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Abstract: The main strategy of cancer treatment has focused on attacking the tumor cells. Some
cancers initially responsive to chemotherapy become treatment-resistant. Another strategy is to
block the formation of tumor vessels. However, tumors also become resistant to anti-angiogenic
treatments, mostly due to other cells and factors present in the tumor microenvironment, and hypoxia
in the central part of the tumor. The need for new cancer therapies is significant. The use of
nanoparticle-based therapy will improve therapeutic efficacy and targeting, while reducing toxicity.
However, due to inefficient accumulation in tumor sites, clearance by reticuloendothelial organs
and toxicity, internalization or conjugation of drug-loaded nanoparticles (NPs) into mesenchymal
stem cells (MSCs) can increase efficacy by actively delivering them into the tumor microenvironment.
Nanoengineering MSCs with drug-loaded NPs can increase the drug payload delivered to tumor sites
due to the migratory and homing abilities of MSCs. However, MSCs have some disadvantages, and
exosomes and membranes from different cell types can be used to transport drug-loaded NPs actively
to tumors. This review gives an overview of different cancer approaches, with a focus on hypoxia and
the emergence of NPs as drug-delivery systems and MSCs as cellular vehicles for targeted delivery
due to their tumor-homing potential.

Keywords: cancer; angiogenesis; hypoxia; nanoparticles; nanomedicine; nanotechnology;
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1. Introduction.

In recent decades, the predominant strategy of cancer treatment focused on the tumor cell.
However, chemotherapeutic agents have a broad toxicity profile and they do not greatly differentiate
between cancerous and normal cells. Furthermore, as a consequence of continual treatment, the
cancerous cell becomes resistant to drugs, leading to therapy failure.

Solid tumors can be assimilated to an organ that, in addition to proliferating tumor cells, includes
stromal cells, infiltrating inflammatory cells, extracellular support matrix and blood vessels, which
together constitute the tumor microenvironment [1]. Anti-angiogenic treatments represented a change
in the strategy against cancer, since the target is no longer the tumor cell but the endothelial cell and,
for the first time, the tumor microenvironment. The blockage of the formation of new vessels in
tumors attempts to inhibit tumor growth and to prevent metastasis. Angiogenesis, the sprouting of
new capillaries from pre-existing vessels, is an adaptive response of tumor cells which allows oxygen
delivery to hypoxic regions in the tumor, thereby sustaining tumor growth [2]. However, the formation
of tumor vasculature is a rapidly growing and highly disorganized process which results in high
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interstitial fluid pressure (IFP), hypoxia and low extracellular pH. These vascular abnormalities create
a barrier to drug administration, and are the main cause of tumor multidrug resistance [3].

2. Anti-Angiogenesis Therapy: A Revealing History

Vascular endothelial growth factor (VEGF) is the pivotal molecule in angiogenesis and its
expression in the primary tumor correlates with a greater risk of recurrence and poor prognosis in a
variety of cancers [4]. Other molecules structurally related to VEGF, which bind to the same receptors
have been identified, such as Placental Growth Factor (PLGF), VEGF-B, VEGF-C, VEGF-D and the
viral homologue of VEGF, VEGF-E [5]. VEGF promotes the survival of endothelial cells, and their
proliferation and migration.

The first antiangiogenic agent approved by the Food and Drugs Administration (FDA) and later by
the European Medicines Agency (EMA) was bevacizumad (Avastin, Roche), a humanized monoclonal
antibody anti-VEGF, which binds and neutralizes all VEGF isoforms. Bevacizumad therapy proved
to be of less benefit than expected, causing side effects such as severe bleeding, hypertension and
thromboembolic events. Combined with conventional chemotherapy, bevacizumab demonstrated a
modest but significant increase in overall survival in patients with metastatic colorectal cancer [6].

Other factors and signaling pathways, which directly or indirectly influence the process of
tumor angiogenesis, have also been targets of anti-angiogenic therapy. These include platelet-derived
growth factor (PDGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), integrins,
cyclooxygenase (COX-2), metalloproteases MMP-2, MMP-9 and hypoxia-inducible factor (HIF-1).
Angiogenic signaling has also been blocked by the inhibition of specific receptors such as VEGFR-1
and -2, c-Met and PDGFR-β, which are expressed in both tumor and endothelial cells [7]. Furthermore,
several molecules that target more than one pathway have been designed. This is the case of Brivanib,
a VEGF and FGF receptor tyrosine kinase inhibitor, approved for the treatment of colorectal and
hepatocellular carcinomas [8]. Likewise, tyrosine kinase inhibitors (TKIs), by blocking the signaling of
several growth factor receptors, hold a therapeutic advantage over monoclonal antibodies, as they
can simultaneously block multiple angiogenic pathways and potentially have greater efficacy. Some
examples are pazopanib (VEGFR, PDGFR, FGFR, and c-Kit inhibitor), sorafenib (VEGFR, PDGFR, Raf,
c-Kit and Flt-3 inhibitor) and sunitinib (VEGFR, PDGFR and c-Kit inhibitor) which have approval for
the treatment of patients with advanced cancer [9–11].

Despite promising results in preclinical studies, anti-angiogenic treatments have shown insufficient
effectiveness in clinical use. Although anti-angiogenic drugs delayed the progression of the tumor, an
improvement in the overall survival was not achieved, and tumors continued growing [12]. Either
inherently or in acquired form, many tumors are resistant to anti-angiogenic treatments, making them
less effective from a therapeutic perspective.

3. Limits of Anti-Angiogenic Therapy

3.1. Tumor Microenvironment Resistance

Resistance to anti-angiogenic drugs is a common problem found in the treatment of several
carcinomas, such as breast, lung, ovarian, colorectal, kidney and liver, among others. The main
cause of resistance is the redundancy in the angiogenic pathways. There are multiple examples
both at the preclinical and clinical level that the inhibition of one or more proangiogenic factors
results in the induction of others, which would lead to the restoration of angiogenesis [13]. As a
response to anti-angiogenesis, tumor cells begin to produce alternative compensatory proangiogenic
factors. Likewise, the tumor microenvironment has been implicated in tumor response to therapy and
contributes to both intrinsic and acquired drug resistance [14]. Due to the anti-angiogenic treatment,
there is an increase in intra-tumor hypoxia, which acts as chemoattractant for immune cells from bone
marrow. Macrophages, neutrophils, and myeloid-derived suppressor cells have been shown to sustain
angiogenesis by stimulating VEGF-independent pathways [15]. Moreover, these tumor-infiltrating
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myeloid cells are critical in establishing an immunosuppressive tumor microenvironment, which
promotes tumor evasion and resistance to therapy [16].

3.2. Pro-Metastatic Effect of Anti-Angiogenic Therapies

Significantly, therapeutic inhibition of angiogenesis has been related to increased local invasiveness
and distant metastasis [17]. Changes in tumor cells and in the tumor microenvironment due to the
hypoxic condition generated by anti-angiogenic therapy seems to promote increased migration of tumor
cells. The relationship of hypoxia with more aggressive metastatic cell behavior is well established [18].
Different tumor-dependent mechanisms, mainly driven by the hypoxia-inducible factor HIF-1, could be
involved in metastasis, including the production of pro-metastatic proteins, the disruption of basement
membranes by the secretion of proteolytic enzymes [19] or the alteration of the adhesion molecule
pattern, promoting epithelial to mesenchymal transition [20]. Furthermore, increased hypoxia levels
favor the recruitment of endothelial progenitor cells (EPCs) which promote the formation of a vascular,
pre-metastatic niche [17].

4. New Objective: Targeting Hypoxia

Anti-angiogenesis therapy failure has revealed that overcoming tumor hypoxia must be a principal
objective in the treatment of cancer. Tumor cells growing in a hypoxic environment quickly adapt
and undergo genetic changes to resist hypoxia-induced cell death. Targeting hypoxia is fundamental
not only to prevent metastasis, but also to overcome resistance toward conventional cancer therapies
including chemotherapy, radiotherapy [21] and photodynamic therapy [22], as well as to improve
the clinical efficacy of cancer immunotherapy [23]. Preventing hypoxic condition might become a
suitable strategy, along with current anti-angiogenic therapies, to improve effectiveness and minimize
unwanted effects. As described, HIF-1 is responsible for the tumor adaptive response to oxygen
and nutrient depletion, promoting metabolic changes [24], acidosis, immunosuppression [25,26] and
angiogenesis [27]. Different chemical compounds interfering at different molecular levels in HIF
signaling have been used in both preclinical and clinical studies [28]. Several molecules have been
approved by the FDA and the EMA for use in the treatment of cancer, although limitations in tumor
accumulation and variable systemic toxicity have been reported [29,30]. Topotecan, a topoisomerase 1
inhibitor which indirectly inhibits HIF, is used in the treatment of metastatic ovarian carcinoma and as
a second line treatment for small cell lung cancer [31]. At present, other HIF signaling inhibitors are
being tested in various clinical trials, either as single agents or in combination with other agents for the
treatment of advanced or refractory cancers [32].

5. The Emergence of Nanomedicine

In the last two decades, the use of drugs contained in nanoparticles (NPs) has emerged as a
solution in cancer therapy to direct drug delivery to the tumor and to reduce systemic damage. NPs
size range is between 1 to 100 nm and they allow the absorption of high quantities of drug due to a
large surface area-to-volume ratio. Small molecules, peptides, proteins, DNA or interference RNA have
been loaded into NPs to be delivered to tumors. For biomedical applications, NPs should have a series
of characteristics such as biocompatibility, degradability, stability, delivery efficiency and sustained
release. Different types of NPs, such as organic (liposomes and polymers), inorganic (metallic, metal
oxide, ceramic, and quantum dots) and carbon-based NPs (fullerenes, nanotubes), have been used
in the field of medicine (Figure 1), especially in the treatment and imaging of tumors [33]. Besides
their ability to passively accumulate at the tumor site, nanomaterials can be readily functionalized in
order to improve their active targeting and cellular internalization [34]. To increase the release of the
payload at target sites at the right time, stimuli-responsive NPs have been designed [35]. Interestingly,
there are nanoparticles designed to release conjugated cytotoxic drugs as a response to the special
chemical conditions of the tumor microenvironment, such as acidosis (reviewed in [36]) or hypoxia [37].
Furthermore, nanoscale materials can be aimed to be delivered across traditional biological barriers in
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the body such as the blood–brain barrier or the dense stromal tissue of the pancreas [38,39]. The use of
encapsulated forms of a drug can improve the pharmacodynamics and pharmacokinetic properties
of the substance [40]. Nanoparticles have advantages over conventional anti-tumor drugs because
they can be multi-functionally designed to pinpoint several targets in the tumor microenvironment.
Nanomedicine appears as a very promising field in cancer therapy, as demonstrated by the large
number of publications that refer to successful in vitro and preclinical proofs of concept.

Figure 1. Types of nanoparticles commonly used for biomedical applications.

Nanotechnology provides different strategies to relieve intra-tumor hypoxia (Table 1). Some
approaches are directed towards tissue re-oxygenation, either through in situ oxygen supply or by
promoting intra-tumor H2O2 decomposition. Another therapeutic approach is the administration of
HIF-1 blockers. Nanomaterials have been designed to silence the gene expression of HIF-1 by antisense
oligonucleotides or by interference RNA (RNAi). Likewise, the encapsulated form of several HIF-1
signal-interfering drugs present some benefits with respect to the free drug, minimizing toxicity and/or
improving its pharmacokinetic behavior.
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Table 1. Nanotechnology strategies against hypoxia.

Categories Cargo Type of Nanoparticle Mode of Action Ref.

O2 carriers

Perfluorocarbonand derivatives

Perfluorocarbon
Perfluorooctane
Perfluorohexane
Perfluorocarbon

PLGA-PEG emulsion
Hollow microparticles

Liposomes
Hollow Bi2Se3 NPs

Rapid release of O2 by hydrolysis

[41]
[42]
[43]
[44]

Ultrasound-based carrier Oxygen Microbubbles Ultrasound controlled release and imaging
by ultrasonography [45]

H2O2 catalysis platforms
MnO2

Catalase
UPCNPs

Liposomes Decomposition of H2O2 into O2 and H2O [46]
[47]

Inhibitors of HIF-1 signaling

Camptothecin
Topotecan

HIF-1 siRNA
HIF-1 ASO

Cyclodextrin-based polymer
Liposomes

PEGylated ε-polylysine
copolymer
Liposomes

Topoisomerase I inhibition
Topoisomerase I inhibition
Reduction of HIF-1 levels
Reduction of HIF-1 levels

[48]
[49]
[50]
[51]

Abbreviations: PLGA, Poly(lactic-co-glycolic acid); PEG, Polyethylene glycol; US, ultrasound; UPCNPs, up-conversion nanoparticles; ASO, antisense oligonucleotide.
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As with conventional drugs, the flow of nanomedicines into the tumor may be negatively
influenced by the hypoxia of the tumor microenvironment despite the existence of the enhanced
permeability and retention effect (EPR). EPR exists in solid tumors as a consequence of the abnormalities
in their vasculature, which lead to a selective extravasation of nanometric molecules in tumors, where
they may reach a much higher concentration than in normal tissues [52]. Nanomedicine has taken
advantage of this unique phenomenon, but the extreme hypoxic condition in the central region of a
large tumor mass can limit the EPR effect, and be a barrier for the entrance of NPs. Several methods
have been reported to enhance EPR, such as hyperthermia to mediate vascular permeabilization in solid
tumors [53,54], ultrasound-induced cavitation to modify tumor tissue [55,56], the application of nitric
oxide (NO)-releasing agents to expand blood vessels [57] or the administration of anti-hypertensives
to normalize blood flow [58]. Some of these methods have been implemented from the field of
nanomedicine to minimize side effects. Thus, different types of responsive-nanoparticles were
designed to produce tumor heating after photostimulation, magnetism, radiofrequency waves or
ultrasound [59]. Regarding NO, nanotechnology devices could facilitate its therapeutic use, which is
limited by its short half-life, instability during storage, and potential toxicity [60].

Lessons from the undesired consequences of blocking angiogenesis in tumor progression led
to the hypothesis that normalization of the tumor vasculature is a better therapeutic option than its
destruction [61]. Vessel normalization would transform the abnormal phenotype of tumor vessels into
a phenotype which resembles the normal functional vessels by repairing the basement membrane and
increasing the rate of pericyte coverage and, consequently, decreasing the vessel leakage. Correcting
the abnormalities in tumor vessels would prevent a further increase in harmful intra-tumor hypoxia
levels, allowing medication delivery which is dependent on efficient blood flow. Normalization of
tumor vasculature is also seen as necessary to improve NPs’ delivery [62]. In clinical practice, low doses
of anti-angiogenic treatments attempt to achieve a balance of anti- and pro-angiogenic factors to make
tumor vessels into a more normal phenotype. Moreover, the normalization of the aberrant vasculature
of the tumor can present added advantages. Treatment with low doses of anti-VEGFR2 antibody
resulted in a less immunosuppressive tumor microenvironment by the polarization of tumor-associated
macrophages, and recruitment and activation of CD8+ T lymphocytes in a murine breast cancer
model [63]. The infiltration of CD8+ T cells in tumor was associated with a better prognosis in various
types of cancer. Unfortunately, vascular normalization does not have an easy application in clinical
settings because it is a transitory state, and is referred to as the “normalization window”. It lasts 1–2
days and, in this period, the cytotoxic effects of anti-tumor drugs are markedly increased. Therefore,
it becomes critical to adjust the timing of the cytotoxic treatments to take advantage of this vascular
normalization window.

