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Many different systems and strategies have been evaluated for drug targeting to tumors over the years. Routinely
used systems include liposomes, polymers, micelles, nanoparticles and antibodies, and examples of strategies are
passive drug targeting, active drug targeting to cancer cells, active drug targeting to endothelial cells and triggered
drug delivery. Significant progress has beenmade in this area of research both at the preclinical and at the clinical
level, and a number of (primarily passively tumor-targeted) nanomedicine formulations have been approved for
clinical use. Significant progress has also been made with regard to better understanding the (patho-) physiolog-
ical principles of drug targeting to tumors. This has led to the identification of several important pitfalls in tumor-
targeted drug delivery, including I) overinterpretation of the EPR effect; II) poor tumor and tissue penetration of
nanomedicines; III) misunderstanding of the potential usefulness of active drug targeting; IV) irrational formula-
tion design, based onmaterials which are too complex and not broadly applicable; V) insufficient incorporation of
nanomedicine formulations in clinically relevant combination regimens; VI) negligence of the notion that the high-
est medical need relates to metastasis, and not to solid tumor treatment; VII) insufficient integration of non-inva-
sive imaging techniques and theranostics, which could be used to personalize nanomedicine-based therapeutic
interventions; and VIII) lack of (efficacy analyses in) proper animal models, which are physiologically more rele-
vant and more predictive for the clinical situation. These insights strongly suggest that besides making ever
more nanomedicine formulations, future efforts should also address someof the conceptual drawbacks of drug tar-
geting to tumors, and that strategies should be developed to overcome these shortcomings.
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1. Introduction

In the past few decades, significant progress has been made in un-
derstanding the molecular principles of many different diseases. In
the case of cancer, these improved insights into the genetic and
(patho-) physiological processes contributing to malignant transfor-
mation and tumorigenesis have resulted in the development of sever-
al novel (classes of) chemotherapeutic drugs. Such ‘molecularly
targeted therapeutics’, like the growth factor receptor inhibitor Her-
ceptin, the proteasome inhibitor Velcade, the histone deacetylase in-
hibitor Vorinostat and the antiangiogenic agent Avastin, more
selectively interfere with certain ‘hallmarks of cancer’ [1,2], like
with the overexpression of growth factors and growth factor
Table 1
Barriers limiting the delivery of i.v. applied anticancer agents to tumors.

Barriers to drug delivery to tumors

Anatomical barriers Physiological barriers

Vascular endothelium Renal filtration
Perivascular space Hepatic degradation
Cellular membrane High tumor cell density
Nuclear membrane High interstitial fluid pressure
Blood brain barrier Drug efflux pumps

Note that several barriers are inter-related, and that not all barriers apply to all types of (c

Fig. 1. Systems and strategies used for drug targeting to tumors. A–E: Drug targeting systems
in green, linkers allowing for drug release and for sheddable stealth coatings in blue (rectan
imaging agents to monitor biodistribution and target site accumulation in orange (suns), and
strategies. F: Upon the i.v. injection of a low-molecular-weight chemotherapeutic agent, w
tumors and in tumor cells, while its localization to normal organs and tissues can be relativ
means of the EPR effect, the accumulation of the active agent in tumors and in tumor cells ca
H: Active drug targeting to internalization-prone cell surface receptors (over-) expressed by
tions, and is particularly useful for the intracellular delivery of otherwise poorly internalize
(over-) expressed by angiogenic endothelial cells on the one hand aims to increase drug d
tumor cells of oxygen and nutrients (I-1). On the other hand, reasoning that tumor endoth
targeting can likely also be employed to improve the overal accumulation of chemotherape
activated (i.e. induced to release their contents) by externally applied physical triggers, like
mulation at the target site (J-1), or while circulating in the tumor vasculature (J-2). Images
receptors, with the altered balance between apoptosis and anti-apo-
ptosis, with the numerous genetic and epigenetic changes that are
present in cancer cells, and with the development of a dense vascular
network, needed to provide tumors with oxygen and nutrients. By
means of their pharmacologically and/or physiologically more opti-
mal mechanism(s) of action, ‘molecularly targeted therapeutics’
have been shown to be able to more preferentially kill cancer cells,
both in vitro and in vivo, and to improve the balance between the ef-
ficacy and the toxicity of systemic anticancer therapy [3–5].

An important but often neglected property that such second-
generation chemotherapeutics share with their first generation
DNA-damaging counterparts, is that upon intravenous administra-
tion, their pharmacokinetics and their tissue distribution often are
Chemical barriers Clinical barriers

Low solubility Low efficacy
Low stability High toxicity
Low molecular weight Need for hospitalization
Large volume of distribution Frequent administration
Charge interactions Low cost-effectiveness

hemo-) therapeutic agents. Table adapted, with permission, from [76].

. Liposomes and liposomal bilayers are depicted in gray, polymers and polymer-coatings
gles), targeting ligands in yellow (arrows), antibodies and antibody fragment in purple,
conjugated or entrapped (chemo-) therapeutic agents in red (stars). F–J: Drug targeting
hich is often rapidly cleared from the blood, only low levels of the drug accumulate in
ely high. G: Upon the implementation of a passively targeted drug delivery system, by
n be increased substantially, while its localization to healthy tissues can be attenuated.
cancer cells generally intends to improve the cellular uptake of nanomedicine formula-
d macromolecular drugs, such as DNA and siRNA. I: Active drug targeting to receptors
elivery to tumor endothelium, thereby eradicating tumor blood vessels and depriving
elial cells are continuously exposed to long-circulating nanomedicines, endothelial cell
utic agents in tumors (I-2). J: Stimuli-sensitive nanomedicines, like Thermodox, can be
hyperthermia, ultrasound, magnetic fields and light. This can be done either after accu-
adapted, with permission, from [10,42].
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far from optimal. Because of their low molecular weight, for instance,
the majority of routinely used anticancer agents are rapidly cleared
from systemic circulation (e.g. by means of renal filtration), and
they do not accumulate well in tumors and in tumor cells. Also, be-
cause of their small size and their (generally) high hydrophobicity,
drug molecules often have a large volume of distribution, and they
tend to accumulate in and cause toxicity towards many different
healthy tissues. In addition to this, as outlined in Table 1, a large num-
ber of other barriers need to be overcome before an i.v. administered
anticancer agent can elicit antitumor efficacy, related e.g. to hepatic
and enzymatic degradation, to the high interstitial fluid pressure
that is typical of tumors, to cellular and nuclear membranes, and to
the presence of drug efflux pumps.

To assist i.v. applied anticancer agents in overcoming such bar-
riers, and to improve their pharmacokinetic profile and their target
site accumulation, a large number of nanomedicine formulations
have been designed and evaluated over the years. Nanomedicines
are submicrometer-sized carrier materials which intend to improve
the biodistribution of systemically administered (chemo-) therapeu-
tic drugs. By delivering pharmacologically active agents more selec-
tively to pathological sites (‘site-specific drug delivery’), and/or by
guiding them away from potentially endangered healthy tissues
(‘site-avoidance drug delivery’), nanomedicine formulations aim to
improve the balance between the efficacy and the toxicity of systemic
(chemo-) therapeutic interventions [6–11].

Various different concepts have been envisioned for nanomedi-
cine-mediated drug targeting to tumors over the years, including
e.g. passive drug targeting, active targeting to cancer cells, active
targeting to endothelial cells and triggered drug delivery (using
stimuli-responsive carrier materials). A huge number of preclinical
and a significant number of clinical studies have provided insights
Table 2
Examples of clinically used tumor-targeted nanomedicines.

