Chapter 1

Role of P-Glycoprotein for Resistance
of Tumors to Anticancer Drugs:
From Bench to Bedside

Manfred Volm and Thomas Efferth

Abstract Success of cancer chemotherapy is limited by simultaneous resistance
towards many anticancer drugs making clinical combination therapy protocols less
efficient. P-glycoprotein represents an efflux pump of the ABC transporter family,
which recognizes and extrudes anticancer drugs of diverse chemical classes and
biochemical functions. The P-glycoprotein-mediated profile of cross-resistance has
been termed multidrug resistance (MDR). In our investigations, we focused on MDR
of in vivo tumor lines maintained in mice. The development of in vivo resistance
towards anthracyclines (doxorubicin, daunorubicin) in L1210 and S180 ascites
tumor lines was accompanied with decreased uptake and increased efflux of the fluo-
rescent dye rhodamine 123, overexpression of P-glycoprotein as well as MDRI
mRNA overexpression and MDRI gene amplification. In addition to acquired multi-
drug resistance in these syngeneic mouse tumor lines, we investigated inherent drug
resistance in human lung xenograft tumors transplanted to nude mice. Drug resis-
tance in these xenografts was also associated with overexpression of P-glycoprotein
and MDRI mRNA, but without MDR1 gene amplification. Furthermore, we explored
P-glycoprotein expression in clinical biopsies of diverse tumor entities (leukemia,
lung cancer, breast cancer, cervical carcinoma, endometrial carcinoma. nephroblas-
toma, renal cell carcinoma) and found that high levels of P-glycoprotein expression
correlated with pretreatment with chemotherapy, drug resistance, and failure to
achieve complete remission. During the past years, a wealth of publications world-
wide confirmed a role of the P-glycoprotein for clinical treatment refractoriness and
as an unfavorable prognostic factor for survival time of patients.
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1.1 Introduction

The development of resistance to anticancer drugs has dogged clinical oncology
since the very early days of chemotherapy. Since the establishment of nitrogen
mustard-derived compounds and methotrexate in the 1940s and 1950s, it became
clear that tumors have efficient escape mechanisms preventing the cure of many
cancer patients [1, 2]. A surprising observation was that over the decades until today
it was not possible to develop drugs without appearance of resistance phenomena in
tumors. The development of combination therapy improved the situation compared
to monotherapy, but sustainable treatment success leading to reliable cure of patients
could also not be reached [3-5]. A main problem is that the side effects of most
cytotoxic and cytostatic drugs to proliferating normal tissues (e.g. bone marrow,
gastrointestinal mucosa, hair roots, reproductive organs) are significantly such that
sufficient doses of drugs cannot be applied to kill tumor cells Suboptimal drug con-
centrations facilitate the survival of inherently more resistant cells in a heteroge-
neous tumor population. Depending of the type of tumor, the clinical situation is
that a fraction, but not all patients, benefits from chemotherapy leading to improved
survival times. It was unexpected at that time that combination regimens were also
subject to resistance development, since drugs with different cellular and molecular
modes of action were used. The clinical phenomenon of unresponsiveness to mul-
tiple drugs was reproducible under cell culture conditions in the laboratory. It was
David Kessel who described in 1968 that cell lines display cross-resistance to dif-
ferent drugs [6]. This observation was also reported in hundreds of publications in
subsequent years and laid the bases for a new area of research in cancer biology.
Strikingly, tumors that are initially responsive to chemotherapy can develop resis-
tance during treatment. Resistant tumor cells can acquire cross-resistance to a wide
range of compounds that have no obvious structural or functional similarities, e.g.
alkaloids (colchicine, vinblastine, vincristine), anthracyclines (doxorubicin, dauno-
rubicin), taxanes (paclitaxel, docetaxel), epipodophyllotoxins (etoposide, tenipo-
side), and antibiotics (actinomycin D, mitomycin C) [7, 8]. This phenomenon has
been designated as pleiotropic or multidrug resistance (MDR).

