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Abstract: At the Nanomedicine Innovation Center (NICE) at the Erasmus MC in Rotterdam, we
have approached the treatment of cancer by starting with a vision of first establishing a platform
that enables us to overcome the low levels of drugs delivered to tumors and the issue of dose-limit-
ing toxicity. Showing that a reduction of the volume of distribution, and a lowering of toxicity and
side-effects, accompanied by augmented intratumoral drug delivery, could change outcomes in pa-
tients, paved the way to target, not only localized disease, but also systemic and metastasized can-
cers. In particular, the detailed studies with intravital microscopy we performed at NICE provided
us with the necessary insights and affected to a large extent our program on liposome-based cancer
therapy. Together with our experience with the loco-regional treatment of cancer, this helped us to
develop a program that focused on the subsequent aspects discussed here. We recognized that pas-
sive accumulation of nanoparticles was not as effective as previously believed and undertook to
improve the local accumulation by changing the tumor pathophysiology and, in particular, the vas-
cular permeability. We added the targeting of liposomes using vascular and tumor directed moie-
ties, to improve cellular drug delivery. To improve payload delivery, we studied the modification
of liposomes with phospholipids that help passive drug release and augment cellular accumulation.
Second, and importantly, modification of liposomes was undertaken, to enable triggered drug re-
lease. The capability for modifying liposomes to respond to a trigger, and the ability to now apply
an external trigger (e.g., hyperthermia) and specifically reach the tumor volume, resulted in the
current smart drug delivery systems. Our experience at NICE, after a few decades of research on
lipid-based nanoparticles, shows that, after the first liposomal formulation registered for clinical
application in cancer therapy, further developments quickly followed, while further clinical appli-
cations lagged behind. Now we need to focus on and make the next steps towards the clinic, to fulfil
the promise that is found there.

Keywords: liposomes; hyperthermia; active targeting; vascular targeting; vascular
permeabilization; intravital microscopy; temperature sensitive liposomes; cancer therapy;
drug delivery; smart drug delivery system; The Netherlands

1. Introduction

According to a global report, the population of cancer patients in the world is ex-
pected to increase to 22 million by 2035 [1]. Despite the development of surgical proce-
dures and combined radiation-based therapies, clinical application and treatment results
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indicate that chemotherapy is increasingly used as the common approach for cancer treat-
ment. However, the success of chemotherapy depends on several factors, such as the dose,
toxicity, personalized care, optimal drug regimens, access to the tumor site, and drug tar-
geting [2,3]. An important aspect of chemotherapeutics is the unfavorable efficacy to tox-
icity ratio. Chemotherapy is typically associated with severe side effects, which not only
have unfortunate consequences for the standard of living of patients, but also preclude
higher dosing, to compensate for the relatively poor accumulation of chemotherapeutics
at the target site, i.e., the tumor.

Formulating chemotherapeutics in nanoparticles is considered a promising approach
that, not only makes administration of poorly water soluble compound possible [4], but
also improves drug delivery to tumors and reduces the adverse side effects associated
with cytotoxic chemotherapeutics [5-7]. Improved pharmacokinetics, and consequently
reduced side effects [4,6-10], stabilizing the payload [11-13], and the possibility of the co-
delivery of different compounds in one nanoparticle are the key benefits of nano-drugs,
particularly liposomes, that have emerged in the clinic. However, it is now generally ac-
cepted that the clinical advantage of nanomedicine is the more manageable post-treatment
side effects and not necessarily an improved anti-tumor response [14,15].

Since Maeda and his co-workers reported that nano-sized particles could preferen-
tially extravasate into tumor interstitium because of the leaky tumor vasculature and re-
main there, due to the lack of a functional lymphatic drainage system [16], this phenome-
non, also known as enhanced permeation and retention effect (EPR), has become the cor-
nerstone of the design and application of nanomedicines to treat cancer. Since 1960, more
than 59,000 original research papers on the use of nanocarriers have been published, of
which more than 1600 are traceable in the Netherlands.

Unfortunately, the heterogeneous nature of tumors, not only between different tu-
mors [17], but more importantly within an individual tumor [18,19], makes EPR based
drug delivery less reliable. Strikingly, a considerable part of the research done today on
nanoparticles for drug delivery relies on the EPR as a means to reach individual tumor
cells. Other factors related to the tumor microenvironment formulation of nanoparticles
have also added to the controversy surrounding the use of NPs for drug delivery; while a
stable composition and stealthiness is desired, to promote the pharmacokinetics of chemo-
therapeutics in long circulating nanoparticles, these two characteristics hamper cellular
drug delivery, due to a limited drug release and/or poor interaction and uptake of nano-
particles by the targeted cells. These observations prompted the nanomedicine commu-
nity to explore other alternative approaches to improving cellular drug delivery or to by-
passing the EPR, for a more effective targeting of tumors [20-22].

At the Erasmus Medical Center, the Nanomedicine Innovation Center Erasmus
(NICE) is particularly involved in research towards improving drug delivery to tumors;
either through manipulation of the tumor microenvironment, through surgical ap-
proaches, or by using smart drug delivery systems, mostly focused on liposomes (Figure
1). An important surgical-based development was the application of so-called isolated
limb perfusion (ILP), where only the part of the body that contains the tumor is exposed
to the chemotherapeutic. This is achieved by surgical separation of the limb with the to be
treated tumor from the rest of the body for the duration of the treatment.

Since the introduction of liposomes as a drug delivery system by Gregory Gregori-
adis in the early 1970s, liposomes have become one of the most well studied drug delivery
systems [23]. Their ease of preparation and modification, biocompatibility, biodegradabil-
ity, low immunogenicity, and simultaneous transport of both hydrophilic and lipophilic
compounds make liposomes a versatile drug delivery system, with several commercial-
ized products, such as liposomal doxorubicin (Doxil®, Janssen, PA, USA), liposomal vin-
cristine (Marqibo®, Acrotech Biopharma, NJ, USA ), Liposomal irinotecan (Onivyde®, Ip-
sen Biopharmaceuticals, Paris, France), and liposomal daunorubicin plus cytarabine (Vyx-
eos @, Jazz Pharmaceuticals, Athlone, Ireland). Since 1980, there has been a growing num-
ber of scientific studies performed in the Netherlands using liposomes to treat various
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cancers (Figure 1). The Nanomedicine innovation Center Erasmus (NICE) has also been
involved in the development of different liposome-based drug delivery systems to treat
cancer (Table 1).
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Figure 1. Chronological increase in the scientific attention on liposomes for cancer therapy in the
Netherlands, Erasmus Medical Center, and the Nanomedicine Innovation Center Erasmus (NICE),
based on reports from Scopus, PubMed, and Web of Science sites.

Table 1. Different liposomal formulations studied at the Nanomedicine Innovation Center Erasmus

(NICE).
Formulation Composition Encapsulated = Study Cell Line Tumor Model Function Ref
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like single-chain

antibody
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Despite the favorable responses in vitro and in vivo, multidisciplinary approaches to
treating cancer with a more uniform drug distribution appear challenging. Here at NICE,
we have implemented multifaceted strategies (Figure 2) and have taken effective steps in
this direction, which will be discussed further below. In this review, we place our
endeavors in the context of other developments with respect to nano-sized liposomal drug
delivery systems for the treatment of cancer.
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Figure 2. Multifaceted strategies employed at the Nanomedicine Innovation Center Erasmus to
improve the efficiency of drug delivery to malignant cells.
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2. Visualizing the Intratumoral Fate of Nanomedicines by Intravital Microscopy

Pharmacokinetics and dynamics, by measuring drug or lipid contents, are in general
assessed in the blood and the entire tumor and organs of interest. However, measuring
the overall drug and/or nanocarriers content does not necessarily reflect the intratumoral
behavior or correlate with tumor response. In order to become active, an encapsulated
payload needs to dissociate from the carrier, to become bio-available and then reach and
interact with its target. For instance, doxorubicin (DXR) needs to enter the cell nucleus
and intercalate with DNA to induce its main effect. In vitro evaluation of carriers, and the
uptake and release of drugs, can be performed using live cell imaging, in which the
process is carried out in living cells; as a detailed time-lapse can be made, without fixation
artifacts [44]. To explore the fate of nanoparticles and their contents, in vivo intravital
imaging is used at the Erasmus MC. Intravital imaging of a tumor implanted in an animal
is an excellent tool for observing the real-time and longitudinal tumoral fate of the carrier,
released drug, or other biological phenomenon taking place in a tumor, in a 4D (XYZ,
spatial dimensions, and T, time dimension) manner. This technology has distinct
advantages, as it allows high-resolution and continuous imaging over hours and even
days, without further interference. Drugs, nanocarriers, tumor cells, and even normal
cells, by using transgenic animals, can be given a fluorescent marker, creating an entire
field of possibilities for in-detail imaging. At NICE, we employ an adapted dorsal skinfold
chamber, with a tumor implanted in transgenic mice that have fluorescent labels in the
cells of the vasculature [45-47]. Briefly, the skin flap of the animal is sandwiched and
immobilized between two frames, using screws and sutures (Figure 3). In the front
window, a transplantable area is created, by removing the skin and muscle layer and
exposing the fascia, in which a tumor cube of 1 mm? is implanted. The frames are closed
off from the environment with a cover glass, and the tumor and tumor-associated
vasculature develops and grows in this area. Blood flow is made visible using a bright
field; however, small molecules such as Hoechst or larger particles such as fluorescent-
labeled dextrans can also be injected, to allow a distinction between functional blood
conducting vessels and still developing or necrotic vessels, and the permeability of the
tumor-associated vasculature [46,48,49] (Figure 3). Cytotoxic agents can be fluorescently-
labeled, and various known chemotherapeutics, such as doxorubicin, idarubicin, and
mitoxantrone, and the model drug carboxyfluorescein, are intrinsically fluorophores
[24,50-52]. Moreover, using different fluorescent lipophilic markers, such as rhodamine-
PE, topfluor-PE, NBD-PE, DiD, or DiO, the nanoparticle itself can be made fluorescent
[35,53,54]. Importantly, as can be seen in this review, intravital imaging allows for the
imaging of the tumor and surrounding tissues as a whole; and because of the optimization
of the window and microscope setup, processes in the living mouse can be studied at a
subcellular level. Together, this gives insights into the pharmacokinetics, intratumoral
kinetics, interactions with cells, and intracellular processing and trafficking of the
nanosystem and drug.
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T =1 hour after administration

