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GENERAL INTRODUCTION






Drug resistance in cancer

1.1 THE PROBLEM OF DRUG RESISTANCE IN CANCER THERAPY

About half of the patients that come to the physician with cancer have a localized
stage of the disease and can be cured by surgery or radiotherapy. The remaining
cancers have spread systemically because the primary tumor has metastasized or
because they are systemic cancers by nature. The only hope for cure for patients with
thesa cancers lies in systemic treatment such as chemotherapy or immunotherapy.
Cure can be obtained by intensive chemotherapy in childhood acute leukemia and
sarcoma, in adult testicular cancer and choriocarcinoma, and, to a lesser extent, in
lymphomas. In other malignancies like breast cancer adjuvant chemotherapy after
curative surgical ablation has proven bensficial in a minority of the patients by reducing
the likelihood of disease recurrence. In these patients residual microscopic disease,
which would have resulted in disease recurrence, has been eradicated by chemother-
apy. However, only 5%-10% of the patients with systemic cancer can be cured by
chemotherapy to day."? A still much smaller percentage of the cancers responds to
various forms of immunotherapy.

Anticancer drugs are not specifically directed against tumor cells; thay merely take
advantage of some tumor characteristics, especially accelerated cycls of cell division.
Dose intensification of a drug leads to increased antitumor activity, but is hampered by
the inherent enhanced toxicity to normal celis. To overcome this problem combination
chemotherapy has been introduced in which various drugs that are effective against a
certain cancer, but that differ in their toxicity to normal cells, are combined. This
approach has greatly increased the effectiveness of chemotherapy.® Nevertheless,
many cancers are still not curable by this approach, because they do not react to the
treatment from the start and are said to be intrinsically resistant to chemotherapy.
Examples of these tumors are hepatocellular carcinoma, carcinoma of the biliary tree,
non-small-cell lung cancer, renal celt cancer and glioblastoma multiforme. it is striking
that many of these cancers originate from duct cells or cells lining excretory organs.
This suggests that these tumors have retained the ability to detoxify, excrete, and
eliminate noxious compounds and exploit these mechanisms to resist chemotherapeutic
agents. Other cancers that were initially responsive to anticancer drugs may become
refractory to treatment or recur after an initial response. This is called acquired or
induced drug resistance.?

Although originating from one mutated clone of cells, a tumor is a heterogeneous
group of cells. Numerous additional mutations occur during tumor growth, some leading
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Modulation of P-glycoprotein-medialed mullidrug resistance

to new characteristics of the tumor, like mstastasizing potential and altered susceptibil-
ity to anticancer drugs.® Drug treatment may accelerate the selective outgrowth of
mutations that are responsible for drug resistance and which help the tumor to survive.
On the other hand, drug pressure on tumor cells can also induce upregulation and
development of defense and repair mechanisms that function in normal cells,*®

The mechanisms underlying resistance to anticancer drugs are manyfold, Tumor cells
may defend themselves against chemotherapy by diminishing drug accumulation in the
cell through decreased influx or increased efflux. The drug metabolism can be altered
leading to lowered turnover of prodrugs into active metabolites or by increased
metabolism of drugs leading to inactivation. Targets for drugs in the tumor ceil can be
altered quantitatively or qualitatively. Drug resistance may be caused by activation of
repair mechanisms for DNA damage which results in diminished cell kill. Gene express-
ion may be alterad by DNA mutation, gene amplification, deletion and other mechan-
isms leading to altered tumor characteristics. Some drug resistance mechanisms are
only found in certain kinds of tumors or are unique for a group of drugs, while others
are expressed ubiquitously in various tumors and are active against many anticancer
drugs.®? An example of the last group is muitidrug resistance (MDR) which is the
subject of the studies described in this thesis.
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Modulation of P-glycoprotein-mediated multidrug resistance

Summary

In this article we will review the in vive model systems that have been developed for
studying P-glycoprotein-mediated multidrug resistance {MDR} in the preclinical setting.
Rodents have two mdr genes that both confer the MDR phenotype: mdria and rndrib.
At gene level they show strong homology to the human MDR?! gene and the tissue
distribution of their gene product is very similar to P-glycoprotein expression in humans.
In vivo studies have shown the physiological roles of P-glycoprotein among which
protecting the organism from damage by xenobiotics. Tumors with intrinsic P-
glycoprotein expression, induced MDR or transfected with an mdr gene can be used as
syngeneic or xenogenic tumor models, Ascites, leukemia, and solid MDR tumor models
have been developed. Molecular engineering has resulted in transgenic mice that
express the human MDRT gene in their bone marrow, and in knockout mice missing
murine mdr genes. The data on pharmacokingtics, efficacy and toxicity of reverters of
P-glycoprotein in vivo are described. Results from studies using monocional antibodies
directed against P-glycoprotein and other miscellaneous approaches for modulation of
MDR are mentioned. The importance of in vivo studies prior to clinical trials is being
stressed and potential pitfalis due to differences between species are discussed.
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In vivo model systems in MOR

1.  Introduction: the problem of multidrug resistance in human cancer

A major obstacle for successful chemotherapy of cancer is the resistance of tumors
to anticancer drugs. Resistance may be caused by an intrinsic resistance to anticancer
drugs or by the emergence of drug-resistant cells during chemotherapeutic treatment.
In recent years several mechanisms causing drug resistance have been elucidated:
decreased uptake or increased efflux of drugs by tumor cells, alterations in targst pro-
teins, cellular drug metaholism or drug binding, and enhancement of DNA repair
mechanisms., Some mechanisms affect only a specific drug, while others cause
resistance to a wide variety of drugs.

An important mechanism, which has been observed in many different malignancies
and which affects various groups of unrelated anticancer drugs is called multidrug
resistance {(MDR}, Sometimes the prefix classical is added to distinguish classical MDR
from other forms of pleiotropic drug resistance. In classical MDR the mechanism of
drug resistance is an energy-dependent, unidirectional transmembrane effiux pump,
called P-glycoprotein or P-170, that extrudes drugs and other xenobiotics out of the
cell, Thus intracellular levels of these compounds can be kept under a non-cytotoxic
level. The efflux pump has a broad substrate specificity affecting drugs as anthracy-
clines, epipodophyllotoxing, Winca alkaloids, taxanes, colchicine, topotecan, and
actinomycin 0. Therefore, tumors expressing the MDR phenotype are cross-resistant to
a wide wvariety of structurally unrelated drugs. Many compounds that have no
antineoplastic activity can also interact with the P-glycoprotein efflux pump and block
its function. This leads to increased intracellular levels of cytotoxins that are substrates
for P-glycoprotein and to enhanced cell death, Compounds that can block P-
glycoprotein are termed MDR modulators, reverters, or chemosensitizers,'?

Studies on the expression of the mdr gene or its product P-glycoprotein in human
tumeors are difficult to interpret as various methods with varying sensitivity and
specificity, often leading to conflicting results, have been employed by the investiga-
tors. Molecular methods for the detection and measurement of the mor DNA and mRNA
are generally sensitive and quantitative, the most sensitive being the reverse transcrip-
tase polymerase chain reaction. However, contamination of the tumor sample with
normal cells and heterogeneous expression of the mdr gene within the tumor can not
be detected. Immunohistochemical assays with specific monoclonal antibodies against
P-glycoprotein can detect P-glycoprotein expression at the individual cell, but the
sensitivity is generally less than in molecular techniques and the measurement of P-
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glycoprotein level is semi-quantitative. Functional assays measure the actual activity of
the P-glycoprotein efflux pump in tumor cells. This technique is currently only available
for hematological malignancies.*® Recently, recommendations have been published for
standardization of methads to detect P-glycoprotein-associated MDR.®

In general, it can be stated that tumors originating from tissues with high expression
levels of P-glycoprotein have clear P-glycoprotein expression as well and are often
intrinsically refractory to chemotherapy. Among these are colorectal cancer, renal cell
carcinoma, hepatoma, adrenocortical carcinoma and pancreatic cancer.”® Results of P-
glycoprotein expression in breast cancer and soft tissue sarcoma are variable,®® while
in fung cancer, ovarian cancer, and melanoma levels of MDR expression are low to
absent.®® For some of these solid tumors higher levels of MDR expression have been
reported after relapse or failure of chemotherapy with MDR substrates, e.g. breast
cancer,®'° ovarian cancer,’' and neuroblastoma.'? For more extensive information about
the expression of MDA in solid tumors, the reader is referred to some specific

reviews,'*!4

In hematological tumors MDR overexpression is frequently observed in acute myeloid
leukemia, while its expression in acute lymphoblastic leukemia is generally low %1519
Secondary acute myeloid feukemia and disease recurrence after chemotherapy are
assaciated with a markedly higher frequency of MDR expression,'®'? In lymphoma and
myeloma P-glycoprotein expression is infrequent in newly diagnosed cases, but
common in recurrent disease after chemotherapy.'®'® In specific revisws the results of
P-glycoprotein expression in hematological malignancies are summarized.?%?!

Several studies have brought forward evidence that P-glycoprotein expression has
prognostic  significance in certain malignancies. In neurcblastoma and childhood
sarcoma P-glycoprotein expression is associated with poor response to chemotherapy,
increased chance of relapse, and decreased survival.?*?® In acute leukamia there is a
correlation with reduced frequency and duration of complete remission.'®%? However,
for many tumors studies with rasults contradicting other reports have been published
and the exact significance of P-glycoprotein-mediated MDR remains to be defined.”

The remainder of this review will concentrate on /n vive studies on the physiological
functions of P-glycoprotein and on /n vivo mode! systems that have been developed for
studying modulation of P-glycoprotein-mediated MDR. The similarities and differences
in MDR-related P-glycoproteins between species will be outlined. The validity of the
animal models for studying MDR and their relevance to the clinical situation in humans
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will be discussed.

2.  Mdr gene expression and function across species

2.1, The mdr superfamily of genes

The human P-glycoprotein is a 170-kilodaiton protein which consists of 1280 amino
acids. The putative structure of P-glycoprotein consists of two homologous halves each
containing 6 transmembrane regions and a large intracytoplasmatic loop encoding an
ATP-binding site. Together they form the functional multidrug transporter.?® The gens
encoding for P-glycoprotein is highly conserved during evolution and belongs to a
superfamily of membrane-associated transport proteins: the ATP-binding cassette
(ABC) family. This family includes, amongst others, bacterial transporters, the STE-6
transporter in yeast, the Plasmodium chloroquine resistance gene, the Leishmania
resistance gene, Drosophila genes, and the cystic fibrosis gene CTFR. Proteins of the
ABC family are transporters of various nutrients, peptides, polysaccharides, toxins and

2129

drugs.

In humans two mdr genes have been detected, from which only MDR7 encodes for
the MDR-related P-glycoprotein effiux pump and confers the MDR phenotype.?*3>*2 The
function of the second mdr gene product in humans, MDR3 or MDR2 {for nomenclature
see Table 1}, has only recently baen elucidated, but it is not a transporter of drugs used
in chemotherapy. Rodents have 3 mdr genes, from which class 1 and 2 have been
shown to confer the MDR phenotype.®?* In mouse and rat these genes are called
mdria and mdrib (in mice also designated as mdr3 and mdrt raspectively, and in rat
as pgpl and pgp2 respectively);®*® in hamster they are named pgﬁf and pgp2.2737
Tahle 1 gives an outline of the mdr genes in various species and the nomeanclature.
Comparison of coding sequences of the various mdr genes shows high homology and
sequence identity. The homolagy is higher between genes of the classes 1 and 2
versus the genes of class 3, consistent with the different abilities of their products to
transport drugs. The mouse mdria and mdrib genes show 83% identity to each other,
while they have 73% and 71% identity with the mdr2 gene respectively.*® The human
MDRT and MDR3 coding sequences are over 75% identical. The higher identity within
classes is retained when mdr genes of the same class are compared across Species.
Sequence identity of human MDR 1 and mouse mdria is 82% and of human MDA and
mouse mdrib 79%. Similar homology is found with hamster and rat class 1 and 2 mdr
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Table 1. Classification of the mdr/P-glycoprotein genes

P-glycopratein gene

species class 1 class 2 class 3
human MOR1 - MDR3’
mouse mdrta' mdr1b® mor2
hamster pgpl pgp2 pap3

rat! mdrla mdrlb madr2

MOR3 is also known as MDR2
¥ mdrlais also known as mar3
@ mdribh is also known as mdr!
¥ The rat mdr genes are designated pgp?, pgp2, and pgpd in some studies, like the nomenclature of the

hamster mdr genes

genes.”*® Within class 3 identity of human MDR3 and mouse mdr2 at the amino acid
level is even 81%.%® This suggests that early in evolution a primordial mdr gens gave
rise to the ancestral class 1/2 and class 3 genes. A second gene duplication event
occurred in rodents, but not in humans, and resulted in the mdria/pgp? and
mdrib/pgp2 genes.**° Regions with the greatest homology are the ATP-binding/utiliza-
tion regions, the 2™, 4", and 11" transmembrane domains, and the 1" and 2™ intracyt-
oplasmatic loops in each half of the molecule. Among the least conserved regions are
the 1% extracytoplasmatic loop, the connecting region between the two halves of the

molecule, and both terminal ends.*"*?

2.2. Tissue distribution of the mdr genes

The expression of the mdr genes in rodents and human is tissue specific and mdr
genes of the same classes show a comparable pattern of distribution in different
species, In mice the mdria gene is mainly expressed in intestine, lung, liver and blood
capillaries of brain and testis. The predominant isoform in the adrenal, uterus in
pregnancy, placenta and kidney is mdr15.4** In hamsters a similar pattern of distribu-
tion of the pgp? and pgp2 genes is shown.*”*® Although minor differences in class 1
and 2 mdr expression between the various studies are found, the overall pattern
concurs very well. The tissue distribution of mdriajogp! and mdrib/pgp2 together
matches very neatly to that of the human MDA, as can be seen in table 2. In humans
MDR1 is mainly expressed in the adrenal, kidney, intestine, liver, uterus in pregnaney,

18
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Tahle 2, Tissue expression of the mdr class T and 2 genes in human and rodents

human MDR1 murine mdrfa  hamster pgp!  murine mdrfh  hamster pgp2

heart muscle + + +
lung + + + ++ +

liver +++ + +/pi +

stomach + o +

jejunum-iteum + 4+ + +++ pi +

colon ++ + 4+ + pi +

spleen + ' + + +

kidney ++ 4 + + +

adrenal +4+++ + + + 4+ + pi
testis + + + 4 +pi 0

ovary + . + + +1pl ++

uterus + + + + +/pi 4

uterus + 3+ + ++++ pi

{in pregnancy}

placenta 0 ++ +
skeletal muscle + + + +
brain ++ + + + fpi Q

+ - + + + + represents the relative expression level of mRNA; 0 = very fow to undetectable mRNA; pi =

predominant isoform in the particular tissue.
Data on human MDR? were compiled from relerences 7,9,46,48; data on murine mdrfa and mdrib from
44-46; data on hamster pgp! from 47 {all mainly RNA analyses); non-quantitative data on hamster pgpi
and pgp2 fram 45 are designated as predominant isofarm {pi)

and is the predominant isoform in the capillaries of brain and testis.**%%® Diverse
human hematopoistic differentiation lineages show MDR{ expression as well.®°
P-glycoprotein class 3 genes are the predominant isoforms in mouse and rat liver,
spleen, heart muscle and striated muscle,®®***5® and in hamster heart and striated
muscle.*® There are several studies on class 3 mdr expression in mice and overall most
studies show comparable results. Only two studies on rat mdr2 and one on hamster
pgp3 expression have been published and some differences ars notable. Two different
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cDNA clones have been reported for the rat mdr2, with a mismatch in nucleotide bases
between the two sequences resulting in nucleotide differences for four amino acids.®'-*?
Work with the first DNA sequence derived from the Fischer 344 rat strain revealed a
distribution pattern of mdr2 in the rat comparable to that in the mouse.” With the
second mdr2 cDNA cloned from the Sprague-Dawley rat strain however, high express-
ion lavels were detected in liver, but also in gastrointestinal tract, low levels in brain,
heart and kidney, and undetectable ievels in spleen and striated skeletal muscle in this
rat strain.®? If these rasults are confirmed with additional studies, this would indicate
that strain differences exist within species in expression level of the various P-
glycoproteins. Seen the similarity in distribution of the various mdr genes across
species and the differences in function between class 1 and 2 versus class 3 P-
glycoproteins {vide /nfra) this is not very likely, In hamsters the predominant isoform in
the liver would be pgp1,*® while in other species this is class 3 mdr. As both isoforms
are found in the liver, the differences may be based on factors as differences in
investigational techniques. These inconsistencies left aside, the distribution of rodent
and human class 3 P-glycoprotein is guite similar. See table 3. In humans high express-
ion levels of MDR3 are found in the liver,*®*® and with specific monoclonal antibodies
only in this organ expression of the MDR3 P-glycoprotein is shown.?®%* Low expression
levels of MDR3 mRNA are found in human adrenal, spleen, heart, and striated
muscle.9*

Immunohistochemical and in sitv hybridization studies have shown that within the
fissues the P-glycoproteins have specific subcellular localizations, with a similar pattern
of distribution in human and rodents. In epithelial cells with a polarized excretion or
absorption function P-glycoprotein is mainly expressed at the apical surface that lines
the lumen, The MDR7 product is demonstrated in the brush border of the proxima!
tubules of the kidney, the biliary canalicular surface of the hepatocytes, the apical
surface of columnar epithelial cells in small and large intesting, and luminal surface of
the cells in the pancreatic ductules.®** In rat kidney, liver, and intestine a comparable
subceliufar distribution of P-glycoprotein is detected, and in the pancreas acinar cells
were stained with a specific monoclonal antibody (C2191.% In mouse and hamster class
1 P-glycoprotein is expressed in colonic epithelial cells in a polarized manner.*®*57 |n
the gravid uterus of the mouse mdrib is expressed at high levels in the secretory
epithelial cells of the endometrium.*3%% At blood-tissue barriers of the central nervous
system and testis, and in the papillary dermis, MDR1T is expressed at high level in
endothelial cells.®®%% p-glycoprotein expression in endothelial cells of the brain is
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Tabla 3. Tissue expression of the mdr class 3 genes in hurnan and rodents

human MDR3 muring mdr2 rat mdr2' hamster pgp3

heart muscle + + + ++ pi
lung 0 + +

liver +++ ++ 4+ ++++

stomach 0 o}

jejunum-ileum 0 or

celon 0 0

spleen + + + + 4+

kidney o] 0 0

adrenal + +

testis 0 Q

ovary 4]

wterus 0

uterus ¢]

{in pregnancy}

placenta o o}

skeletal muscie + + + + + pi
brain 0 0 0

+ - + 4+ + + represents the relative expression level of mBNA; O = very low to undetectable mRNA; pi =
predeminant isofarm in the particular tissue

Data on human MDA3Z were compiled from references 39,49; data on murine mdr2 from 39,44,45; data
on rat mor2 from 51 {studies are mainly RNA analyses); non-guantitative data on hamster pgp3 from 45

are designated as predominant isoferm {pi)
! Furuya ef al%? cloned mdr2 cDNA from the Sprague-Dawley rat strain and detected high expression
levels in liver and gastrointestinal tract, low levels in brain, heart and kidney, and undetectable tevels in

spleen and striated skeletal muscle in this rat

shown in rat and mouse, in the latter being mdrfa.%%%* In hamsters a similar expression
of pgp7 is demonstrated in endothelial cells of brain and testis, but also of ovary and
uterus.*® Staining of adrenal cortical celis for P-glycoprotein is homogeneous and not
polarized 5845557

Human MDR3, and mouse and rat mdr2 is shown to be localized in the biliary
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canalicular membrane of hepatocytes but not in epithelial cells of the bile ductules,?®*

2.3 Physlological roles of the P-glycoproteins

The similarities between species in tissue distribution and subcellular localization
suggest that the P-glycoprotein isoforms perform fundamentally important physiological
functions in cells and that these functions are retained across species, The localization
of P-glycoprotein at the apical side of cells that line luminal surfaces in kidney, liver and
intestine is consistent with a putative datoxification role for P-glycoprotein mediating
excretion or preventing (rejabsorption of degradation products, xenobiotics,
carcinogans and drugs.®® Additionat evidence for such a role comes from studies that
show that mdr RNA levels are upregulated in rodents in response to stressing situations
like acute cytotoxic insults and partial hepatectomy. %%

In murine kidney cells a basal to apical transepithelial transport of vinblastine has
been shown.®® Secretion into urine of vincristine and vinblastine in degs and colchicine
in mice is diminished by inhibitors of P-glycoprotein like cyclosporin A and PSC 833,
which strongly suggests a P-glycoprotein-dependent transport mechanism.®%® in the
mdrila knockout mouse, that has no functional mdria expression {vide infra), digoxin
plasma levels are raised 2-fold compared to normal mouse, probably because of
diminished renal elimination.®”

Evidence for a physiological function of P-glycoprotein in the intestine comes from
studies with rat everted gut sacs and segments of rat intestine in which transport of
the P-glycoprotein substrates from serosal to mucosal side is shown.®®® Intriguingly, in
the last study differences in transport of various substrates depending on the intestinal
site, whether duodenal, jejunal or colonic, were observed. This might suggest that P-
glycoprotein-mediated efflux systems exist with different substrate specificities
depending on the intestinal site.®®

in vitro studies with rat liver tissue have shown that canalicular membrane vesicles,
but not sinusoidal (basolateral) membrane vesicles of the liver have a P-glycoprotein
efflux pump which is ATP-dependent and can be inhibitad by MDR modulators.” In
mice, canalicular membrane vesicles express mdria and mdr2, while sinusoidal
membrane vesicles do not express P-glycoprotein.®® Biliary clearance of vinblastine,
colchicine, and adrismycin is blocked by P-glycoprotein inhibitors in vive 5%7%72
induction of cholestasis by ligation of the bile duct or by administering a cholestatic
agent resulted in upreguiation of mdrfa and mdr1b expression in the rat. This upregula-
tion of P-glycoprotein caused a significant increase in biliary excretion of vinblastine. In
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monkeys the cholestatic agent resulted in upregulation of both MDR7 and MDR3.™
Togethar, these data strongly support the idea that P-glycoprotein plays an important
role in the secretion of xenobiotics and other compounds into the bile,