MDR of cancer cells is associated with decreased net cellular drug concentra-
tions and has been attributed to alterations in the plasma membrane [9-11]. A drug
efflux pump termed P-glycoprotein (P for permeability) has been unraveled as an
underlying mechanism[10, 12]. The MDR 1/ABCB]1 gene encoding the P-glycoprotein
has been cloned in 1986 and was found to be amplified in many multidrug-resistant
cell lines in vitro [13]. P-glycoprotein was the first member of the ATP-binding cas-
sette (ABC) transporter family identified in cancer. Its discovery has enormously
stimulated cancer research in subsequent years and numerous in vitro cell lines were
characterized to overexpress P-glycoprotein and MDRI mRNA as well to carry
amplified copy numbers of the MDRI genes in their genomes [14].
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1.2 Architecture and Function of the P-Glycoprotein

This efflux transporter belongs to a gene family of ATP-binding cassette (ABC)
transporters. The human genome consists of 48 members of this gene family. About
one dozen ABC transporters have been suggested to transport anticancer drugs,
although the P-glycoprotein is the best understood. The P-glycoprotein consists of
1,258 amino acids which are organized as two duplicated halves. It spans the cell
membrane with 123 transmembrane segments and two intracellular ATP-binding
domains. The extracellular glycosylation of P-glycoprotein is not of functional
relevance.

Several hypotheses have been discussed on the biochemical mode of action
(Fig. 1.1):

The partitioning model: It has been speculated that the P-glycoprotein does not
transport drugs by itself but affects drug distribution indirectly by altering the pH
value or membrane potential [15]. This model was supported by the fact that some
anticancer drugs are positively charged and that the pH in multidrug-resistant cells
differs from sensitive cells. It is now generally accepted that the P-glycoprotein is
primarily not an ion channel [16].

The hydrophobic vacuum cleaner hypothesis: Many P-glycoprotein substrates
are hydrophobic and are better soluble in the lipid bilayer of the cell membrane than
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Fig. 1.1 Models on the function of P-glycoprotein
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in the extracellular aqueous phase. Anticancer drugs are thought first to interact with
the cell membrane and then bind to a binding site of the P-glycoprotein leading the
drug to the internal channel of P-glycoprotein and effluxes out of the cell [17, 18].
This model may not only explain the increased efflux of multidrug-resistant cells,
but also the frequently observed decreased drug influx [19, 20]. Hydrophilic drugs
do not enter the P-glycoprotein from the lipid bilayer but first they passively diffuse
into the cytosol and then reach the P-glycoprotein from the intracellular side.

The translocase or flippase model postulates that according to the higher intra-
cellular drug concentration gradient, drug molecules bind to the intracellular bind-
ing domains of the P-glycoprotein, which changes conformation by an energy-driven
process (i.e. ATP cleavage) and flips drugs to the extracellular space [17].

1.3 Acquired Drug Resistance in Tumor Lines In Vivo

Instead of studying multidrug resistance in vitro, our own research efforts were
directed to investigate drug resistance in animals to get closer to the clinical situa-
tion. One reason for that decision was that drug-resistant cell lines have been
described to exhibit 1,000- to 10,000-fold resistance to drugs such as methotrexate
[21-23]. These high degrees of resistance do usually not occur in the clinical situa-
tion and might be laboratory artifacts.

We established doxorubicin-resistant L1210 leukemia cells, which express the
MDR phenotype. The tumor cell line was generated in vivo in mice—an approach
which might be more analogous to the clinical development of drug resistance.
Mice bearing L1210 ascites cells were treated with doxorubicin i.p. weekly.
Doxorubicin was applied at a concentration of 2 mg/kg body weight. The pretreat-
ment was carried out for at least 20 passages. The test for resistance was carried out
by injecting groups of animals with either untreated (sensitive) or drug-pretreated
(resistant) tumor cells. Then, doxorubicin was injected i.p. on the fourth and fifth
days after tumor cell transplantation. The effects of doxorubicin (different concen-
trations) on the tumor cells were measured 2 days after the last injection. Under
these conditions, tumor-bearing animals were killed, the ascites cells were removed
by puncture and counted using a coulter counter. L1210 ascites tumor cells precon-
ditioned with doxorubicin were more resistant in vivo to this drug than the parental
cells (Fig. 1.2, left side).