Endothelial cells

Figure 3. Imaging of a tumor by intravital microscopy. (A), Mouse after transplantation of a Lewis
lung carcinoma (arrow) in a dorsal skinfold chamber. (B), Intravital microscope set up, a = computer
and software, b = fluorescent light for fast scanning, ¢ = confocal/multiphoton microscope, d =
adapted table with heating platform and anesthesia connection. (C), Mouse with a B16BL6
melanoma tumor (arrow) fixated on a heated platform, (D), Mouse under the microscope ready for
imaging, (E), intravital images of a Lewis lung carcinoma in a transgenic mouse with green
fluorescent endothelial cells and injected with a red fluorescent placebo pegylated liposome. Images
are taken 1 and 12 h after systemic administration.

Using intravital microscopy, we can image the entire tumor or focus on specific
regions and even observe details in the cellular cytoplasm and nucleus. In this way, it was
observed in vivo that Doxil was taken up intact by the cell, as the green lipophilic marker
DiO overlapped with the red fluorescence of doxorubicin in the cytoplasm of tumor cells
[50]. These results indicated that the stable formulation of a nanoparticle may indeed
benefit the circulation time but also hinders the bioavailability of the contents. Moreover,
despite the endothelial gap formation [55,56] and vascular permeability [48] in the tumor-
associated endothelial lining, the extravasation of conventional liposomes of around 100
nm was minimal at best and very heterogeneous throughout the tumor. Larger liposomes
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at 400 and 800 nm predominantly remained inside the tumor-associated vasculature [50].
As will be discussed later, liposomes could be decorated with different ligands that
specifically target the developing vasculature and/or cells inside the tumor. Intravital
microscopy enabled us to monitor endothelial binding or an increased intracellular drug
uptake compared to the non-targeted formulation [35,52,57]. Additionally, the possibility
of augmented nanoparticle accumulation, through rendering the endothelial lining more
permeable (i.e., more leaky) or through a combination of nanoparticle systems that can
release their contents on demand with an applicable trigger, has been pursued, and the
findings are discussed below.

In conclusion, the use of intravital microscopy allows us to investigate the tumoral
fate of the drug, as well as the carrier itself, as it is possible to monitor the release rate,
uptake, retention, intracellular location, and possible efflux in a timely manner and
correlate these with tumor response, or the lack thereof. More importantly, this animal
setting has provided invaluable insights for improving drug delivery and testing new
systems. For instances, to apply heat locally in the dorsal skinfold chamber, an external
circular electric heating coil was constructed, to fit into our chamber holder [58]. Several
heating schedules (i.e., before, during, or before and after injection of liposomes) have
been investigated, and via intravital microscopy, the drug release and uptake kinetics was
evaluated. Using intravital microscopy, we could visualize and compare, as will be
discussed later, the drug delivery using different thermosensitive liposomes (TSL).

3. Augmentation of Vascular Permeability by Tumor Necrosis Factor o

The heterogeneous and largely absent EPR effect in human tumors, along with
characteristics of the tumor pathophysiology that work against nanoparticle accumulation
(such as excesses of the extracellular matrix, high interstitial fluid pressure, solid stress)
[59,60], prevent the homogeneous delivery, distribution, and deep penetration of large
molecules and, most importantly, nanosized carriers. Therefore, a variety of strategies
have been designed to overcome these hurdles.

Limiting the distribution volume from the whole body to a leg or an arm, as is
accomplished in isolated limb perfusion, could significantly improve tumor response and
avoidance of amputation in patients with advanced melanoma or sarcoma, when
melphalan was administered in combination with TNF-a, compared to treatment with
melphalan alone [61-63]. Investigating the potential of TNF in isolated limb perfusion and
the mechanisms behind this increased antitumor effect, we observed that the addition of
TNEF, as well as other vaso-active agents such as histamine or interleukin-2, caused local
edema and hemorrhage, and by doing so caused more drug to accumulate in the tumor
[64-68]. Angiograms taken before and after TNF-based ILP showed that tumor-associated
vessels were specifically affected, while normal vessels remained intact [69].

Clearly, nanosystems that can limit the volume of distribution, in combination with
agents or other stimuli, to improve vascular leakage, can be used to improve treatment
outcomes, since an important limitation of liposome-based cancer therapy is its poor
intratumoral distribution [70]. The transport characteristics of nanosized liposomes—ones
around 100 nm are mostly used —along with tumor status are the main reasons for this
limitation [71]. We reported that administration of low-dose TNF-a, in combination with
PEGylated liposomal doxorubicin (PLD), provided a significantly higher DXR delivery in
soft tissue sarcoma in BN rats, resulting in a stable tumor volume compared to treatment
without TNF-a [72,73]. Histologically, the levels of apoptotic and necrotic cells were so
high that, from a pathological view, a partial and complete response was established in
the combination treated animals. We demonstrated that the use of TNF-a in the first dose
had no effect on the concentration of liposomal DXR in the tumor, while in subsequent
doses, the amount of DXR delivered to the tumor was increased up to three times [73].
Addition of low dose TNF specifically stimulated the permeability of the tumor-
associated vasculature for liposomes, whereas no increased DXR distribution was
observed in the vital organs [73]. Similarly, Brouckaert, et al. [74] were able to show
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degradation of the endothelial lining by TNF-a with simultaneous use of TNF-a and PLD,
which increased the drug accumulation in the tumor compared to the TNF-a-free group.
This increased accumulation was associated with a reduced growth rate of B16BL6
melanoma tumors in C57BL/6 mice receiving PLD in combination with TNF-a. In this
study, the distribution of DXR in vital organs, except in the spleen, showed that the
presence of TNF-a had no impact on the accumulation of drug in the vital organs [74]. We
also treated B16BL6 melanoma bearing animals with PLD, alone or in combination with
TNF-a, and found a significantly higher drug accumulation and tumor response in
animals treated with the combination [50]. However, whereas the effect of TNF in BN soft
tissue sarcoma was realized after three administrations, the increased accumulation in the
B16BL6 melanoma was already observed within 12 h of the first treatment. This indicates
the important role of the tumor-associated vascular make-up, as the BI6BL6 tumors were
better vascularized compared to BN soft tissue sarcomas. However, to accomplish an
improved TNF-induced intratumoral liposomal distribution, the size of the liposomes
plays an important role. In the same report, we showed that co-administration TNF with
100-nm liposomes resulted in a higher drug accumulation to a murine melanoma tumor,
compared to 100-nm liposomes alone (6.3-fold 12 h after administration, and 5.5-fold at
24 h). Co-administration of mTNF and 400 nm liposomes resulted in a 5.1-fold enhanced
accumulation at 12 h and 9.2-fold at 24 h, compared with liposomes alone. More to the
point, the drug delivery when using 100-nm liposomes, even without combination with
TNF, was significantly higher compared to 400-nm liposomes. Moreover, TNF
contributed to a more homogenous drug distribution, so that a larger tumor area took up
a greater therapeutic concentration of DXR.

4. Application of Heat- and Temperature-Sensitive Liposomes

As stated earlier, the anti-tumor efficacy of chemotherapeutics carried by
nanoparticles is hindered by the heterogeneous nature of tumors and the poor penetration
of nano-sized vehicles into the depth of the tumor; both impair the preferential
accumulation and homogeneous distribution of nanoparticles inside tumors [33,75]. In
addition to this, an encapsulated drug is not bioavailable to cells and needs to dissociate
to become active. These factors necessitate alternative approaches to enhancing the
intratumoral drug delivery of bioavailable chemotherapeutics. One approach to
enhancing the preferential drug release inside a tumor is the use of stimuli-sensitive
carriers that, in response to an internally (reduced pH [76-78], elevated enzymatic [79], or
redox activity [80]) or externally applied stimuli (magnetic and electric fields [81,82],
ultrasound [83-85], light [86,87], or heat [51,88,89]), release the payload. While drug
delivery based on endogenous stimuli may enhance the drug release, these methods do
not necessarily improve drug delivery to the tumor region and mostly rely on passive
accumulation through the EPR effect. Whereas, application of an exogenous stimulus
enables a spatiotemporally controlled drug release. Furthermore, stimuli such as heat or
ultrasound can increase the vascular permeability and improve the nanoparticle extravasation
and accumulation inside tumors [90,91].

Mild hyperthermia is an advanced and conveniently applicable stimulus that, not
only can be used for triggered drug release, but also has several therapeutic functions,
including the following;:

(a) Synergistic increase in the sensitivity of malignant cells to radiotherapy and
chemotherapy [92,93].

