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Nanoparticles can provide effective control of the release rate and tissue distribution of their drug payload, lead-
ing to major pharmacokinetic and pharmacodynamic changes vis-à-vis the conventional administration of free
drugs. In the last two decades, we have witnessed major progress in the synthesis and characterization of
engineerednanoparticles for imaging and treatment of cancers, resulting in the approval for clinical use of several
products and in new and promising approaches. Despite these advances, clinical applications of nanoparticle-
based therapeutic and imaging agents remain limiteddue to biological, immunological, and translational barriers.
There is a need to make high impact advances toward translation. In this review, we address biological, toxico-
logical, immunological, and translational aspects of nanomedicine and discuss approaches to move the field for-
ward productively. Overcoming these barriers may dramatically improve the development potential and role of
nanomedicines in the oncology field and help meet the high expectations.

© 2020 Elsevier B.V. All rights reserved.
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1. The challenge of cancer therapy

Our understanding of the molecular processes underlying the path-
ophysiology of cancer cells has progressed enormously since the new
century began. The extraordinary technological advances in genomics,
the complete sequence of the human atlas genome and the characteri-
zation of genemutations in various cancer types have led to the current
view of a disease process defined by several key hallmarks driven by an
underlying genetic instability of cancer cells [1]. Cancer is caused by
.M. de Rosales and N.M. La-
i.org/10.1016/j.addr.2020.05.
somatic gene mutations followed by tumor progression along three
major steps:

1. Increased proliferation and/or decreased apoptosis of tumor cells,
causing an increase of tumor cell mass.

2. Invasion of adjacent tissues and switch on of angiogenesis.
3. Metastatic spread from the primary tumor via blood vessels or lym-

phatics to distant organs, with formation of metastases. This is
most frequently the process that causes death of the host.

In parallel to cancer growth and expansion, tumor cells undergo fur-
ther genetic and phenotypic changes becoming resistant tomany of the
common cytotoxic drugs and developing mechanisms of escape from
immune recognition. The extent and kinetics of these changes depends
Beck, Translational considerations in nanomedicine: The oncology
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on the intrinsic characteristics of each tumor, interactions with the sur-
rounding stroma and the selective pressure of anticancer therapies.

The clinical diagnosis of a tumor mass1 requires usually a cluster of
109 cells2 (~10 mm diameter). Most of these tumors are asymptomatic
and identifying these small tumorswould require screeningwithwhole
body imaging techniques, something that is not practical and not feasi-
ble for economic reasons. At the time of clinical diagnosis, most tumors
have already covered 75% of their doubling cell expansion process. As a
result, significant heterogeneity and phenotypic diversity are already
present in most diagnosed cancers, posing a major therapeutic chal-
lenge due to the presence of cells with metastatic potential and multi-
drug resistance properties.

While surgery and radiotherapy are the main tools for treatment of
localized disease, medical (drug-based) therapy is the established mo-
dality for treatment of disseminated cancer. Today medical therapy en-
compasses a broad array of agents with hugely differentmechanisms of
action, and includes chemotherapy (cytotoxic agents), hormonal ther-
apy, biological therapy and immunotherapy. The latest addition is adop-
tive cell therapy exemplified by chimeric antigen receptor (CAR)-T cell
therapy. Cell therapy is already at the edge of transplantation medicine
although efforts are beingmade bypharmaceutical companies to impart
to these advanced therapies with release specifications in line with
pharmaceutical products. Medical therapy is applied in various settings
to treat cancer:

- Primary (neoadjuvant) treatment: Here, anti-tumor drugs are given
prior to or concomitantly with potentially curative local therapeutic
modalities (surgery or radiotherapy). In this setting, the primary
tumor is present but there is no clinical evidence of distant metasta-
ses. This approach includes chemo-radiotherapy which is increas-
ingly used to sensitize tumors to radiotherapy and enhance the
anti-tumor effect.

- Adjuvant treatment: Adjuvant treatment is applied in patients with
a high risk of micrometastases after surgical removal of the primary
tumor. The adjuvant approach is a black box because all patients at
high risk are treated without knowing which patients harbor viable
metastases and which do not. Despite these shortcomings, it has
been demonstrated statistically that adjuvant treatment can cure
micrometastatic or subclinical, disease in a fraction of patients with
some cancer types (breast cancer, colon cancer, and other tumors),
whowould not be amenable to cure if we wait for the disease to be-
come macroscopic and clinically detectable before starting treat-
ment.

- Treatment of metastatic disease: In most instances, including the
most common types of cancer (breast, prostate, lung, and colon),
medical drug therapy of cancermetastases is palliative, i.e. tumor re-
gression and prolongation of survival can be achieved but cure is ex-
ceptional and most tumors ultimately recur and are lethal. Recent
advances in immunotherapy using monoclonal antibodies that in-
hibit immune checkpoints and enable the switching on of the host
anti-tumor immune response have opened a new era in cancer ther-
apeutics. Complete and durable responses have been observed in a
subpopulation of patients with some forms of advanced cancer, par-
ticularly melanoma and non-small cell lung cancer, treated with im-
mune checkpoint inhibitors alone or in combination with cytotoxic
chemotherapy [2,3]. However, the role of the immune system in
cancer progression and regression has not been fully elucidated,
and the full clinical potential of the immunotherapy approach prob-
ably remains unexploited.
1 Superficial skin tumors can be recognized sometimes when tumors contain smaller
clusters of 107 cells (~2–3 mm diameter).

2 It is reasonable to assume that new techniques, based on proteomics or circulating tu-
mor DNA, will be needed to safely break under the 109 cancer cell mass diagnostic
threshold.
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2. Cancer nanomedicine in 2020

The field of nanomedicine encompasses the use of nanoparticles and
macromolecules in the nanometric size range, mostly between 10 and
200 nm, that enable unique and complex interactions with the biologi-
cal milieu. In most instances, nanomedicines are drug delivery systems
consisting of a carrier and an associated drug, but in some cases the
nanoparticle is the active agent itself as is the case with gold nanoparti-
cles that can destroy tumors by a photothermal effect [4]. Formulating a
single molecule drug, several angstroms across, into a nanoparticle
packed with thousands of drug molecules and reaching ~1 million-fold
greater volume is a tremendous pharmaceutical challenge with major
pharmacological implications. While nanomedicine is basically a tech-
nology, there is also an important and specific science side of
nanomedicine due to special and complex interactions of nano-size
drug delivery systems with the biological milieu that result in unique
pharmacodynamic effects.

The last couple of decades havewitnessed significant progress in the
synthesis, engineering and characterization of nanoparticles for therapy
mainly for cancer therapy and diagnosis. The FDA has approved several
nano-drug products, mostly liposomes for intravenous administration.
Newpromising candidates are in different stages of clinical trials. Nano-
technology research has involved different types of nanomaterials [5],
based on organic components (lipids, polymers, cell-derived vesicles),
inorganic components (metals, carbon-based, mesoporous silica) and
even gas-filled vesicles (microbubbles), with the common goal of im-
proving drug delivery and cancer treatment [6]. The success of these
nano-drugs stemsmainly from a reduction of the life-threatening toxic-
ities associated with some of the anti-cancer agents delivered by
nanomedicines. Nevertheless, the clinical use of nano-drugs has re-
sulted so far in a limited improvement in the overall survival of patients
[7]. The impact of nanoparticle-based drugs remains under-exploited
with a modest presence in the field of cancer drug development.
Nanomedicine is an attractive tool for reformulating some old drugs
or for delivering undruggablemolecules in a convenient form of admin-
istration, but a substantial impact of nanomedicine in cancer therapy re-
quires developing products with significant added value, either greater
safety or greater efficacy, over the established technologies.

Nanoparticles and polymeric macromolecules are the most impor-
tant tools of nanomedicine [8]. Doxil, also knownaspegylated liposomal
doxorubicin (PLD),3 was the first nanoparticle-based cancer chemo-
therapeutic approved by the FDA [9,10]. Thus far, PLD together with
nanoparticle albumin-bound paclitaxel (NAB-paclitaxel)4 [11] are con-
sidered the cancer nanomedicines that havemade themain clinical con-
tribution. Both PLD and NAB-paclitaxel have been approved as single
agent or in combination therapy for a number of important indications
including breast and ovarian cancers, multiple myeloma, and Kaposi
sarcoma for PLD; and breast, pancreatic, and non-small cell lung cancers
for NAB-paclitaxel.

Nanoparticles can improve the delivery of chemotherapeutics by
controlling release rate of the active agent and by changes in drug
biodistribution that will relatively spare sensitive tissues while enhanc-
ing drug deposition in tumors by passive targeting, a phenomenon
refered as the Enhanced Permeability and Retention (EPR) effect
[12,13] (Fig. 1). Most of the nanopharmaceuticals approved for clinical
use in cancer treatment are liposome-based and belong to the non-
targeted or passive targeted category (Table 1). Active targeting implies
a targeting component acting as specific ligand for a receptor expressed
in cancer cells and is discussed below in section 6 (Targeted
nanomedicines).

