The scope of nanoparticle therapies for future metastatic

melanoma treatment
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Metastatic melanoma is a highly aggressive malignancy that has traditionally been very diffi cult to treat. However,
after decades of basic research into the signal transduction pathways that promote cancer cell survival, chemoresistance,
growth, and crosstalk with the immune system, targeted therapies have now been developed that offer improved
survival for patients with metastatic melanoma. Some of the most promising therapies that have been developed
include ipilimumab, an anti-cytotoxic T lymphocyte antigen 4 antibody that enhances T-cell activity in the tumour,
and selective BRAF inhibitors, such as vemurafenib that blocks tumour cell proliferation in patients with activating
BRAF mutations. Although these treatments off er substantial hope for patients, they are not without their drawbacks,
which include adverse side-eff ects, drug resistance, and eventual relapse. Nanotherapeutics holds significant promise
to circumvent these shortcomings and has the additional advantage of potentially functioning as a diagnostic device.
We will discuss the scope of the use of such multimodal nanoparticles for melanoma treatment and ask whether such
particles can off er patients with metastatic melanoma improved prognoses for the future.

Introduction
The incidence of melanoma is rising faster than that of
any other cancer and has been increasing steadily for the
past four decades' to the extent that it is now reaching
epidemic proportions in white populations worldwide.
Melanoma is a malignancy derived from melanocytes
(pigment-producing cells) and is now the sixth most
frequently diagnosed cancer in human beings. Unlike
many other cancers, melanoma tends to affect young
people—55% of patients are younger than 65 years at
diagnosis. Once melanoma has developed into late-stage
metastatic disease, it is notoriously difficult to treat,
resulting in high mortality. Hence, the 3-year overall
survival of patients with unresectable melanoma is poor
(lower than 15% with conventional treatments).’
Conventional treatments for melanoma include
surgery, chemotherapy, and immunotherapy; of these,
surgery provides optimum results for patients at all
stages of the disease. Unfortunately for those patients
presenting with metastases, disseminated tumours in
distant organs are often unresectable and until now very
few therapeutic options have been available to these
patients. However, since the molecular mechanisms of
melanoma cell survival have been unravelled, several
promising approaches for the treatment of metastatic
disease have emerged. New drugs have been developed
that have achieved prominent clinical responses in
phase 3 trials.*® Some of the most promising therapies
include ipilimumab, an anti-cytotoxic T lymphocyte
antigen 4 antibody that enhances T-cell activity in the
tumour, and selective BRAF inhibitors (fi gure 1). The
ongoing development of new drugs for metastatic
melanoma is so momentous that two new therapies (the
BRAF inhibitor dabrafenib and the MEK inhibitor
trametinib) have recently been approved by the US Food
and Drug Administration (FDA), to become the third and
fourth new treatments to be approved for late-stage
melanoma in the past 24 months. Although these
targeted therapies have begun to show some clinical
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promise for patients with melanoma, they are limited by
their low response and high relapse rates. Future efforts
will need to address these issues and should focus in
particular on the development of effective combination
therapies aimed at simultaneously targeting tumour-
derived coexistent mechanisms and circumventing
resistance strategies.

We believe that one especially advantageous approach
is the development of melanoma-specific nano-
therapeutics. Nanoparticles are defined as nano-scaled
systems of diverse shapes made of inorganic materials,
organic materials, or both, ranging from 1 nm to
200 nm in size. Theranostic (a portmanteau of
therapeutic and diagnostic) nanoparticles function
simultaneously as therapeutic and detection devices,
offering multimodal platforms that could greatly
improve patient prognosis in a range of diseases.
Indeed, nanomedicine holds the promise of
revolutionising the treatment of patients with cancer in
the future. Several nanoparticles are being engineered
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Figure 1: Present strategies to manage advanced stage melanomas include inhibition of the mutant form of BRAF
kinase (a common mutation being BRAF*** ; vemurafenib and GSK2118436) and T-cell activation (ipilimumab)
TCR=T-cell receptor. GF=growth factor. MHC=major histocompatibility complex. RTK=receptor tyrosine kinase.
CTLA4=cytotoxic T lymphocyte antigen 4. TF=transcription factor.
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and tested for tumour imaging and targeted drug
delivery for melanoma. The aim of this Review is to
emphasise the potential benefits of nanoparticles for
diagnosing and treating melanoma, and to outline
existing approaches in developing nanotechnologies for
this purpose. Ultimately, we will propose a rationale for
the design considerations needed for the development
of highly effective nanotherapeutic systems for
melanoma treatment and their clinical use.

