tissues, including the cardiovascular, endocrine, and
nervous systems (69).

As mentioned before, targeting TNF to the tumor vessels
enhances tumor permeability to chemotherapeutic agents (48). We
have recently reported that the combination of active or adoptive
immunotherapy, vascular targeting, and chemotherapy act in syn-
ergy against melanoma (49). Our preliminary results also suggest
that in the context of adoptive T cell therapy after hematopoi-
etic stem cell transplantation (70, 71), NGR-TNF dramatically
increases the infiltration of TILs into the prostate of mice affected
by autochthonous prostate cancer (49) and contributes to tumor
debulking (Mondino A. Personal communication).

Interestingly, chemotherapeutic agents, beside their effects in
promoting anti-tumor immunity by inducing a more immuno-
genic death of cancer cells, increasing their sensitivity to immune
effectors or depleting the tumor microenvironment of Treg cells
and MDSCs (72, 73) have been shown to promote intratumor
expression of chemokines attracting T cells (74).

Taken together, these findings support the concept that increas-
ing T-cell traffic to the tumor, possibly in association with
immunogenic chemotherapy, may be a valid strategy to enhance
response to immunotherapy in cancer patients.

REPROGRAMING ENERGY METABOLISM IN CANCER
Reprograming energy metabolism is an emerging hallmark of can-
cer closely linked to hypoxia and neoangiogenesis (25). Indeed,
uncontrolled cell proliferation requires a continuous adjustment
of energy metabolism in order to fuel cell growth and division
also in the absence of adequate tumor perfusion (14). As early as
in 1930, Otto Warburg showed that cancer cells craving for energy
take up much more glucose than normal cells and mainly process
it through aerobic glycolysis, the so-called “Warburg effect” (75).
Curiously enough, also T cells that differentiate from the naive
to the effector state upregulate genes encoding glycolytic enzymes
(76), but tumor cells incorporate 10- to 100-fold greater glucose
than T cells over a fixed time period (77), thus suggesting a biased
competition for glucose between cancer cells and activated T cells
within the same microenvironment.

As summarized in Figure 3, a direct consequence of aero-
bic glycolysis is the production of lactate from pyruvate, and
acidic metabolites that cause drop in extracellular pH (78), which
may select for more aggressive acid-resistant clones and favor
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tumor invasion (14). Pyruvate decarboxylation within mitochon-
dria causes the generation and subsequent release of CO,, which
favors increased expression of carbonic anhydrase IX (CA-IX), a
cancer-associated membrane bound isoform of the enzyme car-
bonicanhydrase that catalyzes the hydration of CO; to bicarbonate
and H™, thus contributing to acidify the extracellular microen-
vironment of tumors (79, 80). A low extracellular pH triggers
the activation on tumor cell membranes of transporters that pro-
tect the cytosol from acidosis. In addition, hypoxia stabilizes the
heterodimer HIF-1, which in turn induces the up-regulation of
glucose transporters and CA-IX, thereby increasing acidity within
the tumor microenvironment (80). As a result, while in normal
tissues the extracellular pH is maintained around 7.4, in malig-
nant tumors the pH can drop to values of 6.0 and less, with
averages of 0.2-0.6 units lower than in normal tissues (81). The
tumor-supporting role of low pH has been recently corroborated
by the observation that pharmacologic inhibition of CA-IX or of
the vacuolar H-ATPases display antineoplastic effects (79, 82).
Hypoxia and pH are also strongly tangled with reduction-
oxidation (redox) reactions (Figure 3). Already at the earliest
stages of tumor development, free radicals, HIF-1-induced gene
expression and hypoxia are strictly interconnected (83). Indeed,
reactive oxygen species (ROS) are generated in mitochondria of
cells exposed to low oxygen (84), and the phenomenon is further
amplified by cyclic reoxygenation. Also the anti-oxidant systems
upregulated by tumor cells to counterbalance oxidative stress con-
tribute to the altered redox of the tumor microenvironment and to
tumor progression. Overexpression of reducing enzymes such as
thioredoxin (TRX) has been found in many tumors and correlated

to poor prognosis (85, 86). TRX induces and stabilizes HIF-1a
(87), and co-localizes with both HIF-1a and CA-IX in hypoxic
areas of the tumors (79). In addition, proton pumps have been
proposed to de-toxify tumor cells from microenvironmental ROS
(88). Thus, hypoxia, acidosis, redox-remodeling can cooperate to
establish a more aggressive malignant phenotype, and possibly to
promote the derangement of immune functions (77).

ALTERATIONS OF THE TUMOR METABOLISM THAT IMPACT
ON T CELL FITNESS

The immune system has been proposed as sensor of the meta-
bolic state (89). Bidirectional communication and coordination
between metabolism and immunity, while effective in maintain-
ing and defending the internal environment from the environment
around us, may result in inhibition of immune functions and may
favor chronic inflammation and cancer. A well-known example
of metabolism-mediated limitation of the function and survival
of TILs is tryptophan consumption by tumor cells and antigen
presenting cells (APCs) producing IDO (90). This mechanism
can also restrain the therapeutic efficacy of checkpoint blockade
strategies such as targeting of cytotoxic T lymphocyte antigen-
4 (CTLA-4), glucocorticoid-induced TNFR family related gene
(GITR), and the PD-1/PD-L1 axis (91).

More specifically, hypoxia, acidosis, and redox-remodeling are
all perceived as sensors by the immune system. Thus, as sum-
marized in Table 1, hypoxia inhibits TCR-triggered signaling,
proliferation and cytokine production by T cells (92, 93). Intra-
cellular HIF-1a appears to have a direct role in T cell inhibition,
since HIF-1a is induced upon TCR triggering (94, 95), it is further
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Table 1 | Effects of the tumor metabolism onTILs.

Metabolic alteration Species

Inhibition

Promotion

Reference

Hypoxia

Low intratumor pH

Oxidative stress

Mus musculus

Human
Mus musculus
Mus musculus

Human and Mus
musculus

Mus musculus
Human

Mus musculus

Human and Mus
musculus

Mus musculus
Mus musculus
Mus musculus
Human

Human and Mus
musculus

Human and Mus

Expansion of CD8™ T cells

IL2 and IFNy production by CD8* and CD4+

T cells

Voltage-dependent K+ channels

Treg differentiation

T cell-mediated cytotoxicity

CTL response in vivo
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increased in hypoxic conditions, and knocking down HIF-1a in T
cells increases their cytokine production potential both in vitro
and in vivo (94). T cells are also inhibited by hypoxia-driven
accumulation of extracellular adenosine (96).

More recently it has been reported that hypoxia within the
tumor microenvironment promotes Treg recruitment through
the induction of CC-chemokine ligand 28 (97). Conversely, up-
regulation of HIF-la under hypoxic conditions inhibits Treg
differentiation through FoxP3 degradation, and favors the differ-
entiation of Th17 cells by directly inducing RAR-related orphan
receptor gamma t (RORyt) transcription (98) and glycolytic genes
(99). HIF-1a also induces several survival promoting genes in
Th17 cells, thus preventing their apoptosis (100). Th17 cells are
a subpopulation of T helper cells producing IL17, IL17F, and IL22,
which play a critical role in immunity to certain pathogens and
autoimmune inflammation (101). The role of Th17 cells in cancer
is more debated. Indeed, Th17 exert anti-tumorigenic activities,
likely by facilitating the recruitment of other effector immune
cells (102), and pro-tumorigenic activities by inducing tumor

vascularization and the release of tumor-promoting factors by
tumor and stromal cells (103). Thus, the effects of hypoxia on the
tumor microenvironment are rather complex, and the use of HIF
inhibitors for therapeutic purposes should be carefully balanced
to avoid the dominance of pro-tumorigenic over anti-tumorigenic
mechanisms.

Hypoxia may also render the tumor cells more resistant to
cytotoxic T lymphocyte (CTL)-mediated lysis through HIF-1a-
dependent induction in cancer cells of miR-210, which downreg-
ulates the expression of PTPN1, HOXAI,and TP53I11 genes (104).
It remains to be defined how coordinated silencing of these three
genes affects cancer cell susceptibility to CTL lysis. The effect of
hypoxia on CTLs is still debated (77). Interestingly, simultaneous
glucose deprivation and hypoxia block T cell-mediated cytotoxi-
city in vitro (105), therefore suggesting an additional mechanism
of immunosuppression within the tumor microenvironment.

There are relatively few reports on the impact of low intratu-
mor pHon T cells (106). Clinical evidence suggests that metabolic
acidosis is often associated with immunodeficiency (107). Indeed,
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both leukocyte activation and the bactericidal capacity of leuko-
cytes are generally impaired at reduced pH (106) suggesting that T
cells could be extremely sensitive to pH variations. Lymphocytes
also die at the same acidic pH malignant tumor cells perfectly
remain alive (108). Droge et al. (109) studied the effect of lac-
tate on murine T-cell populations and found that lactate is able
to suppress the CTL response in vivo, whereas activation of CTLs
in vitro is increased. Few years later, it was reported that the pro-
liferation of IL-2-stimulated T cells is inhibited at pH 6.7 (110),
and the cytolytic activity against cancer cells of CTLs is markedly
reduced when T cells are exposed to acidic pH (111). More recently,
Fischer and colleagues demonstrated that high lactic acid concen-
trations, as the ones found in the tumor environment, block lactic
acid export in human T cells, thereby disturbing proliferation and
effector functions (112).

We have found that lowering the pH in vitro to values most
frequently detected within tumors (pH 6—6.5) induces hypore-
sponsiveness in both human and mouse tumor-specific CTLs,
which is characterized by impaired proliferation, cytolytic activity,
and cytokine secretion (113). Interestingly, buffering of culture
pH to physiologic values associates with the complete recovery
of T cell functions, although longer exposure or lower pH val-
ues causes permanent damage and T cell death (113), arguing
that a portion of T cell immunity might be lost at tumor site
when extreme metabolic alterations are present. From a molecu-
lar standpoint, TCR triggering at low pH associates with reduced
expression of IL-2Ra (CD25) and TCR, and diminished activa-
tion of signal transducer and activator of transcription 5 (STAT5)
and extracellular signal-regulated kinase (ERK) (113), signaling
alterations frequently found in anergic T cells (114, 115). Inter-
estingly, similar characteristics were found in tumor-specific CTLs
infiltrating melanoma lesions, whose pH was 6.5 (113). Thus, acid-
ity per se is a novel tumor cell extrinsic mechanism of immune
escape (116).