EPR is a critical requirement for nanoparticle transport from the
blood stream into tumors [12,13]. Abnormal blood vessels, large
3 Marketed under the trade names of Doxil and Caelyx by Janssen Pharmaceuticals and
as Lipodox by Sun Pharmaceuticals.

4 Marketed under the trade name of Abraxane by Celgene.
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Fig. 1. In Vivo Delivery of Nanomedicines – The route of a nanodrug: Extravasation of circulating liposomes into the tumor interstitial space and gradual drug release drug with free
diffusion into cells. Uptake of liposomes by tumor-associated macrophages (TAM), and less so by tumor cells (TC). Trafficking of liposomes by way of endosomes and lysosomes,
followed by drug release in cytosol, and crossing of the nucleo-cytoplasmic membrane with possible DNA damage.

Table 1
Nanoparticle-based products for cancer approved by FDA and/or EMA.

Product Indication in cancer

Pegylated Liposomal Doxorubicin (Doxil,
generics)

Kaposi Sarcoma, Ovary, Breast,
Myeloma

Liposomal Daunorubicin (DaunoXome) Kaposi Sarcoma
NAB-Paclitaxel (Abraxane)a Breast, Lung, Pancreas
Liposomal Doxorubicin (Myocet) Breast
Liposomal Vincristine (Marqibo) Adult A.L.L.
Low-pegylated Liposomal Irinotecan (Onivyde) Pancreas
Liposomal Cytarabine+Daunorubicin (Vyxeos) Adult A.M.L.
Liposomal Cytarabine (DepoCyt)b Lymphomatous meningitis
Liposomal Mifamurtide (Mepact)b Osteogenic Sarcoma

a A PEG-PLA polymeric micelle of paclitaxel, known as Genexol-PM is approved by the
EMA as a generic version of Abraxane.

b DepoCyt and Mepact particle size is in the micron range, above the conventional size
window of nanomedicines.

Fig. 2. Blood Vessels - The Achilles Heel of Cancer. A: Norma

3A.A. Gabizon et al. / Advanced Drug Delivery Reviews xxx (2020) xxx

Please cite this article as: A.A. Gabizon, R.T.M. de Rosales and N.M. La-
perspective, Adv. Drug Deliv. Rev., https://doi.org/10.1016/j.addr.2020.05.
fenestrations, discontinuous basement membrane, high microvascular
permeability and defective lymphatic drainage are frequent features of
tumor-associated neoangiogenesis, in contrast to the normal blood ves-
sels of non-malignant tissues [14] (Fig. 2). This cancer hallmark is the
pathophysiologic basis for EPR.

While EPR is observed consistently in many experimental tumor
models, large variations have been observed in human cancer as
reviewed by Man et al. [15]. Back in 2001, Harrington et al. observed a
large inter-patient variation between 2.7 and 53.0% ID/kg, based on
scintigraphic studies with 111In-labeled Stealth (long-circulating) lipo-
somes and volumetric estimates of tumors [16]. Direct contributing fac-
tors to EPR variability include tumor type, tumor size, and tumor site
(primary versus metastatic tumors). Mechanistically, the underlying
factors of EPR variability are related to the microanatomy of tumor
blood vessels, the presence and number of tumor-associated macro-
phages (TAM), and the tumor interstitial fluid pressure (IFP).
l tissue; B: Tumor tissue. From: Trédan et al., 2007 [14].

Beck, Translational considerations in nanomedicine: The oncology
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There are instances of tumors ormetastases displayingweak or inef-
fective EPR effect, such as when the tumor blood supply is derived by a
process known as co-option of normal blood vessels which results in
blood vessels with reduced permeability and responsiveness to anti-
angiogenic treatments [17].

The prevalence of TAM is high inmany tumors andmay entail a poor
prognosis [18]. TAM have been shown in several studies to be the main
cellular reservoir of nanoparticles that reach the tumor microenviron-
ment [19,20]. Indeed, it has been shown, using a PET-imaging tool of
TAM, that TAM-rich tumors accumulate several hundred-fold more
polymeric nanoparticles than TAM-depleted tumors [21].

High IFP develops in most large tumors, above a threshold size, as a
result of defective lymphatic drainage and is a major obstacle to drug
delivery in general and to nanodrug delivery in particular [22]. High
IFP may shut off the convective transport of fluid from the intravascular
to the extravascular compartmentwhich is greatly important for the ex-
travasation and penetration of nanoparticles into the tumor tissue.
Adding this to the solid stress caused by tumor growth and
desmoplastic reaction will lead to collapse of tumor blood vessels, de-
creased perfusion, hypoxia and necrosis [23]. Experimental attempts
at reducing IFP in tumors with anti-angiogenic therapy suggest that
nanomedicine delivery can be improved but only for particles smaller
than 100 nm [24].

In Kaposi sarcoma skin lesions, a tumor with high vascular perme-
ability and high EPR, radiolabeled Stealth liposomes deposit in large
amounts (Fig. 3A). In good correlation with the imaging findings, biop-
sies in these patients show high concentrations of PLD, 16-fold greater
than in normal skin in average (Fig. 3B-C) [16,25]. Moreover, the high
response rate of Kaposi sarcoma to relatively low doses of PLD [26] sug-
gests that EPR makes an important contribution to the antitumor activ-
ity of nanodrugs by increasing their tumor drug levels. Yet, while
selecting tumors with high EPR for treatment with nanodrugs is phar-
macologically sound, we cannot discard that low-EPR tumorwill still re-
spond to nanodrugs better than to free drugs.

Th mechanism of EPR is still debated and is probably complex and
multifactorial. Extravasation of nanoparticles through gaps between en-
dothelial cells [27] driven by convective flow and diffusion has been the
central paradigm, but a recent paper has provided evidence for a major
Fig. 3. (A)Whole-body gamma scintigraphy after injection of [DTPA-111In] Stealth PEGylated l
the blood pool liposome image at 4 and 24 h, fading only at 48 h after injection. Together with th
of liposomes, (B) Drug levels in tumor lesions of Kaposi sarcoma patients (n=18), 72 h after tr
greater than after free drug. (C) Drug levels in adjacent normal skin and tumor lesions of Kapo
tumor are 16-fold greater than in skin. Adapted from [16,25].
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contribution of transcytosis with pegylated gold nanoparticles in 4 dif-
ferent mouse tumor models [28]. Back in the 1990's, a combination of
extravasation and transcytosis was reported to mediate the EPR effect
in a model of Kaposi sarcoma using pegylated colloidal gold liposomes
[29]. Importantly, extravasation may not be a steady process but rather
a dynamic one with vascular burts of convective transport through
vents or transient gaps [30]. It has been further shown that EPR can be
enhaced by bursts of macrophage activity afte radiation [31]. EPR vari-
ability is discussed further in section 7 (Imaging and theranostics).

3. Translational challenges

In a thorough review on strategies to improve the translation suc-
cess of cancer nanomedicines, Van derMeel et al. [32] proposed 4 direc-
tions: patient stratification and selection, rational drug selection rather
than opportunistic choices, combination and multimodal therapies for
synergistic effects, and empowering immunotherapy. While some of
these points will be addressed in later sections, we will focus first on
the basic clinical regulatory approach in which the two issues that
most matter for the acceptance of a nano-pharmaceutical product are:
Is the safety profile of the nanomedicine better than the standard treat-
ment? Is the efficacy of the nanomedicine superior to the standard
treatment? To achieve these objectives, the nanoparticle engineering
strategy has to meet several translational goals:

a. Stable association of drug and carrier in circulation: Determining
stability of the carrier in circulation is relatively easy to check by
looking for free drug in in vitro plasma stability assays or in vivo dur-
ingpharmacokinetic testing. High stability is critical to keep the drug
payload in association with the carrier when a change in tissue
biodistribution is sought. When the main purpose is to achieve
slow drug release from the central compartment, what is needed is
a controlled rate of release.

b. Enhanced drug delivery to tumors: For this to occur, first, the
nanodrug has to remain long in circulation and maintain high
plasma levels, thereby increasing the number of passages through
the tumor microvasculature and the efficiency of extravasation
(i.e., number of particles moving into the tumor compartment per
iposomes in a Kaposi Sarcoma patient, demonstrating high EPR-driven tumor uptake. Note
e RES uptake, the tumor lesions, such as the onemarked in left leg, show heavy deposition
eatmentwith free doxorubicin or PLD. The average tumor drug levels after PLD are 11-fold
si sarcoma patients (n = 16), 48 h after treatment with PLD. The average levels of PLD in
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unit of time by diffusion and convection). Second, the nanoparticle
size has to allow extravasation across tumor blood vessels, but to
prevent extravasation across normal blood vessels, to spare sensitive
tissues (e.g., heart muscle, nervous system, gastro-intestinal mu-
cosa), and to avoid loss through renal glomerular filtration. Up to
400 nm-diameter liposomes have been shown to extravasate and
concentrate in tumors by exploiting the EPR effect [33]. However,
given the pharmaceutical necessity for sterile filtration of all system-
ically administered nanoparticle products, the optimal size window
that will take advantage of the permeability range in normal and
tumor blood vessels appears to be between 20 and 200 nm. It should
be noted that sharing similar systemic PK of a nanodrug does not
necessarily lead to the same extravasation efficiency, since the latter
is substantially affected by the phenotypic characteristics of the
tumor microenvironment [34].