An in-vitro short-term test was also used to detect the resistance of the pretreated
tumor cells and to define the degree of resistance. The basic feature of this test is the
measurement of inhibition of incorporation of radioactive nucleic acid precursors
into tumor cells after the addition of cytostatic agents [24]. The tumor cells were
incubated in vitro with doxorubicin for 3 h. The radioactive precursor was added
during the third hour of incubation. Aliquots of the cell suspensions were pipetted
onto filter discs, the acid-soluble radioactivity extracted, and the incorporated activ-
ity measured by scintillation counting. As shown in Fig. 1.2 (right side), the resis-
tance of the pretreated cells found in vivo could be confirmed in vitro. The maximum
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Fig. 1.2 Detection of resistance of doxorubicin-preconditioned L1210 ascites tumor cells in vivo
and In vitro. Abscissa: different dose levels of doxorubicin. Closed symbols indicate parental (sen-
sitive) ascites tumor cells and open symbols drug-pretreated (resistant) ones. Data were taken from
Volm et al. [25]

degree of resistance was 45-fold for the cells preconditioned with doxorubicin.
Cross-resistance of these cell lines was found to doxorubicin and daunorubicin, but
not to cytosine-arabinoside and cyclophosphamide [25].

Cross-resistance of anthracyclines to the cytotoxic fluorescent dye rhodamine
123 has been described [26]. Therefore, we determined rhodamine 123 accumula-
tion in the resistant and sensitive L1210 ascites cells by fluorescence microscopy.
We found that resistant cells needed more time to accumulate rhodamine 123 than
their sensitive parental cells. Sensitive cells showed a significant rhodamine 123
fluorescence, whereas daunorubicin-resistant cells did not (Fig. 1.3).

For the quantification of rhodamine 123 fluorescence, we used an ORTHO 30L
cytofluorescence analyzer equipped with two argon ion lasers and an
INTERTECHNIQUE Plurimed spectrum analysis computer system. Figure 1.3
shows representative biparametrical fluorescence histograms of intracellular rhoda-
mine 123 fluorescence intensity in resistant and sensitive L1210 ascites tumor cells.
These flow cytometric data confirmed the microscopic observation that resistant
cells accumulated less rhodamine 123.

The rhodamine 123 accumulation was measured in a time- and concentration-
dependent manner. Drug-sensitive parental L12010 cells accumulated high amounts
of rhodamine 123 depending on the concentration and the incubation time
(Fig. 1.3c), whereas rhodamine 123 was taken up at much lower amounts in the
resistant L1210 cells (Fig. 1.3d). These accumulation kinetics showed the intracel-
lular accumulation, which was the net sum of both the uptake and the efflux.
Therefore, the question remains about the relevance of drug efflux, since
P-glycoprotein functions as an efflux transporter. Sensitive and resistant L1210
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Fig. 1.3 Accumulation of rhodamine 123 in sensitive and daunorubicin-resistant L1210 ascites
tumor cells as measured by flow cytometry. Biparametrical histograms of cells stained with (a)
rhodamine 123 (4 mg/ml, 60 min incubation) and (b) propidium iodide (35 pg/ml). At least 20,000
cells were measured per histogram. Propidium iodide was used to exclude dead cells. Time and
concentration kinetics of rhodamine 123 (2, 4, and 8 pg/ml) in sensitive (c) and resistant L1210
cells (d). (e) Determination of rhodamine 123 efflux (1 h preincubation with 8 pg/ml) in sensitive

(closed symbols) and resistant L1210 cells (open symbols). Data were taken from Efferth [27] and
Efferth et al. [28]

cells were loaded with rhodamine 123, centrifuged and transferred into rhodamine
123-free medium. As shown in Fig. 1.3e, sensitive cells retained rhodamine 123,
whereas resistant cells showed a considerable efflux of this fluorescent dye.
To further analyze whether rhodamine 123 is pumped out in an energy-dependent
process (presumably by the P-glycoprotein), resistant cells were incubated with
and without 2-deoxy-glucose. Cells use glucose for energy metabolism to generate
ATP and 2-deoxy-glucose is an efficient inhibitor of ATP production. Hence,
2-deoxy-glucose is expected to inhibit the ATP-dependent efflux of P-glycoprotein.
Resistant cells loaded with 2-deoxy-glucose were incubated with rhodamine 123
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and then transferred into rhodamine 123-free Hanks’s balanced salt solution.
2-Deoxy-glucose-treated resistant cells did not show a considerable efflux of
rhodamine 123, whereas untreated resistant cells did [27, 28]. We conclude that the
ATP-dependent efflux of rhodamine 123 was blocked by 2-deoxy-glucose and that
ATP is necessary for the energy-dependent efflux function of the P-glycoprotein.