Nanotechnology-based therapeutic approaches to

melanoma treatment
Drug delivery nano-based systems for melanoma
Medical research has been implementing strategies for
improved melanoma treatment since the 1960s, but
many substantial steps in improving overall survival in
patients have only been made in recent years (figure 2).
Furthermore, huge advances have been achieved in the
identification of several key molecular targets for
melanoma treatment, to add to the already exploited
anti-CTLA4 and anti-BRAF strategies. Several
comprehensive reviews of this topic are available,*™ but
we have summarised some of the most promising
targets for the development of future treatments for
melanoma (appendix p 1). However, as with the
limitations of vemurafenib and ipilimumab, the
individual targeting of any one of these deregulated
molecules would probably lead to the selection of
resistant tumour cell populations and eventual patient
relapse. Thus, the use of several drugs in combination
is one of the main strategies to prevent the development
of multidrug resistance in tumours.

Multidrug resistance is caused by complex molecular
mechanisms that are difficult to predict in patients. Two

frequently identified drug-inhibiting mechanisms are
the overexpression of multidrug transporters (up-
regulation of drug efflux) and the simultaneous
accumulation of many prosurvival mutations."
Combination therapies of conventional chemothera-
peutics can provide encouraging results in vitro that are
not always reproduced in clinical trials.” The main
reason for this incongruence is related to the different
pharmacokinetic properties of the combinatorial drugs,
which can have specific metabolic pathways with diverse
biochemical fates in patients. This situation makes it
very challenging to design the correct formulation,
dosing, and administration route for such therapies.
Although multitargeted strategies are necessary to
overcome multidrug resistance mechanisms and several
studies have investigated effective combinatorial
approaches for melanoma treatment,*™ the clinical
potential of such formulations is still unknown and
could prove to be disappointing for the reasons discussed
previously.

Nanoparticles can act as multimodal platforms, which
accommodate various clinically relevant properties for
cancer treatment. In fact, engineered nanomaterials can
be designed to function as contrast agents for existing
and emerging imaging techniques, and to simultaneously
serve as delivery devices for anticancer drugs.”
Nanoparticulate systems for anticancer treatment have
conventionally been classified into either organic or
inorganic nanomaterials (figure 3), but many hybrid
nanomaterials have been developed to obtain further
advanced materials that can work as theranostic
platforms.®" In view of the ever-increasing use of diverse
nanoscaled therapeutics (figure 3) and the identification
of a large array of potential therapeutic target molecules
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Figure 2: Timeline highlighting key events since the 1960s that have directly affected the prevention and treatment of melanoma
Based on information made available from the American Society of Clinical Oncology.



for melanoma (appendix p 1), now is clearly an ideal time
for the development of nanomedicines that incorporate
multifunctional benefits to treat patients with melanoma.

Generally, the encapsulation of drugs in nanoparticles
has been reported to improve the pharmacokinetic
properties of the compounds. This finding is attributable
to better tumour accumulation by passive and active
targeting, sustained drug release, longer blood circulation
times, and the fact that nanoparticles are taken up by
cells through endocytosis, which carries drugs away from
the cell membrane where there is a reduced chance of
drug removal by pump efflux processes.”* A range of
nanoparticle formulations could be envisaged to act as
carriers of small-molecule drugs for melanoma
treatment, including those that are used in conventional
chemotherapeutic strategies for metastasis, such as
dacarbazine.”

Another excellent example of the potential improve-
ments achieved through nanotechnology is for taxane-
based drug administration. Taxanes are effective
chemotherapeutic drugs, but exhibit high toxicity
associated with their pharmacological formulations and
non-specific distribution, leading to severe side-effects in
patients. Nanotechnologies have been designed that
eliminate both of these issues by encapsulating taxane
drugs in polymeric micelles, a commercially available
formulation being a nanoparticle conjugate, in which
paclitaxel is non-covalently complexed with human
serum albumin. This product has been licensed for use
by the US FDA in patients with breast cancer since 2005.
Several clinical trials have investigated the potential of
albumin-bound paclitaxel for melanoma patients with
unresectable tumours, either used individually (clinical
trial for intraocular melanoma NCT00738361; table) or in
combination with other drugs® (clinical trials
NCT00626405, NCT00404235, and NCT00462423), where
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Figure 3: The most frequently used nanomaterials in oncology

the effects seem to be promising for standard
chemotherapy-naive patients. A further taxane-based
nanoformulation with a conjugate of docetaxel and a
modified carboxymethylcellulose polymer?” was recently
shown to have less toxic side-effects and improved efficacy
on tumour burden compared with albumin-bound
paclitaxel in a preclinical rodent model of melanoma,”
but whether these improvements can be translated to
patients with melanoma remains to be studied.