Whereas redox-activated signaling events are physiologically
needed both as antimicrobial defense and to guarantee the cor-
rect spatial and temporal extension of the immune reaction,
redox-remodeling within the tumor microenvironment negatively
affects immune surveillance. Indeed, oxygen ions and perox-
ides are potent antibacterial agents produced by phagocytic cells
including macrophages and neutrophils (117). ROS are also impli-
cated in NLRP3 inflammasome activation in myeloid cells (118).
It has also been increasingly appreciated that endogenous ROS
are required for optimal T cell activation (119). Yet, exogenous
oxidative stress may dramatically suppress T cell activation and
effector functions. As an example, macrophages within the tumor
microenvironment express inducible nitric oxide synthase (iNOS)
and can induce tumor killing by generating large amounts of nitric
oxide (NO). However, iNOS is also expressed by MDSCs, a het-
erogeneous population of cells of myeloid origin that include
immature macrophages, granulocytes, DCs and other myeloid
cells (57). MDSCs also express arginase 1 (Argl) that together with
iNOS metabolizes the essential aminoacid arginine to either L-
ornithine and urea, or to L-citrulline and NO (120, 121). Depletion
of arginine from the microenvironment induces T cell dysfunction
because of loss of CD3¢ chain expression (122, 123), and prevents
the up-regulation of cell cycle regulators by these cells (124), thus

blocking their proliferation. In addition, NO blocks the activation
of Janus-activated kinase 1 (JAK1), JAK3, STAT5, ERK, and AKT
(125, 126), thus suppressing several T cell functions (125-129).

Depletion of L-arginine may also trigger superoxide (O ) gen-
eration from iNOS (130, 131), which is eventually converted to
hydrogen peroxide. ROS contribute to the MDSC-mediated sup-
pression of tumor-specific T cell responses in tumor-bearing mice
(57, 132).

Finally, the reaction between NO and O, generates reac-
tive nitrogen-oxide species (RNOS), among which peroxynitrite
(ONOO™) (133). ONOO™ mediated nitration of tyrosine residues
in the TCR and CD8 co-receptor causes a decreased conforma-
tional flexibility of these molecules and failure in proper T cell acti-
vation (134). Nitration of chemokines also prevents intratumoral
infiltration of antigen-specific T cells (135).

Also Tregs modulate the redox of the microenvironment by
subtracting cysteine necessary to effector T cell, function (136).
Indeed, DCs within the tumor microenvironment may have addi-
tional nutritional and redox-remodeling roles, since they reduce
the extracellular microenvironment required for T cell activa-
tion by releasing cysteine and TRX (137). In the same vein, Tregs
diminish glutathione synthesis in DCs and consume extracellular
cysteine (138), thus remodeling extracellular redox.

Additional hypoxia-driven metabolic dysfunctions, leading to
the accumulation of extracellular adenosine, further increased by
Tregs (139, 140), could act in synergy with acidic pH in dampen-
ing T cell function through A2A adenosine receptor-driven cAMP
intracellular accumulation (96).

All together these findings sustain the concept that hypoxia,
nutrient deprivation, abnormal glycolysis, and low pH act in
synergy crippling immune surveillance (Figure 1).

Also alterations of the lipid metabolism that occur in the tumor
microenvironment might affect T cell functions [e.g., (141)], but
direct in vivo evidences of this phenomenon are poor.

STRATEGIES THAT IMPACT ON TUMOR METABOLISM AND
PROMOTE FITNESS OF TUMOR INFILTRATING LYMPHOCYTES
Different therapeutic approaches have been proposed to mod-
ulate hypoxia, tumor acidity or redox, which directly or indi-
rectly affect TIL viability and effector functions (Figure 1).
Being the tumor microenvironment so complex and redundant,
the risk remains that interfering with one metabolic pathway,
thus inhibiting one pro-tumoral mechanism, may favor another.
For the sake of brevity, we will touch upon some clarifying
examples.

It has been reported that the anti-VEGF monoclonal antibody
bevacizumab induces intratumoral hypoxia, likely through exces-
sive vessel remodeling (142), thus increasing the population of
cancer stem cells (CSCs) in human breast cancer xenografts (143),
and promoting epithelial to mesenchymal transition (EMT) in a
murine model of bevacizumab-resistant pancreatic cancer (144).
Angiogenesis inhibitors targeting the VEGF pathway may also
elicit tumor adaptation and progression to stages of greater malig-
nancy, with heightened invasiveness and in some cases increased
lymphatic and distant metastasis (145). Bevacizumab has also
been shown to induce malignant traits through induction of
paracrine factors, which recruited pro-angiogenic myeloid cells
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(146), whose phenotype is reminiscent of MDSCs. Thus, anti-
angiogenic compounds while cutting nutritional support to tumor
cells, may favor local hypoxia and MDSC accumulation.

Also sunitinib, a receptor tyrosine kinase inhibitor with anti-
angiogenic properties (147), which has been recently approved for
the treatment of metastatic renal cell carcinoma (148), induces
hypoxia, through a yet undefined mechanism, and increase in
CSCs (143). Interestingly, semaphoring 3A (Sema3A), an endoge-
nous anti-angiogenic agent, counteracts sunitinib-induced tumor
hypoxia, and Sema3A and sunitinib synergize to enhance survival
of tumor-bearing mice (149). In addition, one cycle of treatment
with sunitinib is sufficient to increase the proportion of type 1
T cells (150), likely by reducing MDSCs (151). These findings
have been confirmed in mouse models of cancer, in which suni-
tinib reduced viability and proliferation of MDSCs (152) and their
accumulation in tumors (153).

Several drugs have been identified that target HIF-1a, thus
inhibiting angiogenesis (154). However, HIF-1 inhibitors may
impact on balance between Treg and Th17 cells favoring the former
(99, 155). Thus, further investigation is needed to fully elucidate
the therapeutic potential of HIF-1 inhibitors in cancer patients.

Conversely, hypoxia can be skillfully utilized to selectively
target TILs. Indeed, hypoxia induces expression of CD137 (4-
1BB) on TILs, and low-dose intratumoral injections of agonist
anti-CD137 monoclonal antibodies avoid systemic toxicity while
achieving anti-tumor systemic effects (156). In addition, intratu-
moral anti-CD137 antibodies synergized with systemic blockade
of PD-L1 (156).

Several strategies have been proposed to neutralize intratumor
acidity and therefore affect TILs. Robey et al. (157) reported that
oral treatment with NaHCOj increased the extracellular pH of
spontaneous metastases, inhibited cancer cell extravasation and
colonization in mouse models of breast and prostate cancer. How-
ever, no information is available on the effects of systemic adminis-
tration of bicarbonate on T cells and there is some concern related
to the risk of metabolic alkalosis.

We obtained evidence that systemic administration of the PPI
esomeprazole (12.5 mg/Kg) to tumor-bearing mice caused a rapid
(within 60 min) increase in tumor pH, which associated with
enhanced IFNy production by TILs (113). Indeed, on a per cell
basis, TILs in the tumor of PPI-treated mice produced more IFNy
than TILs from mice treated with vehicle (113). PPI treatment
also increased phosphorylated ERK in TILs, thus giving molecular
support to the PPI-mediated effect. As expected for a drug that is
administered as a pro-drug and requires protonation at low pH
(158), IFNYy production by T cells isolated from the spleen, lung,
and kidney of mice treated either with PPIs or vehicle did not dif-
fer (113), thus suggesting that also the effects of PPIs on T cells are
restricted to area of acidosis. PPIs also affected adoptively trans-
ferred T cells that reached the tumor, and PPI treatment increased
the therapeutic potential of both active and adoptive immunother-
apies (113). Because of the high selectivity for an acidic milieu and
instability, PPIs can be safely used at high doses (158) as the one
tested by us (113), which also affect tumor cells in vivo (159).
Thus, PPI treatment may represent a promising strategy for recov-
ering specific immunity and improving the efficacy of T cell-based
cancer treatments.

PPIs are also known for their anti-oxidant and anti-
inflammatory activities (160). Vacuolar proton pumps are
expressed in the membrane of phagolysosomes of neutrophils, and
lysosomal acidification is relevant for neutrophil oxidative burst.
Thus, PPIs reduce release of ROS by neutrophils further impact-
ing on the tumor microenvironment. Whiles the mechanism of
action of PPIs on leukocytes is still under investigation (160), our
data suggest that in vivo PPIs enhance anti-tumor activities of TILs
(113, 116).

Cancer cells promote chronic autophagy as survival adaptation
to the acidic microenvironment (161). Because at least in vitro
autophagy can also be induced in tumor cells by PPIs (162),
strategies might be devised to inhibit autophagy during PPI treat-
ment, yet taking into account the potentially negative effects of
autophagy inhibitors on TILs (163).

Regarding redox, it has been reported that the anti-diabetic
drug metformin or the mTOR inhibitor rapamycin, restore cata-
bolic mitochondrial fatty acid oxidation and favor the induction of
memory T cells, thus increasing the therapeutic efficacy of cancer
vaccines (141, 164, 165).

Several pre-clinical studies also support the use of A2A adeno-
sine receptors (A2ARs) antagonists to increase T cell activity within
the tumor microenvironment (166). As an example, the com-
pounds ZM241385 or 1,3,7-trimethylxanthine (caffeine) showed
to increase the anti-tumor activity of adoptively transferred T cells
in mice bearing large tumors (167). Curiously, drinking coffee was
found to correlate with significant decreased risk of cutaneous
malignant melanoma only in women (167, 168), suggesting that
caffeine may also impact on cancer immune surveillance.

Finally, therapeutic strategies targeting either Tregs (169, 170)
or MDSCs (171, 172); (173, 174), collaborate in making the tumor
microenvironment more permissive for TIL survival and anti-
tumor activities. Interestingly, MDSCs impair T cell trafficking
through down-regulation of CD62L on CD4 and CD8 T cells
(175) and chemokine nitration (135). Thus, therapeutic strategies
that block MDSCs accrual at the tumor site and their immuno-
suppressive function, and more specifically drugs interfering with
chemokine nitration, are expected to significantly improve the
efficacy of both active and adoptive immunotherapies.

CONCLUSION AND PERSPECTIVES

Despite considerable progress over the last decade, the tumor
microenvironment is an area of research that remains ripe
for further investigation, especially with regard to the relent-
less and dynamic modifications in its cellular composition and
metabolism.

Accumulating experimental evidence lends weight to the con-
cept that the most effective therapeutic strategies against cancer
will be the ones that consider the tumor and its microenviron-
ment as a whole, and yet simultaneously and coordinately address
several individual aspects of this complex system. So far, either
chemotherapy, surgery or radiotherapy have been combined with
either one of active immunotherapy and/or adoptive T cell therapy,
checkpoint blockade strategies or drugs that modify the vascu-
larization and metabolism of the tumor (38, 50, 116, 176—178),
thus improving distribution and synergistic anti-cancer activity
of drugs and T cells. A step forward will be to carefully devise
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multiple targeted therapies that simultaneously or subsequently
attack tumor cells and the diverse aspects of the tumor microen-
vironment, and yet preserve the function of organs not involved
by the neoplasm. Thus, it can be anticipated that adoptive and
active immunotherapy given together with treatments that tran-
siently normalize and/or activate tumor-associated ECs and drugs
that impact on tumor metabolism and reduce the local immuno-
suppressive environment would greatly benefit cancer patients
without causing relevant systemic toxic effects. As an example, in
TRAMP mice affected by advanced prostate cancer, the combina-
tion of non-myeloablative total body irradiation, hematopoietic
stem cell transplantation, infusion of donor mature lympho-
cytes, and tumor-specific vaccination overcomes tumor-specific
T cell tolerance, prompts tumor debulking, and induces long-
lasting tumor-specific memory response that protects mice from
tumor recurrence (70). Interestingly, the addition of NGR-TNF
at the peak of the vaccination-induced immune response favors
penetration of activated T cells within the transformed prostate
epithelium (49) and guarantees an even stronger anti-tumor activ-
ity (Mondino A. Personal communication). We are investigating
the possibility to add PPIs to this already complex combined ther-
apy to favor the anti-tumor activity of adoptively transferred and
vaccine-induced T cells that have reached the prostate.