The hypothesis that P-glycoprotein has a protective function at the blood-brain barrier
has recently been confirmead. Cultured mouse brain endothelial cell lines that expressed
mdr1b have been shown to transport vincristine from basal to apical side, that is from
the brain to the blood luminal side.” In most rodent studies the predominant isoform of
mdr in the brain capillaries was found to be mdrfa, although minor expression of mdrib
has also been observed.**” The enhanced expression of mdrtb in brain endothetial
cells in cultures is possibly an in vitro phenomenon.” /n vivo evidence for functicnal P-
glycoprotein at the blood-brain barrier comes from the group of Borst, who have gener-
ated mice homozygous for a disruption of the mdrfa gene, so called mdrfa knockout
mice.® No functional expression of the mdria gene could be shown in these mice, and
especially in gut epithelium and brain capillaries all detectable mdr7a was lost and no
increased expression of mdr1b was observed. The mice appeared normally healthy and
fertite. However, they displayed a markedly increased sensitivity to the neurotoxic
effects of the pesticide ivermectin, an acaricide and anthelmintic drug, and to the
carcinostatic drug vinblastine. Brain tissue levels of ivarmectin were 87-fold and
vinblastine 22-fold higher in mdrla knockout mice compared to normal mice, while
plasma levels of the drugs were only 3.3-fold and 2-fold higher respectively.®® The
neurotoxic effects of ivermectin were also observed in experiments with the MDR
reverters PSC 833 and SDZ 280-446 in normal mice showing that potent inhibitors of
P-glycoprotein are able to block its normal function at the blood-brain barrier in vivo.™
Coadministration of cyclosporin A significantly increased the distribution of rhodamine-
123, a dye that is transported by P-glycoprotein, to the brain in rats, without altering
the plasma disposition of rhodamine-123.7° These data show that P-glycoprotein is an
important component of the functional blood-brain barrier and protects the central
nervous system against deleterious effects of endogenous and exogenous toxins,

The homogenous distribution of P-glycoprotein in cells of the adrenals and in the
placental trophoblast suggests a role in steroid transport. Evidence of in vitro studies
support this putative role. It has been shown that various steroids as cortisone,
dexamethasone, and possibly aldosterone can be transported by rodent and human P-
glycoprotein.’™’® Progesterone binds strongly to P-glycoprotein and is an sificient
inhibitor of its transport function, but is not transported itself by P-glycoprotein.”’”®
Together with estrogen, progesterone seems to induce the expression of P-glycoprotein
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in the uterus during gravitation in mice.® In mouse adrenocortical Y1 csils, steroid
secretion is blocked by high concentrations of inhibitors of P-glycoprotein function in
vitro.®' And in mdria knockout mice intracerebral uptake of radiolabeled dexamethas-
ona is moderately enhanced, which suggests a potential role for P-glycoprotein in
transport of dexamethasone /n vivo.®” The importance of P-glycoprotsin as a steroid
transporter is however questioned by preliminary results of mdr7b knockout mice and
mdria + mdrib double knockout mice that show no gross disturbances in the
corticosteroid metabolism and have normal fertility. This suggests that both mdrfa and
mdrib P-glycoprotein have no essential function in the normal metabolism of the
adrenals and pregnant uterus,®

The function of the class 3 mdr genes has long puzzled investigators. Despits
numerous experiments, involvement in MDR has never been observed.®*® A break-
through came when the mdr2 knockout mouse was generated, that has no detectable
functional mdr2 P-glycoprotein.®® Homozygous mdr2 (-/-} mice develop a severe liver
disease that is caused by the complete inability of the liver to secrete phospholipid into
the bile. Heterozygous mdr2 {+/-) mice have approximately half of the normal lavel of
the major component of biliary phospholipids, phosphatidylcholing, in their bile. The
output of bile salt is not affected.®® Studies in transgenic mice carrying the human
MOR3 gene crossed with the mdr2 knockout mice show that this human gene product
can fully replace the function of murine mdr2: phosphatidylcholine levels in bile were
normal and no liver pathology was observed.®? The mdr2 P-glycoprotein is supposed to
function as a flippase which translocates actively phosphatidylcholine from the inner to
the outer leaflet of the canalicular membrane.®*®® In the mdr2 knockout mouse elevated
levels of /mdria and mdrib were observed. However, as their gene products do not
transport the same substrates, they cannot replace mdr2 functionally and the upregula-
tion is probably an expression of reactions of the organism to the adverse condition.®*

2.4. Substrate specificity for cytotoxins?

cDNA transfection experiments have shown that mdr genes of class 1 and 2, human
MDR1T and mouse mdrfa and mdrtb, can confer the complete MDR phenotype,3'-25%8
Class 3 genes, MDR3 and mdr2, can not confer MDR.5*®% As different localizations,
possibly with specialized functions, of the two rodent mdr class 1 and 2 genes have
been shown, an important question is whether these genes &lso have substrate speci-
ficity and different binding properties. In other words, focused to the subject of this
review, has the duplication in rodents of the mdr? gene into mdria and mdri1b lead to
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different abilities to extrude cytotoxins?

induction of MDR by drug pressure in rodent tumor cell lines has led to various celt
lines that overexpressed either mdria, or mdrtb, or both.*'*"% Expression of either
mdria or mdr1b seems to be controlled in the first place by the specific tissua cells in
which drug resistance is induced and not by the selecting drug.®™®® In some studies
mdrib was first expressed in the lower-resistant cell line, while at later stages of
induction at increased drug resistance levels mdria was expressed.®®' This suggests a
switch to a more efficient drug transporter. Better efficiency of the mdria P-
glycoprotein was observed in transfection studies, in which at similar levels of protein
expression the mouse mdria product seemed to be a more efficient drug efflux pump,
as the mdrfa transfectant showed the highest level of resistance.’”®® in the mdria
knockout mouse a reactive upregulation of expression of mdr7b in kidney and liver was
obsarved.’® Whether this means that part of the physiclogical excretion function of
mdria in these organs can be replaced by the mdrib product, or that this is only an
expression of a reaction of the organism to stress, remains to be elucidated.

Several differences in resistance patterns in the transfected cell lines with murine and
human mdr products suggest possible substrate specificity. The mdria and mdrib P-
glycoproteins showed no relative preference for either doxorubicin, vinbiastine, or
colchicine and for all drugs the resistance level of the mdria product was about 2-fold
higher.®® Raesistance to doxorubicin and vinblastine of the MDRT transfectant was 1- to
3-fold lower compared to mdr?b and 3- to 5-fold compared to mdrfa. For colchicine
resistance was much lower {13- to 28-fold). The mdria product conferred much higher
resistance levels for actinomycin D campared to mdrib (over 25-fold), white MDA T was
intermediate resistant {6-fold}.?3 Apart from variations in the cross-resistance pattern,
differential affinity for various chemosensitizers has been reported for the two rodent
mdr products in these transfectants.’®* These studies suggest that the twe rodent
drug transporters of mdrfa and mdr1b have a large overlapping substrate affinity and
transporter activity, but also some distinct substrate specificity.

Induction of drug resistance by drug pressure usually results in cell lines that show
the highest levels of resistance to the agent used in the selection procedure. The
pattern of cross-resistance to other drugs can be extremely variable, even when P-
glycoprotein has bgen shown to be induced.®® This effect is found in human and rodent
cell fines and can therefore not solely be explained by the difference in number of genes
that confer MDR.**® Savaral other mechanisms that can explain the variability in MDR

phenotype have been proposed.
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Point mutations in the rmdr genes strongly influence substrate specificity. A mutation
of Gly'® to Val'®® in human MDR? caused a decrease in the resistance to vinblastine
and an increase in the resistance to colchicine.*” A point mutation in transmembrane
zone 6 of hamster pgp? diminished the resistance to colchicine, vincristine, and
daunorubicin, while actinomycin D resistance was elevated.®® A single amino acid
substitution {Ser to Phe) within a coding region for transmembrane part 11 of murine P-
glycoprotein strongly modulated the activity and substrate specificity of the mdrfa and
mdrib products in a transfection study.”® Interestingly, mutations at the homologous
position (transmembrane part 11) of the pfmdr? gene of Plasmodium falciparum is
associated with chloroquine resistance.”®* The mutation in the murine ¢cDNA had
happened by accident during construction of mdrib and was due to a polymerase error,
Intreduction of this mutation into /ndr7b as well as into mdrfa changed the resistance
pattern compared to the wild-type cDNA.® Resistance to vinblastine was mildly
reduced, to adriamycin and colchicine strongly reduced in both cell lines transfected
with either mutant mdrfa or mutant mdr!b. However, effects on other drugs were
distinct: in the mdria transfectant sensitivity to actinomycin D was not changed, while
this was decreased 5- to 10-fold in the mdr7b transfectant., Exactly opposite results
were obtained for Gramicidin D.%% Additional studies on this mutation of mdr7a and
mdr1b showed that drug binding and transport of the mutant P-glycoproteins were
altered.®? Modulatars of P-glycoprotein were also affected by the mutation: the
introduced mutations either produced no effect, or enhanced, or reduced the potency of
the particular modulator. These studies indicate that the recognition and transport of
the structurally heterogeneous compounds by P-glycoprotein involves several determi-
nants within the transmembrane domains of the transport proteins, which form
together a complex binding pocket.®® Differential effects of P-glycoprotein inhibitors in a
wild-type and a mutant MDR transfectant were also observed with human material.'®

An additional explanation for the variable drug resistance patterns lies in the differ-
ences in assays used to test drug sensitivity in vitro, which may not be directly
comparable. And, very importantly, the induction of MDR in tumor cells by drug
pressure is not a clean process and additional drug resistance mechanisms may be
induced alongside P-glycoprotein-mediated MDR.*** Other proposed mechanisms as
allele polymorphism or alternative gene splice variants have not been observed in

rodents sofar,

The studies described in this chapter show that the rodent mdria and mdrib genes
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show high homology and sequence identity to the human MDR7 gene. Similar cross-
species homology is found for class 3 mdr genes {rodent mdr2 and human MDR3). The
tissue distribution of the mdr genes is very similar across species: mdrla and mdrib
expression in rodents together resembles human MDRT expression, as does rodent
mdr2 and human MDR3. Studies in rodents have revealed the various physiological
functions, which confirmed roles proposed on the action of P-glycoprotein and its
focalization in tissues. A matter of concern are differences between the mdria, mdrib
and MDR1 gene products in activity as drug transporter dependent on drug and
transporter. Nevertheless, the transporter activity of the mdr gene products is largely
overlapping and therefore, the rodent P-glycoproteins seem suitable tools for studying

function and modulation of MDR,

3.  In vivo MDR model systems

We will not discuss all reported in vivo models in extenso. The most important
characteristics of the MDR tumors and cell lines that have been described for /n vivo
use are summarized in the tables 4-8. The MDR phenotype consisting of the typical
cross-resistance pattern to cytotoxing in cytotoxicity assays and diminished accumula-
tion of MDR drugs or dyes, together with reversibility of these features with P-
glycoprotein modulators has been shown for most reported cell lines. The human intrin-
sic MDR tumors are less well characterized in these respects. In the tables is indicated
whether the MDR character is further proved by mdr gene expression, and for rodent
cell lines whether this is mdrfa or mdrlb, and by P-glycoprotein expression with
monoclonal antibodies. For the overall picture, when possible the level of resistance of
the MDR subline relative to the parental cell line is being mentioned for anthracyclines.
Other features summarized in the tables are the kind of tumor and the specific in vivo
model, which concerns with how tumors are grown and tumor growth is determined.
Here, we will discuss the general features of in vive models with their merits and
limitations.

An ideal model would consist of a drug-sensitive parental tumor and a derived drug-
resistant tumor that only differ in the enhanced expression of P-glycoprotein. The
tumors should not differ with respect to other drug resistance mechanisms, and
preferably other mechanisms should not be active at all. 17 vivo growth characteristics
like tumaorigenicity, growth rate, invasive and metastatic potential should be simifar.
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The same holds good for histopathological features. And the tumor model should
reprasent the characteristics of a frequently occurring human tumor. It will be shown
that none of the existing /n vive models for MDR at the moment matches this ideal

model,

3.1. Spontaneous and induced MDR tumors

Spontanaous tumors in animals may function as tumor models for MDR. Lymphomas
in dogs closely mimic the clinical situation in men: histopathology, tumor behaviour,
and response to chemotherapy are quite comparable with aggressive, high-grade non-
Heodgkin’s lymphoma in humans.'®*'** The majority of de-novo canine lymphomas do
not exprass P-glycoprotein but after relapse expression of P-glycoprotein is increased.
Like in men, in dogs P-glycoprotein expression before drug treatment is an independent
negative predictor of overall survival.'® However, the model is not well defined and
other drug resistance mechanisms apart from MDR may be operative as well. The low
numbers of dogs with lymphoma are another reason why this is not a useful model for
drug testing. Papillomas in mice induced by DMBA are intrinsically resistant to doxo-
rubicin and express P-glycoprotein, while virally induced tumors do not.'®® Conditions in
this mouse model are more controllable and MDR tumors can be reproduced reliably.

Serial transplantable rodent tumors or cell lines with tumorigenic potential that
intrinsically express MDR can become well-characterized with respect to the MDR
genotype and phenotype, and other features. Examples are the murine C-26 and rat
CC531 colon carcinoma,''®''"'?2 and many human xenografted tumors {see tables
4,5,7 and 8). A drawback of these intrinsically MDR tumors is that they lack a P-
glycoprotein negative parental for comparative studies and represent only one unique
tumor. For CC531 an MDR pegative cell line has been developed /in vitro: CC531™, a
revertant cell fine.'®® /n vive growth characteristics of CC531™ however, were altered
and did not allow meaningful comparisons with the parental, intrinsically MDR cell line
CC531. (W. van de Vrie, R.L. Marquet and A.M.M. Eggermont, unpublished observa-
tions}

Tumor pairs consisting of a drug-sensitive parental tumor and a P-glycoprotein
expressing drug-resistant tumor can be used to compare efficacy of anti-MDR therapy
more reliably. Various rodent tumor cell lines have been described, from which the
P388 and L1210 murine leukemias with several MDR sublines are best known {tables 4
and B). Paired human cell lines used as xenografts are described in the tables 7 and 8.
In the ideal situation, reverters of MIDR do not enhance cytotoxicity in parental tumors,
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Table 4, Murine MDR tumor cell lines i vivo

o= TR e R e R R e e e

cell line MDR subline mdariPgp RR /n vitro tissue in vive model references
expression
p3gg ® P388/ADR mdrTa | Pap DOX 68-150% lymphoblastoid ip - astites, survival; 87.101-
leukemia iv - disseminated, survival; 108
P388/NVCR mdria | Pap VCR 12-30x bane marrow purging
DOX 6x
L1210 L121000x mdrlh | Pgp DOX 45x leukemia ip - ascites; 87,91,
s¢ - s0lid, tumor size 109,110
L1210 morit | Pgp DNR 30x
DOX 57x
$ 180 S 18056 mdrlb | Pgp DOX 340x sarcoma ip - ascites 111
S 1800w nr / Pgp DNR 73x
DOX 275x%
EA/DS EA/DR nrjnr DNR 2.4x% Ehrlich ascites ip - ascites, survival 112
carcinoma
B16Y B18V/DXRE mdr " nr DOX 200% melanoma sc - solid, tumor size 113,114
- c2s® mdrlb | Pgp - colon carcinoma s¢ - solid, tumor size 115-117

e T e

2 intrinsic MOR expression
" mdr gene undetermined as no specific probe is used

abbreviations:

Pgp
RR
nr
ip
v
sc

P-glycoprotein

not reported
intraperitoneal
intravenous
subcutanecus

i

relative resistance

ADR
DNR
DOX
VBL

VCR

I O [ T |

adriamycin
daunorubicin
doxorubicin
vinblastine
vingristine
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while enhanced antitumor effects can be observed in MDR tumors. It should be noted
that even in the most often used tumor modsl, the F388 leukemia, this is not the case,
because the parental P388 cell line expresses low levels of P-glycoprotein and is
sensitive to reversal activity.'®” Because in most of the tumors MDR is induced by
exposure to cytotoxins, other drug resistance mechanisms may be induced as well. In a
doxorubicin-induced drug-resistant rat mammary carcinoma cell line {MatB) mdr RNA is
elavated, but also glutathione S-transferase activity, while glutathione levels are
decreased.'” Similar observations have been done in a doxorubicin-resistant human
MCF-7 braast carcinoma cell lins.'®® Most /n vivo used tumors are not well charac-
terized with respect to other drug resistance mechanisms like altered glutathione S-
transferase isoenzymes, decreased topoisomerase activity, and expression of the
multidrug resistance-associated protein (MRP).

Transfected cell lines (table 6, and various cell lines in the tables 7 and 8) have the
advantage that no other drug resistance mechanisms are introduced and in this respect
deliver a ‘pure’ MDR tumor model. Another advantage is that human MDR can be used.
This bypasses possible substrate specificities or differences in effiux efficiency of the
mdria and mdrib products of rodents. Results of studies on the efficacy of modulators
may be more comparable to the clinical situation. As human MDRT is used, immuno-
logical reactions to foreign protein may be induced which can have influence on results
in vivo. In both induced and transfected MDR cell lines alterations in tumarigenicity and
growth rate and growth pattern have been ohserved. This will be described in the next
section.

The advantage of human xenografts, whether intrinsically MDR or paired tumors, is
that they are human tumors with their own pathological characteristics and that they
express human MDRT. Virtually all kinds of human tumors can be grown in immuno-
compromised rodants and are available for therapeutic experiments. The results of
cytotoxin experiments in xenografts will be more relevant to the clinical practice of
those particular tumors than standard tumor models like the murine P388 leukemia,
which has low predictive value in screening new anticancer drugs.'® Human xenograft
can readily be grown in immunodeficient rodents like nude mice, nude rats, or SCID
{severe combined immunodeficient) mice. SCID mice lack both functional B and T cells
and are more severely immunocompromised than the nude mouse. They have a greater
propensity for transplantation of hematopoietic and lymphoid tissue and generally do

not develop graft versus host reaction.'s"'s?
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Table 5, Rat MDR tumor cell lines in vive

cell Tine MDR subline mdriPgp RR in vitro tissue in vivo model

references
expression

DHD/K12 BHD/K12/TR mdr "I Pgp nr colon peritoneal carcinomatosis, 118-120

adenocarcinoma survival, tumor weight
DHD/K12/PROb mar "/ Pgp nr

MatB 13762 {AdriMatB mdr i nr DOX 166-200x breast s¢ - solid, tumor size 121
adenocarcinoma

- ccs31 @ mdria I Pgp - colon subrenal capsule, Tumor 122,123
adenocarcinoma weight

AHBBP AHBBDR nr [ Pgp DOX 200x hepatoma ip = ascites, survival 124

AT2/P AT2/Dox'90 nr / Pgp DOX 25x prostate carcinoma ¢ - solid, tumor size 125

AT3/P AT3/Dox'*° nr / Pgp DOX 25x . " "

MAT-LyLu/P MAT-LyLu/Dox"™  nr / Pgp DOX 76x - - "

® intrinsic MDR expression

° mdr gene undetermined as no specific probe is used
abbreviations: see legend of Table 4
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3.2, Growth characteristics of MDR tumors in vivo

Induction of drug resistance not only alters the sensitivity of cells to cytotoxins, but
other characteristics of the tumor may be changed as well. Several investigators have
reported that drug-resistant cell lines are less tumorigenic than their parental cell
ling.'*'%% Resistant variants of the human osteosarcoma cell line U-2 OS showed a
progressive loss of tumorigenic potential in athymic mice associated with increasing
levels of MDR1T expression.'®®!® |n contrast however, overexpression of P-glycoprotein
did not effect the tumorigenicity of human leukemia (CEM) cells.'*® A drug-resistant
variant of the human multiple myeloma cell line 8226 showed enhanced tumorigenicity
compared to its parental, as a lower inoculation dose was necessary to achieve a
100% take rate.'®! Alterations in tumorigenicity are not unique for MDR or for induction
of MDR with a particular drug. We found that a subline of the CC5B31 rat colon
adenocarcinoma in which cisplatin resistance {non-MDR} was induced in vitro'®® had
fotally lost its tumorigenic potential in vivo in syngensic WAG/RIJ rats. A colchicine
induced CC531 cell line with MDR characteristics showed a tumor take of over 80%,
but further growth was not consistent and some tumors seemed to be rejected. (W.
van de Vrie, R.L. Marquet and A.M.M. Eggermont, unpublished observations)

It is well-known that fast-growing tumors in general are more sensitive to cytotoxins
than slower-growing tumors and therefore similar growth rates are a prerequisite for
meaningful comparative studies. Introduction of drug resistance sometimes results in
alterations in growth rate. MDR cell lines derived from various rat prostatic carcinoma
cell lines showed no difference in tumor take, but tumor growth rate in vivo was
decreased.'®™ A doxorubicin-resistant subling of the MCF-7 human breast cancer grew
twice as slow in vivo as wild-type xenografts.’*® For most parental and drug-resistant
cell lines however, comparable growth rates and patterns have been reported which
allows meaningful testing.

Alterations in growth rate could in some instances be explained by increased
immunogenicity. Enhanced immunogenicity proved by immunization experiments, has
been shown in P388 tumors in a drug resistance (MDR and non-MDR} induction study
in vivo."® In another study immunogenic properties of drug-resistant murine fibrosarc-
oma and colonic adenocarcinoma (CT-26) tumors did not correlate with expression of
the MDR phenotype.’®?

