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The tumor accumulation of nanomedicines relies on the enhanced permeability and retention (EPR) effect. In the
last 5–10 years, it has been increasingly recognized that there is a large inter- and intra-individual heterogeneity
in EPR-mediated tumor targeting, explaining the heterogeneous outcomes of clinical trials in which
nanomedicine formulations have been evaluated. To address this heterogeneity, as in other areas of oncology
drug development, we have to move away from a one-size-fits-all tumor targeting approach, towards methods
that can be employed to individualize and improve nanomedicine treatments. To this end, efforts have to be
invested in better understanding the nature, the complexity and the heterogeneity of the EPR effect, and in estab-
lishing systems and strategies to enhance, combine, bypass and image EPR-based tumor targeting. In the present
manuscript, we summarize key studies in which these strategies are explored, and we discuss how these ap-
proaches can be employed to enhance patient responses.
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1. Introduction

Cancer is one of the major causes of death worldwide and its treat-
ment remains to be very challenging [1]. First-line therapy of solid tu-
mors is based on surgery, radiotherapy and/or chemotherapy. For
Fig. 1. Conventional low-molecular-weight (MW) chemotherapy versus EPR-based nanomedic
off-target accumulation in healthy tissues during the distribution and elimination phase (uppe
panels on the left). Conversely, nanodrugs prevent chemotherapy accumulation in healthy tissu
(lower parts of the panels on the right). B: Typical pharmacokinetic profiles of smallmolecule d
properties and enhanced tumor accumulation over time.
metastasized tumors, or for lesions, which cannot be removed surgi-
cally, chemotherapy is among the very few treatment options available.
Unfortunately, however, the therapeutic potential of classical chemo-
therapeutic drugs is limited, and they generally cause severe side effects
[2].
ine therapy. A: Conventional small molecule chemotherapeutic drugs show high levels of
r parts of the panels on the left) and low levels of tumor accumulation (lower parts of the
es (upper parts of the panels on the right), and promote accumulation at pathological sites
rugs (left) and nanodrugs (right) in blood and tumors, exemplifying prolonged circulation
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Advances in nanotechnology and in chemical/pharmaceutical engi-
neering have led to the development of many different drug delivery
systems. These systems aim to improve the biodistribution and target
site accumulation of chemotherapeutic drugs. Examples of drug deliv-
ery systems are polymer conjugates, micelles and liposomes, which
typically have sizes ranging from 5 to 200 nm. These so called
nanomedicine formulations have shown promising results in preclinical
trials, and some of them are already routinely used in clinical practice
[3].

Conventional chemotherapy is based on lowmolecularweight drugs
(generally b1000 Da) [4]. Due to their small size, chemotherapeutic
agents, such as doxorubicin, cisplatin or gemcitabine, have unfavorable
pharmacokinetics and a suboptimal biodistribution, as exemplified by a
short blood half-life and prominent off-target accumulation in multiple
healthy organs (Fig. 1A). This, together with the unspecific mechanism
of action of chemotherapeutic drugs and their large volume of distribu-
tion, causes severe side effects, such as myelosuppression, mucositis,
neurotoxicity, nausea, vomiting and alopecia [5]. By increasing the size
of systemically administered anticancer agents to at least 5–10 nm in di-
ameter (i.e. exceeding the renal clearance threshold of ~40,000Da), kid-
ney excretion can be reduced, blood half-lifes prolonged, and target site
accumulation improved (Fig. 1B). As an example, the encapsulation of
doxorubicin into liposomes (Caelyx®/Doxil®) results in an increase in
plasma half-life from 5 to 10 min for the free drug, to 2–3 days for the
liposome-encapsulated drug [6]. In this specific case, as in many other
liposomal and micellar nanomedicine formulations, surface modifica-
tion with the stealthy polymer polyethylene glycol (PEG) decreases ag-
gregation and opsonization with plasma proteins, contributing to the
prolonged circulation half-life [7,8].

By means of improved circulation times, nanomedicines can accu-
mulate in tumors via the so called enhanced permeability and retention
(EPR) effect, which was first described by Matsumura and Maeda in
1986 [9]. EPR relies on specific pathophysiological characteristics of
tumors vs. healthy tissues. In healthy tissues, low-molecular-weight
drugs easily extravasate out of blood vessels, while nanomedicines are
unable to do so, because of their size (Fig. 1A). Conversely, in tumors,
the abnormally wide fenestrations in the blood vessels allow for the
extravasation ofmaterials with sizes up to several hundreds of nanome-
ters. This, together with the absence of lymphatic drainage, leads to a
relatively effective and selective accumulation of nanomedicines in tu-
mors [10–13].

Within the last couple of years, scientists have increasingly realized
that the EPR effect is highly heterogeneous, changing over time during
tumor development and possibly also being transient. This pathophysi-
ological phenomenon does not only vary between mouse models and
patients, but also among tumor types of the same origin, and
among tumors and metastases within the same patient [14,15]. As
a consequence, the clinical outcome of nanomedicine treatments is
also highly heterogeneous, and not as good as anticipated on the
basis of preclinical results [16]. The notion that the EPR effect
strongly varies between individuals is of high importance, and may
lead to misunderstandings and to a too pessimistic view on EPR-
mediated passive tumor targeting (see e.g. [17], claiming that EPR
is absent in patients, which is not the case and cannot be generalized
[14,18]). In line with this reasoning, based on N100 preclinical stud-
ies, which were published during the last 10 years, Wilhelm and col-
leagues claim that nanoparticles often fail because of an overall
median accumulation in tumors of only 0.7% ID. However, the au-
thors do not discuss the heterogeneity of EPR, and they also do not
take into account that for effective antitumor therapy and patient
benefit, 0.7% ID may be sufficient [19], as it is much higher than
what standard cytostatic compounds can typically achieve [20–22].
In this context, it has to be mentioned that multiple passively
tumor-targeted nanomedicines have been successfully translated
to the clinic and do clearly create patient benefit, in spite of the fact
that their tumor accumulation may be “as low as 0.7% ID” [23].
To facilitate the translation of nanomedicines to the clinic, and to
allow for individualized and improved anticancer nanomedicine thera-
pies, it is crucial to get a better grip on the heterogeneity of the EPR ef-
fect in patients. Therefore, EPR-potentiating combination treatments, as
well as diagnostic protocols which are able to visualize and quantify the
extent of the EPR-mediated tumor targeting in individual patients, are
urgently needed [24].

2. Principles of EPR

The tumor accumulation of nanomedicines is mainly based on the
EPR effect, enabling the extravasation and retention of macromolecules
and nanocarriers at pathological sites. Themajority of solid tumors have
a chaotic vasculature andmicroenvironment (TME),which is associated
with the production of an abnormal amount of vascular growth factors
and vascular permeability enhancing factors (such as bradykinin, nitric
oxide and prostaglandins), with the lack of functional lymphatic drain-
age, with an elevated interstitial fluid pressure, and/or with a dense and
deregulated stromal compartment consisting of fibroblasts, smooth
muscle cells and macrophages [25]. All these factors and features play
a role in determining the extent of the EPR effect (Fig. 2).

One of themost critical features of tumors is their invasive and rapid
growth. This excessive growth leads to solid stress, caused by the prolif-
eration of a large number of cells within a spatially confined volume. To
maintain tumor growth, the establishment of an own blood supply is
mandatory for tumors larger than ~1–2 mm in diameter [26]. However,
many of these angiogenic blood vessels are compressed as a result of
solid stress, which together with the high levels of cell growth and me-
tabolism in tumors leads to hypoxia, resulting in the production of pro-
angiogenic factors, such as vascular endothelial growth factor (VEGF).

The notion that tumors produce angiogenesis-enhancing factorswas
first described by Judah Folkman and colleagues in 1971 [27,28]. One of
these factors was later identified as vascular permeability factor (VPF;
which is VEGF) [29]. Research by Folkman's group extended these find-
ings, showing that increased levels of VPF/VEGF result in an upregula-
tion of the corresponding receptors for this molecule (i.e. VEGFR2) on
endothelial cells [30]. VEGF is responsible for endothelial cell survival,
sprouting and vascular leakiness [31], thereby providing the basis for
EPR-mediated tumor targeting.

Newly formed blood vessels typically occur in higher densities in
tumor tissue [32,33], they often lack a smooth muscle layer and
pericytes [34], they have a larger lumen and wider fenestrations (with
sizes of up to 4.7 μm; note, however, that themajority of these fenestra-
tions are in the order of 1–100 nm [13]), and they typically contain
malfunctioning endothelial cells [35]. Additionally, vascular perfusion
tends to be impaired, at least to some extent, and blood flow is sluggish
[36,37].

Due to the lack of a properly functioning lymphatic drainage system,
solid tumors furthermore tend to develop a high interstitial fluid pres-
sure (IFP), which attenuates nanomedicine accumulation and penetra-
tion, especially in the core of tumors [38]. This high pressure also
contributes to the compression of blood and lymphatic vessels, further
adding to the high IFP, causing blood vessel collapse and inefficient
tumor perfusion [39,40]. Decreasing the IFP and/or solid stress can de-
compress blood and lymphatic vessels, and it may help to increase per-
fusion and nanomedicine accumulation [41].

Another important factor contributing to the EPR effect is the stro-
mal compartment, which can be subdivided into the extracellular ma-
trix (ECM) and stromal cells. The latter include endothelial cells,
pericytes, (myo)fibroblasts, smoothmuscle cells, dendritic cells,macro-
phages and other immune cells. The density of ECM components, such
as collagen andhyaluronic acid, strongly influences nanomedicine accu-
mulation, as it forms a barrier which prevents the penetration of
nanomedicines from the vessels deep into the tumor interstitium, fur-
ther contributing to inhomogeneous distribution of drugs and drug de-
livery systems [42]. In this context, especially the collagen content and



Fig. 2. Biological barriers contributing to heterogeneity in EPR-mediated tumor targeting. Multiple different vascular and microenvironmental parameters contribute to heterogeneity in
EPR-based nanomedicine accumulation. At the vessel level, these include vascular permeability, endothelial cell receptor expression and vascular maturation. Stromal parameters which
contribute to heterogeneity in EPR-based tumor targeting are the extracellular matrix, tumor cell density, hypoxia and the interstitial fluid pressure. All of these pathophysiological
parameters have to be considered when aiming to developed individualized and improved nanomedicine treatments.
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the collagen distribution seem to play a crucial role. The hypothesis that
nanomedicine accumulation is compromised in collagen-rich tumors
has been confirmed in several studies, showing that dense fibrillar col-
lagen prevents large molecules as well as standard chemotherapeutic
agents from penetrating deep into tumorous tissue [43–45]. However,
ECM reduction has several limitations and systemic targeting of the
ECM, which also affects healthy tissues, can induce adverse effects like
thromboembolism [46,47].