Nanoparticles can also provide a delivery platform for a
range of cytotoxic drugs, without the drawbacks of
systemic toxicity caused by conventional chemotherapies.
This idea has been shown for the fullerene-based delivery
of the chemotherapeutic agent doxorubicin in animal
models of melanoma, where the nanoparticle-drug
conjugates had similar efficacy to free doxorubicin
treatment, but with negligible toxic side-effects.” Such
toxic bombs can show improved anticancer effects
compared with free drug, in addition to reduced toxicity,
which is often attributed to sustained drug release in the
tumour mass,® as has previously been shown for
docetaxel-loaded nanoparticles in murine models of
melanoma.®

Many compounds could be loaded into nanoparticles,
which is a fantastic opportunity to successfully deliver
several anticancer drugs simultaneously. Nanoparticles
can also be engineered to target the tumour site, releasing
their cargos at specific locations with a reduction in the
severe side-effects associated with conventional
chemotherapies. In fact, a higher flexibility in the loading
ratio of the drugs and better control of the sequential
release allows for a synergic therapeutic action that can
attack several aspects of tumour cell survival, thereby
addressing the issue of multidrug resistance.”* One of
the main reasons for the failure of many combinatorial
therapies in clinical trials is the different metabolic

Inorganic nanoparticles

Organic nanoparticles (left panel): (A) dendrimer, (B) cyclodextrin, (C) micelles, (D) liposomes. Inorganic nanoparticles (right panel): (E) core-shell nanoparticle,

(F) nanorod, (G) fullerene, (H) carbon nanotube.



Phase Trial number

Disease Outcome

Albumin-stabilised paclitaxel nanoparticles 2 NCT00081042
Albumin-stabilised paclitaxel nanoparticles 2 NCT00738361
Albumin-stabilised paclitaxel nanoparticles in 2 NCT00404235
combination with carboplatin

Albumin-stabilised paclitaxel nanoparticles in 2 NCT00462423
combination with VEGF inhibitors

Albumin-stabilised paclitaxel nanoparticles in 2 NCT00626405
combination with VEGF inhibitors and carboplatin

Anti-RRM2 siRNA-loaded cyclodextrin polymer- 1 NCT00689065
based nanoparticles, targeted to transferrin-

overexpressing cells

Docetaxel-loaded nanoparticles (BIND-014; study 1 NCT01300533

to establish maximum tolerated dose)

Trial information taken from ClinicalTrials.gov. VEGF=vascular endothelial growth factor.

Unresectable stage lll and IV
melanomas

Improved progression-free survival
compared with dacarbazine treatment alone

Unresectable metastatic
ocular melanoma

Unreported so far

Unresectable stage IV
melanoma

Improved overall survival compared with
ipilimumab

Unresectable metastatic
melanoma

Unreported so far

Unresectable stage IV
melanoma

Improved overall survival compared with
patients treated with VEGF inhibitors and
temozolomide

Solid metastatic malignancies
including melanoma

Successful reduction in RRM2 expression in
tumour tissue from treated patients

Solid metastatic malignancies
including melanoma

Recruiting

RRM2=M2 subunit ribonucleotide reductase.

Table: Clinical trials for nanoparticle-based therapies in malignant melanoma

pathways of the drugs; thus, encapsulation in a
nanocarrier circumvents this obstacle by protecting the
drugs from being metabolised until they reach their
target. Different nanoformulations have been used to
simultaneously deliver combinations of diverse drugs
suchasanti-angiogenesisagentsand chemotherapeutics,”
generally with better therapeutic effects than conventional
combined therapies for the treatment of multidrug-
resistant tumours. Since multidrug resistance is a
common problem in the effective treatment of
melanoma, nanoparticles loaded with several drugs
might offer a promising alternative for the treatment of
this disease.

Theranostic nanoparticles for melanoma

Additional sophistication of the drug delivery system can
also be engineered into nanoparticles to improve drug
payload further, such as administration of pro-drugs with
activating enzymes and drug release itself being triggered
either by the tumour microenvironment or through
applied stimuli such as electromagnetic fields,
ultrasound, light, or radiofrequencies.* These techniques
are especially useful to enhance nanoparticle-based drug
delivery, since inefficient escape from endosomes and
potential lysosomal inactivation can be problematic in
nano-mediated drug delivery. Ultrasound exposure has
been shown to stimulate the intracellular delivery of
drugs by nanoparticles in melanoma cells,*** with clear
implications for the pharmacodynamics of nanoparticle
drug delivery in a clinical setting.

