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1. Introduction

Multidrug resistance (MDR) refers to the cross-resistance of
cells against (chemo-) therapeutic drugs. Several cellular phe-
nomena contribute to MDR, including the overexpression of
drug efflux pumps, the induction of cell survival pathways, and
the inability to induce apoptosis. The former undoubtedly is a
key cellular event in MDR. It is based on the overexpression of
adenosine triphosphate-binding cassette (ABC) transport pro-
teins, such as P-glycoprotein (Pgp/ABCB1), multidrug
resistance-associated protein (MRP/ABCC1), and breast cancer
resistance protein (BCRP/ABCG2) [1]. Apart from cellular
events, also microenvironmental factors such as remodeling
of the extracellular matrix (ECM) have been implicated in MDR
[2]. In this context, it is reasonable to assume that in many
cases, cellular and microenvironmental resistance goes hand
in hand. Almost regardless of the exact pathophysiological
nature of MDR, the net end result is a significantly reduced
accumulation of chemotherapeutic drugs in target cells, which
for obvious reasons substantially compromises response rates
and therapeutic outcomes.

Nanomedicine-based drug delivery systems (DDS) have
been extensively employed to improve the biodistribution
and the target-site accumulation of chemotherapeutic agents
[1]. Because of their shape and size, nanomedicines are less
prone to renal excretion and hepatic degradation.
Consequently, they are able to circulate for prolonged periods
of time and to accumulate in tumors (and at sites of inflam-
mation) via the enhanced permeability and retention effect,
while avoiding disposition in healthy organs and tissues. An
additional feature resulting from their shape and size is that
nanomedicines are not taken up by cells via passive diffusion,
as are the majority of standard (i.e. low-molecular-weight drug
molecules), but via endocytosis or macropinocytosis. This
enables them to bypass drug efflux pumps, at least to some
extent. Because of this and several other mechanisms, nano-
medicines may play an increasingly important role in combat-
ing MDR.

In the present perspective, we discuss delivery systems and
targeting strategies that can be employed for overcoming

MDR, focusing not only on the altered cellular characteristics
of MDR cells, but also on the reciprocal interactions between
MDR cells and their microenvironment.

2. Overcoming cellular MDR

Several nanomedicine-based strategies have been evaluated
to overcome MDR at the cellular level. These include (i) exploi-
tation of endocytosis; (ii) use of Pluronic nanocarriers; (iii) co-
delivery of MDR modulators together with chemotherapeutic
drugs; and (iv) co-delivery of anti-MDR siRNA together with
chemotherapeutic drugs.

Regarding the former, nanomedicines are known to be
taken up via endocytosis or macropinocytosis, thereby bypass-
ing drug efflux pumps in the cellular membrane (Figure 1(a)).
A nice example of a study exploiting this notion was published
by Kievit and colleagues, who showed that polyethylene gly-
col (PEG)-coated iron oxide nanoparticles (NPs) loaded with
doxorubicin (DOX) via pH-sensitive hydrazone bonds might be
favorable for delivering DOX into multidrug-resistant C6
glioma cells. This formulation allowed for efficient DOX load-
ing, as well as for controlled drug release in endo- and lyso-
somes upon endocytosis, together resulting in a significantly
higher cytotoxicity compared to free DOX [3].

Pluronics are poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) block copolymers which affect several
key processes involved in cellular MDR, including the function
of drug efflux pumps [4] (Figure 1(b)). Consequently, incorpor-
ating chemotherapeutic drugs in Pluronic-based micelles
might be a viable strategy to overcome MDR. In this regard,
Chen et al. prepared mixed micelles based on Pluronic F127
and Pluronic P105 coupled to methotrexate (F127/P105-MTX).
They evaluated the efficacy of F127/P105-MTX Pluronic
micelles in resistant KBv epidermoid cells and mouse models
and observed improved efficacy compared to control formula-
tions both in vitro and in vivo [5].

Combination therapy with nanomedicines encapsulating
MDR inhibitors and chemotherapeutic agents is another inter-
esting approach to tackle MDR (Figure 1(c)). In this regard,
Patel et al. co-encapsulated tariquidar (TAR; a third generation
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of Pgp inhibitor) and paclitaxel (PTX) in a liposome-based
nanomedicine formulation and evaluated its efficacy in sensi-
tive and taxane-resistant ovarian cancer cells (SKOV-3 and
SKOV-3TR). When compared to free PTX, the inhibitory con-
centration (IC50) values of TAR-PTX-liposomes were 1.5- and
80-fold lower in SKOV-3 and SKOV-3TR, respectively [6].