In exemplary efforts to enhance tumor penetration, a dorsal skinfold
chamber approach was used in immuno-compromised mice bearing
HSTS26T soft tissue sarcomas. The use of the hormone relaxin resulted
in the up-regulation of the expression of matrix-degrading enzymes,
like matrix-metalloproteinases, and in the degradation of the tumor
ECM. After 12 days of relaxin treatment, it could be shown that the dif-
fusion rate of extravasated IgG (150 kDa; ~10 nm) and dextran-2 M
(2000 kDa; ~54 nm) increased significantly, as a result of amore porous
collagenmatrix [43]. There are several tumors and tumormodels with a
very dense ECM andwith very limited EPR-based accumulation, such as
pancreatic ductal carcinomas [48,49]. Especially in such tumor types,
ECM-degrading co-treatments, like the reduction of hyaluronan, can
help to promote nanomedicine accumulation and efficacy [50,51]. In
this context, a special antibody-drug conjugate (ADC), which exploits
the dense ECM as a scaffold for cancer stromal targeting (CAST) therapy
has to be mentioned. CAST is directed against certain ECM components
such as collagen 4 [52] and fibrin [53] and can be used to improve drug
delivery and sustained release [54].

The cells in the tumor stroma play a crucial role in determining the
efficiency of EPR-mediated tumor accumulation. Macrophages, for
instance, strongly influence the retention of nanomedicines [55–57].
As an example, polymer-bound and fluorophore-labeled platinum (IV)
prodrugs have been shown to strongly accumulate in tumor-
associated macrophages (TAM) [58]. The polymeric prodrugs were
injected via the tail vein and the accumulation in subcutaneously
implanted HT1080 fibrosarcoma tumors was imaged in real-time
using a dorsal window chamber in mice. In this setup, the TAM acted
as a nanoparticle depot and gradually released the payload to neighbor-
ing tumor cells. The depletion of TAM with clodronate liposomes prior
to platinum prodrug treatment resulted in a reduction of prodrug con-
centrations in tumors, and it also reduced prodrug-induced tumor
growth inhibition, indicating that nanomedicine accumulation and effi-
cacy depend on macrophage content [58].

Besides considering the physiological characteristics of tumors, it is
important to note that also the size of nanomedicine formulations af-
fects nanomedicine targeting to different tumor compartments and
cells [58]. As shown by Tsvetkova et al., riboflavin-mediated active
targeting of differently sized star-PEGs (10 kDa and 40 kDa; i.e. approx-
imately 7 and 13 nm in diameter) resulted in preferential uptake by
tumor cells in case of 10 kDa nanocarriers and in increased uptake by
tumor-associated macrophages in case of larger 40 kDa nanocarriers.
While active targeting improves cell uptake and retention of a given for-
mulation in tumor cells, the extravasation and accumulation is predom-
inantly driven by the size of the compound. Even though the prolonged
circulation of the 40 kDa riboflavin-PEG resulted in a higher overall
tumor accumulation, cellular uptake was significantly higher for the
10 kDa riboflavin-PEG formulation, in spite of its shorter blood half-
life times and less EPR-mediated accumulation [59].

Considering all above notions, it appears that, while EPR-based
nanomedicinesmay in principle hold promise for improving the efficacy
of systemic anticancer drug therapy, there are still multiple biological
and pathophysiological barriers that are withholding them from
unlocking their full potential [24] (Fig. 2). These relate to the high het-
erogeneity of tumors, and they call for companion diagnostics and
nanotheranostics to monitor nanomedicine-based tumor targeting, as
well as for combination treatments to enhance the EPR effect. We here
summarize strategies to address these challenges, based on enhancing,
combining, bypassing and imaging EPR-based tumor targeting (Fig. 3).



Fig. 3. Strategies to overcome heterogeneity in EPR-based tumor targeting. Several strategies can be employed to improve nanomedicine-based anticancer therapy. From left: Enhancing:
Pharmacological and physicalmeans, such as radiotherapy (RT), hyperthermia (HT) (adapted from [101]) and sonoporation (adapted from [133]) can be used to enhance the EPR effect in
tumors. Combining: Synergism between nanomedicine-based chemotherapy and clinically relevant fractionated radiotherapy leads to increased nanomedicine accumulation and
enhanced efficacy (adapted from [99]). Active targeting with pharmacologically active ligands (e.g. anti-EGFR nanobodies) synergizes with the drug molecules entrapped within a
given nanomedicine formulation (adapted from [173]). Bypassing: In case of tumors with low or no EPR, vascular targeting (e.g. via RGD-targeted nanocarriers; adapted from [188]) or
the use of triggerable nanocarriers that release their payload intravascularly (e.g. from drug-loaded microbubbles; adapted from [125]) can be used to improve drug delivery in spite of
low/no EPR effect. Imaging: The heterogeneity in EPR-based tumor targeting can be addressed via direct or indirect imaging approaches, employing either nanotheranostics and
companion nanodiagnostics to monitor the biodistribution and target site accumulation of nanomedicines, or employing the use of established imaging probes and protocols to
visualize tumor blood vessels and the microenvironment. Imaging tumor blood vessels and EPR-based tumor targeting can help to pre-select patients for more personalized
nanomedicine treatments (adapted from [210] and [205]).
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3. Enhancing EPR-mediated tumor-targeting

Several pharmacological and physical means can be employed
to enhance the tumor accumulation and efficacy of EPR-based
nanomedicines. Among pharmacological strategies, the most promi-
nent are treatments with drugs which modulate VEGF signaling,
with angiotensin agonists and antagonists, with tumor necrosis
factor-alpha (TNF-α), with vessel promoting treatments and with
nitric oxide-producing agents [60]. Physical means can include hy-
perthermia, radiotherapy and ultrasound. Several prominent exam-
ples of studies in which pharmacological and physical strategies
are employed to enhance the accumulation and efficacy of EPR-
based nanomedicine are described below.

3.1. Anti-angiogenic therapy

Anti-angiogenic drugs are traditionally used to deprive tumors
from oxygen and nutrients [61]. When given at intermediate
doses, anti-angiogenic agents can be employed to normalize the disor-
ganized tumor vasculature of highly vascularized tumors to improve
nanomedicine delivery [62]. This can e.g. be done using bevacizumab
(Avastin®; a VEGF-blocking antibody) or sorafenib (Nexavar®; a
small molecule VEGF receptor tyrosine kinase inhibitor) [63,64]. Inter-
mediate dosing is necessary, as high doses can lead to a closing of the
fenestrations between the endothelial cells, as well as to vessel pruning,
which shuts down the perfusion of the tumor also limiting the delivery
of anticancer agents. Consequently, pre-treatmentwith anti-angiogenic
agents to enhance EPR-mediated tumor accumulation only works if the
vasculature is normalized to a level at which vessels are still perfused.
While the blockage of VEGF can lead to an unwanted reduction of vessel
leakiness, other components such as bradykinin, a potent vascular per-
meability factor, are still released, maintaining vessel permeability and
thus allowing for nanomedicine extravasation [65].

In a pioneering proof-of-concept preclinical study, the anti-VEGFR2
antibody DC101 was used to block the interaction between VEGF and
its receptor, normalizing the vessels to the point that the perfusion of
the tumors increased, necrotic areas disappeared and EPR-based
nanomedicine accumulation enhanced. DC101 was injected in combi-
nationwith either Doxil® (100 nmsize) or Abraxane® (125 nmoriginal
size, 10 nm size after disassembly in blood, with paclitaxel bound to en-
dogenous albumin). The study was performed in mice bearing either
E0771 or 4 T1 mouse mammary tumors. The use of intermediately
dosed anti-angiogenic therapy enhanced the accumulation of paclitaxel
(albumin-bound; 10 nm) in the tumormass through restoration of con-
vective drug delivery and through a reduction of the IFP [66], but it did
not affect the concentrations of doxorubicin (Doxil®; 100 nm) in tu-
mors, suggesting that vascular normalization affects EPR-mediated
tumor targeting in a size-dependent manner [63]. This indicates that
vascular normalization - besides resulting in an enhancement and/or
homogenization of tumor blood flow - also results in a reduction of
the pore cut-off size. In spite of these findings, in a clinical setting,
bevacizumab-induced vascular normalization strongly enhances antitu-
mor responses to Doxil®-based chemotherapy in patients with ovarian
cancer, from 3.7months for Doxil® alone, to 7.8months for Doxil® plus
bevacizumab [67]. Overall survival increased from 10 months to
33 months, respectively. On top of this, the concentration of liposomal
doxorubicin per cycle could be lowered significantly (from 50 to
30 mg/m2), which may result in improved patient compliance and an
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increased quality of life. These findings indicate that vascular normaliza-
tion can be employed to enhance the efficacy of EPR-based
nanomedicine formulations.

3.2. TNF-α

Tumor necrosis factor-alpha (TNF-α) is a potent inflammatory
mediator [68]. It enhances vascular leakiness to allow for leucocyte
extravasation in case of inflammation, via thedisruption of the endothe-
lial cell adherence junction protein VE-cadherin [69], and it may thus
also be useful to enhance the extravasation and accumulation of
nanomedicines. In this context, it has been shown that the injection of
TNF-α leads to a significantly 10-fold higher EPR-mediated accumula-
tion (Fig. 4A) of radiolabeled liposomes in mice bearing subcutaneous
CT26 tumors compared to non-TNF-α-treated animals (Fig. 4B) [70].
Clinical trials with various TNF-α formulations are ongoing, e.g. with
Fibromun® (from Philogen), which is an antibody fused to TNF-α for
melanoma treatment [71], and which is also used in combination with
doxorubicin for soft tissue sarcoma treatment [72]. In case of certain
soft tissue sarcomas, TNF-α is also used on its own, in combination
with the low-molecular-weight anticancer agent melphalan, for iso-
lated limb perfusion (ILP), to avoid amputation of the cancerous limb
[73]. Patients receive ILP for 90 min, starting with a bolus injection of
TNF-α directly into closed loop circulatory system in the isolated limb.
Melphalan was administered 30 min later. When employing the com-
bined ILP setup, 82% of affected limbs could be protected against
Fig. 4. Pharmacological and physicalmeans to enhance tumor accumulation. Heterogeneity in EP
means. A–B: Accumulation of radiolabeled liposomes in tumorswas increased after TNF-α appli
liposomes was substantially higher in TNF-α-treated tumors than in control tumors (adapted
vessels and leads to improved vessel perfusion. This results in enhanced accumulation of 5-fl
vessels upon applying hyperthermia at different temperatures (adapted from [120]). F: CT-FM
after sonoporation (adapted from [240]). G: Sonoporation in combination with gemcitabine
cancer (adapted from [131]). H: Site-specific sonoporation in combination with liposomal d
more efficiently compared to treatment with liposomal doxorubicin alone (DOX only; adapted
amputation, as compared to 41% formelphalan-based ILP alone [73]. Al-
though the results of this clinical trial are promising, the clinical use of
TNF-α is limited to the treatment of local cancer sites, such as mela-
noma or soft tissue sarcoma (in combination with ILP), due to its sys-
temic toxicity.

