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Meeting Report

Second International Symposium on Cytostatic Drug Resistance

The amazing potential of tumor cells to adapt to cytotoxic sub
stances continues to be an outstanding challenge for chemotherapy.
Although a few curative treatments do exist for selected tumor entities
(some childhood, testicular, and hematological malignancies), the vast
majority of malignant lesions show either early relapse after initially
effective treatment (ovarian and small cell lung cancer, acute myeloid
leukemia) or complete failure of anticancer drug therapy (colon, renal,
and non-small cell lung cancer). Improvement of this unsatisfactory

situation will essentially depend on a better understanding of the
factors underlying the current therapeutic limits of chemotherapy.

Recent progress in the scientific approach to chemoresistance has
shown that insensitivity to antineoplastic drugsâ€”rather than being
conferred by a single factorâ€”is mediated by diverse mechanisms

which can function alone as well as synergically. The main mecha
nisms recognized so far are

(a) The overexpression of the mdrl gene product Pgp,1 a trans-

membrane transport molecule which functions as an energy-depen
dent efflux pump with a surprisingly broad specificity, e.g., for an-

thracyclines, Vinca alkaloids, epipodophyllotoxins, and several others.
This form of chemoresistance is referred to as multidrug resistance;

(b) The alteration of the DNA-associated nuclear enzyme topoi-

somerase II, a molecule the reduced expression and/or activity of
which leads to a decreased sensitivity to several drugs, e.g., an-

thraquinones, anthracyclines, heavy metal toxins, and other DNA
intercalating agents;

(f) The enhanced synthesis or altered drug affinity of the cytoplas-

mic enzymes dihydrofalete reducÃaseor thymidilate synthase; because
both of these are targets of antimetabolites, the alteration results in
resistance for antimetabolites; and

(d) The overexpression of the detoxifying enzymes glutathione
S-transferase and glutathione peroxidase, which among others may be

involved in the inactivation of alkylators and platinating agents. The
role of these enzymes in drug resistance, however, is still under
discussion.

It should be emphasized that these mechanisms have been identified
experimentally and that their clinical relevance is still obscure. None
theless, from a clinical point of view as well, cellular and molecular
resistance mechanisms have drawn increasing attention subsequent to
research on various relatively nontoxic compounds (so-called resis

tance modifiers) that reverse the forms of resistance mentioned above.
The majority of these substances are related in particular to MDR.
Other approaches have been used for reversing resistance to antime
tabolites and heavy metal compounds.

The Second International Symposium on Cytostatic Drug Resis
tance (November 1-2, 1991. University of Kiel, Kiel, Germany) con

centrated on new developments in this field, including experimental
work and first clinical trials. The contributions were arranged, first, to
present new findings on cellular events occurring throughout the cell,
from the plasma membrane through the cytoplasm to the nucleus, and
second, to report on experiments exploring the reversibility of drug
resistance, on diagnostic approaches, and on clinical trials. The
present report offers a collection of the most stimulating presentations.
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1The abbreviations used are: Pgp. P-glycoprotein; MDR. multidrug resistance; RT-

PCR. reverse transcription polymerase chain reaction; topo II. topoisomerase 11;at-MDR.
alteration in topo II activity or amount associated with MDR; BSO. buthionine sulfox-
imine; GSH. glutathione; CML. chronic myelogenous leukemia; AML. acute myeloid
leukemia.

which it is hoped will contribute to the international discussion and
stimulate new ideas in those researchers and clinicians active in the
area of chemoresistance and the improvement of anticancer therapy.

The Introductory Overview

Introductory remarks were given by B. T Hill (Imperial Cancer
Research Fund, London, England) summarizing recent knowledge
and providing a framework of inquiry for the presentations and dis
cussions that followed. Hill emphasized the superficial nature of our
knowledge of pleiotropic mechanisms of drug and radiation resistance
and the need for further investigation at the functional and molecular
levels. She then confronted the audience with the unambiguous state
ment that so far there has been no convincing evidence for the clinical
relevance of the "MDR story." Although personally optimistic, Hill

emphasized the urgent need for carefully designed clinical trials.

The Membrane Pump and Alternative Mechanisms in Resistant
Tumor Cells

A common mechanism of resistance is the reduction of drug con
centration at cellular targets. This is exemplified in the "classical"