(b) Increasing cell death in the hypoxic area in deeper, i.e., less oxygenated, regions of the
tumor [94-96].

(c) Impairing the cellular mechanisms that repair DNA damages [97].

(d) Stimulation of the immune system towards an anti-tumor response [98-101].
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These therapeutic potentials have made hyperthermia a treatment modality or a
neoadjuvant therapy against cancer [102-104]. For more details we refer readers to Issels et al.
[105].

Additionally, mild hyperthermia (around 42 °C) has proven advantages for
manipulating the tumor microenvironment in favor of drug delivery to the tumor, by
increasing the perfusion of the heated area and enlarging the gaps between vascular
endothelial cells, which improves the vascular permeability [88,106-108]. We have
previously demonstrated a reversible enlargement in gaps between endothelial cells,
which remained for up to 8 h, upon application of mild hyperthermia to different tumor
models [88]. Heat also increases the cellular permeability and drug uptake by the cells
[97], while it physically increases the diffusion rate.

Given these biological impacts, the combination of mild hyperthermia with heat-
triggered drug release is a convenient method that, not only provides on-demand drug
release, but also enhances intratumoral and intracellular drug delivery and can enhance
anti-tumor responses. For a more comprehensive review, we encourage readers to read
our recent review on smart drug delivery systems [59,109,110].

Among the different temperature sensitive nanoparticles, the use of liposomes is
more advanced and has proceeded to the clinical stage of development. The intrinsic
characteristics of phospholipids, in exhibiting a thermotropic phase transition behavior
from gel-like to liquid-like crystalline states, and which is accompanied by changes in the
structure and permeability of the lipid bilayer at the transition temperature (Tc), make
TSL a unique drug delivery system for heat triggered drug delivery; while it provides
plenty of capacity to shuttle chemotherapeutics to the target site. It has to be taken into
account that the mechanism of drug release from TSL is not, in general, related to the
increased permeability of membranes in the liquid-like crystalline state, but is attributed
to the formation of “grain boundaries” between the domains of phospholipids exhibiting
gel-like phase (with a bilayer thickness of 5.0-5.5 nm) and the planes of phospholipids
representing liquid-like phase (with a bilayer thickness of 4.0-4.5 nm), with both
coexisting in a liposome membrane at the transition temperature [111,112] (Figure 4a).
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Figure 4. Schematic representation of the content release from temperature sensitive liposomes
(TSL). (a) Represents the mechanism of drug release from different TSL formulations, upon
formation of the grain boundaries between phospholipids domains coexisting in gel-like and liquid-
like states at the transition temperature of the phospholipid bilayer (reprinted from [109] under the
Creative Commons license. (b) Represents the application of TSL in extravascular or intravascular
drug release settings (reprinted from [113] under the Creative Commons license). Panel (c)
illustrates the in vivo release behavior of Rho-PE labeled TSL (red) encapsulating a self-quenched
concentration of carboxyfluoprescein (CF, 100 mM), before, during, and after application of heat.
While, before heat, TSL does not release significantly observable CF, heat triggers the CF release,
which is followed by diffusion into the tumor interstitium. After heating, since CF has no specific
affinity to tumor cells, it diffuses back into the blood and washes away (reprinted with permission
from [24]).

Since the pioneering studies of Yatvin and coworkers [114], using DPPC (Tc: 41 °C)-
based liposomes for heat triggered drug delivery upon application of mild hyperthermia,
DPPC-based liposomes have subjected to a variety of modifications, such as the addition
of DSPC to enhance heat sensitivity [27,115-117], the addition of ganglioside GM1 (GM1)
[118] or polyethylene glycol (PEG) [119] to increase longevity, or cholesterol to decrease
premature release during circulation [26,119,120]. In line with optimizing TSL, we found
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that, as in non-TSL, incorporation of 5 mol% mPEG2000-DSPE was an optimum content
of PEG-conjugate [24,119], which not only promotes the PK of TSL but also assists with
the release from TSL, by stabilizing the grain boundaries [121]. Using intravital
microscopy, we showed that an optimized TSL composed of DPPC:DSPC:mPEG2000-
DSPE (85:10:5 mol%) delivered an over 30-fold higher amount of DXR into the heated
tumor compared to administration of free DXR [24,122]. Our studies suggest that DPPC
and DSPC contents of 75-85 mol% and 20-10 mol%, respectively, are optimal, while no
cholesterol should be added to these TSL [26].

A great leap in the application of TSL happened when ultra-fast releasing PEGylated
TSL containing lysolipid (LTSL) was invented [27,111,121,123,124] and the concept of
intravascular drug release was introduced. Later, the group of Lars Lindner developed
another ultrafast-releasing TSL, with a release rate comparable to LTSL at a mild HT of 42
°C, by addition of 1.2-dipalmitoyl-sn-glycero-3- phosphoglyceroglycerol (DPPGOG or
DPPG2, T. 39.7 °C), a derivative of the naturally occurring DPPG, into TSL composed of
DPPC:DSPC [125,126], and which is now ready for clinical trial investigations under the
commercial name of Thermosome® (https://www.thermosome.com, accessed on 23 October
2010) [127].

In an intravascular drug release setting, a complete and fast drug release during the
short transit time of TSL through the heated region (i.e., within seconds) is required, to
create a steep concentration gradient between the blood and tumor interstitium [128]
(Figure 4b). The magnitude of this gradient is the main factor that drives the diffusion of
the released drug towards the tumor interstitium [49], making drug delivery independent
of the EPR effect. In addition, the application of heat enhances the perfusion and
permeability of the tumor vasculature, which not only augments the diffusion of free drug
molecules, but also enhances the extravasation of TSL into the tumor. Therefore,
intravascular drug release provides an opportunity to either bypass EPR-based drug
delivery or enhance the EPR effect [110]. As can be seen in Figure 4c, intravascular drug
release results in the massive diffusion and distribution of released contents into the
tumor interstitium. Clearly, diffusion of the free small molecules takes place at a relatively
fast rate, which, on the one hand, results in a rapid buildup of the released content in the
tumor but, on the other hand, results in a rapid clearance from the tumor, unless the
encapsulated content has specific affinity for the tumor tissue. This can be seen in Figure
5, where the released DXR reached the cell nuclei and stayed there, because of a covalent
interaction with the DNA. Moreover, we observed that creation of a high concentration of
DXR inside the tumor vasculature resulted in a massive nuclear delivery of DXR into the
endothelial cells (Figure 5) [122], which can indirectly impact tumor growth through anti-
vascular effects and could contribute, in part, to the reported improved anti-tumor
response [122,129,130].
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Figure 5. Heat-triggered DXR release from DXR-loaded TSL, and the subsequent intracellular
nucleus delivery and accumulation in BFS-1 sarcoma cells and endothelial cells visualized in dorsal
skin fold murine BFS-1 sarcoma. Reprinted with permission from [122].

It is important to take into account that, to realize all the benefits of combining heat
with TSL, the application of heat and administration of TSL need to take place
concomitantly. Conversely, the target temperature should be reached before injection of
TSL. Generally, the combination of heat and TSL can be done in three modes, with respect
to the timing of dosing and heating. Other than intravascular drug release, in another
approach, one can inject TSL and wait until the maximum accumulation of liposomes has
been built up in tumor and then apply heat to trigger the release extravascularly. In this
strategy, which is quite common in preclinical applications of heat sensitive drug delivery
systems, none of the advantages of heat in increasing the drug delivery to tumor are
employed. Accumulation of liposomes relies solely on the EPR effect, but the
encapsulated drug can become bioavailable inside the tumor or inside tumor cells. As
stated above, for intravascular drug release, the capability for fast drug release is crucial,
which is, however, often accompanied by intrinsically premature drug leakage and a fast
clearance. To overcome these limitations and take some advantage of the heat application,
we and others have proposed a third mode, where a so-called two-step mild hyperthermia
approach could be applied [25]. First, a mild hyperthermia cycle (e.g., 30 min to 1 h) could
be applied prior to TSL administration, to induce the biological effects of heat on the
tumor and tumor cells. After the first HT cycle, when tumor has returned to body
temperature, but the elevated vascular perfusion and permeability inside tumor have not
yet returned to the ground state (e.g., 1 h after heat), TSL could be administered. Finally,
a second heat cycle could be applied when the accumulation of liposomes inside the tumor
is at the maximum level. In this mode, a fast drug release is not a prerequisite, and more
essential is the liposome longevity in the blood. Therefore, more stable liposomes, with a
longer circulation time but slower release rate, could be used, while the EPR-based
accumulation is enhanced due to the first cycle of heat. However, it has been shown that,
compared to intravascular drug release, this approach may be less effective [25]. Recently,
Al-Jamal et al. [131] reported the same results and quantitatively showed that the heat-
trigger-released drug can be washed away by diffusing into the blood stream upon
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application of the second heat. Theoretically, this could be expanded to the extravascular
drug release. Considering the fact that extravasation of liposomes mostly happens in the
well vascularized tumor periphery and liposomes mostly remain in the perivascular
regions, upon release, the concentration gradient directs the drug diffusion towards the
sink condition of the blood flow. Despite the proven superior performance of
intravascular release compared to the other modes, we have seen such a backward
diffusion of DXR from the tumor interstitium into the blood flow upon stopping the heat,
which was observed as a decline in the drug levels in the extracellular regions [122]. This
indicates that not all the DXR successfully delivered to the tumor tissue can successfully
interact with the target, the tumor cell, most likely due to saturation or slow cellular
uptake. We have recently developed an in vivo derived computational model, to simulate
intravascular drug delivery by TSL [113]. By using data collected from two TSL
formulations with slow and fast drug release rates, this model identified parameters
related to the kinetics of release from TSL, physicochemical properties of drug, and the
target tissue for optimizing the intravascular drug release. Our model indicates that a fast
drug release (in few seconds) and a drug with rapid tissue uptake (i.e., high first-pass
extraction fraction) are the most important parameters that dictate the overall drug
delivery to the tumor. We have shown in vitro and in vivo that replacing DXR with
idarubicin, a less hydrophilic anthracycline, resulted in greater drug uptake and a better
anti-tumor response [28,51], which could be attributed to the faster and greater uptake of
idarubicin (Figure 6).
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Figure 6. Rapid uptake of idarubicin (IDA) upon fast heat-triggered release from TSL results in a
higher local drug delivery and a sharper intratumoral gradient compared to doxorubicin (DXR).
(a,b) Imaging of the heat-triggered release in a window chamber fixed on eNOS-Tag-GFP mice with
green vessels. Eighteen pmol/kg of IDA-SDDS (a) or DXR-SDDS (b) was injected, followed by 1 h
local hyperthermia and 30 min normothermia, showing the intravascular drug (red) release and the
subsequent diffusion into the tumor interstitium. Scale bar, 200 um. Panels ¢ and d show the 3-D
representation of intratumoral drug concentration, as a function of time and distance from the
nearest vessel. The faster and higher uptake of IDA (c) than DXR (d) by the tumor is clear (1 =3 mice