Yet another feature of tumors is their metastasizing potential, Diminished develop-
ment of metastases has been described for doxorubicin-resistant variants of a murine
melanoma.'®'%® The Dunning rat prostatic cancer cell lines that were rendered MDR
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Table 6, Murine MDR tumor cell lines in vivo transfected with human MDR?

cell line

mdriPgp

MDR subline RR in vitro tissue in vivo model references
expression
P388/S P388/NVMDRC.04 MORT | Pgp DOX 19x monocytic ip - ascites, survival 128
leukernia

Li210 L1210/VMDRC.OB  MDRT [ Pgp DOX 7x leukemia ip - peritoneal 127
carcinomatosis, survival

parental L1210 resistant L1210 MOR?T | or DOX 32x leukemia ip - peritoneal 128
carcinomatosis, survival

B16/F10 B16/hMDR-1 ar/nr VBL >570x melanoma ip - peritoneal 129

DOX 30x carcinomatosis, tumaor
weight
o RREZE s

abbreviations: see legend of Table 4
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lost their metastasizing potential, but no direct correlation was observed between MDR
level and ability to metastasize.'?® The U-2 0S MDR sublines also exhibited a decreased
metastasizing ability in athymic mice. In vitro migration, invasion, and homotypic
adhesion abilities were diminished. Changes in adhesion molecules or integrins could
not explain these features as levels of the adhesion proteins ICAM-1, LFA-3 and A-
CAM were not altered and expression of some integrins was even highly increased.'®
In other rodent test models however, higher P-glycoprotein expression has been
observed in spontaneous lung metastases compared to the primary liver tumor and in
lung metastases produced by intravenous injection of tumor cells versus subcutaneous-
ly produced tumors.''”'% Similar observations have been done in a human neurobla-
stoma cell line xenografted in nude mice. In this cell line which produced metastases /n
vivo, gradual and significant increases in the MDR7T gene transcript level leading to
functional P-glycoprotein expression were associated with the metastatic process.'*
An explanation for the findings in these studies could be that metastasizing potential
and P-glycoprotein expression both indicate a more aggressive phenotype of the tumor,
This does not concur however with the aforementionsd studies. An alternative
explanation comas from the studies by Dong et al''’ who showed in crossover
experiments that P-glycoprotain expression could be induced by the organ environment.
Lung metastases had higher expression levels of P-glycoprotein than subcutaneously
grown tumors of the same cell line. When cells from lung tumors were grown subcu-
taneously in other mice, their P-glycoprotein level decreased to the same lovel as
originally subcutaneously grown tumor cells. Vice versa, cells from subcutaneously
grown tumors got an increased level of P-glycoprotein when grown as lung

metastasss.''?

Together, the data on growth characteristics indicate that induction of MDR in
experimental tumors results in an altered tumor phenotype which is often less aggress-
ive, However, no consistent pattern has been observed and these features are not
confined to MDR, but are also found in other drug-resistant tumors. Most investigators
concluded that tumorigenicity, metastasizing potential, and other growth characteristics
are not directly corralated with P-glycoprotein expression and may be co-induced in the
process of development of drug resistance.

More direct evidence for the hypothesis that MDR does not induce changes in
growth characteristics might come from studiss with transfectant cell lines, Theoreti-
caily, only the MDR gene is introduced in transfectant sublines, and no other drug
resistance mechanisms or cell surface markers. However, alterations in growth qualities
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Table 7. Human MDR tumor cell lines xenografted in rodents, solid tumors

cell line MDR subline mdr/Pgp RR in vitro tissue in vivo model

references
expression
HT-29P¥ HT-2gm / nr/ Pgp VCR Bx colon carcinoma ip - peritoneal 130
carcinomatosis, survival

HCT-1186 HCT-116/VM46 MDRT | mr DOX 13x celon carcinoma sc - solid, tumor size 131

- HCT-15 € MDRT / Pgp - colorectal sG - solid, tumor size 132
carginoma

- sw4go @ MDR? | Pgp -+ " "

- SW1417 @ MDR?T | Pgp -F " "

- DLD-1 & MDRT | Pgp -+ - -

- COK-36LN @ MDR?Y { nr -1 mucingus colon sc¢ - solid, tumor size 133
carcinoma

- COK-28LN @ MDRT [ nr -1 " "
colon
adenocarcinoma

- Swo48 @ MDRT | Pgp - colon carcinoma sc - solid, tumor size 134

- LS174T ® MDR? | Pgp - “ " "

SW480 SW48Q0R MDRY I nr DOX Bx colon carcinoma s¢ - solid, tumor size 135

o e e i s v i s

f transfectant
¢ intrinsic MDR

* P-glycoprotein expression is relatively clear in HCT-15, SW480, and SW1417, and moderate in DLD-1 compared to other colon carcinoma cell lines
{COLO 205 and KM20L2], and correlates with resistance to vincristine and, to a lesser extent, doxorubicin

1 MDRT expression level is 3-fold lower in COK-28LN compared to COK-36LN

abbreviations: see legend of Table 4
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have been observed in several studies. Doubling time of the transfected HT-29 human
colon carcinoma was 36 h compared to 24 h for the parental HT-29%¥ /n vitro, but in
vivo survival times of mice xenografted with HT-29™ or HT-29%¥ were similar (39
versus 37 days).'® In two independent experiments in which the human MDRT genes
was transfacted into L1210 murine leukemia cells, the resuitant MDR cell lines had an
altered growth pattern /n vivo. While the parental L1210 cell lines produced copious
ascites and rapidly killed host mice, the transfected cell lines grew more slowly and as
solid tumors that were often limited to the peritoneal cavity.'’®'® In another experi-
ment 9 out of 10 subclones of the transfected P388 tumor grew at a slower rate in
vive and without producing significant amounts of ascites, while only one had growth
characteristics similar to the parental P388 tumor,'?® There are some possible explana-
tions for these findings. First, procedures used in the transfection process may be
responsible for additional alterations in tumor cells. For example, a low level of a
cytotoxin is added to the growth medium in order to select transfectad cells in culture
and to maintain drug resistance, These drugs might be responsible for additional
changes in the growth characteristics. lmmunological mechanisms may play a role
when a xenogenic MDR gene is transfected and no immune-deprived host rodents are
used. A second possible conclusion is that expression of P-glycoprotein does alter
growth characteristics of tumors, The mechanism by which this could happan is not
understood, and possible explanations do not follow legically from the physiological
functions of P-glycoprotein. As stated before, there is no consistent pattern of growth
alterations associated with MDR tumors and therefore a role for P-glycoprotein express-

ion in growth qualities remains speculative,

3.3 Retention of the MDR phenotype in vivo

A very important question in /i wvive studies is whether the MDR genotype and
phenotype are retained during /n vivo passages, especially when tumor cell lines are
used that are cultured /in vitro in the presence of a low level of cytotoxin in order to
maintain their resistance level. Broxterman et al. have shown that this is not the case in
all tumors.'? Although in vitro and in vivo determined drug resistance levels are not
directly comparable due to different techniques of measuring drug sensitivity, the
authors wera able to show that the KB-8-5 drug-resistant subline of a human epider-
moid carcinoma had a lower level of resistance in vivoe. The xenografted cells were less
sensitive to the modulating effect of an MDR reverter and had lower levels of MDRT

RNA expression. The doxorubicin-resistant subline 2780*° of a human ovarian
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Table 7. Human MDR tumor cell lines xenografted in rodents, solid tumors {continued)

[ T LR L e e At e i e e T i
cell ling MDR subline mdriPgp RR in vitro tissue in vivo model references
expression
MCF-7 [WT) MCF-7/ADR MORT [ Pgp DOX >150x breast carcinoma s¢ - solid, tumor size 131,136
MDA435/LCCE  MDA43SMLCCEMM ¥ nr/Pgp DOX +45x breast carcinoma ip - ascites, survival; 137
mammary fat pad - solid,
tumor size
HXL55S HXLS5/VCR MDR1 | Pgp DOX 3.8x 1 epidermoid lung sc - solid, tumor size 138
carginoma
HXL55/AD MDRT | Pgp DOX 3.2x T
- HXL54 @ MDR? | Pap -1 " -
SCLC-6 @ SCLC-6T MDR?! | or nr small cell lung sc - solid, temor size 139
carcinoma
SCLC-41 @ SCLC-417T MDR? /| nr nr - "
- SCLC-74T MDRY [ nr - " "
- SCLC-75 @ MDR7T | nt - - "
Alex 0 @ Alex 0.5 nr / Pgp DOX 25x hepatoceflular hepatic - solid, tumor weight, 140
carcinoma HBsAg level
I L T e I T T ety
! transfectant

® intrinsic MDR expression

1 drug resistance determined in vivo; HXL54 is +9.5x more resistant to dexorubicin ia vivo compared to HXLSS
abbreviations: see legend of Table 4
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carcinoma generally showed reduced P-glycoprotein activity, but a minority of the cells
seemed to have retained the high resistance level. Regrowth of these cell linas /in vitro
confirmed these observations.'*? In another study a 17-fold joss of resistance level was
observed after in vive passage of 2780°° cells."® In contrast, xenografts of the
transfected MOR!1 BRO melanoma cell line had a comparable expression level of the
MDR1! gens and similar functional activity of P-glycoprotein as the original cell
line.'*''4? Ratention of the MDR genotype and phenotype has also been found after in
vivo passage of rasistant CEM leukemia cells.'*® For other MDR tumors these features
have not been studied as extensively as for the tumors described above, but the
differences between parental and drug-resistant tumors in drug sensitivity /n vivo and
the efficacy of MDR reverters show indirectly that at least part of the MDR mechanism
is retained during the process of in vivo passage. The drug resistance level of an
induced or transfected MDR tumor tends to decrease when tumor cells are grown for a
long time in the absence of their selecting drug, giving rise to so-called reverted csll
lines with lowered expression levels of P-glycoprotein. This phenomenon is observed /n
vitro as well as in vivo.'®'®® Therefore, in most studies selecting drugs are only

withheld from the culture medium a short time before and during the testing period.

3.4. In vivo tumor models

in ascites models the tumor is grown in the peritoneal cavity and the drugs are
administered intraperitoneally (ip), the so-called ip-ip model, Efficacy of antitumor
agents is determined by scoring prolongation of survival. The well-known P388 cell
lines are grown this way and this has become a sort of standard in vivo model for anti-
neoplastic drug screening.'®” Survival time is approximately 10 days for parental and
MDR cell lines. Advantages of the ascites tumor models lke the murine P388 and
L1210 leukemia are the ease of in vitro and /n vivo maintenance, and the ability to
perform reproducible and rapid testing of drugs.

The ascites model can be criticized for being artificial and it is said that relatively high
therapeutic effects are observed. In the first place, this is partly inherent to the
standard procedure in which treatment is started on the same day as tumor inoculation,
which means that the tumor is not yet established. Secondly, drugs are most often
administered intraperitoneally. This may result in a chemical peritonitis that contributes
non-specifically to the antitumor effect. Thirdly, direct administration of drugs at the
site of tha tumor bypasses the vascular route. In the clinical situation most of the drugs
are administered intravenously because most human tumors do not grow as ascites
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Table 7. Human MDR tumor cell lines xenografted in rodents, solid tumors [continued)

cell line

MDR subline

mdriPgp

RR in vitro tissue in vive maodel references
expression

BRO BRO/mdr1.1 ¢ MODRT | Pap DOX 89x melgnoma s¢ ~ solid, tumor size 141,142

AZ780 278040 MDR? | Pgp DNR 190x ovarian carcinoma  sc - solid 142,143

- Kgg2 ® MDRTY | Pgp - renal cell cancer s¢ - solid, tumor size 144

KB-3-1 KB-2 MDRT | Pgp DNR 3.6x epidermoid s¢ - solid, tumor size 142
carcinoma

KB-8-5 MDRT | Pgp DNR 3.4x

KB KB-V1 MDR1 [Pgp DOX 420x epidermoid s¢ - solid, tumor size 145
carcinoma

- IGR-N-01 @ MORT I nt - neuroblastoma sc - solid, tumor size 148

BE(2)-C BE(2)-C/CHC nr [ Pgp DOX 40x neuroblastoma s¢ - solid, tumor size 147

I B T A R T TR TR ]

! transfectant

® intrinsic MDR expression
abbreviations: see legend of Table 4
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tumors, but are localized solid tumors. Tumor vasculature and the ability of drugs to
penetrate into tumors through multiple cell layers are major factors that determine the
drug levels that can be obtained within the tumor and consequently tumor cell kill,"#®

For P388 leukemia apart from the ascites model, two other models have baen
raported. Tumor cells are inoculated intravenously (iv} in the iv-iv model, as are the
drugs. This model seems to reproduce in mice the pathological features of clinical
leukemia, but the model is not well defined for MDR P388 tumors.'” Mixed parental
and MDR P388 leuksmia cells have also been used in an /7 vive model for autologous
bone marrow transplantation to show the feasibility of using MDR reverters in ex vivo
bone marrow purging in order to eliminate MDR cells,'%®

Solid tumors are most often grown subcutaneously. The tumor is readily available for
measurement of size and serial observations can be made, which makes that efficacy
of antitumor treatment can be readily assessed. However, there are some differences
batween transplanted solid tumors and spontaneous solid tumors. Tumors, especially
xenografts, grown from subcutaneously injected cells tend to grow well-encapsulated
and invasive growth is only a late feature. The vascularization of these tumors is
moderate and does not represent the vasculature of spontansous tumors.'®® It was
found for example that mouse host tissues accumulated 6- to 12-fold more doxorubicin
than xenografts of the subcutaneously grown human mammary carcinoma MCF-7,
most likely because of better vascular perfusion.’*® Evidence is accumulating that the
microenvironment in which tumors grow, can profoundly influance their characteristics.
It has already bean mentioned that P-glycoprotein levels can vary, dependent on the
tissues in which the tumors grow.''” The metastasizing potential may be influenced:
distant metastases from a subcutaneously xenografted tumor are a rare occurrence as
opposed to metastases obtained with orthotopic grafting.'’® Other sites for solid tumaor
grafts are the subrenal capsule assay in which a tumor piece is implanted under the
capsule of the kidney and peritoneal carcinomatosis models for which tumor cell
suspensions are seeded intraperitoneally,''®'?? Serial measurements are not possible
and animals must be sacrificed to determine tumor burden,

Recently, some interesting new models have been reported in which serial
quantification of tumor burden can be made Indirectly by measuring products secreted
by the tumor. In two multiple myeloma tumer models grown in SCID mice human
monoclonal light chain excretion in urine is directly related to tumer growth, The 8226
cell lines grow heterotopically in SCID mice.'® The ARH mysloma cell lines exhibit an
orthotopic growth pattern with the development of osteolytic lesions, which closely
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Table 8. Human MDR tumor cell lines xenografted in rodents, hematologic tumors

cell line MDR subline mdr/Pgp

RR in vitro

tissue in vive model references
expression
CEM CEM/VLB 5, MDRT | Pgp VBL 286x T-cell leukemia sc - solid 148
Narmalwa Namatwa/mdr-1 ¥ MDR? | Pgp DOX Bx B-cell Burkitt's iv - dissemninated 149,150
lyrphoma
B226 8226/C1N nr / Pgp nr multiple myelema ip - periteneal 151
carcinomatosis, light-chain
excretion in urine
ARH-77 ARH-DBO MDRT | Pgp DOX 76x multiple myeloma w - disseminated, light-chain 152
excretion in urine
ARM-80 MDR1 | Pap DOX 10x

! rtransfectant
abbreviations: see legend of Table 4
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Modulation of P-glycoprotein-mediated muftidrug resistance

mimics the pathophysiology of human myeloma.'®? A human hepatoma cell ling {Alex 0)
and its MDR subline grow as an intrahepatic xenograft after intrasplenic injection. The
tumor cells produce HBsAg and serum levels correlate with tumor burden.'*® The
measurement of secreted tumor products allows starting of treatment at a determined
tumor burden and permits a direct comparison of the effectiveness of drugs used at the
same extent of disease in each animal.

Nove! endpoints to measure functional MDR /n vive come from radio-imaging tech-
niques. Drug-resistant and sensitive tumor xenografts have been shown to be distin-
guishable by differences in uptake of radiolabeled colchicine.'”! in vivo quantification of
P-glycoprotein has been performed with the radiolabeled monoclonal antibody MRK16
that specifically recognizes P-glycoprotein.'*” And imaging studies in rats bearing wild-
type and drug-resistant tumors showed that the imaging agent 99Tcm-sestamibi, which
is {ransported by P-glycoprotein, was washed out of resistant tumors three times the
rate of wild-type tumors.'”? These studies suggest potential use of radio-imaging
techniques to evaluate MDR /n vivo.

Two other models should be mentioned here: the mdr knockout mice and MDRT!
transgenic mice. The mdria {-/-} knockout mouse has no functional mdrfa P-
glycoprotein,®® and the mdrta + mdrib {-/} double knockout mouse totally lacks P-
glycoproteins that are involved in MDR.*? These mice have been engineered by
disrupting the mdria andfor mdrlb genes in the germ lines of mice, which resulted in
mice heterozygous for the disrupted gene. Mice homozygous for the disrupted gene
were obtained by inbreeding techniques.®% The features of these mice have already
been described in chapter 2.3. Mdr knockout mice are excellent tools for studying the
physiclogical role of P-glycoprotein and toxic effects of drugs due to the absence of
functiona!l P-glycoprotein.

Transgenic mice that express the human MDRT gene in thelr bone marrow have been
engineerad by the group of Gottesman and Pastan, ¢cDNA constructs encoding full-
length human MDR1 in a plasmid carrier were injected into fertilized mouse embryos. A
homozygous line was obtained of mice in which the expression of the MDRT transgene
was limited to the bone marrow and spleen.'”® MDR1 heterozygous animals were
obtained by backcrossing with MDR-negative mice and these mice were used in MDR
modutation studies. The mice are resistant to the myelosuppressive effects of drugs
that are influenced by the MDR mechanism like anthracyclines, Vinca alkaloids, etoposi-
de, and taxol. The level of MDR7 expression in the bone marrow is comparable to that
found in many human cancers. The effect of drugs and combination therapy with
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chemossnsitizers on the bone marrow can easily be measured by peripherat white blood
cefl count. This makes it an efficient model for testing efficacy of MDR reverters in
vivo.'"17® A problem with the model is that after many generations of breeding the
MDR1 expression is not kept at its initial level.'® It should be mentioned that tha
transgenic mouse modef is not a tumor mode! as the MDA gene is expressed in normal

bone marrow.

4 Maodulation of MDR with reverters /n vivo

Most attempts to circumvent MDR have used the possibility to inhibit the P-
glycoprotein efflux pump, which results in increased intracelfufar drug concentrations
and enhanced cell death. In this chapter we will review studies on moduiation of MDR
in vivo with so-called chemosensitizers or reverters. In the next chapter other

approaches to circumvent MDR will be described.

4.1 Pharmacokinetics

Combination treatment of cytotoxins with reverters altered the pharmacokinetics of
MOR related drugs in phase I/} clinical trials in humans. Changes induced by reverters
are a decrease in drug clearance and an increase of the area under the curve {AUC) of
the cytotoxin. These pharmacokinetic interactions have been obtained with the
reverters verapamil, dexverapamil, nifedipine, cyclosperin A, and PSC 833 and the
drugs doxorubicin, epirubicin, vincristine, etoposide, and paclitaxel in various combina-
tions, showing that this phenomenon is not limited to certain drugs.'’%'"” There are few
studies on plasma levels and AUC of drugs in animals. Plasma levels of drugs in animals
are often not much increased by combination treatment with reverters,'*17%97 The
AUC of drugs can be elevated,’*'57182 which is due to prolongad elimination.'**'% But
in other studies elimination of doxorubicin was not found to be attered.'®%18!

Animal studies have shown the various mechanisms by which MDR modulators can
change the pharmacokinetics of drugs. The decreased efimination of drugs by reverters
is caused by alterations in intestinal, biliary and renal absorption and excretion. The
absorption from the gut of orally administrated etoposide is higher in quinidine pretre-
ated rats and the intestinal secretion (exsorption} of intravenously administered
etoposide is diminished by quinidine, compatible with inhibition of the P-glycoprotein
transporter in intestinal cells.’®® Reverters partly inhibit the active biliary excretion of
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colchicine, doxorubicin and etoposide by the liver.®%72'84185 |n the kidneys a net
secretion of MDR-related drugs is observed by the luminal membrana of renal cealls.
Cyclosporin A inhibits the renal secretion of vincristine and vinblastine in a dose-
dependent manner in dogs.®® Similar observations have been reported for colchicine by
cyclosporin A and PSC 833 in rats.*'® These studies show that the physiological
function of P-glycoprotein which is prevention of (relabsorption and elimination of
xenobiotics also affects drug transport and can be blocked by reverters in vivo.

The extent by which drug pharmacokinetics are altered by a reverter will depend on
the fraction of drug that is normally eliminated by the P-glycoprotein efflux mechanism.
This has not been studied extensively in vive. The conflicting results of pharmacokin-
atic studies with doxorubicin have been mentioned above,'?%13%1%809% Of note is the
influence of route of administration of drugs. In combination with PSC 833 the AUC of
etoposide is much more elevated in case of oral administration of etoposide compared
to intravenous dosing. Apparently, etoposide absorption from the gut is normally largely
inhibited by intestinal P-glycoprotein, while the relative role of P-glycoprotein in elimin-
ation of etopeside seems smaller,'®?