1.4 Development of Resistance by Repeated Drug Treatments

To monitor the development of drug resistance during consecutively repeated doxo-
rubicin treatments, mice bearing L1210 tumors were once weekly treated with
0.5 mg doxorubicin/kg body weight i.p. The development of doxorubicin resistance
was analyzed during eight treatments in vivo by using the in vitro short term test.
Sensitive (S) and established resistant L1210 ascites tumor cells (R) with a resis-
tance factor of 45 were used as negative and positive controls respectively (Fig. 1.4).
Resistance increased with the number of treatments and the level of resistance
achieved after eight treatments is similar to that of the established tumor line
(Fig. 1.4). This suggests that a maximum level of resistance was already reached
after only eight treatments. In order to prove this result, we increased the dosage of
doxorubicin in the established tumor line from 2 to 8 mg /kg body weight for ten
treatments and indeed did not observe a further increase of the level of resistance.
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Fig. 1.4 Development of resistance to doxorubicin in L1210 ascites tumor cells in vivo. Dose—
response curves of doxorubicin after treatments (2—-8x) with 0.5 mg/kg doxorubicin. S, sensitive
(parental) tumor line; R, doxorubicin-resistant line after more than 20 treatments with 2 mg/kg
body weight doxorubicin. Each point represents mean of four measurements. Data were taken
from Volm et al. [32]
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Fig. 1.5 Development of doxorubicin resistance, MDR1 gene amplification, MDR1 and
P-glycoprotein overexpression in L1210 tumor cells after treatment (2-8x) with 0.5 mg/kg doxo-
rubicin in vivo. S, sensitive (parental) tumor line; R, doxorubicin-resistant cell line after more than
20 treatments with 2 mg/kg body weight doxorubicin. Figure was taken from Volm [33]

In order to find out whether the P-glycoprotein increases according to both the
number of treatments and the increase of doxorubicin resistance, we investigated
MDRI gene amplification and mRNA expression as well as P-glycoprotein
expression. After four treatments many tumor cells expressed P-glycoprotein and
after eight treatments nearly all tumor cells showed increased expression of the
P-glycoprotein as shown by immunohistochemistry (Fig. 1.5). Southern-blot
analysis during eight treatments with doxorubicin showed that the development
of resistance was associated with MDRI gene amplification and correlated with
the degree of drug resistance. A comparison of the intensity of the bands in the
established line (L1210/Dox) with that in the tumors with eight treatments indi-
cated similar degrees of amplification. Slot-blots probing MDRI mRNA expres-
sion confirmed these results (Fig. 1.5). The gene amplification did not increase by
further treatments with a higher concentration of doxorubicin.
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1.5 Reversal of Resistance After Cessation
of Chemotherapy

The question arises as to whether or not the resistance that developed over 20
passages would persist after cessation of doxorubicin treatment. Remarkably,
resistance decreased over time and disappeared after 20 passages without
treatment (Fig. 1.6). This decrease in resistance was accompanied by a loss of
P-glycoprotein as well as by a loss of MDRI mRNA expression and gene amplifica-
tion (Fig. 1.7; [32]). These results in mouse tumors fit to the clinical situation. It has
been observed clinically that the longer the duration of the disease free intervals
following chemotherapy, the more likely is the response of the tumors to the same
chemotherapy.

