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27Multidrug (MDR) resistance is a pathophysiological phenomenon employed by cancer cells which limits the
28prolonged and effective use of chemotherapeutic agents. MDR is primarily based on the over-expression of
29drug efflux pumps in the cellular membrane. Prominent examples of such efflux pumps, which belong to the
30ATP-binding cassette (ABC) superfamily of proteins, are Pgp (P-glycoprotein) and MRP (multidrug resistance-
31associated protein), nowadays officially known as ABCB1 and ABCC1. Over the years, several strategies have
32been evaluated to overcome MDR, based not only on the use of low-molecular-weight MDR modulators, but
33also on the implementation of 1–100(0) nm-sized drug delivery systems. In the present manuscript, after
34introducing the most important physiological principles of MDR, we summarize prototypic nanomedical
35strategies to overcome multidrug resistance, including the use of carrier materials with intrinsic anti-MDR
36properties, the use of nanomedicines to modify the mode of cellular uptake, and the co-formulation of
37chemotherapeutic drugs together with low- and high-molecular-weight MDR inhibitors within a single drug
38delivery system. While certain challenges still need to be overcome before such constructs and concepts can
39be widely applied in the clinic, the insights obtained and the progress made strongly suggest that nanomedicine
40formulations hold significant potential for improving the treatment of multidrug-resistant malignancies.
41© 2013 Published by Elsevier B.V.
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62 1. Introduction

63 In spite of significant advances in understanding the etiology and
64 progression of cancer, and in developing novel diagnostics and
65 therapeutics, both the incidence and the mortality rates of malignancy
66 remain to be extremely high. One of the main reasons for this is
67 chemoresistant cancer recurrence. Chemoresistancemay either be innate,
68 i.e. existing since the beginning of therapy, or acquired, i.e. developed
69 during the course of treatment. Its significance can be illustrated by
70 the fact that almost all non-small cell lung cancer patients treated
71 with chemotherapy eventually develop resistance against the anticancer
72 agents used [1]. The biological backgroundof chemoresistance is complex
73 and generally includes one or more of the following mechanisms:
74 inhibition of apoptosis, induction of DNA repair mechanisms, alterations
75 of drug target structure, modifications in cell membrane composition
76 (leading to reduced drug uptake), and last but not least, elevated
77 expression levels of drug efflux pumps. Regarding the latter, a major
78 problem is cross-resistance, which relates to an increased expression
79 of broad-spectrum drug transporters present within the cancer cell
80 membrane, which are not only active against a single drug or
81 chemically-related drugs, but against awhole range of chemotherapeutic
82 agents, even to agents which have not yet been administered to the
83 patient. This phenomenon is referred to as multidrug resistance (MDR),
84 and the proteins involved in this process are called MDR proteins.

85 2. Physiological principles of MDR

86 The history of MDR proteins started in 1974, when Victor Ling
87 and Larry Thompson described a stable colchicine-resistant cell clone
88 derived from a CHO cell line by a single-step selection, and discovered
89 that the resistant cells did not allow colchicine to enter the cytoplasm
90 [2]. The selected cells were also found to be resistant to demecolcine,
91 actinomycin D and vinblastine. It was furthermore observed that
92 although colchicine uptake by sensitive cells was passive, resistance
93 was an active process, as it could be inhibited by cyanides, azides and
94 dinitrophenol [3]. It was further proven that the main difference
95 between naive and resistant cells was the expression of a 170 kDa
96 plasma membrane glycoprotein called P-glycoprotein (Pgp; with the
97 first P referring to permeability) [4]. It rapidly became apparent that
98 there are other active membrane transporters, distinct from Pgp,
99 which are involved in multidrug resistance. In 1990, for instance, a
100 95 kDa membrane protein responsible for anthracycline resistance in
101 MCF-7/AdrVp(100) cells was described [5], which later became
102 known as BCRP (Breast Cancer Resistance Protein), and in 1992, Cole
103 and coworkers identified and cloned another phosphoglycoprotein
104 which was highly overexpressed in doxorubicin-resistant H69AR cells
105 and named it MRP (Multidrug Resistance-associated Protein) [6]. It
106 was soon clear that all of these proteins share some sequence- and
107 functional homology, and belong to ATP-binding cassette (ABC)
108 superfamily of proteins.

