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    Chapter 2   

 Classical and Targeted Anticancer Drugs: An Appraisal 
of Mechanisms of Multidrug Resistance                     

     Bruce     C.     Baguley      

  Abstract 

   The mechanisms by which tumor cells resist the action of multiple anticancer drugs, often with widely 
different chemical structures, have been pursued for more than 30 years. The identifi cation of P-glycoprotein 
(P-gp), a drug effl ux transporter protein with affi nity for multiple therapeutic drugs, provided an impor-
tant potential mechanism and further work, which identifi ed other members of ATP-binding cassette 
(ABC) family that act as drug transporters. Several observations, including results of clinical trials with 
pharmacological inhibitors of P-gp, have suggested that mechanisms other than effl ux transporters should 
be considered as contributors to resistance, and in this review mechanisms of anticancer drug resistance are 
considered more broadly. Cells in human tumors exist is a state of continuous turnover, allowing ongoing 
selection and “survival of the fi ttest.” Tumor cells die not only as a consequence of drug therapy but also 
by apoptosis induced by their microenvironment. Cell death can be mediated by host immune mechanisms 
and by nonimmune cells acting on so-called death receptors. The tumor cell proliferation rate is also 
important because it controls tumor regeneration. Resistance to therapy might therefore be considered 
to arise from a reduction of several distinct cell death mechanisms, as well as from an increased ability to 
regenerate. This review provides a perspective on these mechanisms, together with brief descriptions of 
some of the methods that can be used to investigate them in a clinical situation.  
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1      Introduction 

 The appearance of  resistance   to cancer therapy is hugely distressing 
for cancer patients; it may occur at the outset of drug treatment, as 
is frequently the case with tumors such as glioblastoma and  pancre-
atic cancer  , or may develop following initial response to successful 
fi rst-line therapy. A common clinical experience is that the chance 
of response to a further drug or drug combination decreases with 
each  relapse  . In some cases, the mechanisms of resistance can be 
identifi ed in molecular terms; for example, resistance to the cyto-
toxic drug temozolomide may be a consequence of expression of 
the DNA repair enzyme MGMT [ 1 ], and resistance to a targeted 
drug acting on a mutant BRAF protein may be a consequence of 
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expression of alternative signaling proteins in the RAF pathway [ 2 ]. 
In most clinical cases, the basis of resistance is not clearly defi ned 
and tumor progression often appears to be accompanied by resis-
tance to all available drugs. The term “multidrug resistance” 
(MDR)   , which is also applied to multidrug-resistant microbial 
infections [ 3 ], has often been used to describe this situation. An 
enormous amount of work on  cancer   resistance is currently being 
undertaken, with over 1000 new publications each month, and 
this review can provide only a perspective on the fi eld. 

 There are many possible reasons for resistance to cancer treat-
ment and, as summarized in Fig.  1 , they can be divided into two 
broad (and partially overlapping) categories. The fi rst, which we 
have called “intrinsic resistance,” involves a decreased ability of a 
therapeutic agent to induce cellular damage that is potentially 
cytostatic or cytotoxic to cancer cells. The second category refl ects 
a dynamic response, i.e., the life and death responses of cancer cells 
that govern the  repopulation   of the tumor following therapy. Two 
hypothetical examples of resistance are illustrated diagrammatically 
in Fig.  2 ; here hypothetical tumor populations have potential 
population- doubling times of either 14 days (Fig.  2a, b ) or 7 days 
(Fig.  2c ). For the sensitive tumor population (Fig.  2a ), each cycle 
of treatment (administered weekly in this example) reduces the 
viable population by 90 %, and the surviving population cannot 
completely regenerate in the interval between successive therapies. 
Thus, after fi ve cycles, the surviving population is reduced by 99.9 
%. For an intrinsically resistant tumor population (Fig.  2b ), each 
cycle of treatment reduces the population by 30 % rather than 90 
%; now, the surviving population can regenerate during the inter-
val between successive cycles of treatment and no lasting 

  Fig. 1    Examples of resistance to therapy. ( Left-hand side ) Tumor cells may be non-responsive to either indi-
vidual drugs or to groups of drugs because of a lack of expression of appropriate drug targets, or because of 
expression of cellular transport mechanisms that restrict access of the drug to the target. Tumor cells can also 
reside in “pharmacological sanctuaries” where diffusion limits access of the drug to the tumor. ( Right-hand 
side ) Tumor cells may be damaged by therapy but have a reduced rate of cell death. Alternatively they may be 
killed but surviving cells regenerate more effectively       
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therapeutic effect is observed. For a dynamically resistant popula-
tion (Fig.  2c ), the cancer cell population remains intrinsically sensi-
tive to therapy, as in Fig.  2a , but the tumor population can 
repopulate more effectively because the population-doubling time 
is 7 days rather than 14 days. Thus, the tumor cell population can 
again regenerate during the interval between successive treatment 
cycles and no lasting therapeutic effect is observed (Fig.  2c ). These 
concepts have been discussed previously [ 4 ,  5 ].