A consistent observation in animal studies is the altered distribution of drugs over the
various tissues in mice and rats, In Sprague-Dawley rats cyclosporin A and PSC 833
significantly increased tissue levels of doxorubicin in liver, kidney, small intestine, and
adrenals. A smaller increase was also observed in the heart, while cyclosporin A had no
effect on doxorubicin concentration in the brain. In these studies the increases in drug
tissue levels did not appear to be the result of changes in drug metabolism or elimin-
ation, as plasma levels and elimination of drugs were not significantly altered.'®®'®!
Other invastigators reported elsvation of doxorubicin levels in liver and kidney caused
by amiodarone and cinchonine,'?®® and elevation of vincristine levels in liver, kidney
and small intestine by verapamil.'™ The alterations in drug levels are compatible with
relatively high expression levels of P-glycoprotein in these tissues. Increase of drug
levels by reverters in tissues with lower expression levels of P-glycoprotein like lung
and spleen have been noted in some studies.'?®'®? The pattern of distribution of drugs
in the mdr1a knockout mouse is different from the pattern described above. In the
mdria knockout mice a marked elevation of drugs like vinblastine, cyciosporin A,
digoxin and ivermectin is observed in the brain and, to a lesser extent, in the testis.
Elevation of these drugs in other tissues was less marked.**®” At the blood-tissue
barriers of brain and testis predominantly mdria is expressed and disruption of the
mdria gene in the mdria {-/-) knockout mouse leads to total absence of functional P-
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glycoprotein at these sites. In other tissues mdrib is also expressed and probably the
mdrth product can, at least partly, replace the function of the mdria product. This is
also suggested by the increased expression of mdrib in kidney and liver of the mdrfa
knockout mouse.® It is apparently not easy to break the blood-brain barriar by MDR
reverters as cyclosporin A. More potent reverters of MDR like PSC 833 and SDZ 280-
446 have the capacity to enhance the neurotoxic effects of drugs, suggesting that
these reverters are able to block P-glycoprotein at the blood-brain barrier, but drug
levels in the brain have not been measured in this study.™

4.2, Efficacy of MDR reverters fn vive

The first observations that verapamil could reverse drug resistance were done by
Tsuruo et al. who showed that verapamil was able to enhance drug accumulation of
vincristine and vinblastine in the P388/VCR drug-resistant celf line /n vitro and in
vivo.'®? Since then, numerous compounds have been described which efficiently inhibit
the P-glycoprotein efflux pump: calcium channel blockers {s.g. verapamil, dexniguldip-
ine, PAK-200, AHC-52), cyclic peptides (e.g. cyclosporin A, PSC 833, SDZ 280-446),
calmodulin antagonists {e.g. trifluoperazine}, protein kinase C inhibitors (e.g. staurospo-
ring), steroidal agents (e.g. progestercne, tamoxifen, megestrol acetate), Vinca alkaloid
analogues, and miscellanecus compounds {e.g. amiodarone, quinidine).'®'®® The first
generation MODR reverters were existing drugs which appeared to have MDR reversal
activity, but had other pharmacological effects as well. Levels necessary in vivo for
MDR reversal could often not be obtained because of prohibitive toxicity. For example,
the target concentration of verapamil in mice could not be reached by bolus injection
because this dose was acutely lethal.'” In a human study cardiovascular effects as
hypotension and cardiac arrhythmias prevented adequate dosing of verapamil.'®?
Cyclosporin A is a potent bfocker of P-glycoprotein but its immunosuppressive potential
and nephrotoxic side-effects are matters of concern. A new generation of compounds,
often analogues of known reverters, but devoid of their primary pharmacological effects
and especially selected for MDR reversal activity, have been developed.'®®

Almaost all chemosensitizers have first been tested in the drug-resistant P388 ascites
tumors, With verapamil an increase in life span of 25%-45% was obtained in
P388/ADR and in P388/VCR tumors.’®™'®! For newer reverters survival increases of
+40%-100% have been reported in the P388/VCR ascites tumor. In the more drug-
resistant P388/ADR reverters were less effective, 0219510847849 1nrassive survival
increases (up to 300% increased life span) have been reported for treatment with the
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reverters PSC 833 and SDZ 280-446 in the P388/ADR tumor call lins.!® 18193 |n all
studies mentioned above drugs were administered intraperitoneally, while chemosensi-
tizers wers given intraperitoneally, orally or intravenously. Intravenous administration of
drugs in combination with PSC 833 in the P388 model was not effective against the
P388/ADR tumors, but highly effective against the less resistant P388/VCR,'%"'%* |n
the intravenously disseminated P388 lsukemia model doxorubicin and etoposide, but
not vincristing, in combination with a reverter (AHC-52) increased survival of
P388/VCR bearing mice. in intravenously inoculated P388/ADR bearing mice reversal of
MDR was not obtained.'”?

Chemosensitizers also reverse MDR in solid tumor models. In most studies estab-
lished tumors were used: tumors were first allowed to grow to a certain volume before
drug treatment was started. In intrinsic MDR tumors the addition of a reverter to
ineffective treatment schedules with cytotoxins resulted in significant tumor growth
defays."'®'2217 |n a study with subcutaneously grown €26 murine colon tumors the
revarter/PS/C/BSB even induced some cures.'® Reversal studies in solid tumor pairs
with a parental and an MDR tumor show specific enhancement of antitumor activity
against MDR tumorg. 13! 133141143

These studies demonstrate that reversal of MDR in vivo is feasible and can be
obtained in ascites models, as well as in more difficult solid tumor models and the
intravenously disseminated leukemia model. Possibilities for reversal are dependent on
the level of drug resistance and reversal is not always obtained in highly drug-resistant
tumors. Comparison of the in vivo efficacy of reverters is not possible with the current
data because of differences between studies in tumors, dosing schedules of drugs and
reverters, and experimental designs in the different studies. Comparative studies with
several reverters within the same model and study design are scarce and only available
for new potent reverters versus first generation chemosensitizers like verapamil and

cyclosporin A, and show a clear higher potential of the novel reverters in vivo, 10411

4.3, Toxicity

The reverse of enhanced efficacy of cytotoxins by chemosensitizers is the possible
increase in toxicity. As described above, many reversal studies have shown that
reverters can enhance survival. However, several studies in animals that specifically
invastigated adverse effects of MDR reversal have shown that the combination of a
chemosensitizer with a high dose cytotoxin results in increased toxicity leading to

accelerated death. These observations have been reported for verapamil, cyclosporin A,
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and PSC 833 in combination with doxorubicin and etoposide. 3718182195198 Tha nature
of the increased toxicity has been investigated in few studies. Myelotoxicity is often
the dose limiting factor in chemotherapy. Combination treatment of PSC 833 and
etoposide caused increased leucopenia in mice,'® and cyclosporin A with doxorubicin
induced a transient doxorubicin-dose-dependent leucopenia and thrombopenia in rats.'®?
Mice treated with PSC 833 and doxorubicin showed transient splesn hypoplasia, with a
general decrease in all leucocyte lineages (B cell, T cell, and myeloid lineages). Changes
were dependeant on dose of doxorubicin and increased by addition of PSC 833, In the
bone marrow only a persistent fall in the number of B cells was observed.'™ in two
studies all deviations in blood parameters, and abnormal pathological findings at
autopsy and at light-microscopic exarnination, could be attributed to known toxicities of
the cytotoxins (doxorubicin, daunomycin and vinblastine). The reverter only accentu-
ated these abnormalities, while the pattern of organ toxicity was not altered and no
signs of new toxicity were found, especially not in organs with known high expression
levels of P-glycoprotein.'”™'¥ In another histopathological study, cardiotoxicity of
doxorubicin was enhanced by verapamil in mice.'*®

Possibly, studies with novel, potent reverters of P-glycoprotein will be different, as
their capacity to block P-glycoprotein is more effective. In a recent study potent chemo-
sensitizers as PSC 833 and SDZ 280-448, but not cyclosporin A, were able to break
the P-glycoprotein-dependent component of the blood-brain barrier, High doses of these
reverters in combination with the neurotoxic agent ivermectin caused acute dysfunction
of the central nervous system (convulsion, paralysis, coma and death}.” Interestingly,
within one day after administration of the reverter the increased sensitivity of mice for
the neurotoxic effects of ivermectin disappeared. This can be explained by dissociation
of the reverter from the P-glycoprotein, or new expression of P-glycoprotein by the
blood-brain barrier, or the emergence of alternative mechanisms causing ivermectin

resistance.’®

4.4. Specific modulation of MDR at the tumor leve!?

An important question to be answered in /in vivo studies is whether combination
treatment of cytotoxins with chemosensitizers merely alters pharmacokinetics and must
be considered as a method of dose-intensification, or if specific interaction with P-
glycoprotein at the tumor level results in increase in intratumoral drug levels and
antitumor activity., Possibly, both mechanisms do contribute. Alterations of drug levels
in the tumeor caused by reverters have seldom been determined. In a study with a drug-
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resistant sarcoma xenograft intratumoral vincristine levels were not significantly altered
by verapamil. In this study the combination showed no antitumor activity too and no
proof of MDR expression is given.'” Different results were obtained in a study with
effective reversal in MDR tumors. The reverter PAK-200 induced a 4.6-fold increase in
intratumoral doxorubicin concentration in the P-glycoprotein expressing KB-8-5 xeno-
grafts, while PAK-200 did not significantly alter doxorubicin levels in the parental KB-3-
1 drug-sensitive tumors. In COK36LN, a P-glycoprotein exprassing celon carcinoma,
PAK-200 elevated intratumoral levels 1.5-fold, and in xenografts of another colon
carcinoma, COK28LN, which expressed little P-glycoprotein the reverter had no influ-
ence. The doxorubicin levels in the MDR tumors with the modulator exceeded the
doxorubicin levels in the drug-sensitive tumors.’™ This study suggests that specific
modulation of P-glycoprotein in the tumor has resufted in enhanced antitimor activity.
Reverters of P-glycoprotein are no magic bullet since P-glycoprotein in other tissues
than the tumor is also inhibited resulting in increased cytotoxicity in these tissues, The
possibilities for MDR reversal will depend on the sensitivities of tissues and tumors for
the cytotoxic effects of certain drugs and on their relative content of P-glycoprotein.
The question is whether the therapeutic index can be increased. In some /n vivo
reversal studies the dose of the cytotoxin had to be lowered because of increased
toxicity caused by addition of a reverter. Nevertheless, effective antitumor activity was
at least retained.'™'?® in the MDA transgenic mouse model, that has bone marrow
with a 10-fold increased resistance to MDR-associated drugs, the maximal tolerable
dose of cytotoxins in combination with a chemosensitizer was 20%-45% lower. In
experiments with a chemosensitizer most drugs caused a 44%-78% decreaseg in white
blood cell count suggesting that there is a possibility to increase the therapsutic index

of P-glycoprotein sensitive agents by concomitant administration of MDR raverters,'”

8. Alternative approaches for modulation MDR in vive

The most direct way to circumvent MDR is to utilize drugs that are not susceptible to
the P-glycoprotein efflux pump mechanism. This is often not possible, because tumors
do not tend to ba sensitive to many different anticancer agents. Doseg-intensification as
a means of overcoming MDR is preventad by toxicity of the drugs. An alternative
approach is to modify known active MDR drugs at the biochemical level in such a way
that they are less sensitive to the P-glycoprotein drug extrusion mechanism but retain
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their cytotoxic potential. This can be done by chemical reactions, by conjugation to
other structures or by encapsulation of a drug in liposomes. An example of a chemically
altered cytotoxin is ME2303, a fluorine-containing doxorubicin derivative, which has
prominent antitumor activity against a wide variety of tumors /n vitro and /n vivo, also
against MDR tumors, ME2303 caused a 57%-96% increased life span of P388/VCR-
bearing mice, while doxorubicin or vincristine had only a marginai therapeutic effect
{(maximum increased life span of 24% and 8%, respectively). The mechanism of the
enhanced effectiveness has not been investigated In the study.'®® Partial lack of cross-
resistance in MDR tumors /n vitro and /n vive was found for the anthracycline annamy-
cin, mediated by increased drug accumulation and retention.'*® Conjugation of doxo-
rubicin to albumin resulted in a prolonged intracellular accumulation of doxorubicin, and
increased its cytotoxic efficacy against MDR tumors in vive.'* Doxorubicin encapsu-
lated in liposomes effectively lowered the white blood cell count in the MDR T transg-
enic mouse model, whereas free doxorubicin alone or in combination with free
liposomes was not or only marginally effective respectively.?®® Annamycin entrapped in
small liposomes showed markedly increased activity against the KB-V1 human
xenograft compared to free annamycin and doxorubicin,'*®

Cther attempts on MDR modulation have used the drug transporter P-glycoprotein as
a target for immunotherapy by monoclonal antibodies. Antibodies directed against P-
glycoprotein can be used for modulation of MDR in various ways. The monocional
antibody MRK16 specifically binds human P-glycoprotein and has direct cytotoxic
activity in xenografted MDR tumor models. The antitumor activity is probably mediated
by immune mechanisms like complement-dependent cytotoxicity and antibody-depend-
ent cell-mediated cytolysis.'*?""%2%" Monoclonal antibodies like MRK16 and HYB-241
are also able to act as a chemosensitizer by their binding to P-glycoprotein and thus
inhibiting its function.®'32.202.293 1n fater studies it has been shown that the efficacy of
the reverter MRK16 could be augmented by interferon-g treatment.?® Enhanced killing
can be achieved by targeted toxin therapy: conjugation of Pseudomonas exotoxin to
MRK16 resulted in dose-dependent specific killing of bone marrow cells in MDRT
transgenic mice.*®® jn wvitro studies showed that the monoclonal antibody UIC2 is a
more efficient blocker of P-glycoprotein than other externally binding antibodies and
reverses resistance to a wide variety of drugs, where MRK16 and HYB-241 could
reverse vincristine and actinomycin D resistance, but not doxorubicin resis-
tance, 20220529 MK 16 and UIC2 only recognize the human MDRT product and do not
cross-react with rodent P-glycoprotein.?®®2% This may lead to favourable outcome in
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murine studies with xenografted human tumors and disguise possible side-effects as
the monoclonal antibodies do not react with normatl tissues in these models. HYB-241
is not species spacific and reacts with murine P-glycoprotein.?®?

Transfer of the MOR?! gene into bone marrow cells of mice has resulted in a test
model for the activity of MDR reverters."’'™ Bone marrow transfected with MORT can
also be utilized in a different way. In the treatment of non-hematological tumors the
bone marrow toxicity of several drugs is dose-limiting and prevents adequate dosing.
Insertion of the MOR1? gene into bone marrow may provide resistance to the myelosup-
pressive effacts of drugs and allow higher dosing of these cytotoxins. The feasibility of
this approach has recently been shown in murine transplantation models,2°%%1°

6. Discussion

In vitro studies play a prominant role in the development of new anticancer drugs in
the clinical situation.?*"?'? This allows massive screening of numerous compounds, The
predictive value of jn vitro cytotoxicity tests for in vivo effectiveness is still under
debate. Massive screening in animals is considered less ethical for reasons of animal
well fare. The standard screening method /in vivo in the P388 ascites leukemia model
has been eriticized for being a quite artificial mode!l in which favourable results are
readily obtained. As a leukemia model, it may be a poor predictor of effectiveness of
drugs in other malignancies, especially solid tumors.?'' Various ways to test com-
pounds in more relevant model systems /n vive are being carried out, like multicenter
collaborative screening in human tumor xenografts.'®® Testing of drugs In animais is an
indispensable step to be taken before drugs can be tried in the clinical situation. 22213
Important issues to be tested in /n vivo model systems are for example uptake,
metabolism, excretion routes and excretion rate of the drug, volume of distribution,
protein binding, availability of the drug at the tumor site, interactions with other drugs,
side-effects including carcinogeneity and teratogeneity. Not alt pharmacokinetic findings
in animal studies can directly be translated to the clinical situation, as cross-species
differences in drug metabolism and elimination do exist, but many important problems
associated with /n vive use of new drugs can be investigated in animal models.

Sofar, there is no ideal /n vivo model for studying MDR. The varicus models have
their value at certain stages in the research of MDR. Syngeneic intrinsic MDR and
paired rodent tumor models can be used to explore /n vivo-related factors in MDR
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modulation in retatively cheap and readily available models. Xenografted human tumors
represent more clinically relevant tumors., MDR? transfected tumors are valuable
bacause they are more ‘clean’, as other resistance mechanisms are not introduced in
the drug-resistant tumors, The transgenic MDR mice model is a valuable model for
screening new chemosensitizers in modulation studies.'®? Development of MDR tumor
models should be directed towards clinically relevant models: orthotopically growing
tumors that represent frequently occurring human malignancies, express relevant low
levels of P-glycoprotein, and allow serial measurement of tumor burden, Some interest-
ing models have been described recently."*®'5? Wild-type tumors exploit various
defense mechanisms against cytotoxic insults. The other drug resistance machanisms,
apart from MDR, should be investigated as well. Modulation of several drug resistance
rmechanisms will be necessary to overcome clinical drug resistance. Clear model
systems are indispensable for investigation of these complicated matters. A future
modulator may be representad by BIBW 22 which can block the P-glycoprotein efflux
pump, and inhibits nucleoside transport resulting in enbancement of 5-fluorouracil
cytotoxicity.'®® Another example is 5'-deoxy-5-fluorouridine, a prodrug of 5-fluorouracil,
which has antitumor activity in its own, and is a P-glycoprotein reverter,?"

The mdr genes of rodents and humans are not identical. Substrate specificity and
differences in transport efficacy have been reported for the various mdr gene products
and for gene mutations. Although these differences remain a matter of concern, and
warrant further investigations, they have not disqualified the rodent MDR tumors as
models for studying MDR, We have shown in this review that the expression of the
mdria and mdrib gene products in normal tissues in rodents have a very similar
distribution as the MDRT gene product in humans. The physiological functions of P-
glycoprotein in rodents correspond to the putative roles that were proposed on their
localizations and are especially related to defense against xenobiotics and transport of
valuable compounds. Modulation studies of MDR have shown very similar effectiveness
of the P-glycoprotein reverters in human and in rodent tumor cell lings /n vitro and in
rodent MDR tumors, MDR1 transfected tumors, and human xenografts in vivo.

The studies in rodents in various ascites and solid tumor models have shown the
feasibility of reversal of MDR by chemosensitizers in vivo. Modulation of MDR by
reverters does alter pharmacokinetics and must be considered as a means of dose-
intensification. But additional P-glycoprotein modulation at tumor level does also seems
to take place, as has been shown by increased intratumoral levels of a cytotoxin by a
reverter in MDR tumors and increase in therapeutic index.'**'” The evidence for P-
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glycoprotein reversal at tumor level is scant however, due to few studies on this
subject. This is partly caused by a lack of suitable in vive models. Studies in the mdrfa
knockout mice have shown the deleterious effects that total elimination of this P-
glycoprotein may have. These observations warn of the possible side-effects that very
potent reverters of P-glycoprotein may have. On the other hand, this may lead to novel
strategies for treating tumors and other diseases in sanctuaries like the central nervous
system,

Modulation of MDR by chemosensitizers has entered the clinic and has vielded
promising results in clinical trials in multiple myeloma and acute leukemia, *32'°
However, in clinical studies with solid tumours like colon carcinoma and renal cell
cancer results with chemosensitization werg disappointing.”'™*'® Many other phase I/li
trials have been conducted with various chemosensitizers largely without remarkable
rasponse rates.?'®2?! The question whether this is the result of inadequate levels of
reverter or cytotoxin, has to be answered by ongoing trials with adequate doses of
potant P-glycoprotein reverters like PSC 833.

P-glycoprotein-mediated MDR is a powerful resistance mechanism, which may play
an important role in clinical drug resistance. Most tumors however, exploit various
mechanisms to resist antitumor treatment, and research on the contribution of addi-

tional drug resistance mechanisms should be continued.
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Aims of the thesis

1.3. AIMS OF THE THESIS

When we started our investigations back in 1980 few /n vive models for studying
reversal of MDR were available. Most studies were done in ascites models fike the
P388 leukemia model, We feit that these models might not be relevant for the situation
in solid tumors and could be inadequate for predicting efficacy of reversal in solidly
growing cancers. Further, little was known about the possibilities to overcome MDR in
solid tumors in vive by reverters. Therefore, it was decided to investigate the possibil-
ities of developing a relevant solid MDR in vivo model in which reversibility of MDR
could be tested. The objectives of the investigations can be summarized as follows:

1. development of an /n vivo model of a solid MDR tumor with relevance for the

clinical situation;

2. investigation of the feasibility of reversal of MDR in a solid tumor /n vivo by
reverters of MDR;

3.  study of pharmacokinetics of MDR reverters;

4.  exploration of the side-effects of MDR reversal by concomitant treatment of

anticancer drugs and reverters;

b. investigation of the influence of drug resistance on sensitivity for immunotherapy.
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Modulation of P-glycoprotein-mediated multidrug resistance

Summary

Colon tumors are intrinsically resistant to chemotherapy and most of them express the
multidrug transporter P-glycoprotein. Whether this P-glycoprotein expression determines
their resistance to anticancer agents in patients is not known, We report here on the
reversibility of intrinsic MDR in a syngeneic, solid tumor model. CC531 is a rat colon
carcinoma that expresses P-glycoprotein, as was shown with the monocional antibody
C219. In vitro the sensitivity to doxorubicin, daunorubicin and colchicine was enhanced
by the addition of the chemosensitizers verapamil and cyclosporin A, while the
sensitivity to cisplatin was not enhanced. In a dauncrubicin accumulation assay
verapamil and cyclosporin A enhanced the daunorubicin content of CC531 cells. In vivo
cyclosporin A was injected intramuscularly for 3 consecutive days at a dose of 20 mg
kg day’'. This resulted in whole blood cyclosporin A levels above 2 pmel/l, while
intratumoral cyclosporin A levels amounted to 3.6 gmol/kg. In a subrenal capsule assay
the maximal tolerable dose of doxorubicin {4 mg/kg}l significantly reduced tumor
growth, Doxorubicin at 3 mg/kg was not effective, but in combination with cyclosperin
A this dose was as effective as 4 mg/kg doxorubicin. These experiments show that
adequate doses of the chemosensitizing drug cyclosporin A can be obtained /n vivo,
resulting in increased antitumoral activity of doxorubicin /n vive, The in vitro and in vivo
data together suggest that the chemosensitization by cyclosporin A is mediated by P-
glycoprotein. This finding may have implications for the application of cyclosporin A
and cyclosperin A-like chemosensitizers in the clinical setting.
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Intraduction

The phenomenon of multidrug resistance to anticancer agents can be an intrinsic
characteristic of tumors, or can be acquired by tumors during the course of chemother-
apy., Among the tumors that intrinsically have a very low response rate to chemother-
apy are colon cancer, renal cell cancer, hepatocellular cancer and adrenocortical cancer.
These tumors have high expression levels of the gene for MDR, MOR1, at a high
frequency.' The tissues from which they arise also have a high level of MDR express-
ion.? In these tissues the gene product of MDA, P-glycoprotein, may function as an
efflux pump for xenobiotics. It is striking that organs with the highest expression of
MORT all have excretory functions and that within these organs P-glycoprotein is
principally found in cells lining excretory lumina.® Whether MDR expression in intrinsic
MDR tumors is the most important factor determining their resistance to chemother-
apy, and whether blocking of P-glycoprotein or suppression of MDR expression can
result in enhancement of cytotoxicity of anticancer drugs in the clinical situation, are
stilf under study.

Several drugs have been reported to reverse MDR in vitro. One of the most effective
reverters is the immunosuppressive drug cyciosporin A.* Many /n vitro studies have
shown an increase in cytotoxicity to MDR cell lines when cyclosporin A is added to
drugs that are affected by the MDR cross-resistance pattern, like doxorubicin,
vincristine and colchicine.®” Cyclosporin A, like other reverters, acts as a chemosensit-
izer almost only against MDR cell lines; the cytotoxicity to parental cell lines that do
not express P-glycoprotein is not influenced. On some cell lines cyclosporin A alone has
antiproliferative and/or cytotoxic effects, especially at higher doses of cyclosporin A.®

Compared to the abundance of /n vitro data on the role of P-glycoprotein and the
reversal of MDR by chemosensitizers, very few data on their value in vivo have been
published, especially concerning their role in solid tumors. Most in vive studies have
been carried out with ascites tumors. In these models intraperitoneally floating tumor
cells are treated with intraperitoneal injections of drugs. in solid tumors a prerequisite is
achieving effective drug concentrations at the tumor site by a vascular route.