From the field of nanomedicine, attempts have also been made to design particles to promote the
normalization of tumor vasculature, such as gold nanoparticles used to provide human recombinant
endostatin (rhES) in tumors by EPR to facilitate transient vessel normalization and improve antitumor
therapeutic efficacy [64]. Another approach is the combination of an anti-angiogenesis treatment and
chemotherapy in the same nanomedicine formulation. The cytotoxic drug paclitaxel (PTX) is loaded
into lipid-derivative conjugates (LGCs) made of anti-angiogenic agents such as a low molecular weight
heparin and gemcitabine to simultaneously restore the tumor vasculature and deliver the cytotoxic
drug [65]. Despite promising results obtained at the preclinical level, there is no clinical experience
with any of these nanoplatforms.

Decades of research have yielded only a few anticancer nanomedicines currently in clinical use [66].
Some formulations are hypoxia-limiting drugs such as DaunoXome or liposomal daunorubicine, a
chemotherapeutic drug of the anthracycline family used in Kaposi sarcoma, and Onivyde or liposomal
irinotecan, a topoisomerase I inhibitor used for the treatment of pancreatic cancer [67,68]. These
nanomedicines improve the safety profile of the drugs, but, as with other nanopharmaceuticals, the
efficacy shown in preclinical experiments is not achieved at clinical level.
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6. The Limits of Nanomedicine in Clinical Applications

It is a fact that the clinical translation of nanomedicine for the treatment of cancer remains a great
challenge. Regardless of the important contributions of nanotechnology to oncology in minimizing the
toxic side effects of drugs, overall survival of patients has not improved. Several relevant questions
must be addressed in order to improve the applicability of nanomedicine formulations to treat cancer,
and this requires the understanding of the complexity and heterogeneity of human tumors and a
deeper insight into nano–bio interactions.

For NPs to have clinical translation potential, there is a need to evaluate their safety and toxicity in
humans and determine how large-scale manufacturing processes can introduce changes in this profile.
Although the safety of many materials has been proven, as the complexity of nanoparticles increases
by the use of synthetic compositions or by the addition of ligands or coatings, the in vivo behavior
and the toxicological profile must be evaluated. The main safety concerns derive from direct cell
toxicity, nanoparticles aggregation, long-term accumulation, hemolytic effects, and/or immunogenic
behavior [69]. Toxicological evaluation of nanoparticles is based on an understanding of their in vivo
distribution, metabolism and excretion [70].

To take advantage of nanomedicine, it is vital to optimize nanomaterial properties such as
drug-loading capacity and/or capability of sustained release of the cargo in vivo, among others.
Furthermore, it is essential to minimize the location of nanoparticles in healthy tissues and improve
their delivery to the target organ. Increasing the efficiency in the delivery of nanoparticles to the tumor
is considered the main goal in order to achieve real benefit [71].

The use of nanomedicine in cancer therapy has been supported by the existence of the EPR
phenomenon; however, only a small percentage of systemically injected NPs accumulate in tumors (a
median of 0.7% according to a wide meta-analysis study based on preclinical data) [72]. EPR seems
to be an overestimated effect, as its understanding is based on the high EPR existing in fast-growing
subcutaneous tumor xenografts in mice models. However, non-invasive imaging techniques applied
to a small number of patients to determine the penetration and accumulation of nanoparticles in tumor,
revealed that EPR is not a uniformly extended effect in solid tumors in humans [67]. Variability in
vascular permeability, blood velocity, interstitial blood pressure, oncotic pressure, and complexity of
the tumor stroma influence the movement of nanoparticles into and out of the tumor [73]. Additionally,
physicochemical properties of nanoparticles, principally size and shape, also affect NPs extravasation
and accumulation. In order to predict tumor susceptibility to EPR, and therefore, to benefit from the
use of nanomedicine, some attempts have been made to characterize EPR-related genes, proteins or cell
biomarkers (reviewed in [74]). Several studies have suggested the value of stratifying subpopulations
of cancer patients according to their EPR relevance, in order to define the “right patients” to be treated
by nanomedicine strategies in an analogous manner, as is being done in the development of other
anti-cancer strategies [67].

As an alternative to passive accumulation, active targeting of nanoparticles is proposed in order
to improve their tumor retention and to favor their uptake by the target cells. This strategy relies on
the interaction between ligands conjugated onto the surface of nanoparticles (e.g., antibodies, peptides
or carbohydrates) and their target. Target substrates can be surface receptors expressed by tumor cells
or by other cells in the tumor microenvironment, secreted molecules, or even the physicochemical
environment in the tumor. An additional advantage of actively targeted NPs could lie in their capacity
to target disseminated locations throughout the body, such as metastatic lesions or hematological
cancers where EPR does not exist [75]. However, several problems have made the use of ligand-targeted
approaches at the clinical level, so far, negligible. These problems are the accessibility and expression
of the target, the anatomical and physiological barriers to NPs delivery, as well as the lack of real
knowledge about the toxicities of these complex formulations [70].

The targeting of nanoparticles to tumors, whether active or passive, must overcome physiological
barriers to reach the tumor site once systemically administered. Whatever increases circulating lifetime
by reducing clearance means an improvement in efficacy. The clearance of NPs by kidneys and their
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sequestration by reticuloendothelial organs are the main barriers affecting their bio-distribution, and
therefore must be considered at the design stage. Renal elimination of nanoparticles is determined
by their size, charge, shape and surface composition [76]. Recognition of NPs by immune cells and
retention by the reticuloendothelial organs, such as liver, spleen or bone marrow, constitute the other
major obstacles to the success of nanoparticle delivery, since they lead to premature elimination from the
bloodstream. Having interacted with biological fluids, nanoparticles are exposed to active biomolecules,
and diverse serum proteins non-specifically adhere onto their surface, forming a protein corona. There
is an evident impact of protein corona in the fate and biological effects of nanoparticles [77,78].

Several surface-coating molecules such as polyethylene glycol (PEG) have been used to provide
“stealth” properties to NPs during circulation [79]. Nonetheless, complement-related responses to PEG
result in mild to severe hypersensitivity reactions in some susceptible individuals [80]. In addition,
PEG-specific antibodies have been detected after the repeated administration of PEG-coated liposomes
in the same animal [81]. These immunological responses may lead to altered pharmacokinetics and
subsequent loss of efficacy of the treatment, and to potentially serious toxicities including anaphylaxis.

7. Biological Carriers to Deliver NPs

Anti-angiogenic treatments have revealed the relevance of the tumor microenvironment in the
progression of the tumor. In the battle against cancer, it is mandatory to attack simultaneously on
various fronts. Then, targeting tumor cells, normalizing tumor vasculature and overcoming hypoxia,
among others, are vital to control the growth of solid tumors and to prevent metastasis. Nanomedicine
appears as a valuable tool to achieve these goals, having the opportunity to design polyvalent NPs.
Unfortunately, physiological barriers decrease NPs circulating lifetime and hinder their delivery to
the tumor site. Additionally, the hypoxic region of the tumor constitutes an insuperable barrier
resulting in an inefficient distribution of the NPs, and, as a consequence, a non-uniform release of
drugs into the tumor. Furthermore, the potential toxicity of NPs, owing to their composition and/or
to the nano-bio interactions, can compromise the feasibility of their use [82]. It is necessary to find
solutions to overcome these problems without forgetting the great heterogeneity of human tumors.
The encapsulation of nanoparticles into cell- or cell membrane-based systems can enable these issues
to be addressed to some extent.

Mesenchymal stem cells (MSCs), exosomes and plasma membrane coating are biocompatible
candidates to transport NPs to the tumor site, given their stability, non-cytotoxic effects, high drug
carrying capacity, and low- or no-immunogenic profile. In addition to the load of anticancer drugs,
these biological carriers can be engineered to express therapeutic peptides and proteins, and to transport
RNAs or imaging agents, this enabling a more synergistic approach to anticancer therapy. As discussed
below, mesenchymal stem cells and their exosomes have tumor tropism because tumor hypoxia is a
potent mediator directing MSCs’ migration [83]. Although the use of these encapsulated formulas is in
initial stages, they appear as a potential way to reach the impenetrable hypoxic core of solid tumors.

7.1. Mesenchymal Stem Cells as Carriers to Deliver NPs

The use of stem cells as cellular vehicles of drug-loaded nanoparticles seems to be a very promising
strategy for targeting tumor tissues [84]. Different types of stem cells could be used as cellular vehicles,
such as embryonic stem cells, adult stem cells or induced pluripotent stem cells. Within the adult
stem cell group, the mesenchymal stem/stromal cells (MSCs) are the most common cell type used,
given their several advantages (Table 2), such as their availability, easy isolation, non-immunogenicity
and immunomodulatory properties [85]. MSCs have been isolated from many sources, such as bone
marrow [86], adipose tissue [87], umbilical cord tissue [88], amniotic fluid [89] and placenta [90]. From
a clinical point of view, MSCs are the first choice of stem cells for use in cancer therapies. It is well
known that MSCs specifically migrate, home and survive in tumor sites without being incorporated
into normal tissue [91,92]. MSCs can migrate towards a tumor, since these cells respond to tissue
damage, hypoxia and inflammation, as found in tumor microenvironments (Table 2). This tropism
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property makes MSCs a promising strategy for drug delivery systems in cancer therapy [91,93,94].
MSCs home to tumor stroma because of their attraction to several growth factors, cytokines and
proteases existing in the tumors [95]. Exploring this tropism of MSCs toward tumor sites to deliver
gene therapy, drugs or nanoparticles to the tumors is a promising strategy in cancer therapy (Figure 2).

Figure 2. Mesenchymal stem cell (MSC)-based strategies for targeted-cancer therapy. MSCs can be used
an anti-cancer agents due to their tumor-tropic properties, and their anti-proliferative, pro-apoptotic
or anti-angiogenic properties (naïve MSCs). MSCs can be genetically modified to express suicide or
anti-tumor genes. MSCs can incorporate small molecules of anti-tumor agents and they have been used
as cellular vehicles of NPs. In addition, MSC-derived exosomes can be used as drug-delivery tools.
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Table 2. Advantages and disadvantages of the different cell-based delivery systems.

Cell-Based Strategy Advantages Disadvantages

MSCs

Easy isolation from accessible sources
Easy culture in vitro
No immunogenicity
Tissue regeneration capacity
Tumor tropism
Migration ability into the site of damage
Homing capacity

Uncertain tumorigenic effect
High retention in lungs after systemic administration
Possible occlusion of microvessels after systemic administration
Repeated injection may result in production of alloantibodies

EXOSOMES

High stability in physiological and pathological conditions
Unlikely to be immunogenic
Small and relatively homogeneous size
Intracellular delivery of cargo by fusion of membranes
Able to cross natural barriers such as blood–brain barrier
Autologous use allowing personalized medicine

Need of standardized protocols for isolation and purification
Need of adequate characterization of cell of origin
Undesired effects due to exosome components themselves
Lack of standardized mass production protocols

PLASMA
MEMBRANE-COATING

Provide biocompatibility to nanoparticles
Immune escape and longer circulation lifetime
High versatility
Easy functionalization

Need of techniques for large-scale cell culture
Need of high-yield methods for membrane derivation
Lack of knowledge about all membrane components
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There are other advantages in using MSCs in cancer therapy, such as the fact that they can be
genetically modified to serve as a vehicle for cancer gene therapy, with little or no impact on their
biology [96]. There are many reports showing that MSCs engineered to express anti-proliferative [97],
pro-apoptotic [98] or anti-angiogenesis [93] agents were successfully used for the treatment of
several types of tumors (reviewed in [96]). In addition, naïve MSCs have anti-proliferative [91,99],
pro-apoptotic [100] or anti-angiogenic [93] properties and have a low risk of malignant transformation
after transplantation in vivo due to their limited proliferation capacity [90,101]. Although some studies
have proven that MSCs have pro-tumorigenic effects, increasing tumor growth and metastasis [102], it
is generally agreed that MSCs can be manipulated with anticancer genes to be used in cancer therapies
(Figure 2). The use of viral and non-viral vectors for genetic modifications to MSCs has several
drawbacks, such as transient gene expression and low transfection efficiency, along with a high risk of
cell transformation [103].

MSCs can also incorporate small molecules of anti-tumor agents, such as paclitaxel or doxorubicin,
and carry them to tumor sites (Figure 2). However, this strategy has some downsides such as the
low loading capacity and the rapid diffusional clearance of the molecules out of cells. Additionally,
anti-cancer drugs may have some cytotoxic effects on MSCs and result in their loss before arrival
at tumor sites. The effects of chemotherapeutics on MSCs have been quite controversial, from a
reduction in proliferation and apoptosis, to resistance while retaining proliferation and differentiation
potential (reviewed in [104]). MSCs are resistant to the cytotoxic effects of paclitaxel via the inhibition
of their proliferation, inhibition of apoptosis and induction of quiescence [105]. However, paclitaxel
exposure does not up-regulate the expression of the trans-membrane pump P-glycoprotein 1 in MSCs,
a mechanism by which cancer cells resist paclitaxel treatment [106]. Doxorrubicin at clinically used
doses induces premature senescence of MSCs in vitro [107]. These senescent MSCs are functional
but not proliferative, and are protected from doxorubicin-induced tumor transformation. The effect
of doxorubicin on MSCs in vivo is contradictory, from resistance to reduced proliferation rates and
apoptosis [104], and this may be due to the ex vivo culture conditions of MSCs and duration of
treatments. Hence, long-term in vitro and in vivo studies are necessary to understand the mechanisms
behind the influence of chemotherapy on MSCs.