    Most previous reviews on multidrug  resistance   have focused 
on resistance of tumor cells to cytotoxic drugs. With the develop-
ment of targeted cancer therapies, it is important to examine a 
broader range of resistance mechanisms and to determine which 
are most relevant to human cancer. This review commences with a 
description and discussion of the resistance mechanisms and 
continues by examining some of the experimental protocols that 
can be used to study these mechanisms.  

2     Resistance Involving Altered Drug Pharmacokinetics 

 Resistance can also occur because of increased drug clearance, or by 
decreased diffusion, in both cases leading to a reduced amount of 
drug entering the cell, although resistance may apply only to one or 
a small number of anticancer drugs. An early fi nding was that 
patients with acute myeloblastic leukemia who failed to respond to 
the drug cytosine arabinoside had a shorter  plasma   half- life, appar-
ently because of increased expression of the drug- metabolizing 
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  Fig. 2    Models of multiple drug resistance. ( a ) Tumor is sensitive to therapy and multiple applications result in 
the progressive reduction of the tumor population. ( b ) Tumor is partially resistant to therapy but the tumor 
population can regenerate in the time between successive therapeutic doses. ( c ) Tumor is sensitive to therapy 
but has an increased ability to regenerate between successive therapeutic doses, negating the therapeutic 
effect. See text for details       

 

Mechanisms of Cancer Drug Resistance



22

enzyme cytidine deaminase [ 6 ]. This led to the consideration of 
pharmacological factors in the optimization of treatment with this 
drug [ 7 ]. The same principle has been applied to patients treated 
with the drug cisplatin; individual variations in the pharmacokinet-
ics of this drug have been allowed for in treatment protocols by 
basing dose on the area under the  plasma   concentration- time curve 
(AUC) [ 8 ]. Tumor pharmacokinetics of anticancer drugs in solid 
tumors are highly dependent on both drug diffusion rates and drug 
diffusion distances; these can be modeled experimentally using a 
three-dimensional matrix based on solid tumor imaging [ 9 ]. 
Diffusion barriers within tumor tissue, caused for instance by a low 
vascular density, can give rise to a pharmacokinetic “sanctuary” and 
to pockets of resistant cancer cells.  

3     Intrinsic Multidrug  Resistance   Mechanisms 

   An important early step towards our understanding of  drug resistance   
was made with the identifi cation of a single protein, over- expression 
of which was accompanied by increased resistance to a variety of 
structurally unrelated anticancer drugs [ 10 – 12 ]. This protein was 
given the term  P-glycoprotein   (P-gp; MDR1; gene  ABCB1 ) 
 because    chemical   analysis showed it to contain multiple oligosac-
charides attached to the protein. The development of an antibody 
to P-gp allowed the distribution of protein, both within single cells 
and in different organs of the body, to be studied. P-gp was initially 
found to be associated with the  plasma   membrane of resistant cul-
tured cancer cells and further structural and biochemical studies 
led to the formulation of a molecular model where the protein 
actively transported a variety of drugs and other molecules, typi-
cally those containing hydrophobic and basically charged features, 
out of the cell. The P-gp transporter was embedded within the 
 plasma   membrane with the polysaccharide chains on the external 
cell surface and ATP-binding protein domains on the cytoplasmic 
side. P-gp had a tandemly duplicated structure with each half con-
taining six potential lipophilic transmembrane domains and one 
nucleotide-binding site [ 13 ]. Molecular structural studies indicated 
that the protein could adopt two main conformations, a looser 
“open” form and a tightly twisted “closed” form, with the transi-
tion to the tightly twisted form driven by ATP hydrolysis. P-gp, like 
the protein albumin, has the ability to bind to a variety of small-
molecular-weight molecules, which are generally categorized by the 
presence of lipophilic and/or basically charged motifs. A simple 
model for the action of P-gp in the membrane suggests that it func-
tions a little like a fl oor mop; the open form, with its multiple trans-
membrane regions, can bind to a range of molecules, but a twist in 
conformation leads to a closed form that lacks these binding sites, 
allowing the protein to “squeeze out” attached molecules and 

3.1  Resistance 
Mediated by P-gp
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discharge them from the membrane surface. A molecular model of 
P-gp, as previously proposed [ 14 ], is shown in Fig.  3 .

   Subsequent research has indicated that P-gp is not always 
located on the  plasma   membrane; in some cell lines it is found in 
intracellular organelles including lysosomes, the Golgi apparatus, 
and the nuclear envelope [ 15 ,  16 ]. Here, P-gp acts on substrates 
to transport them from the cytoplasm to the lumen of an organ-
elle, meaning that resistance is mediated by sequestration of drug 
into vesicles rather than direct outward transport. Sequestered 
drug can in turn be released from the cell by exocytosis. 