Woa investigated the question of intrinsic MDR in & syngensic, solid tumor model. We
report here on the chemosensitizing effects of cyclosporin A /n vitro and in vivo on an

intrinsic MOR rat colon carcinoma.
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Materials and methods

Animals
Male rats of the inbred WAG/RIJ {RT1"} strain were obtained from Harlan-CPB

{Austeditz, The Netherfands). Animals were bred under specific-pathogen-free condi-
tions and fed standard rat chow (Hope Farms, Woerden, The Netherlands) and water ad
fibitum. In the experiments rats 12-18 weeks old, weighing 220-280 g, were used.

Tumors

CC5B31 is a colon carcinoma, which was induced chemically in the WAG rat with
1,2-dimethythydrazine. The tumor, a moderately differentiated adenocarcinoma, is
weakly immunogenic and transplantable in syngeneic rats.® /n vitro the cell line grows
as a monolayer in Dulbecce’s modified Eagle’s medium supplemented with 5% fetal
calf serum, aspartic acid {0.1 maf), and glutamic acid (0.3 mAf, all obtained from
Gibco (Paisley, UK}, in a humidified atmosphere of 5% CO,/95% air at 37°C. Regular
screening for Mycoplasma infection was performed, Cells were isolated by trypsiniza-
tion; viability, determined by trypan blue exclusion, was over 80% in all experiments,

The human ovarian carcinoma cell lines A2780 and 2780 were grown in complete
medium. 2780, an MDR cell line with a high level of P-glycoprotein expression, was
grown in the presence of 1 pM doxorubicin,'® This cell line was used as a positive
control in immunofluorescence studies, while the parental line, A2780, was used as a

negative control.

Chemicals

Cyclosporin A was obtained from Sandoz, Basel, Switzerland; doxorubicin (Adriab-
lastina} from Farmitalia, Nivelles, Belgium; daunorubicin, colchicine, ¢is-diaminedichloro-
platinum (cisplatin}, verapamit and 3-(4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium-
bromide {MTT)} from Sigma Chemical, St Louis, Mo., USA; and dimethylsulphoxide from
Merck, Darmstadt, Germany.

In vitro cytotoxicity assay

We determined chemosensitivity /n vitro by the MTT assay, essentially carried out as
described by Carmichael et a/.'" In brief, in 48-well culture plates {Costar, Cambridge,
Mass., USA} 1500 cells were plated in 500 y4l complete medium. Drugs were dissolved
in 0.9% NaCl. To each well 250 ¢ drug solution was added, using a fixed concentra-
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tion of the chemosensitizer and graded concentrations of the drugs. Cells wera grown
at 37°C in 5% CO, humidified air. After 4 days 150 4l MTT, dissolved in phosphate-
butfared saline (P8S) at a concentration of 2 mg/ml was added to each well. After an
incubation period of 4 h the supernatant was carefully removed and 250 ul dimathyisul-
phoxide was pipetted to each well. Plates were placed in a microplate shaker for 5 min,
The content was pipetted into 96 wells plates in order to read the absorbance at 570
nm in an automatic microtiter reader {(EAR-400). Survival was calculated using the
formula: survival = {test well/control} x 100%. The drug concentration reducing the
absorbance to 50% of control (ICg,) was determined from the graphs. Sensitization
ratios were determined by dividing the ICg, in the absence of the reverter by the IC,, in

the presence of the chemosensitizer,

Drug accumulation

In order to determine the accumulation of daunorubicin, cells were incubated with 1
almi daunorubicin for 1 h at 37°C. The content of the fluorescent drug in individual
cells was measured on the FACStar Plus flow cytometer {Becton Dickinson, Mountain
View, Calif., USA}, equipped with a 4-W argon-ion laser tuned to 488 nm with 300
mW power. Orange fluorescence pulses were collected through a 575/26 nm bandpass
filter. Results were calculated using the FACStar Plus research software.'? Enhance-
ment of daunorubicin accumulation was tested by adding cyclosporin A (5 yM) and/or
verapamil (6.6 pM) to the incubation medium. Results are presented as mean fluor-

escence intensity.

Immunofiuorescence

P-glycoprotein expression was determined with the specific anti-P-glycoprotein
monoclonal antibody €219, which recognizes an internal epitops of P-glycoprotein.'
Single cell suspensions of A2780, 2780"°, and CC531 were fixed with methanol 70%
for 10 min at -20°C. Cells were washed three times in PBS and resuspended in PBS
with 1% bovine serum albumin {Centocor, Leiden, The Netherlands). Next, cells were
incubated with the monoclonal antibody C219-FITC (fluorescein isothiceyanate
conjugate; P-glyco-CHEK, Centocor} diluted 1:100, for 60 min on ice. lgG2a-FITC was
used as a control antibedy, to determine the aspecific and/or autofluorescence of the
cells. After three washings in PBS, cells were analysed on the FACStar Plus flow
cytometer using green fluorescence pulses, collected through a 530/30 nm bandpass

filter.
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In vivo assay

Solid tumors of the CC531 cell line ware obtained by intraperitoneal inoculation of
5x10° tumor cells. After 30-40 days a rat carrying a large tumor mass was sacrificed
and a viable tumor part was excised and divided into small pieces. In a subrenal capsule
assay tumor pieces weighing 6-8 mg were implanted under the capsule of the kidneys.
Rats were matched for implanted tumor weight in the differant treatment groups, On
the same day cyclosporin A treatment was started. Cyclosporin A, dissolved in olive
oit, was injected intramuscularly into the hind leg daily, for 3 consecutive days at a
dose of 20 mg/kg, in order to generate sustained high levels of cyclosporin A. On day
3, rats were injected with 3 mg/kg or 4 mg/kg doxorubicin, or PBS in control rats. After
10 days animals were sacrificed and tumors were enucleated and weighed. All
experimental groups consisted of six rats and all animals were evaluable.

Cyclosporin A levels

Cyclosporin A levels in vive were determined with the Emit cyclosporin assay {Syva,
Palo Alto, Calif.) on the ELAN analyser (Eppendorf, Hamburg, Germany). This homo-
geneous enzyme immunoassay is designed for measuring cyclosporin A levels in whole
blood. Blood samples were taken 24 h after the third injection of cyclosporin A. Whole
blood samples {100 ul) were mixed with 200 ul 100% methanol, which solubilizes
cyclosporin A. The samples were centrifuged and aliquots of the supernatant containing
the cyclosporin A were diluted with Emit cyclosporin diluent before assaying. In order
to measure intratumoral ¢yclosporin A levels, tumors were grown under the renal
capsule for 10 days. On days 7, 8 and 9 cyclosporin A (20 mg/kg) was administered
intramuscularly. On day 10 rats were sacrificed and tumors were enucleated without
renal tissus. Tumors were crushed in a small tube in 300 ul methanol with a pestle for
3 min. Then 200 wi solution was mixed with 100 gl normal rat whole blood and
assayed as a blood sample. The results were corrected for dilution steps and calculated
per kilogram tumor tissue, while the plasma and whole blood levels are presented per
liter. As the weight of 1 { whole blood is 1.06 kg, the results of the tissue levels and
the blood levels are comparable. Because the cyclosporin A levels appeared to be very
high, an additional dilution step was necessary to reach the measurable ranga of the
assay. Blood samples and tumor samples were taken from three rats and are repre-

sented individually in the graph.
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Statistics
Statistical significance was determined with SPSS/PC+, using the Mann-Whitney

UMWilcoxon rank-sum W test. P < 0.05 was considered significant. Results are
presented as means with standard deviations.

Ethical approval

The experimental protocols adhered to the rules laid down in "The Dutch Animal
Experimentation Act” (1877) and the "Guidelines on the Protection of Experimental
Animals” published by the Council of the E.C. {1986}, Specific protocols were approved
by the Committee on Animal Research of the Erasmus University, Rotterdam.

Table 1. Chemosensitizing effect of verapamit on growth inhibition by drugs in CC631 cells

drug IC3 - verapamil® IC*® + verapamil® sensitization ratio®
colchicine 0.081 {x 0.021) 0.028 (£ 0.001} 2.9
daunaorubicin 0.200 {+ 0.113} 0.030 {+ 0.002) 6.7

0.865 (£ 0.087} 0.7

cisplatin 0.600 {+ 0.120)

* The drug concentration that resubts in 3 50% reduction of the absorbance in the MTT assay; the values
in parentheses are standard deviations

® The mean sensitization ratio is shown

Al experiments were casried out at least three times

Results

In vitro chemosensitizing effect

In the first tests we used the best-known chemosensitizer, verapamil. At a concen-
tration of 6.6 pA growth inhibition of the cell line CC531 by drugs like daunorubicin
and colchicine was enhanced. Verapamil was not able to amplify the growth-inhibiting
effect of cisplatin. in contrast some growth enhancement was observed (Table 1). At
lower concentrations the efficacy of verapamil diminished rapidly: at a concentration of
1 puM only a small chemosensitizing effect was seen. Next we tested the chemosensit-
izing potential of cyclosporin A; in Fig. 1 a representative experiment is shown.
Cyclosporin A had a concentration-dependent chemosensitizing effect on growth
inhibition by doxorubicin and was active at concentrations as low as 0.1 pAM. The mean
sensitization ratio of 0.5 pM cyclosporin A to doxorubicin cytotoxicity was 6.6,
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Figure 1. Dosefresponse curves of the cell line CC531 to doxarubicin (DOX) in the absence or presence of
various concentrations of cyclosporin A [CsA) determined in the MTT assay. Cell number, measured as
absorbance in the colorimetric assay, is represented as a percentage of the central cell growth on the y
axis

Enhancement of drug accumulation

Table 2 shows the results of the daunorubicin accumulation study. The mean fluor-
escence intensity, a measure for the intracellular daunorubicin quantity, calculated from
the histograms, increased under the influence of 5 M cyclosporin A 2.1 times. At this
concentration cyclosporin A was as effective as 6,6 pM verapamil.

Tabla 2. Effect of chemosensitizers on daunorubicin accurnulation

drugs daunorubicin content®

dauvnorubicin 100

daunerubicin + cyclosparin A 211 + 38

daunorubicin + verapamil 193 + 20
Lo

.

Numbers represent the mean flucrescence intensity of daunorubicin in CCB31 cells after incubation with
and without chemaosensitizers, Dauncrubicini 1 pg/ml; cyclosporin A & pM; verapamil 6.6 pM. The
fluorescence of daunorubicin alone is arbitrarily defined as 100

The experiments were repeated at [east {wice

P-glycoprotein expression
tdeally immunofluorescence studies should be carried out with a monoclonal antibody
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that recognizes an external epitope of a rmembrane protein. Using an antibody that
recognizes an internal epitope requires membrane disturbance by fixation with the
drawback of possible foss of intensity because of epitope loss by this fixation. How-
ever, for rat P-glycoprotein there is no monoclonal antibedy available that recognizes an
external epitope, as MRK16 is human-specific and the antibodies HYB-241 and 265\F4
do not recognize rat P-glycoprotein (unpublished observations). Therefore, we tasted
with €219, an antibody widely used to determine P-glycoprotein expression. in Fig. 2 a
distinct difference is seen between the non-P-glycoprotein-expressing A2780, and the
P-glycoprotein-expressing 2780, The fluorescence peak of CC531 cells bound to C-
219-FITC lies between the two control cell lines, just to the right of A2780, demon-
strating the P-glycoprotein exprassion in CC531 cells.

]

g .
2 g
oo
! &
i
4 |f
! \r
Figuro 2. P-glycoprotein expression in A2780,
2780" and CCB31 cells determined by flow
cytometry with the menoclonal antibody €219,
The figure shows cell count on the x axis {linear
scale] and fluorescence intensity {fluorescein- f
isothiocyanate-labelled €218} on the vy axis
{togarithmic scale} }LQ{WWJ\JJ}J L\.,, "'\WWM

In vivo cyclosporin A levels

Because we had no data on the bio-availability of cyclosporin A in tumors, we chose
to administer cyclosporin A at a higher dose than necessary to reach a chemosensit-
izing effect on CC531 cells /n vitro. With the injection of 20 mg kg' day' on 3
consecutive days, an intramuscular depot was generated, which gave sustained high
levels of cyclosporin A. Whole blood levels, determined 24 h after the last injection of
cyclosporin A (about 2 h before the administration of doxorubicin}, amounted to 2.1 (+
0.2) gmolfl, In a separate experiment blood and intratumoral cyclosporin A levels weare
compared. The cyclosporin A level in whole blood was again 2.1 gmol#. Intratumoral
cyclosporin A levels, measured with the same method, amounted to 3.6 pmol/kg,
which is higher than in whole blood. See Fig. 3.
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cyclosporin A levels

§ \ =
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Figura 3. Cyclosporin A levels in plasma, whaole blood and in CC531 tumors determined with the Emit
cyclosporin assay. The results of three animals are represented individuaily. The units used for cyclosporin
A fevels in plasma and whole biood are gmoldl, in tumor tissue pmolikg

In vivo chemosensitizing effect

In the subrenal capsule assay doxorubicin alone, administered at the maximal
tolerable dose of 4 mgrkg, significantly inhibited tumor growth (Fig. 4). A lower dose of
3 mg/kg doxorubicin had no significant growth-retarding effect. In combination with
cyclosporin A both doses of doxorubicin were significantly more effective compared to
treatment with the respective doses of doxorubicin alone. Treatment with cyclosporin
A alone had no effect on tumor growth. A repeat experiment with 4 mg/kg doxorubicin
showed a significant chemosensitizing effect of cyclosporin A also at the 4 mg/kg

doxorubicin dose level.

Discussion

In this study we show the feasibility of overcoming intrinsic MDR in a rat colon
adenocarcinoma /n vivo. We belisve that the CC531 tumor provides a good, syngeneic,
solid tumor model for studying intrinsic MDR. /n vive CC531 is very resistant to most
anticancer drugs and only 8 moderate sensitivity to cisplatin has been described.' In
our experiments a significant growth retarding effect could be obtained by using
doxorubicin, but only when used at the maximal tolerable dose of 4 mg/kg, while no
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Figure 4, Effect of doxorubicin andfor the chemosensitizer cyclosporin A {CsA) on weights of CC531
tumors in the subrenal capsule assay experiment, Conte, control, no deug treatment; CsA-contr, only
treatment with cyclosporin A; DOX3, rats treated with 3 mg/kg doxorubicing DOX3 + CsA, rats treated
with 3 mg/kg doxorubicin, and cyclosporin A; DOX4, rats treated with 4 mg/kg doxorubicin; DOX4 +CsA,
rats treated with 4 mg/kg doxorubicin, and cyclosperin A. The following groups were signiticantly smaller
compared to other groups {determined with the Mann-Whitney UMWilcoxon rank sum W testh: *1:
DOX3 + CsA versus Contr (P=0.0039}, CsA-contr (P=0.0039} and DOX3 (P=0.0163); *2; DOX4 versus
Contr {(P=0.0039) and CsA-contr {P=0.0039); *3: DOX4 +CsA versus Contr (P=0.0039], CsA-contr
{P=0.0039}, DOX3 (P=0.02} and DOX4 (P=0.0039]

significant growth inhibition was observed at lower dosage. In in vitro cytotoxicity tests
the addition of chemosensitizers enhanced the growth-inhibiting effect of daunorubicin,
doxorubicin and colchicine, drugs of the cross-resistance pattern of MDR, whereas the
cytotoxicity of cisplatin was not enhanced by cyclosporin A. We demonstrated by flow
cytometry that co-incubation of daunorubicin with chemosensitizers like cyclosporin A
and verapamil results in an enhanced accumulation of daunorubicin in cells. A distinct
expression of P-glycoprotein was shown by immunofluorescence. These data indicate
that CC531 has the typical MDR phenotype.

Of the drugs that are able to reverse MDR /n vitro, verapamil is the best known and
most intensely studied. However, levels of verapamil necessary to reverse MDR /n
vitre, about B M, can not be reached in patients because of prohibitive cardiovascular
toxicity.' We chose cyclosporin A as a chemosensitizer because several investigators
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reported a higher effectivity on an equimolar basis of cyclosporin A over verapamil 578
a result we also found with the CC531 cell line. The second reason we chose
cyclosporin A was that the concentration of cyclosporin A necessary in Vitro to
overcome drug resistance is achievable without intolerable side-effects M vive in
humans.'™'® Howsver, ona can not translate /n vitro concentrations diractly into doses
required in vivo, as pharmacological aspects may play an important role in the bio-
availability of the drug," e.g. in vivo over 95% of cyclosporin A is bound to proteins or
cells. Therefora we decided to administer cyclosporin A at a higher dose than required
to achieve a chemosensitizing effect in our /i vitro experiments. After 3 days of
intramuscular administration, cyclosporin A levels in whole blood obtained in the /n vive
experiments were above 2 pmol/l. Interestingly, measured with the same cyclosporin
assay, intratumoral levels of ¢cyclosporin A amounted to 3.6 pmol/kg, which suggests
that in solid tumors cyclosporin A levels may be even higher than in whola blood, This
means that adequate levels of the chemosensitizer cyclosporin A can be reached at the
tumor site by a vascular route. fn vivo this dose had neither a growth-retarding, nor a
growth-stimulating effect on the tumor: in the subrenal capsule assay, tumors in the
control group or tumors treated with cyclosporin A alone had similar weights.

In this intrinsic MDR model we show that cyclosporin A can have an effective
chemosensitizing effect on doxorubicin in vivo. In the subrenal capsule assay experi-
ment rats treated with the combination of cyclosporin A and doxorubicin had signifi-
cantly smaller tumors compared to all other groups and also compared to the rats
treated with doxorubicin alone. Adding cyclosporin A to doxorubicin rendered a
suboptimal dose of 3 mg/kg doxorubicin effective, and the activity of an effective dose
of 4 mg/kg was enhanced by combination with cyclosporin A. The differences in
standard errors between the experimental groups, with larger errors in the control
groups and less variation in results in the treated groups, is a phenomenon that is often
seen in experimental pharmacology. Probably this is due to the logarithmic growth of
tumors, which is attenuated for some time in effectively treated groups, resulting in
smaller tumors with inherently smaller standard errors.

Together with the /n vitro data, demonstrating P-glycoprotein expression, enhance-
ment of drug uptake and increased growth inhibition in CC531 cells by the addition of
cyclosporin A, these findings furnish evidence for direct MDR reversal at the cellular
tumor level. However, an alternative explanation, cyclesporin A altering drug pharmaco-
kinetics,?® can not be ruled out. As P-glycoprotein expression is found in the kidneys,
especially in the renal tubules,® blocking of this efflux pump may diminish excretion of
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anticancer drugs and, via higher and mors prolonged blood levels, cause indiract
enhanced exposure of celis to drugs.®

In vivo reversibility of drug resistance by cyclosporin A has been reported in other,
mostly non-solid tumor models. In ascites tumor models, Slater et al?' found a
correction of daunorubicin resistance by cyclosporin A on a daunorubicin-resistant
subline of the Ehrlich ascites tumor in vivo, and they also described enhancement of
the cytotoxicity of daunorubicin by cyclosporin A to the parental Ehrlich ascites and
hepatoma 129.%? Boesch et al.*® however, did not find any effect of cyclosporin A on
vincristine cytotoxicity to an MDR variant of the murine monocytic leukemia P388.
Only Osieka et al.? published a study about a solid tumor and showed enhancement of
etoposide cytotoxicity by cyclosporin A to a human embryonal carcinoma in nude mice.
We feel that our tumor mode! is, therefore, a valuable one, as it is both a syngeneic,
and a solid, MDR positive tumeor.

Although our experiments suggest potential use for cyciosporin A in the clinical
setting, results in the few trials reported so far have not yet substantiated its role, as
they are not unequivocal. Sonneveld and Nooter®”® showed the possibility of eliminating
MDRT positive acute myeloid teukemia cells by adding cyclosporin A to an ineffective
treatment schedule. In a very recent report they described reversal of clinical drug
resistance in patients with multiple myefoma after addition of cyclosporin A to the
combination chemotherapy.'® Response was correlated with P-glycoprotein and MDR?
expression. Steady-state plasma levels of cyclosporin A were about 1000 pg/. Verwaeij
et al'" tested cyclosporin A as a reverter in combination with epidoxorubicin in
coloractal cancer. In four out of four tumor samples they showed the ability of
cyclosporin A to enhance daunorubicin uptake by flow cytometry. Despite this observa-
tion, only 1 patient out of 24 had a partial response, while 2 of the patients who
showed enhanced daunorubicin uptake in vitro had progressive disease. The
cyclosporin A levels they reported seem quite high and adequate: peak levels of about
6000 ng/mi and levels around 1000 ng/ml 18 h later, Simitar cyclosporin A levels were
achieved in a clinical trial in renal celf cancer patients with the combination cyclosporin
A plus vinblastine. No response was found in 15 patients.*® Although MDR levels or P-
glycoprotein expression were not determined in these studies, it is likely that a substan-
tial number of these 39 patients expressed P-glycoprotein in their tumors, as in other
studies colon carcinoma as well as renal cell cancer was found to be MDR- or P-
glycoprotein-positive in the majority of the patients.?”* Moreover, Kanamaru et al.?®
and Mickisch et al*® showed that P-glycoprotein expression in renat cell carcinomas
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correlated with resistance in primary cell cultures fn vifro to doxorubicin and vinblastine,
which could be reversed by chemosensitizers. The clinical trials by Rodenburg et a/.?®
and Verweij ef al.'” are the only studies that dealt exclusively with tumors from organs
that inherently have a high expression lsvel of P-glycoprotein. Other studies were
carried out in heavily pretreated patients or patients with advanced disease, In these
studies, a clear responss was found in a trial with patients with myeloma or lymphoma
resistant to vincristine/doxorubicin/dexamethasone: 3 out of 8 patients responded to
the addition of verapamil to the drug regimen, while 6 of these 8 patients exhibited P-
glycoprotein expression on their tumor cells.®® So this last study and the study by
Sonneveld et al."® clearly suggest a beneficial role of MDR reverters.