Name Formulation

Lipoosomes Myocet Liposomal doxorubicin
Daunoxome Liposomal daunorubicin
Depocyt Liposomal cytarabine
Doxil/Caelyx PEGylated liposomal doxorubicin

Thermodox Temperature-sensitive PEGylated liposomal doxorub
NL CPT-11 PEGylated liposomal irinotecan

Polymers Oncaspar PEG-L-Asparaginase
Opaxio PGA-Paclitaxel
PegAsys/PegIntron PEG-IFNα2a/-IFNα2b
PK1 PHPMA-doxorubicin
ProLindac PHPMA-oxaliplatin
XMT-1001 Fleximer-bound CPT

Micelles Genexol-PM Micellar paclitaxel
Paclical Micellar paclitaxel
NK105 Micellar paclitaxel
NK911 Micellar doxorubicin
NC-6004 Micellar cisplatin
NC-4016 Micellar oxaliplatin

Nanoparticles Abraxane Albumin-based nanoparticle containing paclitaxel
Docetaxel-PNP Various solid malignancies
CALAA-01 Cyclodextrin-based nanoparticle containing anti-RRM

siRNA
Atu027 Lipid-based nanoparticle containing anti-PKN3 siRNA
C-VISA-BikDD Lipid-based nanoparticle containing BikDD plasmid D
Rexin-G Retrovirus-based nanoparticle containing dnG1 plasm

DNA
Antibodies Ontak CD25-targeted diphteria toxin-IL2 fusion protein

Mylotarg CD33-targeted ozogamycin-gemtuzumab
Zevalin CD20-targeted yttrium-90-ibritumomab tiuxetan
Bexxar CD20-targeted iodine-131-tositumomab
SGN-35 CD30-targeted brentuximab vedotin
AGS-5ME SLC44A4-targeted monomethyl auristatin E

a Approved for lymphomatus meningitis; in Phase III for leukemia; and in Phase I/II for g
b Approved in Korea; in Phase II in US and Russia.
c Withdrawn in 2010.
into the validity of these approaches, and it has been realized
that though they might hold true in several cases, there are also sit-
uations in which this is not the case. This is due to a series of miscon-
ceptions, misunderstandings and pitfalls, which together limit the
bench-to-bedside translation of tumor-targeted nanomedicines, as
well as their clinical benefit and their use in large numbers of
patients.

In the present perspective, we briefly describe the basic principles
of drug targeting to tumors, summarize the (pre-) clinical progress
made with regard to tumor-targeted nanomedicines, address some
of the pitfalls identified along the way, and propose strategies to over-
come these shortcomings.

2. Principles of drug targeting to tumors

2.1. Passive targeting

Many different types of nanomedicines have been designed and
evaluated for drug targeting to tumors. Prototypic examples of nano-
medicine formulations are liposomes, polymers, micelles, nanoparti-
cles and antibodies (Fig. 1A–E). The former four nanomedicines
primarily aim to improve the circulation time of the conjugated or
entrapped (chemo-) therapeutic drug and, by doing so, to enable it
to exploit the pathophysiological fact that solid tumors tend to pre-
sent with a tortuous and poorly differentiated vasculature, that in
contrast to the vasculature in healthy tissues, allows for the extrava-
sation of carrier materials with sizes of up to several hundreds of
nanometers (Fig. 1G). Together with the fact that solid tumors tend
to lack functional lymphatics, and therefore are unable to eliminate
extravasated nanomaterials, this increase in vascular leakiness allows
long-circulating nanomedicines to accumulate in tumors over time,
Indication Status

Breast cancer Approved
Kaposi Sarcoma Approved
Lymphomatus meningitis, leukemia, glioblastoma Approveda

Breast cancer, ovarian cancer, multiple myeloma, Kaposi
sarcoma

Approved

icin Liver cancer, breast cancer Phase III
Glioma Phase I
Leukemia Approved
Lung cancer, ovarian cancer Phase III
Melanoma, leukemia Phase II
Breast cancer, lung cancer, colorectal cancer Phase II
Ovarian cancer Phase II
Gastric cancer, lung cancer Phase I
Breast cancer, lung cancer, ovarian cancer Approvedb

Ovarian cancer Phase III
Gastric cancer Phase II
Various solid malignancies Phase II
Pancreatic cancer Phase I/II
Various solid malignancies Phase I
Breast cancer Approved
Various solid malignancies Phase I

2 Various solid malignancies Phase I

Various solid malignancies Phase I
NA Pancreatic cancer Phase I
id Various solid malignancies Phase I

T-cell lymphoma Approved
Leukemia Approvedc

Non-Hodgkin lymphoma Approved
Non-Hodgkin lymphoma Approved
Non-Hodgkin lymphoma Phase III
Prostate cancer, pancreatic cancer Phase I

lioblastoma.
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by means of a mechanism known as the enhanced permeability and
retention (EPR) effect [12,13]. The exploitation of the EPR effect is ar-
guably the most important strategy for improving the delivery of low-
molecular-weight chemotherapeutic agents to tumors, and because
of the fact that it essentially only relies on the pathophysiological
properties of the target tissue, it is generally referred to as ‘passive
drug targeting’.

In spite of several conceptual drawbacks related to extravasation and
penetration (see below; Sections 3.1 and 3.2), the vast majority of nano-
medicines developed for drug targeting to tumors rely on the EPR effect.
These primarily include long-circulating liposomes, polymers and mi-
celles. Examples of passively targeted nanomedicines approved for clini-
cal use areMyocet (non-PEGylated liposomal doxorubicin), Doxil (Caelyx
in Europe; PEGylated liposomal doxorubicin), Daunoxome (non-PEGy-
lated liposomal daunorubicin), Abraxane (albumin-based pacitaxel) and
Genexol-PM (paclitaxel-containing polymeric micelles; pre-approved in
Korea). Several additional passively tumor-targeted nanomedicines are
currently in clinical trials (see Table 2), and a large number of other
ones are in early- and late-stage preclinical development [6–11].

2.2. Active targeting to cancer cells

As opposed to passive drug targeting, ‘active drug targeting’ relies
on the use of targeting ligands, like antibodies and peptides, which
specifically bind to receptor structures (over-) expressed at the target
site [10,14,15]. Active drug targeting is generally implemented to im-
prove target cell recognition and target cell uptake, and not to im-
prove overall tumor accumulation. Examples of targeting ligands
routinely used for actively targeting nanomedicine formulations to
tumor cells are folate [16], transferrin [17] and galactosamine [18].
To date, however, in spite of significant advances made at the preclin-
ical level with regard to active targeting, only antibody-based nano-
medicines, such as Zevalin, Mylotarg, Ontak and Bexxar have been
approved for clinical use (see Table 2).

For several reasons (as will be outlined in more detail below; see
Section 3.3), no actively targeted liposomes, polymers, micelles and
nanoparticles have thus far been approved for clinical use, and only
very few are in clinical trials. Among those which are in clinical trials
are formulations which really rely on improving cellular uptake for
conferring therapeutic efficacy. A prototypic example of this is
CALAA-01, i.e. a transferrin receptor-targeted cyclodextrin-based
polymeric nanoparticle containing siRNA, which itself is unable to
enter cells and which needs to be delivered into the cytoplasm of can-
cer cells to exert antitumor effects (see Table 2).

The observation that actively targeted ‘classical’ nanomedicines, such
as liposomes, polymers andmicelles, have thus far largely failed to dem-
onstrate benefit at the (pre-) clinical level can likely bemostly attributed
to the fact that after leaving the highly leaky tumor vasculature, there are
quite a number of anatomical and physiological barriers that need to be
overcome before antibody- or peptide-targeted formulations can bind to
(and enter) cancer cells. These include the presence of pericyte-, smooth
muscle cell- and fibroblast-based cell layers between endothelial and
tumor cells, the high cellular density within solid malignancies, and the
high interstitial fluid pressure that is typical of tumors [11,19]. Therefore,
and also because of the binding-site barrier [20], which further limits the
penetration of actively targeted nanomedicines into the tumor intersti-
tium, actively targeted nanomedicines tend to have problems finding
their target cells, and they generally fail to demonstrate an advantage
over passively targeted formulations.

2.3. Active targeting to endothelial cells

To overcome (some of) the abovementioned shortcomings with
regard to active drug targeting – i.e. those related to the presence of
several additional cell layers between endothelial and tumor cells,
to the high tumor cellular density and to the high interstitial fluid
pressure in tumors – a number of different endothelial cell-targeted
nanomedicine formulations have been designed and evaluated over
the years (Fig. 1H). Ligands used to target drugs and/or drug delivery
systems to tumor blood vessels include the antibody fragment L19,
which uses the EDB domain of the oncofetal protein fibronectin to
home to angiogenic vasculature [21,22], and several cyclic and linear
derivatives of the oligopeptides RGD and NGR, which bind to angio-
genic endothelium through the integrins α2bβ3, αvβ3 and α5β1,
and through aminopeptidase-N (CD13), respectively [23–26]. Since
tumor vasculature-targeted nanomedicines do not depend on extrav-
asation and penetration across pericyte-, smooth muscle cell- and/or
fibroblast-based cell layers, since they encounter their target recep-
tors much more frequently than do cancer cell-targeted nanomedi-
cines (especially if they circulate for prolonged periods of time), and
since they do not suffer from the high tumor cell density and the
high interstitial fluid pressure that unfavorably affect cancer cell-tar-
geted nanomedicines, it is expected that in general (NB: excluding
e.g. nucleic acid-containing formulations), endothelial cell-targeted
nanomedicines possess significantly more potential for improving
antitumor efficacy than do cancer cell-targeted nanomedicines. This
is not only because they are more likely to find, bind and kill their tar-
get cells (i.e. endothelial cells; thereby depriving tumors of oxygen
and nutrients; Fig. 1H-1), but also because they can be designed to re-
lease their contents within the tumor vasculature upon binding to
tumor blood vessels, thereby enabling low-molecular-weight drugs
to penetrate deep into the tumor interstitium (Fig. 1H-2). Based on
these notions, on the significant amount of preclinical evidence that
has been obtained with regard to active targeting to tumor blood ves-
sels [21–26], and on the promising findings that have recently been
reported in phase I trials for L19-targeted Interleukin-2 [27] and
RGD-targeted adenoviruses [28,29], it is expected that the future
will see more and more endothelial cell-targeted nanomedicines en-
tering and progressing through clinical trials.