The encapsulation of chemotherapy drugs into NPs increases the drug-loading capacity of MSCs
while reducing potential toxic effects on MSCs (Figure 2). In case of toxicity, the incorporation of
controlled release or stimuli-responsive nanoparticles may avoid the loss of MSCs during the process
of migration and tumor homing, as well as ensuring that a therapeutic dose of the anti-cancer agent
is released at the tumor site [108,109]. MSCs loaded with ultrasound-responsive mesoporous silica
NPs selectively released the cargo when the stimulus was applied, both, in vivo and in vitro [35].
When loaded with doxorubicin, these NPs caused death to mammary cancer cells in vitro after
ultrasound exposition. This stimuli-response strategy would significantly reduce undesired side
effects of anticancer treatments. Although progress has been made in the design of NPs to introduce
anti-cancer drugs to be transported by MSCs, this combined system MSC/NP is still in its initial
stages. It has been reported that the type of NP and its size, as well as its concentration, incubation
time, and the presence or absence of serum in the culture medium, could interact with and alter the
physical and phenotypical properties of MSCs [33]. However, other studies suggested that MSCs
loaded with NPs preserved their morphology, proliferation, migration and homing capacity [35,84,110].
Mesoporous silica nanoparticles did not inhibit the tumor-tropic capacity of MSCs and, when loaded
with doxorubicin-NPs, showed in vitro and in vivo migration towards tumors and in vitro induction
of cancer cell death. [110]. It is an important goal to achieve clinical efficacy while ensuring safety by
using small amounts of nanomaterials. MSCs loaded with carbon nanotube-doxorubicin presented
migratory capacity, active targeting and long-term apoptosis of lung cancer cells in vitro and in vivo
with extremely low doses of the anti-cancer nano-drug, with no side effects [111]. The sustained release
of paclitaxel encapsulated into PLGA nanoparticles does not affect the functional capacities of MSCs
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or their tumor tropism and increases survival of tumor-bearing rats while decreasing glioma tumor
tissue [112].

The main advantage of using MSCs is their ability to infiltrate uniformly into tumor tissue and
this ability will improve the intra-tumor distribution of anti-cancer drugs [113]. Paclitaxel-loaded
poly(lactic-co-glycolic acid) (PLGA) NPs had little effect on MSC viability, did not affect their migration
and differentiation potential, and presented a dose-dependent cytotoxicity against lung cancer cells
in vitro and in vivo [114]. In vivo, the paclitaxel-NPs-MSCs platform accumulated in lung tumors and
produced higher tumor growth inhibition and survival compared to injected paclitaxel encapsulated in
NPs [115]. Another study using MSCs with paclitaxel-loaded PLGA NPs in a rat model of orthotopic
glioma showed similar results [112]. Achieving a high payload capacity is critical to getting therapeutic
drug concentrations to the tumor site. Covalent conjugation or the physical association of NPs to
MSCs’ surface can significantly increase the cargo besides the drug-NPs loaded by endocytosis. Such
nanoengineered MSCs demonstrated greater tumor inhibition and increased in vivo survival with
reduced systemic toxicity when compared to free or NP-encapsulated drugs in a variety of tumors
(reviewed in [103]). In addition to anti-cancer drugs, NPs could also serve as carriers of bioactive
molecules such as DNA, mRNA or siRNA into MSCs (Figure 2). Gene transfection of MSCs with
plasmids encoding cytosine deaminase and uracil phosphoribosyl transferase suicide genes was
successfully attained using a polyethylenimine (PEI) coating of mesoporous silica nanoparticles [116].
These PEI-plasmid-NPs induced cell death to breast cancer cells without producing any significant
toxicity to the vehicle MSCs [116]. This approach will provide a double therapeutic effect after
transplantation, migration and homing to tumor sites of the PEI-NPs-engineered-MSCs; one effect
will be from the plasmid transported outside the NP and another from the drug transported inside
the NP [35]. This Trojan-horse strategy could significantly improve the efficacy of NP-MSC-based
anti-cancer therapy.

Nanoparticle-based anti-angiogenesis systems have been developed and studied in preclinical
models. The anti-angiogenic properties of several types of NPs such as gold nanoparticles, silica and
silicate-based nanoparticles, diamond nanoparticles, nanoceria nanoparticles, silver nanoparticles
and copper nanoparticles, have been reported [82,117]. Encapsulation of these NPs in MSCs would
overcome some of the limitations and side effects, and selectively target the tumor site, enhancing
the anti-angiogenic properties of the NPs. On the other hand, the use of anti-angiogenic factors onto
biocompatible nanoparticles has recently attracted great interest. Paclitaxel inhibits tumor growth
using both a direct inhibition of tumor cell proliferation and an inhibition of angiogenesis [118].
However, paclitaxel develops hematologic toxicities (i.e., leukopenia and neutropenia) and liver
damage. MSCs loaded with paclitaxel-PLGA nanoparticles showed a selective accumulation into the
lungs of tumor-bearing mice with respect to non-tumor mice. This system presented a maintained
concentration of paclitaxel in plasma for longer, and developed a deposition of paclitaxel in the
lungs with a significantly lower “off-target” deposition in liver and spleen. In addition, the effect of
these nano-engineered MSCs was a reduced proliferation of tumor cells, reduced angiogenesis, and
increased apoptosis in the tumor tissue, and a less severe leukopenia because of the very low dose of
paclitaxel [115]. The encapsulation of bevacizumab onto mesoporous silica nanoparticles is another
promising drug delivery system for improving anti-angiogenic therapy [119]. Since mesoporous silica
nanoparticles are well tolerated by MSCs [110], the use of this this system will be an effective treatment
in tumor therapies.

MSCs have high tropism for the hypoxic microenvironment of tumors [83], and it has been
described that the hypoxic preconditioning of MSCs improves the migration and homing of MSCs [120].
Hypoxic preconditioning of MSCs loaded with PEG-superparamagnetic iron oxide NPs increased their
migration toward gliomas and their trafficking across the blood–brain barrier. This study showed
the role of hypoxia in the migration and homing abilities of MSCs and the use of an innovative
systemic MSCs-based cell therapy for the treatment of aggressive tumors [121]. The migration of MSC
is regulated by several cytokine/receptor pairs. Chemokine receptor-4 (CXCR-4) and its interaction
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with stromal cell-derived factor SDF-1 secreted on the surface of tumor cells is the most important
set involved in MSCs tumor tropism [122]. The use of biodegradable polymeric nanoparticles to
overexpress CXCR-4 in human adipose MSCs enhanced cell migration velocity and increased their
co-localization within the hypoxic area of the tumor [123]. Human MSCs loaded with iron oxide-NPs
showed an overexpression of epidermal growth factor receptor (EGFR) that resulted in an improved
migration of the MSCs towards hypoxic area of the tumor [124]. In addition, iron oxide NPs improved
the homing and anti-inflammatory abilities of MSCs without modifying their properties [125]. These
results suggest that NP-engineered MSCs could serve as vehicles to deliver therapeutic agents into
hypoxic areas of tumors to overcome drug-resistance.

Once the cells are transplanted in vivo, it is important to monitor the long-term fate of MSCs,
their migratory capacity and their biodistribution, as well as their tumor penetration capacity.
The conjugation of different types of nanoparticles to MSCs have successfully demonstrated
feasibility of tracking the migration and intratumor localization of MSCs by non-invasive imaging
techniques used in preclinical and clinical settings, such as magnetic resonance imaging (MRI),
computed tomography (CT), ultrasound, optical imaging, positron emission tomography (PET)
and single-photon emission computed tomography (SPECT). Adipose-derived MSCs loaded with
mesoporous silica-coated manganese oxide NPs were efficiently monitored by MRI imaging over long
periods after transplantation [126]. Adipose-derived MSCs can be also monitored by non-invasive
CT imaging in vivo after labelling by PEG-coated gold NPs [127]. These gold NPs were visible at
the transplantation site for as long as four weeks with no loss in signal. The authors were able to
quantify the number of visualized cells as a function of the CT value obtained. These results are
very important to quantify the migratory and homing abilities of MSCs into tumor sites. Migratory
capacity and tumor tropism toward malignant glioblastoma of both bone marrow and placenta-derived
MSCs was demonstrated by in vivo MRI tracking after labeling with superparamagnetic iron oxide
(PEG-SPIO)-NPs [121,128]. Although several nanoparticles have been designed for diagnostic and
in vivo imaging, the optimal type of formulation for cell tracking in vivo does not, as yet, exist [129].
Further studies are necessary to use nanoparticles for diagnostic and imaging purposes in the field
of oncology. The main challenges to be overcome are biocompatibility and an improvement in the
synthesis process. This approach would allow the in vivo tracking and biodistribution of MSCs as
carriers of therapeutic agents and would provide information about tumor-targeted accumulation,
drug release and long-term drug efficacy. Such information could contribute to a model of personalized
medicine and patient individualization.

Although there are several clinical trials with MSCs to treat several pathologies, their use in
humans may cause some concerns owing to their potential to promote tumor growth, angiogenesis
and fibrinogenesis [93]. There are other studies showing the anti-tumor and anti-angiogenic properties
of MSCs [103], but whether MSCs facilitate or inhibit tumor growth remains controversial (Table 2).
Therefore, a deeper understanding of the molecular and cellular interactions between MSCs and the
tumor microenvironment is required.

7.2. Exosomes as Carriers to Deliver NPs

Exosomes have recently emerged as possible natural carriers of therapeutic agents for cancer
therapy. These are small extracellular vesicles (30–150 nm in diameter) released from cells after the fusion
of an intermediate endocytic compartment, the multivesicular body (MVB), with the plasma membrane.
Exosomes are secreted by most eukaryotic cells and have been recognized as important messengers in
cell-to-cell communication through the transfer of macromolecules such as lipids, proteins, and nucleic
acids (mRNAs, tRNAs, long, noncoding RNA, microRNAs and mitochondrial DNA). Exosomes have
been implicated in physiological processes but also in diseases such as neurodegenerative diseases [130],
heart failure [131], liver disease [132], or cancer [133]. The proteomic and RNA content of exosomes
from different cellular sources has been analyzed (www.exocarta.org) [134]. In addition to several
conserved proteins that are common to most exosomes regardless of their origin, such as tetraspanins
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(CD9, CD63 and CD81) and heat shock proteins (HSP60, HSP70 and HSP90), among others, exosomes
express tissue-specific proteins which reflect their originating parental cell [135]. Recently, it has
been shown that exosomes have intrinsic homing capabilities similar to their original cells [136] and
recapitulate their biological activity so that, in some cases, exosomes may be an alternative to cell
therapy, avoiding the adverse effects of intravenous administration of cells.

The therapeutic properties of exosomes in clinical use can rely on three components: vesicle,
load and/or surface decors. Exosomes are “natural nanoparticles” delivering an array of proteins and
nucleic acids, and they can also be engineered to improve tumor recognition and killing properties
in order to increase the effectiveness of cancer therapy [137]. The efficient encapsulation of different
types of nanoparticles into exosomes for therapeutic and diagnostic purposes in cancer is also
possible [138–140]. Compared to synthetic nanomaterials, a first advantage of the use of exosomes is
their innate biocompatibility so they may be less immunogenic or cytotoxic (Table 2). Exosomes are
large enough to avoid being cleared rapidly by kidneys and, in some cases, small enough to escape the
capture of the mononuclear phagocyte system and to take advantage of the EPR effect accumulating
in tumors. Exosomes are formed by a lipid bilayer delimiting an aqueous core, and this allows the
upload of drugs of both, hydrophobic and hydrophilic natures, thus increasing their versatility [141].
Some concerns in the scalable production of exosomes for clinical use are the establishment of optimal
culture conditions, product purity, batch uniformity and storage conditions (Table 2), among others, to
ensure that the exosome-based product meets the expected quality and efficiency [142]. The relevant
issues are the optimal dose, the timing of administration, and the route of injection to achieve maximal
efficacy and minimize adverse effects [143]. The fate of exosomes can be monitored in vivo by labeling
them with NPs that are detected by non-invasive imaging techniques such as magnetic resonance
imaging (MRI), computed tomography (CT) or magnetic particle imaging (MPI) [144,145]. These
techniques have advantages and disadvantages according to their sensitivity, specificity, penetration,
radiation and spatial resolution. Further developments need to be investigated to obtain more efficient,
biocompatible and quantifiable exosome labeling and imaging techniques with the aim of translating
exosome therapy to the clinic [144,146].

Although many types of cells in the body produce exosomes, MSCs are one of the most prolific
(Figure 2), and, therefore, are more suitable for the mass production of exosomes for drug delivery [147].
Clinical trials of MSC-derived exosomes that are currently in progress focus on gene delivery,
regenerative medicine, and immunomodulation [136]. As expected, MSC-derived exosomes have
intrinsic homing capabilities similar to those of MSCs and, in the treatment of cancer, can penetrate the
tumor site [148]. In a similar way, hypoxia could also be a target for MSC-derived exosomes. Very
interestingly, in hypoxia studies it has been published that hypoxic cancer cells avidly uptake exosomes,
which have been produced in hypoxic conditions [149]. Culturing MSCs in hypoxic conditions would
not only produce hypoxia-conditioned exosomes but also lead to an increase in exosome production,
as described [150]. The effects of native MSCs-derived exosomes in cancer remain controversial and
further analysis is required. Observed pro-tumor or anti-tumor effects are supposed to rely on cell
culture conditions, on the methods to promote vesicle formation and on the tumor model used [151].
Although a cancer suppression ability by MSCs native exosomes from adipose tissue has been reported
in vitro [152] and in vivo [153], genetic modification is the commonly used strategy in MSCs-derived
exosome-based cancer therapy through transfection of diverse miRNAs or siRNAs. These genetically
modified exosomes have provided the reduced viability of cancer cell lines, growth inhibition of tumor
xenografts and/or prolonged survival in mice cancer models (reviewed in [137]). On the other hand,
active drugs can be incorporated into exosomes from primed MSCs, resulting in in vitro antitumor
effects [154].

7.3. Cell Membrane-Coated Nanoparticles

Another strategy to deliver nanomedicines into tumors is the use of cell membrane-coated
NPs [155]. These systems use the plasma membrane of different types of cells, such as red blood
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cells [156], leukocytes [157], macrophages [158], platelets [159], stem cells [160], bacterial [161] or
cancer cells, [162] to coat the NPs. Depending on its origin, the membrane could provide different
in vivo biological behavior to these cell membrane-based NPs. For example, blood and immune
cell membranes could be responsible for an extended systemic circulation and for avoiding immune
clearance, while the cancer cell membrane will provide tumor targeting (Table 2). In addition, using the
fusion of cell membranes from different sources, the hybrid cell membrane-based NPs obtain multiple
functionalities [163].

The nanoparticle used in the core would be designed according to its future application, such as
anti-cancer drug delivery, tissue imaging or photothermal therapy [163,164]. It has been proven that
these membrane-coated NPs accumulate preferentially at tumor sites, improving their efficacy while
reducing their toxicity [163]. A macrophage-biomimetic drug delivery system with anti-angiogenesis
properties was developed by coating PLGA-NPs with macrophage membrane [165]. PLGA-NPs were
loaded with saikosaponin D, a compound which exhibits potential anticancer therapeutic properties.
The authors showed that these cell-membrane engineered NPs effectively inhibited tumor growth
and metastasis of breast cancer in vitro and in vivo through the inhibition of angiogenesis. Polymeric
NPs loaded with the anticancer drug paclitaxel were coated with red blood cell (RBC) membranes.
This RBC-biomimetic drug delivery system significantly inhibited tumor growth and suppressed
lung metastasis [166]. Although the angiogenesis inhibition by paclitaxel was not evaluated, these
RBC-mimetic NPs seem to be an efficient system for cancer therapy.