So far only clinical trials with hematological disorders have been successful in revers-
ing MDR. In solid tumors no responses were found. We cannot compare our experimen-
tal data with clinical trials, but we show in our model the feasibility of reversing
intrinsic MDR  in a solid tumor /n wvo. Adequate levels of the chemosensitizer
cyclosporin A could be obtained at the tumor site by a vascular route and this rendered
a suboptimal dose of doxorubicin effective. Our results, obtained in a syngeneic, solid
tumor model therefore suggest that there may still be a place for chemosensitizers in

the chemotharapy of MDR solid tumors.
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Summary

The chemosensitizing potency of dexniguldipine hydrochloride {B8509-035) on
epidoxorubicin was assessed in an MDR tumor model, the intrinsically MDR rat colon
carcinoma CC531. /n vitro in the sulphorhodamine B cell-viability assay the cytotoxicity
of apidoxorubicin was increased approximately 15-fold by co-incubation with 50 ng/ml
dexniguldipine. /n vivo concentrations of dexniguldipine 5 h after a single oral dose of
30 mg/kg were 72 (+19 sd} ng/mi in plasma and 925 (485 sd} ng/g in tumor tissue.
Levels of the metabolite of dexniguldipine M-1, which has the same chemosensitizing
potential, were 26 (£ 6 sd} ng/ml and 289 {x 127 sd} ng/mg respectively. The efficacy
of treatment with 6 mg/kg epidoxorubicin applied intravenously combined with 30 mg
kg day’' dexniguldipine administered orally for 3 days prior to epidoxorubicin injection
was evaluated on tumors grown under the renal capsule. Dexniguldipine alone did not
show antitumor effects /n vivo, Dexniguldipine modestly, but consistently, potentiated
the tumor-growth-inhibiting effect of epidoxorubicin reaching statistical significance in
two out of four experiments. In conclusion, these experiments show that dexniguldipine
has potency as an MDR reverter in vitro and n vivo in this solid MDR tumor model.
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Introduction

Multidrug resistance is an important mechanism in clinical drug resistance and express-
ion of the MDR genae is found in a variety of tumors."? In MDR a transmembrane efflux
pump, P-glycoprotein, confers drug resistance on a group of chemically unrelated
anticancer drugs by increasing the efflux. The P-glycoprotein pump can be blocked
raversibly by so-called chemosensitizers, which are substrates for the protein them-
selves. As a result, higher intracellular levels of anticancer drugs are achieved and
enhanced cell death occurs. Among the various compounds that can function as
chemosensitizers are verapamil, cyclosporin A and its non-immunosuppressive analogue
PSC 833, quinidine, tamoxifen, and many others.' Previous studies have been carried
out with verapamil, but levels necessary for modulation of MDR in vivo appeared too
high, resulting in severe cardiovascular side-effects. In a clinical trial with verapamil,
dose-limiting side-effects were hypotension and cardiac arrhythmias at levels of
exposure anticipated to be inadequate for MDR reversal.® This has led to a search for
related compounds that are devoid of the cardiovascutar side-effects.

Sterecisomers of verapamil and related drugs vary in calcium-channel-blocking
activity. For example, the {+)sterecisomar of verapamil is a 10-fold less potent calcium
antagonist than the (-lisomer,* but has approximately the same chemosensitizing effec-
tiveness.® Of the other calcium antagonists, the dihydropyridine drug niguldipine, was
found to be a very effective chemosansitizer in MDR.® The (-}stereocisomer, dexniguldi-
pine hydrochioride (B8509-035), displays a 45-fold lower affinity for calcium-channei-
binding sites compared to the {+)isomer, while both have the same MDR-modulating
potency.® In various preclinical modsls in vitro the chemosensitizing potency of
dexniguldipine was either equal to or up to 50 times more effective than verapamil.*"

We tested the activity of dexniguldiping in the CC531 MDR tumor model. CC531is a
colon carcinoma, derived from and transplantable in the WAG/RIJ rat, that intrinsically
expresses the multidrug-resistant phenotype. In a previous report the potency of
cyclosporin A as a modulator of resistance to doxorubicin was shown in this model.'?
Here we report on the chemosensitizing effect of dexniguldipine /in vifro and in vive and
on levels of dexniguldipine and its active metabolite M-1 in plasma and tumors.
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Materials and Methods

Animals

Male rats of the inbred WAG/RIJ (RT1Y) strain were obtained from Harlan-CPB
{Austerlitz, The Netherlands}. Animals were bred under specific-pathogen-fres condi-
tions and fed standard rat chow (Hope Farms, Woerden, The Netherlands) and water ad
libitum, In the experiments rats 12-18 weeks old, weighing 220-280 g, were used.

Tumor and cell line

CC531 is a colon carcinoma, which was induced chemically in the WAG/RIJ rat with
1,2-dimethylhydrazine. The tumor, a moderately differentiated adenocarcinoma, is
weakly immunogenic and transplantable in WAG/RIJ rats.” In vitro the cell line grows
as a monolayer. CC531 is an intrinsically multidrug-resistant tumor as it axpresses the
MDR phenotype. At the mRNA level expression of mdrfa, and not mdrib, has been
detected by the polymerase chain reaction.' A low level of P-glycoprotein expression
has been shown with the monoclonal antibody C219 by Western blotting and by
immunofluorescence techniques.'*" Intracellular accumulation of daunorubicin can be
enhanced by chemosensitizers like verapamil and cyclosporin A.'%'® Cytotoxicity assays
have shown the typical drug resistance pattern of MDR and enhancement of cytotox-
icity by chemosensitizers,'*t®

The call line was grown in Dulbecco’s modified Eagle’s medium supplemented with
5% fetal calf serum, aspartic acid (0.1 mM), glutamic acid (0.3 mM), penicillin {111
Wim# and streptomycin {111 wpg/ml}, all obtained from Gibco (Paisley, UK), in a
humidified atmosphere of 5% C0./95% air at 37°C. Regular screening for Mycoplasma
infection was performed. Cells were isolated by trypsinization; viability, determined by
trypan blue exclusion, was over 80% in all experiments.

Chemicals

Dexniguldipine hydrochioride {B8509-035}, the metabolite M-1 (B8909-008) and
B9003-001 (internal standard for dexniguldipine in the HPLC) were kindly provided by
Byk Gulden, Konstanz, Germany; epidoxorubicin (Farmorubicin} was obtained from
Farmitalia, Carlo Erba, ltaly; sulphorhodamine B was purchased from Sigma Chemicals,
St. Louis, Mo., USA; deionized Milli-Q water was from Millipore, Etten Leur, The
Netherlands; trichloroacetic acid from J.T. Baker, Deventer, Tha Nstherlands; and
dichtoromethane/hexane/isobutyl alcohol (40:60:0.5) from Rathburn, Walkerburn,
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Scotland.

In vitro cytotoxicity assay

Chemosensitivity in vitro was determined with the sulphorhodamine B cell-viability
assay, essentially carried out as described by Skehan et al.'® In brief, 2 x 10 trypsin-
ized tumor cells/well in 200 4l complate medium were platad into 96-well flat-bottomed
microtitre plates (Costar, Cambridge, Mass., USA). Tests were carried out in quadrupli-
cate. The plates were incubated for 24 h at 37°C, 5% C0,/95% air to allow ths cells
to adhere. Then the old medium was replaced by meadium containing the test drug in
graded concentrations; in the interaction studies epidoxorubicin together with a fixed
concentration of dexniguldipine was added, On day 7 the incubation was terminated by
washing the plates twice with PBS. Subsequently the cells were fixed with 10%
trichloroacetic acid in deionized Milli-Q water and placed for 1 h at 4°C. After five
washings with tap water, the cells were stained for 15 min with 0.4% sulphorhodami-
ne B dissolved in 1% acetic acid, and subsequently washed with 1% acetic acid to
remove the unbound stain. The plates were air-dried and bound protein stain was
dissolved in 150 gl 10 mM TRIS base. The absorbance was read at 540 nm using an
automaied microplate reader (Titertek, Flow Laboratories Ltd., Irvine, Scotland}.

In vivo assay

Subcutaneously grown solid tumors of the CC531 cell line were used 20-3C days
after implantation. In a subrenal capsule assay tumor pieces wasighing 6-8 mg wera
implanted under the capsule of the kidneys. In the pharmacokinetic experiment,
treatment with dexniguidipine was given 10 days after implantation. Rats ware
restrained from foed 12 h prior to administration of the drug., A single dose of 30
mg/kg dexniguldipine was administered orally through a thin metal cannula, Five hours
later rats were sacrificed, a blood sample was taken and the tumors were collected for
analysis of dexniguldipine and M-1 levels.

In the pharmacodynamic experiment dexniguldipine treatment was started 24 h after
implantation of the tumor. In contrast to the single dosing in the pharmacokinetic
experiment, dexniguldipine was administered for 3 consecutive days orally at a dose of
30 mg kg' day'. On day 4, 6 h after the last dexniguldipine dose, rats were injected
intravenously with 6 mg/kg epidoxorubicin, or PBS in control rats. On day 10 the
animals were sacrificed, tumors were enucleated and weighed.

All experimental groups consisted of 6-8 rats.
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Apparatus for dexniguidipine and M-1 measurement

Dexniguldipine was determined in plasma and tumor tissue with an automated
reverse-phase isocratic high-parformance liquid chromatography {(HPLC) assay with UV
detection at 230 nm. A model 710B WISP autosampler and a model M510 pump were
used (all Waters Assoc,, Milford, Mass., USA). The detector was a UV2000 (Spectra
Physics, San José, Calif.,, USA), The data were processed with a Shimadzu CR3A
integrator {Shimadzu Corp., Kyoto, Japan). The column was a Shandon Hypersyl CPS,
3 ym 150 x 4.6 mm {LC Services, Emmen, The Netherlands). The eluent consisted of a
5 mM phosphate buffer (pH 7.6} with 60% acetonitrile. The flow rate was 1.5 mi/min
and the column temperature 40°C. Sample size was 100 gl for each analysis.

Sample preparation for dexniguldipine and M-1 measurement

A volume of 150 gl plasma was collected, to which 50 g 2000 ng/ml solution of
internal standard (B9003-001) in methanol was added. Next, 800 u} deionized Milli-Q
water was added and the sample was mixed on a whirl mixer for 15 s. For extraction
of the test chemicals 7 mi dichloromsthans/hexans/isobutyl aicohol {40:60:0.5) was
added. The mixture was mixed for 30 min on a whirl mixer and subsequently centri-
fuged for 10 min at 4000 g. The organic layer was collected and evaporated to dryness
at 50°C under vacuum. The residue was recenstituted in 150 yl eluent.

Tumor tissue was homogenized with a Turrax homogenizer (Boom, Meppel, The
Netherlands} in 1 ml of Milli-Q water. The homogenizer was flushed twice with 2560 ul
Milli-Q water. A 50 gl volume of a 2000-ng/ml interna! standard solution in methanol
and 7 ml dichloromethanefhexanefisobutyl alcohol (40:60:0.5) were added. Further
handling of the tissue sample was as described for the plasma sample.

The recovery of dexniguldipine, M-1, and the internal standard was determined
relative to direct injection of the individual dissolved compounds.

Statistics
Statistical analysis was carried out with SPSS/PC+, using the Mann-Whitney
UMWilcoxon rank-sum W-test. P<0.05 was considered significant,

Ethical appraval

The experimental protocols adhered to the rules laid down in The Dutch Animal
Experimentation Act (1977} and the Guidelines on the Protection of Fxperimental
Animals published by the Council of the E.C, {1986)}. Specific protocols were approved
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by the Committee on Animal Research of the Erasmus University, Rotterdam.

Results

In vitro chemosensitizing effect of dexniguldipine on epidoxorubicin

Dexniguldipine up to 1000 ng/ml had less than 10% growth-inhibiting effect on
CC531 cells in vitro. The madian inhibitory dose {IDg) for dexniguldipine was approxi-
mately BO00 ng/mi. Epidoxorubicin showed a concentration-dependent growth-
inhibiting effect with an 1Dg, of 62 ng/ml. The chemosensitizer dexniguldipine at a
concentration of 80 ng/ml enhanced cytotoxicity of epidoxorubicin approximately 15
times {Fig. 1}. Higher concentrations of dexniguldipine wera equally effective {500
ng/ml} or too toxic for CC531 cells by themselves (5000 ng/ml) (data not shown),
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Figure 1. Dosefresponse curves of the cell tine CC631 to incubation with graded concentrations of
epidoxorubicin in the absence (a] or presence {r} of the chemosensitizer dexniguldipine (80 ng/mi
determined in the sulphorhodamine cell viabitity assay. Sulphorhodamine B absorbance is expressed as a
percentage of the contrel absorbance an the y axis and represents the percentage cell viability

Tissue concentrations of dexniguldipine
In this report we show some data on the levels of dexniguldipine and M-1 in plasma
and in tumor tissue. In a separate report more elaborate studies on dexniguldipine and
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M-1 pharmacokinetics are presented.'” Dexniguldipine was readily absorbed after oral
administration reaching levels in plasma after 5 h of 72 {£19 sd) ng/ml (ses Fig. 2).
Levels in tumor tissue were much higher: 925 {495 sd) ng/g. A similar pattern was
observed for the metabolite M-1: in plasma 26 {£6 sd) ng/ml and in tumor tissue 289
{£ 127 sd) ng/gr. The level of M-1 was approximately one-third of the fevel of dexnigul-
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levels in plasma {ng/ml} and tumor tissue :
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In vive chemosensitizing effect of dexniguldipine on epidoxorubicin

Pilot experiments with epidoxorubicin alone showed that a dose of 6 mg/kg had a
modarate but consistent growth-inhibiting effect on CC531 tumors grown in the
subranal capsule assay. Dexniguldipine treatment alone had no influence on growth of
the tumor. In all experiments tumors treated with the combination dexniguldipine and
epidoxorubicin were the smallest and statistical significance was reached in two
experiments. The results are shown in Table 1. Dexniguldipine had no additive effect in
combination with a lower dose of 4 mg/kg epidoxorubicin (data not shown).

The experiments were not specifically designed for assessment of toxicity, but some
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effects on the body weight of rats were observed. Data on body weights were available
from three experiments. All rats lost seme weight during the experiment: control rats
1%-5%, dexniguldipine-treated rats 2%-69%, rats treated with epidoxorubicin alone 8%-
12%, and rats treated with the combination dexniguldipine and epidoxorubicin 9%-
13%. The total weight loss was significantly higher in the rats treated with epidoxorub-
icin compared to control groups. In one of the three expsriments, rats treated with the
combination dexniguldipine and epidoxorubicin had significantly more weight loss
compared to epidoxorubicin-treated rats. In this particufar experimant {number 3) no
difference was observed in tumor weights between these groups.

Table 1. Results of experiments en tumor grewth inhibition /n vive with epidoxorubicin and the chemosens-
itizer dexniguldipine

treatment group experiment

1 2 3 4
control 45.1 (£ 15.6) 34.4 (+7.8) 20.8 {£6.5) 41,3 {£9.2)
dexniguldipine 38.8(+17.9) 35.1 {+£9.0) 16.4 {£10.6) 40.6 (+14.9}
epidoxorubicin 23.2 (+2.51" 20.9 [(£3.2) 12.3 (£4.2}7 27.2{x5.1"
6 mg/kg
epidoxorubicin 18.5 (£10.2)" 13.9 (24,727 9.9 ({+£4.1)" 19.6 {+5.2)"273
8 mglkg +

Tumar weight in mg; standard deviations are shown in parentheses

" gpidoxorubicin or epidoxcrubicin + dexniguldipine versus

3

Statistically significart (P<0.08)} results:
control; "2 epidoxorubicin or epidoxarubicin + dexniguldipine versus control and versus dexniguldipine;
epidoxerubicin + dexniguldipine versus epidoxorubicin

Discussion

Dexniguldipine is a novel modulator of MDR that has low intrinsic calcium antagonist
activity, /n vitro studies have shown its efficacy as & chemosensitizer in various
cytotoxicity tests and accumulation assays.®'' Effactive chemosensitizing was shown
in experimental and in human tumor cell lines, and in induced as well as in intrinsic
MDR. On a molar basis dexniguldipine was shown to be at least as effective as
verapamil. Most studies report a superior drug-modulating effect of dexniguldipine over
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verapamil of 2.5- to 50-fold,™*"

This study expands these /n vitro studies with in vivo data. After oral administration,
dexniguldipine is readily absorbed and distributed into various tissues. Dexniguldipine
has a very lipophilic nature and its volume of distribution is high (in animals 20-40
I/kg).'® In the present study intratumoral levels of dexniguldipine were 925 ng/g tissue,
which is more than ten times the plasma levels. Compared to the /n vitro level of 50
ng/ml, which was effective in MDR modulation, these /n vivo levels are high, The data
on dexniguldipine levels were obtained after a single oral dosing. In the antitumor
experiment dosing was tripled by administration on 3 consecutive days. Bacause of the
lipophilic nature of the drug this will probably have resulted in even higher intratumoral
levels. The wide wvariation in the results of the lavels of the chemosensitizer is not
readily explained. Wide interindividual variation in pharmacokinetics has been reported
by others for dexniguldipine after oral administration, as well as for other dihydropyri-
dine compounds.'®

Part of the activity of dexniguldipine /in vive is mediated by the active metabolite M-
1, which is shown to have the same MDR-modulating potency as dexniguidipine.®® The
pharmacokinetics of M-1 followed the results of dexniguldipine closely. The M-1 lavel
was approximately one-third of the level of dexniguldipine in plasma and in tumor tissue
5 h after administration. Recently, comparable levels of dexniguldipine and M-1 have
been published from a phase | trial in patients.'®

Dexniguldipine showed no direct antitumor activity against CC531 cells. Anti-
proliferative effects of dexniguldipine have been reported for some tumors, possibly
tumors with a neurcendocrine differentiation depending on autocrine stimulating
factors. 2% The chemosensitizing potency of dexniguldipine on the MDR CC531 tumor
was observed in all in vive experiments. Dexniguldipine had a significant potentiating
effect on growth inhibition of CC531 tumors by epidoxorubicin in two out of four
experiments, while in the other experiments the observed differences did not reach
statistical significance. The results with dexniguldipine are comparable to those with
earlier published experiments in the CC531 tumor model, which revealed the chemo-
sensitizing effect of cyclosporin A in combination with doxorubicin,'?

Levels of epidoxorubicin in plasma and tumor have not been measured in these
experiments. Therefore, we can not rule out the possibility that altered pharmacokinet-
ics of epidoxorubicin contribute to the chemosensitizing effect apart from direct
modulation of MDR at the cellular level. The fact that combination treatment resulted in
a small enhancement of toxicity in one experiment, as measured by body-weight loss,
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suggests that at least some systemic enhancement of epidoxorubicin activity may have
occurred. This is in agreement with previous studies that showed enhancement of
doxorubicin toxicity caused by combined treatment with cyclosporin A.22 Qther
investigators, however, have also furnished evidence for a direct effect of chemosensit-
fzers on the tumor. Niwa et al.”® showed that PAK-200, like dexniguldipine a dihydro-
pyridine analogue, enhanced the accumutation of doxorubicin in solid tumors in vivo.
The effect of PAK-200 on doxorubicin accumulation in the tumors was dependent on
‘the level of P-glycoprotein expression: only the tumors with a clear expression of P-
glycoprotein had a higher doxorubicin content in the presence of the chemosensitizer.
Furthermore, in patients with refractory multiple myeloma, addition of cyclosporin A to
the chemotherapeutic regimen vingristine, doxorubicin and dexamethasone resulted in
enhancement of the response rate.?® Additional studies showed that the effect was
probably achieved by specific killing of the plasma cells expressing P-glycoprotein.®®
The studies clearly suggest drug modulation directly at the ceflular level by a P-
glycoprotein-dependent mechanism.

The results in our study are comparable to results obtained with dexniguldipine and
doxorubicin in a nude mouse xenograft model. Here partial reversal of resistance to
doxorubicin was observed in solid tumors of the MDRT-overexpressing KB-8-5 cell line
grown subcutaneously. *® Dexniguldipine has entered clinical studies now and promising
resuits have been obtained in trials in acute myeloid leukemia and multiple
myeloma.?"2®

The present study confirms the chamosensitizing potency of dexniguldipine on MDR
cells in vitro. it shows that in vivo relatively high levels of dexniguldipine in plasma and
tumor tissue can easily be achieved by oral administration, fn vivo this resulted in a
strong trend towards a significant enhancement of the antitumor effect of epidoxorub-
icin in the solid MDR tumor CC531,
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Modulation of P-glycoprotein-mediated multidrug resistance

Summary

The pharmacokinetics of oral dexniguldipine, a new MDR reverter under clinical svalu-
ation, and its pyridine metabolite M-1 were determined in plasma, tumor and renal
tissus in WAG/RIJ rats bearing an MDR CC531 colon adenocarcinoma under the renal
capsule. The pharmacokinetics were studied in 4 experiments. After a single adminis-
tration of dexniguldipine (30 mg/kg} tumors and kidneys were collected after 5 h, 24 h
and 48 h in separate experiments. In the fourth experiment dexniguldipine was
administered once daily for 3 consecutive days. The dose was 30 mg/kg. In ali
experiments plasma samples were collected at regular intervals,

The concentrations of dexniguldipine and M-1 could be determined in plasma in most
of the rats up to 32 h after drug administration. The area under the curve {AUC) of
dexniguldipine and M-1 varied 2- to 6-fold in the four experiments. High tumor tissue
cangentrations of dexniguldipine were observed. The concentrations were highest in
the multiple dose experiment (2014 + 1005 ng/g tissue). High correlations (> 0.8)
were established bestween the concentrations of dexniguldipine in plasma and tumor
and renal tissue. Tumor tissue concentrations of M-1 were overall one third of the

daxniguldipine concentrations.
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Introduction

Dexniguldipine is the {-} enantiomer of niguldipine, a dihydropyridine derivative. In /n
vitro studies dexniguldipine was found to bind to P-glycoprotein and to enhance the
cytotoxicity of chemotherapeutic agents such as doxorubicin and etoposide in several
cell lines resistant to these agents.”® The synergistic effects may well be associated
with reversal of MDR related to the activity of P-glycoprotein. Also, the pyridine
metabolite M-1 demonstrated pharmacological activity.!* Dexniguldipine is extensively
metabolised by the cytochrome P450 system and most likely by CYP 3A.

In addition, other in vitro studies revealed that dexniguldipine itself has potent and
selective cytotoxic activity against several tumor cell lines. The mechanism of cytotoxic
action has not been fully elucidated, but interaction with protein kinase C and other
parts of the intracelfular signal transduction pathway have been proposed.®®

Many MDR modifying agents have been applied in the clinic, such as verapamil,
cyclosporin A, quinidine, tamoxifen and others.™ The results obtained with verapamil
revealed serious cardiovascular side-effects at levels of exposure which are presumably
insufficisnt to achieve MDR reversal.'® In addition, lack of information about tumor
tissue concentrations of the MDR modifier limited the optimal design of clinical studies
with an MDR modifier and a P-glycoprotein-dependent anticancer agent.""'? The affinity
of dexniguldipine for the calcium channel receptor site is relatively low. This enables
clinical administration of high doses of the drug. However, the resulting concentration
range of the drug in tumor tissues has not been established. At present, dexniguldipine
in combhination with anticancer agents is in phase it of clinical testing, e.g. in small cell
lung cancer.