c. Release of active drug in tissues at a suitable rate for anti-tumor ac-
tivity. Examining the release rate of drug from carrier in tissue is very
challenging and sometimes can only be inferred from pharmacody-
namic observations indicating drug bioavailability. Even then, the
pharmacodynamic read-outs do not always reflect the kinetics of
the process of drug release in tissues. Animal models are helpful to
screen nanomedicines, but the kinetics of nanomedicines are species
dependent as indicated by the large inter-species variations in circu-
lation half-life and, therefore, animal results are not always general-
izable to humans. While there is clear evidence of bioavailability for
PLD, this is not the case for SPI-077, a cisplatin-containing liposomal
nanodrug, whose clinical development failed due to poor bioavail-
ability in the tumor site and lack of anti-tumor activity [35,36]. Re-
lease rates of drugs from nanocarriers vary among tissues and are
affected by the presence of tissue-resident macrophages. As men-
tioned before, a significant fraction of tumor-homing nanoparticles
is taken up by TAM, and it is well accepted that endocytosis results
in faster breakdown of nanoparticles than degradation taking place
in extracellular fluids. Uptake of nanodrugs may inhibit the activity
of Kupffer cell and other macrophages [37], but also creates a reser-
voir of drug in the TAM compartment with gradual release of free
drug that can diffuse and inhibit neighboring tumor cells [38,39].
Therefore, targeting the TAM compartment, while minimizing sys-
temic RES damage, will help potentiate the antitumor effect of
some nanodrugs.

Successful control of these parameters in the nano-formulation will
spare toxicity to normal tissues and boost the antitumor effect, thereby
enabling an overall increase of the therapeutic index. Many
nanomedicines have failed to meet these requirements because of
short circulation time, poor drug retention, or insufficient drug release.
Yet, other nanomedicines have been able tomake a positive clinical con-
tribution despite only minor changes in drug pharmacokinetics (PK).
This is the case of NAB-paclitaxel which avoids the acute toxicities asso-
ciatedwith Cremophor EL® vehicle used in solvent-based paclitaxel and
has been found useful in various indications [40].

A number of technology issues have to be addressed early in product
development for successful translation. During the basic research phase,
each nanomedicinemust be optimized with regard to its proposed clin-
ical use, route of administration, projected dose, and frequency of dos-
ing. There are several empirical check lists and stop-go checkpoints
common to all nanomedicines. For nanomaterials, they include
physico-chemical characterization, biocompatibility, biodegradability,
and availability of GMP sources. The toxicity risk imposed by some
nanomaterials has to beweighed against the potential drug delivery ad-
vantage it conveys when formulated in a specific nanoparticle. For in-
stance, while mesoporous silica nanoparticles are very attractive and
robust systems for controlled drug delivery [41], silica and mesoporous
silica nanoparticles display problematic toxicity when injected intrave-
nously [42]. Yet, reducing the size of functionalized silica particles to
Please cite this article as: A.A. Gabizon, R.T.M. de Rosales and N.M. La-
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<10 nm to allow glomerular filtration results in an apparently safe
and effective approach to cancer targeting [43,44].

Since most of the nanomedicines are used by the parenteral route,
sterile filtration will be required in themanufacturing process, thus im-
posing a particle size limit of 200 nm. In addition, if the nanomedicine is
to be configuredwith a targeted ligand and/orwith a chelating agent for
imaging theranostic applications, it is important to incorporate these
from the beginning of formulation since even small modifications may
change the in vivo stability and PK [45].

Regarding the active pharmaceutical ingredient, it is important to
consider upfront its potency in relation to the maximal payload achiev-
able. Low potency drugs even at optimal payload may require the infu-
sion of a prohibitive amount of nanoparticle mass to deliver a
pharmacological dose. Designing a robust manufacturing process that
can ensure a stable product with reproducible drug-to-nanoparticle
ratio and minimal contamination with free drug is critical.

A simplified flow chart for development of a nanomedicine is pre-
sented in Fig. 4.

4. Liposomes, the leading nanoparticle in clinical applications

Liposomes are among the most frequently used nanoparticle sys-
tems for parenteral delivery of drugs, particularly for cancer chemother-
apeutic agents. Polyethyleneglycol-coated (pegylated) liposomes have
a prolonged circulation time in the blood stream, which results in en-
hanced accumulation in tumors by the EPR effect.

Liposomes and other nanocarriers can be classified into 4 categories
as proposed byHsu andHuang [46] based on the drug release rate in cir-
culation and the clearance by the reticulo-endothelial system (RES),
also referred to as mononuclear-phagocyte system (MPS). As shown
in Fig. 5, class 2 are the most attractive nanocarriers since they are
highly stable and have low affinity for the RES. This results in a long-
circulating nanoparticle with an intact drug payload, and effective con-
trol of drug delivery and tissue distribution by the nanocarrier. Among
the clinically approved nanomedicines, PLD is a good example of this
class of formulations. The circulation half-life is long, in the range of 2
to 3 days and the leakage of doxorubicin is insignificant with undetect-
able or very low concentrations of free drug (~1000-fold lower than li-
posomal doxorubicin) [47].

There are several reasons for liposomes and lipid nanoparticles to be
the most well-accepted nanotechnology for clinical applications. Lipo-
some building materials are biocompatible and biodegradable and
GMP sources are available and well characterized. Manufacturing at
upscalable commercial levels is feasible and with well-developed ana-
lytical protocols. There is a large amount of long-term toxicology data
on liposomes and a good understanding of their PK and to some extent
biodistribution in humans. Thus, regulatory-wise, liposomes are well
ahead of other nanoparticles. This is in large measure due to the fact
that liposome-based doxorubicin and amphotericin B were the first
nanodrugs to be approved by regulatory bodies.

The attempts to formulate anthracyclines in liposomes began nearly
4 decades ago (reviewed in [10,48]) with a simple strategy: shifting
drug biodistribution to spare the heart muscle from anthracycline-
induced cardiac toxicity and maintaining the antitumor effect. Later, it
was recognized that long-circulating, small unilamellar liposomes accu-
mulate in tumors in high amounts [49]. Subsequently, two important
technological developments, pegylation of liposomes [50,51] and re-
mote loading of cationic amphiphiles [52] led to the PLD-Doxil formula-
tion [9,53]. The reduction of cardiotoxicity when doxorubicin is
compared to PLD is huge with more than a 3-fold increase in the maxi-
mal cumulative dose [48,54] and is likely to result from decreased drug
exposure of the heart muscle (Fig. 6A). In addition, the passive tumor
targeting effect of these long-circulating liposomes conferred by the
EPR effect is highly significant and reaches values ≥10% of the injected
dose when normalized per unit tumor weight (grams for mice, kg for
humans) [16,55,56]. These values are several fold greater than the
Beck, Translational considerations in nanomedicine: The oncology
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Fig. 4. A simplified flow chart for designing a nanoparticle-based cancer nanomedicine.
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drug levels obtained with liposomal drugs in extra-RES normal tissues
and with free drugs in tumors based on animal and human data
[36,47,57–60]. Yet, it is important to take into account that particle
size, circulation half-life, dose (Fig. 6B), and tumor size (Fig. 6C-D) sig-
nificantly affect tumor uptake [19,61,62]. This highlights the risks of
drawing conclusions from inter-study comparisons in different tumor
models and with nanoparticles of different and, often, suboptimal
Fig. 5. Classification system for characterization of liposome drug products. Classification
system for characterization of liposome drug products. Liposomes and other
nanocarriers can be classified into 4 categories based on the drug release rate in
circulation and the clearance by the reticulo-endothelial system (RES). Class II are the
most attractive nanocarriers since they are highly stable and have low affinity for the
RES. Among the clinically approved nanomedicines, PLD, Myocet, and Daunoxome can
be considered as examples of Class II, III, and IV respectively. From: Hsu & Huang, 2014
[46].
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characteristics [63] that may result in an underestimation of the poten-
tial of nanomedicine in cancer drug delivery.

Besides Stealth liposomes, other nanoparticles have achieved long
half-lives and high tumor uptake. Core-crosslinked polymeric micelles
and other polymeric micelles are attractive pharmaceutical products
with solid preclinical data and are currently in early clinical testing for
the delivery of docetaxel and platinum-based drugs [64–66].