3.3. Angiotensin II receptor blockers

Angiotensin II receptor blockers (ARBs) can be used to enhance EPR-
based accumulation because they amplify the effect of substances like
bradykinin, which promote vessel permeability and dilation through
the loosening of the fasciae adherens, i.e. the endothelial cadherin-
mediated intercellular connections [74]. ARBs alsomodulate the expres-
sion of ECM components (e.g. reduction in collagen expression), which
leads to vessel decompression and to enhanced EPR [12,56]. Various
ARBs can be used for this purpose [76], e.g. losartan, which is clinically
used to treat chronic kidneydiseases and hypertension, but also showed
promising preclinical results in cancer treatments. Jain and colleagues
used losartan to decompress tumor blood vessels, increase vascular per-
fusion and enhance tumor-targeted drug delivery [77]. Solid stress was
measured via an ex vivo technique in which the extent of tumor tissue
relaxation was measured with a surgical incision. After losartan treat-
ment, the solid stress in four different tumor models (E0771 and 4 T1
breast carcinoma as well as AK4.4 and Pan-02 pancreatic carcinoma)
was found to be significantly decreased, and the perfused vessel fraction
increased (Fig. 4C), overall leading to a higher accumulation of 5-
R-based tumor targeting can be overcome byusing different pharmacological andphysical
cation,which enhances vascular permeability and tumor penetration. The concentration of
from [70]). C–D: Losartan, an angiotensin II receptor blocker, decompresses tumor blood
uorouracil (5-FU; adapted from [77]). E: Extravasation of liposomes from tumor blood
T images showing enhanced accumulation of fluorophore-labeled liposomes in tumors
has a positive impact on the survival of patients suffering from inoperable pancreatic
oxorubicin inhibits the growth of rat glioma (FUS + DOX; indicated by yellow circles)
from [136]).
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fluorouracil (5-FU) (Fig. 4D). This effectwas accompanied by a decrease
in the expression of collagen 1, hyaluronic acid and cancer associated-
fibroblasts, indicating that the increase in vessel perfusion is caused by
vascular decompression resulting from the reduction of ECM compo-
nents. Additionally, it has been reported that the distribution and effi-
cacy of nanotherapeutics (e.g. Doxil) was increased upon losartan co-
treatment through the suppression of collagen 1 synthesis [78]. Based
on these results, losartan was selected for a clinical trial in pancreatic
cancer in combination with 5-fluorouracil, leucovorin and oxaliplatin,
aswell aswith proton beam radiation therapy. This phase II study is cur-
rently ongoing andfinal results are not available yet. However, initial re-
sults indicate that the losartan-based combination therapy led to a
decrease in tumor size and in some cases even enabled surgical resec-
tion (i.e. making it possible to remove tumors which were not operable
prior to combination treatment). The 2-year overall survival exceeded
60%, and the number of patients where a resection of the tumor was
possible after combination therapy exceeded 50%, resulting in 2-year
survival in the resected patient population of close to 80% [79–81]. A po-
tential disadvantage of treatment with ARBs is that resistance may de-
velop during long-term therapy [78,82].

3.4. Angiotensin-II

In contrast to the increase in vessel permeability and dilation of ves-
sels through angiotensin-IIantagonists, also vasoconstriction can be
employed to enhance the EPR effect. Angiotensin-II (AT-II) injections in-
duce hypertension through systemic vasoconstriction [83–85], which
exclusively takes place in ‘healthy’ blood vessels resulting in clinical lim-
itations for the treatment of patients with hypertension or brain tumors
such as glioblastoma. Since tumor vessels aremostly immature and lack
a properly differentiated and structured smooth muscle cell layer, they
are not able to contract in response to AT-II. Still, there can be an effect
on tumors, resulting from an increased blood flow caused by systemic
hypertension and by vasoconstriction in tumor-feeding vessels, leading
to the opening/enlargement of endothelial gaps in the tumor vascula-
ture and increasing the blood pressure in tumor blood vessels, thereby
enhancing convection. The fact that AT-II injections can lead to a better
perfusion of tumorous tissues, to an improved EPR-mediated drug de-
livery, and to an enhanced nanomedicine efficacy has been shown by
Maeda and colleagues in rodent xenograft models as well as in several
patients with advanced solid tumors treated with the polymer-based
nanoformulation SMANCS, which is a 16 kDa-sized conjugate of
neocarzinostatin and poly(styrene-co-maleic acid) [86,87].

3.5. Vessel promotion

Instead of inhibiting angiogenesis, Wong et al. developed a strategy
named vessel promotion, which focusses on increasing angiogenesis
resulting in more vessels and eventually a higher delivery of chemo-
therapeutics [88]. Cilengitide, which binds toαvβ3 integrins and is usu-
ally associated with anti-angiogenesis [89], showed the opposite
proangiogenic effect if applied at low doses [88]. Furthermore, this ves-
sel promoting treatment was complemented with verapamil, a calcium
channel blocking agent leading to higher blood flow, resulting in a sig-
nificant increase of blood vessel perfusion of 10%. The combination of
cilengitide, verapamil and gemcitabine, showed a significantly in-
creased mean survival time (approximately doubled compared to
gemcitabine only) in a mutagenic mouse model of pancreatic cancer
(KPC mice) due to a lower tumor burden. Histological analysis of the
triple-treated group (cilengitide, verapamil and gemcitabine) presented
with significantly increased vessel density and significantly decreased
hypoxia values compared to the placebo or gemcitabine only treated
groups, showing the beneficial effects of vessel promotion in combina-
tion with standard chemotherapy. Similar results were reported for
the use of recombinant human erythropoietin (Epo) in non-small cell
lung cancer (NSCLC) tumor models, where the promotion of vessels
induced an increase of 50% in vessel density and doubled the relative
blood volume facilitating the delivery of carboplatin to tumor sites,
which resulted in up to a 100% increase in delivered carboplatin [90].
Vessel promotion is one of several vessel modulating strategies to im-
prove the delivery of chemotherapeutic agents and it might be a valu-
able tool to enhance nanomedicine accumulation in barely perfused
tumors [91].

3.6. Radiotherapy

Ionizing irradiation can increase vascular leakiness via the up-
regulation of VEGF and fibroblast growth factor (FGF) expression
[92–94]. It furthermore leads to a decrease in cell densitywithin tumors,
and as a consequence of that, also to a reduced IFP [95], via the genera-
tion of radicals which damage the DNA and lead to tumor and endothe-
lial cell apoptosis [96,97]. Taken together, these phenomena contribute
to a better accumulation of both low-molecular-weight drugs and
nanomedicine formulations in tumors. In addition, also the efficacy of
nanomedicine-based chemotherapy can be increased upon combina-
tion with radiotherapy. This holds true both for classical external
beam radiotherapy, aswell as for internal peptide receptor radiotherapy
[98]. In such setups, radiotherapy and nanomedicines can act synergis-
tically, with radiotherapy enhancing the tumor accumulation of
nanocarriers, and with nanocarriers enhancing the antitumor efficacy
of radio-chemotherapy [99,100]. In this context, it has for instance
been shown that radiotherapy has a positive effect on the accumulation
of polymeric drug carriers in three different tumor types, all based on
the Dunning R-3327 prostate carcinoma model [101]. Radiotherapy
treatment significantly increased the accumulation of 31 and 65 kDa
sized polymers (i.e. approximately 5 and 10 nm, respectively) in all
tumor models, and most prominently in those with low levels of base-
line leakiness. Conversely, polymeric drug delivery systems carrying ei-
ther doxorubicin or gemcitabine both strongly enhanced the efficacy of
clinically relevant regimens of fractionated radiotherapy [71]. These no-
tions are confirmed by results reported by De Davies and colleagues,
who combined liposomal doxorubicin (Doxil®) with radiotherapy in
mice with osteosarcoma xenografts. Mice treated with both radiother-
apy andDoxil® showed delayed tumor growth compared to the control
group treated with Doxil® alone. Importantly, histological investiga-
tions of the tumor tissue revealed a deeper liposome penetration into
tumor tissue for animals co-treatedwith radiotherapy [102]. Thesefind-
ings were further validated in a study in whichmice with human fibro-
sarcoma xenografts (HT1080) were treated with Onivyde® (liposomal
irinotecan) in combination with radiotherapy, showing complete erad-
ication of tumors upon combined nano-chemo-radiotherapy, while in
mice solely treated with Onivyde®, tumor growth was only delayed
[103]. The combination of nano-chemotherapy with external beam ra-
diotherapy has also already been evaluated in multiple clinical trials,
showing not only improvements in efficacy, but also in tolerability. In
one of the first exemplary trials performed in this context, seven pa-
tients with locally advanced sarcomas received radiolabeled liposomal
doxorubicin plus radiotherapy. The response rate was found to be
N70% without observation of severe toxicities [104], whereas severe
side effects occurred when un-encapsulated chemotherapeutics were
combined with radiotherapy [105,106]. Ionizing radiation has an effect
on a variety of different cell types within the TME, and besides increas-
ing vascular leakiness, it can also induce therapy resistance and metas-
tasis [107,108]. This indicates that its implementation in multimodal
combination therapies needs to be carefully considered and planned.

3.7. Hyperthermia

Over the years, hyperthermia has been extensively used for antitu-
mor treatment, and it is generally combined with chemo- [109] and/
or with radiotherapy [110–112]. Hyperthermia can be applied via sev-
eral approaches, such as radiofrequency [113], microwaves [114],
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focused ultrasound [115], or intracavitary perfusion (i.e. with heated
chemotherapy-containing solutions) [116], but is limited to locally
well-defined, solid tumors. Hyperthermia generally leads to an increase
in tumor blood flow and to an enhanced vascular permeability, thus
promoting drug and oxygen supply to tumors [117,118]. In non-
ablative settings, the applied temperatures typically range between 39
and 42 °C. Hyperthermia can be used to increase the EPR effect espe-
cially in non-leaky tumors in which the baseline levels of nanomedicine
accumulation are low [101,119,120]. Employing a dorsal skin flap win-
dow chamber with human ovarian carcinoma (SKOV-3) tumors in
athymic nude mice, Dewhirst and colleagues demonstrated enhanced
extravasation of 100 nm liposomes out of tumor blood vessels into the
interstitium upon gradually increasing the temperature to either 39,
40, 41 or 42 °C for 1 h, followed by i.v. injection of rhodamine-labeled
liposomes (Fig. 4E). In previous studies, it was found that this tumor
model is rather impermeable for 100nm-sized liposomes under normo-
thermic temperatures, and that upon increasing the temperature,
the extravasation of liposomes was enhanced significantly [120].
Based on these promising initial findings, as well as on combinations
of hyperthermia with temperature-sensitive nanocarriers (see below,
Section 5.2), we anticipate that hyperthermia will gradually evolve to
become a powerful clinical tool to enhance (nano-) drug accumulation
and performance.