To overcome tumor hypoxia and improve the therapeutic effects of anti-cancer treatments, several
attempts based in membrane-camouflage have been made. Platelet membranes as nanocarriers were
co-loaded with tungsten oxide (W18O49) nanoparticles and metformin (PM-W18O49-Met NPs) to treat
lymphoma tumors. In this system, metformin reduced tumor oxygen consumption to alleviate tumor
hypoxia, enhancing the therapeutic effects of W18O49 mediated by reactive oxygen species (ROS)
and heat generation [167]. PM-W18O49-Met NPs significantly inhibited tumor growth and induced
apoptosis in lymphoma tumors in vitro and in vivo. Platelet membranes provide immune evasion and
active adhesion to tumor cells mediated by the interaction of platelet P-selectin with ligands expressed
on tumor cells [168]. Other approaches used RBCs as the source of biomimetic membranes. RBCs are
one of the most abundant cell types in the body and, as indicated above, their use as biomimetics
provides immune escape and a long blood circulation time for NPs. In addition, enzymatically active
catalase in the RBC membrane [169] could metabolize tumor endogenous H2O2 and ameliorate tumor
hypoxia. PLGA-NPs coated with RBC membranes were engineered to co-deliver the chemotherapeutic
agent curcumin, and the hypoxia-activated molecule, tirapazamine [170]. These drug-loaded and
coated NPs induced apoptosis via the generation of reactive oxygen species and consequent DNA
damage, suggesting the potential of the present system to circumventing hypoxic solid tumors. In
another approach, the membrane from red blood cells was used to encapsulate nanoparticles consisting
of perfluorocarbon inside PLGA [171]. This nanomimetic approach could provide an efficient supply
of oxygen to the tumor site. Recently, encapsulated Ag2S quantum dots in RBC membranes have
been used as a sonosensitizer to generate ROS under ultrasonic stimulation [172]. This design takes
advantage of ultrasound to promote tumor blood flow, improving hypoxic conditions and enhancing
the sonotherapic effect of the system. In combination with oral anti-tumor drugs, this approach
significantly increased survival of tumor-bearing mice.

Although encouraging results have been found using cell membrane-coated nanoparticles to treat
tumor angiogenesis and hypoxia, this field needs further lines of investigation such as improvement of
the production process to increase the yield and decrease the batch-to-batch variability (Table 2), as
well as a better knowledge of the proteins present in cell membranes to avoid unexpected adverse
immune reactions.
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8. Conclusions

In cancer therapy, new targets are needed, and the microenvironment provides a wide range of
elements to be targeted. Anti-angiogenic therapies proved lesser benefit than expected and revealed
the relevance of overcoming intra-tumor hypoxia. Hypoxia is a characteristic abnormality of tumor
responsible for the resistance towards conventional cancer therapies. Correction of hypoxia levels and
abnormalities in tumor vessels may improve medication administration and the outcome of treatments.
Taking into account the results reviewed in this article, the most effective strategy in cancer therapy
appears to be the simultaneous targeting of several processes, such as those involved in tumor cell
proliferation, tumor angiogenesis and tumor hypoxia. Therefore, to obtain real clinical benefits it is
necessary to design combined treatments.

Nanotechnology emerges as a fundamental tool in the design of multifunctional anticancer agents.
Nanoparticles will offer an improvement with regard to drug cargo, and targeting and reducing toxicity,
as compared to traditional chemotherapeutic agents. However, NPs present several problems such as
poor penetration inside the tumor and rapid clearance by the reticuloendothelial system.

The use of MSCs as vectors for the delivery of anticancer agents is a very promising strategy due to
their tropism for the tumor microenvironment. Moreover, they are easily available, non-immunogenic
and can be manipulated in vitro. To date, there are several studies suggesting that unmodified MSCs
can exhibit both anti- and pro-tumor properties. Further research is needed to understand the biological
differences between MSCs obtained from different sources and to standardize the culture conditions in
order to improve the safe use of this approach. Two different strategies can be used to combine MSCs
and NPs. Firstly, MSCs are engineered by loading NPs with anti-cancer drugs to be released into tumor
sites. Secondly, drug-loaded NPs are genetically engineered by a gene vector to produce antitumor
proteins and later introduced into MSCs. This system acts as a “Trojan Horse” to deliver two different
therapeutic agents to targeted sites. Besides the challenges of biocompatibility and improvement in the
synthesis process of NPs, further studies are necessary to unravel the role of MSCs in facilitating or
inhibiting tumor growth. Therefore, the use of the MSC/NP system needs additional study before it
can be used clinically in humans.

MSC-derived exosomes can be an alternative to the use of MSCs. Exosomes are endogenous
nanoparticles delivering biomolecules and can also be engineered to be used in cancer therapy.
However, the anti- or pro-tumor properties of native MSCs have also been observed in isolated
exosomes. More studies are needed to evaluate MSCs exosomes’ migration and homing abilities.
Overall, future studies should be carried out to understand exosomes’ and NPs’ interaction, in vivo
biodistribution and interrelation with the tumor microenvironment.

The newest strategy is to use membranes from different types of cells to protect the NPs, but this
approach needs further development.

Although nanomedicine-related technologies need additional improvements, it is reasonable to
assume that the best approach to treat cancer in the future is to combine anti-tumor, anti-angiogenic
and anti-hypoxic agents. These treatments could be administered simultaneously by targeting delivery
methods such as NPs, NP-loaded MSCs, exosome-natural NPs, NP-loaded exosomes and NP-loaded
membranes for a more selective and effective method of treatment.

Author Contributions: All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by projects PI15/01803 and PI18/01278 (Instituto de Salud Carlos III, Ministry
of Economy, Industry and Competitiveness, and cofunded by the European Regional Development Fund) and
Fundacion Francisco Soria Melguizo.

Acknowledgments: The authors are very grateful to Ian Ure for the English editing of this review article.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2020, 25, 715 17 of 25

References

1. Whiteside, T.L. The tumor microenvironment and its role in promoting tumor growth. Oncogene 2008, 27,
5904–5912. [CrossRef]

2. Folkman, J. Tumor Angiogenesis: Therapeutic Implications. N. Engl. J. Med. 1971, 285, 1182–1186.
3. Mattern, J.; Volm, M. Role of oxygenation and vascularization in drug resistance. Cytotechnology 1998, 27,

249–256. [CrossRef]
4. Rosen, L.S. Clinical Experience with Angiogenesis Signaling Inhibitors: Focus on Vascular Endothelial

Growth Factor (VEGF) Blockers. Cancer Control. 2002, 9, 36–44. [CrossRef] [PubMed]
5. Houck, K.A.; Ferrara, N.; Winer, J.; Cachianes, G.; Li, B.; Leung, D.W. The Vascular Endothelial Growth

Factor Family: Identification of a Fourth Molecular Species and Characterization of Alternative Splicing of
RNA. Mol. Endocrinol. 1991, 5, 1806–1814. [CrossRef] [PubMed]

6. Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.; Baron, A.;
Griffing, S.; Holmgren, E.; et al. Bevacizumab plus Irinotecan, Fluorouracil, and Leucovorin for Metastatic
Colorectal Cancer. N. Engl. J. Med. 2004, 350, 2335–2342. [CrossRef] [PubMed]

7. Gagner, J.-P.; Law, M.; Fischer, I.; Newcomb, E.W.; Zagzag, D. Angiogenesis in gliomas: Imaging and
experimental therapeutics. Brain Pathol. 2005, 15, 342–363. [CrossRef] [PubMed]

8. Huynh, H.; Ngo, V.C.; Fargnoli, J.; Ayers, M.; Soo, K.C.; Koong, H.N.; Thng, C.H.; Ong, H.S.; Chung, A.;
Chow, P.; et al. Brivanib Alaninate, a Dual Inhibitor of Vascular Endothelial Growth Factor Receptor and
Fibroblast Growth Factor Receptor Tyrosine Kinases, Induces Growth Inhibition in Mouse Models of Human
Hepatocellular Carcinoma. Clin. Cancer Res. 2008, 14, 6146–6153. [CrossRef] [PubMed]

9. Van Der Graaf, W.T.; Blay, J.-Y.; Chawla, S.P.; Kim, N.-W.; Bui-Nguyen, B.; Casali, P.G.; Schöffski, P.;
Aglietta, M.; Staddon, A.P.; Beppu, Y.; et al. Pazopanib for metastatic soft-tissue sarcoma (PALETTE): A
randomised, double-blind, placebo-controlled phase 3 trial. Lancet 2012, 379, 1879–1886. [CrossRef]

10. Simpson, D.; Keating, G.M. Sorafenib: In hepatocellular carcinoma. Drugs 2008, 68, 251–258. [CrossRef]
11. Kontovinis, L.F.; Papazisis, K.T.; Touplikioti, P.; Andreadis, C.; Mouratidou, D.; Kortsaris, A.H. Sunitinib

treatment for patients with clear-cell metastatic renal cell carcinoma: Clinical outcomes and plasma
angiogenesis markers. BMC Cancer 2009, 9, 82. [CrossRef] [PubMed]

12. Miller, K.D.; Chap, L.I.; Holmes, F.A.; Cobleigh, M.A.; Marcom, P.K.; Fehrenbacher, L.; Dickler, M.;
Overmoyer, B.A.; Reimann, J.D.; Sing, A.P.; et al. Randomized Phase III Trial of Capecitabine Compared With
Bevacizumab Plus Capecitabine in Patients With Previously Treated Metastatic Breast Cancer. J. Clin. Oncol.
2005, 23, 792–799. [CrossRef] [PubMed]

13. Van Beijnum, J.R.; Nowak-Sliwinska, P.; Huijbers, E.J.M.; Thijssen, V.L.; Griffioen, A.W. The Great Escape;
the Hallmarks of Resistance to Antiangiogenic Therapy. Pharmacol. Rev. 2015, 67, 441–461. [CrossRef]

14. McMillin, U.W.; Negri, J.M.; Mitsiades, C.S. The role of tumour–stromal interactions in modifying drug
response: Challenges and opportunities. Nat. Rev. Drug Discov. 2013, 12, 217–228. [CrossRef] [PubMed]

15. Rivera, L.B.; Meyronet, D.; Hervieu, V.; Frederick, M.J.; Bergsland, E.; Bergers, G. Intratumoral myeloid cells
regulate responsiveness and resistance to antiangiogenic therapy. Cell Rep. 2015, 11, 577–591. [CrossRef]
[PubMed]

16. Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.;
Ostrand-Rosenberg, S.; Hedrick, C.C.; et al. Understanding the tumor immune microenvironment (TIME)
for effective therapy. Nat. Med. 2018, 24, 541–550. [CrossRef]

17. Ebos, J.M.; Lee, C.R.; Cruz-Muñoz, W.; Bjarnason, G.A.; Christensen, J.G.; Kerbel, R.S. Accelerated metastasis
after short-term treatment with a potent inhibitor of tumor angiogenesis. Cancer Cell 2009, 15, 232–239.
[CrossRef]

18. Demir, R.; Naschberger, L.; Demir, I.; Melling, N.; Dimmler, A.; Papadopoulus, T.; Sturzl, M.; Klein, P.;
Hohenberger, W. Hypoxia generates a more invasive phenotype of tumour cells: An in vivo experimental
setup based on the chorioallantoic membrane. Pathol. Oncol. Res. 2009, 15, 417–422. [CrossRef]

19. Krishnamachary, B.; Berg-Dixon, S.; Kelly, B.; Agani, F.; Feldser, D.; Ferreira, G.; Iyer, N.; LaRusch, J.; Pak, B.;
Taghavi, P.; et al. Regulation of colon carcinoma cell invasion by hypoxia-inducible factor 1. Cancer Res. 2003,
63, 1138–1143.

http://dx.doi.org/10.1038/onc.2008.271
http://dx.doi.org/10.1023/A:1008033326059
http://dx.doi.org/10.1177/107327480200902S05
http://www.ncbi.nlm.nih.gov/pubmed/11965229
http://dx.doi.org/10.1210/mend-5-12-1806
http://www.ncbi.nlm.nih.gov/pubmed/1791831
http://dx.doi.org/10.1056/NEJMoa032691
http://www.ncbi.nlm.nih.gov/pubmed/15175435
http://dx.doi.org/10.1111/j.1750-3639.2005.tb00119.x
http://www.ncbi.nlm.nih.gov/pubmed/16389946
http://dx.doi.org/10.1158/1078-0432.CCR-08-0509
http://www.ncbi.nlm.nih.gov/pubmed/18829493
http://dx.doi.org/10.1016/S0140-6736(12)60651-5
http://dx.doi.org/10.2165/00003495-200868020-00007
http://dx.doi.org/10.1186/1471-2407-9-82
http://www.ncbi.nlm.nih.gov/pubmed/19284623
http://dx.doi.org/10.1200/JCO.2005.05.098
http://www.ncbi.nlm.nih.gov/pubmed/15681523
http://dx.doi.org/10.1124/pr.114.010215
http://dx.doi.org/10.1038/nrd3870
http://www.ncbi.nlm.nih.gov/pubmed/23449307
http://dx.doi.org/10.1016/j.celrep.2015.03.055
http://www.ncbi.nlm.nih.gov/pubmed/25892230
http://dx.doi.org/10.1038/s41591-018-0014-x
http://dx.doi.org/10.1016/j.ccr.2009.01.021
http://dx.doi.org/10.1007/s12253-008-9140-y


Molecules 2020, 25, 715 18 of 25

20. Mak, P.; Leav, I.; Pursell, B.; Bae, D.; Yang, X.; Taglienti, C.A.; Gouvin, L.M.; Sharma, V.M.; Mercurio, A.M.
ERbeta impedes prostate cancer EMT by destabilizing HIF-1alpha and inhibiting VEGF-mediated snail
nuclear localization: Implications for Gleason grading. Cancer Cell 2010, 17, 319–332. [CrossRef]

21. Moeller, B.J.; Richardson, R.A.; Dewhirst, M.W. Hypoxia and radiotherapy: Opportunities for improved
outcomes in cancer treatment. Cancer Metastasis Rev. 2007, 26, 241–248. [CrossRef] [PubMed]

22. Koukourakis, M.I.; Giatromanolaki, A.; Skarlatos, J.; Corti, L.; Blandamura, S.; Piazza, M.; Gatter, K.C.;
Harris, A.L. Hypoxia inducible factor (HIF-1a and HIF-2a) expression in early esophageal cancer and
response to photodynamic therapy and radiotherapy. Cancer Res. 2001, 61, 1830–1832. [PubMed]

23. Sun, X.; Kanwar, J.R.; Leung, E.; Lehnert, K.; Wang, D.; Krissansen, G.W. Gene transfer of antisense hypoxia
inducible factor-1 alpha enhances the therapeutic efficacy of cancer immunotherapy. Gene Ther. 2001, 8,
638–645. [CrossRef] [PubMed]

24. Xie, H.; Simon, M.C. Oxygen availability and metabolic reprogramming in cancer. J. Biol. Chem. 2017, 292,
16825–16832. [CrossRef] [PubMed]

25. Ben-Shoshan, J.; Maysel-Auslender, S.; Mor, A.; Keren, G.; George, J. Hypoxia controls CD4+CD25+ regulatory
T-cell homeostasis via hypoxia-inducible factor-1alpha. Eur. J. Immunol. 2008, 38, 2412–2418. [CrossRef]

26. Siveen, K.S.; Kuttan, G. Role of macrophages in tumour progression. Immunol. Lett. 2009, 123, 97–102.
[CrossRef]

27. Carmeliet, P. VEGF as a Key Mediator of Angiogenesis in Cancer. Oncology 2005, 69, 4–10. [CrossRef]
28. Hu, Y.; Liu, J.; Huang, H. Recent agents targeting HIF-1alpha for cancer therapy. J. Cell Biochem. 2013, 114,

498–509. [CrossRef]
29. Shan, K.; Lincoff, A.M.; Young, J.B. Anthracycline-Induced Cardiotoxicity. Ann. Intern. Med. 1996, 125, 47.