per group). Reprinted from [28] under the Creative Commons license.
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One serious issue that still needs to be resolved is the premature release from fast
releasing TSL, which causes a fast clearance rate and thus an impaired delivery to tumor
cells. Increasing the release rate with mild hyperthermia is intrinsically accompanied with
an increased leakage at 37 °C. It has been shown that, in patients receiving an infusion of
50 mg/m? DXR in LTSL, the DXR level in plasma 1 h after reaching Cmax is almost half of
the Cmax; indicating that during 1 h of hyperthermia, applied 1 h after reaching the Cmax,
the doxorubicin availability in tumor vessels had dropped twofold. It is worth mentioning
that, at Cmax, only 58% of plasma DXR is liposomal encapsulated and 42% of the
encapsulated DXR has already been released [132]. This could, in part, have contributed
to the recent failure of LTSL in a phase III clinical trial (OPTIMA) [133].

While, in LTSL, the presence of 5 mol% mPEG2000-DSPE is beneficial for enhancing
the circulation time and release rate, compared to non-PEGylated liposomes, DPPG2 has
been described as a promising alternative to PEG, which increases TSL circulation half-
life and facilitates rapid drug release under mild hyperthermia. However, despite the
success of replacing PEG with DPPG2, in reducing the PEG-related immunological
reaction and accelerating blood clearance upon repeated injections, it cannot increase
blood circulation longevity comparably to 5 mol% of PEG2000 [134]. It was shown that in
pigs receiving 60 mg/m? DXR in DPPG2-TSL, the concentration of DXR 30 min after
reaching Cmax was 42% of the Cmax [135]. Therefore, no significant improvement with
respect to DXR circulation life time compared to LTSL is expected. In principle, during
the course of hyperthermia, the availability of liposomal drug greatly declines over time,
which significantly hampers drug delivery and raises concerns about the efficacy of these
formulations.

Our computational model supports the importance of a fast and complete drug
release from TSL, to achieve an effective drug delivery to the tumor. However, in our
model, it was assumed that the concentration of liposomal drug remained almost
unchanged during the course of hyperthermia, and there have been no detailed studies
that have correlated the PK behavior of TSL with the release kinetics and drug delivery to
the tumor. It has to be mentioned that the DXR-loaded TSL composed of
DPPC:DSPC:mPEG2000-DSPE (80:15:5 mol%) developed in our lab [24,122] are less leaky
(less than 8% release during 1 h incubation at 37 °C in serum) than LTSL at 37 °C, but they
cannot release as fast as LTSL at 42 °C. Interestingly, this preparation was found to be
more effective in the treatment of a mouse model of B16 tumor compared to LTSL [122];
most likely due to a longer circulation time, which likely compensated for the incomplete
release during one passage through the heated tumor. This observation highlights the
importance of the circulation longevity of TSL. We believe that more attention has to be
paid to the reformulating of TSL for increasing the circulation time.

5. Active-Targeted Drug Delivery in Cancer Therapy

Liposomes are considered successful nanocarriers, due to the potential simultaneous
delivery of hydrophilic and hydrophobic drugs, owing to the improved pharmacokinetics
and reduced off-targeted cytotoxicity associated with administration of free
chemotherapeutic molecules. In fact, the evolution of liposomes from preclinical studies
to clinical use is indebted to their capability for improving pharmacokinetics of
chemotherapeutics, by limiting the distribution volume to the blood pool, which reduces
the unwanted distribution of drug to healthy tissue and elongates the circulation in the
blood, which, in turn, enables liposomes to accumulate in the tumor over time, based on
passive targeting. Although the design of nanosized, stealthy, and stable liposomes
guarantees a higher drug delivery to tumors compared to the free form [136,137], the
cellular drug delivery and availability is negatively impacted by the steric hindrance effect
of surface-grafted PEG and the lack or limited degree of drug release from the liposomes
composed of rigid membrane. It is now well accepted that patients mostly benefit from
reduced side effects, rather than an improved anti-tumor response, when treated with
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nanocarriers, in comparison to the administration of the free form of chemotherapeutics
[138,139].

To enhance cellular drug delivery, one approach is to direct the liposome entry into
cells via receptor-mediated endocytosis, which is also called active targeting. It should be
noted that the term “active targeting” is generally used to refer to the application of ligand
modified carriers, but this may mislead readers as signifying a smart drug delivery system
that preferentially accumulates inside a tumor due to an additional functionality, such as
specific ligands. It should be taken into account that, when targeting cells inside the tumor
is the aim, the main mechanism of local delivery is passive tumor accumulation, where
functionalized nanocarriers are able to actively interact with the targeted receptor on the
targeted cells. Similarly to many other research groups, here at the NICE, different kinds
of moieties for different active targeting approaches have been employed, to enhance the
cellular internalization of liposomes to the target cell.

5.1. Anti-Vascular Targeting

In 1984, Denekamp [140] proposed that by destruction of the existing tumor
vasculatures, a large number of tumor cells can be impacted by being deprived of an
oxygen and nutrition supply. An important advantage of anti-vascular targeting over
targeting cells inside the tumor (tumor supporting cells or the malignant cells) is the direct
accessibility of vascular endothelial cells for liposomes circulating in blood [141]. Thus,
vascular-targeted liposomes can reach the target site, without relying on EPR. In other
words, vascular targeting of nanomedicine is an alternative approach for bypassing the
EPR. In addition, non-malignant tumor endothelial cells are genetically more stable and,
therefore, are less prone to developing drug resistance or to showing downregulation of
the targeted receptor [142]. Furthermore, vascular-targeted nanoparticles could be used
against several kinds of cancer [141-143]. Among the numerous vascular-specific markers
that are absent or lowly expressed in quiescent vessels, but that are overexpressed in the
tumor vasculature (as reviewed by [144-146]), integrins, particularly avf33, av(35, and
ab5pB1, are some of the most studied. The small sequence of amino acids Arginine, Glycine,
and Aspartate (RGD) is a repeating unit in proteins that can interact with 24 members of
the integrin family, known as the universal binding site of Fibronectin [147]. By adjusting
the amino acids flanking RGD, specificity and selectivity towards av33, av5, and a5p41,
which are overexpressed in the tumor neovasculature, could be achieved [148-151].
However, similarly to many ligand-modified liposomal preparations, RGD-liposomes
showed an enhanced clearance rate through a vast uptake by the reticuloendothelial
system (RES), which could cause toxic effects in these organs. Following the pioneering
studies of Schiffelers et al., and using a cyclic RGDfK peptide for modification of
PEGylated liposomes, Amin et al. [152] found that a positive charge of the K residue
negatively impacts the circulation lifetime of peptide-modified liposomes, while animals
treated with RGDfK-modified liposomal doxorubicin (RGDfK-PLD, pegylated liposomal
doxorubicin) showed a higher systemic toxicity compared to those treated with RGDyC
or RGDf[N-Met]K-PLD. It was found that replacing K, Lysine with less hydrophilic amino
acids, such as C, Cysteine, favored the liposome pharmacokinetics, while it did not impact
on the effectiveness of liposomes decorated with these RGD peptides against cells
expressing avf33 integrin. Another modification that improved the pharmacokinetics of
RGD-modified liposomes was the introduction of N-Methylated amino acids into the
cyclic RGD pentapeptides, in the position of K that also reduces the clearance rate of RGD-
modified liposomes and improves selectivity towards avf33 integrin, thus improving the
therapeutic efficacy of the RGD-modified liposomal doxorubicin. N-Methylation not only
reduced the hydrophilicity of the peptide, but it also increased the cyclic peptide
selectivity towards its receptor, by constraining the cyclic peptide conformation. Later,
RGDf[N-Met]C peptide was designed and decorated on liposomes for vascular targeting
[29]. While intravital imaging of liposome behavior showed promising vascular targeting
in two, B16 and BLM, tumor models (Figure 7a—f), the presence of RGDf[N-Met]C did not
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cause a pronounced augmentation of the clearance rate compared to plain liposomes,
which enabled the liposomes to extravasate passively and accumulate inside the tumor,
where they were found to be associated with cells expressing av(33 integrin (Figure 7g).
While the overall tumor accumulations of RGD-liposomes and plain liposomes were
virtually identical, such enhanced intravascular and extravascular association of RGD-
liposomes improved the anti-tumor activity of liposomal DXR against the B16 and C26
murine tumor models.
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Figure 7. Intratumoral behavior of DiD-labeled RGDf[N-met]C-liposomes in NMRI nu/nu mice
bearing BLM tumor (a—c), and Rho-PE-labeled (red) RGDf[N-met]C-liposomes in C57 mice bearing
B16F0 tumor (d-g) imaged by intravital microscopy, using dorsal skin-fold chamber. Panel (h)
illustrates the intratumoral behavior of DiD-labeled (purple) plain liposomes. RGDf[N-met]C-
liposomes were found to be associated with the tumor vasculature (arrows in a—f) or extravasated
and associated with tumor cells and likely other cells in the tumor region (g). Meanwhile, few plain
liposomes were found associated with cells inside or outside the tumor vasculatures. Reprinted with
permission from [29].