MDR phenotype in which anthracyclines and Vinca alkaloids are
actively extruded from the resistant tumor cell via a Pgp-mediated
process (leak-pump hypothesis), which can be inhibited by modula

tors that bind to Pgp. However, binding to Pgp as evidenced by
photolabeling (e.g., azidopine, cepharantine), does not always imply
transport, as M. Sehested (Sundby Hospital, Copenhagen, Denmark)
pointed out in his critical report on the role of Pgp and drug transport
across biomembranes. Sehested found competitive inhibition of Pgp-

mediated efflux by other anthracyclines to be closely related to their
lipophilicity, while highly lipophilic anthracyclines such as aclarubi-
cin, although substrates for Pgp in photoaffinity labeling assays, did
not themselves show reduced accumulation in MDR cells. The neutral
drug VP-16 appeared to be a poor substrate for Pgp. and active efflux

could not be demonstrated, e.g.. in MDR EHR2/DNR cells. In addi
tion, it was acknowledged that the decrease in drug accumulation
often found in non-Pgp MDR cells is poorly understood. Changed
delta-pH across the plasma membrane could account for decreased

accumulation of the basic anthracyclines and Vinca alkaloids. Resis
tant cells (both Pgp and non-Pgp) are often more vesicular than
wild-type cells, and this may play a role in drug sequestration to a

nontoxic site and/or efflux via exocytosis.
The suggestion of vesicular drug compartmentalization as a mech

anism of resistance was further substantiated by the contribution of A.
Reymann (Institute of Pharmacology, University of Hamburg, Ger
many). He reported on the human gastric carcinoma cell line EPG85-
257RNOV, which developed 185-fold resistance after gradual expo

sure to mitoxantrone. Western blot. Northern blot. PCR, and
immunocytochemistry did not detect any expression of Pgp in resis
tant cells, and resistance modifiers such as verapamil or cyclosporine
A were ineffective. EPG85-257RNOV cells contained intracytoplas-
mic mitoxantrone-stained vesicles as shown by interference micros

copy. To investigate the mechanism of resistance, drug uptake and
binding were measured with a silicone oil filtration assay. Cellular
kinetics of anticancer drugs in EPG85-257RNOV showed that (a)

total mitoxantrone uptake was reduced as compared with sensitive
precursor cells; (b) less mitoxantrone was bound to acid-precipitable
cellular matter (DNA, RNA, protein); (c) there was no evidence of
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saturation of mitoxantrone binding: and (cl) EPG85-257RNOV re
leased more mitoxantrone than sensitive EPG85-257P. The results

confirm the possible importance of intracytoplasmic vesicles as me
diators of mitoxantrone resistance in EPG85-257RNOV by keeping

the drug from its target sites and by serving as an export system for
detoxification via exocytosis.

Several other groups discussed alternative non-Pgp mechanisms

responsible for drug resistance. A. Seidel and M. Dietel (Institute of
Pathology, University of Kiel, Kiel, Germany) demonstrated the ex
istence of numerous cytoplasmic vesicles in MDR and non-MDR

cells. Light or fluorescence microscopy showed that these organelles
were filled with anticancer compounds. When the cells were exposed
to doxorubicin or daunorubicin. a strong red fluorescence within vesi
cles of resistant cell lines appeared, while the blue-colored mitox

antrone produced blue vesicles. This showed that the drugs had been
compartmentalized. In sequential fluorescence photography and scan
ning electron microscopy it was found that vesicle formation appeared
first in the perinuclear region of the cells and was then followed by a
unidirectional transport to the periphery of the cells along well-estab

lished paths. The intracellular migration seems to be directed by or at
least associated with the microfilament tubulin aided by motor mole
cules. The distribution of microtubules was found to vary, with a
denser network present in resistant cells than in sensitive cells. In
addition, tubulin filaments of the resistant variant showed structural
alterations, with thickening and uneven intracellular distribution. Re
arrangement was faster in resistant cells, while it remained uneffected
in parent cells. Just what kind of motor molecule (kinesin. dynein, or
others) drives the vesicles from the center to the plasma membrane is
an exciting question remaining to be answered.

Analysis of chromosomal alterations during stepwise amplification
of mdrl, dhfr (methotrexate resistance). CAD (i.-aspartate resistance),
and Na/K-ATP-ase (oubain resistance) were presented by B. P. Kopnin
(All-Union Cancer Research Center. Moscow, Russia). Quantitation

of mdr gene amplification and other gene classes in 32 cell lines
revealed a tendency toward shorter amplicons in cells with extrach-

romosomal location of amplified DNA. In addition, a more frequent
coamplification was found of gene classes 4 (sorcin) and 5 in cells
selected with eolchicine and vinblastine as compared with those se
lected after treatment with drugs that do not bind tubulin. This indi
cates distinct scenarios of karyotype evolution and differences in
umplicon composition during the development of resistance to various
drugs in human and rodent tumor cells.

In summary, the overexpression of transmembrane pump molecules
is certainly not the only mechanism by which tumor cells acquire
chemoresistance. Numerous intracytoplasmic events, such as vesicu
lar compartmentali/ation of toxic drugs with specific tubulin-associ-

ated drug transport mechanisms, and intranuclear changes, such as
overexpression of certain DNA-associated enzymes (see below), can

significantly contribute to the protection of cellular targets from toxic
agents. Unfortunately, these considerations complicate the clinical use
of resistance modifiers, as will be discussed later.