Given the outstanding results obtained with immune check-
point blockers in cancer patients (179), it will be particularly inter-
esting to investigate the therapeutic efficacy of their combination
with metabolism and vessel modulators.

It is also important to underline that more is not always bet-
ter (180). One example is the recent failure of a well-designed
and carefully analyzed multi-institutional clinical trial in which
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INTRODUCTION

Recognition of the multi-compartment nature of the tumor
microenvironment has challenged the conventions of anticancer
therapy, giving rise to a radically different approach toward the
discovery of new treatments. Historically aimed at killing tumor
cells (cytotoxic agents), the search now seeks to identify novel “bio-
logicals,” that selectively target not only the cancer cell, but also the
tumor stroma.

Angiogenesis — the development of new vasculature — is
required for tumor growth, invasion, and metastatic dissemina-
tion, hence the rationale for anti-angiogenic therapy (1). Numer-
ous angiogenesis-targeting agents have been admitted to the ranks
of cancer therapeutics (2). Drugs targeting the tumor vasculature
have been developed and have shown efficacy in preclinical models
and in some clinical trials (1-3).

The most validated anti-angiogenic strategy to prevent tumor
vessel formation targets the vascular endothelial growth fac-
tor (VEGF) axis. VEGF can be blocked directly, with the anti-
body bevacizumab (Avastin®), or, among others, with the VEGF-
trap (Aflibercept®), an engineered soluble VEGF receptor able
to bind VEGF as well as platelet growth factor (PLGF) (4),
or indirectly by inhibiting receptor activity with antibodies or
small-molecule tyrosine kinase receptor inhibitors (RTKIs). Suni-
tinib (Sutent®), sorafenib (Nexavar®), and pazopanib (Votri-
ent®) have been approved for different tumor types (5). An
alternative strategy is to selectively destroy the existing vas-
culature with vascular disrupting agents (VDA) (6-8). VDA
cause a pronounced and rapid shutdown of blood flow to
solid tumors, leading to tumor necrosis and death. Small mole-
cules, flavonoids (DMXAA), and tubulin-binding agents (Ca4P,
7D6126, Ave8062, Oxi4503), have entered into Phase II-III
studies.

Numerous angiogenesis-vascular targeting agents have been admitted to the ranks
of cancer therapeutics; most are used in polytherapy regimens. This review looks at
recent progress and our own preclinical experience in combining angiogenesis inhibitors,
mainly acting on VEGF/VEGFR pathways, and vascular targeting agents with conventional
chemotherapy, discussing the factors that determine the outcome of these treatments.
Molecular and morphological modifications of the tumor microenvironment associated
with drug distribution and activity are reviewed. Modalities to improve drug delivery and
strategies for optimizing combination therapy are examined.

Keywords: combination therapies, angiogenesis inhibitors, tyrosine kinase receptor inhibitors, vascular disrupting
agents, drug delivery, paclitaxel, tumor microenvironment

Inhibition of a single target or pathway is of limited benefit
for cancer patients (9). The primary clinical use of bevacizumab
is combined with chemotherapy, as only the combination sig-
nificantly prolonged overall survival in patients with metastatic
colorectal cancer (CRC) (10) and recurrent/advanced non-small
cell lung cancer (NSCLC) (11), or extended progression-free
survival in patients with advanced ovarian cancer (12-14) and
renal cell cancer (15). Unlike bevacizumab, the multitargeted
profile of RTKIs makes them active as single agents, and any
clear advantage in combination with chemotherapy has yet to be
demonstrated (16).

The mechanism by which anti-angiogenic agents increase the
efficacy of chemotherapy is not yet clear. An angiogenesis inhibitor
combined with chemotherapy affects multiple compartments,
depriving the tumors of nutrients and oxygen (i.e., anti-vascular
and anti-angiogenic effect), and killing highly proliferative tumor
cells (i.e., cytotoxic effect) (17). In terms of drug delivery this
sounds paradoxical since the anti-angiogenic therapy, by modi-
fying the tumor vasculature, potentially impairs the delivery of
cytotoxic drugs (18).

The tumor microenvironment has an abnormal vasculature,
structurally and functionally (increased vessel permeability, dilata-
tion and tortuosity, reduced pericyte coverage, and abnormal
basement membranes), mainly because of an imbalance between
pro- and anti-angiogenic factors (19, 20). As a consequence, tumor
blood flow is impaired and this, together with compression of the
blood vessel by the growing cancer, results in high interstitial fluid
pressure (IFP), hypoxic regions within the tumor, and ultimately
reduced drug delivery (21, 22).

Anti-VEGEF, and more in general anti-angiogenesis agents,
modify the tumor microenvironment; abnormal microvessels are
destroyed and the remaining vessels are remodeled (2). These
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changes, that led Jain and coworkers to formulate the hypothesis of
“vascular normalization,” should lead to a transient increase in vas-
cular patency, a drop in IFP and alleviation of hypoxia, providing
a “window of opportunity” for the delivery of drugs, with better
therapeutic outcome. For reviews on tumor microenvironment
normalization see Jain (23, 24). The normalization hypothesis
offers a solution to the paradox that some angiogenesis inhibitors
are efficacious when combined with chemotherapy.

Whether these morphological changes are accompanied by
functional modifications, such as improved drug delivery, is still
debated (25-27). Current attempts at combination treatments are
often empirical, though rational protocols are needed that take
account of drug pharmacokinetics, and their metabolic interac-
tions and mechanism of action, as well as the biological char-
acteristics of the tumor microenvironment (28). Careful dosing,
scheduling, and sequencing of treatments, to avoid possible nega-
tive interactions and side effects, become essential to optimize the
efficacy of combinations (7, 29). Optimization requires reliable,
robust end points to monitor the activity of the combination.

This review focuses on recent progress, and our own preclinical
experience in combining angiogenesis inhibitors/vascular target-
ing agents with conventional chemotherapy. Molecular, morpho-
logical and functional modifications of the tumor microenviron-
ment related to drug distribution and activity are reviewed and, we
examine some modalities to improve drug delivery and strategies
for the optimization of combination therapy.

COMBINATION WITH BEVACIZUMAB

Bevacizumab is a humanized monoclonal antibody that targets
VEGEF (30). It has been approved, in combination with chemother-
apy, for anumber of malignancies, including colon, lung, and ovar-
ian (in Europe) cancer (10-12), and for kidney cancer combined
with interferon-gamma.

According to the hypothesis of vessel “normalization,” Jain and
coworkers showed in a number of tumor models transplanted in
the cranial window or in the dorsal skinfold chamber of mice, that
vessels begun to function better when treated with a neutralizing
antibody anti-VEGE, possibly enhancing delivery of chemother-
apy (31). Next, the duration of the “normalization window” was
associated with alleviation of hypoxia, which plays a role in drug
resistance and tumor progression. Radiotherapy was also more
effective when administered during the normalization window
(32). However, while preclinical studies have reported morpholog-
ical and functional changes in the tumor vasculature after blocking
VEGE, studies on drug delivery after anti-angiogenesis treatment
are scanty. A tendency to a higher CPT11 concentration, that
paralleled increased tumor perfusion, was observed in a colon car-
cinoma growing in nude mice after VEGF-blocking therapy. This
suggested an increase in transport capability by vessels surviving
anti-angiogenic treatment that compensated the reduction in the
number of patent blood vessels (33).

The main concern about the “normalization window” is the
limited time in which it occurs. As an example, orthotopic neu-
roblastoma xenografts treated with bevacizumab were evaluated
at serial time points for treatment-associated changes in intra-
tumoral vascular physiology, penetration of chemotherapy, and
efficacy of combination therapy. After bevacizumab, there was a

progressive decrease in tumor microvessel density, with a rapid,
sustained fall in tumor vessel permeability and tumor IFP, while
tumor perfusion (mirrored by drug delivery) improved. Unfortu-
nately these changes were short-lasting; the improvement in drug
delivery was observed only for a few days after bevacizumab, but
notwhen both drugs were given concomitantly. Although the com-
bination was always superior to single-agent treatment, sequential
treatment within the “normalization window” gave no significant
advantage over concomitant treatment (34).

Our laboratory found that bevacizumab in combination with
chemotherapy delayed tumor progression in mice bearing ovar-
ian carcinoma xenografts, significantly prolonging survival (35).
We observed a clear effect of bevacizumab on vessel morphol-
ogy toward a “normalization” phenotype (e.g., decrease in vessel
number, increase in pericyte coverage), but this was not related
to increased drug uptake into tumor. While these findings do not
explain the better outcome with the combination, we hypothesize
that after bevacizumab, distribution of the cytotoxic drug might
be better in more vital and actively proliferating areas of the tumor.
Studies are in progress using Imaging Mass Spectrometry to clar-
ify the spatial distribution of drugs into the tumor tissue after
angiogenesis inhibitors (36).

Similar considerations can be extended to the combination
of bevacizumab with large molecules, such as antibodies. For
example reduced uptake of trastuzumab (a monoclonal antibody
directed against HER-2/neu) after bevacizumab was observed in
HER-2 expressing breast cancer xenografts. This was presumably
due to tumor blood flow and vascular permeability reduction
which contribute to the changes of trastuzumab pharmacokinetics
(37). However the combination of bevacizumab with trastuzumab
has given promising results in breast cancer patients (38).

Few clinical studies report the effects of anti-angiogenic ther-
apy on drug uptake. One of the first pointers to the anti-vascular
effect of bevacizumab in a clinical setting, came from a phase I
study, in which patients with non-metastatic CRC were given a
single infusion of bevacizumab, concomitantly with neo-adjuvant
chemotherapy with 5-fluorouracil. Twelve days after its infusion,
bevacizumab reduced tumor blood perfusion and vascular vol-
ume, accompanied by decreases in microvessel density, lower
IFP, and increased pericyte coverage, confirming the drug’s anti-
vascular and normalizing effects in human tumors (39). Vessel
permeability, assessed as computed tomography (CT) contrast
agent extravasation, and fluorodeoxyglucose (FDG) uptake into
the tumor during positron emission tomography (PET) scans,
did not change, indirectly showing cytotoxic drug uptake was not
affected. PET scan 6 weeks after the bevacizumab and chemother-
apy showed reduced FDG uptake than in previous scans, in
accordance with the “temporary” duration of the normalization
window (39).