2.4. Triggered drug delivery

Other nanomedicine formulations which are expected to gain more
andmoremomentum in the years to come are systemswhich can be trig-
gered to release their contents upon exposure to external stimuli, such as
heat, light, ultrasound andmagneticfields. Such stimuli-responsive nano-
medicines, like Thermodox (i.e. temperature-sensitive PEGylated lipo-
somes containing doxorubicin), in principle hold significant clinical
potential, since they are designed to only release the conjugated or
entrapped chemotherapeutic drug upon applying locoregionally con-
fined triggers, either upon EPR-mediated passive tumor accumulation
(Fig. 1I-1), or already during circulation (Fig. 1I-2), thereby maximizing
drug release at the pathological site, while preventing damage to poten-
tially endangered healthy tissues. The downside of such formulations is
that they are quite difficult to prepare, at least in such a way that they
are really specific with regard to stimuli-responsive drug release; it is
often observed that they either already release significant amounts of
drug without actually being triggered, or they appear so stable that the
triggering conditions required to induce drug release are so severe that
they are hardly conformablewith physiological processes (i.e. the stimuli
themselves become toxic). To overcome these shortcomings, many
different efforts are currently being undertaken, both at the academic
and at the industrial level. These not only aim to improve the stimuli-
responsiveness of tumor-targeted nanomedicines, but also to develop
more suitable hardware tools to administer external stimuli more effec-
tively and more selectively to the target tissue. Examples of the former
for instance are liposomes and micelles with an optimized composition
for heat-triggered drug release at temperatures close to 40 °C. Examples
of the latter include fiberoptic catheters, which enable light-exposure in
deep-seated tissues, and magnetic resonance-guided high-intensity
focused ultrasound, which at the same generates, quantifies and auto-
controls heating in deep-seated tissues [30–36].



Fig. 2. Conceptual and realisticmodels for passive and active drug targeting. A–B: In passive drug targeting, it is oftenmistakenly assumed that all tumor blood vessels are leaky, and that all
tumors possess leaky blood vessels. This might be the case in rapidly growing tumor models in rodents, but is definitely not the case in humans, where substantially enhanced vascular
leakiness is observed only in certain specific tumors (e.g. in Kaposi sarcoma), andwhere only certain parts of tumors are hyperpermeable. C–D:Active drug targeting to cancer cells if often
mistakenly assumed to be able to increase overall tumor accumulation. This, however, cannot be the case, sincenanomedicines enter the tumor interstitiumvia passive extravasation. After
this, especially in physiologically relevant (i.e. slowly growing; comparable to the clinical situation) tumors, they need to cross several pericyte-, smoothmuscle- and fibroblast-based cell
layers before they are able to bind to cancer cells. Furthermore, even if they are able to reach cancer cell-containing compartments, their penetration deep (−er) into the tumor is limited
by the binding-site barrier. Consequently, active cancer cell targeting is considered to be useful only for improving cellular uptake, as well as for targeting certain specific cell typeswithin a
solid tumor.
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3. Pitfalls in drug targeting to tumors

3.1. Extravasation and the EPR effect

One of the major pitfalls in the field of tumor-targeted drug delivery
relates to the fact that the EPR effect is often overrated and/or misinter-
preted. Drug delivery scientists generally have an incomplete knowledge
of tumor biology and of the anatomical and (patho-) physiological prop-
erties of tumors, and therefore tend to neglect the fact that the EPR effect
is a highly heterogeneous phenomenon, which varies substantially from
tumor model to tumor model, as well as from patient to patient [11,37].
Moreover, even within a single tumor, there are huge differences with
regard to vascular permeability, and in many cases, there are parts in
which particles as large as 200 nm are able to extravasate, whereas in
(the vast majority of) other parts, not evenmolecules of the size of albu-
min, i.e. 3–4 nm, are able to enter the interstitium (see Fig. 2A–B). This is
because in these areas, either the endothelial lining is intact, or because
vascular leakiness is compromised by the presence of a dense peri-vas-
cular lining, constituted e.g. of pericytes, smooth muscle cells and/or
fibroblasts.

Apart from this intra- and inter-tumor- and intra- and inter-
patient-variability, another important aspect to keep in mind in this re-
gard is that research in animal models, especially in some of the most
frequently used animal models (see Section 3.8), can lead to an overes-
timation of the potential usefulness of passively targeted nanomedicine
formulations. This is due to the fact that the EPR effect is undoubtedly
much larger in tumors in animal models than in patients, simply be-
cause most rodent tumors grow much faster. If a subcutaneously inoc-
ulated tumor in a mouse grows to 1 cm (~0.5 g) within 2–4 weeks, this
would compare to a ~20 cm and ~1–2 kg tumor in humans, which
would take years, and not weeks, to develop. Because of this rapid
growth, blood vessels in mouse tumors generally do not develop prop-
erly, and they consequently tend to be much more leaky than their
human counterparts. This is exemplified by Fig. 3A, in which the
tumor accumulation of ~5 nm-sized radiolabeled HPMA copolymers
is shown in two different rat tumor models, i.e. in Dunning AT1 and
Dunning H prostate carcinomas [38]. The former grow to 1 cm in diam-
eter within 2 weeks, their blood vessels (in red) therefore are poorly
differentiated and hardly covered with pericytes (in green), and they
consequently show a relatively high degree of EPR-mediated drug tar-
geting (up to 0.5% of the injected dose per gram tumor tissue). The lat-
ter, on the other hand, take more than a year to grow to a size of 1 cm,
their blood vessels therefore are properly differentiated and densely
covered with pericytes and/or smooth muscle cells, and they
consequently accumulate radiolabeled HPMA copolymers much less
effectively (on average only 0.2% ID per gram tumor tissue).

In spite of the above notion, there are certain human tumors
which are very leaky, e.g. because they express high levels of VEGF
(which was initially identified as VPF, i.e. vascular permeability factor
[39]), and simply also because they are very well-vascularized (there-
by increasing the statistical chance of some of them being very leaky).
A prototypic example of this is Kaposi sarcoma, which is known to
contain many (and many leaky) blood vessels, and which therefore
responds relatively well to treatment with passively tumor-targeted
chemotherapeutic interventions. This is exemplified by the fact that
Doxil works quite well in Kaposi sarcoma: in comparison to the for-
merly standard combination regimen ABV, i.e. adriamycin (doxorubi-
cin), bleomycin and vincristine, Doxil monotherapy significantly
improved response rates, from 25% to 46% [40].

There are several ways to address this shortcoming related to im-
proper extravasation and highly heterogeneous EPR. These for instance
include the use of contrast agent-labeled nanomedicines (i.e. theranos-
tics) and appropriate imaging techniques to monitor tumor accumula-
tion, and to thereby preselect patients [41–43]. The obvious aim of
such strategies is to only treat patients who show a relatively high
level of EPR-mediated drug targeting. In addition, pharmacologically
active agents can be used to enhance extravasation (and penetration;
see Section 3.2). Prominent examples of such agents are inflammatory
mediators, such as tumor necrosis factor-α (TNF-α) and histamine,
which have both been shown to be able to improve the extravasation
and the penetration of nanomedicines. Both, however, tend to be rela-
tively poorly tolerated when administered systemically, and therefore
advanced locoregional setups, such as isolated-limb-perfusion, are
needed to exploit their beneficial effects. In addition, they can be
given at very low doses, just high enough to permeate tumor blood
vessels, but not causing any systemic side effects. If such setups are
available and achievable, the combination of extravasation-enhancing
pretreatment with nanomedicine treatment can lead to large increases
in therapeutic efficacy, as demonstrated e.g. by the pioneering work of
Ten Hagen and colleagues [44,45] and Seymour and colleagues [46].