Triggered release of liposomal drugs is another area with extensive
research aiming at clinical translation. Thermosensitive liposomes that
respond to hyperthermia with bursts of drug release have been devel-
oped into a clinical formulation containing doxorubicin known as
Thermodox®. A phase 1 clinical study showed a significant increase in
tumor drug levels when focused ultrasound was applied to heat the
tumor [67]. Experimentally, Thermodox delivers more drug to tumors
than PLD upon hyperthermia but, on the down side, it has a faster clear-
ance and a narrow time window for exploiting its efficacy [68]. While
the initial pivotal study with Thermodox failed to achieve its endpoints,
another phase 3 study combining Thermodox with radiofrequency ab-
lation (RFA) for treatment of Hepatoma is still ongoing and final efficacy
results are awaited.5
5. Targeted nanomedicines

Tumor cells overexpress a variety of surface receptors that play an
important role as catalysts of tumor growth. This area is of particular rel-
evance to cancer targeting. Receptor profiling of tumors [6] with
overexpressed receptors on the tumor cell membrane, may offer a po-
tential Trojan horse for targeting specific ligands or antibodies and de-
livering a cytotoxic drug cargo. One of the best examples of a
successful clinical translation of this approach is the antibody-drug con-
jugate known as T-DM1which combines Trastuzumab, an anti-Her2 an-
tibody, with emtansine, a potent and highly toxic chemotherapeutic,
5 Celsion Reports Unanimous Independent Data Monitoring Committee Recommenda-
tion to Continue the Phase III OPTIMA Study of ThermoDox® in Primary Liver Cancer. No-
vember 4, 2019 8:00 AM |GlobeNewswire| CLSN.
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Fig. 6.Major pharmacological advantages of long-circulating (Stealth) nanodrug delivery systems: Reduced levels in heart muscle and increased levels in tumor with dose dependence,
and tumor size dependence. (A) Reduction of heart tissue uptake with liposomal doxorubicin (Dox) treatment. Peak tissue concentration and AUC are ~ 4-fold greater with free Dox than
with liposomal Dox. BALB/c mice injected i.v. with 10mg/kg Dox in free or liposomal form. (B) Effect of dose on peak tumor drug concentration of PLD and free doxorubicin. BALB/c mice
with s.c. implants of M109 tumor injected i.v. with various doses of free doxorubicin or PLD and sacrificed 3 h (free doxorubicin) or 48 h (PLD) later. The gap between doxorubicin and PLD
increases with dose. (C) Inverse correlation between tumor weight and liposome tumor uptake in Nude mice bearing s.c. implants of human KB tumor (n= 62) injected i.v. with 111In-
labeled liposomes 24 h before measurement. Spearman r=−0.573, p < .001. (D) Reduced liposome uptake in larger tumors grouped by cancer type in patients (n= 15) injected with
111In-labeled PLD-like, drug free, liposomes. Adapted from: Tahover et al., 2014 [48]; Gabizon et al., 2002 [143]; Harrington et al., 2000 and 2001 [16,62].
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and has conferred a significant disease-free survival advantage to pa-
tients with Her2-positive breast cancer.

Targeted delivery of a large drug payload to cancer cells via ligand-
receptor specific interaction is probably the most cherished goal of
nanomedicine. A comprehensive and in-depth review of this subject
has been recently published [69]. Active targeting of nano-based drugs
requires the coupling of ligands to the surface of the nanoparticle di-
rected to a cancer-specific cell surface receptor, a process that should
be differentiated from passive targeting achieved solely by the EPR ef-
fect. Active targeting would allow internalization and intracellular de-
livery of the drug cargo into target cells, which is the holy grail of
nanomedicine. The active targeting approach requires a more complex
formulation design: the ligand has to be anchored on the external sur-
face of the nanoparticle for which it may need to be chemically modi-
fied, the number of ligands per particle has to be carefully controlled,
and the ligand may modify the PK of the nanoparticle reducing circula-
tion half-life, possibly affecting EPR-based tumor uptake [45], and in-
crease the risk of immune reactions, particularly if it is a protein or a
peptide.

An important advantage of targeted nanocarriers over ligand-drug
bioconjugates is the delivery-amplifying effect which can convey to a
tumor cell the full drugpayload of a liposome to the target cell per single
ligand-receptor interaction. In addition, the target-specific avidity of
nanoparticles can be significantly enhanced by orders of magnitude
through multivalent interactions, particularly with small molecule li-
gands [69].

Examples of actively targeted nanomedicines clinically tested in-
clude MM-302, a Her2-targeted Doxil liposome [70], and BIND-014,
Please cite this article as: A.A. Gabizon, R.T.M. de Rosales and N.M. La-
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a PSMA-targeted docetaxel polymeric nanoparticle [71]. Unfortu-
nately, the clinical development of both products has been
discontinued: MM-302 did not provide any clinical advantage over
the chemotherapy control arm given to breast cancer patients
(Hermione study) [72], and BIND-014 circulation time in humans
is relatively short (t½ = ~ 6 h) and probably does not enable signif-
icant EPR-mediated accumulation in tumors. For comparison,
CPC634, another polymeric (non-targeted) docetaxel nanoparticle
currently in clinical studies, has a half-life of 33 h [73] at the same
docetaxel dose level of 60 mg/m2 as BIND-014 indicating greater
stability and drug retention in circulation.

Targeting to the folate receptor (FR), which has been found to be up-
regulated in multiple cancer types and in inflammatory macrophages
[74,75], has been extensively investigated with small drug conjugates,
polymers and nanoparticles with promising results. However, the rate
limiting step for tumor localization of targeted nanomedicines as well
as non-targeted ones, when administered by the systemic route, re-
mains EPR-dependent extravasation [76]. Only thereafter, the ligand
can interact with the tumor cell receptor and confer a pharmacological
advantage. Unfortunately, folate ligands shorten circulation time in ex-
perimental models reducing the efficiency of the EPR effect and tumor
targeting [45,77]. Intra-cavitary therapy could be an alternative ap-
proach for exploiting the translatability of targeted nanomedicines
with higher probability of success, since this route (intra-vesical, intra-
peritoneal, other) exposes directly nanomedicines to tumor cells
[78–81]. An example of the pharmacological impact of a targeted
nanomedicine in an intracavitary tumor model is presented in Fig. 7
[82,83].
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Fig. 7. Reduced systemic exposure (A), increased tumor cell targeting (B), and improved therapeutic activity (C) in an ascitic tumor model by intra-cavitary delivery of a folate-targeted
nanomedicine. Folate Targeting of liposomes to ascitic tumor cells (J6456-FR lymphoma) in BALB/c mice. Plasma and ascites obtained 16 h after i.p. injection of non-targeted (PLD) and
folate-targeted liposomes (FT-PLD). Dose: 10 mg/kg liposomal doxorubicin, 7 days post-tumor inoculation. From, Shmeeda et al. 2006 [82], and Gabizon et al. [83].

8 A.A. Gabizon et al. / Advanced Drug Delivery Reviews xxx (2020) xxx
6. Exploiting the interactions between the immune system and
nanomedicines

Nanoparticles interact with the immune system although the extent
of interactions may vary depending on the physical and chemical char-
acteristics of the nanoparticle such as composition, size, and shape [84].
The primary mechanism of clearance for the majority of intravenously
administered nanoparticles is through internalization by splenicmacro-
phages and hepatic Kupffer cells. Clinically approved nanoparticle-
based therapies have interactions with the host immune system that
could potentially affect drug pharmacokinetics and result in significant
consequences for nanoparticle drug tolerability and efficacy. Notably,
the rate of PLD clearance in cancer patients was observed to have a
strong correlation with markers of the RES functionality such as the
number of circulating monocytes and their phagocytic capacity,
supporting the role of the RES in the pharmacology of nanoparticle
drugs. Similar correlations between monocyte number or function
have been reported in rodent and canine models treated with other
pegylated liposomal formulations such as liposomal belotecan (S-
CKD-602) and liposomal cisplatin (SPI-077) [85]. Thus, uptake and se-
questration of lipid nanoparticles by the RES is viewed as amajor obsta-
cle limiting the circulation half-life of the drug which consequently also
diminishes tumor accumulation of nanoparticle-mediated drugs that
act directly on tumor cells, such as cytotoxic chemotherapy. Formula-
tion strategies aimed at avoiding RES uptake of nanoparticles have
been successful at delaying particle clearance from circulation and ex-
tending circulation time, but ultimately themajority of the systemically
administered nanoparticles will end up in the RES.