 A number of “classical” anticancer drugs, including anthracy-
clines such as doxorubicin, epirubicin, and daunorubicin; epipodo-
phyllotoxins such as etoposide and teniposide; and taxanes such as 
paclitaxel and docetaxel, are substrates for P-gp-mediated trans-
port [ 13 ]. The development of targeted anticancer therapies such 
as inhibitors of the epidermal growth factor receptor tyrosine 
kinase [ 17 ] raises the question of whether the effi cacy of these 
drugs is also affected by expression of P-gp. Here the situation is 
complex because while such drugs can be substrates for P-gp [ 18 ] 
they may also antagonize P-gp function [ 19 ]. In one study, brain 
tissue AUC values for the drug erlotinib were found to increase by 
3.8-fold in mice lacking expression of P-gp [ 20 ], consistent with a 
role of P-gp in intrinsic sensitivity.  

  Fig. 3    Model for the action of P-gp, reproduced from the original article (Aller 
et al. [ 14 ]), with the permission of the publisher. P-gp protein is embedded in a 
membrane (either the plasma membrane or an organelle membrane) and has 
two conformations. In the “open” form it can interact and trap a variety of sub-
strate molecules that enter from membrane sites. In the “closed” form it excludes 
these substrate molecules and the transition from the open to the closed form 
requires energy, which is derived by ATP hydrolysis. See text for further details       
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   The discovery of P-gp was followed by the identifi cation of a second 
transporter, designated MRP1 (ABCC1), and its relative MRP2 
(ABCC2), which were also associated with the  MDR   phenotype 
[ 21 ,  22 ]. As with P-gp, the subcellular distribution of these trans-
porters has been found to extend to cellular organelles as well as 
the  plasma   membrane. MRP1 and MRP2 can be distinguished 
from P-gp in being able to couple drug transport to glutathione 
transport [ 22 ]. The action of these transporters is also coordinated 
with another type of resistance mechanism whereby a variety of 
cytotoxic agents, usually lipophilic, are metabolized by conjuga-
tion with hydrophilic molecules such as glucuronic acid [ 23 ]. Such 
conjugates not only have reduced activity as a cytotoxic species, 
but also have increased affi nity for the transporter. 

 Subsequent studies on ABC transporters have identifi ed the 
 breast cancer   resistance protein BCRP (ABCG2) as a further trans-
porter associated with  drug resistance.   BCRP differs from P-gp, 
MRP1, and MRP2 in having two subunits rather than the tan-
demly repeated form of the other transporters. A superfamily of 
proteins, designated as ATP-binding cassette (“ABC”) transport-
ers, has now been identifi ed; it comprises the products of 48 genes 
and encompasses a broad variety of molecular structures [ 24 ]. 
Subfamily A includes P-gp, subfamily B includes MRP1 and MRP2, 
and subfamily G includes BCRP. Members of the ABC transporter 
family carry out a wide variety of functions, many essential, in nor-
mal tissue [ 22 ,  24 ] and only a few family members are well charac-
terized in terms of mediating anticancer  drug resistance.   Molecules 
binding to MRP1 and MRP2 include a variety of natural products, 
such as vinblastine, vincristine, paclitaxel, docetaxel, doxorubicin, 
daunorubicin, epirubicin, and etoposide as well as the synthetic 
cytotoxic anticancer drugs mitoxantrone and methotrexate [ 13 ]. 
Targeted anticancer drugs can also be substrates for MRP1 and 
MRP2 [ 19 ] and cells transfected with the gene for MRP2 were 
found to exhibit 6.4-fold resistance to sorafenib but showed no 
change in susceptibility to the structurally related drug sunitinib 
[ 25 ]. In one study, brain tissue accumulation of erlotinib was 
found to be reduced in mice over-expressing BCRP [ 26 ].  

   While many studies on ABC transporters have been carried out 
using cultured cells, it is important to consider transporter action in 
the context of tumor tissue. Tumors generally have a multicellular 
organization in which the majority of cells are not adjacent to the 
vascular endothelium. Drugs must diffuse from the bloodstream to 
tumor cells either through the extracellular compartment of tumor 
tissue or by  uptake  /effl ux by cells comprising the tumor tissue. 
Drugs can cross the  plasma   membranes of normal and tumor cells 
within the tumor tissue by either transporter- mediated or passive 
diffusion. ABC transporters can act on intracellular drug molecules 
either by exporting them out of the cell again or by sequestering 
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them into vesicles, the contents of which are subsequently released 
by exocytosis into the extracellular compartment. If exocytosis 
occurs in a polarized fashion in a direction that is distal to the vas-
cular supply, it will effectively promote distribution of drugs to 
other cells within the tumor tissue. Thus, depending on their sub-
cellular distribution, ABC transporters can either increase or 
decrease the distribution of a drug in tumor tissue. 