Cellular Differentiation and Pgp

Studies on the relationship between chemoresistance and cellular
differentiation may contribute to the understanding of Pgp expression
and its association with more complex changes of cellular structures
and functions. N. T. Raikhlin (All-Union Cancer Research Center,
Moscow. Russia) investigated human colon carcinoma LIM 1863 or-

ganoids. resistant to actinomycin D. which overexpressed Pgp. In the
resistant variant a higher percentage of cells was found to possess
ultrastructural features of differentiation (brush border and goblet
cells) when compared with parental organoids. Morphological signs
of maturation were accompanied by changes in the expression of

differentiation- specific antigens such as certain mucins and, on the

other hand, by loss of expression of the carcinoembryonic antigen.
The association of MDR phenotype with metastatic prostate cancer

was studied by I. Bashir (Royal Postgraduate Medical School, Lon
don. England). Hormone-insensitive low (AT2) and high (AT3 and
MAT-LyLu) metastatic cell lines of the Dunning rat prostate adeno-

carcinomu were selected in the presence of doxorubicin. Pgp expres
sion was verified by Western blot and immunocytochemistry. Drug-

sensitive and MDR sublines were grown as subcutaneous tumors in
Copenhagen rats. The behavior of tumors was examined at autopsy.
Metastasis to lymph nodes and lungs was seen in drug-sensitive AT3
and MAT-LyLu tumors but not in AT2 (sensitive and MDR), AT3, and
MAT-LyLu (MDR) tumors.

The results of these two studies show that cancer cells that are
initially less differentiated and highly metastatic may be converted to
more mature, less aggressive, and less metastatic cells once they have
developed the MDR phenotype. Intensive discussion of this point
revealed that other groups have made similar observations; however,
it was emphasized that the "higher differentiation" of animal MDR

tumors was not associated with better survival, but rather with poor
response to anticancer compounds, as expected.

Atypical (Non-Pgp) Multidrug Resistance

The integral nuclear scaffold enzyme topo II relaxes, unknots, and
decatenates DNA in an ATP-dependent fashion. Its action is vital in

many cell functions, e.g., replication and differentiation. The goal of
this session was to learn more about resistance for topo II inhibitors
lanthracyclines, mitoxantrone, epipodophyllotoxines, and 4'-(9-acrid-

inylamino)methanesulfon-m-anisidide| and to discuss ways for over

coming topo II resistance.
W. T. Beck (St. Jude Children's Research Hospital, Memphis, TN)

discussed the role of DNA topo II in the resistance of tumor cells to
certain inhibitors of this enzyme, notably the anthracyclines, epipodo-

phyllotoxins. and aminoacridines. Such cells display a form of MDR
that is restricted to those agents that stabilize DNA protein ("cleav-
able") complexes. The characteristic feature of MDR associated with

drugs that interact with topo II is at-MDR. Using teniposide-resistant
human leukemic CEM cells as a paradigm for at-MDR cells, general

features of this phenotype were described. In addition to decreased
topo II activity, the resistant enzyme displays several biochemical
alterations, suggesting that it harbors a mutation. In support of these
findings, the Memphis group identified a single base mutation in topo
Ila that results in a change of Arg to Gin at position 449. Several other
recent reports of mutation in or around the motif B/dinucleotide bind
ing site suggest that this region of the enzyme may be important in
drug action and resistance. W. T. Beck also presented data indicating
that nuclear distribution of topo II is markedly altered upon formation
of DNA protein complexes after drug treatment. Using an antibody
that recognizes both topo Ila and topo IlÃŸ,this group showed by
immunohistochemical staining that after drug treatment, topo II dis
tribution becomes more intense and homogeneous in a subpopulation
of cells but that this response is attenuated in drug-resistant cells.

Finally. Beck suggested that MDR associated with alterations in topo
II may have clinical consequences and indicated that current efforts
involve exploitation of biochemical and molecular features of at-MDR

cells in the development of probes and assays that may be useful in the
identification of such drug-resistant cells in the tumors of patients.

W. T. Beck's results were extended by a report of F. Gieseler

(Medizinische Klinik. University of WÃ¼rzburg,WÃ¼rzburg.Germany),
who reported distinct topo II isoactivities in MDR and non-MDR cell

lines. All lines expressed several distinct topo II isoactivities, which
were discriminated by pH and salt optima and. most importantly, by
their drug sensitivity. The nonselected HL-60R cells expressed a
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highly resistant topo II isotbrm which was isolated by fast protein
liquid chromatogruphy. Pretreated cells developed resistance by mul
tiple mechanisms. In contrast, in primary resistant cells a highly
resistant topo II isotbrm could be identified as the single molecular
mechanism.