Rather than trying to avoid the RES, it may be advantageous to lever-
age this propensity for nanoparticles to be internalized by phagocytes to
target the RES. For instance, uptake of iron-based nanoparticles (e.g.,
Please cite this article as: A.A. Gabizon, R.T.M. de Rosales and N.M. La-
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Ferumoxytol) by monocytes and macrophages has been successfully
exploited for lymph node imaging and diagnosis of micrometastases
in the sentinel lymph nodes of prostate cancer patients [86]. Other suc-
cessful examples of RES targeting include highly negatively-charged li-
posomes for delivery of doxorubicin in the treatment of diffuse
hepato-splenic metastatic spread in a lymphoma model [87], and lipo-
somal delivery of clodronate for depletion of bloodmonocytes andmac-
rophages, and tentatively of TAMs [88]. This latter strategy was used to
target clodronate tomacrophages for the ablation of TAMs that promote
cancer progression [18]. However, liposomal clodronate actually dimin-
ished the anticancer efficacy of concomitantly administered anti-cancer
nanomedicines [39], a result that can be explained by the use of a li-
posome formulation with short half-life and poor tumor accumula-
tion coupled with the low potency of clodronate, and the fact that
TAMs often contribute to the anti-tumor effect acting as tumor
drug reservoirs after uptake of nanomedicines [39]. Recently, long-
circulating liposomes were exploited for the delivery of
alendronate, a potent amino-bisphosphonate, to functionally polar-
ize TAM toward an antitumor phenotype, rather than to deplete
them, and significant inhibition of tumor growth was observed in
an immunocompetent murine cancer model [89].

Immunotherapy may benefit from the use of nanoparticles to target
antigen-presenting cells and T cells in the spleen and lymph nodes, the
major sites of naïve T cell priming and activation against antigens [90].
The tumor-draining lymph nodes, also known as the sentinel lymph
nodes, are also the first site of tumormetastasesmaking them an attrac-
tive target for treatment or diagnostic imaging of occultmetastases [91].

In addition to interactions with the RES, it is well established that
nano-carriers interact with serum proteins such as immunoglobulins
(including IgG and IgM) and circulating complement proteins, which
form a protein corona on the nanoparticle. The nature of the protein
Beck, Translational considerations in nanomedicine: The oncology
012

https://doi.org/10.1016/j.addr.2020.05.012


9A.A. Gabizon et al. / Advanced Drug Delivery Reviews xxx (2020) xxx
corona impacts opsonization of the carrier and clearance by the RES. It
may also lead to formation of immune complexes, generation of an im-
munogenic epitope, and modulation of immune responses [92–94].
Moreover, the protein corona can interfere with targeting functions of
active targeting molecules such as antibody fragments conjugated to
the surface of the nanoparticles [95]. The composition of the protein co-
rona is dynamic and highly variable, depending on both the fluctuations
in host circulating proteins and the physical and chemical characteris-
tics of the nanoparticle. Hence, in vitro studies and studies in non-
diseased animals may not fully characterize the protein corona nor the
biological impact of liposomal drugs that are intended for use in cancer
patients. Another important consequence of liposome interaction with
serum proteins is activation of the complement cascade, generating
complement cleavage products C3a, C4a, and C5a, that are
anaphylatoxins which can stimulate immune cells to release inflamma-
tory mediators such as histamine. This can result in complement
activation-related pseudoallergic reactions (CARPA) in canine and
swine models. Several formulations of nanoparticles in clinical use
(e.g.: PLD, DaunoXome, AmBisome) are known to cause hypersensitiv-
ity reactions that are consistentwith CARPA. Clinically, thedevelopment
of acute infusion reactions in cancer patients receiving PLD have been
reported to correlate the levels of complement cleavage products in
the peripheral blood [96]. Therefore, interactions between circulating
serum proteins and nanoparticles can adversely affect the PK and toler-
ability of nanoparticle-mediated drugs.

Various formulation strategies have been developed to reduce pro-
tein opsonization on nanoparticles. One of the most widely used ap-
proach is pegylation; this has been shown to improve stability of the
nanoparticle in plasma and increase circulation time, requisites for ef-
fective tumor targeting via the EPR effect. However, these approaches
do not abolish interactions between nanoparticles and the immune sys-
tem. In addition, recent reports suggests that PEG itself may have im-
mune modulatory effects. Several groups have demonstrated that the
first dose of a systemically administered pegylated nanoparticle in-
duced an adaptive immune response characterized by the production
of IgM antibodies against PEG which enhanced immunogenicity and
clearance of the second dose of nanoparticles in preclinical models.
However, the clinical relevance of this “accelerated blood clearance”
(ABC) phenomenon is unknown since this has not been observed in pa-
tients [97].

Interestingly, it was recently shown that nanoparticle-induced com-
plement activation could promote tumor growth in murine tumor
models, through C5a-receptormediated recruitment and also activation
of immunosuppressive myeloid cells. Nonetheless, these nanoparticles
were designed to robustly activate the complement cascade [98] while
the opposite stratey, to design nanoparticles withminimal complement
activation, is the goal ofmost nanoparticle drug formulations.Moreover,
it is unclear whether clinically approved nanoparticle carriers that in-
duce complement activation in the peripheral blood also induce com-
plement activation within the tumor tissue, and how this impacts
cancer progression or regression. New data with a nanoparticle similar
to the PLD carrier, showed that pegylated liposomes have the potential
to enhance tumor growth in immune competent mice bearing im-
planted syngeneic tumors [99]. This was associatedwith diminished cy-
tokine production in TAMs and tumor infiltrating cytotoxic T cells, and
decreased tumor antigen specific immune responses, suggesting inhibi-
tion of antitumor immunity. Furthermore, vasculature density in tumor
tissue was significantly increased, suggesting enhanced angiogenesis.
Based on these data, it seems possible that nanoparticle-induced im-
mune modulation could lead to suboptimal efficacy of the
nanoparticle-encapsulated drug. This could be one reason why many
of the clinical studies with nanoparticle-delivered drugs have failed to
show a significant improvement in efficacy (as measured by
progression-free or overall survival) over the non-nanoparticle compar-
ator treatment [100]. A possible contributor to the disparate efficacy
findings between preclinical and clinical studies are the baseline
Please cite this article as: A.A. Gabizon, R.T.M. de Rosales and N.M. La-
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differences in PEG exposure. While most cancer patients have pre-
existing antibodies against PEG due to the use of PEG as a common in-
gredient in hygiene and cosmetic products [101], experimental animals
are largely PEG-naïve at baseline.

Historically, preclinical cancer drug development has relied heavily
on the use of rodent tumor models with major immune defects and
rarely were systematic and extensive in vivo immunological studies
part of the drug development paradigm. The interactions between
nanoparticle drug carriers and the immune system have generally
been viewed as secondary to the antiproliferative effects of the drug
cargo. The immune system is a key player in cancer pathophysiology
and also a key player in nanoparticle drug pharmacokinetics. One
major implication of the interactions between nanoparticles and the im-
mune system is that preclinical studies should incorporate immune
competent models of cancer along with in vivo studies assessing innate
and adaptive immune responses in order to gain accurate insight and
tools to fully assess the clinical potential of nanoparticle-based therapies
(Fig. 8).

7. Imaging and theranostics

The early integration of imaging methods with nanomedicine is
likely to lead to more efficient preclinical development and clinical
translation, as well as improved therapeutic outcomes. Firstly, being
able to visualize and quantify the biodistribution and PKs of
nanomedicines - at thewhole-body level - provides invaluable informa-
tion at the early and late stages of their preclinical development. Fur-
thermore, taking into account that patient and disease heterogeneity
is prevalent in cancer (e.g. EPR heterogeneity discussed above), imaging
can play a powerful theranostic role in clinics, allowing the identifica-
tion and selection of the patients that are most likely to respond to the
treatment with nanomedicines, facilitating what has been termed as
“personalized nanomedicine” [102–104].