3.8. Sonoporation

Microbubbles are routinely used as contrast agents for ultrasound
(US) imaging. They can, however, also be employed to temporarily in-
crease vessel perfusion and permeability [121,122], thereby improving
drug delivery to tumors [123], upon application of ultrasonic waves to
induce microbubble oscillation, cavitation or implosion [124]. There
are several options for microbubble use to promote drug targeting to
pathological sites: either via direct drug delivery (i.e. through the en-
capsulation of drug molecules in the microbubble core or shell, or bind-
ing of the drug or drug-containing nanoparticles to the shell of the
microbubbles), or via indirect drug delivery (i.e. by co-injection of free
drugs or drug delivery systems together with microbubbles) [125]. Di-
rect drug loading of microbubbles was reported for lipid- as well as
polymer-based microbubbles, generally showing higher loading effi-
ciencies when drugs are loaded into polymer-based microbubbles
[126]. However, the majority of studies focusing on microbubble load-
ing with chemotherapeutic agents such as doxorubicin (Doxil®,
where the cytotoxic agent is attached to the shell), bleomycin and doce-
taxel (the latter two entrapped into oils inside the microbubble core)
employ lipid-based microbubbles [122,127,128]. It is expected that
polymer-based microbubbles will be increasingly used for direct drug
delivery in the future, because they can bemore easily loadedwith a va-
riety of different drugs, and with a much higher loading capacity, and
they can be additionally tailored with regard to e.g. shell thickness
and mechanical properties [129]. Besides different loading capabilities,
the microbubble type might also have an impact on the induced vessel
leakiness which would be also important for both direct and indirect
drug delivery. Lipid-based microbubbles are able to oscillate better,
and the shell decomposes into fragments at elevating pressures
whereas polymer-basedmicrobubbleswill remain largely intact and re-
lease the containing gas as a bubble through a shell defect [130]. There-
fore, the effect of lipid- as well as polymer-based microbubbles on
liposome accumulation upon US treatment was evaluated in two
tumor models (A431 and BxPC-3) [240]. Both tumor models are
known to have a poor EPR effect. While liposome accumulation was in-
creased by up to 100% upon sonoporation in these models, and lipo-
some penetration facilitated, no significant differences between lipid
and PBCA microbubbles were observed (Fig. 4F).

Recently, sonoporation in combination with gemcitabine-based
standard chemotherapy showed a positive impact on the treatment
of patients suffering from inoperable pancreatic cancer [131].
Sonoporation with gemcitabine almost doubled the mean overall sur-
vival of patients, from 8.9months for gemcitabine alone (historical con-
trol cohort), to 17.6 months for gemcitabine plus US and (lipid-based)
microbubbles (Fig. 4G). Part of this substantial prolongation resulted
from the fact that two patients with initially inoperable tumors could
be subjected to surgical resection of the tumor [131]. Furthermore, an
interventional clinical trial investigating the effect of contrast-
enhanced US and sonoporation on the achieved tumor size reduction,
applied during neoadjuvant chemotherapy administration in breast
cancer, has recently started in our own laboratories [132]. Taking the
above together, these efforts indicate that sonoporation may be a pow-
erful non-invasive tool to increase the accumulation of drugs even in
hardly treatable tumors such as pancreatic tumors.

Another promising application of sonoporation is the treatment of
central nervous system (CNS)-related diseases such as neurodegenera-
tive diseases or brain tumors. CNS drug therapies tend to be ineffective
because of the presence of the blood-brain barrier (BBB), which is still
intact in many tumors or neurodegenerative diseases such as
Alzheimer, prohibiting drug delivery to pathological sites. One approach
to circumvent this delivery problem is sonoporation, which induces a
spatially and temporally controlled BBB opening, creating a window
for drug delivery [133–135]. Hynynen, McDannold and colleagues are
pioneers in the field of US-mediated brain vasculature opening and
have shown that MRI-guided focused US is able to permeate the BBB,
leading to an improved accumulation of liposomal doxorubicin in a rat
9 L gliosarcoma model [136]. Rats treated with focused US and
microbubbles in combination with liposomal doxorubicin showed
prolonged tumor volume doubling times and had a 24% longer median
survival compared to rats treated with liposomal doxorubicin alone
(Fig. 4H). Extending these results, a clinical trial was initiated in
which patients with brain tumors, including glioblastoma multiforme,
received MRI-guided focused US treatment together with lipid
microbubbles and doxorubicin [137]. The added value of the
sonoporation on the accumulation and efficacy of doxorubicin is cur-
rently under investigation [138], and the outcome of this pioneering
study is eagerly awaited. Clinical sonoporation trials have also recently
begun in patients with Alzheimer, to evaluate the minimal required
US settings for a safe BBB opening [139].

3.9. Photodynamic therapy

Photodynamic therapy (PDT) refers to the treatment of tissues, typ-
ically tumors, with a photosensitizing agent, followed by activation via
locally applied laser light [140]. It is based on the formation of reactive
oxygen species (ROS), such as singlet oxygen (1O2), which damages
nucleic acids and proteins, and leads to cell death. Clinical limitations
of PDT are the penetration depth of the applied laser light (max.
1–2 cm), aswell as the shortmigration distance of the produced oxygen
radicals [141], which is typically b0.02 μm. These issues render the treat-
ment of e.g. wide-spread tumors ormetastases located deep in the body
nearly impossible. For optimal efficacy, photodynamic therapy there-
fore has to be directed to specific (sub-) cellular targets, such as mito-
chondria (porphycene monomer [142]), lysosomes (chlorin e6 [143])
or the cell membrane (monocationic porphyrins [144]). Together,
these effects lead to a reduction of the cell density in tumors, which de-
creases the IFP and the solid pressure, and which alleviates vessel
compression, leading to a better perfusion of the vessels and to a
higher accumulation of drugs and drug delivery systems. In an exem-
plary preclinical study, a monoclonal antibody-photosensitizer (i.e.
panitumumab fused with the photosensitizer IR700; directed against
the human epidermal growth factor receptor (EGFR; HER1)) was com-
bined with laser light and with liposomal daunorubicin, to treat mixed
tumors [145]. The subcutaneously inoculated tumors were composed
predominantly of EGFR-positive A431 epidermoid carcinoma cells,
mixedwith a smaller fraction of EGFR-negative Balb-3 T3 embryonic fi-
broblasts. The EGFR-targeted photosensitizer specifically accumulated
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in the regions of A431 epidermoid carcinoma cells and thus these areas
showedmassive necrosis after near-infrared laser light exposure. Treat-
ment of the tumorwith the EGFR-targeted photosensitizer prior to lipo-
somal daunorubicin treatment led to a substantial increase in tumor
permeability (an effect which the authors coined super-enhanced per-
meability and retention (SUPR) [146]), to a 5-fold increase in the
tumor accumulation of liposomal daunorubicin, and to significantly en-
hanced therapeutic efficacy as compared to all relevant control groups.
Follow-up studies aimed at identifying themechanism of action behind
PDT-induced super-enhanced permeability and retention, and showed
that the increase in vascular permeability after photoimmunotherapy
resulted from depolymerization of endothelial cell microtubules, giving
rise to the formation of larger endothelial intercellular gaps in the endo-
thelium, thereby promoting EPR [147].

4. Integrating EPR-based nanomedicines in combination therapies

Several of the above mentioned EPR-enhancing approaches have al-
ready alluded to the potential of combination regimens in which
nanomedicines are joined with other treatment modalities, such as ra-
diotherapy or hyperthermia. In addition to this, nanomedicines are
also highly useful to improve the efficacy of different types of combina-
tion chemotherapy.

4.1. Multi-drug nanomedicines

Rationally designed chemotherapy combinations hold significant
promise for the improvement of the outcome of systemic anticancer
therapy [148]. Merging two different drugs within one nanomedicine
formulation ensures the availability of both agents within the same
cell, enhances the impact of each single agent, helps to avoid
multidrug-resistance and likely also increases the tolerability of the
two agents when given together, resulting in a clear improvement in
therapeutic index [149,150]. Nanocarriers such as liposomes, micelles
and polymers can be relatively easily co-loadedwith two different anti-
cancer agents to enablemulti-drug treatment. Nanomedicines can actu-
ally also be efficiently combined with conventional chemotherapeutic
drugs, generally improving both efficacy and tolerability [23,99,151].
Several of such combination nano-chemotherapy approaches are cur-
rently being evaluated in clinical trials [152], and they are likely to be
extended in the near future to the use of nanomedicines together with
ADCs and/or with immunomodulating antibodies [153].

The combination of two different drugs within one nanomedicine
formulation can be very beneficial. In the clinic, the standard procedure
for the application of chemotherapy combinations is typically first es-
tablishing the maximum tolerated dose of one drug, and then start
adding the second drug [154], neglecting the notion that the most effi-
cient therapeutic activity of those two drugs together may as well be
at doses below the maximum tolerated dose(s). In this context, several
studies reported a drug-ratio-dependent synergy showing that
“ratiometric” co-encapsulation of two different drugs in liposomal
nanocarriers improves anticancer efficacy [155,156]. A prototypic ex-
ample for such a ratiometrically combined drug delivery approach is
the liposomal formulation Vyxeos™ (CPX-351, Jazz Pharmaceuticals®),
in which cytarabine and daunorubicin are combined within a single
multilamellar liposome for the treatment of acute myeloid leukemia
(AML). In a phase I dose-escalation clinical trial, it was proven that co-
encapsulation into liposomal nanocarriers substantially increased the
circulation times of the drugs while reducing the side effect profile.
The traditional 7 + 3 regimen for AML consists of a continuous infusion
of cytarabine (100 mg/m2 per day) from days 1–7, combined with a
daily bolus of daunorubicin (60mg/m2) on days 1–3. The ratiometric li-
posome formulation (i.e. cytarabine plus daunorubicin co-encapsulated
in a 5:1M ratio)was only infused at days 1, 3 and 5, and showed a stable
5:1 M ratio in both the plasma and the bone marrow (target organ) for
up to 24 h for all dose levels tested. The treatment showed increased
efficacy, presenting with complete remissions in a significant portion
of refractory AML patients (23%) and with very acceptable side effects
(b10 % grade 3 adverse events) [157]. In a phase III randomized trial,
the efficacy of the conventional 7 + 3 treatment compared to Vyxeos™
was evaluated in N300 elderly patientswith newly diagnosed secondary
AML, showing a clear benefit for patients treated with the double-drug
formulation: 47.4% of Vyxeos™-treated patients showed complete re-
mission, compared to only 33.3% of patients receiving the conventional
treatment, and the median overall survival time was almost doubled (6
vs. 10months) [158]. Based on thesefindings, the authors proposed that
the conventional 7 + 3 therapy should be replaced with Vyxeos™, an
advice which the FDA partially followed by granting a breakthrough
therapy designation for Vyxeos™. The FDA submission was completed
for the treatment of AML in April 2017, with a request for priority re-
view, and was approved in August 2017 [159].