F. Boege and co-workers (Medizinische Klinik. University of

WÃ¼rzburg.WÃ¼rzburg.Germany) studied a subclone of the human
promyelocytic cell line HL-60R. which developed spontaneously and
is 50-200-fold more resistant to topo II inhibitors but remained sen

sitive to cytostatic substances not acting via topo II inhibition. Drug
sensitivity was not modulated by verupumil, and HL-60R cells did not
express Pgp. Fractionation of partially purified HL-60R nuclear topo

II resulted in two distinct maxima of activity eluting at 170 (peak 1)
and 200 (peak 2) m\i NaCl. In human cells two isoforms of topo II (M,
170.000 and 180.000) have been described. Chromatographie frac
tions were probed with antibodies cross-reacting with both isoen-

zymes. In both peaks a double band of Mr 160,000/175.000 was
stained by the antibody. Further biochemical and pharmacological
characterization of fractionated topo II revealed remarkable differ
ences between peaks 1 and 2, including: (a) pH optimum: (/>) ortho-
vanadate sensitivity of ATPase: (c) 4'-(9-acridinylamino)methane-

sulfon-m-anisidide sensitivity of catalytic domain; and (d) protein net

charge. Probable explanations for the observed structural and func
tional heterogeneity are (/') close association with an as yet unknown
regulatory cofactor or (/'/') posttranslational covalent modifications

like isoprenylation or phosphorylation.
The topo II story will certainly receive more attention in the future

since this enzyme(s) may well play a basic role in many forms of
resistance. In the course of intensive discussion of the papers initial
indications were given that topo II alterations may be an early event
in the development of resistance and thus may be especially relevant
under clinical conditions.

Experimental Approaches to Overcoming MDR

Various drugs are known to block Pgp-mediated extrusion of cyto-

statics from MDR malignancies and restore the sensitivity of a cell to
anticancer drugs under experimental conditions.

The development of preclinical models for the rapid testing of
resistance modifiers for MDR is a high priority of research on drug
resistance, as pointed out by G. H. Mickisch (Urologische Universi
tÃ¤tsklinik Heidelberg. Heidelberg. Germany). He has engineered
transgenic mice that express the human mdrl gene in bone marrow
and demonstrated that these animals are resistant to leukopenia as
induced by a panel of MDR drugs. The resistance afforded by the
mdrl gene can be overcome in a dose-dependent manner by simul

taneous administration of experimental inhibitors of the mdrl gene
product Pgp in vitro including verapamil isomers. quinidine. quinine,
dihydropyridines, and cyclosporine A. Thus, the MDR-transgenie

mice provide an easily workable and reliable system to determine the
bioactivity of agents that reverse MDR in an intact animal.

Several trials are under way to test resistance modifiers using in
vitro assay systems. A. Reymann (Institute of Pharmacology, Univer
sity of Hamburg, Hamburg, Germany) compared the dihydropyridine
B859-35 (R-enantiomer of the Ca2 ' channel blocker niguldipine), an

agent of minor cardiovascular activity, with a panel of calcium chan
nel antagonists including verapamil, vanadate. and cremophor EL.
Gradual inhibition of Pgp function was tracked as a concentration-

dependent increase of daunorubicin content in murine leukemia cells
strain F4-6RADR expressing Pgp and was correlated with cell pro
liferation. The modulation of concentration response to B859-35, ver

apamil, vanudate, and cremophor EL by combining two agents clearly
indicated distinct pharmacodynamic mechanisms: a common mode of
action for B859-35 and verapamil (additive response), as opposed to

either cremophor EL or vanadate (mutual potentiation). B859-35 was
8-fold more potent than verapamil and effectively improved drug
access to F4-6RADR leukemia cells of the MDR phenotype.

Further characterization of the MDR modifier B859-35 was per

formed by J. Hofmann (Institute of Medical Chemistry and Biochem
istry, University of Innsbruck. Innsbruck. Austria). The affinity of
B859-35 to L-type channels is 30-40 times lower than the affinity of
niguldipine. In KB 8-5 cells, which express the mdrl gene and are
resistant to doxorubicin, 0.1 |JM B859-35 was sufficient to restore
doxorubicin sensitivity to the level of doxorubicin-sensitive KB 3-1
cells. The enhancement of doxorubicin toxicity in MDR-overexpress-
ing cells by B859-35 correlated with the ability of the compound to

reduce the efflux of rhodamine 123. which has often been used as a
substrate of Pgp. Based on the fluorescence of this compound, a fast
and convenient kinetic assay of Pgp activity has been established. It
was shown that B859-35 is significantly more potent than R/S ver

apamil in reducing rhodamine 123 efflux.
In the discussion following this presentation preliminary clinical

results on B859-35 activity were reported by K. Schumacher (Depart
ment of Hematology and Oncology, Robert-Bosch-Krankenhaus.
Stuttgart. Germany). They stressed the potency of B859-35 in revers
ing MDR in some patients' tumors. These data may stimulate further

trials.