Exploitation of the low pH tumour microenvironment
caused by enhanced aerobic glycolysis (a well characterised
metabolic alteration of cancer cells) is a commonly used
strategy for nanoparticle drug release and this approach
has recently been investigated as a possibility for gene
delivery to melanoma cells.” Therapeutic nanoparticles
have also been suggested to be able to stimulate changes

to the melanoma tumour microenvironment itself,
including enhancement of immunotherapy through
targeted transfection of splenic dendritic cells for
enhanced recognition of melanoma cells,” or even
angiogenic remodelling of the tumour neovasculature.”
Nanoparticle-based therapeutics are not limited to the
delivery of small molecules, which are normally necessary
for systemic chemotherapeutic treatments, but can be
used to deliver large bioactive molecules such as proteins
and nucleic acids, including small interfering RNAs
(siRNAs). Nanoparticle-based siRNA delivery has been
used to successfully downregulate tumorigenic targets in
melanoma cells such as ¢Myc? and ribonucleotide
reductase.® A cyclodextrin polymer-based nanoparticle
called CALAA-01* was used in the first ever patient trial to
systemically deliver siRNA molecules with a targeted
delivery system to solid tumours (clinical trial
NCT00689065; see table).

Hyperthermia therapy for cancer exploits exogenous
heat to kill tumour cells, which tend to be more sensitive
than healthy cells to increases in temperature.”
Thermoablation provides a drug-free strategy to destroy
cancer cells, thereby providing enhanced treatment
options for patients with melanoma and multidrug
resistance, whose tumours could have acquired
mechanisms to resist the effects of a range of drug types
with  diverse structural properties. Cell-specific
multimodal nanotherapeutics offering thermal and
chemotherapy or immune therapy simultaneously
represent very promising drug delivery platforms to
provide such a combined treatment. One promising
strategy has been developed by Lu and colleagues,® in
which in-vivo photothermal ablation obtained by means
of infrared-irradiated targeted hollow gold nanospheres
induced selective destruction of B16 melanoma cells.
Porphyrin-coated magnetic iron or iron (II, III) oxide
nanoparticles given both intratumorally and intra-



venously in B16 tumour-bearing mice induced a
substantial decrease in the tumour volume by
thermoablation under exposure to an alternating
magnetic field.” Indeed, this approach provides a local
hyperthermic eff ect in the tumour, resulting in apoptosis
and damage to the melanoma cells and thereby triggering
tumour regression.® Recently, Jimbow and colleagues
developed magnetically triggered, thermoactive nano-
particles functionalised with N-propionyl and N-acetyl
derivatives of 4S-cysteaminylphenol, which are known to
be specifi cally toxic to melanoma cells. They showed that
the thermal effect not only strongly enhanced the
reduction in tumour mass, but also induced an immune
response to the melanoma cells.”

The same idea has been applied to develop targeted
nanoparticles working as imaging devices for the detection
of early-stage tumours. Melanoma-targeted gold
nanocages have been used successfully in vivo as selective
contrast agents for photoacoustic tomography, showing
high specifi city and greatly improved imaging resolu-
tion.® Additionally, integrin-binding (RGD peptide)-
functionalised radiolabelled silica dots, called c-dots, have
been shown to accumulate selectively in melanoma
tumours in mice. PET is an essential method for in-depth
imaging analysis of metastatic tumours; the additional
optical features provided by the fl uorescent dye embedded
in the silica matrix of the nanoparticles enhanced the
detection sensitivity to image lymphatic drainage patterns,
particle clearance rates, and nodal metastases with use of
a deep-red near-infrared fl uorescence imaging technique
in a mini-swine model of melanoma.”

The detection of micrometastases with sentinel lymph
node biopsy greatly improves regional control of the
disease and substantially reduces long-term morbidity.”
Furthermore, sentinel lymph node biopsy imparts
valuable and highly accurate prognostic information to
the patient and treating clinician.’ On average, only 16%
of patients have metastases in the regional nodes, and
sentinel lymph node biopsy is an invasive procedure.
Accordingly, 84% of patients are potentially exposed to
the morbidity of a surgical procedure without deriving
any therapeutic benefi t. A noninvasive assessment of the
regional lymph nodes for micrometastases is limited by
the spatial resolution of existing imaging techniques,
and targeted nanoparticles could offer an elegant
solution. For example, thermally cross-linked super-
paramagnetic iron oxide nanoparticles that do not bear
surface-targeting ligands, but do have a thermal cross-
linked Si-OH-containing polymer coating, can enhance
MRI of melanoma lymph node metastasis in
experimental models.” RGD-coupled c-dots have also
been suggested as suitable probes to measure metastatic
spread of melanoma cells to sentinel lymph nodes, and
design considerations for how nanoparticles can be
functionalised to do this eff ectively have recently been
reviewed.” The successful use of nanoparticles as
contrast imaging agents has been emphasised by studies

in patients with breast cancer. In an ongoing clinical trial
in the UK (ISRCTN35827879), which started at the
beginning of 2012 (and is now at the end of phase 2),
coated magnetic nanoparticles were injected sub-
cutaneously into breast tissue to detect sentinel lymph
nodes in patients with breast cancer. In view of the
encouraging results of this trial, in April, 2013, an
analogue study of melanoma patients scheduled for
sentinel lymph node biopsy was started in the UK.