Another strategy which has been increasingly employed to
overcome cellular resistance is based on the co-delivery of
anti-MDR siRNA with chemotherapeutics (Figure 1(d)). An
extensive study confirming the potential of this approach
was published by Meng and colleagues, who co-loaded meso-
porous silica NPs with Pgp-specific siRNA and with DOX. This
combinatorial nanoformulation was extensively tested in vitro
and in vivo and turned out to be significantly more efficient in
inhibiting the growth of multidrug resistant human breast
adenocarcinoma (MCF-7/MDR) cells and xenografts than
were all relevant control formulations [9].

3. Targeting microenvironmental MDR

Besides at the cellular level, MDR may also present at the level
of the tumor microenvironment (TME) [2]. Because of its het-
erogeneity and complexity, and particularly because of its key
role in enabling (or disabling) efficient drug delivery, the TME
should not be neglected when aiming to develop better
treatments for resistant cancers. In this context, also direct

and indirect interactions between MDR cells and the TME
have to be considered, as they might trigger multiple signal-
ing pathways which modulate the expression of drug efflux
pumps and/or of ECM components (Figure 2). A better under-
standing of such reciprocal interactions will result in more
efficient systems and strategies for overcoming MDR.

Abnormal vasculature results in inefficient delivery of nutri-
ents and oxygen to cancer cells. Under these circumstances,
hypoxic regions typically develop within tumors. Hypoxia
results in the upregulation and activation of the heterodimeric
transcription factor hypoxia-inducible factor-1 (HIF-1), which
localizes to the nucleus under hypoxic conditions. Changes in
HIF-1-regulated gene expression trigger several signaling
pathways which contribute to an MDR phenotype, as exem-
plified by the fact that a functional HIF-1-binding site is pre-
sent in the promoter region of the Pgp gene (MDR1) [10]. The
relatively low pH which is typically present in the TME also
directly results from hypoxia and leads to protonation of
weak-base hydrophobic anticancer drugs. This reduces cellular
uptake and thereby contributes to drug resistance.
Normalizing tumor blood vessels is considered to be an inter-
esting strategy to overcome this problem [11]. When given at
intermediate doses, antiangiogenic agents induce vascular
normalization, and they might thereby reduce the impact of
hypoxia and low extracellular pH on drug uptake and perfor-
mance. Evidence for vascular normalization and enhanced

Figure 1. Schematic representation of nanomedicine-based strategies for overcoming cellular MDR. (a) Classical approach using drug-loaded nanomedicines which
are endocytosed to bypass drug efflux pumps. (b) Pluronic-based nanomedicines possess multiple intrinsic anti-MDR properties which are schematically indicated by
numbers (see [4] for details). (c) Combinatorial nanotherapy with a drug efflux pump inhibitor and a chemotherapeutic agent. (d) Co-encapsulation of anti-MDR
siRNA together with a chemotherapeutic drug. Images adapted, with permission, from [1,4,and 7]. Figure 1a. Reproduced from [1] with permission of Elsevier.
Figure 1b. Reproduced from [4] with permission of Elsevier.Figure 1d. Reproduced from [7] with permission of American Chemical Society.
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oxygenation has been provided by Jain and colleagues, show-
ing that 20 out of 40 glioblastoma patients treated with the
antiangiogenic agent cediranib presented with improved
tumor perfusion and oxygenation and consequently
responded better to chemoradiotherapy [12].