To elucidate the effects of angiogenesis inhibitors on drug
delivery, a recent study used PET to investigate bevacizumab
combined with (! C)docetaxel in NSCLC patients. Bevacizumab
reduced perfusion and the net influx rate of docetaxel, shortly
after its administration, and for several days afterward, showing
no substantial improvement in drug delivery into tumors. Inter-
estingly, bevacizumab prolonged systemic drug exposure, reducing
plasma clearance, and causing more homogeneous intratumoral
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distribution, as a result of some normalization of tumor vascula-
ture (40). These findings indicate that anti-VEGF therapy not only
does not improve tumor drug delivery, but rather has an oppo-
site effect. The authors also suggested that the anti-angiogenic
drug might be given after the anticancer agent, as the immediate
decrease in tumor perfusion should reduce the clearance of drugs
from tumors.

Thus, there is currently a large body of evidence indicating
that agents such as bevacizumab cause vascular normalization,
but whether this phenomenon favors or not drug penetration into
tumors remains unclear. Studies in humans highlight the impor-
tance of drug scheduling and call for further studies to optimize
combination modalities (41).

COMBINATION WITH RECEPTOR TYROSINE KINASE
INHIBITORS

A large number of small molecules that are multi-receptor RTKI,
have progressed through clinical development (5). Unlike beva-
cizumab, the RTKIs have antitumor activity in monotherapy, and
are rarely used in combination with chemotherapy in clinical prac-
tice, as no clear benefit has been reported (16). Clinical data on
chemotherapy uptake after RTKIs are lacking.

The partial advantage we have observed, in preclinical mod-
els combining sunitinib (VEGFRs, PDGFRs, and c-Kit inhibitor)
with chemotherapy (42) raises the question whether these mole-
cules differ from bevacizumab in their anti-angiogenic actions and
herein in their ability to facilitate drug distribution and activity.

Several preclinical studies have exploited RTKIs in combination
with chemotherapy aimed to study drug interaction and modi-
fication of the tumor/stroma compartment which can ultimately
affect drug distribution. RTKIs often give rise to increased hypoxia
and decreased drug uptake [for review see Ref. (43)].

For example, the small-molecule axitinib (VEGFRs, PDGFR,
and c-KIT inhibitor) affected tumor vasculature as the number of
blood vessels decreased, and hypoxia increased (44, 45). In combi-
nation with cyclophosphamide, this led to decreased delivery of its
metabolite (4-OH-CPA) into the tumor, with the consequence of
limited antitumor activity, and no tumor regressions (44). Inter-
estingly, the anti-vascular activity of axitinib, could be turned to
a therapeutic advantage if cyclophosphamide was injected intra-
tumor: axitinib slowed leakage of 4-OH-CPA, increasing its reten-
tion (46). Thus drug retention, as consequence of anti-angiogenic
therapy, can be exploited for combination with drugs injected
intra-tumor or for systemic delivery of pro-drugs directly activated
in the tumor (46). (See also combination with VDA below).

Some years ago we studied the combination of SU6668 (a
first-generation VEGFR-2, FGFR, and PDGFRP inhibitor) with
paclitaxel on ovarian cancer xenograft models (47, 48). The com-
bination affected tumor burden and prolonged overall survival,
depending on the tumor’s sensitivity to paclitaxel (less efficient on
the resistant tumor), the treatment regimen (less active, though
less toxic at a metronomic schedule) and the tumor burden at
the beginning of treatment (less active on large tumors). Though
SU6668 alone and in combination affected tumor vascular density
(48), there was no improvement in paclitaxel uptake. The limited
advantage given by SU6668 added to paclitaxel on the resistant
tumor compared to the sensitive one indicated that angiogenesis

inhibitors and cytotoxic agents act on the tumor and host com-
partments independently, with some combined effects on the same
compartment (the host), as paclitaxel is a strong vascular targeting
drug (49).

These initial findings prompted us to investigate morpholog-
ical and functional changes of the tumor vasculature induced by
the RTKI vandetanib (VEGFR2, EGFR, and RET inhibitor), and
its effect on intratumoral delivery and the antitumor activity of
paclitaxel (27). In line with previous observations, the combina-
tion of vandetanib plus paclitaxel had greater antitumor activity
than the single agent treatments (50). However, changes in vascular
morphology and function (normalization) induced by vandetanib
were not associated with any increase in paclitaxel delivery into the
tumor. In fact, our results showed that the antitumor activity of
vandetanib combined with paclitaxel is at least partly dependent
on the drug sequence. In mice pretreated with vandetanib, pacli-
taxel delivery decreased, reflecting a decrease in tumor perfusion,
assessed as Hoechst 33342 levels, an indicator of vascular perfusion
(27). The decrease in uptake of paclitaxel after vandetanib was par-
ticularly evident at an early time point (1 h after paclitaxel) as levels
were similar later (24 h after paclitaxel). As plasma data excluded
reduced drug availability, this might have been due to less efficient
paclitaxel penetration in the more poorly perfused vandetanib-
treated tumor, followed by longer retention for the same reason.
Vandetanib impaired paclitaxel uptake already after 1 day of treat-
ment, with maximum effect after 5 days. On stopping vandetanib,
paclitaxel uptake by the tumor was restored, indicating that van-
detanib’s effect on drug distribution in tumors is reversible as it is
the “normalization” phenomenon (27).

We have observed reduced paclitaxel delivery into the tumor
with no change in systemic pharmacokinetics, in combina-
tion experiments with different RTKIs (sunitinib and the dual
inhibitors of VEGFR2 and FGFR2, brivanib and E-3810), despite
the improved antitumor activity. E-3810 reduced vessel num-
ber, and induced tumor microenvironment modifications which
ultimately lead to remodeling of the extracellular matrix (51).

At variance, inhibition of PDGEFR signaling with an increase
in taxol uptake into the tumor and greater therapeutic effect have
been described (52). Imatinib, beside its original selectivity for Ber-
Abl tyrosine kinase, affects PDGFRB, lowers IFP and microvessel
density, and improves tumor oxygenation, consequently increas-
ing the tumor concentration of small molecules such as docetaxel,
or bigger ones such as liposomal doxorubicin (53).

One possible explanation for these controversial findings could
be the different inhibitors of angiogenesis used in those study. Also
the dose of the anti-angiogenic drug, might play an important role,
as a too high dose can cause too rapid vessel pruning and not favor
drug delivery and anticancer effects (24). The effect of different
doses of RTKI on vessel morphology and functionality was not
explored in the above study.

In the light of these considerations, we suggest that the com-
bination of RTKI with chemotherapy is feasible. A better use of
pharmacodynamics and pharmacokinetics, might help to maxi-
mize the effect and avoid negative interactions of RTKI combined
with chemotherapy. Recently we have shown that the addition of
certain chemotherapeutics to sunitinib is able to counteract the
unwonted negative effect on tumor metastasization (42).
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COMBINATIONS WITH OTHER ANGIOGENESIS INHIBITORS
The first combination modalities based on anti-angiogenic com-
pounds used TNP-470, an inhibitor of methionine aminopepti-
dase, an essential enzyme for endothelial cell proliferation. TNP-
470 potentiated the antitumor activity of cytotoxic therapeutics,
increasing their biodistribution into tumor tissue, an effect that
was sufficient per se to account for the greater delay in tumor
growth (54).

A number of molecular targets, alternatives to VEGF/VEGFR
and related growth factors, implicated in vascular remodeling,
are worth considering for the development of novel therapeutic
modalities.

Semaphorin 3A (Sema3A) is expressed in endothelial cells,
where it serves as an endogenous inhibitor of angiogenesis, and
is lost during tumor progression. Its long-term re-expression at
a later stage of carcinogenesis stably normalized the tumor vas-
culature in transgenic mouse tumor models and impaired tumor
growth (55). In an accompanying study the authors showed there
were larger amounts of doxorubicin in Sema3A-treated tumors,
than controls, so Sema3A re-expression substantially extends the
normalization window of tumor blood vessels and improves the
delivery efficiency of chemotherapeutic drugs (56).

Selective killing of tumor neovasculature with an antibody
directed against tumor vascular endothelial VE-cadherin, conju-
gated with an a-particle-emitting isotope generator, caused vas-
cular remodeling, increased tumor delivery of chemotherapy, and
reduced tumor growth. Interestingly, the effect was seen when
chemotherapy was scheduled several days after the anti-vascular
therapy. The authors pointed out that after depletion of the major-
ity of vessels, the remaining ones appear more mature, so small-
molecule drugs more homogeneously distribute and accumulate
better, as reflected in the improvement of antitumor activity (57).

COMBINATION WITH VASCULAR TARGETING AGENTS
Therapeutic vascular targeting agents comprise small molecules,
mainly tubulin-binding agents, flavonoids, antagonists of junc-
tional proteins intended to selectively target the tumor vasculature
(VDA), and compounds that target proteins expressed selectively
on tumor vasculature used to deliver bioactive molecules (6, 58,
59). VDA induce morphologic changes in endothelial cells, trig-
gering a cascade of events that results in rapid reduction of blood
flow, and vessel occlusion, with subsequent tumor cell death. The
hallmark of VDA action is the induction of massive central necro-
sis of tumor tissues, leaving a rim of viable, actively proliferating
cells at the periphery of the lesion. The ability of these proliferating
cells to repopulate the tumor explains the limited activity of these
agents as monotherapy, but also justifies their use in combination
with cytotoxic drugs. IFP levels dropped rapidly after VDA (60)
suggesting that if they are used appropriately in conjunction with
other drugs the efficacy of treatment may be enhanced. The benefit
from such combinations should be complementary, with the VDA
acting primarily on the tumor vasculature, and the chemotherapy
mainly affecting proliferating tumor cells.

A number of VDA have reached the clinical stage (61). Their
effects on tumor vasculature have obvious implications in the
design of combination treatments given their possible interfer-
ence with distribution of the cytotoxic drug (62). The sequence

of administration has to take into account that the vessel shut-
down induced by the VDA given after the cytotoxic compound
would trap it within the tumor, at the same time preventing the
possible VDA-induced impairment of drug distribution in the
tumor. Conversely, the opposite schedule, i.e., the VDA before
the cytotoxic drug, might generate favorable conditions for its
activity because the highly proliferating cells at the periphery of
VDA-treated tumors are an ideal target for cytotoxic drugs (7).

We administered the VDA ZD6126 followed by paclitaxel 24—
72 hlater; this combination had greater antineoplastic activity than
each single agent, leading to complete tumor remissions (63). That
study showed a significant increase in proliferative activity at the
tumor periphery after ZD6126, concomitant with the induction of
massive necrosis. It is therefore conceivable that pretreatment with
ZD6126 affects the inner part of the tumor, while chemotherapy
targets the actively proliferating cells in the viable peripheral rim.
The pharmacokinetics of paclitaxel in the ZD6126-treated tumor
indicated greater accumulation in the peripheral rim of the tumor
than the interior part.