Successful targeting of nanoparticles in patients

with melanoma

In melanoma, metastases occur locoregionally, initially
to the lymph nodes and sometimes the intervening skin.
Systemic spread to either one or several organs, such as
the brain and visceral organs, can occur frequently and
is usually fatal. The next generation of nanoparticles will
need to address the challenge of targeting unresectable,
metastasised, late-stage tumours, which will need the
successful accomplishment of both tissue targeting to
tumours in specifi c organs (largely passive targeting) and
subsequent targeting to the cancer cells directly (active
targeting), and clearly these considerations are specific to
individual cancer types. Distinct strategies are needed to
achieve both of these targeting requirements.

Melanoma cell targeting
Effective targeting of nanoparticles to specific cell types
such as disseminated tumour cells poses a set of
challenging obstacles for medical researchers. To achieve
this aim at the cellular level, upregulated cell surface
markers on tumour cells can be exploited for targeting by
functionalisation of the nanoparticles with cognate
targeting moieties that help interaction with tumour-
specific markers. This idea is not new, since the use of
targeted therapies in oncology has been increasing
steadily during the past few decades, a highly effective
example being trastuzumab antagonism of HER?2 in very
aggressive breast cancers. Several overexpressed cell
surface markers have been discovered in melanoma cells
(appendix p 2), which have promising therapeutic
potential as nanoparticle targets. In-depth pharma-
cological investigations are needed to achieve optimum
and specific binding affi nity between the targeting
moiety and marker, without unwanted immunological
effects. Moreover, none of these markers are purely
melanoma selective—in fact, they are also expressed
either by melanocytes or endothelial cells and therefore
have possible associated undesired nanoparticle uptake
by healthy cells. Thus, some toxicity will be associated
with targeted melanoma nanoparticles, although this
toxicity is anticipated to be less severe than that associated
with conventional chemotherapies for the treatment of
late-stage disease.

One especially promising approach for high-specificity
nanoparticle targeting to melanoma cells has been to
take advantage of the melanin pigmentation signalling



pathway and use analogues of the a-melanocyte
stimulating hormone to target the melancortin-1 receptor
(MCIR). MCIR is expressed on melanocytes and at an
even higher level in melanoma cells, allowing for
enhanced specificity of nanoparticle targeting to
melanoma tumours in animals.*** The development of
powerful, unbiased molecular approaches to map the
proteome on cancer cell surfaces will undoubtedly reveal
more novel targeting moieties on melanoma cells (such
techniques include mass spectrometry, ribosome display,
and phage display). However, as is the case with any
tumour-targeted therapy, patients with melanoma would
probably need biopsy testing for positive expression of
specific nanoparticle-targeting cell surface markers
before treatment, as is the case for other targeted
therapies such as vemurafenib (for which BRAF
mutation status must be established).

Tissue targeting for melanoma metastases

For their therapeutic potential to be realised, anti-
melanoma nanoparticles need to target not only the
tumour cells but also reach the sites of metastases. In
melanoma, metastases present in a range of tissue
types, and every tissue has its own unique challenges
for nanoparticle penetration. For many solid tumours,
nanoparticle delivery through intravenous admini-
stration is promoted by the enhanced permeability and
retention effect.”® Nano-sized carriers escape renal
clearance and cannot penetrate the tight junctions of
endothelial cells in normal vessels, but can extravasate
into tumour tissue with abnormal vascular architecture.
High expression of angiogenic factors in tumours such
as VEGF leads to hypervascularisation and disorganised
vascular architecture. Insufficient lymphatic drainage
often leads to accumulation of nanosized objects in
tumours. Thus, the enhanced permeability and
retention effect can be exploited as a passive targeting
mechanism, which has previously been shown for
nanoparticles in a murine melanoma model.” The
enhanced permeability and retention effect can be
increased by the addition of low doses of tumour
necrosis factor a (TNFa), which works as a vasoactive
drug that promotes extravasation of the nanoparticles
into the tumour. The addition of TNFa plus stealth
liposomes has been shown to not only increase their
localisation in the tumour by five-to-sixfold in a murine
melanoma model, but also to improve their distribution,
resulting in better efficacy.”