The ratiometric combination of two drugs within one liposome has
also been tested for several other chemotherapeutic treatments, includ-
ing e.g. doxorubicin plus topotecan, and irinotecan plus floxuridine
[152]. Thus far, besides CPX-351/Vyxeos™, only CPX-1 has been trans-
lated into clinical trials. CPX-1 is a liposome containing irinotecan and
floxuridine in a fixedmolar ratio of 1:1. In a phase II clinical trial, the ef-
fectiveness of the formulation for colorectal cancer treatmentswas eval-
uated and showed a disease control rate of 65% in irinotecan-naive
patients and 38% in the irinotecan-refractory group. The improved re-
sponse rate of the CPX-1 treated group can most likely be attributed
to an EPR-based accumulation of CPX-1 in the colorectal cancer lesions
[160]. Due to the nano-size of the liposomes, a rather selective accumu-
lation in the lesions may be possible without strong enrichment in
healthy tissues (other than liver and spleen), enabling the delivery of
higher drugdoses as compared to the standard therapy, inwhich a com-
bination of conventional small molecule drugs is administered. The ad-
ministered dose in the CPX-1 clinical trial was 210 μ/m2, with one unit
consisting of 1 mg irinotecan and 0.36 mg floxuridine, which is equal
to 210 mg/m2 of irinotecan and 75.6 mg/m2 floxuridine. Compared to
the conventional combination (180 mg/m2 irinotecan followed by
2400–3000 mg/m2 floxuridine), the nanomedicine-based ratiometric
drug delivery approach allows for an overall lower drug dose, with con-
stant drug release, which upon EPR-mediated accumulation results in
higher drug concentrations in tumors for prolonged periods of time
[161].

4.2. Combination of nanomedicines with standard chemotherapy

The combination of nanomedicines with standard chemotherapy
treatments has also already shown promising results in the clinic.
Abraxane®, for instance, is clinically applied together with gemcitabine
for the first-line treatment of metastatic adenocarcinomas of the pan-
creas, and together with carboplatin for the treatment of locally ad-
vanced or metastatic NSCLC [162]. In a phase III clinical trial,
pancreatic cancer patients were infused with either Abraxane®
(125 mg/m2) in combination with gemcitabine (1000 mg/m2) at days
1, 8, 29, 36 and 43, or with gemcitabine alone, weekly for 7–8 weeks.
The combination treatment was found to be beneficial to the patients,
as exemplified by a one-year survival rate of 35% compared to 22% in
the gemcitabine alone group. The median progression-free survival
time increased from 3.7 to 5.5months. However, the combination treat-
ment also presented with more side effects [163], but with additional
adjustments in the treatment regimen (i.e. bi-weekly administration
of both formulations on days 1 and 15 of a 28-day cycle), the side effect
profile could be refined, and the treatment became better tolerable
without a loss of efficacy [164].

4.3. Actively targeted nanomedicines for combination therapy

Combining antibody-based therapy with standard chemotherapy
can be beneficial, as exemplified by the use of trastuzumab
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(Herceptin®) together with multiple different chemotherapeutic drugs
for the treatment of patients with human epidermal growth factor re-
ceptor 2 (HER2) -positive metastatic breast cancer [165]. The antibody
blocks the HER2 receptor, which is overexpressed in around 30% of
breast cancer patients [166], and also around 20% of gastric cancer pa-
tients [167]. Blocking of HER2 signaling limits proliferation and induces
apoptosis in tumor cells, thus decreasing the cell density in tumors
[168,169]. This decrease leads to a reduced solid pressure, which de-
compresses blood vessels, increases tumor perfusion and enhances
drug accumulation [170]. Antibodies such as trastuzumab can be di-
rectly coupled to chemotherapeutic agents, forming ADCs, e.g.
Kadcyla®. This formulation is a conjugate of trastuzumab and DM1 (T-
DM1; i.e. emtansine or mertansine, which is a highly potent cytotoxic
agent inhibiting the assembly of microtubules). Kadcyla® enters cells
through receptor-mediated endocytosis and DM1 is activated through
proteolytic lysosomal degradation, eventually inhibiting microtubule
assembly and leading to cell death. The combination of trastuzumab
and DM1 has no influence on the binding affinity to HER2, therefore
the anti-tumor effects of DM1 and trastuzumab are preserved, render-
ing this combination construct even more effective [171]. Several clini-
cal trials evaluated the effect of T-DM1 in HER2-positive breast cancer
patients, showing a clear benefit compared to standard treatment, likely
via combining anti-HER2 antibody effects with DM1-based chemother-
apy effects. In the EMILIA trial, breast cancer patients received either T-
DM1 or lapatinib plus capecitabine (control group). Patients receiving
T-DM1 treatment presented with a longer progression-free survival
(10 months for T-DM1 vs. 6 months for the control group) and in-
creased overall survival (31 months for T-DM1 vs. 25 months for the
control group). In 2013, these results led to the approval of T-DM1 by
the FDA [171,172].

Compared to antibodies, nanobodies are easier to controllably con-
jugate to nanocarriers, and they are thus increasingly implemented in
targeted nanomedicine studies. For example, an EGFR-targeted
nanobody was linked to core-crosslinked polymeric micelles (PM)
with covalently entrapped doxorubicin (DOX-PM) [173]. In vitro,
nanobody-modifiedDOX-PMwere significantlymore effective in killing
cancer cells than untargeted DOX-PM. In vivo, the nanobody-modified
DOX-PM inhibited tumor growth, even in the absence of a chemothera-
peutic drug, due to intrinsic activity of the anti-EGFR nanobodies. Based
on this intrinsic anticancer activity, nanobody-targeted DOX-PM were
more effective than untargeted DOX-PM, not only in inhibiting tumor
growth, but also in prolonging animal survival (see Fig. 3). Therefore,
it can be concluded that the combination of receptor blockage via
nanobodies (and also antibodies) and the simultaneous co-delivery of
a chemotherapeutic agent within the same carrier is a highly promising
strategy to improve the treatment of advanced solid malignancies.

4.4. Nano-immunotherapy

Despite recent successes of cancer immunotherapy, off-target effects
as well as low immunogenicity and low response rates for most tumor
entities remain major issues for this strategy. Recently, anticancer ther-
apy focusing on combining immunotherapywith nanomedicines are in-
vestigated to tackle the challenges associated with the conventional
approach, by decreasing immune-related adverse events while enhanc-
ing efficacy [174,175]. Nano-immunotherapy or nanotherapeutic cancer
vaccines can advance the delivery of immunogenic cell death
promotors, combine therapy with immune checkpoint inhibitors and/
or deliver antigens and stimulate (via adjuvants) antigen-presenting
cells (APCs) [176–178]. In such setups, besides its delivery purpose,
the nanoformulation not only protects its cargo from early degradation,
but also enhances cross-penetration as already described by Harding
et al. in 1991 for ovalbumin encapsulated in acid-sensitive liposomes
[179]. Most exogenous antigens are taken up via endocytosis and are
thus degraded in lysosomes, resulting in major histocompatibility com-
plex II (MHC-II) presentation, while endogenous antigens are degraded
by proteases inside the cytosol, presenting toMHC-I and to CD8+ T cells.
As most tumor antigens are exogenous, they need to be delivered to the
cytosol to accomplish MHC-I antigen presentation, which is mandatory
for efficient vaccination. Keller et al. showed cytosolic delivery of conju-
gated antigenic cargo in vitro via a pH-responsive polymeric micelle
carrier with increased antigen uptake by APCs in draining lymph
nodes, yielding a considerably greater T-cell activation through en-
hanced MHC-I presentation in vivo [180].

Cross-penetration and associated increased antigen surface presen-
tation was also reported by Luo and coworkers for PC7A-nanoparticles
(29 nm in diameter) upon accumulation in lymph nodes with the pro-
duction of type I interferon. The latter was shown to be solely depen-
dent on binding of the PC7A-nanoparticles to the stimulator of
interferon genes (STING) and STING pathway activation. Combination
with an immune checkpoint inhibitor for programmed cell death (PD-
1) resulted in synergistically improved anti-tumor response and sur-
vival rate in tumor bearingmice [181]. The success of such combination
therapies was also reported by Duan et al. by combining an immuno-
genic cell death-inducing nanoscale coordination polymer (NCP)
nanocarrier, that was loaded with oxaliplatin, with the immune check-
point inhibitor anti-PD-L1 as well as with a photosensitizer for PDT
[182]. This combination of chemotherapy, antitumor immunity and
PDT that synergized with immune checkpoint blockade showed the
highest response rate compared to all controls in a bilateral colon carci-
noma tumormodel, with even an induction of abscopal effects andwith
induced cell death in distant tumors that were not irradiated [183]. The
abscopal and synergistic effects of the combination therapy were fur-
ther validated by the same group in a triple-negative breast cancer
model with a modified nanoformulation suitable for combined PDT
and immune checkpoint blockade. Only the combination therapy re-
sulted in complete tumor regression, and it even prevented metastasis
[182].

A phase I dose-escalation trial is currently recruiting patients with
advanced malignant melanoma for cancer vaccination. Within this
study, dendritic cells are targeted in vivo via intravenously injected tet-
ravalent RNA-lipoplexes that trigger a dose-dependent release of
interferon-α. The liposome formulation protects the RNA from early
degradation and facilitates uptake by APCs, where the RNA is translated
into four antigen encoding proteins, thus the nano-vaccine targets four
different tumor-associated antigens [184].

In the clinic, tumor-infiltrating lymphocytes (TILs) can be employed
to predict anti-tumor immune responses, where a low number of TILs
indicate low or no therapy response. Targeting and/or modulating the
tumor microenvironment might solve that problem by promoting tis-
sue infiltration of immune cells converting tumors with a lack of TILs
(“non-inflamed”) into those that are likely to respond to a certain
treatment (“inflamed”) [185]. In this context, next to any defined target,
Jiang et al. stressed that for the stimulation of the immune
system, which enables the recognition and attack of malignant cells,
the targeting concept of nanomedicine (when combinedwith immuno-
therapy) needs rethinking and does not solely rely on tumor accumula-
tion and might instead also be achieved or at least enhanced by
addressing immune cells in the immune cascade in e.g. liver or spleen.
Thus, avoiding the recognition by the immune system and themononu-
clear phagocyte system, as typically preferred for most nanomedicine
formulations, might not be that desirable in nano-immunotherapy
[186,187].

Overall the combination of several drugswithin one nanocarrier and
the application of ADCs, which first and foremost accumulate passively
in tumors by virtue of the EPR effect, ensures efficient delivery of all
drugs – ideally with different mechanisms of action to prevent cross-
resistance – to the same cell, it enhances the impact of each single
agent, it enables synergistic effects and it reduces side effects through
the encapsulation of the drug into a nanocarrier, together resulting in
a considerable enhancement in the outcome of combination anticancer
(immuno-) therapy [186].
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5. Bypassing the EPR effect

Patients suffering from tumors with a non-leaky vasculature, which
are not amenable to EPR-based tumor targeting, only profit from
nanomedicine therapy if the EPR effect can be bypassed. There are
two major strategies to use nanomedicines as drug delivery agents to
increase the tumor drug accumulation in spite of low EPR, i.e. active
targeting to tumor blood vessels and triggered drug release within the
tumor vasculature.