3.2. Penetration

A second important pitfall relates to the (dis-) ability of nanome-
dicines to properly penetrate tumors. Upon leaving tumor blood ves-
sels, extravasated nanoparticles and macromolecules need to
penetrate into and distribute across the interstitium, to reach as
many cancer cells as possible. Since they are much larger than
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Fig. 3. Pitfalls in drug targeting to tumors. A: The enhanced permeability and retention (EPR) effect is often overrated, and differs substantially between rapidly growing rodent tumors, slowly
growing rodent tumors andhuman tumors. The image shows the accumulation of a radiolabeled 31 kDaHPMAcopolymer inDunning AT1 tumors (which grow to 1 cm indiameter in 2 weeks,
have a low degree of pericyte coverage (green) around blood vessels (red) and consequently are quite leaky) and Dunning H tumors (which take more than 1 year to reach 1 cm in diameter,
have significant pericyte coverage and consequently aremuch less leaky). Tumorswere implanted in the right hind limbs of the rats. B: Depending on their size, nanomedicines penetratemore
or lesswell into tumors, The image shows the penetration of 12, 60 and125 nm-sized quantumdots co-injected into the same tumor-bearingmouse 2 h after i.v. injection. The upper left image
depicts the presence of the particles within the vasculature at 30 min p.i., andwas used to visualize the structures of the tumor blood vessels. C: Active cancer cell targeting is often erroneously
assumed to lead to improved tumor accumulation. Because nanomedicine formulations initially accumulate in tumors via EPR, and because they need to penetrate several cell layers before
being able to bind to cancer cells, this often is not the case. The image exemplifies this for Her2-targeted liposomes, which as compared to untargeted liposomes, are taken upmuch more ef-
fectively in vitro (top left panel), but do not achieve increased tumor concentrations in vivo (large panel). D: Proper formulation design is critically important to achieve antitumor efficacy in
vivo and in patients. The image shows the in vivo efficacy of HPMA copolymers carrying doxorubicin via enzymatically cleavable GFLG linkers (black triangels) and pH-responsive hydrazone
linkers (all open symbols) in mice bearing EL4 T cell lymphoma tumors. The efficacy of free doxorubicin is depicted by black squares. E: As opposed to in animal models, in patients, nanome-
dicine formulations often fail to demonstrate significant therapeutic benefit. They are generallymuch better tolerated, and tend to have less (and other) side effects, but their ability to improve
response rates and survival times is limited. This is exemplified by a Kaplan–Meier plot showing overall survival in patients suffering frommultiple myeloma upon treatment with PEGylated
liposomal doxorubicin, vincristine anddexamethasone (solid line) versus free doxorubicin, vincristine anddexamethasone (dashed line). F:Nanomedicines are generally designed to target and
treat solid tumors. Clinically, however, patients with locally confined tumors can often be curatively treated with surgery and/or radiotherapy, and chemotherapy is only given in an adjuvant
setting, to prevent and treatmetastasis. Therefore, efforts should also be invested tomake nanomedicines (more) effective againstmetastatic disease. The left image depicts the accumulation of
radiolabeled liposomes in a primary breast tumor (middle arrow), in a metastatic lymph node (top arrow) and in the spleen (lower arrow). The right image depicts a patient suffering from a
heavilymetastasized ovarian carcinoma. G:Only very few efforts have been invested to personalize nanomedicine treatments,whereas this in principle is easily possible. The left image shows a
whole-body scintigraphic image (abdominal view) of a Kaposi sarcomapatientwith a primary tumor in his lower left leg and severalmetastatic lesions in his right shoulder region upon the i.v.
injection of radiolabeled liposomes. This patient clearly is a good candidate for Doxil treatment. The top image on the right shows highly effective liver targeting in a patientwith hepatocellular
carcinoma using a hepatocyte-targeted HPMA copolymer carrying doxorubicin. The lower images on the right depict an anatomical CT scan and a functional scintigraphic scan of the same
patient, showing that this actively targeted polymer therapeutic only accumulated in healthy liver tissue, and not in the large (dark) tumor mass in the center of the images. On this basis, it
could have been predicted that this patient would not respond well to this particular intervention. H: More time and effort should be invested in selecting and generating animal models
which are physiologically and clinically more relevant, and able to more confidently predict treatment efficacy in patients. Oftentimes, for practical reasons, rapidly growing subcutaneous
tumor models are used, but these do not compare well to the tumors and the pathological conditions nanomedicine formulations are confronted with in the clinic. Images adapted, with per-
mission, from [18,38,46,60,66,100].
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conventional (chemo-) therapeutic drugs, however, their penetration
is severely hampered, and due to the high tumor cell density and the
high interstitial fluid pressure, they often do not cross more than one
or two cell layers. This has recently been elegantly exemplified by
Bawendi, Jain and colleagues, who used intravital microscopy to
show that upon i.v. co-injecting three differently sized quantum
dots (12, 60 and 125 nm), only the 12 nm-sized particles were able
to properly penetrate, whereas the two larger particles clustered in
peri-vascular regions (Fig. 3B) [47]. Similar findings have been
reported by Dreher and colleagues, who used five differently sized
FITC-labeled dextrans (3.3, 10, 40, 70 and 2000 kDa), and who
showed that both the extravasation and the penetration of macro-
molecules with sizes of up to 70 kDa (i.e. a hydrodynamic diameter
of ~6 nm) was reasonable, whereas that of 2000 kDa dextran
(~50 nm) was very poor [48]. These insights strongly suggest that at-
tempts should be made to try to tailor the size of nanomedicines to
one that enables long-circulation properties, but that at the same
time also allows for proper extravasation and penetration.

There are several ways to overcome this penetration barrier. These
for instance include the use of inherently unstable or stimuli-sensitive
nanomedicines (see above; Section 2.4), which either already in
the tumor (micro-) circulation, or relatively fast upon extravasation,
release their contents in the peri-vascular space, thereby setting free
their low-molecular-weight payload,which can then penetrate deeply
into the tumor. In addition, pharmacological treatments can be imple-
mented, including besides the abovementioned extravasation- and
penetration-enhancing inflammatory mediators TNF-α and hista-
mine, e.g. also inhibitors of fibrosis and matrix-degrading enzymes.
Regarding the former, Miyazono, Kataoka and colleagues have recent-
ly shown that a low dose of a transforming growth factor-β (TGF-β)
inhibitor, which reduces fibrosis in the tumor microenvironment
and the pericyte coverage of tumor blood vessels, can be used to sub-
stantially enhance both the extravasation and the penetration of both
liposomal andmicellar doxorubicin [49], as well as of iron oxide nano-
particles [50]. They demonstrated this in two xenograft models of
pancreas cancer, which is notorious for its poor penetration, and also
convincingly showed that co-treatment with the TGF-β inhibitor sub-
stantially improved the antitumor efficacy of micellar doxorubicin
[49]. Regarding the latter, i.e. matrix-modifying agents, Jain and col-
leagues have shown that by pre-treating tumors with the enzyme col-
lagenase (which degrades collagen; a major matrix component in
tumors), caused a 2–3 fold increase in the penetration of antibodies
and viral nanoparticles [51–53]. Similarly, pre-treatment of tumors
with the hormone relaxin, which changes the structure of collagen,
resulted in a 2–3-fold increase in the delivery of antibodies and mac-
romolecules [51,54]. An alternative non-pharmacological means to
improve tumor penetration might be based on combinations with
radiotherapy, which is known to be able to increase both the extrava-
sation (via inducing the expression of VEGF and FGF) and the penetra-
tion (via lowering of the interstitial fluid pressure) of nanomedicines
[38,55–58]. A final elegant approach to improve the penetration and
the intratumoral distribution of drug delivery systems relies on the
development of ~100 nm-sized ‘multistage’ nanoparticles, which ini-
tially profit from their relatively large size to ensure prolonged circu-
lation times, but which upon extravasation are degraded to ~10 nm-
sized ‘sub-particles’ by tumor-associated proteases, such as matrix
metalloproteinases, thereby enabling enhanced tumor penetration
and improved intratumoral distribution [59].