[CrossRef]
30. NIH, DCTD Aminoflavone Toxicology Summary. Available online: http://dctd.cancer.gov/FeaturedAgents/

pdfs/710464AminoflavoneToxAbstract.pdf (accessed on 12 November 2019).
31. Eckardt, J.R. Emerging Role of Weekly Topotecan in Recurrent Small Cell Lung Cancer. Oncology 2004, 9,

25–32. [CrossRef]
32. Fallah, J.; Rini, B.I. HIF Inhibitors: Status of Current Clinical Development. Curr. Oncol. Rep. 2019, 21, 6.

[CrossRef] [PubMed]
33. Wang, W.; Deng, Z.; Xu, X.; Li, Z.; Jung, F.; Ma, N.; Lendlein, A.; Wang, Z.D.W. Functional Nanoparticles and

their Interactions with Mesenchymal Stem Cells. Curr. Pharm. Des. 2017, 23, 3814–3832. [CrossRef]
34. Friedman, A.D.; Claypool, S.E.; Liu, R. The smart targeting of nanoparticles. Curr. Pharm. Des. 2013, 19,

6315–6329. [CrossRef] [PubMed]
35. Paris, J.L.; De La Torre, P.; Cabañas, M.V.; Manzano, M.; Grau, M.; Flores, A.I.; Vallet-Regí, M. Vectorization

of ultrasound-responsive nanoparticles in placental mesenchymal stem cells for cancer therapy. Nanoscale
2017, 9, 5528–5537. [CrossRef] [PubMed]

36. Tang, H.; Zhao, W.; Yu, J.; Zhao, C. Recent Development of pH-Responsive Polymers for Cancer Nanomedicine.
Molecules 2018, 24, 4. [CrossRef] [PubMed]

37. Thambi, T.; Deepagan, V.; Yoon, H.Y.; Han, H.S.; Kim, S.-H.; Son, S.; Jo, N.-G.; Ahn, C.-H.; Suh, Y.D.;
Kim, K.; et al. Hypoxia-responsive polymeric nanoparticles for tumor-targeted drug delivery. Biomaterials
2014, 35, 1735–1743. [CrossRef]

38. Wohlfart, S.; Gelperina, S.; Kreuter, J. Transport of drugs across the blood–brain barrier by nanoparticles.
J. Control. Release 2012, 161, 264–273. [CrossRef]

39. Meng, H.; Nel, A.E. Use of nano engineered approaches to overcome the stromal barrier in pancreatic cancer.
Adv. Drug Deliv. Rev. 2018, 130, 50–57. [CrossRef]

40. Mohanty, C.; Sahoo, S.K. The in vitro stability and in vivo pharmacokinetics of curcumin prepared as an
aqueous nanoparticulate formulation. Biomaterials 2010, 31, 6597–6611. [CrossRef]

41. Yao, Y.; Zhang, M.; Liu, T.; Zhou, J.; Gao, Y.; Wen, Z.; Guan, J.; Zhu, J.; Lin, Z.; He, D. Perfluorocarbon-
Encapsulated PLGA-PEG Emulsions as Enhancement Agents for Highly Efficient Reoxygenation to Cell and
Organism. ACS Appl. Mater. Interfaces 2015, 7, 18369–18378. [CrossRef]

42. Lee, H.-Y.; Kim, H.-W.; Lee, J.H.; Oh, S.H. Controlling oxygen release from hollow microparticles for
prolonged cell survival under hypoxic environment. Biomaterials 2015, 53, 583–591. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ccr.2010.02.030
http://dx.doi.org/10.1007/s10555-007-9056-0
http://www.ncbi.nlm.nih.gov/pubmed/17440683
http://www.ncbi.nlm.nih.gov/pubmed/11280732
http://dx.doi.org/10.1038/sj.gt.3301388
http://www.ncbi.nlm.nih.gov/pubmed/11320410
http://dx.doi.org/10.1074/jbc.R117.799973
http://www.ncbi.nlm.nih.gov/pubmed/28842498
http://dx.doi.org/10.1002/eji.200838318
http://dx.doi.org/10.1016/j.imlet.2009.02.011
http://dx.doi.org/10.1159/000088478
http://dx.doi.org/10.1002/jcb.24390
http://dx.doi.org/10.7326/0003-4819-125-1-199607010-00008
http://dctd.cancer.gov/FeaturedAgents/pdfs/710464AminoflavoneToxAbstract.pdf
http://dctd.cancer.gov/FeaturedAgents/pdfs/710464AminoflavoneToxAbstract.pdf
http://dx.doi.org/10.1634/theoncologist.9-90006-25
http://dx.doi.org/10.1007/s11912-019-0752-z
http://www.ncbi.nlm.nih.gov/pubmed/30671662
http://dx.doi.org/10.2174/1381612823666170622110654
http://dx.doi.org/10.2174/13816128113199990375
http://www.ncbi.nlm.nih.gov/pubmed/23470005
http://dx.doi.org/10.1039/C7NR01070B
http://www.ncbi.nlm.nih.gov/pubmed/28402365
http://dx.doi.org/10.3390/molecules24010004
http://www.ncbi.nlm.nih.gov/pubmed/30577475
http://dx.doi.org/10.1016/j.biomaterials.2013.11.022
http://dx.doi.org/10.1016/j.jconrel.2011.08.017
http://dx.doi.org/10.1016/j.addr.2018.06.014
http://dx.doi.org/10.1016/j.biomaterials.2010.04.062
http://dx.doi.org/10.1021/acsami.5b04226
http://dx.doi.org/10.1016/j.biomaterials.2015.02.117
http://www.ncbi.nlm.nih.gov/pubmed/25890754


Molecules 2020, 25, 715 19 of 25

43. Cheng, Y.; Cheng, H.; Jiang, C.; Qiu, X.; Wang, K.; Huan, W.; Yuan, A.; Wu, J.; Hu, Y. Perfluorocarbon
nanoparticles enhance reactive oxygen levels and tumour growth inhibition in photodynamic therapy.
Nat. Commun. 2015, 6, 8785. [CrossRef] [PubMed]

44. Song, G.; Liang, C.; Yi, X.; Zhao, Q.; Cheng, L.; Yang, K.; Liu, Z. Perfluorocarbon-Loaded Hollow
Bi2Se3Nanoparticles for Timely Supply of Oxygen under Near-Infrared Light to Enhance the Radiotherapy
of Cancer. Adv. Mater. 2016, 28, 2716–2723. [CrossRef] [PubMed]

45. Eisenbrey, J.R.; Albala, L.; Kramer, M.R.; Daroshefski, N.; Brown, D.; Liu, J.B.; Stanczak, M.; O’Kane, P.;
Forsberg, F.; Wheatley, M.A. Development of an ultrasound sensitive oxygen carrier for oxygen delivery to
hypoxic tissue. Int. J. Pharm. 2015, 478, 361–367. [CrossRef] [PubMed]

46. Zhang, C.; Chen, W.-H.; Liu, L.-H.; Qiu, W.-X.; Yu, W.-Y.; Zhang, X.-Z. An O2 Self-Supplementing and
Reactive-Oxygen-Species-Circulating Amplified Nanoplatform via H2 O/H2 O2 Splitting for Tumor Imaging
and Photodynamic Therapy. Adv. Funct. Mater. 2017, 27, 1700626. [CrossRef]

47. Zhang, R.; Song, X.; Liang, C.; Yi, X.; Song, G.; Chao, Y.; Yang, Y.; Yang, K.; Feng, L.; Liu, Z. Catalase-loaded
cisplatin-prodrug-constructed liposomes to overcome tumor hypoxia for enhanced chemo-radiotherapy of
cancer. Biomaterials 2017, 138, 13–21. [CrossRef] [PubMed]

48. Voss, M.; Hussain, A.; Vogelzang, N.; Lee, J.; Keam, B.; Rha, S.; Vaishampayan, U.; Harris, W.; Richey, S.;
Randall, J.; et al. A randomized phase II trial of CRLX101 in combination with bevacizumab versus standard
of care in patients with advanced renal cell carcinoma. Ann. Oncol. 2017, 28, 2754–2760. [CrossRef]

49. Tardi, P.; Choice, E.; Masin, D.; Redelmeier, T.; Bally, M.; Madden, T.D. Liposomal encapsulation of topotecan
enhances anticancer efficacy in murine and human xenograft models. Cancer Res. 2000, 60, 3389–3393.

50. Zhao, X.; Li, F.; Li, Y.; Wang, H.; Ren, H.; Chen, J.; Nie, G.; Hao, J. Co-delivery of HIF1alpha siRNA and
gemcitabine via biocompatible lipid-polymer hybrid nanoparticles for effective treatment of pancreatic
cancer. Biomaterials 2015, 46, 13–25. [CrossRef]

51. Wang, Y.; Saad, M.; Pakunlu, R.I.; Khandare, J.J.; Garbuzenko, O.B.; Vetcher, A.A.; Soldatenkov, V.A.;
Pozharov, V.P.; Minko, T. Nonviral nanoscale-based delivery of antisense oligonucleotides targeted
to hypoxia-inducible factor 1 alpha enhances the efficacy of chemotherapy in drug-resistant tumor.
Clin. Cancer Res. 2008, 14, 3607–3616. [CrossRef]

52. Greish, K. Enhanced Permeability and Retention (EPR) Effect for Anticancer Nanomedicine Drug Targeting.
Adv. Struct. Saf. Stud. 2010, 624, 25–37.

53. Kong, G.; Braun, R.D.; Dewhirst, M.W. Characterization of the effect of hyperthermia on nanoparticle
extravasation from tumor vasculature. Cancer Res. 2001, 61, 3027–3032. [PubMed]

54. Koning, G.A.; Eggermont, A.M.M.; Lindner, L.H.; Hagen, T.L.M.T. Hyperthermia and Thermosensitive
Liposomes for Improved Delivery of Chemotherapeutic Drugs to Solid Tumors. Pharm. Res. 2010, 27,
1750–1754. [CrossRef] [PubMed]

55. Arvanitis, C.D.; Bazan-Peregrino, M.; Rifai, B.; Seymour, L.W.; Coussios, C.C. Cavitation-Enhanced
Extravasation for Drug Delivery. Ultrasound Med. Biol. 2011, 37, 1838–1852. [CrossRef] [PubMed]

56. Mannaris, C.; Bau, L.; Grundy, M.; Gray, M.; Lea-Banks, H.; Seth, A.; Teo, B.; Carlisle, R.; Stride, E.;
Coussios, C.C. Microbubbles, Nanodroplets and Gas-Stabilizing Solid Particles for Ultrasound-Mediated
Extravasation of Unencapsulated Drugs: An Exposure Parameter Optimization Study. Ultrasound Med. Biol.
2019, 45, 954–967. [CrossRef]

57. Friedman, A.J.; Han, G.; Navati, M.S.; Chacko, M.; Gunther, L.; Alfieri, A.; Friedman, J.M. Sustained release
nitric oxide releasing nanoparticles: Characterization of a novel delivery platform based on nitrite containing
hydrogel/glass composites. Nitric Oxide 2008, 19, 12–20. [CrossRef]

58. Godugu, C.; Patel, A.R.; Doddapaneni, R.; Marepally, S.; Jackson, T.; Singh, M. Inhalation delivery of
Telmisartan enhances intratumoral distribution of nanoparticles in lung cancer models. J. Control. Release
2013, 172, 86–95. [CrossRef]

59. Beik, J.; Abed, Z.; Ghoreishi, F.S.; Hosseini-Nami, S.; Mehrzadi, S.; Shakeri-Zadeh, A.; Kamrava, S.K.
Nanotechnology in hyperthermia cancer therapy: From fundamental principles to advanced applications.
J. Control. Release 2016, 235, 205–221. [CrossRef]

60. Saraiva, J.; Marotta-Oliveira, S.S.; Cicillini, S.A.; Eloy, J.D.O.; Marchetti, J.M. Nanocarriers for Nitric Oxide
Delivery. J. Drug Deliv. 2011, 2011, 1–16. [CrossRef]

61. Jain, R.K. Normalization of Tumor Vasculature: An Emerging Concept in Antiangiogenic Therapy. Science
2005, 307, 58–62. [CrossRef]

http://dx.doi.org/10.1038/ncomms9785
http://www.ncbi.nlm.nih.gov/pubmed/26525216
http://dx.doi.org/10.1002/adma.201504617
http://www.ncbi.nlm.nih.gov/pubmed/26848553
http://dx.doi.org/10.1016/j.ijpharm.2014.11.023
http://www.ncbi.nlm.nih.gov/pubmed/25448552
http://dx.doi.org/10.1002/adfm.201700626
http://dx.doi.org/10.1016/j.biomaterials.2017.05.025
http://www.ncbi.nlm.nih.gov/pubmed/28550753
http://dx.doi.org/10.1093/annonc/mdx493
http://dx.doi.org/10.1016/j.biomaterials.2014.12.028
http://dx.doi.org/10.1158/1078-0432.CCR-07-2020
http://www.ncbi.nlm.nih.gov/pubmed/11306483
http://dx.doi.org/10.1007/s11095-010-0154-2
http://www.ncbi.nlm.nih.gov/pubmed/20424894
http://dx.doi.org/10.1016/j.ultrasmedbio.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21963037
http://dx.doi.org/10.1016/j.ultrasmedbio.2018.10.033
http://dx.doi.org/10.1016/j.niox.2008.04.003
http://dx.doi.org/10.1016/j.jconrel.2013.06.036
http://dx.doi.org/10.1016/j.jconrel.2016.05.062
http://dx.doi.org/10.1155/2011/936438
http://dx.doi.org/10.1126/science.1104819