5.1. Vascular targeting

The first approach is the functionalization of nanomedicines with
targeting ligands, such as antibodies or peptides, to enable specific bind-
ing to receptors (over-) expressed by the vasculature of tumors, and
ideally not in healthy tissues. The comparison of the active formulation
with its non-targeted counterpart shows two distinct advantages of the
targeted formulation. Active targeting approaches lead – at least at early
time points – to a higher local intravascular concentration of
nanomedicines, compared to the non-targeted form, and increase the
retention time in non-leaky tumor tissue. However, in a study by
Kunjachan et al., active targeting could not outperform passive EPR-
based targeting for 10–20 nm polymeric carriers [188]. It even de-
creased overall polymer accumulation because the conjugation of
targeting moieties caused opsonization of the drug delivery system by
macrophages in liver and spleen, thus reducing circulation time and
the resulting EPR-mediated tumor accumulation. While mononuclear
phagocyte system (MPS) uptake of nanomedicine formulations is con-
sidered to be a drawback for the therapy of most tumors, it might be
beneficial for the treatment of certain specific tumors, such as hepato-
cellular carcinoma, in which TAMmay act as local drug reservoirs [58].

A prototypic strategy for active vascular targeting is to functionalize
nanocarriers with the Arg-Gly-Asp (RGD) peptide [189]. This peptide
sequence is well known to bind to αvβ3-integrins, which are
overexpressed on activated endothelial cells in tumors. Due to the
ligand's nature, this targeting approach has been claimed to enable the
transport of the bound nanomedicine formulation through the
vessel wall into the tumor interstitium, via integrin-mediated
transcytosis [190]. In a study performed in mice bearing hepatoma
(H22) tumors, RGD-targeted and fluorescently-labeled colloidal core-
shell nanocapsules (lipid core and thin polymer membrane;
180–195 nm) loaded with paclitaxel were injected via the tail vein.
The RGD-targeted nanocapsules caused an enhanced tumor growth in-
hibition compared to free paclitaxel and saline-treated animals (i.e. 3.5
vs. 12.0 vs 22.4-fold of tumor volume change, respectively) [191]. The
RDG-targeted nanocapsules outperformed untargeted nanocapsules as
well as PEG-nanocapsules, verifying the antitumoral effect of RGD-
targeting, which is in this case thought to be based on increased endo-
thelial cell targeting of these relatively large RGD-nanocapsules.

Another commonly used peptide-based vascular targeting ligand, i.e.
Asn-Gly-Arg (NGR), binds to aminopeptidases (like CD13), which are
expressed on endothelial cells of angiogenic blood vessels. NGR-
targeted liposomes loaded with doxorubicin were used to treat
orthotopic neuroblastoma xenografts in mice. The increased therapeu-
tic effect of the liposomes was manifested through the damage of the
tumor vasculature, which most likely led to an enhanced EPR effect.
This resulted in a higher accumulation of doxorubicin in the interstitial
space of the tumor and thus to a tumor mass reduction compared to
naive or vehicle control mice injected with HEPES buffer or non-
targeted liposomes (four of six mice showed a complete tumor reduc-
tion, the two others presentedwith N80% of tumormass reduction com-
pared to controls) [192,193]. A related study investigated the impact of
vascular targeting ligand density on the surface of liposomes. Liposomes
loaded with Omnipaque® (i.e. an iodine-based CT contrast agent) and
surface-functionalized with different amounts of NGR peptides were
injected into mice bearing squamous cell carcinoma xenografts
(H520), and the tumor accumulation was visualized and quantified
via CT imaging. Although both targeted formulations showed the
same pharmacokinetic behavior in the blood, the formulation with the
lowest amount of NGR (0.64 mol% vs. 2.56 mol%) presented with the
highest tumor accumulation, compared to the one with a higher NGR
concentration and the non-targeted controls (28% ID/g tumor vs. ~18%
and 13% at 48 h after injection). The authors assumed that decreased
stability, binding affinity and/or slower convection through the tumor
may have caused these finding [194].

5.2. Intravascular release

A second important strategy to bypass EPR-based tumor accumula-
tion is via triggering intravascular drug release within tumors by apply-
ing local external stimuli. The triggered release causes a high local
concentration of free drug molecules, which can penetrate into the
tumor via passive diffusion, almost independent of enhanced vascular
leakiness and EPR. Different physical stimuli, especially hyperthermia
and US [125,126,195–198], have been employed for the triggered intra-
vascular release of drugs from carriermaterials. The high local drug con-
centrations availablewithin the vasculature upon triggered drug release
and the physiological effects induced locally within tumors as a result of
the applied physical stimuli (i.e. inducing/enhancing EPR; see Section 3)
can act additively or even synergistically to improve therapeutic
efficacy.

Temperature-sensitive liposomes are prototypic nanomedicine for-
mulations for stimuli-responsive intravascular drug release and are typ-
ically used in combination with mild hyperthermia (39–42 °C).
Hyperthermia, which can be induced via radiofrequency ablation or
via focused US application, leads to drug release via a phase transition
of the lipid layer of the liposomes. This approach has been extensively
investigated in mice, rats and rabbits [199,200] and it has shown clear
benefits as compared to the administration of free drugs or standard li-
posomes in multiple different tumor models, including cervical, lung
and breast cancer [201]. As a result, hyperthermia combined with
temperature-sensitive liposomes has been successfully translated to
the clinic.

In a phase I clinical trialwith lysolipid-based thermosensitive liposo-
mal doxorubicin (LTLD; ThermoDox®) in combinationwithmild hyper-
thermia through radiofrequency ablation, patients with chest wall
recurrence of advanced breast cancer received 6 cycles of ThermoDox®
followed by mild hyperthermia. The treatment was well tolerated and
no dose-limiting cardiac toxicity was observed. The overall local re-
sponse rate was 48%, with 17% of the patients achieving a complete
local response [202,203]. The effect of ThermoDox® combined with ra-
diofrequency ablation (RFA) treatment was further evaluated in hepa-
tocellular patients in a phase III clinical trial, named HEAT study,
which could not show an improved therapeutic outcome compared to
standard therapy [204]. The reasons for this rather unexpected finding
might be a lack of standardization and the inclusion of too many study
sites. In an adapted clinical trial called OPTIMA, which is an advanced
phase III trial, researchers are now aiming to overcome the hurdles of
the previous HEAT study to prove the effectiveness of ThermoDox®
[241]. The potential use of therapies with intravascular drug release in
combinationwith local hyperthermia allows bypassing the high hetero-
geneity in EPR in patients which are not amenable for sole EPR-based
therapies.

6. Imaging EPR-based tumor targeting

The high heterogeneity in EPR between individual patients is more
and more being considered as one of the major bottlenecks for
nanomedicine formulations during their translation into the clinic. It is
clear that the inclusion of patients with high vs. low levels of EPR in a
clinical trial will lead to very different therapeutic outcomes, and may
only show superiority in comparison to gold-standard treatments if
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patients showing sufficiently high levels of EPR-mediated accumulation
can be pre-selected. Therefore, analogous to the development of patient
pre-selection tools, like those used in case of e.g. trastuzumab (immuno-
histochemical staining of the HER2 receptor; using Herceptest®),
probes and protocols are required to perform patient pre-selection for
nanomedicine formulations, considering factors, such as vascular leaki-
ness and perfusion, macrophage content and ECM density. In such an
imaging-based EPR assessment, a high tumor accumulation of a given
nanomedicine is assumed to correlate with an increased antitumor re-
sponse. Vice versa, if patients do not show sufficiently high levels of
EPR, they are unlikely to show a good response. To visualize and quan-
tify EPR-mediated tumor targeting and the evolvement of the EPR effect
during therapy via non-invasive imaging techniques, two major direc-
tions can be taken, i.e. indirect and direct imaging.

6.1. Indirect EPR imaging

The idea behind indirect EPR imaging is to non-invasively visualize
and quantify tumor characteristics, which correlate with the accumula-
tion of nanomedicines. Several preclinical studies have been published
which look at key EPR-determining parameters of the tumor vascula-
ture [205], and which correlate them with the accumulation and/or ef-
ficacy of nanomedicines. In an exemplary preclinical studyperformed in
our own lab, the relative blood volume (rBV) in tumors was assessed
using contrast-enhanced US imaging, and rBV values were correlated
with the tumor accumulation of HPMA-based polymeric drug carriers.
A decent positive correlationwas observed, supporting the fact that im-
aging vascular parameters such as the rBVmay be useful to predict EPR-
mediated tumor targeting [123]. Another interesting recent study in
this regard was published by Coll and colleagues, who acquired MRI
scans to characterize several tumor models and correlated parameters
such as rBV and vessel permeability with the accumulation of
fluorophore-labeled nanocarriers to detect suitable biomarkers for
EPR-based nanomedicine accumulation [206]. Applying multi-modal
imaging (MRI, μCT, US, microscopy), Sulheim and colleagues correlated
the accumulation of polystyrene nanoparticles in different tumor
models e.g. with the functionality of tumor vessels measured via the in-
flow of microbubbles using US [207]. However, using such indirect im-
aging biomarkers implies that we have to rely on one additional
correlation and one additional source for variability, i.e. (1) tumor vas-
cularization which correlates with nanomedicine accumulation, and
(2) nanomedicine accumulation which correlates with treatment re-
sponse. Direct EPR imaging, where the tumor accumulation of compan-
ion nanodiagnostics or nanotheranostics (i.e. nanocarriers co-loaded
with both a drug and an imaging agent) is directly visualized and quan-
tified, therefore seems to be preferred [208–210].

6.2. Companion nanodiagnostics

An interesting intermediate option, i.e. between indirect vascular
imaging and direct nanotheranostic imaging, relies on the use of com-
panion nanodiagnostics. In a recent preclinical study, Mulder and col-
leagues presented a so-called PET nanoreporter, which can serve as a
companion diagnostic for PEGylated liposomes containing chemothera-
peutics, such as Doxil®. Liposomes with highly similar physicochemical
properties as compared to Doxil® were synthesized, and loaded with
chelators allowing for 89Zr-labeling and therefore PET imaging
(Fig. 5A). The tumor concentration of the companion nanodiagnostic
and the nanotherapeutic correlated very well, especially also in tumors
with delayed growth kinetics. Thus the 89Zr-labeled nanodiagnosticwas
proposed to be able to foresee the therapeutic outcome in individual tu-
mors by predicting accumulation of the nanomedicine formulation
(Fig. 5B). As nanoreporter and doxorubicin concentrations in tumors
also correlated relatively well with therapeutic efficacy, tumors likely
to show a good therapeutic response may thus be pre-identified using
this PET nanoreporter. Importantly, it could also be shown that the
target site accumulation of the liposomal companion diagnostic corre-
lated with the tumor localization of other nanomedicine formulations,
such as PEG-PLGA nanoparticles, arguing for the development of
broadly applicable companion nanodiagnostics [211].