3.3. Active targeting

A third important pitfall relates to the overestimation and/or the
misinterpretation of the potential usefulness of active drug targeting.
In many papers in which new tumor-targeted nanomedicines are de-
veloped and tested, and in which the in vivo performance of the sys-
tems is not as good as initially envisioned, it is stated that in follow-
up experiments, ligands will be attached to the surface of the carrier
materials, to improve their biodistribution, tumor accumulation and
therapeutic efficacy. As exemplified by Fig. 2C–D, however, it in
many cases is incorrect to assume that active cancer cell targeting
will improve target site accumulation. This is because nanomedicines
do not accumulate in tumors to a higher extent upon incorporating li-
gands which bind to cancer cells, since their primary mode of tumor
localization still relies on EPR-mediated passive extravasation. Upon
leaving leaky tumor blood vessels and penetrating into the intersti-
tium, they first have to reach the tumor cells, before being able to
bind to them. Depending on the tumor model used and/or the
human malignancy in question, and on how well they allow for ex-
travasation and penetration, it can be more or less easy to find and
bind cancer cells. If the endothelial lining is not very leaky, if there
are a lot of pericytes or smooth muscle cells covering tumor blood
vessels, if the tumor cell density is high, if there is a dense matrix hin-
dering penetration, and/or if the interstitial fluid pressure is high, it is
highly likely that active targeting to cancer cells will not at all lead to
any benefit over passive targeting.

In case of rapidly growing tumors in animal models, where several
of these (patho-) physiologically phenomena tend to be absent, can-
cer cells might be located directly behind tumor endothelial cells. In
such cases, however, the initial (and overall) tumor accumulation is
still based on passive extravasation, and an additional barrier comes
into play, i.e. the binding-site barrier [20]. The binding-site barrier is
based on the notion that ligand-modified nanomedicines will bind
to the first receptors they encounter, and therefore will not penetrate
very deeply into the tumor. Theoretically, the only benefit actively
targeted nanomedicines may have over passively targeted formula-
tions, is that they might be retained within tumors for a somewhat
longer period of time, because their binding to and/or their uptake
by cancer cells prevents them from rapidly re-entering systemic cir-
culation. As an additional drawback, however, one should also take
into account that the introduction of targeting moieties on the surface
of nanocarriers often leads to an increase in immunogenicity and in
protein adsorption. This generally has detrimental effects on their cir-
culation time, thereby significantly lowering their ability to passively
accumulate in tumors by means of EPR. These considerations explain
why the vast majority of nanomedicines (NB: excluding antibody-
based formulations; which in spite of their relatively small size and
their high target specificity circulate relatively long) approved for
clinical use and currently evaluated in clinical trials are passively,
rather than actively, targeted.

There is one big advantage of actively (cancer cell-) targeted nano-
medicines over passively targeted formulations, and this is that they
are taken up by cancer cells much more efficiently. This is exemplified
by the inset in Fig. 2C, which present the results obtained by Kirpotin,
Park and colleagues, showing that in vitro, Her2-targeted liposomes
are taken up N20 times more efficiently than are untargeted liposomes
[60]. In vivo, on the other hand, in linewith the above considerations, no
difference was observed between the two formulations with regard to
overall tumor accumulation (i.e. % injected dose per gram tumor; see
Fig. 2C). Interestingly, the enhanced uptake by cancer cells did lead to
a difference in the in vivo microdistribution of Her-2-targeted lipo-
somes: a significantly higher portion of them was found in cancer
cells within tumors, while untargeted liposomes primarily accumulated
in stromal cells, and this led to a significant increase in antitumor effica-
cy [60]. Similar findings have been reported by Davis and colleagues,
who showed that overall, transferrin-targeted nanoparticles did not ac-
cumulate in tumors to a higher extent than did untargeted nanoparti-
cles, but that they did improve the uptake of the particles by cancer
cells in tumors [61].

The notion that active targeting to cancer cells improves cellular
uptake within tumors implies that ligand-modified nanomedicines
are highly useful systems for transporting agents which themselves
are unable to enter cancer cells, such as nucleic acids. This can be
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exemplified by taking the recent clinical progress made with CALAA-
01 into account (see Table 2). As opposed to the vast majority of other
systems developed for siRNA delivery (which are mostly based on
cationic polymer- or lipid-containing poly-electrolyte complexes,
and which are not very stable, not very specific and not very biocom-
patible), this formulation is based on a charge-neutral and relatively
biocompatible cyclodextrin-based polymeric backbone. Via adaman-
tane inclusion complexes, siRNA (directed against ribonucleotide re-
ductase M2), PEG (for stabilization purposes) and transferrin (for
active targeting and uptake by cancer cells) are coupled to the carrier,
and it has been convincingly shown that the therapeutic efficacy of
this construct is highly dependent on the presence of transferrin
[62,63].

The above insights exemplify that in certain specific cases, active
targeting to cancer cells is absolutely necessary to make formulations
effective, whereas in (the majority of) other cases, it likely won't help
at all, and might even have deleterious effects. This is not only be-
cause of an altered pharmacokinetic profile, but also because of draw-
backs related to the complexity of the formulation, to upscaling and
to industrial exploitation (see Section 3.4). Therefore, it is imperative
to keep both the requirements of the drug, and the basic principles of
passive and active drug targeting in mind, when intending to develop
clinically relevant nanomedicine formulations.

3.4. Formulation

Another important pitfall relates to the rational design of the for-
mulations to be developed and tested. To assure proper in vivo func-
tionality, it not only is important to take size and stability into
account, but also to try to understand (and incorporate) the complex-
ity of tumor biology. This can be best exemplified by the release
mechanism initially envisioned for passively tumor-targeted polymer
therapeutics, which were designed to be absolutely stable during
their transit in circulation, and to only release the conjugated chemo-
therapeutic drug upon endocytosis. Several oligopeptide-based
linkers were designed for this purpose, as they were found to be per-
fectly stable in blood, and to liberate active agents only upon incuba-
tion with lysosomal enzymes at low pH. A classical example of this is
the tetrapeptide linker GFLG, which is cleaved by the lysosomal cyste-
ine protease cathepsin B. PK1, i.e. Prague-Keele-1, the first passively
tumor-targeted polymer-drug conjugate to enter clinical trials in
1994 [64], is based on this linker, as is Xyotax (i.e. Opaxio; paclitaxel
polyglumex), which entered clinical trials in the mid 2000s. Both of
these formulations worked quite well in animal models, but in pa-
tients, their therapeutic gain turned out to be very modest [65]. This
in spite of reasonably effective passive tumor targeting in approxi-
mately 30% of patients treated with PK1 (analyzed using gamma-
scintigraphy). In the case of Opaxio, data re-analysis and patient strat-
ification showed that response rates correlated closely to hormone
status, with proper responses in pre-menopausal women, but with
hardly any responses in post-menopausal women and inmen. This dis-
parity was explained by the fact that the activity of cathepsin B closely
correlates with estrogen levels, being higher in pre-menopausal
women than in other patients. Such biological/physiological insights
are highly important for optimal formulation design, especially when
intending to treat large cohorts of patients.

A potential means to overcome such shortcomings is to use linkers
which do not depend on enzyme activity for releasing conjugated
drugs. Using the same type of carrier material, i.e. HPMA copolymers,
Ulbrich and colleagues have in the past 10 years provided a signifi-
cant amount of preclinical evidence demonstrating that this can be
achieved using pH-responsive hydrazone linkers. As opposed to
GFLG-based linkers, hydrazone bonds are not completely stable in
blood at pH 7.4 (with 1–20% release within 24 h, depending on the
exact chemical nature of the linker, its flanking groups and the drug),
but release the conjugated active agent much faster at lower pH, with
in the case of doxorubicin, ~50% release within 5 h at pH 5, and close
to 100% release within 2 days. As a result of this less selective, more
rapid and more complete release, hydrazone-based polymer-drug
conjugates were found to be much more active in inhibiting tumor
growth than were GFLG-based conjugates (see Fig. 3D), and strikingly,
they were also found to be significantly less toxic [66,67]. Therefore,
such enzyme-independent and slightly less stable polymer therapeutics
are considered to be particularly suitable formulations for treating large
numbers of patients.