Molecules 2020, 25, 715 20 of 25

62. Chauhan, V.P.; Stylianopoulos, T.; Martin, J.D.; Popovic, Z.; Chen, O.; Kamoun, W.S.; Bawendi, M.G.;
Fukumura, D.; Jain, R.K. Normalization of tumour blood vessels improves the delivery of nanomedicines in
a size-dependent manner. Nat. Nanotechnol. 2012, 7, 383–388. [CrossRef] [PubMed]

63. Huang, Y.; Yuan, J.; Righi, E.; Kamoun, W.S.; Ancukiewicz, M.; Nezivar, J.; Santosuosso, M.; Martin, J.D.;
Martin, M.R.; Vianello, F.; et al. Vascular normalizing doses of antiangiogenic treatment reprogram the
immunosuppressive tumor microenvironment and enhance immunotherapy. Proc. Natl. Acad. Sci. USA
2012, 109, 17561–17566. [CrossRef] [PubMed]

64. Pan, F.; Yang, W.; Li, W.; Yang, X.-Y.; Liu, S.; Li, X.; Zhao, X.; Ding, H.; Qin, L.; Pan, Y. Conjugation of gold
nanoparticles and recombinant human endostatin modulates vascular normalization via interruption of
anterior gradient 2–mediated angiogenesis. Tumor Biol. 2017, 39, 1010428317708547. [CrossRef]

65. Du, S.; Xiong, H.; Xu, C.; Lu, Y.; Yao, J. Attempts to strengthen and simplify the tumor vascular normalization
strategy using tumor vessel normalization promoting nanomedicines. Biomater. Sci. 2019, 7, 1147–1160.
[CrossRef] [PubMed]

66. Wicki, A.; Witzigmann, D.; Balasubramanian, V.; Huwyler, J. Nanomedicine in cancer therapy: Challenges,
opportunities, and clinical applications. J. Control. Release 2015, 200, 138–157. [CrossRef] [PubMed]

67. Hare, J.I.; Lammers, T.; Ashford, M.B.; Puri, S.; Storm, G.; Barry, S.T. Challenges and strategies in anti-cancer
nanomedicine development: An industry perspective. Adv. Drug Deliv. Rev. 2017, 108, 25–38. [CrossRef]

68. Choi, Y.H.; Han, H.-K. Correction to: Nanomedicines: Current status and future perspectives in aspect of
drug delivery and pharmacokinetics. J. Pharm. Investig. 2018, 49, 201. [CrossRef]

69. Paris, J.L.; Baeza, A.; Vallet-Regí, M. Overcoming the stability, toxicity, and biodegradation challenges of
tumor stimuli-responsive inorganic nanoparticles for delivery of cancer therapeutics. Expert Opin. Drug Deliv.
2019, 16, 1095–1112. [CrossRef]

70. Hua, S.; De Matos, M.B.C.; Metselaar, J.M.; Storm, G. Current Trends and Challenges in the Clinical Translation
of Nanoparticulate Nanomedicines: Pathways for Translational Development and Commercialization.
Front. Pharmacol. 2018, 9, 790. [CrossRef]

71. Park, K. Facing the Truth about Nanotechnology in Drug Delivery. ACS Nano 2013, 7, 7442–7447. [CrossRef]
72. Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C.W. Analysis of nanoparticle

delivery to tumours. Nat. Rev. Mater. 2016, 1, 16014. [CrossRef]
73. Lee, H.; Hoang, B.; Fonge, H.; Reilly, R.M.; Allen, C. In Vivo Distribution of Polymeric Nanoparticles at the

Whole-Body, Tumor, and Cellular Levels. Pharm. Res. 2010, 27, 2343–2355. [CrossRef] [PubMed]
74. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and

opportunities. Nat. Rev. Cancer 2017, 17, 20–37. [CrossRef] [PubMed]
75. Rosenblum, D.; Joshi, N.; Tao, W.; Karp, J.M.; Peer, D. Progress and challenges towards targeted delivery of

cancer therapeutics. Nat. Commun. 2018, 9, 1410. [CrossRef] [PubMed]
76. Du, B.; Yu, M.; Zheng, J. Transport and interactions of nanoparticles in the kidneys. Nat. Rev. Mater. 2018, 3,

358–374. [CrossRef]
77. Monopoli, M.P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Bombelli, F.B.; Dawson, K.A. Physical-chemical

aspects of protein corona: Relevance to in vitro and in vivo biological impacts of nanoparticles. J. Am.
Chem. Soc. 2011, 133, 2525–2534. [CrossRef] [PubMed]

78. Lunova, M.; Smolková, B.; Lynnyk, A.; Uzhytchak, M.; Jirsa, M.; Kubinová, Š.; Dejneka, A.; Lunov, O.
Targeting the mTOR Signaling Pathway Utilizing Nanoparticles: A Critical Overview. Cancers 2019, 11, 82.
[CrossRef]

79. Moghimi, S.M. Chemical camouflage of nanospheres with a poorly reactive surface: Towards development of
stealth and target-specific nanocarriers. Biochim. Biophys. Acta BBA Bioenerg. 2002, 1590, 131–139. [CrossRef]

80. Moghimi, S.M.; Andersen, A.; Hashemi, S.; Lettiero, B.; Ahmadvand, D.; Hunter, A.; Andresen, T.L.;
Hamad, I.; Szebeni, J. Complement activation cascade triggered by PEG–PL engineered nanomedicines and
carbon nanotubes: The challenges ahead. J. Control. Release 2010, 146, 175–181. [CrossRef]

81. Wang, X.; Ishida, T.; Kiwada, H. Anti-PEG IgM elicited by injection of liposomes is involved in the enhanced
blood clearance of a subsequent dose of PEGylated liposomes. J. Control. Release 2007, 119, 236–244.
[CrossRef]

82. Mauricio, M.D.; Guerra-Ojeda, S.; Marchio, P.; Valles, S.L.; Aldasoro, M.; Escribano-Lopez, I.; Herance, J.R.;
Rocha, M.; Vila, J.M.; Victor, V.M. Nanoparticles in Medicine: A Focus on Vascular Oxidative Stress. Oxid. Med.
Cell. Longev. 2018, 2018, 1–20. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nnano.2012.45
http://www.ncbi.nlm.nih.gov/pubmed/22484912
http://dx.doi.org/10.1073/pnas.1215397109
http://www.ncbi.nlm.nih.gov/pubmed/23045683
http://dx.doi.org/10.1177/1010428317708547
http://dx.doi.org/10.1039/C8BM01350K
http://www.ncbi.nlm.nih.gov/pubmed/30648713
http://dx.doi.org/10.1016/j.jconrel.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25545217
http://dx.doi.org/10.1016/j.addr.2016.04.025
http://dx.doi.org/10.1007/s40005-018-00412-0
http://dx.doi.org/10.1080/17425247.2019.1662786
http://dx.doi.org/10.3389/fphar.2018.00790
http://dx.doi.org/10.1021/nn404501g
http://dx.doi.org/10.1038/natrevmats.2016.14
http://dx.doi.org/10.1007/s11095-010-0068-z
http://www.ncbi.nlm.nih.gov/pubmed/20195708
http://dx.doi.org/10.1038/nrc.2016.108
http://www.ncbi.nlm.nih.gov/pubmed/27834398
http://dx.doi.org/10.1038/s41467-018-03705-y
http://www.ncbi.nlm.nih.gov/pubmed/29650952
http://dx.doi.org/10.1038/s41578-018-0038-3
http://dx.doi.org/10.1021/ja107583h
http://www.ncbi.nlm.nih.gov/pubmed/21288025
http://dx.doi.org/10.3390/cancers11010082
http://dx.doi.org/10.1016/S0167-4889(02)00204-5
http://dx.doi.org/10.1016/j.jconrel.2010.04.003
http://dx.doi.org/10.1016/j.jconrel.2007.02.010
http://dx.doi.org/10.1155/2018/6231482
http://www.ncbi.nlm.nih.gov/pubmed/30356429


Molecules 2020, 25, 715 21 of 25

83. Spaeth, E.; Klopp, A.; Dembinski, J.; Andreeff, M.; Marini, F. Inflammation and tumor microenvironments:
Defining the migratory itinerary of mesenchymal stem cells. Gene Ther. 2008, 15, 730–738. [CrossRef]
[PubMed]

84. Labusca, L.; Herea, D.D.; Mashayekhi, K. Stem cells as delivery vehicles for regenerative medicine-challenges
and perspectives. World J. Stem Cells 2018, 10, 43–56. [CrossRef] [PubMed]

85. De la Torre, P.; Flores, A.I. Nanotechnology and Mesenchymal Stem Cells for Regenerative Medicine.
Glob. J. Nanomed. 2017, 1, 555559.

86. Pittenger, M.F. Mesenchymal Stem Cells from Adult Bone Marrow. Adv. Struct. Saf. Stud. 2008, 449, 27–44.
87. Miana, V.V.; Gonzalez, E.A.P. Adipose tissue stem cells in regenerative medicine. Ecancermedicalscience 2018,

12, 822. [CrossRef]
88. Arutyunyan, I.; Elchaninov, A.; Makarov, A.; Fatkhudinov, T. Umbilical Cord as Prospective Source for

Mesenchymal Stem Cell-Based Therapy. Stem Cells Int. 2016, 2016, 1–17. [CrossRef]
89. De Coppi, P.; Bartsch, G., Jr.; Siddiqui, M.M.; Xu, T.; Santos, C.C.; Perin, L.; Mostoslavsky, G.; Serre, A.C.;

Snyder, E.Y.; Yoo, J.J.; et al. Isolation of amniotic stem cell lines with potential for therapy. Nat. Biotechnol.
2007, 25, 100–106. [CrossRef]

90. Macias, M.I.; Grande, J.; Moreno, A.; Domínguez, I.; Bornstein, R.; Flores, A.I. Isolation and characterization
of true mesenchymal stem cells derived from human term decidua capable of multilineage differentiation
into all 3 embryonic layers. Am. J. Obstet. Gynecol. 2010, 203, e9–e23. [CrossRef]

91. Vegh, I.; Grau, M.; Gracia, M.; Grande, J.; de la Torre, P.; Flores, A.I. Decidua mesenchymal stem cells
migrated toward mammary tumors in vitro and in vivo affecting tumor growth and tumor development.
Cancer Gene Ther. 2013, 20, 8–16. [CrossRef]

92. Droujinine, I.A.; Eckert, M.A.; Zhao, W. To grab the stroma by the horns: From biology to cancer therapy
with mesenchymal stem cells. Oncotarget 2013, 4, 651–664. [CrossRef] [PubMed]

93. Javan, M.R.; Khosrojerdi, A.; Moazzeni, S.M. New Insights Into Implementation of Mesenchymal Stem
Cells in Cancer Therapy: Prospects for Anti-angiogenesis Treatment. Front. Oncol. 2019, 9, 840. [CrossRef]
[PubMed]

94. De La Torre, P.; Pérez-Lorenzo, M.J.; Flores, A.I. Human Placenta-Derived Mesenchymal Stromal Cells: A
Review from Basic Research to Clinical Applications. In Stromal Cells—Structure, Function, and Therapeutic
Implications; InTech Open: London, UK, 2019.

95. Dvorak, H.F. Tumors: Wounds that do not heal. Similarities between tumor stroma generation and wound
healing. N. Engl. J. Med. 1986, 315, 1650–1659. [PubMed]

96. Shah, K. Mesenchymal stem cells engineered for cancer therapy. Adv. Drug Deliv. Rev. 2012, 64, 739–748.
[CrossRef]

97. Chulpanova, D.S.; Kitaeva, K.V.; Tazetdinova, L.G.; James, V.; Rizvanov, A.A.; Solovyeva, V.V. Application of
Mesenchymal Stem Cells for Therapeutic Agent Delivery in Anti-tumor Treatment. Front. Pharmacol. 2018,
9, 259. [CrossRef]

98. Fakiruddin, K.S.; Ghazalli, N.; Lim, M.N.; Zakaria, Z.; Abdullah, S. Mesenchymal Stem Cell Expressing
TRAIL as Targeted Therapy against Sensitised Tumour. Int. J. Mol. Sci. 2018, 19, 2188. [CrossRef]

99. Lu, Y.R.; Yuan, Y.; Wang, X.J.; Wei, L.L.; Chen, Y.N.; Cong, C.; Li, S.F.; Long, D.; Tan, W.D.; Mao, Y.Q.; et al.
The growth inhibitory effect of mesenchymal stem cells on tumor cells in vitro and in vivo. Cancer Biol. Ther.
2008, 7, 245–251. [CrossRef]

100. Sun, B.; Roh, K.-H.; Park, J.-R.; Lee, S.-R.; Park, S.-B.; Jung, J.-W.; Kang, S.-K.; Lee, Y.-S.; Kang, K.-S. Therapeutic
potential of mesenchymal stromal cells in a mouse breast cancer metastasis model. Cytotherapy 2009, 11,
289–298. [CrossRef]

101. Kim, H.J.; Park, J.-S. Usage of Human Mesenchymal Stem Cells in Cell-based Therapy: Advantages and
Disadvantages. Dev. Reprod. 2017, 21, 1–10. [CrossRef]

102. Karnoub, A.E.; Dash, A.B.; Vo, A.P.; Sullivan, A.; Brooks, M.W.; Bell, G.W.; Richardson, A.L.; Polyak, K.;
Tubo, R.; Weinberg, R.A. Mesenchymal stem cells within tumour stroma promote breast cancer metastasis.
Natare 2007, 449, 557–563. [CrossRef]

103. Cheng, S.; Nethi, S.K.; Rathi, S.; Layek, B.; Prabha, S. Engineered Mesenchymal Stem Cells for Targeting Solid
Tumors: Therapeutic Potential beyond Regenerative Therapy. J. Pharmacol. Exp. Ther. 2019, 370, 231–241.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/gt.2008.39
http://www.ncbi.nlm.nih.gov/pubmed/18401438
http://dx.doi.org/10.4252/wjsc.v10.i5.43
http://www.ncbi.nlm.nih.gov/pubmed/29849930
http://dx.doi.org/10.3332/ecancer.2018.822
http://dx.doi.org/10.1155/2016/6901286
http://dx.doi.org/10.1038/nbt1274
http://dx.doi.org/10.1016/j.ajog.2010.06.045
http://dx.doi.org/10.1038/cgt.2012.71
http://dx.doi.org/10.18632/oncotarget.1040
http://www.ncbi.nlm.nih.gov/pubmed/23744479
http://dx.doi.org/10.3389/fonc.2019.00840
http://www.ncbi.nlm.nih.gov/pubmed/31555593
http://www.ncbi.nlm.nih.gov/pubmed/3537791
http://dx.doi.org/10.1016/j.addr.2011.06.010
http://dx.doi.org/10.3389/fphar.2018.00259
http://dx.doi.org/10.3390/ijms19082188
http://dx.doi.org/10.4161/cbt.7.2.5296
http://dx.doi.org/10.1080/14653240902807026
http://dx.doi.org/10.12717/DR.2017.21.1.001
http://dx.doi.org/10.1038/nature06188
http://dx.doi.org/10.1124/jpet.119.259796
http://www.ncbi.nlm.nih.gov/pubmed/31175219