The actual target in the tumor periphery might include
endothelial cells, thus providing a rationale for combining a VDA
with an anti-angiogenic agent (64). Rapid mobilization of circu-
lating progenitor endothelial cells which home into the viable rim
surrounding the necrotic area was reported in a tumor model of
mice treated with the VDA OXi-4053, which was associated with
the tumor vasculature (65).

THE DUAL FACE OF PACLITAXEL

Paclitaxel is one of the most widely used cytotoxic drugs, employed
in the treatments of several neoplasms. This tubulin-binding agent
promotes microtubule polymerization (at high concentrations)
and impairs microtubule dynamics (at low concentrations), ulti-
mately affecting mitosis, as well as other microtubule-dependent
cell functions (66). The anticancer activity of paclitaxel extends
beyond its cytotoxicity against tumor cells, since paclitaxel, and
the tubulin-binding agents in general, also targets tumor stroma
and vasculature inhibiting endothelial cell functions related to
angiogenesis, at lower concentrations than those required for the
cytotoxic activity (7, 49).

We have shown by in vivo optical, and dynamic contrast
enhanced (DCE)-MRI imaging that paclitaxel can modify cer-
tain tumor vessel functions related to vascular perfusion and
permeability (fractional plasma volume, fPV, and volume trans-
fer coefficient, ktvans) (67). This was associated with increased
tumor uptake of the antibody F8 (which selectively recognize
perivascular EDA-fibronectin) conjugated to interleukin 2 (F8-
IL2) (68). The use of antibody-based delivery of therapeutic agents
in cancer therapy is beyond our scope and is covered by excellent
reviews (59, 69).

Herein paclitaxel given before, but not after, F8-IL2 potenti-
ated the latter’s antitumor activity on EDA-Fn expressing human
melanoma xenografts. We attributed this to increased vascular
permeability and perfusion at the tumor site, as the area perfused
by Hoechst 33342 was larger in paclitaxel treated tumors than
controls.

Although the mechanism of this effect of paclitaxel is far from
clear, our findings are in line with other reports. Jain and coworkers
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proposed that taxane-induced tumor cell apoptosis reduced the
IFP generated by neoplastic cell proliferation (solid stress) and
decompressed tumor blood vessels. The increase in vessel diameter
suggests that taxanes might improve tumor response by increas-
ing the vascular surface area for the delivery of therapeutics (70).
Paclitaxel and docetaxel lowered IFP and significantly increased
albumin extravasation regardless of their cytotoxic activity, sug-
gesting that these effects might be taxane-specific and related to
the drugs’ pharmacodynamics (71).

The translational potential of these findings is substantiated by
clinical studies. In breast cancer patients treated with neo-adjuvant
chemotherapy, paclitaxel lowered IFP, and increased oxygenation
(72); this suggests that at least these tumors would be best treated
first with paclitaxel to reduce IFP and increase pO, in order to
improve the delivery of subsequent therapy, particularly of large
molecules such as antibodies. However, the theory of solid stress in
tumors only partially explains the biologic mechanisms by which
taxanes boost the activity of combination therapy.

Two mechanisms have been proposed to explain the activity
of co-administration of albumin-bound paclitaxel (Abraxane®,
nab-paclitaxel) and gemcitabine in patients with pancreatic cancer
(73). Ina first study nab-paclitaxel increased the intratumoral con-
centration of gemcitabine in a mouse model of pancreatic ductal
adenocarcinoma (PDA) (74). In a second study the nab-paclitaxel
co-administered with gemcitabine caused tumor regression, due
to a different mechanism, as gemcitabine was stabilized in the
tumor by paclitaxel’s reduction in the levels of cytidine deaminase,
the enzyme primarily responsible for gemcitabine metabolization,
with no changes in overall drug delivery (75).

CONCLUSION

The inhibition of tumor growth by drugs affecting the tumor vas-
culature has been achieved in preclinical and clinical studies. The
combination of an angiogenesis inhibitor, namely bevacizumab,
with chemotherapy, showed a benefit in patients with advanced
disease, leading to increased interest in developing more effec-
tive ways to combine anti-angiogenic/vascular targeting agents
with conventional chemotherapy. Morphological changes in the
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Delivery of anti-cancer drugs to tumor tissues, including their interstitial transport and cellu-
lar uptake, is a complex process involving various biochemical, mechanical, and biophysical
factors. Mathematical modeling provides a means through which to understand this com-
plexity better, as well as to examine interactions between contributing components in a
systematic way via computational simulations and quantitative analyses. In this review, we
present the current state of mathematical modeling approaches that address phenomena
related to drug delivery. We describe how various types of models were used to predict
spatio-temporal distributions of drugs within the tumor tissue, to simulate different ways to
overcome barriers to drug transport, or to optimize treatment schedules. Finally, we discuss
how integration of mathematical modeling with experimental or clinical data can provide
better tools to understand the drug delivery process, in particular to examine the specific
tissue- or compound-related factors that limit drug penetration through tumors. Such tools
will be important in designing new chemotherapy targets and optimal treatment strategies,
as well as in developing non-invasive diagnosis to monitor treatment response and detect
tumor recurrence.

Keywords: drug penetration, drug distribution, drug pharmacodynamics, tumor microenvironment, solid tumor,

mathematical modeling

INTRODUCTION

Systemic chemotherapy is one of the most widely used treatments
in all kinds of cancers and at every stage of tumor progression.
However, success of the systemic treatment depends not only on
the efficacy of chemical compounds, but also on whether these
compounds can reach all tumor cells in concentrations sufficient
to exert therapeutic effect. Most clinically used anti-cancer drugs,
however, lead to the emergence of anti-drug resistance, and to over-
come this therapeutic limitation, the chemotherapeutic agents are
often used in combination with other drugs of different phar-
macokinetic properties or in combination with other anti-cancer
treatments.

The process of drug delivery is complex and embraces dif-
ferent temporal and spatial scales, including the organism level
(where drug absorption, distribution, metabolism, excretion, and
toxicity are studied in various organs and are known together
under the acronym ADME-T), tissue and cell scales (where the
main processes include drug extravasation into the tumor tis-
sue, its penetration via interstitial transport, and cellular uptake),
and intracellular level (where drug internalization, intracellular
pharmacokinetics, accumulation, and efflux are investigated). In
this review, we will focus on these mathematical models that act
on the tissue scale. We refer the reader to the following research
papers and review articles that address the other modeling scales
(1-11).

Transport of drug particles at the tissue level encounters several
physiological and physical barriers. The architecture of tumor vas-
culature is leaky and tortuous when compared to the vasculature
of normal tissues. As a result, the blood flow is chaotic and the
supply of nutrients and drugs irregular. This, in turn, leads to the
emergence of regions of transient or permanent hypoxia. The cel-
lular and stromal architecture of tumor tissue is far from being
as well organized as that of normal tissues, and it is characterized
by increased cell packing density, high variability in tumor cell
sizes, and their locations. Together, these result in a non-uniform
exposure of tumor cells to metabolites and drugs. Elevated inter-
stitial fluid pressure (IFP), which is a consequence of the lack
of functional lymphatic vessels, and vascular hyperpermeability,
reduce extravasation of both fluid, and drug molecules from the
vascular system, hindering advective transport through the tumor
tissue. A dense extracellular matrix (ECM) with irregular align-
ment of ECM fibers and with increased fiber cross-linking, also
hinders the diffusion process. In general, it is difficult to pre-
dict the extent of drug penetration into the tumor tissue and to
determine the influence of various microenvironmental factors on
drug interstitial transport. The former issue can be addressed by
developing imaging techniques to visualize either the drug uptake
or its lethal effects. The latter can be tested using systematical
computational simulations of properly formulated mathematical
models.
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Several imaging approaches have been used to visualize the
effects of drug penetration into the tumor tissue, including nat-
urally fluorescent drugs showing their spatial distribution (12—
14), specific imaging biomarkers showing the effects of anti-
cancer drugs, such as cell DNA damage (15, 16), intravital
microscopic imaging for real-time in vivo drug distribution (17),
or molecular photoacoustic tomography (18). Numerous imag-
ing techniques and their use in oncology have been reviewed
in Weissleder and Pittet (19), Gillies et al. (20), and Morse and
Gillies (21).

Mathematical modeling provides tools for examining which of
the various biophysical features of the tumor tissue and/or stroma
and biochemical properties of drug compounds contribute sig-
nificantly to limited drug penetration. In silico simulations are
well-suited for testing combinations of multiple parameters that
can be varied simultaneously in a controlled manner and over
a wide range of values. Such a broad screening of drug or tis-
sue conditions is rarely possible in laboratory experiments, but
it is relatively easy and cheap in computer simulations. These
theoretical screenings can help to determine the properties of ther-
apeutic compounds optimal for their efficient interstitial transport
(designing in silico drugs) or make decisions regarding the most
effective drug combinations and scheduling protocols (design-
ing in silico trials). Moreover, mathematical modeling allows for
bridging laboratory experiments with clinical applications by pro-
viding the means to extrapolate the in vivo results from mouse
models to humans. Recently, several review papers discussing
the power of mathematical and biophysical modeling have been
published (22-29).

In this review, we will focus on the most recent research articles
that use mathematical and computational models of anti-cancer
drugs acting on the cell and tissue scales. In the most general
description, changes in the amount of drug present in the tis-
sue depend on three values: the amount of drug entering the
tissue (drug production), how the drug moves within the tissue
(drug transport), and the amount leaving the tissue (drug elimi-
nation). However, various phenomena can contribute to each of
these three processes. For example, a drug can be supplied from
the preexisting vascular system or can be released within the tis-
sue from a moving drug carrier (such as a nanoparticle), or it
can be activated due to specific environmental conditions (for
example, low oxygen level or high acidity). Drugs can be carried
through the tissue with the interstitial fluid flow (advective trans-
port) or move randomly due to the Brownian motion of drug
molecules (diffusive transport). Drug elimination from the tis-
sue can take place due to its natural half-life (decay), binding to
the ECM (degradation or deactivation), or cellular uptake. Math-
ematically the simplest equation describing the kinetics of drug
concentration c(x,t) at location x and at time ¢ may be written as
follows:

Tumor cell

@ Drug molecule

FIGURE 1 | A schematic representation of multiple physical processes
involved in drug penetration into the tumor tissue. Drug molecules are
supplied from the vasculature and move through the interstitial space via
diffusive and advective transports, can be activated and are subject to
natural decay before they are taken up by the cells.