A final important consideration with regard to optimizing formula-
tion design relates to the fact that many promising nanomedicines pre-
sented in the literature are quite complex, and therefore difficult to
synthesize and scale-up by the pharmaceutical industry. Especially sys-
tems based on multiple and physicochemically very different compo-
nents, such as polymers, lipids, antibodies, peptides, drugs and/or
imaging agents, are difficult to scale-up, since their production involves
many different synthetic and purification steps. This increases the cost,
the complexity and the batch-to-batch variance of such formulations,
and thereby decreases their commercial attractiveness and their clinical
relevance. Only in cases inwhichmultiple components are really neces-
sary to achieve proper in vivo efficacy, as e.g. in the abovementioned
case of delivery systems for siRNA (see Section 3.3), it seems to be jus-
tified to use multi-component systems. The CALAA-01 formulation, for
instance, which is based on a cyclodextrin-based cationic polymer (as
a backbone), siRNA (as a drug), adamantane-PEG (for stability and
shielding against protein adsorption) and adamantane-PEG-transferrin
(for enhancing cellular uptake) is probably the best example for such
a complex multi-component system which still has significant clinical
relevance [62,63].

Besides for such nucleic acid-containing constructs, however, the
most important dogma for forwarding nanomedicine formulations
towards industrial exploitation and clinical translation is to ‘keep
them simple’. This might at first sound somewhat counter-intuitive,
but the fact that the synthetic methods and the materials delivered
for clinical testing need to be biocompatible, well-characterized and
reproducible (i.e. low batch-to-batch variability), and relatively easy
and cost-effective to prepare, underlines the notion that simple and
straightforward systems might have much higher chances of success
than highly elegant but also highly complex formulations. Taking
these insights into account, it is advisable to stick to a phrase coined
by Prestwich in the context of tissue engineering, stating that we
should “embrace complexicity, engineer versatility, and deliver sim-
plicity” [68]. This statement underlines the importance of I) realizing
that biological systems are inherently very complex and variable, that
II) carrier materials should be versatile, flexible and broadly applica-
ble, and that III) pharmaceutical products should be as simple and
straightforward as possible.

3.5. Efficacy vs. toxicity

Many different nanomedicines have been evaluated and approved
for clinical use in the past two decades. In the vast majority of cases,
however, and especially in the case of cancer patients, they only turned
out to be able to reduce the toxicity of systemic (chemo-) therapeutic
interventions, rather than to improve their efficacy. Doxorubicin-
containing liposomes, for instance, are well-known to be able to reduce
the cardiotoxicity and/or the hematologic side effects associated with
anthracycline therapy, but they generally fail to improve response
rates and survival times. Only in certain specific cases, such as in pa-
tients suffering from Kaposi sarcoma and from cisplatin-responsive
ovarian carcinoma, clear-cut improvements in response rates and over-
all survival times were observed, whereas in all other cases, such as in
metastatic breast cancer and in mutlple myeloma, only the incidence
and/or intensity of side effects could be reduced [40,69,70]. Regarding
Kaposi sarcoma, it should be noted that these tumors possess a dense
and highly leaky vasculature, and that likely mostly because of this,
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Doxil turned out to be able to not only improve the toxicity but also the
efficacy of the intervention: as compared to the formerly standard com-
bination regimen ABV (i.e. adriamycin (doxorubicin), bleomycin and
vincristine), which produced a partial response in 31 out of 125 patients
(RR=25%), Doxil achieved 1 complete response and 60 partial re-
sponses (RR=46%) [40]. Regarding ovarian carcinoma, apart from re-
duced hematogical toxicity, no statistically significant difference could
be observed between Doxil and topotecan-based standard treatment
(RR=20 vs. 17%; overall survival 60 vs. 57 weeks; both pN0.05).
When evaluating the efficacy of Doxil in cisplatin-responsive patients,
however, a significant survival benefit was observed (108 vs. 71;
p=0.008) [69].

Comparable clinical observations have been made for polymers,
micelles and nanoparticles. Two prototypic doxorubicin-containing
polymer therapeutics, for instance, i.e. PK1 and PK2 (i.e. passively
and actively liver-targeted HPMA copolymer-bound doxorubicin),
have both been shown to be able to substantially reduce drug-related
side effects, as exemplified by 5- and 2-fold increases in the maxi-
mum tolerated dose (MTD) that could be safely administered to pa-
tients, respectively, but they failed to achieve significant increases in
response rates [18,64,65]. The same holds true for the micellar doxo-
rubicin formulation NK911, which was tolerated reasonably well (i.e.
same MTD as free Dox), but which only induced 1 partial response in
23 patients [71].

Abraxane (i.e. albumin-based nanoparticles containing paclitaxel),
on the other hand, did present with quite promising therapeutic effi-
cacy in a large phase III trial. In this trial, more than 400 breast cancer
patients were treated either with the combination of Taxol (i.e.
175 mg/m2 paclitaxel; administered via the castor oil-based solubili-
zer Cremophor, which is known to cause severe local irritation and
inflammation) and corticosteroids (to inhibit Cremophor-associated
inflammatory reactions), or with Abraxane alone (i.e. without corti-
costeroid co-medication; at a dose of 260 mg/m2). As compared to
Taxol, Abraxane significantly improved both the response rate (33
vs. 19%) and the progression-free survival time (23 vs. 17 weeks;
p=0.024) of the intervention, and it at the same time also attenuated
the toxicity of the systemic taxane treatment: the incidence of grade 4
neutropenias was significantly lower for Abraxane (9 vs 22%), despite
the 50% higher dose, and no hypersensitivity reactions were ob-
served, despite the absence of premedication [72].

To overcome the above shortcoming with regard to improving
the balance between the efficacy and the toxicity of systemic
nano-chemotherapeutic interventions, and to thereby broaden the
clinical applicability of tumor-targeted nanomedicines, we and
others have in the past 5 years developed several concepts for
using nanomedicine formulations to improve the efficacy of com-
bined modality anticancer therapy [73–78]. Convincing and clinical-
ly highly relevant evidence has for instance been obtained showing
that nanomedicines are highly useful for improving the efficacy of
radiochemotherapy and of chemotherapy combinations.

Regarding the former, we have shown that local external beam ra-
diotherapy and polymeric nanomedicines interact synergistically,
with radiotherapy improving the tumor accumulation of HPMA co-
polymers, and with the copolymers improving both the efficacy and
the tolerability of radiochemotherapy [38,78]. Using magnetic reso-
nance imaging and γ-scintigraphy, we demonstrated in three differ-
ent tumor models that pretreating tumors with radiotherapy
increases their tumor accumulation (by 25–100%; depending on poly-
mer size and on the tumor model used). These findings were
explained by taking into account that radiotherapy increases the pro-
duction of the permeability-enhancing growth factors VEGF and FGF,
that it induces endothelial cell apoptosis, that it reduces the cell den-
sity in tumors, and that it lowers the interstitial fluid pressure [55,56].
In addition to this, reasoning that I) the temporal and spatial interac-
tion between i.v. applied weekly chemotherapy and clinically rele-
vant daily radiotherapy is suboptimal, and that II) long-circulating
and passively tumor-targeted nanomedicines are able to improve
the temporal and spatial parameters of this interaction, we have
shown that HPMA copolymers are able to improve both the efficacy
and the toxicity of clinically relevant regimens of radiochemotherapy
[78]. Both doxorubicin- and gemcitabine-containing copolymers
were used for this purpose, and growth inhibition was achieved in
an aggressively growing and radio- and chemo-resistant tumor
model. These findings are in line with preclinical studies in which
Doxil was combined with radiotherapy [57], as well as with the results
of a phase I trial inwhich 12 patientswith localized esophageal and gas-
tric cancer were treated with the combination of poly(l-glutamic acid)-
bound paclitaxel (i.e. Opaxio/Xyotax) and fractionated radiotherapy,
and inwhich4 complete responses and 7 partial responses (with reduc-
tions in tumor size of more than 50%) were achieved [79]. Together,
these insights convincingly show that ‘carrier-based radiochemother-
apy’might hold significant potential for improving the treatment of ad-
vanced solid malignancies.

Regarding chemotherapy combinations, following up on the pio-
neering efforts by Vicent, Duncan and colleagues [80], we have recently
for the first time provided in vivo evidence showing that passively
tumor-targeted polymeric drug carriers can be used to deliver two dif-
ferent drugs to tumors simultaneously. To this end, both doxorubicin
and gemcitabine were co-conjugated to the same HPMA copolymer,
and it was shown that this formulation – which we termed P-Gem-
Dox – circulated for prolonged periods of time, that it localized to tu-
mors both effectively and selectively, and that it increased the efficacy
of the combination of doxorubicin plus gemcitabine without increasing
its toxicity [81]. In addition to this, it was found that P-Gem-Dox more
effectively induced apoptosis and reduced angiogenesis than did all rel-
evant control regimens. These findings are in line with the results re-
cently reported by Satchi-Fainaro and colleagues, who co-conjugated
the anti-angiogenic agents aminobisphosphonate alendronate and
TNP-470 to a single HPMA copolymer [82], as well as with those pub-
lished by Tardi, Mayer and co-workers, who co-encapsulated optimal
(‘ratiometric’) concentrations of doxorubicin and vincristine, of irinote-
can and floxuridine and of daunorubicin and cytarabine into liposomes,
and who are currently evaluating the potential of the latter two formu-
lations in patients [83–86].