In a model of melanoma metastases to the lung,
continued growth of metastatic tumours has been shown
to be preferentially located in specific tissue environments
close to blood vessels,” suggesting that passive targeting
through enhanced permeability and retention could still
have some capacity to deliver nanoparticles to metastases
in the lung. In addition to intravenous administration,
the lungs can also be accessed by aerosolised particles
through inhalation. However, loss of enhanced

permeability and retention and penetration problems by
the nanoparticles through the lung tissue are problems
that would need to be addressed before inhalation could
be suggested as a more effective administration route
than intravenous dosing.

Many fenestrae of the liver vasculature allow the
enhanced permeability and retention effect to be
exploited for targeting of nanoparticles to liver
metastases. However, non-targeted accumulation of
nanoparticles in the liver can cause problems for
nanocarrier design because hepatotoxicity is a common
side-effect of many chemotherapeutic drugs, including
dacarbazine.” For this reason, receptor-mediated uptake
of tumour cell-targeting nanoparticles is the best
approach to reduce drug dispersal in surrounding
hepatic tissue and limit toxic side-effects. Indeed,
anticancer drug-loaded nanoparticles have been
developed that target CD44 receptors overexpressed in
tumour tissue in a liver implant model of colon cancer®
and since the same targeting mechanism has been used
to successfully deliver nanoparticles to melanoma cells
in vivo,” this mechanism could be used for the delivery
of drug nanocarriers to hepatic melanoma metastases.

The blood-brain barrier, which allows for highly
selected molecule exchange, poses distinct challenges
for intravenous administration of nanoparticles when
targeting the brain. Fortunately, the architecture of the
tumour vasculature can disrupt this barrier function,
which means that the enhanced permeability and
retention effect can still be exploited. Indeed, ultra-
small superparamagnetic iron oxide nanoparticles can
enhance detection of intracerebral melanoma lesions in
mice, compared with other contrast agents,* where the
enhanced permeability and retention effect is the likely
mechanism of superparamagnetic iron oxide nano-
particle accumulation in the brain.

Growth of metastases in the regional lymph nodes
and the afferent lymphatic vessels (resulting in satellite
or in-transit metastases in the skin), can lead to
substantial ~ morbidity. ~Therefore, targeting of
disseminated melanoma cells in the lymphovascular
system by nanoparticles also has huge therapeutic
potential. Recently, a phase 2 clinical study of patients
with stage III-IV melanoma showed that nano-based
immunotherapy combined with different adjuvants
given subcutaneously, topically, or by intra-lymph node
injection promoted combined memory and effector
CD8+ T-cell responses in patients.**® Overall, targeting
to the lymphatic system through intravenous
administration is often a passive process because
nanoparticles can be transported there by leucocytes as
part of a normal functioning immune response.*
However, accumulation can be improved further by
promotion of leucocyte uptake, mainly through surface
modifications of the nanoparticles, including
carbohydrate coating,” immunoglobulin conjugation,®
and negative surface charge.*



Considerations for the development of highly eff
ective anti-melanoma nanoparticles for clinical use
Nano-based therapeutics off er distinct advantages over
conventional drug treatments in that they can provide
multifunctional combinations of targeting ability,
diagnostic  value, and therapeutic capacity (ie,
thermoablation, acoustic ablation, and multiple drug
delivery) in one unique particle. For the development of
successful treatments, individual cancer specifi cities
should be addressed, including eff ective penetration to the
sites of metastasis, identifi cation of suitable cell surface
targeting  moieties, eff ects of the tumour
microenvironment composition, and drug dosing
requirements for eff ective tumour ablation.

Although clinical translation of nanoformulations based
on inorganic nanoparticles such as iron oxide as diagnostic
devices in oncology is quite advanced, only a few examples
exist of targeted nanotherapies for metastatic cancer of
theranostic nanoparticles in clinical trials (eg, the CALAA-01
trial®*). In April, 2013, a very promising phase 2 study
(NCT01812746) for establishing the effi cacy of targeted
polymeric nanoparticles containing docetaxel (BIND-014) in
patients with metastatic castration-resistant prostate cancer
started in the USA.” The paucity of examples of
sophisticated theranostic nanoparticles in the clinic is due to
many reasons that are not only related to efficacy, but also
poor stability and high manufacturing costs for the scale-up
of such complex nanoformulations (panel), a rationale for
which has been reviewed recently.” These issues need to be
addressed in the design of successful theranostic
nanoparticles for the treatment of late-stage melanoma.