 A pharmacological study of SN 28049, a new DNA-binding 
topoisomerase II poison [ 27 ], illustrates how  drug transporters   
might infl uence tissue pharmacokinetics. Tumor tissue AUC values 
were evaluated in two murine tumors and three human melanoma 
xenografts and found to vary by over two orders of magnitude, 
with the murine colon 38 (MCA38) tumor showing the highest 
value [ 28 ]. Cultured colon 38 tumor cells showed strongly positive 
staining for MRP1 expression in cytoplasmic bodies [ 29 ] and 
although other explanations are possible, MRP1-mediated sequestra-
tion of SN 28049 in cytoplasmic vesicles may contribute to the high 
AUC value and long tumor tissue half-life in colon 38 tumor tissue. 
The vesicles could constitute a depot form, slow release which 
enhances the overall activity of SN 28049 against the colon 38 tumor 
[ 29 ]. Among the murine tumors and human melanoma xenografts 
tested, antitumor activity was related to the observed tumor tissue 
pharmacokinetics, consistent with this hypothesis [ 28 ].  

    Since the  cellular   action of ABC  drug transporters   involves the 
ATP-dependent transport of these drugs out of the cytoplasm 
either to the cell exterior or into subcellular vesicles, the concept of 
inhibiting the action of P-gp in order to increase the cytoplasmic 
(and nuclear) concentration of a substrate anticancer drug pre-
sented a promising therapeutic strategy. The concept was fi rst sug-
gested more than 30 years ago [ 30 ] and initial studies were carried 
out in rodents using drugs such as verapamil (a Ca 2+  channel 
blocker), cyclosporine (an immunosuppressive agent), tamoxifen 
(a steroid receptor antagonist), and calmodulin antagonists in con-
junction with cytotoxic agents [ 31 ]. Most preclinical studies were 
carried out using cultured cells but some in vivo studies were 
reported [ 32 ]. Clinical trials identifi ed a number of problems 
including alteration of the pharmacokinetics of administered cyto-
toxic drugs and consequent increases in toxicity. Consequent 
changes in dose made the effi cacy of the co-administered trans-
porter inhibitor diffi cult to assess. Subsequent studies aimed at 
increasing affi nity of the inhibitor for the transporter and increas-
ing its dose potency led to so-called second-generation inhibitors 
such as dexverapamil (an analogue of verapamil), valspodar (an 
analogue of cyclosporine), and biricodar (a pipecolinate deriva-
tive). Further development sought to minimize interaction with 
cytochrome P450 and to optimize individual transporters, and led 
to “third-generation” inhibitors such as elacridar, tariquidar, 

3.4  Use of Inhibitors 
of ABC Transporters 
in Combination 
Chemotherapy
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zosuquidar, and laniquidar [ 5 ,  33 ]. Many clinical trials have been 
carried out with ABC transporter inhibitors but as yet no defi ni-
tively increased therapeutic benefi t has been demonstrated. A small 
Phase II clinical study in  breast cancer   patients showed that co- 
administration of tariquidar showed limited ability to increase 
response to doxorubicin, paclitaxel, or docetaxel [ 34 ]. A larger 
Phase II clinical study in  breast cancer   patients treated with 
docetaxel with or without zosuquidar concluded that there were 
no differences in progression-free survival,  overall survival  , or 
response rate between the two groups of patients [ 35 ]. Ongoing 
diffi culties include selection of appropriate tumors and measure-
ment of the effects of the ABC transporter inhibitor on the phar-
macokinetics of the cytotoxic drug.   

    Several  additional   classes of resistance to multiple anticancer drugs 
of differing structures have been defi ned. One involves the modifi -
cation of the enzyme DNA topoisomerase II, a target protein for 
cytotoxic action. Cells were identifi ed that lacked ABC transporter 
expression and yet were resistant to the drugs doxorubicin, etopo-
side, and amsacrine, which have widely differing structures. The 
phenomenon was termed “atypical” multidrug  resistance   and the 
cause was traced to reduced activity of DNA topoisomerase II and 
consequent induction of  DNA damage  , which was essential for the 
cytotoxic activity of these drugs [ 36 ]. 