Molecular Approaches to Overcoming Resistance

A fascinating new approach for inactivating special target DNA or
RNA molecules inside tumor cells was reported by K. J. Scanlon
(Department of Medical Oncology. City of Hope National Medical
Center, Duarte. CA). In his excellent presentation he outlined ap
proaches for the reversal of cisplatin resistance using an anti-/b.s
riboz.yme. The c-fos gene product Fos has been implicated in a myriad

of cellular processes including signal transduction, DNA synthesis,
and resistance to antineoplastic agents.

DNA that encodes a hammerhead anti-fos ribozyme was cloned into
an inducible plasmid and transfected into cisplatin-resistant

A2780DDP cells. The transformants showed dramatic changes in
morphology, becoming much more similar to the parental drug-sen

sitive cell line. Induction of the ribozyme completely reversed resis
tance to cisplatin in A2780DDP cells. Moreover, ribozyme induction
and its effects on c-fos resulted in decreased expression of DNA

synthesis enzymes, including dTMP synthase, DNA polymerase ÃŸ,
and topoisomerase I, all genes shown to be overexpressed in
A2780DDP cells. Metallothionein. which has also been implicated in
cisplatin resistance, is another known target of (Fos/Jun) action. Taken
together, these results suggest that Fos is capable of controlling the
cellular response to cisplatin-induced DNA damage by activating

several genes which have been separately implicated in cisplatin re
sistance. Significantly. dTMP synthase and topoisomerase I both con
tain AP-1 binding sequences in their 5' regulatory sequences. DNA

polymerase contains a ra.v-responsive element, and fos has been
shown to operate downstream of H-ras in signal transduction path

ways. Since overexpression of several enzymes including dTMP syn
thase, DNA polymerase ÃŸ,and topoisomerase I is also implicated in
resistance to 5-fluorouracil, azidothymidine, and camptothecin, re

spectively, the spectrum of resistance of Fos action is correspondingly
broadened. The fact that both the GSFgene and the MDR gene contain
an AP-1 binding site further reinforces the hypothesis that Fos may act

as a master switch in the coordination of drug resistance. DNA repair,
and detoxification processes. Perhaps only a small modulation of Fos
by the/b.v ribozyme is required to produce pertubations of the Fos/Jun
complex great enough either to activate the wrong genes or inade
quately turn on the correct genes.
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The aforementioned studies also introduce ribozymes as agents
which can overcome drug resistance. The fact that ribozymes can
effectively reduce oncogene expression suggests that they may have
roles either in reversing drug resistance or in suppressing tumor cell
growth. Because of the short half-life of c-fos mRNA, ribozymes may

have a useful advantage over antisense RNA (or fas gene expression.
These possibilities will be further explored in hopes of developing
tumor-selective chemotherapy.

Platinum Resistance and X-Irradiation

Clinical drug resistance has been documented in patients after treat
ment not only with cytostatics but also with radiotherapy. In addition,
cross-resistance between both forms of antitumor therapy have been

documented. This was the topic of the next session.
Reporting on an in vitro study of interactions between a series of

antitumor drugs and irradiation. B. T. Hill (Imperial Cancer Research
Fund, London. England) showed that prior exposure of human tumor
cells to fractionated X-irradiation can result in the expression of
subsequent resistance to cisplatin. Vinca alkaloids, and the epipodo-

phyllotoxins. W. C. M. Dempke (University of Aachen, Germany)
followed with a description of the mechanisms associated with the
expression of cisplatin resistance. The human ovarian carcinoma cell
line SK-OV-3/P was preexposed to fractionated X-irradiation (total
dose, 50 Gy) in vitro. The resultant subline SK-OV-3/DXR-10 proved
twice as resistant to cisplatin but not to acute X-irradiation. Consistent

with unaltered dihydrofolate reducÃaseand thymidylate synthase ac
tivities, the cells were cross-resistant to neither methotrexate nor5-
fluorouracil. Verapamil (6.6 UM)significantly enhanced cisplatin-in-
duced cytotoxicity in the resistant DXR-IO subline but not in the

parental cells. Immediately following drug exposure the total DNA
platination level, quantitated immunochemically, was even higher in
the resistant subline. After an 18 h posttreatment incubation the pa
rental line appeared proficient in the removal of the intrastrand adduci
Pt-AG but deficient in the removal of the major adduci Pt-GG and ihe
difunctional Pt-(GMP)2 lesion. At the same time, ihe DXR-10-resis-
lani subline was more proficient in removal of all four Pt-DNA ad-

ducts. DNA polymerase a and ÃŸactivities, however, were comparable
in the two cell lines. Il was suggested thai ihese dala implicale bolh
enhanced DNA repair and possibly ihe tolerance of DNA damage as
mechanisms of resistance to cisplatin resulting from in vitro exposure
of a human ovarian carcinoma cell line to fractionaled X-irradiation.