Another microenvironmental MDR mechanism results from
enhanced cell adhesion to the ECM. Integrins are heterodimeric
transmembrane cell adhesion receptors, and multiple integrin
subunits are overexpressed byMDR cells. Damiano and colleagues
for instance demonstrated that α4β1 integrin is overexpressed on
DOX- and melphalan-resistant 8226 myeloma cells and that integ-
rin-mediated adhesion suppresses apoptosis, giving rise to the
term cell adhesion-mediated drug resistance [8]. Based on this
notion, integrin targeting might be an interesting strategy for
combating MDR. Many peptide moieties are available for specific
integrin binding, including arginylglycylaspartic acid (RGD), which
binds with relatively high affinity to αvβ3. This integrin plays an
important role in tumor neovascularization and metastasis and
likely also in MDR. Initial proof-of-concept for RGD-mediated
drug delivery and anti-MDR therapy has been provided by Xiong
and Lavasanifar, who developed RGD-modified micelles for co-
delivery of Pgp-siRNA and DOX [7]. DOX accumulation in resistant
αvβ3 integrin- and Pgp-expressingMDA-MB-435 cells was assessed
using confocal microscopy. The results showed that the highest
nuclear accumulation of DOX was achieved upon treatment with
RGD-targeted micelles containing both DOX and Pgp-specific
siRNA. Treatment with non-targeted micelles was also evaluated,
but these turned out to be unable to deliver high amounts of DOX

to the nucleus. In addition, efficient accumulation of RGD-targeted
micelles was observed in MDA-MB-435 tumors in mice,
underlining the potential value of integrin targeting for overcom-
ing MDR [7].

CD44-mediated cell adhesion has also been implicated inMDR.
CD44 is the receptor for another ECM component, hyaluronic acid
(HA), and its overexpression has been linked to Pgp-mediated
MDR. HA-conjugated NPs might serve as a potential therapy
approach for CD44-expressing MDR cells and tumors. An exemp-
lary study in this direction was recently published by Yang and
colleagues, who developed HA-targeted PEGylated poly(ethylene
imine) NPs loadedwith Pgp-siRNA and PTX [13]. They showed that
transfection of resistant SKOV-3TR cells with these NPs decreased
Pgp expression levels, while no significant changes in Pgp expres-
sionwere observed in cells transfectedwith untargetedNPs. The in
vivo efficacy of this formulation was also tested, in mice bearing
SKOV-3TR xenografts, demonstrating that tumor volumes were
significantly reduced upon treatmentwith the HA-targeted formu-
lation and validating the potential of CD44 targeting as ameans to
more efficiently address MDR.

MDR cells may also manipulate their microenvironment for
enhanced progression and survival. Indeed, it was reported
that multiple MDR cells, such as MCF-7/AdrR, KBv-1, and
A2780Dx5, overexpress the ECM metalloproteinase inducer
(EMMPRIN), which stimulates the expression of the matrix
metalloproteinases (MMPs) MMP1, MMP2, and MMP9 [14].
These findings suggest that MDR cells actively remodel the
ECM via MMP expression. MMP-mediated ECM remodeling is

Figure 2. The reciprocal interaction between cancer cells and their tumor microenvironment (TME) is schematically depicted. The microenvironment promotes
cellular resistance via mechanisms such as low pH, hypoxia and cell adhesion-mediated drug resistance (CAM-DR). Vice versa, cancer cells promote microenviron-
mental resistance via the expression of cell adhesion molecules and matrix metalloproteinases (MMPs).
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disadvantageous in relation to infiltration and metastasis, but
it may actually be positive for drug delivery, facilitating the
penetration of drugs and DDS deep into the tumor intersti-
tium. In addition, DDS can be made MMP responsive. Several
studies already employed protease-sensitive linkers which
allow for controlled MMP-mediated drug release. In one such
study, combinatorial delivery of cisplatin and bortezomib was
achieved by using mesoporous silica nanoparticles (MSN)
which were capped via linkers which can be cleaved by
MMP9 [15]. The MSN were tested in lung cancer cells and in
3D ex vivo human lung tissue cultures, and the results indi-
cated a significant level of cell death only in the presence of
MMP9. To show the selectivity of their system, the authors
applied the MMP9-responsive MSN to tumor-containing and
tumor-free sections in the 3D lung tissue model and found
apoptosis induction only in tumorous regions. For stably
capped MSN formulations which lack the MMP-cleavable lin-
kers, no apoptosis induction was observed, neither in tumors
nor in healthy lung tissue. This study shows that NPs which
respond to microenvironmental MDR triggers, such as
enhanced MMP expression and activity, can be employed to
promote drug release only in target tissues.

4. Expert opinion

MDR is characterized by multiple cellular and microenviron-
mental alterations. A thorough investigation of these changes,
and of interplay between resistant cancer cells and their
microenvironment, is necessary to better understand MDR.
This improved understanding will provide a framework for
the development of novel drugs and DDS for more efficiently
targeting and treating MDR malignancies.
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