 A second class of resistance involves the increased expression of 
a DNA repair enzyme which attenuates the cytotoxic activity of 
multiple agents. The discovery of the antitumor activity of nitro-
gen mustard (mechlorethamine) in 1945 led to testing of a large 
number of clinical anticancer agents whose activity depends mainly 
on the O 6 -alkylation of the DNA constituent guanine [ 37 ]. These 
include melphalan, cyclophosphamide, ifosfamide, dacarbazine 
(DTIC), temozolomide, carmustine (BCNU), lomustine (CCNU), 
1-(2-chloroethyl)-3-(4-methylcyclohexyl)-1-nitrosourea 
(MeCCNU), 1-(4-amino-2-methyl-pyrimidinyl)methyl- 3(2- 
chloroethyl)-3-nitrosourea (ACNU);  N -methyl- N -nitrosourea 
(MNU),  N -ethyl- N -nitrosourea (ENU), procarbazine, and strep-
tozotocin. A single enzyme,  O  6 -alkylguanine-DNA alkyltransferase 
(AGT), also known as methylguanine transferase (MGMT), acts 
to repair some of the DNA lesions induced by these drugs. 
An approach to overcoming this resistance is to co-administer an 
inhibitor of DNA O 6 -alkylation; trials of one such inhibitor,  O  6 - 
benzylguanine, are currently under way [ 37 ,  38 ]. 

 A third class of resistance involves activation of an alternate 
signaling pathway for cell proliferation and survival. Most exam-
ples are found in the use of targeted therapies; one example is pro-
vided in the MAP kinase pathway. Some tumors express a mutant 
form of the BRAF enzyme, one of the components of the MAP 
kinase pathway, and since cells become dependent on signaling by 
this overactive enzyme, their proliferation and survival are 
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compromised by inhibitors of the mutant enzyme [ 39 ]. Resistance 
to multiple agents, including vemurafenib and dabrafenib, can 
then be mediated by up-regulation of CRAF, which provides an 
alternative pathway for proliferation and survival [ 40 ].    

4     Resistance Involving Altered Tumor  Cytokinetics   

 Tumor cells in a solid cancer generally grow in a latticelike “cage” 
of blood vessels, which contains not only tumor cells but also host 
cells, typically fi broblasts, tumor-associated macrophages, other 
cells, and stromal/capsular components [ 41 ]. The volume- 
doubling times of the vascular cages refl ect those of the tumor 
itself, which from imaging studies in human cancers cover a broad 
range with a median of about 4 months [ 42 ]. The vascular cage 
expands by a number of mechanisms including the generation of 
new vascular endothelial cells (angiogenesis), the co-option of 
existing blood vessels of normal tissue by tumor cells, the recruit-
ment of circulating endothelial precursor cells into the vascular, 
and the phenotypic conversion (vasculogenic mimicry) of tumor 
cells to a vascular phenotype [ 43 ]. Because the potential doubling 
times of human tumor cells comprising the tumor, typically about 
6 days [ 44 ], are much shorter than that of the tumor itself, tumor 
cells within the vascular cage exist in a constant stage of turnover; 
on average, for every 100 tumor cells dividing, approximately 90 
cells are lost [ 45 ]. Resistance to multiple agents, or perhaps to all 
agents, can occur by modulation of the dynamic balance between 
tumor cell birth and death. 

 In vivo potential doubling times of human tumor cells vary 
over quite a wide range [ 44 ], raising the question of why the most 
rapidly growing cells are not selected for during tumor evolution. 
However, in a solid tumor microenvironment with extensive cell 
turnover, cell death mechanisms dominate the selection of tumor 
cells that are least susceptible to cell death mechanisms and that 
will therefore have a survival advantage. Cell loss from the tumors, 
even in the absence of therapy, involves a diverse variety of mecha-
nisms as shown in Fig.  4 , and there are a corresponding number of 
control mechanisms. In contrast, increases in the tumor cell popu-
lation occur almost exclusively by cell division, apart from a small 
number of tumor cells migrating from other sites (Fig.  4 ).

    Apoptosis   is likely to be the dominant mechanism for tumor 
cell loss and tumors can be characterized by their “apoptotic index” 
[ 46 ]. Tumor cells express so-called death receptors, such as Fas, 
DR4, and DR5 and interaction with the corresponding ligands 
(TRAIL/Apo2L and FasL), which are also expressed in both 
tumor cells, leads to  apoptosis   [ 47 ]; cell death may thus due to 
cell-cell proximity and thus occur as a consequence of crowding. 
Host immune mechanisms make an important potential 
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contribution to tumor cell loss. Cells may be killed by host 
T-lymphocytes in a complex mechanism that combines the release 
of FasL to  activate death receptors and the release of cytotoxic 
granules that are taken up by the target cells [ 48 ]. Tumor-associated 
macrophages and dendritic cells also play important roles in 
immune cell- mediated tumor cell loss [ 49 ]. Tumor cells may die of 
other programmed cell death mechanisms [ 50 ] and may also be 
lost by migration out of the tumor by coupling with macrophages 
and export along collagen fi bers into the bloodstream [ 51 ]. 