Molecules 2020, 25, 715 22 of 25

104. Baxter-Holland, M.; Dass, C.R. Doxorubicin, mesenchymal stem cell toxicity and antitumour activity:
Implications for clinical use. J. Pharm. Pharmacol. 2018, 70, 320–327. [CrossRef] [PubMed]

105. Bosco, D.B.; Kenworthy, R.; Zorio, D.A.; Sang, Q.X. Human mesenchymal stem cells are resistant to Paclitaxel
by adopting a non-proliferative fibroblastic state. PLoS ONE 2015, 10, e0128511. [CrossRef] [PubMed]

106. Pires, M.M.; Emmert, D.; Hrycyna, C.A.; Chmielewski, J. Inhibition of P-glycoprotein-mediated paclitaxel
resistance by reversibly linked quinine homodimers. Mol. Pharmacol. 2009, 75, 92–100. [CrossRef]

107. Kozhukharova, I.; Zemelko, V.; Kovaleva, Z.; Alekseenko, L.; Lyublinskaya, O.; Nikolsky, N. Therapeutic
doses of doxorubicin induce premature senescence of human mesenchymal stem cells derived from menstrual
blood, bone marrow and adipose tissue. Int. J. Hematol. 2018, 107, 286–296. [CrossRef]

108. Vallet-Regí, M.; Paris, J.L.; Torre, P.; Cabañas, M.V.; Manzano, M.; Flores, A.I. Mesenchymal Stem Cells from
Human Placenta as Nanoparticle Delivery Vectors. Insights Stem. Cells 2018, 4, 1.

109. Park, J.S.; Suryaprakash, S.; Lao, Y.-H.; Leong, K.W. Engineering mesenchymal stem cells for regenerative
medicine and drug delivery. Methods 2015, 84, 3–16. [CrossRef]

110. Paris, J.L.; De La Torre, P.; Manzano, M.; Cabañas, M.V.; Flores, A.I.; Vallet-Regí, M. Decidua-derived
mesenchymal stem cells as carriers of mesoporous silica nanoparticles. In vitro and in vivo evaluation on
mammary tumors. Acta Biomater. 2016, 33, 275–282. [CrossRef]

111. Kim, S.-W.; Lee, Y.K.; Hong, J.H.; Park, J.-Y.; Choi, Y.-A.; Lee, D.U.; Choi, J.; Sym, S.J.; Kim, S.-H.; Khang, D.
Mutual Destruction of Deep Lung Tumor Tissues by Nanodrug-Conjugated Stealth Mesenchymal Stem Cells.
Adv. Sci. 2018, 5, 1700860. [CrossRef]

112. Wang, X.; Gao, J.-Q.; Ouyang, X.; Wang, J.; Sun, X.; Lv, Y. Mesenchymal stem cells loaded with
paclitaxel-poly(lactic-co-glycolic acid) nanoparticles for glioma-targeting therapy. Int. J. Nanomed. 2018, 13,
5231–5248. [CrossRef]

113. Bexell, D.; Gunnarsson, S.; Svensson, A.; Tormin, A.; Henriques-Oliveira, C.; Siesjö, P.; Paul, G.; Salford, L.G.;
Scheding, S.; Bengzon, J. Rat Multipotent Mesenchymal Stromal Cells Lack Long-Distance Tropism to 3
Different Rat Glioma Models. Neurosurgery 2012, 70, 731–739. [CrossRef] [PubMed]

114. Sadhukha, T.; O’Brien, T.D.; Prabha, S. Nano-engineered mesenchymal stem cells as targeted therapeutic
carriers. J. Control Release 2014, 196, 243–251. [CrossRef] [PubMed]

115. Layek, B.; Sadhukha, T.; Panyam, J.; Prabha, S. Nano-Engineered Mesenchymal Stem Cells Increase
Therapeutic Efficacy of Anticancer Drug Through True Active Tumor Targeting. Mol. Cancer Ther. 2018, 17,
1196–1206. [CrossRef] [PubMed]

116. Paris, J.L.; De La Torre, P.; Cabañas, M.V.; Manzano, M.; Flores, A.I.; Vallet-Regí, M. Suicide-gene transfection
of tumor-tropic placental stem cells employing ultrasound-responsive nanoparticles. Acta Biomater. 2019, 83,
372–378. [CrossRef] [PubMed]

117. Mukherjee, S. Recent progress toward antiangiogenesis application of nanomedicine in cancer therapy. Futur.
Sci. OA 2018, 4, FSO318. [CrossRef] [PubMed]

118. Fung, A.S.; Jonkman, J.; Tannock, I.F. Quantitative Immunohistochemistry for Evaluating the Distribution of
Ki67 and Other Biomarkers in Tumor Sections and Use of the Method to Study Repopulation in Xenografts
after Treatment with Paclitaxel. Neoplasia 2012, 14, 324. [CrossRef]

119. Sun, J.-G.; Jiang, Q.; Zhang, X.-P.; Shan, K.; Liu, B.-H.; Zhao, C.; Yan, B. Mesoporous silica nanoparticles as a
delivery system for improving antiangiogenic therapy. Int. J. Nanomed. 2019, 14, 1489–1501. [CrossRef]

120. Hu, X.; Wei, L.; Taylor, T.M.; Wei, J.; Zhou, X.; Wang, J.-A.; Yu, S.P. Hypoxic preconditioning enhances bone
marrow mesenchymal stem cell migration via Kv2.1 channel and FAK activation. Am. J. Physiol. Physiol.
2011, 301, C362–C372. [CrossRef]

121. Hsu, F.-T.; Wei, Z.-H.; Hsuan, Y.C.-Y.; Lin, W.; Su, Y.-C.; Liao, C.-H.; Hsieh, C.-L. MRI tracking of polyethylene
glycol-coated superparamagnetic iron oxide-labelled placenta-derived mesenchymal stem cells toward
glioblastoma stem-like cells in a mouse model. Artif. Cells Nanomed. Biotechnol. 2018, 46, S448–S459.
[CrossRef]

122. Menon, L.G.; Picinich, S.; Koneru, R.; Gao, H.; Lin, S.Y.; Koneru, M.; Mayer-Kuckuk, P.; Glod, J.; Banerjee, D.
Differential Gene Expression Associated with Migration of Mesenchymal Stem Cells to Conditioned Medium
from Tumor Cells or Bone Marrow Cells. Stem Cells 2007, 25, 520–528. [CrossRef]

123. Jiang, X.; Wang, C.; Fitch, S.; Yang, F. Targeting Tumor Hypoxia Using Nanoparticle-engineered
CXCR4-overexpressing Adipose-derived Stem Cells. Theranostics 2018, 8, 1350–1360. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/jphp.12869
http://www.ncbi.nlm.nih.gov/pubmed/29355940
http://dx.doi.org/10.1371/journal.pone.0128511
http://www.ncbi.nlm.nih.gov/pubmed/26029917
http://dx.doi.org/10.1124/mol.108.050492
http://dx.doi.org/10.1007/s12185-017-2346-6
http://dx.doi.org/10.1016/j.ymeth.2015.03.002
http://dx.doi.org/10.1016/j.actbio.2016.01.017
http://dx.doi.org/10.1002/advs.201700860
http://dx.doi.org/10.2147/IJN.S167142
http://dx.doi.org/10.1227/NEU.0b013e318232dedd
http://www.ncbi.nlm.nih.gov/pubmed/21869725
http://dx.doi.org/10.1016/j.jconrel.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25456830
http://dx.doi.org/10.1158/1535-7163.MCT-17-0682
http://www.ncbi.nlm.nih.gov/pubmed/29592881
http://dx.doi.org/10.1016/j.actbio.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30414488
http://dx.doi.org/10.4155/fsoa-2018-0051
http://www.ncbi.nlm.nih.gov/pubmed/30112188
http://dx.doi.org/10.1593/neo.12346
http://dx.doi.org/10.2147/IJN.S195504
http://dx.doi.org/10.1152/ajpcell.00013.2010
http://dx.doi.org/10.1080/21691401.2018.1499661
http://dx.doi.org/10.1634/stemcells.2006-0257
http://dx.doi.org/10.7150/thno.22736
http://www.ncbi.nlm.nih.gov/pubmed/29507625


Molecules 2020, 25, 715 23 of 25

124. Chung, T.-H.; Hsiao, J.-K.; Hsu, S.-C.; Yao, M.; Chen, Y.-C.; Wang, S.-W.; Kuo, M.Y.-P.; Yang, C.-S.; Huang, D.-M.
Iron Oxide Nanoparticle-Induced Epidermal Growth Factor Receptor Expression in Human Stem Cells for
Tumor Therapy. ACS Nano 2011, 5, 9807–9816. [CrossRef] [PubMed]

125. Li, X.; Wei, Z.; Lv, H.; Wu, L.; Cui, Y.; Yao, H.; Li, J.; Zhang, H.; Yang, B.; Jiang, J. Iron oxide nanoparticles
promote the migration of mesenchymal stem cells to injury sites. Int. J. Nanomed. 2019, 14, 573–589.
[CrossRef] [PubMed]

126. Kim, T.; Momin, E.; Choi, J.; Yuan, K.; Zaidi, H.; Kim, J.; Park, M.; Lee, N.; McMahon, M.T.;
Quiñones-Hinojosa, A.; et al. Mesoporous Silica-Coated Hollow Manganese Oxide Nanoparticles as
PositiveT1Contrast Agents for Labeling and MRI Tracking of Adipose-Derived Mesenchymal Stem Cells.
J. Am. Chem. Soc. 2011, 133, 2955–2961. [CrossRef]

127. Meir, R.; Betzer, O.; Motiei, M.; Kronfeld, N.; Brodie, C.; Popovtzer, R. Design principles for noninvasive,
longitudinal and quantitative cell tracking with nanoparticle-based CT imaging. Nanomed. Nanotechnol.
Biol. Med. 2017, 13, 421–429. [CrossRef]

128. Wu, X.; Hu, J.; Zhou, L.; Mao, Y.; Yang, B.; Gao, L.; Xie, R.; Xu, F.; Zhang, D.; Liu, J.; et al. In vivo tracking of
superparamagnetic iron oxide nanoparticle–labeled mesenchymal stem cell tropism to malignant gliomas
using magnetic resonance imaging. J. Neurosurg. 2008, 108, 320–329. [CrossRef]

129. Baetke, S.C.; Lammers, T.; Kiessling, F. Applications of nanoparticles for diagnosis and therapy of cancer.
Br. J. Radiol. 2015, 88, 20150207. [CrossRef]

130. Vella, L.J.; Sharples, R.A.; Nisbet, R.M.; Cappai, R.; Hill, A.F. The role of exosomes in the processing of
proteins associated with neurodegenerative diseases. Eur. Biophys. J. 2008, 37, 323–332. [CrossRef]

131. Halkein, J.; Tabruyn, S.P.; Ricke-Hoch, M.; Haghikia, A.; Nguyen, N.-Q.-N.; Scherr, M.; Castermans, K.;
Malvaux, L.; Lambert, V.; Thiry, M.; et al. MicroRNA-146a is a therapeutic target and biomarker for
peripartum cardiomyopathy. J. Clin. Investig. 2013, 123, 2143–2154. [CrossRef]

132. Masyuk, A.I.; Masyuk, T.V.; LaRusso, N.F. Exosomes in the pathogenesis, diagnostics and therapeutics of
liver diseases. J. Hepatol. 2013, 59, 621–625. [CrossRef]

133. Hannafon, B.N.; Ding, W.-Q. Intercellular Communication by Exosome-Derived microRNAs in Cancer. Int.
J. Mol. Sci. 2013, 14, 14240–14269. [CrossRef] [PubMed]

134. Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.; Anand, S.; Zhao, K.; Samuel, M.; Pathan, M.;
Jois, M.; Chilamkurti, N.; et al. ExoCarta: A Web-Based Compendium of Exosomal Cargo. J. Mol. Biol. 2016,
428, 688–692. [CrossRef] [PubMed]

135. Larssen, P.; Wik, L.; Czarnewski, P.; Eldh, M.; Lof, L.; Ronquist, K.G.; Dubois, L.; Freyhult, E.; Gallant, C.J.;
Oelrich, J.; et al. Tracing Cellular Origin of Human Exosomes Using Multiplex Proximity Extension Assays.
Mol. Cell Proteom. 2017, 16, 502–511. [CrossRef] [PubMed]

136. Mendt, M.; Rezvani, K.; Shpall, E. Mesenchymal stem cell-derived exosomes for clinical use.
Bone Marrow Transplant. 2019, 54, 789–792. [CrossRef]

137. You, B.; Xu, W.; Zhang, B. Engineering exosomes: A new direction for anticancer treatment. Am. J. Cancer Res.
2018, 8, 1332–1342.