109 2.1. ABC of MDR transporters

110 ABC proteins are P-typemembrane ATPases, distinguished by highly
111 conserved amino acid sequences located in their nucleotide-binding
112 domain (so called Walker A and Walker B motifs), separated by the
113 ‘ABC signature’ motif LSGGQQ/R/KQR [7]. They constitute one of the
114 largest protein families identified to date, are present in almost
115 all cells of all taxonomic groups of organisms, and are engaged in
116 various membrane transport processes, such as substrate uptake,
117 product excretion and osmoregulation (including transmembrane
118 ion movement). In prokaryotes, ABC proteins form oligomeric
119 complexes, while eukaryotic ABC proteins are usually composed of
120 a single polypeptide [8]. The inventory of human ABC genes contains
121 48 elements, and to fulfill standards of human genetic nomenclature,
122 they were subdivided into seven families, A to G, each labeled as ABC

123followed by a family letter and a number [8]. Using this system, Pgp is
124now generally referred to as ABCB1, while BCRP and MRP are known
125as ABCG2 andABCC1, respectively. It should bementioned in this regard
126that there are several more ABC proteins, especially from the ABCC
127subfamily, which are involved in multidrug resistance, but we here
128primarily focus only ABCB1, ABCC1 and ABCG2, as their clinical
129significance is broadly accepted and extensively documented.
130One of the key characteristic features of ABC transporters is their
131molecular architecture. The basic unit of the protein is a set of 6
132hydrophobicmembrane-spanning helical fragments forming a so called
133transmembrane domain (TMD), followed by a hydrophilic cytoplasmic
134nucleotide-binding domain (NBD) harboring amino acid sequences
135distinctive for ABC proteins. Such a structure is doubled in most
136eukaryotic transporters, forming a TMD1–NBD1–TMD2–NBD2 single
137polypeptide assembly. ABCB1 is a good example of a canonical eukaryotic
138transporter [9] (Fig. 1B), but the molecular structure of other MDR
139proteins can vary quite a bit. ABCC1 protein contains an additional N-
140terminal transmembrane domain (TMD0), consisting of five helical
141fragments linked to the core of the molecule by a L0 loop (Fig. 1A) [10].
142This fragment of the protein is important for its stable expression and
143function [11], as well as for proper membrane trafficking [12]. ABCG2 is
144a representative example of the so-called ‘half-transporters’, consisting
145of a single TMD and a single NBD domain, but in reverse order (i.e. NBD
146is the N-terminal domain; see Fig. 1C) [13]. Unlike ABCB1 or ABCC1,
147which function as monomers, ABCG2 requires homo-oligomerization,
148most likely octamerization, to form an active transport unit [14].
149MDR transporters, as all ABCproteins, are vanadate-sensitiveATPases
150[8]. Both NBDs are involved in ATP-binding and hydrolysis, which is
151coupled to a conformational change in the protein (with hydrolysis
152being the rate-limiting step of the catalytic cycle [15]). The ATPase
153activity of MDR proteins is azide- and ouabain-insensitive, and can be
154stimulated by drugs to which a given protein confers resistance, as was
155clearly shown for ABCB1 [16] and later on also for other familymembers.
156MDR transporters are located in apical (ABCG2 [17] and ABCB1 [18]) or
157basolateral (ABCC1 [19]) domains of the plasma membrane of polarized
158cells. The lipidmilieu is an important factor influencing protein activity. It
159was clearly shown that ABCG2 is located in lipid rafts, as its activity
160significantly decreases in cholesterol-depleted cells [20]. Furthermore,

Fig. 1. Schematic molecular architecture of prototypic human ABC transporters. A. ABCC1,
B. ABCB1, C. ABCG2. TMD— transmembrane domain, NBD — nucleotide-binding domain,
L0 — loop 0.
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