   A high tumor cell proliferation rate is important for resistance 
because it allows more effi cient regeneration in the intervals 
between successive cycles of therapy (Fig.  2 ). This argument applies 
to radiotherapy and even surgery in addition to cytotoxic or tar-
geted therapy. Clinically, more rapid proliferation is indicated by a 
shorter Tpot value, as determined in vivo [ 44 ,  52 ], and there is 
clinical evidence that higher proliferation rates are associated with 
shorter survival [ 53 ], particularly in the radiotherapy of head and 
neck tumors [ 54 ]. Cytokinetic data can also be obtained using an 
in vitro approach where surgical cancer samples are cultured for a 
short time (1 week) and the estimated cell proliferation rates are 
compared to clinical outcome. In two studies, one of ovarian can-
cer and one of glioma, decreased patient survival was signifi cantly 
related to shorter culture cell cycle time [ 55 ].  

    Resistance to  apoptosis   has been described as one of the hallmarks 
of cancer [ 56 ] and increased resistance to the induction of apopto-
sis is an obvious mechanism that could apply to both cytotoxic and 
targeted anticancer therapeutic agents. Early experiments with the 
Lewis lung transplantable murine carcinoma (3LL) sought to 

4.1  Resistance 
Arising 
from an Increased 
Rate of Tumor Cell 
Proliferation

4.2  Resistance 
to Apoptosis

  Fig. 4    Human tumors exhibit a high rate of cell turnover, which drives tumor evolution and also the develop-
ment of resistance. One main mechanism (cell division) drives cell population increases but several mecha-
nisms drive population decreases. Decreases in any of these mechanisms can therefore contribute to 
resistance. See text for further details       
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clarify the role of apoptosis in resistance. Two variants of this tumor 
are one which had been maintained in vivo and recently grown in 
culture, and one that had been adapted to culture conditions over 
a considerable period. When grown to high cell density in culture, 
the fi rst variant maintained a high proportion of S-phase cells and 
showed a high rate of cell loss, while the second variant entered a 
state of reduced proliferation with a low proportion of S-phase 
cells. These properties were echoed by those shown in vivo when 
the lines were grown as subcutaneous tumors; the tumors contain-
ing the more slowly growing cells were resistant to the cytotoxic 
drugs tested [ 57 ,  58 ]. 

 There are several clinical examples where a low proliferation 
rate is associated with resistance to cancer  chemotherapy   [ 59 – 61 ]. 
This seems to confl ict with reports that a higher proliferation rate 
is associated with reduced survival [ 53 ,  54 ]. However, it is quite 
possible that both occur because they operate on different time 
scales; a lower proliferation rate can be associated with resistance to 
apoptosis while a higher proliferation rate is associated with 
increased tumor regeneration. These considerations may help to 
explain why there is no consistent reported relationship between 
tumor cell proliferation and sensitivity to therapy.   

   As shown in Fig.  4 , host immunity contributes to mechanisms of 
cell loss within tumors. The extent of this contribution in individ-
ual tumors is still not clear but if it is a major contribution, then its 
loss will have major signifi cance for the outcome of cancer therapy. 
Put another way, loss of tumor immunity can lead to tumor pro-
gression. The potential importance of antitumor tumor immunity 
in a murine system was illustrated by a study of tumor responses to 
the cytotoxic drug gemcitabine [ 62 ]. Here, the response of a series 
of murine tumors to this drug was found to be not related to the 
intrinsic sensitivity of tumor-derived cultured cell line to gem-
citabine, but rather to biomarkers for the immunogenicity of the 
tumor. This study suggested not only that host immunity played a 
major role in tumor regression, but also that gemcitabine itself 
might trigger host immune responses. Subsequent work has indi-
cated that a number of anticancer agents including gemcitabine, 
doxorubicin, cisplatin, and cyclophosphamide stimulate host 
immunity [ 63 ,  64 ], further supporting the hypothesis that immune 
mechanisms need to be considered in the context of  chemotherapy   
and resistance [ 65 ]. 

 More recently, clinical studies have highlighted the role of 
 immune checkpoints   in cancer immunology. T-lymphocytes have 
clearly delineated mechanisms by which they can kill tumor cells, 
but their potential to kill normal cells in autoimmune reactions 
must also be carefully regulated. Some of the main mechanisms of 
regulation involve the so-called  immune checkpoints,   where cell- 
surface proteins such as CTLA-4 or PD-1 interact with CD80/86 
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or PD-L1/PD-L2, respectively, to suppress T-cell responses. The 
signifi cance of these processes has been highlighted by recent stud-
ies with immune checkpoint inhibitors such as ipilimumab and 
nivolumab, which are engineered antibodies against CTLA-4 and 
PD-1, respectively, as therapeutic agents aimed at combatting 
resistance caused by reduced T-cell responses [ 66 ].  