138. Sancho-Albero, M.; Encabo-Berzosa, M.D.M.; Beltran-Visiedo, M.; Fernandez-Messina, L.; Sebastian, V.;
Sanchez-Madrid, F.; Arruebo, M.; Santamaria, J.; Martin-Duque, P. Efficient encapsulation of theranostic
nanoparticles in cell-derived exosomes: Leveraging the exosomal biogenesis pathway to obtain hollow gold
nanoparticle-hybrids. Nanoscale 2019, 11, 18825–18836. [CrossRef]

139. Illes, B.; Hirschle, P.; Barnert, S.; Cauda, V.; Wuttke, S.; Engelke, H. Exosome-Coated Metal–Organic
Framework Nanoparticles: An Efficient Drug Delivery Platform. Chem. Mater. 2017, 29, 8042–8046.
[CrossRef]

140. Dumontel, B.; Susa, F.; Limongi, T.; Canta, M.; Racca, L.; Chiodoni, A.; Garino, N.; Chiabotto, G.;
Centomo, M.L.; Pignochino, Y.; et al. ZnO nanocrystals shuttled by extracellular vesicles as effective
Trojan nano-horses against cancer cells. Nanomedicine 2019, 14, 2815–2833. [CrossRef]

141. Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol.
2002, 2, 569–579. [CrossRef]

142. Zhang, Y.-F.; Shi, J.-B.; Li, C. Small extracellular vesicle loading systems in cancer therapy: Current status
and the way forward. Cytotherapy 2019, 21, 1122–1136. [CrossRef]

143. Cheng, L.; Zhang, K.; Wu, S.; Cui, M.; Xu, T. Focus on Mesenchymal Stem Cell-Derived Exosomes:
Opportunities and Challenges in Cell-Free Therapy. Stem Cells Int. 2017, 2017, 6305295. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/nn2033902
http://www.ncbi.nlm.nih.gov/pubmed/22053840
http://dx.doi.org/10.2147/IJN.S184920
http://www.ncbi.nlm.nih.gov/pubmed/30666115
http://dx.doi.org/10.1021/ja1084095
http://dx.doi.org/10.1016/j.nano.2016.09.013
http://dx.doi.org/10.3171/JNS/2008/108/2/0320
http://dx.doi.org/10.1259/bjr.20150207
http://dx.doi.org/10.1007/s00249-007-0246-z
http://dx.doi.org/10.1172/JCI64365
http://dx.doi.org/10.1016/j.jhep.2013.03.028
http://dx.doi.org/10.3390/ijms140714240
http://www.ncbi.nlm.nih.gov/pubmed/23839094
http://dx.doi.org/10.1016/j.jmb.2015.09.019
http://www.ncbi.nlm.nih.gov/pubmed/26434508
http://dx.doi.org/10.1074/mcp.M116.064725
http://www.ncbi.nlm.nih.gov/pubmed/28111361
http://dx.doi.org/10.1038/s41409-019-0616-z
http://dx.doi.org/10.1039/C9NR06183E
http://dx.doi.org/10.1021/acs.chemmater.7b02358
http://dx.doi.org/10.2217/nnm-2019-0231
http://dx.doi.org/10.1038/nri855
http://dx.doi.org/10.1016/j.jcyt.2019.10.002
http://dx.doi.org/10.1155/2017/6305295
http://www.ncbi.nlm.nih.gov/pubmed/29410682


Molecules 2020, 25, 715 24 of 25

144. Betzer, O.; Barnoy, E.; Sadan, T.; Elbaz, I.; Braverman, C.; Liu, Z.; Popovtzer, R. Advances in imaging
strategies for in vivo tracking of exosomes. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2019, 1594, e1594.
[CrossRef] [PubMed]

145. Gangadaran, P.; Hong, C.M.; Ahn, B.-C. Current Perspectives on In Vivo Noninvasive Tracking of Extracellular
Vesicles with Molecular Imaging. BioMed. Res. Int. 2017, 2017, 9158319. [CrossRef] [PubMed]

146. Kim, J.; Chhour, P.; Hsu, J.; Litt, H.I.; Ferrari, V.A.; Popovtzer, R.; Cormode, D.P. Use of Nanoparticle Contrast
Agents for Cell Tracking with Computed Tomography. Bioconjug. Chem. 2017, 28, 1581–1597. [CrossRef]
[PubMed]

147. Yeo, R.W.Y.; Lai, R.C.; Zhang, B.; Tan, S.S.; Yin, Y.; Teh, B.J.; Lim, S.K. Mesenchymal stem cell: An efficient
mass producer of exosomes for drug delivery. Adv. Drug Deliv. Rev. 2013, 65, 336–341. [CrossRef] [PubMed]

148. Naseri, Z.; Oskuee, R.K.; Jaafari, M.R.; Forouzandeh-Moghadam, M. Exosome-mediated delivery of
functionally active miRNA-142-3p inhibitor reduces tumorigenicity of breast cancer in vitro and in vivo.
Int. J. Nanomed. 2018, 13, 7727–7747. [CrossRef] [PubMed]

149. Jung, K.O.; Jo, H.; Yu, J.H.; Gambhir, S.S.; Pratx, G. Development and MPI tracking of novel hypoxia-targeted
theranostic exosomes. Biomaterials 2018, 177, 139–148. [CrossRef]

150. Gonzalez-King, H.; Garcia, N.A.; Ontoria-Oviedo, I.; Ciria, M.; Montero, J.A.; Sepulveda, P. Hypoxia Inducible
Factor-1alpha Potentiates Jagged 1-Mediated Angiogenesis by Mesenchymal Stem Cell-Derived Exosomes.
Stem. Cells 2017, 35, 1747–1759. [CrossRef]

151. Vakhshiteh, F.; Atyabi, F.; Ostad, S.N. Mesenchymal stem cell exosomes: A two-edged sword in cancer
therapy. Int. J. Nanomed. 2019, 14, 2847–2859. [CrossRef]

152. Reza, A.M.M.T.; Choi, Y.-J.; Yasuda, H.; Kim, J.-H. Human adipose mesenchymal stem cell-derived
exosomal-miRNAs are critical factors for inducing anti-proliferation signalling to A2780 and SKOV-3 ovarian
cancer cells. Sci. Rep. 2016, 6, 38498. [CrossRef]

153. Ko, S.-F.; Yip, H.-K.; Zhen, Y.-Y.; Lee, C.-C.; Lee, C.-C.; Huang, C.-C.; Ng, S.-H.; Lin, J.-W. Adipose-Derived
Mesenchymal Stem Cell Exosomes Suppress Hepatocellular Carcinoma Growth in a Rat Model: Apparent
Diffusion Coefficient, Natural Killer T-Cell Responses, and Histopathological Features. Stem Cells Int. 2015,
2015, 1–11. [CrossRef] [PubMed]

154. Pascucci, L.; Coccè, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Viganò, L.; Locatelli, A.; Sisto, F.;
Doglia, S.M.; et al. Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that
inhibit in vitro tumor growth: A new approach for drug delivery. J. Control. Release 2014, 192, 262–270.
[CrossRef] [PubMed]

155. Gao, W.; Zhang, L. Coating nanoparticles with cell membranes for targeted drug delivery. J. Drug Target.
2015, 23, 619–626. [CrossRef] [PubMed]

156. Fu, Q.; Lv, P.; Chen, Z.; Ni, D.; Zhang, L.; Yue, H.; Yue, Z.; Wei, W.; Ma, G. Programmed co-delivery
of paclitaxel and doxorubicin boosted by camouflaging with erythrocyte membrane. Nanoscale 2015, 7,
4020–4030. [CrossRef] [PubMed]

157. Parodi, A.; Quattrocchi, N.; van de Ven, A.L.; Chiappini, C.; Evangelopoulos, M.; Martinez, J.O.; Brown, B.S.;
Khaled, S.Z.; Yazdi, I.K.; Enzo, M.V.; et al. Synthetic nanoparticles functionalized with biomimetic leukocyte
membranes possess cell-like functions. Nat. Nanotechnol. 2013, 8, 61–68. [CrossRef] [PubMed]

158. Zhang, Y.; Cai, K.; Li, C.; Guo, Q.; Chen, Q.; He, X.; Liu, L.; Zhang, Y.; Lu, Y.; Chen, X.; et al.
Macrophage-Membrane-Coated Nanoparticles for Tumor-Targeted Chemotherapy. Nano Lett. 2018, 18,
1908–1915. [CrossRef]

159. Hu, Q.; Sun, W.; Qian, C.; Wang, C.; Bomba, H.N.; Gu, Z. Anticancer Platelet-Mimicking Nanovehicles.
Adv. Mater. 2015, 27, 7043–7050. [CrossRef]

160. Gao, C.; Lin, Z.; Jurado-Sánchez, B.; Lin, X.; Wu, Z.; He, Q. Stem Cell Membrane-Coated Nanogels for Highly
Efficient In Vivo Tumor Targeted Drug Delivery. Small 2016, 12, 4056–4062. [CrossRef]

161. Gao, W.; Fang, R.H.; Thamphiwatana, S.; Luk, B.T.; Li, J.; Angsantikul, P.; Zhang, Q.; Hu, C.-M.J.; Zhang, L.
Modulating Antibacterial Immunity via Bacterial Membrane-Coated Nanoparticles. Nano Lett. 2015, 15,
1403–1409. [CrossRef]

162. Rao, L.; Bu, L.-L.; Cai, B.; Xu, J.-H.; Li, A.; Zhang, W.-F.; Sun, Z.-J.; Guo, S.-S.; Liu, W.; Wang, T.-H.; et al.
Cancer Cell Membrane-Coated Upconversion Nanoprobes for Highly Specific Tumor Imaging. Adv. Mater.
2016, 28, 3460–3466. [CrossRef]

http://dx.doi.org/10.1002/wnan.1594
http://www.ncbi.nlm.nih.gov/pubmed/31840427
http://dx.doi.org/10.1155/2017/9158319
http://www.ncbi.nlm.nih.gov/pubmed/28246609
http://dx.doi.org/10.1021/acs.bioconjchem.7b00194
http://www.ncbi.nlm.nih.gov/pubmed/28485976
http://dx.doi.org/10.1016/j.addr.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22780955
http://dx.doi.org/10.2147/IJN.S182384
http://www.ncbi.nlm.nih.gov/pubmed/30538455
http://dx.doi.org/10.1016/j.biomaterials.2018.05.048
http://dx.doi.org/10.1002/stem.2618
http://dx.doi.org/10.2147/IJN.S200036
http://dx.doi.org/10.1038/srep38498
http://dx.doi.org/10.1155/2015/853506
http://www.ncbi.nlm.nih.gov/pubmed/26345219
http://dx.doi.org/10.1016/j.jconrel.2014.07.042
http://www.ncbi.nlm.nih.gov/pubmed/25084218
http://dx.doi.org/10.3109/1061186X.2015.1052074
http://www.ncbi.nlm.nih.gov/pubmed/26453159
http://dx.doi.org/10.1039/C4NR07027E
http://www.ncbi.nlm.nih.gov/pubmed/25653083
http://dx.doi.org/10.1038/nnano.2012.212
http://www.ncbi.nlm.nih.gov/pubmed/23241654
http://dx.doi.org/10.1021/acs.nanolett.7b05263
http://dx.doi.org/10.1002/adma.201503323
http://dx.doi.org/10.1002/smll.201600624
http://dx.doi.org/10.1021/nl504798g
http://dx.doi.org/10.1002/adma.201506086


Molecules 2020, 25, 715 25 of 25

163. Vijayan, V.; Uthaman, S.; Park, I.-K. Cell Membrane-Camouflaged Nanoparticles: A Promising Biomimetic
Strategy for Cancer Theragnostics. Polym. 2018, 10, 983. [CrossRef] [PubMed]

164. Li, R.; He, Y.; Zhang, S.; Qin, J.; Wang, J. Cell membrane-based nanoparticles: A new biomimetic platform for
tumor diagnosis and treatment. Acta Pharm. Sin. B 2018, 8, 14–22. [CrossRef] [PubMed]

165. Sun, K.; Yu, W.; Ji, B.; Chen, C.; Yang, H.; Du, Y.; Song, M.; Cai, H.; Yan, F.; Su, R. Saikosaponin D loaded
macrophage membrane-biomimetic nanoparticles target angiogenic signaling for breast cancer therapy.
Appl. Mater. Today 2020, 18, 100505. [CrossRef]

166. Su, J.; Sun, H.; Meng, Q.; Yin, Q.; Tang, S.; Zhang, P.; Chen, Y.; Yu, H.; Li, Y. Long Circulation
Red-Blood-Cell-Mimetic Nanoparticles with Peptide-Enhanced Tumor Penetration for Simultaneously
Inhibiting Growth and Lung Metastasis of Breast Cancer. Adv. Funct. Mater. 2016, 26, 1243–1252. [CrossRef]

167. Zuo, H.; Tao, J.; Shi, H.; He, J.; Zhou, Z.; Zhang, C. Platelet-mimicking nanoparticles co-loaded with W18O49
and metformin alleviate tumor hypoxia for enhanced photodynamic therapy and photothermal therapy.
Acta Biomater. 2018, 80, 296–307. [CrossRef]

168. Amo, L.; Tamayo-Orbegozo, E.; Maruri, N.; Eguizabal, C.; Zenarruzabeitia, O.; Rinon, M.; Arrieta, A.;
Santos, S.; Monge, J.; Vesga, M.A.; et al. Involvement of platelet-tumor cell interaction in immune evasion.
Potential role of podocalyxin-like protein 1. Front. Oncol. 2014, 4, 245. [CrossRef]

169. Aviram, I.; Shaklai, N. The association of human erythrocyte catalase with the cell membrane.
Arch. Biochem. Biophys. 1981, 212, 329–337. [CrossRef]

170. Bidkar, A.P.; Sanpui, P.; Ghosh, S.S. Red Blood Cell-Membrane-Coated Poly(Lactic-co-glycolic Acid)
Nanoparticles for Enhanced Chemo- and Hypoxia-Activated Therapy. ACS Appl. Bio Mater. 2019, 2,
4077–4086. [CrossRef]

171. Gao, M.; Liang, C.; Song, X.; Chen, Q.; Jin, Q.; Wang, C.; Liu, Z. Erythrocyte-Membrane-Enveloped
Perfluorocarbon as Nanoscale Artificial Red Blood Cells to Relieve Tumor Hypoxia and Enhance Cancer
Radiotherapy. Adv. Mater. 2017, 29, 1701429. [CrossRef]

172. Li, C.; Yang, X.-Q.; An, J.; Cheng, K.; Hou, X.-L.; Zhang, X.-S.; Hu, Y.-G.; Liu, B.; Zhao, Y.-D. Red blood cell
membrane-enveloped O2 self-supplementing biomimetic nanoparticles for tumor imaging-guided enhanced
sonodynamic therapy. Theranostics 2020, 10, 867–879. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/polym10090983
http://www.ncbi.nlm.nih.gov/pubmed/30960908
http://dx.doi.org/10.1016/j.apsb.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29872619
http://dx.doi.org/10.1016/j.apmt.2019.100505
http://dx.doi.org/10.1002/adfm.201504780
http://dx.doi.org/10.1016/j.actbio.2018.09.017
http://dx.doi.org/10.3389/fonc.2014.00245
http://dx.doi.org/10.1016/0003-9861(81)90373-8
http://dx.doi.org/10.1021/acsabm.9b00584
http://dx.doi.org/10.1002/adma.201701429
http://dx.doi.org/10.7150/thno.37930
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction. 
	Anti-Angiogenesis Therapy: A Revealing History 
	Limits of Anti-Angiogenic Therapy 
	Tumor Microenvironment Resistance 
	Pro-Metastatic Effect of Anti-Angiogenic Therapies 

	New Objective: Targeting Hypoxia 
	The Emergence of Nanomedicine 
	The Limits of Nanomedicine in Clinical Applications 
	Biological Carriers to Deliver NPs 
	Mesenchymal Stem Cells as Carriers to Deliver NPs 
	Exosomes as Carriers to Deliver NPs 
	Cell Membrane-Coated Nanoparticles 

	Conclusions 
	References