In a similar preclinical setup, Lee et al. labeled diagnostic PEGylated
liposomes with 64Cu to predict the tumor accumulation of drug-
containing liposomes in multiple different solid tumor models in mice
(Fig. 5C) [212]. It was found that the accumulation of the 64Cu-
containing companion diagnostic liposomes corresponded well with
the target site deposition of three different therapeutic liposomes. The
macrodistribution and target site accumulation of the liposomal formu-
lations, regardless of whether they were actively targeted or not, corre-
lated with the accumulation of the companion nanodiagnostic.Without
further investigation of the intratumoral microdistribution of the lipo-
somes, the classification of tumors into high vs. low levels of accumula-
tion was found to be sufficient to predict whether or not the tumor
would respond to nanomedicine therapy (Fig. 5D) [212].

A very pragmatic companion nanodiagnostic approach has been
tested by Weissleder and colleagues, who employed the clinically ap-
proved iron-replacement agent ferumoxytol (Feraheme®; a ~30 nm-
sized semi-long-circulating iron oxide nanoparticle which generates
MRI contrast), to predict the accumulation of polymeric nanoparticles
encapsulating docetaxel. Even though the companion nanodiagnostic
and the therapeutic nanoparticle were different in terms of size and
composition, a N85% accuracy of co-localization in the tumormicroenvi-
ronmentwas reported. Based onMRImeasurements, tumors with high,
medium and low ferumoxytol accumulation could be differentiated. In
line with the accumulation of ferumoxytol, the highest docetaxel con-
centrations and the best tumor response were observed in the group
of high ferumoxytol accumulating tumors [213].

Extending these efforts, in a first of its kind clinical trial, Merrimack
Pharmaceuticals employed ferumoxytol as companion nanodiagnostic
in patients, to evaluate if its tumor accumulation correlates with antitu-
mor responses observed in mixed solid tumor patients treated with the
recently approved liposomal irinotecan formulation Onivyde® [214].
MRI measurements were acquired at several different time points (i.e.
pre, 1 h, 24 h and 72 h after the i.v. injection of ferumoxytol; Fig. 5E)
and they were correlated with irinotecan concentrations in biopsies
(whichwere taken 72 h after Onivyde® injection). It was found that tu-
morswith an above-median ferumoxytol accumulation showed a better
therapeutic response upon Onivyde® treatment compared to patients
with a below-average accumulation of ferumoxytol (Fig. 5F). It is inter-
esting to note in this regard that ferumoxytol concentrations in tumors
at 1 h after i.v. injection gave the best associationwith lesion size reduc-
tion. If this finding is confirmed in other patients (and in other cancer
types and study setups), this companion diagnostic approach,which re-
lies on the repurposing of an already approved iron replacement nano-
agent, would facilitate the clinical implementation of such imaging-
based screening procedures, as the nano-diagnostic is available off the
shelf, and as imaging can be performed almost immediately upon con-
trast agent administration, which is very pragmatic from a translational
point of view. Further studies based on the same rationale and on a sim-
ilar study-setup therefore seem to be strongly warranted.

6.3. Nanotheranostics for direct EPR imaging

The final and arguably most accurate approach to image the EPR ef-
fect and correlate imaging information with therapeutic outcome relies
on the use of nanotheranostics, i.e. the combination of diagnostic and
therapeutic agents within a single nanomedicine formulation. In this
case, the quantification of imaging information enables the direct as-
sessment of the amount of nanoparticles (and drug molecules) deliv-
ered to tumors. Merrimack Pharmaceuticals recently reported a study
in which 64Cu-labeled HER2-targeted PEGylated liposomes containing
doxorubicin were used to evaluate the EPR effect in patients with pri-
mary and metastatic breast cancer tumors (Fig. 5G) [215]. They



Fig. 5. Imaging EPR to predict nanomedicine response. A: Mouse study with a Zirconium-89-labeled liposomal PET nanoreporter showing highly heterogeneous tumor accumulation in
individual animals. B: Relative tumor increase in different 4 T1 tumor-bearing mice showing that the extent of tumor accumulation correlates with antitumor efficacy (A-B: adapted
from [211]). C: PEGylated liposomes were labeled with a fluorophore and with a 64Cu PET-tracer to follow their tumor accumulation. Left image shows HER2-targeted doxorubicin
liposomes in fluorescence microscopy, right image shows liposomes labeled with the PET-tracer. D: The accumulation of the companion diagnostic liposomes correlates with
antitumor reponse, showing the smallest tumor volume changes for tumor with the highest levels of liposome accumulation (C–D: adapted from [212]). E: Color-coded MR images of
patients before and after administration of the companion diagnostic ferumoxytol (FMX), allowing for quantification of nanoparticle tumor (encircled) accumulation. F: Clinical
outcomes show that a high degree of FMX accumulation in tumors (i.e. above median; high EPR) corresponds to better therapeutic outcome, as exemplified by an overall decrease in
average tumor size (E-F: adapted from [214]). G: PET-CT images exemplifying the accumulation of 64Cu-labeled HER2-targeted PEGylated liposomes loaded with doxorubicin in breast
(left) and brain (right) tumor lesions. H: Correlation between liposome accumulation at the pathological site(s) and progression-free survival, showing that patients with higher
uptake tend to present with better outcomes (adapted from [215]).
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analyzed liposome accumulation in multiple lesions via quantitative
PET imaging, and they also took biopsies, to determine doxorubicin con-
centrations in tumors and metastases, and then correlated these find-
ings with therapeutic outcome (Fig. 5H). Despite the fact that they
showed an on average higher chance of progression-free survival
when at least 1.2 μg doxorubicin per gram target tissue was present in
all tumor lesions in a patient, they did not manage to find a strong cor-
relation between the lowest lesion uptake value and progression-free
survival. Based on these results, it seems that the treatment response
is not only influenced by the mere amount of drug accumulating at
the target site (which is highly heterogeneous in between patients
and also in different lesions within the same patient), but also on
other aspects, like intratumoral distribution, cellular uptake, drug re-
lease and sensitivity to drug. This is in line with the finding that the
overall tumor accumulation of a nanomedicine formulation generally
does not improve upon active targeting, while its intratumoral distribu-
tion may benefit, as a result of more target cell uptake and less macro-
phage uptake [216,217]. Although the authors state that even one not
responding lesion can drive disease progression and therefore chose
the lowest lesion uptake as the deciding parameter [215], it may be



30 S.K. Golombek et al. / Advanced Drug Delivery Reviews 130 (2018) 17–38
more convincing to additionally include the averaged accumulation
over all lesions in a single patient. Furthermore, parameters which
take the intratumoral micro-distribution into account, e.g. penetration
depth or homogenous distribution, may improve the accuracy of
the prediction. It will be interesting to see, which set of parameters
will be established in the clinic to differentiate responding patients
from non-responders. Another option could be the identification of
the key reason for low accumulation in a tumor lesion (e.g. vessel- or
microenvironment-related; via indirect imaging) followed by a suitable
co-treatment (e.g. one of the strategies discussed above; see Section 2:
enhancing EPR), to improve nanomedicine accumulation, penetration,
intratumoral distribution and retention.

The above-mentioned examples show that several imaging tools
and technologies are available to capture the heterogeneity in EPR-
based tumor targeting, and that imaging biomarkers hold potential to
guide clinical trials that evaluate the efficacy of nanomedicine formula-
tions. The different indirect and direct imaging approaches each have
their own advantages and limitations, in terms of their predictive
power, versatility and clinical translatability. Whereas indirect imaging
strategies might be the least accurate, they can be quite versatile
and their clinical translation is rather straightforward. Analogously,
repurposing of clinically approved and imageable nanoparticles
like ferumoxytol can speed up the establishment of companion
nanodiagnostics for patient pre-selection. Vice versa, nanotheranostic
agents may be the best option to really accurately predict the perfor-
mance of a given nanomedicine formulation. In that case, however, a
new chemical entity (i.e. a chelator) has to be introduced into each
nanotherapeutic formulation, to allow for radiolabeling, implying that
each of these formulations again has to go through the complete set of
preclinical and clinical toxicology experiments, to ensure the safety of
this new chemical. This, of course, is more cumbersome as compared
to off-the-shelf companion diagnostic approaches such as those based
on e.g. ferumoxytol. If we manage to extend and expand some of the
abovementioned efforts, future studies will teach us which levels of ac-
curacy and specificity are required to assess EPR-mediated drug
targeting to tumors, and which parameters are useful to predict if pa-
tients are likely to respond to EPR-based nanomedicine therapies.

7. Summarizing discussion

The highly variable nature of cancer, which is a result of various ge-
netic mutations and its localization at different tissues throughout the
body, leads to an enormously high heterogeneity in the composition
of tumors, in the EPR effect on these tumors, and in the antitumor re-
sponses of therapeutic agents which are achieved. Therefore, when
aiming to develop nanomedicines for clinical use, the heterogeneity of
the EPR effect has to be taken into account, and strategies have to be de-
veloped to overcome this obstacle.

As described in the sections above, part of this can be accomplished
by enhancing, combining or bypassing the EPR effect. Enhancement can
be achieved using pharmacological or physicalmeans,which can e.g. in-
crease vessel perfusion or permeability, thereby allowing for increased
nanomedicine accumulation at pathological sites. Approaches to bypass
EPR include vascular targeting aswell as triggered intravascular drug re-
lease. These techniques combine the beneficial pharmacokinetic and
biodistributional properties of nanomedicines with the penetration
ability of drugs locally released within the tumor vascular bed upon ap-
plying external stimuli, which can enable EPR-independent drug ex-
travasation and penetration. Furthermore, imaging of the EPR effect in
(different lesions in) individual patients can be employed to personalize
nanomedicine treatments. Indirect imaging biomarkers, such as
tumor perfusion or the relative blood volume (rBV), are one way to
predict EPR-based nanomedicine accumulation. Direct imaging bio-
markers are based on the use of companion nanodiagnostics or
nanotheranostics. Patients with tumors having low levels of EPR could
be identified prior to therapy and measures could be taken to modulate
the EPR effect. Such a patient pre-selection would facilitate the clinical
translation of nanomedicine formulations, employing the observed
level of tumor accumulation as a biomarker to decide if patients should
be included in clinical trials. Properly pre-selected patient populations
will lead to improved response rates, fostering progression through
the different phases of clinical evaluation, resulting in a higher number
of approved nanomedicine products reaching the market [218].