   Heterogeneity is a hallmark of human tumors [ 67 ] and is well illus-
trated by the analysis of renal cell carcinoma, where tumor sub-
populations with distinct  gene expression   profi les, and consequently 
different predictions of clinical outcome, are obtained from differ-
ent biopsies of the same tumor [ 68 ]. Tumor heterogeneity can also 
be discerned in established tumor cell lines, as shown for MCF-7, 
a typical human  breast cancer   line. Growth of this line in the 
absence of estrogen signaling causes an immediate cessation of 
culture growth, followed several months later by the outgrowth of 
hormone-resistant cell lines. Surprisingly, the G 1 -phase DNA con-
tent, median cell volume, and proliferation rates of the emerging 
variant lines were not the same as those of the parental cell line, 
strongly suggesting that they arose from expansion of pre-existing 
minor populations, rather than by  metabolic   adaptation of the 
parental population [ 69 ]. Changes in chromosome numbers, as 
well as chromosome translocations, fusions, and alterations caused 
by recombination events, are likely to lead to the continuous gen-
eration of genetically distinct variants during culture. These 
changes have been described specifi cally for the MCF-7 line [ 70 ]. 

 As well as undergoing genetic variation, tumor cells can 
undergo reversible phenotypic switches that presumably arise from 
changes in the regulation of gene transcription. Two main catego-
ries of phenotypic switch have been described. The fi rst refl ects a 
change in the expression of stem cell characteristics and can be 
measured, for instance, by an increased ability of the cell popula-
tion to proliferate indefi nitely. The second switch, called the epi-
thelial to mesenchymal transition (EMT), refl ects a change towards 
more mesenchymal behavior and includes increased migratory and 
invasive potential. Within each category there may be differences 
in intrinsic cellular  drug resistance   [ 71 ,  72 ]. An important feature 
of these phenotypic switches is that they may be associated with 
multiple changes in resistance properties [ 71 ,  73 ].   

5     General Protocols for Studying Resistance to Multiple Anticancer Drugs 

 The fi eld of  drug resistance   is very broad and it would be impossible 
in a limited space to recommend protocols for aspects of resistance. 
The approach taken here is to review the general approaches that 
can be used to study resistance. Since the starting point should 
always be the cancer patient, discussion is directed towards proto-
cols that might be applicable to clinical studies. 

4.4  Tumor Tissue 
Heterogeneity 
and Resistance
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   The expression of ABC transporter proteins in biopsies of human 
tumor material can be investigated using standard histological 
techniques, but it should be kept in mind that staining intensity 
does not accurately refl ect the activity of these proteins. Moreover, 
the subcellular location of these ABC transporters, as well as regu-
lation by other signaling pathways, will have an effect on activity. 
The major challenge for the future is to develop robust in vivo 
methods to assess transport-related multiple drug resistance. In one 
approach [ 34 ], a technetium-labeled P-gp substrate,  99m Tc- 
sestamibi (25–30 mCi per patient), was injected intravenously. 
Planar scintigraphic images of known tumor sites were taken after 
10 min and 2 h to determine the rate of clearance. The same pro-
cedure was repeated after administration of the tariquidar, an 
inhibitor of ABC transporters, in order to determine its effect on 
 99m Tc-sestamibi  uptake.   The tumor-to-background ratios were 
calculated for all tumor sites by measurement of sestamibi  uptake 
  within the visualized portion of the tumor, and comparing it with 
that of adjacent tissues that were without tumor involvement [ 34 ].  

    Human tumor cell lines have provided  the   basis for a very large 
number of published studies on resistance mechanisms. It is impor-
tant to realize that from the time they are isolated from surgical 
samples subjected to culture, tumor cells are subjected to severe 
selective pressures from their new environment, and can change 
their characteristics accordingly. One of the largest selective pres-
sures is for rapid proliferation rate; the initial doubling times of 
surgical samples cultured from solid tumors have been measured 
over the fi rst week of culture [ 55 ,  74 ] and cover a broad range 
(3 days to more than 2 months), which is similar to that of mea-
surements of potential doubling times in vivo [ 44 ]. Development 
of cell lines from these surgical samples has been reported to be 
accompanied by a two- to threefold decrease in doubling times 
[ 45 ] consistent with selection of more rapidly growing variants. 
Another selective pressure is the presence in cultures of atmo-
spheric oxygen concentrations; this leads to increased concentra-
tions of reactive oxygen and consequent toxicity, but can be 
counteracted by the use of low-oxygen incubators in the derivation 
and maintenance of cell lines [ 75 ]. 