In addition to such targeted chemotherapy combination regimens,
nanomedicines also perform quite well when combined with stan-
dard chemotherapy. Abraxane, for instance, has been shown to com-
bine well with bevacizumab and with gemcitabine in patients
suffering from metastatic breast cancer [87,88], as did Genexol-PM
(i.e. a polymeric micelle formulation of paclitaxel) with cislatin and
with carboplatin [89,90]. Similarly, Doxil has been shown to combine
very well the microtubule-inhibitor docetaxel in metastatic breast
cancer, with the alkylating agent canfosfamide in ovarian carcinoma
and with the proteasome inhibitor bortezimob in multiple myeloma
[91–93].

Collectively, the above insights and advances convincingly dem-
onstrate that nanometer-sized carrier materials hold significant po-
tential for improving the efficacy of combined modality anticancer
therapy. Consequently, they strongly suggest that besides in develop-
ing novel and ever more advanced nanomedicine formulations, sig-
nificant efforts should also be invested in establishing novel and
more optimal combination regimens, in order to more optimally ex-
ploit the biocompatibility and the beneficial biodistribution of
tumor-targeted nanomedicines.

3.6. Metastasis

The sixth important issue to take into account with regard to
establishing effective, broadly applicable and clinically relevant carri-
er materials relates to the fact that virtually all anticancer nanomedi-
cines developed to date are designed to target solid tumors. The vast
majority of patients succumbing to cancer, however, eventually die
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from metastases, and not from locally confined tumors. Moreover, if
tumors are locally confined, they are generally treated with surgery
and/or with radiotherapy, and not with chemotherapy. Chemothera-
py is often given in such cases, but generally not to be curative as
such, but to pre-shrink tumors prior to surgery or radiotherapy (i.e.
neo-adjuvant chemotherapy), or to prevent and/or treat metastasis
after locally confined therapeutic interventions (i.e. adjuvant chemo-
therapy). Scientists working on nanomedicine formulations for can-
cer therapy are urged to keep this notion well in mind, and to try to
come up with systems and strategies that enable more effective
anti-metastatic treatments. This can e.g. be achieved by evaluating
the ability of nanomedicines to deliver chemotherapeutic payloads
to sentinel lymph nodes (see Fig. 3F), by involving the immune sys-
tem, and by developing systems for compartmentalized chemothera-
py (which might be particularly useful for treating locally confined
ovarian carcinoma metastases; see below).

With regard to involving the immune system, Rihova and colleagues
prepared polymeric nanomedicines which possess immunomodulatory
properties [94]. They developed a human immunoglobulin- (HuIg-)
modified version of PK1, and evaluated it in four end-stage patients in
the Czech Republic. Improvements in disease parameters in blood
were achieved in several cases, and in all four patients, evidence for
an activation of lymphocyte activated killer (LAK) cells and nuclear kill-
er (NK) cells could be observed [95]. At the preclinical level, they
obtained similar immunostimulatory effects for a number of other anti-
body-based polymer therapeutics, e.g. for anti-Thy1.2-, anti-CD71- and
B1-targeted versions of PK1, which were all found to be significantly
more effective than antibody-free polymer-drug conjugates [96–98]. It
is furthermore interesting to note that in addition to producing cures
in up to 100% of mice, several of these antibody-targeted polymeric
nanomedicines were shown to be able to induce antitumor immunity
(i.e. relatively long-lasting immunoprotection), as exemplified by the
fact that significant percentages of cured mice were found to be resis-
tant to a re-challenge with a second (lethal) dose of cancer cells [99].

An alternative strategy to (try to) improve the treatment of metas-
tasis using nanomedicine formulations is based on locally confined
(i.e. compartmentalized) delivery. In the case of metastatic ovarian
carcinoma, for instance, patients could be injected intraperitoneally
with actively cancer cell-targeted polymers, liposomes, micelles or
nanoparticles, which would then be present in the same compartment
(i.e. in the peritoneal cavity) as are the metastases, and which within
this compartment can be expected to be able to effectively target and
treat metastatic tumor nodules. A similar approach could be envisioned
for other abdominally localized and locally metastasized malignancies,
such as liver, colorectal and pancreatic carcinomas. Related to this, for
the treatment ofmetastatic liver carcinomas, also the ‘local’ intra-hepatic
artery administration of actively cancer cell-targeted nanomedicines
could be considered. Since tumors in general, and liver tumors in partic-
ular, mainly rely on arterial blood (and oxygen and nutrient) supply, this
would enable the delivery of large amounts of cancer cell-specific nano-
medicines to primary liver tumors, as well as to liver metastases.

3.7. Personalization

Like for standard (chemo-) therapeutic drugs, it is increasingly
being recognized that also for nanomedicine formulations, attempts
should be made to personalize therapeutic interventions. Besides in-
tegrating knowledge on genetic polymorphisms, enzyme expression
(see above: Section 3.4) and other biomarkers, personalized medicine
also involves the establishment of visual methods for predicting and
measuring therapeutic responses. Nanomedicines in principle are
highly suitable systems for such purposes, since they can be relatively
easily modified with imaging agents. By at the same time incorporat-
ing both drugs and imaging agents within a single formulation, they
can be used to non-invasively monitor the biodistribution and the
target site accumulation of the drug and/or carrier material, to
visualize drug release, and to assess the therapeutic efficacy of the in-
tervention in real-time [41–43].

Regarding the visualization of the biodistribution and the target
site accumulation of such ‘theranostic’ nanomedicines, it has already
been convincingly shown that non-invasive imaging insights are
highly useful for assessing the efficacy of drug targeting. In the major-
ity of cases, radionuclides have been used to monitor biodistribution.
Harrington and colleagues, for instance, radiolabeled PEGylated lipo-
somes with indium-111, and evaluated their circulation time and
their tumor accumulation in 17 patients suffering from various differ-
ent types of locally advanced malignancy (breast, head and neck,
lung, brain and cervical cancer) [100]. They were able to show that
PEGylated liposomes circulate for very long periods of time, with an
average distribution half-life time (t1/2α) of 76 h, and with more
than 50% of the injected dose still present in systemic circulation at
48 h p.i., thereby confirming the potential of these systems for passive
drug targeting. In addition, they were able to show that radiolabeled
liposomes relatively effectively localized to tumors in 15 out of 17
cases, and that tumor uptake depended significantly on tumor type:
the highest levels were observed for head and neck cancer (33±
16%ID/kg tumor), and the lowest levels for breast cancer (5±
3%ID/kg tumor). Interestingly, however, in case of the latter, in spite
of relatively low overall tumor accumulation, it was observed that
the radiolabeled liposomes effectively accumulated in axillary
lymph nodes, which are typically employed by breast cancers to
spread throughout the body (see left panel in Fig. 3F). Analogously,
as exemplified by the left panel in Fig. 3G, they also showed that
indium-111-labeled PEGylated liposomes highly effectively accumu-
late in Kaposi sarcoma lesions, and that they do so both in primary
tumors and in metastatic lesions, thereby explaining – at least in
part – why Doxil is so effective in patients suffering from Kaposi
sarcoma.

In a comparable setup, Seymour and colleagues visualized the bio-
distribution and the target site accumulation of liver-targeted HPMA
copolymer-bound doxorubicin (PK2) [17]. In PK2, galactosamine,
which binds to the asiolaglycoprotein-receptor overexpressed by he-
patocytes, is used to direct the polymer-drug conjugates to hepatocel-
lular carcinomas (HCC). The upper right panel in Fig. 3G clearly shows
that iodine-123-labeled PK2 highly specifically localized to the liver,
and that therefore, organ-specific targeting could be considered high-
ly effective. When looking in more detail at the efficacy of organ tar-
geting, however, using anatomical CT imaging (middle right panel in
Fig. 3G) and functional SPECT imaging (lower right panel in Fig. 3G),
it was found that the majority of PK2 ended up in healthy liver tissue
(i.e. the light gray and white-yellowish parts of the CT and SPECT im-
ages, respectively), rather than in the tumor (i.e. the dark area in the
center of the CT and SPECT images). Such image-guided insights show
that PK2 was not very effective and selective in delivering the conju-
gated drug to the pathological site, and might explain why it was not
very active in improving treatment efficacy in the majority of HCC pa-
tients included in this phase I/II trial.