In the treatment of gross metastasis, effective tumour-
specifi ¢ targeting in melanoma patients is essential for the
development of nanotherapies that are sufficiently eff ective
to cure the disease; both targeting of the nanoparticles to the
metastatic site and to the tumour cells directly. The passive
eff ect of enhanced permeability and retention-mediated
nanoparticle accumulation in tumours is now recognised to
present too many inconsistencies to be relied on for eff
ective targeting to metastatic melanoma tumours.”
Although the enhanced permeability and retention eff ect
can be augmented Dby angiotensin  II-induced
vasoconstriction in cancer patients,” prediction of the level
of nanoparticle accumulation at the site of metastases,
promoted by the enhanced permeability and retention eff ect
alone, is diffi cult. It is also ineffective for nanoparticle
accumulation if metastatic tumours are small and poorly
vascularised, especially in micro-metastases (tumours <2
mm in size). Furthermore, interstitial fi brosis, which often
occurs with melanoma metastases, can limit the diff usion
of compounds and drug carriers to tumours from the
vasculature. Therefore, improved targeting to secondary
tumour sites is necessary to develop nanoparticle therapies
with increased effi cacy for patients with melanoma.
Recently, Ruoslahti and

colleagues™ identified peptides that recognise specific
markers associated with tumour vessels. They engineered
di-block peptides, which first recognise the tumour
vasculature and are then cleaved intracellularly to expose
new sequences targeting specific cell pathways that
enhance tumour penetration. This strategy has been
shown to promote tumour penetration in different
tumour murine models of both conventional anticancer
drugs and nanoparticles co-added with such peptides.”
Similar mechanisms to enhance extravasation in poorly
vascularised tumours together with direct targeting to
secondary tumour sites are needed to develop nanoparticle
therapies with increased efficacy for patients with
melanoma.

In view of the diverse metastatic spread of melanoma
cells to a wide range of organs, the ideal goal is to
selectively target melanoma tumours and provide potent
cytotoxic drug delivery, without affecting other tissue
types—a so-called homing toxic bomb. Such
nanoparticles would provide improved dosing and
greatly reduced systemic toxicity, with more control over
the drug load that can be given to and tolerated by the
patient. To achieve this aim, homing toxic bombs must
be decorated with targeting molecules that provide
recognition of suitable cell surface markers on melanoma
cells (appendix p 2). However, selection of one targeting
moiety will probably be insufficient for long-term
effective treatment of late-stage melanoma, because of
the high propensity for tumour cells to acquire resistance
mechanisms. Thus, the identification of several
melanoma cell surface markers that are suitable for
nanoparticle targeting will be essential to provide long-

Panel: Advantages and disadvantages of the use of nanotherapeutics for
the treatment of metastatic melanoma over conventional drug therapies

Advantages

+ Anti-melanoma drug-carrying capacity of one or more compound. Hydrophillic and
hydrophobic drugs can be incorporated simultaneously.

+ Improved systemic circulation of drugs and enhanced tissue permeability to improve
the bioavailability of anti-melanoma chemotherapeutics to metastatic tumours.

+ Simultaneous imaging and therapeutic properties for the diagnosis and treatment of
metastatic disease.

+ Controlled release of anti-melanoma drug(s) inside the tumour cells.

+  Successful targeting to reduce systemic toxicity of chemotherapeutic agents, thereby
reducing unwanted side-effects.

+ Melanoma patients can be protected from developing multidrug resistance by
reducing the drug efflux capacity of cancer cells.

Disadvantages

+ Higher manufacturing costs since scale-up can be encumbered because of complex
nanomaterial formulation.

+ Unwanted activation of immune response leading to allergic reactions. Toxicity levels
of new formulations must be carefully assessed before patient trials.

+ Removal of nanoparticles by the reticuloendothelial system and other clearance
mechanisms. Nanoparticles must be engineered to reduce opsonisation and optimise
the surface properties to reduce clearance.



Patient with several metastatic melanoma lesions

)

Tissue targeting

N

B

—

Brain Liver Lung Lymph and skin
Ideal nanoparticle design

5-100 nm <100 nm >200 nm >200 nm
lipo-based lipid-based positive, non-cationic,
neutral pegylated non-pegylated

« J

Melanoma cell targeting at the tumour site

Anti-melanoma
nanoparticle

Melanoma cell
binding/penetration

Melanoma cell

i Drug release

O Magnetic core (MRI contrast agent) A} Hyperthermia
@ Drug-embeddable shell coating ) Radioactive atom (PET contrast agent)

‘oo Anti-melanoma drugs

\A‘vMelanoma cell targeting moiety (see appendix p 2)

Figure 4: Schematic strategy of effective nanotherapies for advanced stage
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term disease-free survival. Therefore, future efforts
should focus on the identification of such markers.