The aim of the present studies was to explore the pharmacokinetics of dexniguldipine
and pyridine metabolite M-1 in plasma, tumor and renal tissue of WAG/RIJ rats bearing
an intrinsic MDR CC531 colon adenocarcinoma, grown as a solid tumor under the renal

capsule,'>"

Materials and Methods

Experiments were approved by the Animal Ethics Board of the University of Rotterdam.
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Assay of dexniguldipine and M-1 in plasma, tumor and renal tissue
Apparatus

Dexniguldipine and M-1 were determined in plasma, tumor and renal tissue with an
automated reverse-phase isocratic high-performance liquid chromatography (HPLC)
assay with UV detection at 230 nm. A model 7108 WISP autosampler and a mode!
M510 pump were used (all Waters Assoc., Milford, Mass., USA}, The detector was a
UV2000 (Spectra Physics, San José, Calif., USA). The data were processed with a
Shimadzu CR3A integrator {Shimadzu Corp., Kyoto, Japan). The column was a
Shandon Hypersyl CPS, 3 ym 150 x 4.6 mm (LC Services, Emman, Tha Netherlands).
The eluent consisted of a 5 mA phosphate buffer {pH 7.5} with 60% acetonitrile. The
flow rate was 1.5 mi/min and the column temperature 40°C. Sample size was 100 gl

for each analysis.

Chemicals

Dexniguldipine hydrochloride {B8509-035, batch 292-348), the metabolite M-1
(B8909-008, batch U1 29/071} (chemical name 3-acetyl-2,6-dimethyl-4-nitrophenyl-5-
{{5-{4,4-diphenyl-1-piperidinyl)-pentanoyljpyridine fumarate) and the internal standard
for the assay {B9003-001, batch Zi 04/108) were obtained from Byk Guiden, Konstanz,
Germany; deionized Milli-Q water was from Millipore, Etten Lewr, The Netherlands;
trichioroacetic acid from J.T. Baker, Deventer, The Netherlands; and dichloromethane/-
hexanefisobutyl aicohol (40:60:0.5) from Rathburn, Walkerburn, Scotland. All chemi-

cals were of analytical grade.

Plasma sample preparation

A volume of 150 ul plasma was collected, to which 50 41 2000 ng/ml solution of
internal standard (B9003-001) in methanol was added. Next, 800 ul deionized Milli-Q
water was added and the sample was mixed on a whirl mixer for 15 s. For extraction
of the test chemicals 7 mil dichloromethane/hexanefisobutyl alcoheo!l (40:60:0.5) was
added. The mixture was mixed for 30 min on a whirl mixer and subsequently centri-
fuged for 10 min at 4000 g. The organic layer was collected and svaporated to dryness
at 50°C under vacuum. The residue was reconstituted in 150 gl elusnt. Calibration
curves were constructed up to 2000 ng/ml. The recovery of dexniguldipine, M-1 and
internal standard was determined relative to direct injection of the individual dissotved

compounds,
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Tumor tissue extraction

Tumor tissue was homogenized with a Turrax homogenizer {Boom, Meppel, The
Netherlands) in 1 ml of Milli-Q water. The homogenizer was flushed twice with 250 gl
Milli-C water. A 50 gl volume of a 2000-ng/mi internal standard solution in methanol
and 7 ml dichloromethane/hexane/isobutyl alcohol {(40:60:0.5) were added. The mixture
was vortexed for 30 min. Subsequently, the mixture was centrifuged for 10 min at
4000 g. The organic layer was collected and evaporated to dryness at 50°C under
vacuum. The residue was reconstituted in 150 ul eluent, The recovery of dexniguldip-
ine, M-1 and internal standard was determined relative to direct injection of the

individual dissclved compounds.

Construction of cafibration curves up te 500 ng of dexniguldipine in tumor tissue
Dexniguldipine hydrochloride {B8509-035) and M-1 (88909-008) wers added to

clean test tubes and the samples were evaporated under vacuum. A volume of

approximately 100 mg tumor tissue was added. Subsequently, the procedure was

carried out as outlined above.

Tumor modef and in vivo experiments

Solid tumors of the CC531 colon adenocarcinoma tumor model were used according
to previously described method.'™'"® Tumors of the intrinsically MDR cell line (CC531)
were grown in donor WAG/RIJ rats. Tumor particles of 6-7 mg were prepared and
implanted under the renal capsule of both kidneys of the rats {subrenal capsule model).
In all pharmacokinetic experiments 2 particles were implanted per kidney. For each
experiment {.e. the 5 h, 24 h, 48 h and repeated administration sxperiment) a new
tumor batch was grown in donor rats. In all rats the right jugular vein was cannulated in
the pharmacokinetic experiments to obtain blood samples at regular intervals. The
experiments wers started on day 1 with tumor implantation. The rats were canulated,
after full recovery, on day 3 or 4. During the expeariment di-ethyl ether anaesthesia was
applied. After termination of the experiments rats were sacrificed by cervical disloca-

tion,

Pharmacokinetic experiments

An oral solution of 30 mg/kg dexniguldipine {1.5 mi/kg) was administered, through a
thin metal oral cannula of 23 gauge, on day 8 {single administration) or day 8,9 and 10
{repeated administration} after tumor implantation. Eight rats per treatment group ware

101



Modulation of P-glycoprotein-mediated mullidrug resistance

used. The solution consisted of undiluted 2% dexniguldipine micro-emulsion (batch LSc
1974). The rats were restrained form food the night prior to the experiment. They had
free access to drinking water, Blood samples were collected up to 5 h (5 h experiment},
24 h {24 h experiment) or 48 h {48 h experiment}. The time points were: 0, 10, 20,
30, 60, 120 min and 4, 6, 10, 24, 32, 48 h. In the 5 h and 24 h experiments the
sampling time ended at 5 h and 24 h respectively. Tumors and kidneys waere collected
immediately at the end of the sampling period. in the multiple dose experiment peak
and trough whole blood samples were collected, Tumors and kidneys were collected 5
h after the final dose on day 10. Plasma samples wara collected after centrifugation of
whola blood (5 min at 5000 rounds per minute}.

The AUC was calculated with the lin-log trapezoidal method in all experiments. The

Pearson correlation coefficisnt was calculated where appropriate.

_Results

Assay of dexniguldipine and M-1 in plasma, tumor and renal tissue
Rasults of the analysis of dexniguldipine and M-1 in plasma

Calibration curves were linear up to the studied concentration of 2000 ng/mi.
Correlation coefficients were better than 0.989. The lower limit of quantitation of
dexniguldipine and M-1 was 25 ng/ml. The between-run coefficient of variation at the
lower limit of quantitation for dexniguldipine was 15.1% and for M-1 24.7%. At almost
all concentrations higher than the lower limit of quantitation the coefficient of variation
was around 5% or lower.

Results of the tumor tissue extraction
Calibration curves are linear up to the studied concentration of 500 ng. The correla-
tion coefficients are >0.999. The lower limit of quantitation of dexniguldipine and M-1

in tumor and renal tissue was 25 ng/g.

Pharmacokineltic experiments

in the b h experiment 7 of the 8 rats were evaluable for plasma kinetics of dexniguld-
ipine and M-1 and all rats were evaluable for tumor and renal tissue uptake. The plasma
concentration-time curves of the 48 h experiment are given in Fig. 1. The AUC data are
summarized in Table 1. The AUC of M-1 is always lower than of the parent drug (see
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Figure 1. Plasma concentration-time curves up to 48 h of dexniguldipine in 7 WAG/RE) rats after sinple oral
administration of 30 mg/kg dexniguldipine. Rat 8 was not evaluable

Table 1. AUC data of dexniguldipine and M-1 in WAG/RIJ rats after single oral administration of a dose of
30 mg/kg dexniguldipine (DNIG}

5 h experiment 24 h experiment 48 h experiment

AUC, 5, (ug.himk) AUC, 2¢p, (wo-himt} AUC,.4qy log.himt)
rat DNIG M-1 ONIG M-1 DNIG M-1
mean 0.67 0.18 2.17 0.64 2.49 0.54
sd 0.80 0.15 1.03 0.34 0.84 0.43
range 0.22-2.47  0.03-049  1.15-4.31  0.12-1.26  1.76-3.49  0.16-1.19

n 7 7 7 7 7 7

sd¢ = standard deviation
The AUC data were calculated in all experiments up to the latest measured time point. In the 48 h
experiment the AUC was deterrnined up to the latest measurable concentration which was 31,7 hin all

except one rat {11.2 h}

Table 1}. The concentration-time curves of the 48 h experiment reveal that the plasma
concentration at 48 h could only be determined in one of the rats. In almost all rats the
concentration-time curves could be determined up to 32 h after administration. The
AUC, .4, was calculated up to the latest measurable data point. The mean plasma
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concentration-time profiles of the 24 h and 48 h experiments are superimposable,
which illustrates that the pharmacokinetics are reproducible.

In the repeated administration experiment only limited plasma kinetic data became
available, The limited plasma concentration data do not show major differences in the
kinetics on day 1, 2 and 3.

Table 2. Concentrations of dexniguldipine in tumor and renal tissue and of M-1 in tumor tissue

tumor concentrations of dexniguldipine {ng/g tissue}

5 h experiment 24 h experiment 48 h experiment repeated dose

expeariment
mean 1463 595 386 2014
sd 1470 404 330 1005
sem 264 78 58 193
CV {%) 101 88 85 50

tumor concentrations of metabolite M-1 {ng/y tissue}

5 h experiment 24 h experiment 48 h experiment repeated dose

experiment
mean 389 262 146 692
sd 283 182 107 309
sem 53 36 21 59
CV {%)} 7% 69 73 45

renal tissue concentrations of dexniguldipine {ngfg tissue)

§ h experiment 24 h experiment 48 h experiment repeated dose

experiment
mean 2707 2632 463 5284
sd 1028 1811 444 3129
sem 285 523 111 836

CV (%) 38 69 96 59

sd = standard deviation
sem = standard error of the mean
CV {%5) = coefficient of variation
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The tumor concentrations of dexniguldipine and M-1 in the 4 experiments are given
in Table 2. The concentrations of M-1 are 20-30% lower than of the parent drug.

The concentrations of dexniguldipine in renal tissue were highar than in tumor tissue
(see Table 2}. Also, the M-1 concentrations In renal tissue ars of the order of 30% of
the dexniguldipine concentrations, which resembles the relationship in tumor tissue.
The order of magnitude of the renal concentrations in the individual experiments was
the same as in tumor tissue. The decline of the plasma concentration-time curves in the
24 h and 48 h experiment parallels the decline of the tumor tissue concentrations of
dexniguldipine, which illustrates the close relationship between plasma and tumor
kinetics of dexniguldipine (see Fig. 2). In this figure the tumor concentrations of the 5
h, 24 h and 48 h experiments have been combined in order to construct a concentra-
tion-time curve. The estimated terminal half-life in plasma is of the order of 20 h (see
Fig. 2). Furthermore, high correlation coefficients were found between the tumor tissue
concentrations at the end of the experiment and the plasma AUC in the 5 h experiment
(R=0.98, n=7) and 24 h experiment {(R=0.84, n=7} {see Fig. 3}). The relationship
between the tumor tissue concentration and the AUC,,,, was not calculated, because
the AUC, ,,,, could not be determined in most of the rats, as is outlined above.

In addition, high correlation coefficients were found between tumeor and renal tissue

concentrations in all experiments (see Fig. 4).
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Figure 2. Mean pfasma concentration-time curves of the 24 h and 48 h experiment combined with the
mean tumor gengentrations obtained in the 5 h, 24 h and 48 h experiments
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The tumor weights in the 4 experiments varied and were 63 = 19 mg {5 h experi-
ment), 67 + 15 mg {24 h experiment}, 131 = 42 mg {48 h experiment} and 81 + 29

mg (repeated administration experiment}.

A=0,98 and without * R=0.89

tumor conc. (pg/g)

AUCO-5 (ug.hr/mi)

Figure 3. Correlation between the tumor tissue concentrations of dexniguldipine and the AUC,5,, in the 6 h
experiment. The correlation coefficient has also been calculated without the extreme observation (*}
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Figure 4. Correlation between tumor and renal tissue concentrations of dexniguldipine. in the experiment
with the repeated administration once daily on 3 consecutive days
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Discussion

The presented data describe the plasma, tumor and renal tissue kinetics of dexniguldi-
pine and metabolite M-t after single or repeated oral administration of 30 mg/kg
dexniguldipine to tumor bearing WAG/RL) rats. The concentrations of dexniguldipine
and metabolite M-1 were determined in tumor tissue at 5, 24, and 48 h to evaluate the
uptake kinetics in tumor tissue. In addition, the tumor concentrations were determined
after steady state had been reached after 3 days of drug administration, which is basad
on the estimated terminal half-life of approximatsly 20 h.

The plasma concentration-time curves of the 5 h experiment only showed a moder-
ate dacline. No rapid distribution phase was visible in these curves. The kinetics in
plasma ware highly variabla. The AUC range in the 24 h experiment was 1.15 to 4.31
pg.himl, In addition, the time to maximal plasma concentration (T} was highly
variable (see Fig. 1). Also a study in man revealed that pharmacokinetics are highty
variable.'® The elimination phase in the 48 h experiment can not be described sufficient-
iy long enough to caiculate the total AUC.

In the experiment with the repeated administration limited plasma data became
available. This was due to plugging of 3 cannulas during the experiment. The plasma
concentration data in the 4 evaluable rats revealed that the concentrations did not
further increase after 2 days of dosing, indicating that near steady state had been
reached. The administration of once daily 30 mg/kg dexniguldipine, during 3 subse-
quent days was feasible, except in one rat. No significant cumulative toxicity in the
remaining animals was observed. A pravious pilot experiment revealed that this dose
was the highest feasible dose upon repeated administration in this model (data not
shown}.

The tumor concentrations of dexniguldipine and M-1 also showed wide variation (see
Table 2). It is unlikely that this variation is due to differences in the distribution kinetics
of dexniguldipine, regarding the high correlations between AUC and tumor concentra-
tions of dexniguldipine. The concentrations of the parent drug and M-1 are highest after
the repeated administration. This indicates that the drug accumulates in the peripheral
tissues. The high correlations between plasma and tumor tissue concentrations enables
the prediction of tumor concentrations using plasma samples in this /7 vivo model. The
high variability of the plasma concentrations may be dus to variations between the rats
in bicavailability.

High correlations were found between tumor and renal tissue concentrations of
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dexniguldipine., The renal tissue concentrations were always a factor 1.5 to 4 higher
than the tumor tissue concentrations, dependent on the sampling time {see Table 2).
Dexniguldipine is a dihydropyridine derivative. This class of drugs is known to have a
high tissue distribution. Differences in lipophilicity between tissues, such as renal and
tumor tissue, may therefore contribute to the differences in tissue concentration after
exposure to dexniguldipine, in particular at steady state. The ratio dexniguldipine and
M-1 was constant in alt experiments.

The tumor weights between the experiments showed variation. The mean tumor
weight in the 48 h experiment is clearly higher than in the other experiments, which
may have been due to tumor batch differences. As a consequence, tumor growth
inhibition experiments should be casried out with the same tumor batch,

The /i vitro results of the MOR-modifying effect of dexniguldipine revealed that
dexniguldiping was highly active at a concentration as low as 50 ng/ml'? In that
experiment the same CC531 cell line was used. It is hazardous to extrapolate results of
in vitro studies to in vivo tumor models. However, regarding the high tumor tissue
concentrations of dexniguldipine i+ vivo, it may be anticipated that these concentra-
ticns are high enough to reverse MDR /n vive. Resuits of the pharmacodynamic study
with dexniguldipine and epidoxorubicin in this model reveal a moderate synergistic
antitumor effact, which was statistically significant in 2 out of 4 experiments."’

In the present study high concentrations were achieved in intrinsically MDR solid
tumor tissue implanted under the renal capsule after single oral dosing of the MDR
reverter dexniguldipine. In addition, high correlations between plasma and tumor tissue
concentrations enables prediction of tumor concentrations in this model by simply

measuring plasma concentrations.
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Moedulation of P-glycaprotein-mediated multidrug resistance

Summary

The feasibility of using chemosensitizers in the circumvention of P-glycoprotein-
mediated MDR has been shown in many studies. We recently reported on the chemo-
sensitizing effect of cyclosporin A on doxorubicin in a rat solid tumor model. Using the
same experimental design we investigated the side-effects of the combination treat-
ment, During the 35-day experiment doxorubicin treatment caused dose-dependent
weight loss, which was enhanced by combination treatment with cyclosporin A, The
main doxorubicin-related side-effects were myelosuppression (transient leucopenia and
thrombopenia) and nephrotoxicity. Damage to the kidney was severe, leading to a
nephrotic syndrome and resulting in ascites, pleural effusion, hypercholesterolemia and
hypertrigiyceridemia. These toxicities were enhanced by the addition of the chemosens-
itizer c¢yclosporin @ A.  Mild doxorubicin-related cardiomyopathy and minimal
hepatotoxicity were seen on histological examination, There were no signs of enbhanced
toxicity of the combination treatment in tissues with known high expression levels of P-
glycoprotein, like the liver, adrenal gland and large intestine. Cyclosporin A had a low
toxicity profile, as it only caused a transient rise in bilirubin. In conclusion, the chemos-
ensitizer cyclosporin A enhanced the side-effects of the anticancer drug doxorubicin,
without altering the toxicity pattern. There was no evidence of a therapeutic gain by
adding cyclosporin A to doxorubicin, compared to single agent treatment with doxorub-
icin in 25%-33% higher doses, because of the enhanced toxicity of the combination

treatment.
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Introduction

Multidrug resistance is an important mechanism of resistance of tumors to anticancer
drugs. In MDR an efflux pump, P-glycoprotein, expels drugs from the cell by active
transport.! P-glycoprotein expression has been found in many tumors. High expression
fevels of P-glycoprotein were demonstrated in colon cancer, renal cell cancer, hepato-
cellular carcinema, and adrenocortical cancer, while intermediate levels were found in
sarcomas and breast cancer.’? in hematological malignancies, like several leukemias,
lymphomas and in multiple myeloma, expression of P-glycoprotein was found in
untreated, and, to a greater extent, in treated tumors.®® However, this protein is also
expressed in normal tissues. Organs with a high expression level of P-glycoprotein are
the adrenal gland, liver, kidney, colon and pancreas,®® and the protein is mainly
localized in cells lining excretory fumina, which suggests a detoxification function.®

One way of disturbing the P-glycoprotein-mediated resistance mechanism is by
blocking the efflux pump with so-called chemosensitizers. Numerous in vitro studies
have shown the efficacy of drugs like verapamil, cyclosporin A, gquining/quinidine,
tamoxifen, and others in enhancing the sensitivity of MDR tumor cell lines to anticancer
drugs.” In vive studies have confirmed the feasibility of reversal of MDR by chemosens-
itizers in ascites tumor models®® and in solid tumor models.'™'" In clinical trials
promising results have been observed in patients with multiple myeloma, lymphoma,
and leukemia. '™ In studies with solid tumors chemosensitizers showed less efficacy
with responses in a minority of the patients only.'®'® Besides, some authors have
reported on enhancement of toxic side-effaects, like myelosuppression by the addition
of chemosensitizers to the therapeutic regimen.'™'*% Therefore, the question is raised
whether the use of chemosensitizers in combination with anticancer drugs enhances
the toxic side-effects of these drugs, apart from enhancing the efficacy of the
anticancer treatment. A second question is whether other toxic effects will appear,
especially in P-glycoprotein-expressing tissues. Third, chemosensitizers themselves may
have adverse effects.

We recently published our results on chemosensitizing in a rat MDR tumor model.!
The chemosensitizer cyclosporin A was shown to enhance the cytotoxic efficacy of
doxorubicin in vitro and in vivo. A suboptimal dose of doxorubicin (3 mg/kg) was
rendered effective against the solid growing CC531 rat colon carcinoma /n vivo by the
addition of cyclosporin A. Drugs were administered intramuscularly and intravenously,

which means that, unlike in ascites tumor models, drugs were transported to the tumor
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and other tissues by a vascular route, Because this is close to the clinical situation, the
same model was used to study the toxic effects of the combination treatment on
normal tissues in rats. In this study we show that the chemosensitizer cyclosporin A
enhances the specific toxic effects of doxorubicin en normal tissues, resulting in
myelosuppression, severe nephrotoxicity, and mild cardiotoxicity. There were no signs
of additive toxic damage in tissues with a high expression level of P-glycoprotein, nor

of severe cyclosporin A-induced toxicity.

Materials and methods

Animals

Male rats of the inbred WAG/RIJ (RT1Y} strain were obtained from Harlan-CPB
(Austerlitz, The Netherlands). Animals were bred under specific-pathogen-free condi-
tions and fed standard rat chow (Hope Farms, Woerden, The Netherlands) and water ad
fibiturn. In the experiments rats were 12-18 weeks old and had a body weight of 220-

280 g.

Chemicals
Cyclosporin A was obtained from Sandoz, Basel, Switzerland; doxorubicin (Adriablas-

tina) from Farmitalia, Nivelles, Belgium.

Experimental design

Animals were randomly allocated to the experimental groups. The two control groups
consisted of eight animals, while the five experimental groups contained four animals
each. The experiment was repeated once. Intravenous injection and blood sampling
were done under anaesthetic conditions using ether. Rats were weighed weekly. On
day 3, 7, 14, 21, and 28 a blood sample of 0.75 mi was taken by bleeding from the
tail vein. On the 35th day the experiment was terminated and all rats waere sacrificed. If
an animal was critically ill such that it was not supposed to survive 48 h, or if it had
lost approximately 20% body weight, the animal was sacrificed earlier than day 35.

Drug treatment
The chemosensitizer cyclosporin A, dissolved in olive oif, was injected intramuscular-

ly into the hind leg daily for 3 consecutive days at a dose of 20 mg/kg body weight.

114



Toxicity of MDR reversal

Animals in groups not to be treated with cyclosporin A were injected with the vehicle
of cyclosporin A: olive oif and 6.25% alcohol. Treatment was given on days -2, -1 and
0. Doxorubicin was administerad intravenously on day © as a single dose at a concen-
tration of 3 mg/kg, 4 mg/kg or 6 mg/kg body weight. Control rats were injected with
PBS. This resulted in the following groups: Control {treatment with PBS and vehicle},
CsA-con {PBS + cyclosporin A), DOX3 (3 mg/kg doxorubicin + vehicle}, DOX3 +CsA
{3 mg/kg doxorubicin + cyclosporin A}, DOX4 {4 mg/kg doxorubicin + wvehiclg),
DOX4 + CsA {4 mg/kg doxorubicin + cyclosporin A}, and DOX6 (6 mg/kg doxorubicin

+ vehicle).