 Not all surgical samples grow well in culture. Early studies 
showed that partially disaggregated samples of human metastatic 
melanoma grew with a high success rate in 96-well culture plates 
that had been coated with a thin layer of agarose to prevent prolif-
eration of fi broblasts; the culture medium was supplemented with 
fetal bovine serum, insulin, transferrin, and selenite and cells were 
grown under 5 % oxygen [ 75 ]. Subsequent work showed that gli-
oma cells and a range of carcinoma cells could be grown with 
moderate- to-good success rates using the culture medium, some-
times supplemented with growth factors. Tumor cell proliferation 

5.1  Assessment 
of Transport- Mediated 
Multidrug  Resistance  

5.2  Assessment 
of Drug Resistance 
of Cultured Tumor 
Cells
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was assessed by  uptake   of  3 H-labeled thymidine into DNA of 
proliferating cells. This technique has the advantage that these cul-
tures have a variable number of host cells, which can distort the 
evaluation of drug effects on the total cell population [ 74 ]. 

 A further approach, which has also used 96-well culture plate 
technology and has been reported to have higher success rates with 
carcinoma samples [ 76 ], is to utilize cultured fi broblasts as feeder 
cells [ 77 ]. In this case proliferation was assessed by counting cell 
density. Like the technique described in the previous paragraph, 
this method can be used to screen for activity of both conventional 
cytotoxic agents and targeted therapeutics.   

   As with culture systems, the majority of reported studies have 
growth-established cell lines, sometimes drug-resistant cell lines as 
xenografts in immunodefi cient mice in order to gain an under-
standing of in vivo resistance. However, some early studies have 
utilized samples of surgically removed tumor material to establish 
xenografts [ 78 ] and more recent work has extended this to a num-
ber of genetically characterized tumor types. Samples representing 
18 distinct cancer pathologies were implanted within 24 h of surgi-
cal resection and implanted into immune-compromised nude mice 
with an overall take rate of 27 %. Tumors were found to retain their 
differentiation patterns and supporting stromal elements were pre-
served. Genes downregulated specifi cally in the tumor xenografts 
were enriched for pathways involved in host immune response, 
consistent with the immune defi ciency status of the host [ 79 ]. 

 One of the problems of this approach, as it is with cell lines, is 
that there is competition for survival among the tumor cells and 
that the most rapidly growing cells are likely to dominate. 
Furthermore, since fi rst-generation xenografts will generally have 
to be transplanted into further mice to provide a suffi cient number 
of tumors for measurement of resistance to multiple drugs, further 
selection for a proliferation rate will be made. Because these experi-
ments are carried out in immunosuppressed mice, possible contri-
butions of immune cell-mediated killing cannot be assessed.  

   There is great current interest in the clinical evaluation of immune 
checkpoint inhibitors and most current studies are using survival 
or other clinical parameters as the main index for patient compari-
son [ 80 ]. However, there is a need for robust assays of the contri-
bution of T-lymphocytes or of other immune mechanisms to 
clinical outcome. Clinical studies are still at an early stage, but the 
formulation of suitable assays could lead to their use to assess 
immune cell activity in tumor tissue before and after therapy, pro-
viding an approach to estimate the contribution of immune effects 
to response and thus to resistance.   

5.3  Transplanted 
Tumors in Animals

5.4  Contribution 
of Host Immune 
Mechanisms 
in Individual Human 
Tumors
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6     Conclusions 

 The last 30 years has seen progressive change in our appreciation 
of the diversity of mechanisms of  drug resistance  , particularly of 
multiple  drug resistance,   in human cancer. However we still do not 
know, for any individual patient, whether a lack of observed 
response to therapy is due to drug-specifi c resistance mechanisms, 
to selection of tumor cells that are resistant to the induction of 
 apoptosis   by both conventional and targeted therapies, or to a gen-
eralized breakdown of tumor immunity; perhaps all three mecha-
nisms contribute. What we do know is that tumor heterogeneity 
and growth kinetics are of great importance in the transitions 
towards resistance. Heterogeneity will be generated in tumor pop-
ulations by chromosomal instability, errors in chromosome parti-
tioning, and other factors, and individual cells are likely to vary in 
cell division rate, degree of resistance to  apoptosis,   and susceptibil-
ity to immune responses. Since potential tumor population dou-
bling times can be as short as 3.2 days [ 44 ], a minor population (5 %) 
can under conditions appropriate for selective survival become a 
major population (80 %) in as little as 13 days. It is easy to under-
estimate the potential of tumor cells that are resistant to  chemo-
therapy   or to specifi c immune responses to be selected on this 
basis. There are many reports showing that the presence of an 
oncogenic mutations leads to resistance to  apoptosis,   for instance 
that for c-kit mutation in leukemia [ 81 ]. Because of tumor cell 
turnover, such resistant cells are eventually likely to dominate 
because of natural selection. The way in which tumor heterogene-
ity can so rapidly lead to resistance perhaps paints a rather bleak 
picture, but it should be remembered that the emergence of a par-
ticular phenotype by such selection can also lead to an opportunity 
for selective  chemotherapy.   A major challenge for the future is to 
develop methods to identify such phenotypes in the course of clini-
cal treatment, so that individualized treatment can be based on 
appropriate biomarkers.     
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