Combination of Anti-Vascular Targeting and Hyperthermia

As discussed earlier, for an efficient application of intravascular drug release, an
ultrafast drug release during a short passage of TSL through the heated area is a
prerequisite. We hypothesized that creation of an affinity between the tumor vasculature
and TSL can cause a delay of the passage of TSL through tumor area, which enables slow
release-TSL to be completely released inside the heated tumor vasculature. To evaluate
this concept, two known vascular targeting agents were employed to create such an
affinity on TSL.

e  Cationic charged TSL:

Angiogenic endothelial cells overexpress negatively charged functional groups,
which could be exploited for targeting of tumor vasculature via electrostatic interaction
using cationic charged nanoparticles [153,154]. In addition, Bally and coworkers reported
that certain proteins in the protein corona associated with cationic liposomes may
facilitate their interaction with angiogenic endothelial cells [155].

We observed that, while TSL (C potential -11 + 0.7) composed of DPPC, DSPC and
DSPE-PEG2000 (70:25:5 mol%) exhibited a Tc of 44.3 °C, replacing 10 mol % of DPPC with
DPTAP in cationic charged TSL (CTSL, C potential 13 + 1.0) increased the Tc to 47.4 °C,
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which resulted in temperatures of maximum release of 43 °C and 45 °C, respectively [31].
However, the magnitude of drug release from both liposomes at 37 °C and 42 °C after 5
min incubation in 90% serum was virtually identical. CTSL released about 5% more of the
encapsulated CF than the TSL at both temperatures. In vitro studies showed that the
addition of the cationic lipid accelerated the cellular association and internalization of
liposomes into both BLM melanoma and normal HUVEC cells, and the application of heat
upon internalization of liposomes resulted in intracellular release. Monitoring the in vivo
behavior of CTSL and TSL, labeled with Rho-PE lipid, using intravital confocal
microscopy in two, BI6BL6 and LLC, tumors revealed the formation of patchy clusters of
immobile red fluorescence in tumor vasculatures, indicating the association of liposomes
with tumor vasculature (Figure 8a). This happened a few minutes after administration of
CTSL, whereas no significant association between TSL and the tumor vasculature was
observed. In addition, at later time points after the injection, the CTSL were also found to
be extravasated, mostly in the perivascular regions and associated with cells inside tumors
(Figure 8a). When CTL loaded with CF was administered to animals, no significant release
of CF in the blood was observed before the application of heat. However, when 2 h of heat
(43 °C) was applied, a remarkable cellular association and release of CF were observed
(Figure 8b).

Figure 8. Intravital evaluation of the binding and temperature triggered release of CTSL. Panel (a)
represents the binding of Rho-PE-labeled (red) CTSL to tumor endothelial cells (green). Appearance
of vasculature-bound cationic liposomes started 20 min after injection and remained visible for at
least 24 h. CTSL were found to be associated with the tumor vasculature or extravasated
perivascularly (white arrows). Scale bar for all images indicates 20 pm. Panel (b) illustrates the
release of carboxyfluorescein (CF) from CTSL upon application of HT. Images of circulating
liposomes in bloodstream at 37 °C were taken 2 h after injection. Then, the tumor was heated up to
43 °C for 1 h, and representative images from different positions in the tumor area were recorded at
the end of the HT treatment. Scale bar in all images, 50 um. In both studies, C57 mice bearing B16BL6
tumor models, using a dorsal skin-fold chamber, received a single IV dose of 5 umol liposomal lipid.
Reprinted with permission from [31] Copyright 2013, American Chemical Society.

The study successfully visualized the combination of anti-vascular targeting and heat
triggered drug release. Following this study, the therapeutic potential of such a system
was investigated using DXR-loaded cationic liposomes [54]. First, it was observed that
incorporation of 10 mol% DPTAP resulted in colloidal instability, after remote loading
with DXR. Additionally, it also hampered the heat triggered release rate of DXR. These
problems were resolved by reduction of DPTAP to 7.5 mol%. Compared to DXR-TSL,
DXR-CTSL exhibited a greater cellular uptake and toxicity against different malignant and
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normal cell lines. When DXR-CTSL was combined with heat in vivo, it delivered a three-
times higher amount of DXR to the tumor compared to DXR-TSL. In addition, this
combination resulted in significant damages to the tumor vasculature. It was found that
the presence of a positive charge did not make a significant impact on the clearance rate
of TSL. Notably, both preparations exhibited a much shorter circulation time (~50%
decline from Cmax within 1 h) compared to non-thermosensitive liposomal DXR [32].
Therapeutic efficacy studies were performed in two different settings of extravascular
release and with two-step mild hyperthermia. In one-step extravascular drug release,
B16BL6 tumor model mice received 3 mg/kg liposomal DXR, and 5 h later, the tumor was
heated to 42 °C for 1 h. No significant difference in the tumor growth rate of mice treated
with DXR-TSL and DXR-CTSL was observed. Then, in a two-step mild hyperthermia,
xenografted LLC tumor was initially heated (41 °C) for 1 h, to accelerate liposomes
extravasation, and then, after 15 min of cooling down, liposomal DXR was injected, and 5
h later, a HT of 42 °C was applied for 1 h. The two-step mild hyperthermia was found to
be more effective than the one-step extravascular release approach, and CTSL was more
effective than the TSL in slowing the growth rate of LLC tumor. Notably, the first heat
resulted in a 1.7-fold higher amount of DXR in the tumor of mice who received CTSL
compared to TSL, whereas in the one-step extravascular release, both liposomes created
identical DXR levels in the B16BL6 tumor [32].

° RGD-modified TSL

Based on the same strategy, heat-triggered drug release from TSL was combined with
vascular-targeted liposomes decorated with RGD peptide, using cRGDf[N-Met]C peptide
[30]. The addition of peptide caused no significant impacts on the colloidal,
morphological, and heat sensitivity of TSL, where both liposomes showed more than 90%
DXR release during a 5 min incubation at 42 °C. In vitro flow cytometry and live cell
imaging revealed a superior association of RGD-TSL with HUVEC, and to lesser extent
with murine melanoma cell lines compared to plain-TSL. When injected into mice, the
association of RGD-TSL with the tumor vasculature was detectable after 20 min and was
observed up to 24 h. In contrast, no significant colocalization of plain-TSL with the tumor
vasculature was observed. Both liposomal preparations exhibited a short circulation time;
however, as was expected, RGD-TSL was cleared a little faster than plain-TSL from the
blood. Despite this enhanced clearance rate, RGD-TSL delivered a higher amount of DXR
into the tumor in a two-step mild hyperthermia setting.

5.2. Tumor Cell Targeting

As stated earlier, one of the drawbacks of PEGylated liposomes composed of stable
and rigid lipids, such as PEGylated liposomal doxorubicin (PLD), is the lack of a direct
interaction with cells and the internalization of the liposomal cargo by cells, which
hampers the cellular drug delivery. One solution to overcoming this is exploiting the
distinct cellular markers that are overexpressed on malignant cells, by decorating
nanoparticles with ligands that specifically interact with such receptors and are taken up
by the cells of interest. Among the variety of ligands that have been introduced and
studied for this purpose, a cell penetrating peptide derived from the transactivator of
transcription of HIV-1 (TAT peptide) attracted our attention, to be used for promoting the
cellular internalization of PLD. An analog of TAT peptide equipped with three Glycines
(G) as spacer and a Cysteine (C) as conjugation functional group (CGGG-
RKKRRQRRRGYG) was synthesized and conjugated to the distal end of PEG2000-DSPE
and post-inserted into the outer surface of PLD at different densities (number of
peptides/liposome) [33]. While post insertion of TAT-lipopeptide did not impact on the
colloidal properties and stability of PLD, it only slightly reduced the negative zeta
potential of the PLD, proportionally to the number of TAT. In vitro studies showed a
direct correlation between the density of TAT peptide and the cellular association and
internalization of liposomes. In contrast to Torchilin et al. [156], tracking the cellular
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uptake of TAT-modified liposomes using live-cell confocal microscopy demonstrated that
TAT internalizes liposomes into cells via energy-dependent endocytosis (Figure 9a),
which was consistent with some other studies [157].
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Figure 9. In vitro behavior of TAT-modified liposomes. Panel (a) illustrates internalization of Dio-
labled TAT-modified liposomes by C26 cells via receptor-mediated endocytosis. Cells were pre-
incubated with LysoTracker®Red, and the profile view of DiO (green line) and LysoTracker® Red
(red line) along a line passed through red and green spots inside the cell after 3 h of incubation at
37 °C is depicted. Panels (b—f) represent the intracellular fate of DXR delivered to C26 cells at 37 °C
as free DXR (b) or encapsulated in TAT-modified DiO-labled liposomes (c—f) at different times, after
3 h of exposure to preparations and washing. Profile views represent the intensity of DiO (green
line) and DXR (red line) along a line passed through the cell. Reprinted and modified from [33]
under the Creative Commons license.