The above examples show that image-guided insights can be used
to pre-screen patients assigned to receive e.g. liposome- and polymer-
based nanomedicine treatments, in order to identify which tumors
are amenable to passive and active drug targeting and which are not,
and to thereby predict which patients are likely to respond to such
targeted therapeutic interventions and which are not. In addition to
this, if minute amounts of radiolabeled nanomedicines could be
added in during every (second or third) cycle of drug treatment, it
would furthermore be possible to non-invasively visualize the efficacy
of the intervention in real-time, e.g. by tracking the size of (and the ac-
cumulation of nanomedicines in) metastasic lesions. This could assist
in deciding whether or not to (dis-) continue therapy, and whether
or not to adjust drug doses. Therefore, theranostic nanomedicines
and non-invasive imaging techniques might contribute substantially
to realizing the potential of personalized medicine.
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3.8. Translation

A final important pitfall with regard to realizing the potential of
nanomedicines and drug targeting to tumors relates to the fact that
the animal models routinely used in preclinical trials are far from
being representative for the clinical situation. As already outlined
above, tumors which grow to ~1 cm in diameter within 2–3 weeks
in rodents are very different from tumors developing in patients,
which generally take several years to grow to sizes beyond 1 cm in di-
ameter; therefore, blood vessels in human tumors tend to be much
less leaky than blood vessels in animal models (see Section 3.1).
Also, tumors growing subcutaneously are anatomically and physio-
logically very different from tumors growing in their native (orthoto-
pic) environment, and also very different from the metastatic lesions
that (nanomedicine) formulations are often confronted with in early
phase clinical trials. Furthermore, many in vivo efficacy experiments
are merely performed with human xenograft tumors in immunodefi-
cient nude mice, thereby excluding the possibility to assess the in-
volvement of the immune system in positively or negatively
affecting therapeutic outcome. Because of such biological, physiolog-
ical and immunological differences, it can be argued that many agents
which work well in animal models, might not at all work in patients.

To overcome this shortcoming, to better predict how well nano-
medicines (and also standard chemotherapeutic drugs) will work in
patients, and to thereby improve the time- and cost-effectiveness of
clinical translation, it would be worthwhile to consider establishing
a well-defined panel of animal models – comparable to the NCI-60
set of cancer cell lines – to test (and head-to-head compare) the effi-
cacy of all formulations which are close to being evaluated in patients.
Depending on the tumor type to be treated, such a panel could for in-
stance include 1 representative subcutaneous xenograft model, 1 rep-
resentative subcutaneous syngeneic model, 1 orthotopic model, 1
metastatic model and ideally also 1 transgenic model. By attempting
to (pre-) define which rodent tumor models are representative for
the clinical situation, by validating these choices via standard chemo-
therapeutic interventions (i.e. those which are currently used clinical-
ly), and by evaluating how well novel (nanomedicine) formulations
are able to improve therapeutic outcome in such models, it should
in principle be possible to much better predict how well new thera-
peutic entities might eventually perform in patients, to more reliably
compare novel to established treatments, and to thereby substantially
facilitate the time- and cost-effectiveness of clinical translation.

4. (Pre-) clinical progress

In the past few decades, many different nanomedicines have been
evaluated in (pre-) clinical trials. Initially, several types of doxorubicin-
containing liposomes were tested, leading to the approval of Doxil in
the US for the treatment of Kaposi sarcoma in 1995, and of Caelyx in
Europe in 1997 (NB: both are similar, i.e. PEGylated liposomal doxorubi-
cin). In the years that followed, Doxil/Caelyx was also approved for met-
astatic breast cancer, for ovarian cancer and for multiple myeloma, as
was Myocet (i.e. non-PEGylated liposomal doxorubicin) for metastatic
breast cancer, and DaunoXome (i.e. non-PEGylated liposomal daunoru-
bicin) for Kaposi sarcoma. Furthermore, DepoCyt, i.e. non-PEGylated
liposomal cytarabine, was approved in 1999 for the local intrathecal
treatment of lymphomatous menginitis, i.e. a serious complication asso-
ciatedwith brain cancer. In addition, DepoCyt is currently being tested in
phase III trials for leukemia and inphase I/II clinical trials for glioblastoma
(see Table 2). Other promising liposomal nanomedicines in clinical trials
are Thermodox, a thermo-sensitive liposomal doxorubicin formulation
which releases the drug at temperatures N39 °C and which is currently
being tested in phase III trials in hepatocellular carcinoma patients to-
gether with radiofrequency ablation; NL CPT-11, i.e. nanoliposomal
irinotecan,which is in phase I trials for glioma; and several liposomal for-
mulations carrying two different types of chemotherapeutics, such as
cytarabine and daunorubicin, and irinotecan and floxuridine [84–86].
At the preclinical level, many other liposomal nanomedicines are being
evaluated, containing various different types of drugs, as are several
image-guided formulations, used for instance to confirm EPR-mediated
passive drug targeting to tumors, or to validate drug release from Ther-
modox-like triggerable formulations upon MR-guided high-intensity fo-
cused ultrasound [32–36].

Similarly, a large number of polymer-drug conjugates, micelles,
nanoparticles and antibody-drug conjugates have been evaluated clini-
cally. Several PEGylated proteins, such as Oncaspar for the treatment
of leukemia, have already been approved, while other polymer thera-
peutics, such as Opaxio and ProLindac, are in late-stage clinical trials.
Genexol-PM, a micellar formulation of paclitaxel, has been (pre-) ap-
proved in Korea for breast and lung cancer, and is currently undergoing
phase II trials in theUS and Russia for similar indications. Paclical, anoth-
er micellar formulation of paclitaxel, has recently received FDA orphan
drug designation, and is in phase III trials for ovarian carcinoma. In the
nanoparticle field,most progress has thus far beenmadewith Abraxane,
which is a co-condensate of paclitaxel and albumin, andwhich has been
shown to be able to improve the efficacy and reduce the toxicity of sys-
temic taxane treatment. The majority of other nanoparticles in clinical
trials, including the abovementioned multi-component CALAA-01 for-
mulation, aim to deliver nucleic acid-based therapeutics, such as siRNA
and plasmid DNA (see Table 2). Finally, a number of antibody-drug con-
jugates have been approved for clinical use, including e.g. Ontak, Zevalin
and Bexxar (NB: Mylotarg was withdrawn in 2010, because of insuffi-
cient efficacy and unacceptable toxicity), carrying either bacterial toxins
or radionuclides as therapeutic moieties.

The above advances clearly demonstrate that significant progress
has been made in the targeted nanomedicine field, and that more
progress is to be expected. Through the large number of clinical trials
performed to date, however, as well as through several follow-up
studies in which already approved formulations have been combined
with other treatment modalities, such as with standard chemothera-
py and/or with radiotherapy, it has become clear that tumor-targeted
nanomedicines – as do standard chemotherapeutic drugs – perform
particularly well when integrated in combined modality anticancer
therapy. Therefore, in the years to come, besides making ever more
carrier materials, and on attempting to better understand the biolog-
ical and (patho-) physiological principles of drug targeting to tumors,
efforts should also focus on establishing rational combination regi-
mens, in order to more optimally exploit the biocompatibility and
the beneficial biodistribution of nanomedicines.

5. Conclusion

Many different systems and strategies have been evaluated for
drug targeting to tumors over the years. Several of these formulations
have managed to gain FDA and/or EMA approval, and are routinely
used in the clinic. The majority of them, however, have failed either
in late-stage preclinical or in early-stage clinical trials. This might be
due to several reasons, most prominently to the overinterpretation
and/or the misunderstanding of some of the basic concepts used in
tumor-targeted drug delivery, as well as to the fact that some of the
formulations tested were not effective enough in monotherapy regi-
mens, or too complex to be upscaled by the industry. Furthermore,
also the lack of image-guided insights to personalize nanomedicine-
based therapeutic interventions, and the notion that in many cases,
inappropriate animal models were used at the preclinical level,
might have hindered the clinical translation of tumor-targeted nano-
medicines. Therefore, in future efforts, it is highly important to not
only make ever more nanomedicine materials, but also to strive for
a better understanding of the biological and the (patho-) physiologi-
cal principles of drug targeting, to in-depth investigate the pitfalls in
tumor-targeted drug delivery, and to come up with strategies to over-
come these shortcomings.
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