Here, k is a constant rate of drug supply, release, or activa-
tion that takes place in a part of the domain (region), which may
be a blood vessel (supply), nanoparticle (release), or low oxygen
area (activation); D is a constant diffusion coefficient; u(x,t) is
the velocity of the interstitial fluid; a is a decay or deactivation
rate constant; and B is a rate constant of drug uptake by the cell.
Schematically, all processes involved in the drug kinetics are shown
in Figure 1. Notably, each of these factors may take a more complex
form. A more detailed discussion regarding these processes follows
below, and we give examples of how they have been addressed in
the mathematical modeling literature and applied to anti-cancer
drug kinetics.

MODELS ADDRESSING DRUG VASCULAR SUPPLY

After intravenous infusion, drug molecules circulate in the vas-
cular system before they extravasate into the surrounding tissue.
The drug influx rate k is assumed constant in the equation listed
above; however, more complex cases can be modeled wherein
the vascular supply process depends not only on the molecule’s
size, but also on the physical properties of the vasculature and
the target tissue. In general, small drug or metabolite molecules
can cross the vascular wall more easily than larger molecules
can, and they can extravasate into both healthy and tumorous
tissues. Larger molecules, such as nanoparticles, require vascu-
lar fenestration with larger pores to be able to leave the blood
circulation system. Additional factors, such as electrostatic inter-
actions between the particles and the negatively charged pores of

dc(x, t)
—_— = Klat region + DAc(x,t) —u(x,t) - Ve(x, t) —  ac(x,t)  — Bc( ) gt cell
at —— — — — —— ————
change in drug concentration supply, release, activation diffusion advection decay, deactivation cellular uptake
DRUG TRANSPORT

DRUG PRODUCTION

DRUG ELIMINATION
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FIGURE 2 | Examples of typical outcomes from various
mathematical models of drug penetration through the tumor
tissue. (A) A hybrid model of tumor mass and discrete vasculature (left,
red-tumor tissue, brown-vasculature) was used to investigate fluid and
drug extravasation from the vasculature (right, color corresponds to
drug concentration) [from Wu et al. (37), Figure 18]; (B) Patterns of
diffusion-(top) and advection-(bottom) dominated transport of drug
molecules (red dots) through the interstitial space between the cells
(white circles) [from Rejniak et al. (58), Figure 61]; (C) A gradient of the
interstitial fluid pressure (top) and transvascular pressure differences

Cc

Intersitial Fluid Pressure (dimensionless)

(bottom) in the growing tumor mass [from Stylianopoulos et al. (30),
Figure 2]; (D) A drug concentration gradient from the vessel (white)
outward with colors representing high (yellow) and low (brown) levels
of diffusive drug [from Thurber et al. (17), Figure 8]; (E) Spatial
distributions of hypoxic (yellow), necrotic (black), and apoptotic (green)
tumor cells within the tumor mass treated with angiogenesis inhibitors
for 37 weeks; the treatment is supplied from vasculature (red) [from
Gevertz (34), Fig.3]; (F) Structural adaptation of vessel diameters
(colors represent the volume of blood flow) inside the tumors [from
Pries et al. (31), Figure 6]. All figures reprinted with permissions.

the vessel wall, have been studied by Stylianopoulos et al. (30).
The mathematical model predictions suggested that electrostatic
repulsion has a minor effect on the transvascular transport of
nanoparticles, but electrostatic attraction, caused even by small
cationic charges, can lead to a significant increase in the trans-
vascular flux of nanoparticles into the tumor interstitial space
(Figure 2C).

The blood microcirculation within solid tumors is dysfunc-
tional due to highly irregular vasculature (Figure 2F) that hinders
delivery of both nutrients and drugs (31, 32). To investigate the
distribution processes of small molecule drugs to cancer cells, a
computational model based on fluorescent images of tumor func-
tional vasculature was designed by Thurber et al. (17). The model
was calibrated with experimental data and used to predict tem-
poral changes in drug distribution profile around vessels with
intermittent blood flow for a typical drug administration sched-
ule (Figure 2D). Vascular images were also used by Baish et al.
(33) to design a mathematical model that analyses drug diffu-
sion in irregularly shaped domains based on two simple measures
of vascular geometry. These include the maximum distance in
the tissue from the nearest blood vessel and a measure of the
shape of the spaces between vessels. This model can also pre-
dict how new therapeutic agents that inhibit or stimulate vascular

growth alter the functional efficiency of the vasculature within the
tumor tissue. Computational simulations of vasculature-targeting
agents and their influence on tumor growth have been also per-
formed by Gevertz (34, 35). These biophysical models (Figure 2E)
were used to explore the therapeutic effectiveness of two drugs
that target the tumor vasculature, angiogenesis inhibitors (such
as avastin) and vascular disrupting agents (such as combretas-
tatin). The simulation results suggested that vasculature-targeting
agents, as currently administered, cannot lead to cancer eradica-
tion, although a highly efficacious agent may lead to long-term
cancer control. The models, however, identified a treatment regi-
men that can successfully halt simulated tumor growth, even after
the cessation of therapy.

Another computational study has been performed to test the
effects that different drugs exert on the same mass of tumor tis-
sue. Sinek et al. (36) compared the effectiveness of doxorubicin
and cisplatin in vascularized tumors taking into account vascular
and morphological heterogeneity. The simulation results showed
that lesion-scale drug and nutrient distribution may significantly
impact therapeutic efficacy. It has been also shown how the ther-
apeutic effectiveness of doxorubicin penetration depends upon
other determinants affecting drug distribution, such as cellular
efflux and density, offering some insight into the conditions under
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which otherwise promising therapies may fail and, more impor-
tantly, when they will succeed. These simulations indicated that
macroscopic environmental conditions, notably drug and nutrient
distributions, give rise to considerable variation in lesion response,
hence clinical resistance. Moreover, the synergy or antagonism
of combined therapeutic strategies depends heavily upon this
environment.

The elevated IFP and high hydraulic conductivity can act like
microenvironmental barriers for transvascular transport to both
anti-cancer drugs and nutrients, as have been investigated by Wu et
al. (37). It has been shown computationally that small blood vessel
resistance and collapse may contribute to lower transcapillary flux
of oxygen. Moreover, the higher IFP distribution in the simulated
tumors affected oxygen extravasation negatively, which, in turn,
hindered tumor growth by decreasing the oxygen transfer to the
tissue (Figure 2A). In another study Pozrikidis (38) has investi-
gated the overall hydrodynamics of the leakage problem through
a permeable capillary, taking into account hydraulic conductivity
of arterial, venous, and extravasation flow rates. This showed that
interstitium dilation promoted the rate of extravasation.

MODELS ADDRESSING DRUG RELEASE AND ACTIVATION

To increase efficacy of therapeutic compounds and increase the
time of drug survival inside the tumor tissue beyond its half-life,
various methods of drug release and activation have been pro-
posed. In our simple equation listed above, the release/activation
rate k is defined as a constant, and the release/activation region is
hypothetical. However, more complex mechanisms can be incor-
porated in the models. The release region can represent a nanopar-
ticle and can be varied in both space and time according to the
changes in carrier locations; the activation rate may depend on
local drug concentration or distribution of metabolites and may
take place in hypoxic/acidic tumor areas, respectively, or may be
stimulated by external factors, such as temperature or magnetic
fields.

Nanoparticles have gained much interest as potential carri-
ers of therapeutic agents due to their size, which enable them
to extravasate in the leaky tumor vasculature preferentially, and
due to their modular functionality, which allows for release of the
drug by controlled diffusion from the core across the polymeric
membrane to the matrix. A mathematical model taking into con-
sideration avascular tumor growth followed by angiogenesis and
nanoparticle-based drug delivery has been applied by van de Ven et
al. (39) to design optimal therapeutic protocols. In particular, the
effects of nanoparticles carrying doxorubicin were simulated for
various parameter values to determine how much drug per particle
and how many particles need to be released within the vasculature
to achieve remission of the tumor. Moreover, it has been shown
that cell death on a population level is non-linear with respect
to the drug concentration. The same team has simulated vascu-
lar accumulation of blood-borne nanoparticles to analyze how
nanoparticle vascular affinity depends on its size and ligand den-
sity, as well as vascular receptor expression (40). It has been shown
that for high vascular affinities, nanoparticles tend to accumu-
late mostly at the inlet tumor vessels, leaving the inner and outer
vasculature depleted of nanoparticles. For low vascular affini-
ties, nanoparticles distribute quite uniformly in the intratumoral

vasculature, but they exhibit low accumulation doses. It has been
shown that an optimal vascular affinity can be identified by provid-
ing the proper balance between accumulation dose and uniform
spatial distribution of the nanoparticles. This balance depends
on the stage of tumor development (vascularity and endothelial
receptor expression) and the nanoparticle properties (size, lig-
and density, and ligand-receptor molecular affinity). The timing
and the location of drug release from nanoparticles have been
investigated by Kim et al. (41) in a combination of in vitro exper-
iments and mathematical modeling. It has been shown that gold
nanoparticles carrying either fluorescein or doxorubicin molecules
move and localize differently in an in vitro three-dimensional (3D)
model of tumor tissue, depending on whether the nanoparticles
are positively or negatively charged. Fluorescence microscopy and
mathematical modeling show that uptake, not diffusion, is the
dominant mechanism in particle delivery. These results indicate
that positive particles may be more effective for drug delivery
because they are taken up to a greater extent by proliferating cells.
Negative particles, which diffuse more quickly, may perform better
when delivering drugs deep into tissues.

Another drug carrier, engineered macrophages, that are capa-
ble of delivering pro-drugs to hypoxic areas within the tumor
have been modeled by Webb et al. (42) and Owen et al. (43).
In the former paper, two modes of action in the multicellular
spheroids were investigated: either the macrophages delivered an
enzyme that activated an externally applied pro-drug (bystander
model), or they delivered cytotoxic factors directly (local model).
The bystander model was comparable to traditional chemother-
apy, with poor targeting of tumor cells in the center of the spheroid
that are assumed hypoxic; on the other hand, the local model was
more selective for the hypoxic regions. This work suggested that
effective targeting of hypoxic tumor cells may require the use of
drugs with limited mobility or whose action does not depend on
cell proliferation. The latter article addressed a case where ther-
apeutic macrophages were preloaded with nanomagnets and a
magnetic field was applied to the tumor site. Both the conventional
chemotherapy and chemotherapy with macrophages delivering
hypoxia-inducible drugs were compared, and model simulations
predicted that combining conventional and macrophage-based
therapies would be synergistic, producing greater antitumor effects
than the additive effects of each form of therapy. The model
also revealed that timing is crucial in this combined approach
with efficacy being greatest when the macrophage-based, hypoxia-
targeted therapy is administered shortly before or concurrently
with chemotherapy.