The technology now exists to synthesise nanoparticles
with wide-ranging geometries (figure 3), to offer more
options to enhance tissue targeting. For example,
different sized nanoparticles will preferentially target
individual tissue types. Nanoparticles less than 100 nm
in size will favour brain and liver targeting, whereas
systemic intravenous administration of nanoparticles
larger than 200 nm will be trapped in pulmonary
capillaries, thereby favouring lung targeting.”* However,
nanoparticles larger than 200 nm are generally
sequestered by the reticuloendothelial system, enhancing
accumulation in the liver and spleen, with obvious
implications for toxicity. Thus, these nanoparticles might
not be an optimum choice unless specific properties of
the engineered nanoparticles allow them to escape the
reticuloendothelial system (ie, reduced interaction with
the opsonins).” In this regard, surface functionalisation
also has a huge effect on nanoparticle accumulation. For
example, non-pegylated varieties will be recognised by
leucocytes and transported to the lymph, where avoidance
of this trafficking is essential for targeting to other
organs.”” Other modifications involving shape, net
charge, and surface lipids will also affect tissue targeting,
and will favour accumulation in some organs over others.
However, some tissues, such as bone, have been
researched poorly so far in terms of nanoparticle
targeting and need more attention to achieve effective
targeting to melanoma metastases at these sites.
Manipulation of these considerations for nanoparticle
delivery, coupled with selective targeting to melanoma
cells, will undoubtedly enhance the capacity of delivery to
specific organs. Thus, how nanoparticles are used to treat
metastatic melanoma could necessitate tailoring of
formulations on the basis of individual patients’ needs.

Overall diversity in the requirements of nanoparticle
designs for specific organ targeting is challenging for the
development of nanotherapeutics to treat melanoma,
since this cancer can disseminate to several organs
during metastasis. Successful targeting to all these
metastatic locations is, of course, desired, but would
ultimately need the production of mixed batches of
nanoparticles with a range of properties that can
simultaneously target many tissues. However, this need
poses engineering problems, where at the sub-pm scale
distinct shapes can dramatically change interfacial
interactions,” which makes it difficult to predict how
heterogeneous populations of nanoparticles would
behave in patients. Therefore, the existing consensus in
nanomedicine is to develop homogeneous, mono-
dispersed nanoparticle preparations for drug delivery.”®
However, such preparations are unlikely to be sufficient
to target melanoma metastases in several anatomical
locations. Therefore, we propose that nanotherapeutic
treatment strategies for late stage melanoma could
require several doses of nanoparticles, with different



Search strategy and selection criteria

References were obtained from searches of PubMed and Web of
Knowledge with the following medical subject heading search
terms: “melanoma”, "anti-CTLA4 antibody”, “BRAF inhibitors”,
“nanotechnology”, * nanoparticles”,
“theranostic”, “nanotherapeutics”, “contrast agents”, and “EPR
effect”. These searches were required for specific areas of
discussion in the Review, and only articles published since
1980, in English, have been included. Clinical trial information
was found on the ClinicalTrials.gov website (www.clinicaltrials.
gov) with the search criteria "melanoma and nanoparticles”.

"o

"nanomedicine”,

properties in each dose to eff ectively target all metastatic
tumours in patients. Although this idea is analogous to
the combinatorial therapy approach, nanoparticles have
the distinct advantage of providing specific organ
targeting and reducing eff ective drug clearance. The
panel provides a summary of these advantages and
disadvantages for the use of nanotherapies in the
treatment of melanoma. Overall, the advantages clearly
outweigh the disadvantages, suggesting that nano-
materials have huge potential for the successful treatment
of metastatic melanoma if researchers successfully
address the considerations discussed here.

Figure 4 summarises these considerations to produce
future nanoformulations for the successful treatment of
metastatic melanoma. Future research efforts should
focus on such considerations so that the promise of
nanotherapies for metastatic melanoma treatment can
be realised.

Summary

Although some breakthroughs have recently been
achieved in the treatment of metastatic melanoma, the
disease still remains largely incurable. Alarmingly,
melanoma incidence rates are rising faster than those of
any other tumour type and researchers need to develop
therapies to eff ectively deal with the disease after
metastatic dissemination. Nanotechnology has the
potential capability to achieve this goal. Indeed,
nanomedicine promises to revolutionise the way that
metastatic tumours are treated in the future. Only a few
trials have investigated nanomedicine for melanoma so
far, but in view of the amount of preclinical work that is
underway, we predict that the number of clinical studies
is set to rise dramatically in the next few years. For these
new therapies to be successful, their development
requires a multidisciplinary approach at an early stage in
their design that incorporates strong interactions between
scientists (including cell biologists, chemists, pharma-
cologists, toxicologists, engineers, and immunologists)
and dlinicians (including surgeons, oncologists, and
histopathologists), to develop highly effective anti-
melanoma nanoparticles to improve patient outcome.
Overall, the potential of nanotherapeutics offers huge

scope for dramatically increasing overall survival for
melanoma patients, as long as a multidisciplinary
approach is taken to develop this technology for the clinic.
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