Although the enhanced cellular association and avidity of PLD by TAT peptide was
directly translated into enhanced cellular toxicity against different cell lines, we observed
a delay in the delivery of DXR into the cell nucleus, in contrast to free DXR that rapidly
reaches and interacts with the cell nucleus (Figure 9b). In other words, despite a massive
uptake of TAT-PLD, only a limited amount of DXR was found in the cell nuclei, and which
became detectable after several hours (Figure 9c—f).

Due to the positive charge of TAT, we were concerned about the fast clearance of
TAT-modified PLD. Therefore, in order to find an optimized preparation with the
minimum required density of TAT that was effective while allowing liposomes to
circulate for a long period, PLDs with different densities of TAT were tested in vivo for
their biodistribution and therapeutic efficacy in a murine C26 tumor model. Through
various biodistribution studies at different doses of liposomal DXR, it was found that, in
contrast to our expectations, decoration of PLD with TAT did not enhance the uptake of
liposomes by the liver and spleen; organs representing RES. Therefore, the PLDs with
different densities of TAT (min 0 to max 200 peptide/liposome) had virtually the same
circulation and were accumulated in the tumor to the same extent. To understand this,
PLDs were further tested in vitro, with respect to the protein binding, by exposing
liposomes at 37 °C. Interestingly, a direct correlation between the size of TAT-PLD and
the TAT density was observed, when liposomes were exposed to mouse serum, while PDI
remained unchanged. On the other hand, the zeta potential of all TAT-PLD became
identical upon exposure to serum. These results imply that serum proteins are adsorbed
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on the surface of liposomes, to normalize the surface charge of liposomes, but this does
not trigger aggregation, as was observed with RGD-modified liposomes [152]. It is likely
that serum proteins such as albumin dysopsonize TAT-PLD by gently shielding the
positive charge. This was also supported by a SDS-PAGE analysis of the protein corona
associated with different PLDs. In accordance with this hypothesis, TAT-modified
liposomes showed no affinity towards the tumor vasculature (Figure 10), as was observed
with cationic liposomes. However, they were imaged as massively associated with cells
inside the tumor after extravasation (Figure 10), which indicates that TAT residues retain
their surface exposure and activity in the static condition of the tumor interstitium.

—
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Figure 10. In vivo behavior of TAT-modified liposomes. Intratumoral behavior of DiD-labeled TAT-
modified (a-d) or DiD-labeled plain liposomes (e,f) inside B16F0 tumors, using the dorsal skin-fold
chamber upon i.v. administration of 5 pmol of liposomal lipid. While extravasated TAT-modified
liposomes were found to be associated with tumor cells, few plain liposomes were observed as
associated with cells inside the tumor. Panel (g) illustrates the manifestation of necrosis on the skin
of dermal model of C-26 tumor followed by a single iv injection of 15 mg/kg liposomal DXR
encapsulated in TAT-modified liposomes. Reprinted and modified from [33] under the Creative
Commons license.

Therapeutic efficacy studies showed that around 100 TAT peptides per liposomes is
an efficient density to improve the therapeutic efficacy of PLD. Interestingly, despite an
identical accumulation of TAT-modified PLD in tumors, the most avid formulation
decorated with 200 TAT peptides repeatedly exhibited the least effective preparation,
while administration resulted in a significantly higher manifestation of skin necrosis at
the site of the tumor (Figure 10g). Given the EPR-based accumulation, which mainly takes
place in the tumor periphery, increasing the avidity negatively impacts the spatial
distribution of liposomes, leaving the depth of tumor untouched, which resulted in a
limited therapeutic effect, whereas the creation of a high concentration of DXR in the
tumor periphery manifested in the occurrence of necrosis in tissues surrounding the
tumor.
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Other than TAT, Cetuximab (CTX, a monoclonal anti body (mAb) against epidermal
growth factor receptor (EGFR)) was also used to target PEGylated liposomes loaded with
Oxaliplatin at EGFR-expressing colorectal cancer [34]. Both whole mAb (CTX) and Fab’
fragments where conjugated on the liposome surface. In vitro studies demonstrated that
the cellular uptake of liposomes increases by increasing the density of the ligand, reaching
a maximum of three-fold higher compared to non-targeted liposomes and, interestingly,
sensitized Oxaliplatin-resistance cells to oxaliplatin by bypassing the resistance
mechanism. The number of proteins required to reach the max cellular association was
determined to be 10 for CTX and 31 for its Fab’ fragment. It was shown that the presence
of CTX is less favorable for the longevity of liposomes in circulation, most likely due to
exposure of Fc' fragments to the RES, whereas liposomes modified with Fab’ fragment
underwent a slower clearance, were accumulated to a higher extent in the tumor, and
were more effective against a xenografted SW-480 tumor model.

5.3. Combination of Vascular Targeting and Tumor Cell Targeting

Although anti-vascular targeting is known as an alternative approach to bypassing
the EPR effect, it has to be taken into account that a part of the vascular-targeted
nanoparticles passively extravasate into the tumor interstitium, and if the targeted
vascular marker is not expressed on tumor cells, that part of the delivered particles behave
the same as a non-targeted preparation. Importantly, the expression of such vascular
markers, particularly avf33 and avf35 integrins, is dependent on the kind and stage of
tumor and even the location of vessels [158], which makes anti-vascular targeting
heterogeneous.

Moreover, the expression of targeted receptors on tumor malignant cells is also
heterogeneous, and since active targeting to cells residing inside a tumor relies on EPR,
such targeting is impacted by the heterogeneous nature of the EPR [17-19]. This prompted
us to combine both anti-vascular targeting using RGD peptide and tumor cell targeting
using the TAT peptide in a dual-targeted liposome, in order to increase the tumor area
where dual functional liposomes can independently interact with the tumor vasculature
via RGD peptide, while circulating in blood and interacting with cells inside the tumor
via the TAT residue upon extravasation into the tumor. To this end, dual modified
PEGylated liposomes (DPL) were designed and prepared, and were compared against
liposomes modified with either TAT (TPL) or RGD (RPL), using the same peptides as used
in our previous studies [35].

The intratumoral behavior of these liposomes was compared by intravital
microscopy upon i.v. injection of a cocktail of pairs of these preparations. Concomitant
administration of TPL and RPL revealed a predictable functionality of TPL inside the
tumor, while an association with the tumor vasculature was not observed (Figure 11a—c).
In contrast, although RPL could be seen to be associated with both the tumor vasculature
and tumor cells in some parts of the tumor, the targeting appeared heterogeneous. Not all
tumor vasculature was targeted, and in some regions, despite extravasation of a
significant amount of RPL, no cellular association was observed (Figure 1la—c). In
contrast, DPL exhibited a remarkable vascular association (Figure 11d,e), and when
extravasated into the tumor interstitium, it was always found to interact with cells (Figure
11f). When a cocktail of DPL and RPL was injected, it was observed that DPL dominated
the vascular targeting and showed superior co-localization with tumor vasculature,
compared to RPL (Figure 11g—j). In addition, DPL was found to be more successful in
interacting with the tumor cells (Figure 11i-k). Concomitant administration of DPL and
TPL confirmed the extensive vascular targeting of DPL, while no pronounced co-
localization of the TPL and tumor vasculature was found. However, inside the tumor
interstitium, the cellular targeting with TPL was more pronounced. Intravital imaging
clearly showed a shorter circulation time of DPL compared with other preparations. This
was also confirmed in a quantitative biodistribution study of PLD modified with different
peptides. Despite the faster clearance rate of DPL preparations, and consequently their
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lower levels in tumors, DPL containing 100 TAT peptides and 300 RGD peptides showed
a superior anti-tumor activity in a mouse model of B16 tumor, after a single i.v. injection
of 15 mg/kg liposomal doxorubicin compared to other peptide-modified preparations and
plain-PLD. This could be attributed to the ability of DPL to deliver DXR to the tumor
vasculature. However, with respect to the short circulation time and massive uptake in
the liver and spleen, this system cannot be considered as a reliable and safe drug delivery
system for toxic agents, while it could be promising when used for vascular delivery of
non-toxic or contrast agents. This study showed that the decoration of liposomes with two
ligands for different sites in a tumor could increase the targeting area in the tumor and
suggests that a combination of TAT and another vascular targeting agent could result in
a better biodistribution profile [35].
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Figure 11. Intravital microscopy imaging of the intratumoral behavior of different ligand modified
liposomes inside B16F0 tumors, using a dorsal skin-fold chamber. While in some regions both Rho-
PE-labeled (red) RGD-liposomes and DiD-labeled (purple) TAT-liposomes exhibit almost identical
cellular associations (a), in some regions, extravasated TAT-liposomes interact more than
extravasated RGD-liposomes with cells (b), while RGD-liposome can be seen to be associated with
tumor vasculature (c). Panels d-f illustrate the intratumoral behavior of Rho-PE-labeled (red) dually
targeted liposomes in targeting tumor vasculature (d,e) or extravascular association with cells (f).
When dual-liposomes (red) were co-injected with RGD-liposomes (purple), in most captured
images (g-j) dual-liposomes exhibited superior vascular targeting compared to RGD-liposomes,
which in some regions failed to interact with tumor vessels (i,j). Image (k) shows the cellular
association of dual-liposomes, while RGD-liposomes did not interact with cells inside tumor
interstitium upon extravasation. Mice were injected with 5 pmol of each liposomal lipid and images
were captured at different time points after injection. Green fluorescence of endothelial cells is due
to eNOStag-GFP expression. Reprinted and modified from [35] under the Creative Commons
license.