The clinical relevance of ihese observations remains to be established.
H. Bier (University of DÃ¼sseldorf.DÃ¼sseldorf,Germany) reported

ihe characterization of cisplatin-resistant sublines (HLac 79-DDP1 to

DDP4) of the recloned squamous cell head and neck cancer line HLac
79-ML thai revealed significant alterations of GSH metabolism and

drug accumulation. In order to overcome cisplatin resistance HLac 79
cells were invesiigaled for the effect of the specific inhibitor of GSH
synthesis BSO. verapamil. aphidicolin (which is a fungal metabolite
interfering with DNA repair through inhibition of DNA polymerase
a), and cyclosporine A. BSO-induced GSH depletion led to a signifi

cant decrease of the concentration producing 50% inhibition in all
HLac 79 sublines, while verapamil, cyclosporine A, and aphidicolin
were not effective in overcoming cisplatin resistance. The potential of
BSO to modulate cisplatin resistance was tesled in vivo in HLac 79
tumor-bearing NMRI mi/nu mice. Oral administration of BSO 7 days

prior to and during cisplatin treatmenl significanlly prolonged ihe
mean survival lime when compared wilh chemotherapy alone. This
shows BSO to be a potent modulator of cisplatin resistance under
experimental conditions. Its severe side effects, however, make clini
cal trials at present inadvisable.

Taken together, the mechanisms and interrelationship of resistance
for radiotherapy and platinum are more complex than MDR. Al

preseni il is much more difficuli lo inierfere, and clinically relevani
approaches do noi appear to be immanent.

On the Necessity of Pretherapeutic Assessment of the MDR and
Non-MDR Phenotype

A competent diagnostic of the MDR phenotype is mandatory for
successful clinical irials. As was clearly pointed out by several par
ticipants, applying immunocytochemislry alone is insufficient and
must be supplemented by additional assays. Several qualitative and
quantitalive methods were suggested as suilable for improving ihe
diagnosis, i.e.. extended immunocylochemislry using several mono
clonal anybodies (e.g., C-219, MRK-16, or JSB-I) in parallel. North
ern blolting, quantitative RT-PCR, and functional assays of actual

anticancer drug uptake and its modulation.
The mdrl gene can be detecled and quanliiated by RT-PCR as

explained by A. Bunge (Institute of Pathology, Universily of Kiel.
Kiel. Germany). Depending on whether an internal or an external
standard is selected, quantiialive RT-PCRs differ, and ihis can lead lo

artificial discrepancies in amplificalion rales between probe and stan
dard. Precision can be dramatically improved by processing both
probe and standard in the same reaction tube, thereby guaranteeing
virtually idenlical condilions for both buffers and primers. To achieve
a greater conformity of both amplified sequences, a standard for the
mdri gene was construcled. For ihis purpose, a complementary DNA
clone of the mdrl gene was used. The sequence was shortened be
tween the two primers by exonuclease III digestion. The shortened
clone was transcribed in vitro, and the resulting RNA was ihen used
as a siandard. Defined amounts were mixed with total RNA isolated
from cultured cells, and a RT-PCR was carried out. The amount of
mdrl RNA was calculated by means of a comparison of the nonradi-
olabeled amplification products as analyzed by high-performance
electrochromatography or high-performance liquid chromatography.

Detection of RNA in mouse cell lines revealed different levels of mdrl
gene on an elhidium bromide-stained gel. Other experiments indicated

possible coamplification of standard and probe RNA in the PCR.
Further research will determine whether different short clones have
ihe same qualilies as standards and which nonradiolabeled method is
best used in the examinations.

Probes specific for non-Pgp drug transporters are not yel available.

Therefore. H. J. Broxierman and his colleagues (Departmeni of Med
ical Oncology. Free University Hospital. Amsterdam, the Nelherlands)
developed an assay to probe active outward drug transport over the
plasma membrane. One such assay measures the increase in dauno-
rubicin-DNA binding thai results from rendering the plasma mem
brane selectively more permeable with 20 UMdigitonin, which instan-
laneously equilibrates intra- and exlracellular daunorubicin. With this
assay an increase of >IOO% in daunorubicin-DNA binding was mea
sured in several Pgp-positive cells. This meihod is a sensilive way,

independenl of ihe resislance modifier, of delecting the activity of Pgp
or other anthracycline (and presumably also for epipodophyllotoxins
and Vinca alkaloids) transporters.