Corresponding to the development of resistant L1210 leukemia ascites cell lines,
we developed doxorubicin- or daunorubicin-resistant sarcoma S180 ascites cell
lines. These resistant S180 cell lines also displayed cross-resistance to various other
drugs [29, 30]. As shown in Fig. 1.8, these two resistant S180 ascites tumor lines
also displayed decreased uptake of rhodamine 123 (as shown by flow cytometry),
amplification of the MDR1 gene (as shown by Southern blot), as well as overexpres-
sion of MDRI mRNA (as shown by Northern blot) and protein overexpression (as
shown by Western blot, immunofluorescence and immunohistochemistry). Hence,
multidrug resistance in these S180 tumor lines can also be explained by the
P-glycoprotein in a comparable fashion as observed in the multidrug-resistant
L1210 tumor lines.
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Fig. 1.6 Dose response curves of doxorubicin after cessation of doxorubicin treatment (5-25 pas-
sages). S, sensitive (parental) tumor line; R, doxorubicin-resistant tumor line. Each point repre-
sents mean of four measurements. Data were taken from Volm et al. [32]
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Fig. 1.7 Reversion of doxorubicin resistance, P-glycoprotein and MDR1 overexpression and
MDRI1 gene amplification in L1210 tumor cells after cessation of treatment for 20 passages
in vivo. Each point represents mean of four measurements. Data were taken from Volm [33]

1.6 Inherent Drug Resistance in Human
Lung Tumor Xenografts In Vivo

Transplantable murine tumors have the advantage that they can be maintained in
mice with an intact immune system. Chemotherapy depresses the immune functions
of the body—a process that takes place both in mice and men. In this respect, syn-
geneic mouse tumors reflect the situation in human cancer patients. Another animal
model utilizes human xenograft tumors. These tumors grow in nude mice with a
deficient immune system and do, therefore, not reject human cells. The advantage
of this animal model is that the human tumors can be investigated in living mouse
models without performing experiments in patients. Hence, this is an attractive
model to analyze the chemotherapy effects in human tumors.
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Fig. 1.8 Different methods for detecting multidrug resistance. Shown are results in sensitive
parental cells (S) and multidrug-resistant cell lines (R1, R2). Resistance was developed in response
to doxorubicin (R1) and daunorubicin (R2). (a) In vitro short-term test to determine the degree of
resistance. (b) Flow cytometry to measure accumulation of rhodamine 123. (c¢) Southern blotting
to detect gene amplification of the MDR1 gene. The hybridization was performed with the pcDR
1.5 cDNA probe. (d) Northern blotting to detect mRNA overexpression of the MDR1 gene
(Hybridization with pcDR 1.5). (e) Western blotting to detect overexpression of P-glycoprotein
(with mAb C219). (f) Immunofluorescence and (g) immunohistochemistry to detect overexpres-
sion of P-glycoprotein (with mAb C219). Taken from Volm et al. [31]



12 M. Volm and T. Efferth

In addition to the development of resistance during repeated treatments with
anticancer drugs (termed acquired or secondary drug resistance), resistance can also
occur in untreated tumors. This form of resistance is characterized by unresponsive-
ness to anticancer drugs even if the tumors had never been challenged with chemo-
therapy. This form is termed inherent or primary resistance. Clinically, both forms
lead to the failure of chemotherapy and the question arises, whether the
P-glycoprotein/MDRI is also of relevance for the inherent drug resistance. Lung
cancer is frequently characterized by inherent drug resistance, which is one reason
for the observed survival times of lung cancer patients.

We investigated the intrinsic resistance of a panel of eight human epidermoid lung
cancer xenografts to vincristine and daunorubicin and tested the cross-resistance pat-
tern to a variety of other agents. Our results demonstrated that xenograft lines derived
from human lung tumors, not previously treated with chemotherapy exhibited a
comparable pattern of cross-resistance as observed in the multidrug-resistant L1210
or S180 cell lines [34, 35]. By means of fluorescence microscopy, we found that
drug-resistant epidermoid lung carcinoma xenograft tumors showed an intensive
immunostaining for P-glycoprotein, whereas no immunoreactivity could be seen in
drug-sensitive xenografts (Fig. 1.9). Northern and Southern blot analyses revealed
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Fig. 1.9 Effect of a single dose of 2 mg/kg vincristine on tumor size (fop), MDR1 gene amplifica-
tion and mRNA expression (middle) and P-glycoprotein expression (bottom) of eight different
epidermoid lung cancer xenografts. MDR1 hybridization was performed with the genomic pcDr

1.5 DNA probe. P-glycoprotein was detected by immunofluorescence and mAb 265/F4. Data are
taken from [33, 35]
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that the MDRI mRNA expression was increased according to P-glycoprotein
expression and the degree of drug resistance, whereas MDR1 gene amplification was
not detectable (Fig. 1.9).