Several imaging techniques are available that can provide such infor-
mation in the clinical setting. However, only nuclear imaging tech-
niques such as positron emission tomography (PET), single-photon
emission computed tomography (SPECT), and to a lesser extent mag-
netic resonance imaging (MRI) and X-ray computed tomography (CT)
have the key properties required. These properties are:

i. Tissue penetration of the imaging signal: The imaging signal should
not be affected by its locationwithin the body. In this aspect, nuclear,
MR and CT imaging have excellent tissue-penetration. This is in con-
trast to other techniques such as optical imaging, where the signal is
not capable of penetrating deep into tissues.

ii. Whole-body imaging capabilities: The technique should allow imag-
ing the whole body. Here PET, SPECT, and CT have a clear advantage
over MRI, as performing whole body MRI is more challenging than
with PET, SPECT or CT. PET/CT hybrid scanners providing fusion im-
ages with functional and anatomical information have become a
leading diagnostic tool in oncology. Recently, the advent of the
total-body PET scanner for clinical use is likely to make a tremen-
dous impact, allowing high spatio-temporal resolution imaging of
the whole body using very low doses of radiation (up to 40 times
lower compared to current clinical PET) [105].

iii. Quantification: The imaging signal must be quantifiable to provide
accurate information of the concentration of nanomedines at a
given time. Quantification of imaging signals with PET is signifi-
cantly more accurate than with of MRI or CT. This is mostly due to
MRI and CT having an endogenous signal from tissue and hence,
low signal-to-background ratios. In addition, accurate quantification
of MR and CT imaging signals often requires a preliminary, contrast
agent-free image to be acquired prior to the actual contrast-
enhanced scan.

iv. Sensitivity: Sensitivity in imaging terms is the amount of imaging/
contrast agent required to obtain a detectable and quantifiable
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Fig. 8. In vivo interactions between nanomedicines and the immune system. A) Intravenously administered nanomedicines interact first with circulating immune proteins, primarily
complement proteins and immunoglobulins, leading to nanoparticle opsonization and activation of the complement cascade, resulting in acute infusion reactions. Theoretically,
interactions with circulating monocytes are also possible but the extent to which this occurs in vivo is unknown. B) The EPR effect is the primary determinant of nanomedicine
accumulation in tumor tissue. Within the tumor stroma, nanoparticles are sequestered in tumor-associated macrophages (TAM) and myeloid-derived suppressor cells (MDSC) which
act as drug reservoirs. Nanomedicines can also functionally polarize TAM, promoting an M1-like phenotype that has anti-tumoral activity. C) The RES is the primary mechanism of
nanoparticle clearance from the circulation, nanoparticle breakdown, and metabolism of the payload (i.e., drug). Nanomedicines may also directly or indirectly interact with splenic
lymphocytes, promoting cytokine production.
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imaging signal. Nuclear imaging has a clear advantage over MRI and
CT as the amount of imaging/contrast agent required for nuclear im-
aging techniques is ca. 106 times lower than for MRI and CT (e.g.mi-
crograms in PET/SPECT vs. grams in MRI and CT). This allows the
administration of subtherapeutic microdoses of the nanomedicine
(1/100th of the therapeutic dose) when using PET/SPECT, which is
a clear advantage for the theranostic application of these imaging
techniques. Furthermore, the new total-body PET technology men-
tioned above, with its increased sensitivity over current PET, will fa-
cilitate this aspect even further.

Taking all these properties into account, it is not surprising thatmost
clinical studies where imaging was included in the evaluation of
nanomedicines in patients have chosen nuclear imaging techniques
(vide infra), followed by MRI; as we recently reviewed [15].

Labelling nanomedicines to be tracked using nuclear imaging tech-
niques requires the incorporation of a radionuclide into its structure,
and this has implications in terms of clinical translation. In the case of li-
posomes, we have recently performed a comprehensive review of the
different methods available for radiolabeling, their consequences for
clinical translation, as well as applications in nanomedicine [106]. If
the goal is to image an already clinically approved product such as the
PLD stealth liposome, care must be taken to not modify the physico-
chemical and surface properties of the original product. In this respect,
radiolabeling the intraliposomal core of the liposome is preferred, as
chemical modification of the surface (i.e. phospholipid bilayer in the
case of liposomes) can have significant consequences on the in vivo be-
havior. For example, a direct comparison between different
radiolabeling methods for stealth PEGylated liposomes (membrane vs.
core radiolabeling) in an in vivo animal model of inflammation found
significant differences in the levels of liver uptake, which was higher
for the surface-modifiedmethod [107]. It is possible that this is a conse-
quence of the presence of a chelator (DTPA) on the surface of the lipo-
some, required for membrane radiolabeling, leading to increased
interaction with the RES.
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Intraliposomal labelling can be achieved by several methods [106],
and unlike surface-based methods, it is less prone to result in changes
in thephysicochemical and/or surface properties of the original product.
In this approach, the imaging label is highly protected from external fac-
tors that can contribute to low in vivo stability. In order to achieve
intraliposomal radiolabeling, the imaging label has to be able to cross
the lipid bilayer. This is frequently achieved using ionophores, which
are trans-lipid membrane transporting molecules widely used for cell
labelling in the field of nuclear medicine. The most widely used iono-
phore is 8-hydroxyquinoline, a clinically approvedmolecule commonly
known as oxine. Using 8-hydroxyquinoline or isomers thereof, several
radiometals such as 111In [108–110], 67Ga [111], 64Cu [112,113], 89Zr
[113], and 52Mn [113–115] have been incorporated into liposomes. All
these reports highlight the versatility and efficiency of the
hydroxyquinoline platform for this purpose. Given the metastability of
the radiometal-ionophore complexes formed, the intraliposomal space
must contain a radiometal chelator for achieving effective retention in-
side the liposome and in vivo stability. This has commonly achieved by
encapsulating well-established chelators such as DTPA (for 111In), DFO
(for 67Ga or 89Zr), or DOTA (for 64Cu or 52Mn). However, if the aim is
to radiolabel a preformed liposome, encapsulation of a chelator repre-
sents a significant modification of the formulation and hence a preclin-
ical/clinical translation hurdle. An alternative to the encapsulation of
exogenous metal chelators is the use of the already-loaded
intraliposomal drugs, many of which have significant metal-binding
chelating properties [113]. Using this approach, we have shown that
preformulated liposomes encapsulating widely used and clinically-
approved drugs such as aminobisphosphonates (e.g. alendronate)
[113,116], anthracyclines (e.g. doxorubicin) [113,115], or glucocorti-
coids (e.g. methylprednisolone) [117], can be efficiently radiolabeled
(89Zr, 64Cu, 52Mn, 111In) using hydroxyquinoline ionophores and im-
aged in vivo with high stability. For example, using 89Zr-, 64Cu-, and
111In-labeled PEGylated liposomal alendronate (PLA) we have demon-
strated the long-circulating properties of this formulation, as well as
high EPR-mediated uptake (ca. 10–15% ID/g) in breast and ovarian
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tumors (in immunocompromised mice - MTLn3, MDA-MB-231 and
SKOV3) (Fig. 9A). Interestingly, high levels of uptake have been ob-
served not just in primary tumors, but also in metastases, namely in
lymph nodes and lungs (Fig. 9B) [113].

Surface radiolabeling, despite the potential disadvantages discussed
above, is a very valuable approach for the preclinical imaging of
nanomedicines and for the development of companion diagnostics for
clinical nanomedicinal products. In a notable example of the latter,
Perez-Medina et al. developed a PEGylated liposomal formulation
(with similar physicochemical properties to PLD) containing deferox-
amine (DFO) as part of the phospholipid bilayer on the surface [118].
DFO is an excellent chelator for the PET radionuclide zirconium-89
(89Zr) that has a decay half-life of ca. 78 h, making it the ideal
radiometal-chelator couple to track long-circulating nanomedicines
such as PLD that commonly have circulating half-lives of ~2–3 days in
humans [47]. Using this 89Zr-liposome and PET imaging the authors car-
ried out imaging-therapy studies using PLD in a mouse model of breast
cancer. Several important findings were found (Fig. 10A-B): (i) PET sig-
nal in tumors correlatedwith doxorubicin concentration; (ii) a high var-
iability of PET signal/doxorubicin concentration in this tumor model, in
line with the high EPR heterogeneity often found in humans, and (iii) a
possible correlation of high PET signal with tumor growth delay. A sim-
ilar observation was made by Karathanasis et al. in a different mous
model with PLD and a liposome containing X-ray contrast (Fig. 10C-D)
[119]. This highlights the interesting possibility of using a single com-
panion diagnostic agent when nanomedicines rely on a common
tumor-uptake mechanism such as the EPR phenomenon.

Despite the many reports of integrating imaging methods into the
preclinical development of nanomedicines, very few clinical studies
have exploited this approach [15]. Most of these studies have used nu-
clear imaging techniques for the reasons discussed above, with a ten-
dency toward using PET and liposomes as the main nanomedicine
used for clinical drug delivery. Notably, despite reports claiming that
the EPR effect does not lead to tumor targeting in patients [120], several
independent clinical studies have provided substantial evidence that
EPR occurs in humans, and leads to significant accumulation of
nanomedicines in tumors by passive targeting, albeit with large varia-
tion depending on cancer type and high interpatient and intrapatient
heterogeneity [15,121].

A landmark study in this area was carried out by Harrington et al.
[16]. Using PLD-like 111In-labeled PEGylated stealth liposomes
(intraliposomal labelling using encapsulated DTPA), the authors
Fig. 9. PET imaging of radiolabelled PEGylated liposomes that encapsulate metal-chelating dr
(PLA) allowing the quantification of nanomedicine tumor accumulation in mouse models (10
tumors (SKOV3). (B) PET imaging using 89Zr-PLA shows high uptake (12–17% ID/g) in confirm
cancer model. Adapted from Edmonds et al. [55] and Man et al. [144].
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confirmed the long circulation half-life of this system in patients
(t1/2 = 76 h), matching that of PLD. Remarkably, out of the 17 patients
imaged, 15 of them showed clear high accumulation of the 111In-
liposome in different types of solid tumors in addition to a patient
with Kaposi sarcoma (Fig. 3), with doses as high as ca. 3.6% of the
injected dose per tumor and 53.0% ID/kg tumor based on the imaging-
estimated tumor volume. Heterogeneity of tumor uptakewas also dem-
onstrated by the high variability between different tumor types (lung
cancer, high-grade glioma, advanced breast cancer, cervix cancer, or
squamous cell HNC), and evenwithin the same tumor type. The authors
proposed the use of such imaging approach to predict liposomal drug
levels in tumors of patients.