Altered anthracycline fluorescent distribulion can be quantified us
ing laser scan microscopy and digital image analysis as illustrated by
G. J. Schuurhuis (Department of Medical Oncology, Free University
Hospital, Amsterdam, the Netherlands). Only in cells expressing Pgp
can both drug disiribution and accumulation be modified to a consid
erable degree with verapamil. In order lo detect whether these MDR-

relaled changes occur in clinical samples loo. leukemic blasls from
AML paiienls were assessed for in vitro drug accumulation and sub-

cellular distribution of doxorubicin before treatment and after relapse
following consecutive courses of daunomycin plus l-ÃŸ-D-arabinofura-
nosylcylosine, 4'-(9-acridinylamino)melhanesulfon-;Â»-anisidide plus

1-ÃŸ-D-arabinofuranosylcytosine, and mitoxantrone plus VP-16. In
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/w/r/-positive cells of two relapsed patients verapamil brought about
an increase in nucleancytoplasm ratios. These cells were positive for
Pgp by fluorescence-activated cell sorter immunofluorescence with
the monoclonal antibodies MRK-16. In Â«Â«//-/-negativecells (two ini

tial, one relapsed) verapamil did not affect ratios. These cells were
negative by fluorescence-activated cell sorter. Results indicate that
chemotherapeutic treatment of AML may result in recurrent disease
with MDR-like properties that are not necessarily linked to the pres
ence of Pgp and that functional assays are of particular importance in
establishing the diagnosis of an MDR tumor.

An interesting contribution to the pretherapeutic determination of
drug resistance was given by F. Joncourt (Abteilung fÃ¼rklinisch
experimentelle Forschung, University of Bern. Bern, Switzerland),
who assessed several resistance parameters in patients with hemato-

logical malignancies. Most chemotherapy protocols consist of a com
bination of drugs with differing modes of action. Clinical drug resis
tance is therefore likely to result from the combined presence of
several cellular activities which are able to prevent cell destruction.
Expression of a number of putative drug resistance markers in pe
ripheral blood and/or bone marrow mononuclear cells was measured
in parallel from 47 pretreated and untreated patients with hematolog-
ical malignancies (18 AML, 7 myelodysplastic syndromes, and 22
acute lymphoblastic or undiffcrentiated leukemias) and compared
with mononuclear cells from five normal individuals. The markers
used were (a) Pgp expression, (b) glutathione (GSH) levels and
GSH-transferase and GSH-peroxidase activities, and (r) O6-alkylgua-

nine-DNA-alkyltransferase (ATase) activity. Interindividual variation
was high, and no specific pattern of expression was found with regard
to the type of malignancy. Mean values of the markers from treated
patients tended to be slightly higher than those from untreated pa
tients, while mean values from both were higher when compared to
normal cells. Absolute levels of GSH and its associated enzymes as
well as ATase were high, possibly indicating a certain constitutional
resistance with respect to the GSH system and ATase. Pgp, on the
other hand, was detectable in merely 7 of 47 leukemic samples and in
none of the normal samples. This low frequency of Pgp expression
may explain the importance of natural product drugs (see above) in the
initial treatment of leukemias. Samples from five patients were ob
tained before and after chemotherapy. Three of these patients re
sponded to chemotherapy, and it was found that the values of all
resistance parameters except Pgp (which was negative in all five
patients) decreased under treatment. Two patients were refractory, and
parameters for levels of resistance clearly increased under treatment.
Prospective examination of repeated follow-up samples will help to
define the usefulness of measuring resistance parameters in individual
patients.

The importance of the detection of mdrl mRNA and/or Pgp is
controversial, however, and this was discussed. R. A. Kramer (Lederle
Laboratories. Pearl River. NY) investigated the expression of mdrl
mRNA in metastatic colorectal cancer and the relationship between its
expression, Pgp biosynthesis, and functional MDR in human colon
carcinoma cells. He reported that low constitutive levels of mdrl
mRNA/Pgp may not necessarily result in functional expression of the
MDR phenotype. He presented evidence that posttranslational events
(i.e., glycosylation and phosphorylation) may also be important for
establishing constitutive Pgp function in colon carcinoma cells.

Given our current state of knowledge, one must conclude that the
minimum diagnostic standard prior to clinical application of a com
bined cytostatic plus resistance modifier therapy should be the detec
tion of Pgp on either the protein (immunocytochemistry. Western blot)
and mRNA level (Northern blot or RT-PCR) or the functional level
(transport assays). Even in the event of positivity. the results must be
interpreted with care (see the contribution by Schuurhuis and Kramer

and several other speakers in the discussion). It is advisable, especially
in non-Pgp cell populations, always to include functional assays test
ing the effectiveness or ineffectiveness of the modifier suggested for
application.

Clinical Trials to Reverse MDR

Several groups reported on their experiences in managing the clini
cal phenomenon of MDR on hematological and solid tumors.