1.7 P-Glycoprotein in Clinical Tumor Biopsies

After studying transplantable tumors with either acquired or inherent drug resis-
tance in animals, we were interested to explore the relevance of P-glycoprotein in
human tumors. Patients with previously untreated non-small cell lung carcinomas
(NSCLC) were surgically treated and specimens of the tumors for resistance testing
(in vitro-short-term test) and detection of P-glycoprotein (immunohistochemistry)
were used.

Of the 91 lung tumors, 43 were P-glycoprotein positive and 48 were negative.
There was a significant correlation between the resistance and P-glycoprotein
expression (Fig. 1.10) Of the 64 resistant tumors 39 were P-glycoprotein positive
(61 %), whereas of the 27 sensitive tumors only four were P-glycoprotein positive
(15 %) [38]. Furthermore, a significant correlation between the oncoproteins c-Fos
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and c-Jun and the P-glycoprotein was found [36, 37]. Both proteins form a protein
complex, which functions as transcription factor (AP-1). These results and the fact
that the MDRI gene promoter carries AP-1 binding motifs may be taken as a clue
that the P-glycoprotein may be regulated by the transcription factor AP-1.

Investigations by us and others on liver carcinogenesis revealed a connection
between P-glycoprotein expression and resistance to liver-carcinogenic compounds
[39—41]. As smoking is widely accepted to cause lung cancer, we hypothesized an
association between smoking habits, resistance to doxorubicin, and expression of
P-glycoprotein. Biopsies of 94 non-small cell lung cancers were analyzed for their
doxorubicin resistance using an in vitro short-term assay as well as their
P-glycoprotein expression by immunohistochemistry. These results have been cor-
related to the smoking habits of the patients [42]. As shown in Fig. 1.11, lung tumors
from smokers were more frequently resistant to doxorubicin and expressed higher
levels of P-glycoprotein than lung tumors from nonsmokers (p=0.007 and
p=0.0001, respectively). These data may be taken as a hint that smoking contributes
not only to lung carcinogenesis but also to drug resistance of lung tumors. This is an
interesting result, since non-small cell lung cancer is a tumor entity well known for
its unresponsiveness to chemotherapy and short survival times of patients.

Another question raised was whether chemotherapy of tumors may induce
P-glycoprotein expression. Accordingly, we analyzed a total number of 162 tumor
biopsies by means of immunohistochemistry [43-54]. The tumors were divided into
three groups according to their treatment. The first group consisted of untreated tumors

a 50% 50% 21% 79%
Non-smoker Smoker
(n=22) (n=72)

[ Doxorubicin sensitive

P . =0.007
B Doxorubicin resistant P

b 91% 9% 42% 58%
Fig. 1.11 Relationship
between smoking habits of
patients and response to
doxorubicin as determined by Non-smoker Smoker
the in vitro short-term test .
and immunohistochemical (n -22) ( n_72)
detection of P-glycoprotein in . .
94 human non-small cell lung L] P-glyeopiotsinnagative p=0.0001

B P-glycoprotein positive

cancer biopsies [42]
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Table 1.1 Expression of P-glycoprotein in 162 human tumor biopsies

Tumor type Without therapy | Non-MDR therapy | MDR therapy Sum
Acquired resistance

Leukemia 1/4 1/5 3/11 20
Breast cancer 0/12 0/4 4/7 23
Ovarian carcinoma 2/25 0/0 3/3 28
Nephroblastoma 0/8 0/0 12/23 31
Sum 3/49 (=6 %) 119 (=11 %) 22/44 (=50 %) 102
Inherent resistance