The effects of applying heat to tumors treated with cisplatin
have been investigated by El-Kareh and Secomb (44). A theoreti-
cal model for the intraperitoneal delivery of cisplatin and heat to
tumor metastases in tissues adjacent to the peritoneal cavity has
shown increased cell uptake of drug, increased cell kill at a given
level of intracellular drug, and decreased microvascular density.
The model suggested that the experimental finding of elevated
intracellular platinum levels up to a distance of 5mm when the
drug is delivered by a heated infusion solution is due to pene-
tration of heat, which causes increased cell uptake of the drug.
The effects of hyperthermia on chemotherapy were also investi-
gated by Gasselhuber et al. (45) by developing a spatio-temporal
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model of the release of doxorubicin from low temperature sen-
sitive liposomes. This model showed that this treatment com-
bined with thermal ablation allowed for localized drug delivery
with higher concentrations in the tumor tissue than conventional
chemotherapy.

MODELS ADDRESSING DRUG DIFFUSIVE TRANSPORT

In the model equation listed above, we used a constant diffusion
rate D thatleads to homogeneous diffusive transport. However, the
diffusion may depend on the structure and other physical proper-
ties of the tissue in which this process occurs. One extension of the
above equation has been widely used in modeling the spread of
gliomas in the brain where the diffusion in the white matter and
gray matter was characterized by different diffusion coefficients
(46, 47).

In the context of drug penetration into the tumor tissue,
Venkatasubramanian et al. (48) have created a mathematical model
integrating intracellular metabolism, nutrient and drug diffusion,
cell-cycle progression, and drug pharmacokinetics. Results indi-
cated the existence of an optimum drug diffusion coefficient. A
low diffusivity prevents effective penetration before the drug is
cleared from the blood, and a high diffusivity limits drug reten-
tion. This result suggests that increasing the molecular weight of
the anti-cancer drug by nanoparticle conjugation would improve
its efficacy. The simulations also showed that tumors that grow
fast are less responsive to therapy than are tumors growing more
slowly with greater numbers of quiescent cells, demonstrating the
competing effects of regrowth and cytotoxicity.

The complex interactions of drug particles and the ECM fibers
that may hinder the drug molecule diffusion process have been
modeled by Stylianopoulos et al. (49, 50). In this 3D model, sto-
chastic fiber networks with varying degrees of alignment were con-
sidered. Quantitative analysis of four different structures, ranging
from nearly isotropic to perfectly aligned, were performed. The
results indicated that the overall diffusion coefficient is not affected
by the orientation of the network. However, structural anisotropy
results in diffusion anisotropy, which becomes more significant
with an increase in the degree of alignment, the size of the diffusing
particles, and the fiber volume fraction. These model predic-
tions were validated experimentally, showing for the first time
in tumors that the structure and orientation of collagen fibers in
the extracellular space leads to diffusion anisotropy. The authors
also investigated the effects of charge on the diffusive transport
of macromolecules and nanoparticles in the ECM, taking into
account steric, hydrodynamic, and electrostatic interactions. The
model showed that electrostatic forces between the fibers and
the particles result in slowed diffusion. However, the repulsive
forces become less important as the fiber diameter increases. These
results suggest that optimal particles for delivery to tumors should
be initially cationic to target the tumor vessels and then change to
neutral charge after exiting the blood vessels.

Since the ECM is composed of multiple cross-linked fibers, the
drug particle diffusion in the interstitial space may rather resemble
random movement through small nanochannels than diffusion
through the open homogeneous space. A computational model
that accounts for interface effects on diffusivity has been devel-
oped and validated by predicting experimental glucose diffusion

through a nanofluidic membrane (51-53). Moreover, the passive
transport of nanoparticles from bulk into a nanochannel has been
modeled, showing that subtle changes in nanochannel dimensions
may alter the energy barrier. This results in different nanoparticle
penetration depths and diffusion mechanisms.

More detailed models of ECM structure, including fiber ori-
entation, cross-link, and remodeling by the embedded cells have
been developed by Bauer et al. (54, 55), Dallon and Sherratt (56)
and Dallon et al. (57) in the context of vessel sprout and wound
healing, respectively. These models have not yet been applied to
model the role of ECM structure on drug molecule penetration.
However, cellular heterogeneity of the stroma and its influence on
both diffusive and advective forms of transport have been mod-
eled by our group using idealized tissue morphologies of various
porosity and cellularity values (58). Our simulations revealed that
irregularities in the cell spatial configurations can solely result in
the formation of interstitial corridors that are followed by drug
or imaging agent molecules, leading to the emergence of tissue
zones with less exposure to the drugs. Moreover, we showed that
the relation between tissue porosity (defined as the extent of void
space in the tissue), cellular density (defined as the number of cells
per tissue area), and permeability (defined as time needed for a
certain number of particles to traverse a predefined distance) is
non-linear; thus it is also non-intuitive.

MODELS ADDRESSING DRUG ADVECTIVE TRANSPORT
During advective transport, drug molecules are carried with the
flow of the interstitial fluid. This flow can arise from pressure dif-
ferences within the tissue or from drainage of the fluid into the
lymphatic circulation system. Wu et al. (37) investigated the role of
the IFP, interstitial fluid flow, and the lymphatic drainage system on
the transport of metabolites in developing tumors. The model sim-
ulations showed that elevated interstitial hydraulic conductivity
combined with poor lymphatic function is the root cause of the
development of plateau profiles of the IFP in the tumor, which
have been observed in experiments.

At the macroscopic scale, where the individual cells are mod-
eled as surrounded by the ECM space that is interpenetrated by the
interstitial fluid, our group investigated the role of both advection
and diffusion of drug molecules movement through the stroma
(58). Simulation results collected from more than 100 different tis-
sue morphologies showed that tissue cellular porosity and density
influence the depth of drug penetration in a non-linear fash-
ion. It has also been shown that for small diffusion coefficients,
drug transport is advection dominated independently of tissue
structure. Similarly, for all tissue structures considered in our sim-
ulations, drug molecule transport was diffusion dominated for
large diffusion coefficients. However, for the intermediate val-
ues of fluid flow velocity and diffusion coefficients, the nature
of interstitial transport depends strongly on the tissue morphol-
ogy (Figure 2B). This indicates that sole knowledge of drug and
tumor biophysical properties without knowledge of tumor tissue
histology may lead to false predictions regarding the extent of drug
penetration into the tumor tissue.

The significant role of the advective fluid flow in brain tumors
has been investigated by Arifin et al. (59, 60). In this work, a com-
putational model was employed to simulate 3D patient-specific
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distribution of carmustine. This model showed that a quasi-steady
transport process is established within 1 day following treatment,
and the drug is eliminated rapidly by transcapillary exchange,
while its penetration into the tumor is mainly by diffusion. Con-
vection appears to be crucial in influencing the drug distribution
in the tumor resulting in non-homogeneous exposure to the drug:
the remnant tumor near the ventricle is, by one to two orders of
magnitude, less exposed to the drug than is the distal remnant
tumor. In addition, local convective flow within the cavity appears
to be a crucial factor in distributing the drug so that the tumor
domain near the ventricle is prone to minimal drug exposure. The
authors also simulated four chemotherapeutic agents (carmustine,
paclitaxel, fluorouracil, and methotrexate) in a realistic 3D tissue
geometry extracted from magnetic resonance images of a brain
tumor. The simulation analysis showed that only paclitaxel exhib-
ited minimal degradation within the cavity, as well as the best
penetration of the remnant tumor.

A mixture of computational modeling and laboratory exper-
iments on gels and tumors reported in Ramanujan et al. (61)
showed that the diffusive transport of drug particles might be
obstructed more significantly by collagen fiber alignment than
particle movement due to fluid advection.

MODELS ADDRESSING DRUG DECAY, DEACTIVATION, AND
CELLULAR UPTAKE

In our simple equation above, the rate of drug decay, deactivation,
and cellular uptake were defined as proportional to the local drug
concentration. In the case of drug decay this is a typical way of
incorporating drug half-life. In the case of drug deactivation or
degradation, these processes may also depend on environmental
factors, such as binding to ECM fibers or interacting with other
mocroenvironmental factors. This aspect of drug pharmacody-
namics has usually been neglected in mathematical models due to
insufficient experimental data to inform or validate the models.
However, with the recent advances in visualizing and experimen-
tally quantifying ECM fibril structure, this process should be easier
to incorporate in future mathematical models. Additionally, the
process of cellular uptake can depend on various factors. Cer-
tain drug molecules may bind to specific cell membrane receptors,
and the efficacy of this process will then depend on the number
of available receptors. Others may diffuse through the cell mem-
brane, and this diffusion process will depend on both extracellular
and intracellular drug concentrations.

The complex interplay between molecular size, affinity, and
tumor uptake has been investigated by Schmidt and Wittrup (62)
using a mechanistic model that takes into account drug molecu-
lar radius, interstitial diffusivity, available volume fraction, and
plasma clearance. This model allowed for predicting the mag-
nitude, specificity, time dependence, and affinity dependence of
tumor uptake across a broad size spectrum of therapeutic agents.
The authors concluded that the intermediate-size targeting agents
(~25kDa) have the lowest levels of tumor uptake, when compared
to tumor uptake levels achieved by smaller and larger agents. In
Thurber and Wittrup (63), this model was extended to create a
mechanistic description of total antibody uptake in a tumor, tak-
ing into account both free (unbound) antibody in the interstitium
and antibody bound to its target. This allowed for an estimation

of the time course of antibody uptake in solid tumors and its
clearance from the blood plasma.

The cellular pharmacodynamics of various anti-cancer drugs
was investigated by a mathematical model that takes into account
cellular uptake of the drug and both intracellular and extracel-
lular cytotoxicities. In El-Kareh and Secomb (64), the damage
induced by doxorubicin was expressed as the sum of two terms,
representing the peak values over time of intracellular and extra-
cellular drug concentrations. Drug uptake by cells was assumed to
include both saturable and unsaturable components, which pro-
vided better fits to in vitro cytotoxicity data. Model simulations
suggested also a mechanism for the emergence of plateaus in the
dose-response curve at high concentrations and short exposure
time, as observed experimentally in some cases. Similar models
were used to investigate the pharmacodynamics of cisplatin (65)
and paclitaxel (66).