More recently, a notable study has shown the benefits of integrating
PET imaging with the development and clinical evaluation of
nanomedicines. In this case, the authors developed a intraliposomal
radiolabelling technique for HER2-targeted liposomal doxorubicin
(MM-302) with the PET radionuclide 64Cu (t1/2 = 12.7 h) [122]. This
targeted nanomedicine had shown potential for increased doxorubicin
delivery to HER2-positive expressing breast cancer cells. Using 64Cu-
MM-302, the authors performed PET imaging in 19 patients with meta-
static breast cancer, aiming to establish a correlation between therapeu-
tic efficacy and the amount of drug reaching the metastases (as
measured by PET) [123]. Although the use of 64Cu limits the imaging
timewindow to up to 24-48 h, which is not ideal for long-circulating li-
posomes, the authors found the expected biodistribution of a liposomal
nanomedicine of this type, with long circulation andmain accumulation
in the liver and spleen. Furthermore, in agreement with the study from
Harrington et al. discussed above [16], they found significant liposomal
uptake in primary tumors and metastases, as well as heterogeneity be-
tween subjects and lesions within the same subjects (Fig. 11A-B). Al-
though the tumor uptake of MM-302 is likely to be affected by its
HER2-targeted ligand, it is interesting to note that this heterogeneity
was still observed. Finally, despite the low number of patients, an en-
couraging trend supporting a correlation between tumor uptake of
MM-302 and the patient's disease progression-free survival, was ob-
served (Fig. 11C).

MRI, despite its more challenging quantification and whole-body
imaging capabilities, has also been used in a pilot clinical study to pro-
vide potential pre-therapeutic information of the likeliness of success
for a nanomedicine treatment [124]. In this case, instead of imaging
the actual therapeutic nanomedicine, MM-398 (Onivyde®) -a liposo-
mal formulation of the topoisomerase I inhibitor irinotecan-, the
ugs. (A) Different radiometals can be incorporated into PEGylated liposomal alendronate
–15% ID/mL viable tumor volume in breast (MTLn3E, MDA-MB-231) and ovarian cancer
ed metastatic lymph nodes (LNmet) and lung metastases (Lumet) in the MTLn3E breast
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Fig. 10. Preclinical studies show that liposome imaging can predict therapeutic efficacy. (A, B) Correlation between liposome accumulation in tumor assessed radiographically with an
iodine contrast-loaded nanoreporter (A) and antitumor response to PLD (B). Tumors of treated group responded variably to PLD, as indicated by the individual tumor growth curves.
Based on the deposition of X-ray contrast in tumor, animals with high tumor enhancement responded significantly better than those with poor tumor enhancement, p < .003. Arrow
indicates day of PLD treatment. Untreated control data are presented as mean ± SD. Adapted from Kathanasis et al. [119]. (C, D) PET imaging of a PLD-like 89Zr-labeled PEGylated
liposome predicts therapeutic efficacy of PLD in a 4 T1 mouse model of breast cancer. (C) PET images of mice HD-10 (large tumor, high uptake), HD-07 (small tumor, high uptake) and
HD-18 (medium-sized tumor, low uptake), demonstrating intertumoral uptake heterogeneity; (D) Tumor growth curves in cohorts with >25mg/kg intratumoural DOX concentration
(green), <25mg/kg intratumoural Doxil concentration (red), and controls (black); tumors with higher doses of intratumoural doxorubicin (i.e. green group, measured with PET) had
delayed tumor growth compared to the low uptake group (red) and control. Adapted from Perez-Medina et al. (2018) [118]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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authors used Ferumoxytol, amacrophage-avid, iron oxide, 30nm-diam-
eter nanoparticle clinically approved for treatment of iron-deficiency
anemia. The hypothesis was that using Ferumoxytol as MRI contrast
agent is likely to result in EPR-mediated tumor deposition and tumor-
associated macrophage (TAM) uptake, providing a non-invasive MRI
biomarker for MM-398 treatment. Using quantitative T2* methods, the
authors evaluated this approach in 15 patients with confirmed solid tu-
mors lesions (breast, cervical, head and neck, ovarian, pancreatic, and
others). Their findings further confirmed marked heterogeneity in the
uptake of Ferumoxytol in the different lesions, as well as an association
between high levels of Ferumoxytol signal and reduction in tumor size
after MM-398 treatment. Altogether, this study supports the use of
quantitative Ferumoxytol-MRI as a potential imaging biomarker to pre-
dict EPR and nanomedicine therapeutic effects in patients, with the
major advantage of relying on an already clinically approved agent [125].

8. Clinical translation and optimization of the use of nanomedicines

Successful translation of a nanomedicine requires properly designed
clinical studies along the standard course of phase 1, 2, and 3 studies to
demonstrate a significant added value of the new technology over the
standard of care, either reduced toxicity or improved efficacy. While
toxicity buffering is an important factor, a net gain in efficacy over con-
ventional drugs will be the critical factor for successful translation of
complex products such as nanomedicines in the foreseeable future. In
this section, we focus on particular aspects of clinical testing that
could provide a rapid insight on the performance of a newly developed
nanomedicine and facilitate clinical translation.
Please cite this article as: A.A. Gabizon, R.T.M. de Rosales and N.M. La-
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Phase 0 studies (microdosing) [126]: Some of the critical issues in
clinical drug development of nanomedicines are to ascertain formula-
tion stability in circulation and the drug PK, and to induce a change in
drug biodistribution. These aspects can be investigated using a very
low dose or microdose by sensitive bioanalytical assays and by PET-CT
imaging. The latter requires labeling of the nanomedicine with a PET
radio-emitter but allows a rapid verification of the PK and tissue distri-
bution of the new nanomedicine using a small GMP batch in a small
group of patients with minimal regulatory barriers. The phase 0 study
is a powerful tool to evaluate nanomedicines with minimal patient ex-
posure to the new agent and therefore minimal risk of toxicity. This
early clinical feed-back may also allow adjustments and redesign of
nanomedicines to obtain the desired in vivo properties in cancer pa-
tients, before embarking on an expensive path of clinical development.
For example, the average therapeutic dose of PLD (Doxil) for a 70 kg-in-
dividual contains ~546 μmol of phospholipid, and a typical imaging dose
for PET imaging with a long half-life tracer, such as 89Zr, is 75 MBq. Ac-
cording to Edmonds et al. [55], such an amount of 89Zr radioactivity can
be loaded into a PLD dose of just 0.034 μmol of phospholipid, equivalent
to 0.6% of the therapeutic dose and far below the accepted maximum
value for microdosing (i.e., 1% of the therapeutic dose). Phase 0 studies
may also serve as a preamble to Phase 1 studies as reported in a dog
study with indocyanine-green entrapped in lipid nanoparticles, a prod-
uct developed for surgical guidance in veterinary oncology [127]. Com-
bined phase 0/phase 1 studies can be a helpful strategy to introduce
nanomedicines safely to the pediatric population, a patient group
which has been so far largely ignored in the clinical testing of
nanomedicines. Microdosing can also help us to detect early in clinical
Beck, Translational considerations in nanomedicine: The oncology
012

https://doi.org/10.1016/j.addr.2020.05.012


Fig. 11. (A) PET-CT imaging of 64Cu-MM-302 in breast cancer patients shows uptake in different lesions at several anatomical locations. Note that all lesions show positive (higher than
background) PET signal, apart from the liver lesion that shows negative (lower than background) PET signal, which is likely the result of the lower concentration of phagocytic cells in
tumors compared to liver tissue; (B) 64Cu-MM-302 lesion deposition data for different patients (lowest uptake lesion within each patient) in ascending order. Using ROC analysis, a
deposition threshold was selected based on the inflection point of the graph. Patients to the right of the inflection point were designated as the “high uptake” group and those to the
left as “low uptake”. (B) Using the definitions described in (B), those patients in the “high uptake” group show a trend for longer PFS (progressive disease-free survival). Adapted from
Lee et al., 2017 [56].
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development the phenomena of complement activation [128] whose
clinical significance is unclear, and accelerated blood clearance [129]
whose clinical occurrence has not been confirmed. Precisely, this last
point is one of the problematic issues in microdosing testing of
nanomedicines, including liposomes, which often have dose-
dependent kinetics with more rapid clearance at low lipid doses. One
Fig. 12.Decision scheme supporting the design of a successful nanomedicine and selection of th
real time imaging. EPR = enhanced permeability and retention; IFP = interstitial fluid pressur
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way to tackle this problem is to co-administer a co-dose of placebo
nanoparticles as usually done in animal studies. Obviously, this ap-
proach may face a major regulatory hurdle since it is only feasible if
the toxicity of the carrier nanoparticle is known and insignificant,