6. Enhancing Cellular Drug Delivery by Short Chain Sphingolipids

Another approach to enhanc cellular drug delivery is the application of short-chain
sphingolipids (SCS), which was exploited in the formulation of liposomes carrying
chemotherapeutics.

It has been shown that the addition of ceramides to liposomes can increase the
membrane permeability by induction of transbilayer motion [159,160]. In addition, self-
association of ceramides in a membrane may result in the formation of domains or
channels that can facilitate diffusion of amphiphilic drug molecules through the
membrane [161]. Followed by studies of van Lummel et al. [36], different formulations of
PEGylated liposomal doxorubicin enriched with different SCSs, including C8-
glucosylceramide (C8-GluCer), (C8-galactosylceramide (C8-GalCer), and C8-
lactosylceramide (C8-LacCer), were formulated and extensively studied with respect to
the formulation optimization and in vitro/in vivo drug delivery efficiency [37]. While C8-
LacCer failed to form stable liposomes, the addition of up to 15 mol% of either C8-GalCer
or C8-GluCer to the lipid mixture composed of HSPC: chol:mPEG-DSPE (62:33:5 mol%)
resulted in liposomes around 100 nm, with a high remote loading efficiency (>90%), long-
lasting storage stability at 4 °C, and minor leakage of around 10% during 24 h incubation
at 37 °C in the presence of serum; comparable to liposomes without SCS. However,
transmission electron microscopy revealed morphological changes in liposomes enriched
with SCS upon loading with DXR. While both SCS-liposomes exhibited a normal spherical
shape before loading, rod-shaped vesicles were found after DXR loading. Although
elongation of liposomes due to the crystallization of DXR inside liposomes is a common
observation, this was more pronounced in both SCS-containing preparations.
Nevertheless, the addition of C8-GalCer resulted in more elongated liposomes (up to 500
nm) compared to the addition of C8-GluCer.

In vitro studies showed that while incorporation of SCS in DXR free liposomes has
no impact on cell survival, it enhances the cellular delivery and toxicity of liposomal DXR,
as was tested against MCF7 and SKBR3 breast carcinomas, BLM and Mel57 human
melanomas, and Pancl and ASPC1 pancreatic carcinomas. Addition of 10 mol% of SCS
was found to be optimal, since above that, no further enhancement in cytotoxicity was
observed. Importantly, minor, and no, enhanced toxicity was observed against normal
fibroblasts (3T3) and HUVEC cells, respectively. This selective cellular delivery holds
promise that SCS-enriched liposomal DXR does not have an impact on normal endothelial
cells in healthy blood vessels. Live cell confocal imaging demonstrated that the cellular
delivery of DXR was not associated with the uptake of NBD-PE-labeled SCS-liposomes,
indicating that intracellular drug delivery by SCS is not dependent on liposome
internalization. Later, it was found that spontaneous transfer of SCS from the liposome
bilayer into the cell membrane, most likely the exoplasmatic leaflet, takes place rapidly
upon cellular contact, during which the interaction and transmembrane transport of DXR
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are facilitated [38]. Recently, the capability of SCS-liposomal DXR in sensitizing the DXR
resistance of tumor cells with an overexpressed level of Pgp was studied [39]. It was found
that, while SCS-liposomes had no impact on the overexpression of Pgp by DXR-resistant
human uterine sarcoma (MES-SA/MX2), it can reverse cell resistance, by modulation of
cell membrane and drug uptake, rendering DXR as effective as in sensitive cells.
Importantly, SCS-liposomes exhibited a superior net effect against a resistant cell line
compared to the sensitive variant (MES-SA). This effect was translated into a greater anti-
tumor effect of SCS-liposomal DXR against xenografted MES-SA/MX2 tumor model
compared to the MES-SA sensitive tumor counterpart.

In addition to DXR, liposomal preparations enriched with SCS were also exploited
for loading of Mitoxantrone (MTO), an anthracenedione antineoplastic antibiotic that is
used in the treatment of acute leukemia, lymphoma, prostate, and breast cancer [40,52].
Similarly to DXR, MTO also needs to reach the cell nucleus to condensate DNA and
inhibits replication and RNA transcription. When an ammonium sulfate gradient was
employed for remote loading of liposomes (the same lipid composition as used for DXR
loaded CSC-liposomes) incorporation of SCS (C8-GalCer and C8-GluCer) improved the
loading efficiency, reaching a 100% drug/phospholipid ratio (w/w) of 0.07, whereas in the
absence of CSC, the maximum obtained loading efficiency was 75%. It is likely that the
interaction and hydrogen binding of MTO molecules with hydroxyl groups of the sugar
moiety of the SCS head group enhances the MTO passage through the liposomal bilayer
[39]. However, despite a stable colloidal property, both SCS-enriched liposomes and SCS-
free preparation exhibited 6-19% MTO release during a week of incubation at 4 °C, and
when exposed to 50% human serum at 37 °C, a burst release of 20% during the first hour,
followed by slow gradual release up to another 10% after 24 h, was observed. Unlike DXR-
liposomes, SCS-liposomes did not undergo morphological changes after drug loading and
stayed spherical. Compared to normal liposomes, the in vitro cellular delivery of MTO
into SKBR-3 breast carcinomas was improved by 12 to 15-fold and three-fold with C8-
GalCer-liposomes and C8-GluCer-liposomes, respectively. Meanwhile, no pronounced
cellular delivery into normal HUVEC and 3T3 cells was observed. The difference in MTO
delivery by C8-GalCer-liposomes and C8-GluCer-liposomes into same cell line could be
attributed to their equatorial and axial differences, where the orientation of the hydroxyl
group at the 4th carbon atom is different, which may have differently impacted the lipid
rearrangement and packing. Live cell imaging of liposomes double labeled with NBD-
GalCer and/or Rho-PE revealed that the intracellular delivery of MTO by SCS-enriched
preparations is independent of liposome uptake.

Analyzes of snap-frozen xenografted MCF-7 tumor tissue isolated 24 h, after injection
of either free or liposomal MTO (5 mg/kg), indicated improved drug delivery by
liposomes. MTO was only observed in the tumors of mice treated with liposomal
preparations. Importantly, while only a marginal nuclear delivery located at the tumor
periphery was observed following administration of free drug, the MTO fluorescence
after administration of liposomal preparations was observed in more deep regions of the
tumor. Both SCS-liposomal MTO formulations were further evaluated in vivo, with
respect to PK and the anti-tumor activity in a mouse model of MDAMB-231 breast
carcinoma [40]. At a single dose of 5 mg/kg MTO, due to the wide distribution throughout
the body and fast clearance rate of free drug, MTO was not detectable in the blood at
selected time points after administration of free MTO. Liposomal preparations circulated
for longer. However, both SCS-liposomes exhibited shorter circulation times compared to
the SCS-free liposome. The AUC of C8-GluCer-liposomes and C8-GalCer-liposomes were
two- and three-times smaller than the AUC of control liposomes. Higher levels of MTO in
the kidneys of mice receiving SCS-liposomal MTO is an indication of MTO leakage from
these preparations. Meanwhile, C8-GalCer-liposomes were found to be leakier than C8-
GluCer-liposomes, which correlated with their different AUC values. However, intravital
imaging revealed a much faster intratumoral MTO fluorescence after administration of
both SCS-liposomes compared to the control liposomes, which indicates that enrichment
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of liposomes with SCS enhances the intratumoral bioavailability of MTO. This enhanced
availability of MTO was reflected by a better anti-tumor activity of SCS-liposomal MTO,
especially for C8-GluCer-liposomes against an MDAMB-231 breast carcinoma tumor
model, upon multiple injection of five doses of 5 mg/kg MTO, at weekly intervals.

7. Liposome-Based Cancer Immunotherapy

Cancer immunotherapy, which refers to harnessing the host immune system, either
towards inhibition or stimulation of specific immune responses against cancer or the
regulation and manipulation of the immune system against cancer cells, has become the
most promising approach in the treatment of cancer, with impressive progress during the
last three decades. Understanding tumor immunology has revealed mechanisms and
factors involved in the escape of cancer cells from immune surveillance and showed how
cancer cells harness immune responses in favor of their proliferation. Exploring the role
of factors such as immune checkpoints and immunosuppressive cytokines, as well as the
downregulation of immune stimulatory biomolecules, along with the emergence of
chronic inflammation that results in immune dysfunction and interferences with the
intrinsic activity of the host immune cells, provides opportunities to help the immune
system to attack malignant cells [162,163]. Nanocarriers, especially liposomes, have been
exploited in immunotherapy, either as carriers or adjuvants in cancer vaccines [164], or
for selective delivery of immunomodultory agents [165-167]. In fact, liposomes might be
able to overcome several major drawbacks faced by cancer immunotherapies through
development of a potential platform for delivery of stimulatory ligands
(immunostimulatory adjuvants, immunogenes, immunostimulatory molecules), for
modulating immune responses, immune checkpoint blockade molecules (CTLA-4, PD-1,
PD-L1), small molecules (indoleamine 2,3-ioxygenase, TGF-3, adenosine, and IL-10) to
target the modulation of the tumor microenvironment, and combinational therapy.
Therefore, different liposomal-based platforms have been explicitly developed for cancer
immunotherapy [165-167].