Endometrial carcinoma | 20/20 0/0 3/3 23
Cervix carcinoma 15/26 0/0 0/0 26
Renal carcinoma 8/9 0/0 2/2 11
Sum 43155 (=78 %) 0/0 (=0 %) 5/5 (=100 %) 60

The numbers indicate P-glycoprotein-positive cases in comparison to the total tumor number.
Extended data based on Volm et al. [31]

and the second group of tumors was treated with anticancer drugs not inducing MDR.
The third group consisted of tumors, which were pretreated with drugs known to cause
MDR (e.g. doxorubicin, vincristine). Biopsies from leukemia, breast cancer, ovarian
carcinoma, or nephroblastoma which have not been pretreated displayed P-glycoprotein
expression in a few cases (3 of 49=6 %). Among the tumors treated with non-MDR-
drugs only one out of nine was P-glycoprotein positive (=11 %). By contrast, biopsies
from 44 tumors treated with MDR-inducing drugs exhibited P-glycoprotein in 22
cases (=50 %) (Table 1.1). This pattern of P-glycoprotein expression speaks for the
expression of P-glycoprotein during chemotherapy and indicates that P-glycoprotein
is one responsible factor for the development of acquired (secondary) drug resistance
(Table 1.1). Another group of tumors (renal, cervical, and endometrial carcinoma)
showed a completely different profile. These tumors showed P-glycoprotein expres-
sion in a high number of biopsies, although these tumors have not been pretreated
(43 out of 55 tumors=78 %). A few tumors were nevertheless treated with MDR-
relevant drugs and they were all P-glycoprotein positive (5/5=100 %). These three
tumor types are known to be relatively unresponsive towards chemotherapy. This indi-
cates that P-glycoprotein expression in these tumor types is tightly correlated with
inherent (primary) resistance towards anticancer drugs. Exemplary immunostainings
of P-glycoprotein in human tumors are depicted in Fig. 1.12.

The results of our own investigations were compared with data from the litera-
ture. In a previous meta-analysis, a total number of 6.248 tumors were investigated
for their P-glycoprotein and MDRI mRNA expression as well as MDR1 gene ampli-
fication [55]. While MDRI gene amplification is a very rare event in clinical tumor
samples, overexpression of MDR1 mRNA frequently occurred even in untreated
tumors (Fig. 1.13). Comparable results were found for the expression of
P-glycoprotein in untreated tumors (Fig. 1.14). These results in a large number of
clinical tumors indicate that MDR1 gene expression does not account for multidrug
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Fig. 1.12 Immunohistochemical detection of P-glycoprotein in human tumors by mAb C219. (a)
Renal cell carcinoma, (b) endometrial carcinoma, (¢) multiple myeloma, (d) ovarian carcinoma,
(e) breast carcinoma, and (f) control tumor (daunorubicin-resistant solid carcinoma 180 of the
mouse). Taken from Volm et al. [31]

resistance in the clinic. Nevertheless, overexpression of MDRI mRNA and
P-glycoprotein represent a frequent event. Their occurrence even in untreated
tumors point to the relevance of P-glycoprotein/MDR1 for inherent or primary drug
resistance.
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Fig. 1.13 Expression of
MDRI1 mRNA in untreated
human tumors as determined
by Northern blotting, slot
blotting, in situ hybridization,
RNAse protection assay or
RT-PCR. Taken from Efferth
and Osieka [55]
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The next question raised was whether the increase of P-glycoprotein/MDRI in
animal tumors in vivo after treatment with anticancer drugs could also be observed
in a clinical setting. Therefore, it was evaluated whether the expression of
P-glycoprotein/MDRI in human tumors was higher after chemotherapy as com-
pared to untreated tumors before chemotherapy. As shown in Fig. 1.15, the mRNA
and protein expression levels considerably increased after chemotherapy. This indi-
cates that P-glycoprotein/MDRI also plays a role for acquired or secondary drug

resistance.
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Fig. 1.14 Expression of
P-glycoprotein in untreated
human tumors.
P-glycoprotein was detected
either by Western blotting,
immunohistochemistry,
immunofluorescence, or flow
cytometry. Taken from
Efferth and Osieka [55]