The first report on the inhibition of Pgp-mediated drug resistance in
hematological malignancies was given by B. W. Futscher and W. S.
Dalton (Arizona Cancer Center, Tucson, AZ). When first diagnosed,
hematological tumors are generally responsive to chemotherapy. If
relapse occurs, patients often acquire drug resistance mediated by the
activity of Pgp. Efforts to inhibit Pgp function include the use of
chemosensitizers in conjunction with chemotherapy. Verapamil and
cyclosporin A are two such agents that are currently being tested in the
clinic. It was remarked repeatedly during the meeting that analysis of
Pgp expression had been conducted prior to chemotherapy by immu-
nohistochemistry and quantitative PCR. Verapamil-induced ehemo-
sensitization was studied in multiple myeloma. In vitro studies indi
cated that verapamil was effective in sensitizing multidrug-rcsistant
myeloma cells but not drug-sensitive myeloma cells. Clinical reversal
of drug resistance in multiple myeloma was suggested by the rela
tively high remission rates observed after treatment. Cyclosporine A
has been used as a chemosensiti/.er in patients with high-risk AML,
and a remission rate of 14% was achieved.

The second presentation of a clinical trial modulating MDR focused
on R-verapamil. Based on in vitm data. K. Schumacher (Department
of Oncology and Hematology. Robert-Bosch Krankenhaus. Stuttgart,
Germany) conducted a phase I study on patients with progressive
malignant disease, mainly in solid tumors. One aim of the study was
to find the optimal dose of R-verapamil by monitoring plasma con
centration and side effects in connection with several chemotherapeu
tic regimes. Thiry-three patients were enrolled in the study; 13patients
with advanced breast cancer in progress were treated with doxorubicin
plus R-verapamil. Twenty patients with progressive malignant dis
eases of various origins (renal cell carcinoma, colon cancer, myeloid
leukemia, etc.) either had their prior treatment continued or were put
on a combination of two MDR substances plus R-verapamil. Plasma
concentrations of R-verapamil reached levels of 2500 ng/ml, compa
rable to effective concentrations in vitro. Arterial hypotension was the
most frequent dose-limiting side effect. There were significant toxic
effects on arterioventricular conduction (nine patients with AV-block
I) and on bone marrow. Left ventricular function remained constant
after four courses except in one patient. Bone marrow toxicity was
significant. The clinical response rate was about 30% in breast cancer
patients and >50% in patients with refractory acute myeloid leuke
mia. The authors concluded that R-verapamil was an effective, non-
toxic modulator of MDR.

So far the correlation between Pgp overexpression and clinical drug
resistance in patients with leukemia and myelodysplastic syndromes
has been unclear. In order to verify clinical relevance V. Nuessler
(Medinische Klinik III. University of Munich. Munich. Germany)
examined the Pgp expression in bone marrow of 66 patients with acute
myelogenous and lymphoblastic leukemia. 30 patients with CML, and
18 patients with myelodysplastic syndrome. Pgp expression was de
termined with the direct immunofluorescence method and the mono
clonal antibody C-219. In patients with acute leukemia the present
data indicate that a low Pgp expression (<10% positive cells in bone
marrow) is significantly correlated to their responsiveness to chemo
therapy. On the other hand. Pgp overexpression (>W7c positive cells
in bone marrow) is significantly correlated to chemotherapy nonre-
sponsiveness. This does not rule out other mechanisms of chemother-
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apy resistance, however. A clear relation of myelodysplastic syndrome
patients to the MDR phenomenon could not be shown. It must there
fore be assumed that another resistance mechanism is involved. CML
patients in blast crisis showed a strong correlation between Pgp over-
expression and nonresponsiveness to MDR-related drugs. Although

three CML patients were in the chronic phase, these patients demon
strated Pgp overexpression. These CML patients exhibited a transition
time of 3-6 weeks to the blast crisis.

These preliminary results indicate that patients with tumors ex
pressing Pgp may derive some benefit from chemotherapy with an-

thracyclines combined with a resistance modifier.

Perspectives for the Future

Before the complexity of interrelated factors can be organized into
a comprehensive view of cytostatic drug resistance, the scientific
investigation may have to follow many more twisting paths and pur
sue diverse leads. Despite the fact that many new experimental data
and interesting clinical observations have been reported at the Kiel
Cytostatic Drug Resistance Symposium, there was consensus that the
most central question remains unanswered: Which mechanism or
which sets of combined mechanisms play key roles in the clinical

setting of resistance to cytostatic drugs? As yet, none of the animal
experiments or the phase I and II patient trials on overcoming MDR
with a combination of classical cytostatics and resistance modifiers
has provided truly convincing results. Therapeutic success may be
precluded by various factors, including unsatisfactory pharmacokinet-

ics of resistance modifiers (erratic absorption, unfavorable distribution
or metabolism), inadeqate dosing of resistance modifiers due to in
trinsic side effects or aggravation of cytostatic system toxicity, local
hypoxia with slow rate of mitosis, or the presence of non-Pgp mech

anisms of resistance.
The tempting thesis that cytostatic drug therapy could be supple

mented by a "cocktail" of one or several tailored resistance modifiers

remains a hope for the future and will be one of the central topics of
the Third International Symposium on Cytostatic Drug Resistance to
be held in Aachen in June 1993.

Manfred Dietel
Institute of Pathology
Christian Albrechts University
Kiel, Germany
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