TOWARD CLINICAL APPLICATIONS OF MATHEMATICAL
MODELS

Mathematical models can also provide the means to scale experi-
mental results from animal to human body size and metabolism,
and can be used to test various drug administration procedures
and schedules (bolus injections, dose-dense therapies, continuous
infusions, and adaptive therapies) in virtual human body. El-Kareh
and Secomb (67) used mathematical modeling to determine the
optimal mode of delivery for doxorubicin by comparing three
intravenous administration methods: bolus injection, continuous
infusion, and liposomal delivery. The model took into account the
relatively slow rate and saturability of doxorubicin uptake by cells
and predicted peak concentrations of drug attained in tumor cells,
as well as peak concentration of free doxorubicin in blood plasma.
The model simulations suggested that continuous infusion for
optimal durations is superior to the other delivery methods. A
similar model, but using the tumor cord geometry, was used by
Eikenberry (68) to test doxorubicin dose optimization. Model sim-
ulations showed that extending drug infusion time up to 2h and
fractionating large doses are two strategies that may preserve or
increase anti-tumor activity, as well as reduce cardiotoxicity, by
decreasing peak plasma concentration. Traina et al. (69) used the
Norton-Simon tumor volume growth kinetic model (70) to pre-
dict a tolerable dose of capecitabine (7 days treatment followed by a
7-day rest) for advanced-stage breast cancer patients and this pre-
diction was confirmed in phase I study. Traina et al. (71) continued
to use the Norton-Simon model to optimize chemotherapeutic
dosages and schedules in mouse xenograft models. Similar math-
ematical models have been used to study dose-dense chemothera-
pies (72) and to evaluate both the limitations of current schedules
in breast cancer treatment and therapeutic advantages of novel
dose-dense chemotherapies (73). Gatenby et al. (74) examined
a novel approach in which cancer therapy was adapted to the
evolving temporal and spatial variability of the tumor microenvi-
ronment, cellular phenotypes, and therapy-induced perturbations
instead of using a typical linear protocol of drug administration.
The developed mathematical model suggested that if resistant pop-
ulations are present before administration of therapy, the total
elimination of the drug-sensitive subpopulation will lead to the
faster growth of a drug-resistant population. As an alternative,
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the simulated treatment was continuously modulated to control
the size of tumor cell population that resulted in prolonged sur-
vival. The authors went a step further and, actually, tested their
predictions experimentally. In subsequent work, Silva et al. (3)
parameterized the adaptive therapy model using in vitro exper-
iments and showed that this treatment strategy delays tumor
burden and increases time to progression in tumor models.

The computational models are also well-suited to simulate
treatments based on patient-specific parameters and tissue charac-
teristics leading to personalized medicine. Our group investigates
interstitial transport of drug and imaging agents using digitized
samples of patients’ tumor histology (58). Frieboes et al. (75)
implemented a mathematical model of tumor drug-response that
integrates simulations with biological data and includes the exper-
imentally observed resistant phenotypes of individual cells. This
integrative method could be used to predict resistance based on
specific tumor properties, potentially improving treatment out-
come. Kim et al. (76) uses a combination of micro- and macro-
scopic imaging data and computational modeling to investigate
blood flow in the heterogeneous tumor tissues. Venkatasubraman-
ian et al. (77) uses breast cancer patients’ DCE-MRI (dynamic
contrast-enhanced magnetic resonance imaging) data to predict
their responsiveness to therapeutic treatment. Their model sim-
ulations showed that transvascular transport was correlated with
tumor aggressiveness because of the formation of new vessels,
and that increased transport heterogeneity led to increased tumor
growth and poor drug-response.

Clinically used imaging techniques will be crucial in integrating
mathematical models with clinical data in order to make patient-
specific predictions. For example, DCE-MRI technique allows for
collecting time-activity curves with high spatial and temporal res-
olution following a bolus injection of a Gadolinium-containing
contrast agent, CA. The resulting data can be analyzed to generate
spatially explicit (2D and 3D) maps of flow, perfusion, extra-
cellular/extravascular volume fraction and, in some cases, water
permeability (78, 79). In general, the delivery and extravasation
of CA is modeled with standard 2- or 3-compartment PK models
(80) and, as mentioned above, these maps can be used to infer drug
distribution in human tumors (77, 81). While many investigators
use ROI (region of interest) analyses to derive a single perfusion
value to describe a tumor, it is becoming increasingly appreciated
that enhancement is heterogeneous and that quantitative descrip-
tors of this heterogeneity improve the precision for diagnosis and
monitoring of therapy response (82—86). We contend that per-
fusion heterogeneity is a key factor in the response of tumors to
therapy, both in terms of drug delivery and in the establishment of
specific habitats that select for cells with specific phenotypes and
hence, therapy responses (87).

CONCLUSION AND FUTURE DIRECTIONS

In this review, we discussed various mathematical models that
were used to address different aspects of drug penetration through
tumor tissue. All major stages of the penetration process have been
investigated computationally: flow to different regions of tumors
via blood vessels, crossing the vessel wall by drug molecules,
their penetration through the interstitial tumor space, and cel-
lular uptake. Mathematical models are well-suited to address such

complex phenomena since by their nature they are able to handle
multiple variables with numerous parameters. It is relatively easy
and inexpensive to simulate tumor growth and treatment in sil-
ico and to compare differences in simulation outcomes when such
parameters are changed simultaneously and over a wide range of
values. In fact, this area of mathematical research is dynamically
expanding. Especially novel are models that account for spatial
aspects of drug transport. Half of the papers described in this
review and all of the images collected in Figure 2 come from man-
uscripts that were published in the last 3 years, showing that this
field is highly active and productive.

Typically in mathematical models, the drugs are defined as con-
centrations, as we did in the equation above. This is motivated
by the fact that the number of drug molecules considered in the
model might be a couple of orders of magnitude larger than the
number of cells that form the tissue. However, in this description,
only average behavior of drug molecules is captured. When more
detailed drug kinetics need to be considered, such as molecule
binding to cell receptors, intracellular trafficking, or mechanisms
of drug extravasation from a vessel, drugs may be modeled as col-
lections of individual molecules and can be traced individually in
the model. Several novel models of this kind have been recently
developed. Among models discussed in this review, the work of
Ziemys et al. (51, 52), Mahadevan et al. (53), Frieboes et al. (40),
and Rejniak et al. (58) traces the behavior of individual drug mol-
ecules and their interactions with the cells and/or vessels. In the
first two papers the authors also discuss how to scale between the
description of the kinetics of individual drug molecules and more
general description of drug concentration.

Similarly, the more classical modeling approaches consider
tumors as large populations of cells and represent them as cell den-
sities (25, 36, 37,40, 59, 64,67,68,71,73,74,81). These models can
handle multiple cell subpopulations, but the number of different
cell types has to be defined a priori, and new subpopulations can-
not be dynamically created during the simulation. However, under
specific conditions cells can be moved from one subpopulation to
another. The predefined cell types may include a specific phase of
the cell-cycle (a population of cells in G1, GO, S, or G2 phase),
a particular cell phenotype (a population of proliferating, quies-
cent, hypoxic, or necrotic cells), or a particular cell response to
the treatment (a population of drug-resistant or drug-sensitive
cells). The advantage of continuous models is that they can han-
dle large populations of cells, but the significant disadvantage is
that all cell properties in these models must be averaged, since no
individual cells are considered. In view of the growing evidence
of heterogeneity of tumor cells on the genetic, phenotypic, and
drug-response levels, the averaged cell properties and the averaged
cell responses to anti-cancer treatments may not be sufficient to
make predictions for individual patients.

In contrast, in the individual-cell-based models (called also the
single-cell-based models, or the agent-based models) each cell
is represented as a separate entity that acts as an independent
agent according to some predefined rules (cell phenotype), but
cell behavior can also be modulated by interactions with other
cells and with the immediate cell microenvironment (selection
forces). In this class of models cells may differ from each other
significantly (cells may have distinct phenotypes, independently
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regulated cell-cycles, different levels of receptors, or different accu-
mulations of mutations). Several models discussed in this review
are single-cell-based (34, 35, 43, 52, 53, 58). The main advantage
of these models is their natural cellular heterogeneity that better
represents tumor multicellular composition than the continuous
models. It is, of course, possible to analyze results of individual-
cell-based models on a cell population level (in terms of average
values and standard deviations, distributions, or correlations),
similarly as this is done with experimental measurements. More-
over, these analyses can be compared to results from continuous
models. The inverse process, that is extracting detailed information
on individual cells from continuous models, is impossible. The
main disadvantage of agent-based models is in their limitations
to handle large number of cells. Typically, this limit is in thou-
sands of cells, but with constantly increasing speed of computers
and with development of novel faster computational techniques
(parallel, GPU, or cloud computing) the number of cells that the
model can handle in a reasonable time may not be a limitation
anymore.

Itis worth noting that every mathematical model is by its nature
a simplification of the biological system it is assumed to represent,
so we do not expect that one model will incorporate all processes
involved in drug penetration through the tumor tissue. And we
also do not expect that the unified modeling framework addressing
all aspects of drug transport through tumor tissue will emerge in
the near future. In silico models need to be designed to investigate
a specific research question similarly to how biological experi-
ments focus on the selected aspects of tumor treatment and do
not address in a single experiment all possible combinations of
involved factors. Computational models should not be too com-
plex to allow for quantitative analysis of the relative importance
of all features and parameters included in the model. However, in
contrast to experiments, model parameters (e.g., drug molecular
mass or charge, timing and dosing of drugs, and their activation
or uptake properties) can be varied over a wide range of values
and can be changed simultaneously in a controlled way, giving
investigators insight into a full spectrum of drug properties that
lead to the desired (or undesired) effects. These model outcomes
will then provide guidance for further laboratory experimenta-
tion, and both results, positive and negative, will be informative
for biologists. The positive results will suggest the environmen-
tal conditions or drug concentrations that are worth pursuing
experimentally; the negative results will advise the drug concen-
trations or their properties that do not lead to a desired effect
and can be omitted, reducing experimental costs and time. In
fact, close collaboration between mathematical modelers, biolo-
gists, and clinicians is crucial, in our opinion, for making progress
in improving anti-cancer treatments.

In our opinion the computational models of tumor develop-
ment and treatment that will be successfully applied in personal-
ized medicine need to be single-cell-based to be able to account
for differences between tumors in individual patients (inter-tumor
heterogeneity) and between distinct regions within the same
tumor tissue (intra-tumor heterogeneity). Such models will be able
to address phenotypic, genetic, and drug-response heterogeneity
observable in patient tumors. The future models need to be tempo-
ral to capture the dynamics of tumor growth, cell-cell interactions,

and response to therapy. These models will allow for temporal
analysis of model results in order to identify more effective drug
administration schedules with potentially variable schedules and
dosages that cannot be intuitively inferred from analyzing drug
properties in laboratory experiments. The future models should
also be spatially explicit and three-dimensional, since both cell
growth dynamics and drug transport dynamics are significantly
different between the one-, two-, and three-dimensional spaces.
In vivo tumors have complex geometries, variable cellular densi-
ties, irregular vasculature that cannot be captures by simple non-
spatial, population-based models. And over all the future models
need to be quantitative, based on quantitative experimental data
(to inform and parameterize the model), and producing quantita-
tive results, that can be compared to experimental measurements
or clinical data.

Given the complexity of processes taking place during tumor
development and its treatment, as well as significant inter-patient
and intra-tumor variability, the cross-disciplinary approaches that
integrate data and methods from various scientific disciplines have
a better chance to delineate the mechanisms of tumor resistance
to treatment and the way to overcome drug delivery barriers. The
mathematical models that are properly integrated with experimen-
tal data, such that both in silico models and laboratory experiments
inform each other, can provide tools for interpreting data, evaluat-
ing the most important parameters for designing new experiments,
and developing strategies to improve tumor treatment.
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