Imaging the biodistribution of nanomedicines: Imaging of
nanomedicines in patients who are candidates for therapy or upon
e optimal treatment depending on patient tumor physiological characteristics assessed by
e. Adapted from Grodzinski et al. [6].
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Fig. 13. Pharmacokinetics in human patients of liposome co-encapsulated cytarabine and
daunorubicin (Vyxeos). Mean plasma cytarabine, daunorubicin, andmetabolites (n=13)
after 90-minute infusion. Note that both drugs reach a high Cmax and are cleared slowly
and mono-exponentially at a nearly equal rate for the first 8 h after infusion. The
median 5-day half-lives are 31 and 22 h for cytarabine and daunorubicin respectively
[140]. This is in contrast to ~5–15-fold lower Cmax and t½ values of 3.8 h and 11.0 h for
free cytarabine and free daunorubicin respectively [145]. Metabolites of both drugs
behave different kinetically as expected from a drug-specific metabolic process post-
liposome release. From Feldman et al., 2011 [140].
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start of nanomedicine treatment, using a surrogate nanoparticle or a
nanomedicine combining an imaging and a therapeutic agent
(theranostics or nanotheranostics) will help evaluate the EPR of a par-
ticular tumor and a particular patient in real time as described in the
previous section (Section 8: Imaging and Theranostics). This personal-
ized approach, mostly using PET tracers or MRI contrast agents, can
help select patients for treatment continuation based on the degree of
EPR and detect potential tumor sites not effectively exposed to
nanodrugs. Overall, it is likely to improve patient management by pro-
viding valuable information that can help redirect the treatment strat-
egy and/or combine nanodrugs with additional tools (e.g.
radiotherapy) to enhance the EPR effect (Fig. 12). Obviously, this ap-
proach is difficult to implement at the community clinic level and re-
quires the infrastructure of comprehensive cancer centers.

Pharmacokinetic and RES functionmonitoring: The large clinical ex-
perience with PLD suggests that the PK of nanomedicines is affected by
the clinical status of the cancer patient, by the RES functional activity, by
concomitant drugs, and, probably also, by the presence of anti-PEG an-
tibodies for pegylated nanoparticles. Assessment of pharmacokinetic
parameters and of the functional activity of the RESmay be a very useful
tool to predict inter-patient and intra-patient course to course variabil-
ity, pharmacokinetic interference of concomitant drugs, toxicity, and
even anti-tumor activity, as shown for the skin toxicity and Kaposi sar-
coma response to PLD [130–132]. Since the plasma clearance of most
nanomedicines is monoexponential with small volume of distribution,
it is possible to obtain an approximate PK evaluation with a minimal
number of samples. For PLD, we have shown that two blood samples
(1 h post-infusion and 1 week post-infusion) provide an adequate
evaluation of the clearance rate and of the risk of skin toxicity,
thus providing a simplified approach to PK monitoring feasible in
the routine clinical setting [130]. This approach is likely to be appli-
cable to most nanomedicines. Patients with low Cmax and fast
clearance of the nanodrug are likely to have suboptimal tumor
drug delivery. Patients with slower drug clearance upon successive
courses of treatment (due to impairment of RES function) are likely
to develop toxicity. These PK warning signs may help clinicians in
patient management.

Evaluating RES function is more complex and requires special
probes. The blood clearance of 99mTc-sulfur colloid (used for liver-
spleen scintigraphy) is linked to the hepatosplenic RES activity and
has been found to correlate with the PK of PLD in a human study
[133]. The use of this marker could be used as a predictor of PLD clear-
ance and help treatment decision. Other probes of phagocytic cell func-
tion based on blood monocytes and dendritic cells appear to provide as
well useful information on the PK of nanodrugs based on preclinical and
clinical studies [85,134].

Early intervention: Nanomedicines have so far been testedmostly in
advanced stages when cancers have already metastasized and devel-
oped multidrug resistance. Metastases often have fewer inflammatory
cells and appear to have a weaker EPR effect than the primary tumor
site [121]. Furthermore, tumor bulk is usually smaller in earlier than
late stages and, while human data are still scarce, based on the preclin-
ical data (see section 4, Fig. 6C-D), EPR is more effective in smaller tu-
mors. Thus, the therapeutic potential of nanomedicines is probably
greater treating the primary tumor site than the metastatic disease.
Neoadjuvant or primary chemotherapy of cancer is being increasingly
used prior to definitive surgery or radiotherapy and is the best setting
to test the real added value of nanomedicine, once phase 1 studies
have established the recommended safe dose. The impact may be sub-
stantial (increase of cure rate) rather than palliative (prolongation or
improvement of quality of life). Unlike adjuvant post-surgical therapy,
the readout of neoadjuvant therapy is quick since the regression of the
tumor can be accurately documented by surgery. A few small studies
with PLD in the neoadjuvant setting of breast cancer have been pub-
lished (reviewed in [10]), but randomized phase 3 studies have not
been launched. Hopefully, this will change in the coming years and
Please cite this article as: A.A. Gabizon, R.T.M. de Rosales and N.M. La-
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some nanomedicines will be tested as add-on to standard therapies in
the neoadjuvant setting.

Multimodality and Combination therapy: When possible, testing
nanomedicines should be done early in clinical development in combi-
nation with other conventional anticancer drugs and, in specific cases,
with other treatmentmodalities. This approachwill help to pick up syn-
ergistic effects leading to convincing resultswhere single therapywould
have failed (e.g., approval of Onivyde in combination with 5FU, [135]).
Of particular interest is the combination of nanomedicines with im-
mune check point inhibitors, since nanoparticle formulations of cyto-
toxic drugs tend to be less toxic to the bone marrow than free drugs.
An experimental therapeutic study in a mouse tumor model has
shown that the combination of PLD and immune checkpoint inhibiting
antibodies is extremely effective, far beyond than the activity of chemo-
therapy or immunotherapy alone [136]. Multimodality treatment using
radiotherapy and other physical tools for regional or local cancer ther-
apy is also an attractive option. Irradiation of tumors increases the influx
of macrophages and tumor uptake of nanoparticles [31]. RFA generates
an area of increase nanoparticle uptake in the rim of the heated area
[137]. Hyperthermia increases the deposition of liposomes in tumors
probably by increasing blood flow and vascular permeability [138].
Clearly, there is plenty of potential for combining nanomedicines with
other modalities and drugs to improve outcomes.

Co-encapsulation and co-delivery: Co-encapsulation in a stable
nano-formulation of two active agents preferably with non-
overlapping toxicities and synergistic effects is a unique advantage of
nanomedicines. By space and time co-delivery of two drugs with other-
wise different PK-biodistribution profiles, we can exploit combination
therapy at its best and achieve optimal synergistic activity. An example
is a liposome-based formulation of cytarabine and daunorubicin at an
optimized 5:1 drug-to-drug ratio, known as Vyxeos, approved for treat-
ment of adult AML [139]. In this formulation the liposome carrier con-
trols and nearly equalizes the PK of both drugs (Fig. 13) [140]. There
are other examples of co-encapsulated drugs in liposome and polymeric
formulations with positive results in animal models [141,142]. While
this approach is pharmaceutically and regulatory-wise challenging, it
beholds promise for nanomedicine.
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9. Future landscape of nanomedicines in cancer

Nanomedicine is a promising tool with great potential for cancer
therapy, but it is still an unregulated and heterogeneous bag of diverse
products, some of which may not be pharmaceutically viable. Under-
standing and exploiting the interactions with the immune system, ap-
plying the insights from PK and imaging studies to improve safety and
predict efficacy, and integrating nanomedicines with other therapeutic
tools will help bring nanomedicine to the forefront of oncology and in
early phase of cancer treatment.

Looking ahead at the future of medical innovations, priorities may
shift toward approaches that are more widely applicable and sustain-
able, rather than personalized, highly resource-demanding and time in-
tensive. This is especially relevant if medicines need to be deployed
rapidly and globally to large portions of the population. As we endeavor
to findways to deliver cancer therapy with a high level of safety and ef-
ficacy based on sound pharmacological principles to an increasingly
large and older population projected to develop cancer, the call for less-
ening themedical burden and number of hospital visits, and the associ-
ated medical costs will open new opportunities for sustainable and safe
medical technologies. Nanomedicine, while pharmaceutically complex,
is a mid-range cost and sustainable technology with a generally im-
proved safety profile that should gain a strong foothold and play an in-
creasingly important role in cancer medicine.
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