It is of high importance to consider the variable nature of cancer not
only in the clinic but also already in preclinical studies. The typically
used models in preclinical research are based on relatively simple
(and overly homogenous) cell line-based xenografts, which rely on
the inoculation of human tumor cells in immuno-compromised mice.
These models are well established for preclinical research, with numer-
ous different cell lines available. However, these tumor models are
highly homogenous compared to tumors in patients, also because the
inoculated tumor xenografts are all part of the same sub-clone, which
leads to a lower degree of intratumoral heterogeneity. Furthermore, tu-
mors in mice have a smaller absolute size as compared to most patient
tumors when they are detected, but they aremuch larger, i.e. in relation
to total body-size. Murine tumors also often lack the humanmicroenvi-
ronment and stromal composition, which might be due to the very dif-
ferent growth kinetics, i.e. usually days to weeks inmice versus months
to years in humans. Additionally, metastasis is often neglected in tumor
xenografts.

The use of immuno-deficient mice is another shortcoming. It has
been shown that the immuno-status affects the EPR effect, with
nanomedicine accumulation being lower in mice lacking a proper im-
mune system [219,220]. Thismay be due to alteredmacrophage density
and activity in immuno-compromised animals, but the exact reasons for
this are not known. While the meta-analysis addressing this compari-
son presents with fairly high variability, it can be clearly observed that
nanomedicine accumulation is lower in immuno-deficientmice as com-
pared to immuno-competent mice [219] (Fig. 6A). Additionally, a sec-
ond meta-analysis reported in the same paper shows the
accumulation of liposomes and micelles in tumors induced at different
locations (i.e. subcutaneous, orthotopic and metastases) indicating
that also tumor location plays a key role, with a tendency for higher ac-
cumulation in orthotopic tumors (Fig. 6B). It has to bementioned, how-
ever, that also in this case, variability was very high [219]. Further
differences between mice and patients which may be affecting the ex-
tent of the EPR effect (and therapeutic response) are listed in Fig. 6C,
stressing e.g. that tumors are typically induced in mice at very young
age and develop rather fast, while in humans, tumors generally develop
at old(er) age and progress over years. Therefore, newand advanced an-
imal models are needed to overcome at least some of the limitations of
the rodent models we routinely work with. These new and superior
models should ideally display a more heterogeneous and thus more re-
alistic version of the clinical situation [221]. Highly advanced and more
realistic animal models can be obtained via chemically induced tumors
or transgenic mice and have led to important findings regarding the de-
velopment of tumors, but they are difficult to implement in drug
targeting and therapeutic efficacy experiments, for multiple reasons, in-
cluding spontaneous tumor formation (which requires extensive mon-
itoring using e.g. imaging) and highly different growth kinetics of
tumors [222].

To tackle the abovementioned issues, model systems have to be
established and implemented which can deliver more representative
results in a pragmatic manner. Among these systems, organoids and
patient-derived xenografts (PDX) are the most attractive alternatives
for preclinical research, as they allow for the regrowth of human tumors
in vitro and in vivo. The tumor cells are harvested via biopsy or surgery,
and upon growth in organoids or PDXmodels,most of the tumor stroma
features and structures are still intact [223,224].

Organoids, which are becoming increasingly popular in basic and
translational cancer research, require a scaffold mimicking the ECM to
enable the three-dimensional growth of patient-derived tumor cells



Fig. 6. Limited clinical translation: the role of (s.c.) cancer xenograft models. A-B: EPR-based tumor accumulation of different nanomedicine formulations in immuno-competent versus
immuno-compromised mice. As compared to immuno-compromised animals, immuno-competent mice tend to show increased accumulation. The location of xenograft tumors also
impacts nanomedicine accumulation (adapted from [219]). C: Schematic overview of discrepancies between typically used preclinical tumor xenograft models and the real-life clinical
situation. D: Comparing histology for a human primary tumor, its PDX model and the traditionally used cell line-based xenograft tumor model illustrates the fairly high similarity
between the primary tumor and the PDX model, and the fairly low similarity between the primary tumor and the cell line-based xenograft tumor model (adapted from [232]).
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and allow for anextensive genetic characterization of tumor cells gained
from patient probes [225,226]. They are highly useful for drug pre-
screening [227] and thus for a potential selection of a beneficial combi-
nation treatment for certain tumor types. Promising results were re-
ported especially for colorectal cancer, where a biobank - with
organoids developed out of 20 patients with characterized RNA expres-
sion profiles and in which over 40 drugs were tested - could be
established [228,229]. Upon sequencing, it was found that this biobank
included themajority of known subtypes of colorectal cancer and that it
thusmimicked the heterogeneity which is typically observed in thema-
jority of patients, presenting a considerable advantage over drug
screenings which are performed only in several selected cell lines. In re-
cent clinical trials, researchers have started to implement liver and pan-
creatic cancer organoids in their work flow, allowing to compare
healthy and tumor cells regarding genetic and cellular features and to
screen drugs using in vitro models [230]. Organoids are also being
employed for treatment prediction of e.g. esophageal cancer on neoad-
juvant chemoradiotherapy to identify likely responding patients and to
switch to other treatment options for likely non-responders [231].

Analogously, recent studies have underlined the potential of PDX
models by showing that histological characteristics, such as collagen I
patterns of the primary human tumor, are well displayed in a regrown
PDXmodel in mice, especially if this approach is compared to a simpli-
fied cancer cell line-derived xenograft model (Fig. 6D) [232]. Using pan-
creatic cancer PDX models, the impact of secreted protein acidic and
rich in cysteine (SPARC) on the accumulation of nab-paclitaxel
(Abraxane®) was studied in SPARC-positive versus SPARC-negative
mice, and surprisingly it was found that nab-paclitaxel delivery is not
relying on SPARC [233]. To verify the predictive value of PDX models
inmice, ongoing clinical trials are focusing on drug screening or the col-
lection of samples from triple negative breast cancer patients before and
after neoadjuvant chemotherapy, to evaluate a potential correlation of
treatment response in patients and in the corresponding PDX mouse
models [234,235]. No results are published yet, but it is clear that the
outcome of these studies is eagerly awaited.

While the use of PDX models appears to be beneficial, better mim-
icking the targeting and therapeutic situation in patients, there are
also drawbacks, as PDX models require immuno-compromised mice
to be able to grow. Tumor nanomedicine accumulation patterns differ
in immuno-compromised versus immuno-competent mice, a mixed
tumor stroma composed of human and murine cells will be developed,
and also potential interactions between tumor cells (nanomedicine for-
mulations) and T cells are neglected [236]. In this context, it would be of
great interest to increase the availability of immuno-competent mice
with a humanized immune system, to narrow the gap between patients
and PDX models, and to allow for more detailed and more informative
(nano-) immunooncology studies [237].

Within the framework of this review, we propose to start thinking of
setups where organoids and PDX models are more extensively inte-
grated in nanomedicine research. We suggest to implement organoids
and PDX models to characterize a patient's tumor and to investigate
which kind of treatment would be most promising (Fig. 7). Organoids
can serve to identify the most effective drug or the most effective
combination of drugs and might also give first insights into the



Fig. 7.Use of organoids and PDXmodels to promote translational (nanomedicine) research. Tumor cells harvested via biopsies can be used for the development of organoids aswell as for
PDXmodels. Organoids enable drug screening and cytotoxicity studies, while PDXmodels allow for in vivo drug accumulation and treatment response studies.When performed together,
these setups may help to perform more efficient and more predictive preclinical research, and they may assist in identifying the right (nano-) drug treatment for the right patient.
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pathophysiology of tumors. The use of PDX models not only allows
to study parameters such as themicroenvironment and the vasculariza-
tion of the tumor, but also the accumulation of drugs and
nanomedicines leading to a therapy suggestion and indication on the
extent of the EPR effect. The impact of EPR-enhancing treatments
could be evaluated in tumors presenting a low EPR effect and the effi-
ciency of the treatment can be analyzed using therapy experiments.
However, there are major drawbacks translating organoids and PDX
models into the clinic, mainly the time- and labor-intensive workflow
and the low engraftment rates. The period between the biopsy and
the final results may be too long to be beneficial for the individual pa-
tient. Therefore, a set-up of PDX libraries where scientists share infor-
mation regarding the tumor type of the patient and the outcome of
their experiments might be needed to facilitate an appropriate choice
of therapy in the next generations of patients.

Last but not least, a key obstacle which has to be addressed when
aiming to rapidly and efficiently translate a promising (nano-) thera-
peutic from the bench to the bedside relates to the way how we are
conducting time-, labor- and cost-intensive clinical trials. In this context,
the planning should start not with the clinical trial but already with the
design of a new nanomedicine formulation, which should aim at a clear
application, including a specific disease, with a high medical need, with
a clear commercial potential, and with the proper screening tools to se-
lect the right patients (e.g. EPR-imaging, organoids, PDXmodels) [238].
Academic groups can unfortunately only play a minor role in the trans-
lation into the clinic, as most of them will – if at all – be only able to
sponsor early phase exploratory studies which look for safety and
clues of efficacy in small numbers of (often heavily pre-treated)
patients. The pharmaceutical industry is needed for larger and later-
stage trials, as well as for commercialization. To lower the costs of clin-
ical trials, and to make themmore efficient, the implementation of clin-
ical trials with a lower, but carefully preselected number of patients to
fulfill the needed requirements for FDA approval would be highly desir-
able, as is thoughtfully discussed by Workman and colleagues [239].
Pre-selection increases the chance for positive treatment responses; in
the case of nanomedicine e.g. via use of imaging biomarkers to assess
EPR-based accumulation in tumors and metastases. The downside of
careful and critical patient pre-selection is that it can have a substantial
impact on the duration of the clinical trials. Conversely, however, it may
also lead to reduction in the trial arm size, resulting in overall cheaper
trials, with higher predictive value. This would altogether lead to less
variability, since the patient population will be better defined and in a
way more homogenous. However, while this conduct will increase the
success rates of clinical trials, it will also decrease the market size, thus
raising the risk of making the drug less attractive for pharmaceutical in-
dustries from a commercial point of view.

Taken together, the high inter- and intra-individual heterogeneity of
the EPR effect may be a key reason for explaining the relatively moder-
ate clinical performance of nanomedicine formulations to date. As a
consequence, the outcome of clinical nanomedicine trials is often less
good than anticipated on the basis of preclinical experiments, which
are typically performed in relatively homogenous mouse models. It is
therefore crucial to better understand the pathophysiological character-
istics which contribute to the EPR effect andwhich affect the accumula-
tion, penetration, distribution, retention and efficacy of nanomedicine
formulations. Additionally, nanomedicine formulations have to be
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developed while keeping clinical translatability firmly in mind. This not
only entails optimization of size, drug loading and drug release, but also
biocompatibility, pharmaceutical upscaling and batch-to-batch repro-
ducibility, as well as imageability. A more rational and realistic design
of nanomedicines, and an optimization of clinical trial design in which
nanomedicines are being tested (e.g. via integration in combination reg-
imens or via a pre-selection of the right patient subpopulation)will lead
to more efficient clinical translation, to more approved nanomedicine
drugs and to enhanced patient responses.
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