Melanoma is a good example of the development of immunotherapy. While
improved clinical outcomes are apparent, quite a few patients fail to respond from the
beginning, while others develop resistance over time. We and others have investigated
specific melanoma targeting [41,42,168] and the complexation of checkpoint inhibitors
[43,169] mediated by lipid-based nanocarriers, to provide a means to improve responses
and to engage in combination therapy. To target melanoma and to develop a platform that
can be used to either perform immunotherapy or targeted chemotherapy, or combine
these two approaches, we studied the possibility of using antibody-conjugated liposomes.
To do so we generated an antibody, single chain variable fragments (scFv), designated G8
[41]. This scFv targets melanoma the antigen MAGE A1 when presented by HLA-A1. The
concept is that this antibody acts like a T-cell receptor (TCR) and, as such, increases the
specificity of the antibody for melanoma cells. Indeed, specific recognition is achieved. It
is important to note that different antibodies were used, and the affinity of the improved
antibody version, designated Hyb3, while possibly showing improved binding to cells,
also showed an enhanced recognition of cells not positive for MAGE-A1. Comparably, to
improve binding by using affinity matured antibodies, antibodies were generated for
MAGE-A1 peptides, by using MAGE-A1 peptides with an augmented affinity for HLA-
A1 [168]. These so-called heteroclitic peptides are changed by insertion of certain amino
acids, and by doing so have improved binding to HLA. However, this change can alter
exposure of the right antibody recognition site and thus generate antibodies that will not
recognize the wild type peptide. Clearly, one must protect the binding specificity when
aiming for improved affinity. While these liposomes could be used for immunotherapy,
the efficacy of targeting solid tumors in mice was first studied in a chemotherapeutic
setting. Stable Doxil-like liposomes decorated with either G8 or Hyb3 were injected in
melanoma-bearing mice [42].
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To demonstrate specificity for melanoma cells and, moreover, to demonstrate
specificity for melanoma cells expressing MAGE-A1 in a HLA-A1 context, mice were
installed with melanoma tumors positive for HLA-A1 but with, or without, expression of
MAGE-A1. Doxorubicin-containing liposomes decorated with G8 specifically caused an
improved anti-tumor effect in MAGE-A1+/HLA-Al+ tumors, while Hyb3 decorated
liposomes induced a response in both MAGE-A1l-positive and -negative tumors. These
results corroborated the binding studies and are an indication that specificity and affinity
may not always go hand-in-hand.

8. A NICE Perspective

The nanomedicine field has developed fast and an increasing number of basic,
translational, and clinical researchers, from a plethora of disciplines, have become
involved. Already, a vast number of departments, research groups, and laboratories with
nanomedicine, or something alike, in their name are interested in the application of
nanotechnology for advanced treatment of patients.

Our experience started with a relatively simple and, above all, practical approach.
Patients with locally progressed disease, i.e., advanced melanoma or sarcoma in the arm
or leg and demanding amputation, profited enormously from a straightforward clinical
approach. Isolation of the diseased area resulted in a reduction in the volume of
distribution and protected sensitive tissues from exposure to the locally administered
chemotherapeutic. This resulted in an increase in local drug concentration and a favorable
tumor response in most of these patients. The realization that delivery matters was an eye
opener. More so, these results implied that maybe delivery is key, rather than drug
resistance.

To improve delivery and curb systemic toxicity, liposomal formulations were
developed, resulting in long circulating PEGylated liposomal doxorubicin. Doxil, the first
registered liposomal chemotherapeutic, indeed altered the toxicity profile; and especially
in animals, elevated accumulation of drug in tumors was observed. In most clinical
applications this formulation appeared to not be more effective than free doxorubicin.
With the aid of intravital microscopy, an invaluable tool, especially in a setting in which
the kinetics of carrier and drug in a tumor needs to be studied in real time, we observed
that doxorubicin was only slowly separated from the liposomes, causing the levels of
available drug to be lower than expected. For many applications of nanomedicine
formulated for systemic (i.e., intravenous or intra-arterial infusion) administration, the
stability of the formulation in circulation conflicts with the need for the drug to become
available at the site of interest. This mismatch and the misconception that intracellular
nanoparticles will be degraded, and thus the drug will be released and will be available
for action, are still affecting a significant number of studies performed today.

With the realization that nanoparticles may be too stable, several groups have
developed liposomes that can be ordered to release their contents. We optimized so-called
thermosensitive liposomes (TSLs) that have the benefit of a long circulation at 37 °C (i.e.,
prolonged presence of drug in the circulation, diminished degradation, and diminished
side-effects), and which allow a triggered release of their content at the tumor site. This
approach has the potential to act as a loco-regional treatment setting, with the potential to
massively improve drug accumulation. Owing to our background in loco-regional
treatment, two aspects of this approach surprised us. First, we asked whether the drug
mostly used, doxorubicin, was indeed the most ideal. Second, loco-regional treatment of
cancer is mostly used to achieve local control, and not to obtain a prolonged survival or
cure per se.

As mentioned above, we questioned whether doxorubicin was indeed a good choice
to be used in TSLs. We showed through intravital microscopy that, after cessation of
hyperthermia, the trigger applied to force release form TSLs, interstitial drug levels
dropped sharply, causing a significant part of doxorubicin to sink back into the
circulation. Interestingly, the drug levels reached in the tumor were such that cellular
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uptake was the rate limiting step. If this approach is aimed at obtaining locally an optimal
effect, a drug with more favorable characteristics, fitting such approach, should be used.
We identified idarubicin and, indeed, observed that this drug, when used in a TSL setting,
inflicted more harm to the tumor because of the faster uptake of the drug by tumor cells.
However, while this could be better for targeted treatment of a tumor, such a drug would
have little effect on metastasis, because of the short circulation time in the free form.

The TSL-based approach, in combination with hyperthermia, is often challenged by
the fact that patients mostly die because of metastases. Thus, targeting the individual
tumor does not really help to improve overall survival. While obtaining local control or
rendering a tumor surgically removable is a not an achievement to be underestimated,
and for a number of cancers this is dearly needed, improvements to survival or a cure are,
of course, the ultimate goal. To understand the usefulness of nanomedicine and TSL-based
cancer therapy, it is useful to realize that only a small fraction of the administered dose
reaches the targeted tumor. In other words, most of the injected liposomes are available
for targeting the metastases. Therefore, actually, the TSL plus hyperthermia approach is a
systemic treatment where the local response is emphasized. This means that we have to
generate liposomes that combine good stability in circulation with acceptable
accumulation in metastases and distant tumors, while showing a fast response to the
external trigger, followed by a fast uptake by tumor cells.

The future of liposomal chemotherapy and, for instance, the combination of
hyperthermia with TSLs is certainly not set in stone, but also not chiseled. Recently the
argument was made that delivery is key, and we agree that this is true. However, what is
overlooked is the need for a better selection of the therapeutic. When considering
hyperthermia with TSLs, an improvement, mostly a simplification of the heating method
and application, is needed. This challenge will remain if we do not direct our focus and
realize that it is the treatment of the individual tumor, combined with the spread of
disease at the same time, that needs to be controlled. Our experience tells us that to
continue this journey, we need the involvement of clinicians and, in particular, medical
oncologists. We need to simplify our systems and adapt them to clinical practice. There
are a multitude of different groups working on a range of different formulations, showing
the capacity and possibilities nanomedicine provides. To refine these options, and to
develop the best for the clinic, we need to identify the purpose of the formulations: is local
control intended or patient well-being, is prolonged survival or a cure aimed for? The
future looks promising, but also quite overwhelming; and to obtain a realistic and
applicable formulation, we need to make choices and be modest about the endpoint we
are aiming for. If we can do that, we certainly have a chance to better contribute to cancer
therapy.

9. Conclusions

Since the first publications on liposomes and lipid nanoparticles by its founder, Alec
Bangham, the field of nanomedicine has developed fast and resulted in the registration of
Doxil/Caelyx. The literature on nanosystems for clinical application has accumulated fast,
with more than 42,000 hits (PubMed) in 24 years for “nanomedicine” alone. This
development clearly went through phases, and new inventions and disappointments
followed each other. Liposomes became PEGylated to provide an improved circulation
time and were formulated with rigid lipids, to provide robust and stable carrier, adding
to the circulation and preservation of the payload. Soon after, it became apparent that such
particles prevent delivery to the target, i.e., the tumor cell or tumor cell compartment. This
initiated the development of trigger sensitive liposomes and the development of smart
drug delivery systems (SDDS). Currently a plethora of nano-sized systems are being
developed, researched, and tested, with sometimes exotic mechanisms or elaborate
combination of substances and possibilities. However, as we argued above, clinical
application is falling behind, and bringing more complex systems to the table is not
helping to improve applicability in patients. Recent clinical trials with thermosensitive
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liposomes have indeed demonstrated that the combination of these formulations and
heating technologies with the complexity of the patient and disease led to poor results.
This is important, as pre-clinical studies and modelling indicated the potential of this
approach. Our growing knowledge and what we learned from others has helped us to get
to where we are now. We realize, however, that to progress further, i.e., move towards
the clinic, we need to collaborate more than ever with all fields.
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