Fig. 1.15 Increase of
P-glycoprotein/MDR1
expression in treated as
compared to untreated
tumors. Taken from Efferth
and Osieka [55]
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1.8 Prognostic Relevance of P-Glycoprotein
for Treatment Outcome

To address the question whether P-glycoprotein expression is of prognostic rele-
vance for the survival of patients, a total number of 104 pediatric patients with
untreated non-B-type acute lymphoblastic leukemia are analyzed using immunohis-
tochemistry for the expression of P-glycoprotein in relationship to their therapy
outcome. As response criteria, we used the relapse rate and the relapse-free interval.
P-glycoprotein expression was detected in 36 out of 104 leukemia (35 %). We found
a significant lower probability of remaining in first continuous complete remission
(CCR) (p=0.05) and a tendency for an increased relapse rate in patients with
P-glycoprotein-positive blast cells (Fig. 1.16; [56]).

Since the pioneering work on the role of P-glycoprotein for multidrug resistance
by us and others in the 1980s and 1990s, several hundred clinical papers appeared
on the prognostic role of P-glycoprotein. It seems that the scientific fruits of the
early years of P-glycoprotein fell on a fertile ground leading to flowering clinical
research. It is beyond the scope of the present article to give a comprehensive over-
view of the prognostic role of P-glycoprotein vis-a-vis survival time of patients with
all different tumor types. Nevertheless, we have focused on few tumor entities to
highlight the clinical value of P-glycoprotein. For that purpose, we have chosen
acute myeloic leukemia and acute lymphoblastic leukemia as hematopoietic tumors
and breast cancer as example of a solid tumor.

As can be seen in Table 1.2, most but not all clinical investigations on
P-glycoprotein expression in acute myeloid or acute lymphoblastic leukemia
are significantly correlated with shorter survival times of patients. The prognostic
significance of P-glycoprotein has also been reported in detail by Marie and Legrand
[73]. While most studies used immunohistochemistry or flow cytometry, MDRI

100
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mRNA or P-glycoprotein efflux function have been addressed in only a few studies.
These investigations confirm the prognostic value of P-glycoprotein found in
protein expression analyses.

Most investigations on P-glycoprotein expression in breast cancer were also per-
formed using immunohistochemistry. Similar to acute leukemia, P-glycoprotein
expression in breast cancer was significantly associated with shorter progression-
free survival and overall survival of patients in most clinical studies (Table 1.2).

1.9 Conclusion and Perspectives

Analysis of the drug resistance phenomenon revealed that P-glycoprotein is not
only important to explain multidrug resistance of tumors in laboratory animals, but
also in cancer patients. Hence, this efflux transporter represents a determinant lead-
ing to the failure of chemotherapy and ultimately to the death of many patients.

A consequence drawn from these research efforts during the past three decades
may be the development of diagnostic tools to detect P-glycoprotein in tumors before
chemotherapy to predict treatment success or failure. Indeed, there have been consid-
erable efforts to develop methods making P-glycoprotein detection possible for rou-
tine diagnostics in clinical laboratories [78, 79]. It turned out that the standardization
of P-glycoprotein detection assays for routine diagnostics seems not to be trivial, but
nevertheless is a reachable task. For leukemia, flow cytometric assays based on dou-
ble labeling with a fluorescent-labeled anti-P-glycoprotein antibody and a fluores-
cent P-glycoprotein substrate such as rhodamine 123 have been reported as reliable
techniques to determine even low amounts of P-glycoprotein expression and activity
[80, 81]. For the detection of P-glycoprotein in solid tumors, radiolabeled substrates
of P-glycoprotein (e.g. sestamibi) represent an interesting approach [82—84].

The pretherapeutic determination of P-glycoprotein expression in human tumors
may be a valuable tool for personalized cancer therapy. In the case of high
P-glycoprotein expression, anticancer drugs involved in the MDR phenotype may
be ceased and other non-cross-resistant drugs or treatment modalities (e.g. immuno-
therapy) may be used. Another well-known approach is the use of inhibitors, which
specifically inhibit the efflux function of P-glycoprotein, thereby, re-sensitizing
tumors to standard antitumor drugs. This concept will be discussed in more detail in
Chap. 7 of this book.
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