Hematological and biochemical studies

Blood was collected in lithium/heparin microtubes (Sarstedt, Germany). The hemoglo-
bin content was determined on the TCA hemoglobin counter HB-100, leucocytes on
the Sysmax microcell counter CC-108 and piatelets on the TOA platelet counter PL-100
{all Sysmex, TOA Maedical Electronics, Hamburg, Germany). The remaining blood
sample was centrifuged and serum was collected. Biochemical values of creatinine,
urea, aspartate aminotransferase, r-glutamyitransferase, total bilirubin, cholesterol and
triglyceride were determined on the ELAN-Analyzer (Eppendorf, Hamburg, Germany}
with reagents from Merck (Merck Diagnostica, Darmstadt, Germany).

Histology

On day 35 all animals were sacrificed and an autopsy was performed. Ascites and
pteural effusion, if present, were aspirated in a syringe and measured. Specimens of the
following organs were taken for histological examination: heart, lung, liver, spleen,
kidney, large intestine, pancreas and adrenal gland. The organs were removed immedia-
tely, fixed in 10% buffared formalin and embedded in paraffin. Sections were cut at 5
4m, stained with hematoxylin and eosin and periodic-acid/Schiff. Microscopic sections
waere coded and scored blindly. The following histological parameters were evaluated:
edema, necrosis, inflammation, accumulation of fat, fibrosis, glycogen storage (iiver},
and degenerative changes. The extent of damage in kidney and liver was graded
semiquantitatively on a 0 to 2+ scale {0 = absent, 1+ = slightly damaged, 2+ =
severely damaged). The histopathological changes in the heart were assessed according
to the scoring system of Bristow et al.,** which scale runs from 0 to 3.0 +.
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Statistics

Statistical significance was determined with SPSS/PC+, using the Mann-Whitney
UWilcoxon Bank Sum W Test. P < 0.05 was considered significant. Results are
presented as means with standard deviations. In the line diagrams standard deviations

are omitted for readability reasons.

Ethical approval

The experimental protocols adhered to the rules laid down in "The Dutch Animal
Experimentation Act" (1977) and the published "Guidelines on the Protection of
Experimental Animals" by the Council of the EC (1988). Specific protocols were
approved by the Committee on Animal Research of the Erasmus University, Rotterdam,
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Figure 1. Body weight changes of rats under treatment with doxorubicin {DOX) with or without cyclosporin
A {CsAl tsee Materials and methods for delinitions of the groups). Statistically significant differences
determined on day 21 are: DOXB versus DOX4 + CSA, DOX4, DOX3+CsA, DOX3, CsA-cen, and Contral;
DOX4 + CsA versus DOX4, DOX3 +CsA, DOX3, CsA-con, and Control; DOX4 versus DOX3, CsA-con, and
Control; DOX3 + CsA versus DOX3, CsA-can, and Control {all £<0.025)

116



Toxicity of MODR reversal

Results

Weight

Drug treatment had a profound influence on the body weight of the animals, In the
first experiment rats treated with the highest doses of doxcrubicin and doxorubicin plus
cyclosporin A did not survive for 3% days (Fig. 1), whereas in the repeat experiment
under the same conditions none of the rats died before the end of the experiment. The
maximal tolerable dose in WAG rats is 4 mg/kg. We purposely chose to administer a
higher dose for the comparison of toxic side-effects. Rats treated with the highest
doses of doxorubicin developed ascites, which made body weight a less reliable
parameter towards the end of the experiment for comparison of groups. Therefore,
significance of the differences is determined for day 21. All control rats continued to
grow during the experiment, while rats treated with doxerubicin lost weight. This effect
was most pronounced in the groups DOX6 and DOX4 +CsA. The weight curves of the
groups DOX3+CsA and DOX4 ran down in parallel, while the DOX3 group fared

better.

Table 1. Blcod parametars determined on day 7

group feucocytes thrombocytes bilirubin

Controt 7.76 {£0.75) 545 {+ 39} ' 2,39 {+£0.28)
CsA-con 6.96 {£0.66) 497 {£33) 3.49 (+0.45)"8
DOX3 5.90 {+1.80)" 575 {+501" 1,60 {£0.88}
DOX3 +CsA 4,68 (+1.08)? 414 (£98)"° 2.35{£0.10)
DOX4 5.40 {+1.68)"7 415 (174} 1.65 {£0.17)
DOX4 +CsA 2.93 {10.25)" 246 {£38)" 2.08 {£0.61}
1.68 (£0.30}

DOX6 3.20 {£0.50)™ 129 (£ 1037

The groups are defined in Materials and methods

"% SGignificance was determined at the P<Q.05 level: "' not signiticantly lower than control groups; 2
significantly lower than both control groups; ™ significantly lower than Cantrol; ™ significantly
lower than both control groups and DOX3, DOX3 +CsA and DOX4; ' significantly lower than
Control and DOX3; '® significantly lower than both control groups and DOX3; *7 significantly lower
than all other groups; “® significantly higher than all other groups
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Hematological parameters

Drug treatment had no effect on hemoglobin during the first 14 days {data not
shown). The nadir for leucocytes and thrombocytes was reached around day 7 {Table
1). A significant drop in leucocyte and platelet count was observed in all drug treated
groups except DOX3. in the groups DOX3 +CsA and DOX4 approximately equal levels
of leucocytes and platelets were found. The same holds good for leucocytss in the
groups DOX4 +CsA and DOX6. The DOX4+CsA group had a significant lower nadir
compared to the DOX4 group for both hematological parameters.
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Figure 2. Cholesterol concentrations in rats treated with doxorubicin with or without cyclosporin A,
Statistical significance between the groups is determined for day 14. All treated groups are significantly
different from both contrel groups (P<0.01}); DOX4 +CsA versus DOXS8, DOX4 and DOX3 (P<0.025);
DOX3 + CsA versus DOX3 and DOX4 {P<0.05); DOXE versus DOX3 (P<0.025).

Lipid biochemical values

Doxorubicin had a profound influence on the lipid metabolism in WAG rats. All
treated groups had increased levels of serum cholesterol and triglyceride (Fig. 2 and 3),
The rise continued for 14-21 days and was amplified by cyclosporin A: in the
DOX4 +CsA and DOX3 +CsA groups the highest levels were observed. Cyclosporin A
alone had no influence on cholesterol and triglyceride levels.
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Figure 3. Triglyceride congentrations in rats 1reated with doxorubicin with or without cyclosporin A.
Statistical signiticance between the groups is determined for day 14. All treated groups are significantly
different from both control groups (P<0.01); DOX4 +CsA versus DOX8, DOX4 and DOX3 {P<0.05);
DOX3 + CsA versus DOX3 {P<0.06}.

The high levels of lipids disturbed the measurement of other hematological and
biochemical values from 14 days onwards. Therefore, we were only able to determine
the short-term effects of the treatment on these values.

Renal biochemical values
During the first 14 days no significant changes in creatinine and urea wera observed

{data not shown).

Liver biochemical values

Doxorubicin treatment had no short-term effect on the liver function parameters
aspartate aminotransferase and r-glutamyltransferase {data not shown). A significant
rise in bilirubin was observed in the cyclosporin-control group (Table 1}, This
cyclosporin-related effect seemed to be mitigated by combination treatment with
doxorubicin.
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Autopsy

Pathology data presented here are from the second experiment, in which all animals
survived. On day 35 rats in the groups DOX4 +CsA and DOX6 were critically ill. They
had lost body weight and subcutangous fat. During the experiment rats had not had
diarrhoea. At autopsy a large amount of ascites and hemorrhagic pleural effusion was
found in rats treated with DOX4 +CsA and DOX6. Rats in the DOX4 + CsA group had
12.4 {+£12.4) mi ascites, rats in the DOX6 group 15.3 {£6.9) ml, while only a small
amount of 2.1 {x£2.4) m! was found in the DOX3+CsA group and no ascites in the
other rats. Pleural effusion was 6.5 {+£3.1} ml and 6.3 {x4.4) ml in the DOX4 +CsA
and DOX6 groups respectively. In the DOX3 +CsA group 0.8 {+ 1.5) ml pleural effusion
was found and none in the other rats. The differences in ascites an pleural effusion
were statistically significant for the DOX4 +CsA and DOXE groups compared to ali
other groups except for pleural effusion in DOX6 versus DOX3+CsA. In addition,
edema of the pancreas and paleness of the liver, kidneys and adrenal glands were
observed in rats of the DOX4+CsA and DOX6 groups. In the other groups all these
macroscopic findings were minimal or absent.

Microscopic study

Light microscopic examination of the kidney showed severe damage (2+)} in all rats
treated with doxorubicin or the combination doxorubicin and cyclosporin A, while rats
injected with PBS or cyclosporin A had normal kidneys. njured kidneys showed increa-
sed glomerular mesangial cellularity, lipid accumulation in macrophages, thickening of
basement membranes of glomerular capillaries and Bowman’s capsule with in some
glomeruli focal adhesions (Fig. 4). The tubules epithelium showed degenerative
changes, focal regenerative activity {mitotic figures) and some showed protein casts. In
the interstitial space of injured kidneys focal lymphocytic infiltrates were seen. Blood
vessels had normal morphology.

The myocardium of rats treated with doxorubicin and the combination doxorubicin
plus cyclosporin A showed minirmnal morphological changes with edema in the interstitial
space, slight vacuclization of myocytes, and sporadic focal inflammation. Necrosis or
fibrosis was not observed. The maximal score according to Bristow ef al.?' was 1.5.
Increased doses of doxorubicin revealed the same degree of damage, however, a
greater percentage of rats in each group was affected with higher doses (DOX3 25%;
DOX3 +CsA 50%; DOX4 75%; DOX4 +CsA and DOX6 100%).

Minimal hepatotoxic changes were demonstrated. In rats treated with DOX4 and
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DOX6 mononuclear inflammation and spotty necrosis were observed with a reduced
amount of glycogen (score 2+). Rats treated with the combination doxorubicin and
cyclosporin A showed slight morphological changes (score 14} with minor inflamma-
tion and sporadic necrotic hepatocytes.

Histological examination of the colon demonstrated edema in the mucosa of rats
treated with doxorubicin and the combination doxorubicin plus cyclosporin A, while
inflammation or necrosis was absent in this experiment. The lung parenchyma showed
some focal inflammatory aggregates not related to the bronchial tree in rats treated
with DOX4 and DOX6. The spleen showed slight hypoplasia of the white pulpa in the
groups with DOX6 and the combination doxorubicin plus ¢cyclosporine A. Pancreas and
adrenal glands showed normal histolegy. The findings in colon, lung and spleen,
however, were not observed consistently in all rats within the same treatment group,

and differences between the groups were minimal.

Figure 4. Nephrotoxicity caused by doxorubicin treatment: thickening of the basement membrane,
mesangial hypercellularity, accumulation of fipids, and adhesion to Bowman’s capsule. Original magnitica-
tion 400x; hematoxylin and eosin staining

Discussion

The addition of the chemosensitizer cyclosporin A to the anticancer drug doxorubicin
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clearly enhancas its toxicity. In a previous study we demonstrated that the addition of
cyclosporin A made a suboptimal dose of 3 mg/kg doxorubicin as effective as 4 mg/kg
doxorubicin.'' In the present study we show data (body weight change curves,
hematological parameters, and autopsy findings) indicating that the combination of
doxorubicin with cyclosporin A is about as toxic as a 25%-33% higher doxorubicin
dose alone. We found therefore no therapsutic window, in contrast to Mickisch et al.??
in their transgenic mouse model. They had to reduce the dose of most anticancer drugs
by 20%, while these doses in combination with D-verapamil reduced MDR cell
popufations by 44%-78%. The results of the combination treatment were favourable
compared to results with full doses of the drugs alone. Boesch et al.?* reported similar
favourable results of a combination treatment of vinblastine and doxorubicin with the
cyclosporin A analogue PSC 833 in a survival model of mice with MDR tumors.

The toxicity pattern of doxorubicin is not altered by the addition of cyclosporin A,
Doxorubicin, like most other cytotoxic agenis, causes severe damage to cell-renewal
systems, which are highly proliferative in postfetal lifa.?* In our experiments the main
acute side-effect was myelosuppression with significant leucopenia and thrombopenia.
This effect was reversible. No signs of enterocolitis were observed. Unique toxic
actions of anthracyclines, especially doxorubicin, are cardiovascular toxic effects,
nephrotoxicity and toxic effects on the skeletal system. The last two effects can ba
observed in several experimental models, while cardiotoxicity is also found in humans.?®
In man cardiomyopathy leading to congestive heart failure is dependent on the total
cumulative dose administered.?® Qur study was not designed specifically for studying
the toxic effects of doxorubicin on cardiac tissue. The study was short-term, lasting
only 35 days, and involved a single dose treatment schedule for doxorubicin, which
made it more apt for studying acute toxic effects than chronic damage. Neverthelass,
on microscopic examination mild damage to the cardiac tissue was observed in the
most intensely treated rats. Other investigators have found severe cardiomyopathy in
rats from 35 days onwards after administering multiple low doses of doxorubicin
instead of a single high dose, and reaching higher cumulative values for doxorubicin
than we did.??® Results in studies with dogs and mice suggest that the addition of the
chemosensitizer verapamil potentiates the cardiotoxic effects of doxorubicin, 2%%°

WAG rats proved to be very sensitive to the nephrotoxic effects of doxorubicin,
eventually developing a full-blown nephrotic syndrome.?®?® We were unable to measure
proteins and renal parameters after 14 days because of disturbance of the assays
caused by turbidity of the hyperlipidemic serum, but the ascites and pleural effusion
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indicate hypoproteinemia. Levels of cholesterol and triglyceride were significantly raised
by doxorubicin. Addition of cyclosporin A raised the levels of cholesterol and triglyceri-
de even higher, in such a way that combination treatment produced the highest levels.
Meanwhile, significant amounts of ascites and pleural effusion were only found in the
two most intensely treated groups. This indicates that the nephrotoxic effects of
doxorubicin were amplified by the chemosensitizer cyclosporin A.

Tissues with known high expression levels of P-glycoprotein, like liver, large intestine
and adrenal gland, were monitored for toxic effects. No signs of major toxicity were
observed. This suggests that these tissues are not susceptible to the cytotoxic effects
of doxorubicin and that raising its intracellular concentration either by administering a
higher dose or by adding a chemosensitizer, does not make these tissuss sensitive to
doxorubicin, despite the presence of P-glycoprotein, Other researchers have come to
the same conclusion in a pathological study using the chemosensitizer D-verapamil and
the drugs vinblastine, doxorubicin, and daunemyein.?? in contrast, Horton et a/%' found
enhanced concentrations of vincristine in P-glycoprotein-expressing normal tissues, like
small intestine, kidney and liver, caused by the addition of high doses of the chemosan-
sitizer verapamil. Toxicity was enhanced eight-fold and symptomatic of vincristine-
related neurotoxicity. They did not describe the functional and morphological effects of
the raised concentration of intracellular vincristine in these normat tissues. Genne et
al.*? also reported enhanced doxorubicin accumulation in kidney and liver in combina-
tion treatment with the chemosensitizer amiodarone. Combination treatment acceler-
ated doxorubicin-induced death. In clinical studies with chemosensitizers, however, no
toxicities, apart from those attributable to the drug or the chemosensitizer, have been
observed so far.

Cyclosporin A seams to produce few toxic effects in the concentrations used for
chemosensitizing. In clinical trials steady state levels from 1000 pg/l up {o 5000 pg/l
were reported.'>'*1%%® The cyclosporin A concentration of 1000 ug/l suffices /in vitro
for MDR reversal. Side-effects of cyclosporin A observed were an early and transient
rise in serum bilirubin, without increases in liver enzymes, and hypomagnes-
emia,'>'*2%%3 1n our rat study the transient hyperbilirubinemia appeared to be a purely
cyclosporin A-dependent feature, which was not enhanced by the addition of doxorubi-
cin. We found no evidence in our rat model for the hypothesis that bilirubin is raised as
a consequence of competition between doxorubicin, cyclosporin A, and bilirubin at the
excretion level, and thus might be used as a marker for P-glycoprotein modulation /n

vivo.'*?°

123



Modulation of P-glycoprotein-mediated multidrug resistance

From our studies with doxorubicin and cyclosporin it can be concluded that the
addition of a chemosensitizer seriously enhances the toxic side-effects of the anticancer
drug without altering the pattern of toxicity. As the toxicity patterns of anticancer
drugs are known, side-effects can be anticipated in the planning of clinical trials.

Howaever, it remains unclear from this study whether therapeutic gains can be made by

the application of a chemosensitizer.
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Modulation of P-glycoprotein-mediated multidrug resistance

Summary

The immunosuppressive drug cyclosporin A has been evaluated recently in phase I
trials in cancer therapy as a reverter of P-glycoprotein-mediated MDR. As an
immunosuppressive agent, cyclosporin A potentially can enhance tumor growth. We
investigated this potency of cyclosperin A in the weakly immunogenic CC531 colon
adenocarcinoma model, using the same dose that had previously been shown to
intensify the antitumor activity of doxorubicin in vivo. In vitro cyclosporin A caused no
growth acceleration and only at high doses was growth inhibition of CCB31 cells
observed. fn vivo no evidence of growth enhancement was found in short-term assays,
but, after 4 weeks, rats treated with cyclosporin A had a significantly higher tumor
load, mainly consisting of locoregional metastases. These experiments in the CC531
tumor model show that ¢yclosporin A, used as a reverter of MDR, may produce short-
term improvement of antitumor activity but may also induce enhancement of tumor

metastasis.
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Introduction

Cyclosporin A is an immunosuppressive drug that is widely used in transpiantation
proegrammes. Since the introduction of cyclosporin A, graft survival and patient survival
have increased considerably.' A new application in anticancer therapy is its use as a
rgverter of P-glycoprotein-mediated MDR. Cyclosporin A is an efficient blocker of the P-
glycoprotein efflux pump, resulting in higher intracellular levels of drugs and enhanced
cell death.? The efficacy has been shown in numerous /in vitro and in vive studies.®®
Compared to other modulators of MDR the potency of cyclosporin A is high.? in a
clinical trial with refractory multiple myeioma, cyclosporin A, in combination with
standard chemotherapy, resulted in improvement of the respense rate. Additional
studies showed that the effect was probably obtained by specific kitting of the plasma
cells expressing P-glycoprotein.”?®

By its immunosuppressive properties, however, cyclosporin A might also enhance
growth of tumors that are susceptible to immunocompetent cells. It is known that any
form of severe and sustained immunosuppression can lead to the development of
certain cancers. This is a complication of the intensity of the immunosuppression and
not a side-effect of certain agents.*'® In animals, rats and non-human primates,
development of lymphoproliferative lesions, especially lymphomas, was seen after
immunosuppressive doses of cyclosporin A.'''? In humans the incidence of lymphomas
(alt non-Hodgkin’s type} under severe immunosuppression may be raised 28- to 49-
fold." An aetiological role for the Epstein-Barr virus is strongly suspected in these
cases. Other tumors that are reported to have a raised incidence under
immunosuppression are skin cancer of the squamous cell type, Kaposi‘'s sarcoma,
primary liver cell cancer, and, probably, carcinoma of the kidney and melanoma.'®!*
Littte is known about the effect of immunosuppression on the growth rate of already-
existing tumors in humans. A study in animals showed an increase of metastasis but
not of growth of the primary tumor following treatment with cyclosporin A in
immuneogenic tumors,'®

We investigated the effect of immunosuppression by cyclosporin A on tumor growth
in the CC531 model. CCH31 is a weakly immunogenic rat adenocarcinoma that
expresses low levels of P-glycoprotein.'®'? We have recently shown the efficacy of
cyclosporin A as a modulator of drug resistance to doxorubicin in vitro and in vive in
this intrinsic MDR model.® In these short-term experiments no evidence of growth

enhancement was observed. In the present study longer-lasting experiments are
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prasented that show tumor growth enhancement by cyclosporin A in the same dosage
as used in the experiments with MDR modulation. These observations caution that the
use of cyclosporin A in the clinical setting might induce similar tumor growth enhance-

ment.

Materials and Methods

Animals

Male rats of the inbred WAG/RIJ (RT1Y) strain were obtained from Harlan-CPB
{Austerlitz, The Netherlands). Animals were bred under specific-pathogen-free condi-
tions and fed standard rat chow (Hope Farms, Woerden, The Netherlands) and water ad
libitum. In the experiments rats 10-18 weeks old, weighing 200-280 g, were used.

Tumor and cell line

CC831 is a colon carcinoma, which was induced chemically in the WAG rat with
1,2-dimethylhydrazine. The tumor, a moderately differentiated adenocarcinoma, is
weakly immunogenic and transplantable in WAG/R!J rats.!® In vitro the cell line grows
as a monolayer. CC531 is intrinsically MDR: at the mRNA level, expression of mdria
has been detected by the polymerase chain reaction; Wastern blotting with the
monoclonal antibody C219 shows P-glycoprotein expression;'” MDR reverters can
enhance intracellular drug accumulation and reduce drug resistance in cytotoxicity
assays.®'® The cell line was grown in Dulbecco’s modified Eagle’s medium supple-
mented with 5% fetal calf serum, aspartic acid (0.1 mAM), glutamic acid (0.3 mM),
penicillin 111 IU/mi and streptomycin 111 pg/mi, all obtained from Gibco (Paisfey, UK),
in a humidified atmosphere of 5% CO0,/95% air at 37°C. Regular screening for
Mycoplasma infection was performed. Cells were isolated by trypsinization; viability,
determined by trypan blue exclusion, was over 90% in all experiments.

Chemicals

Cyclosporin A was obtained from Sandoz, Basel, Switzerland; MTT 3-{4,5-dimethyl-
thiazol-2-yi}-2,5-diphenyltetrazolium bromide {MTT) from Sigma Chemical, St Louis,
Mo., USA; and dimethylsulphoxide from Marck, Darmstadt, Germany.
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In vitro cytotoxicity assay

Chemosensitivity /n vitro was determined by the MTT assay, essentially carried out
as described by Carmichael et a/.'® In brief, 5 x 10* trypsinized tumor celis/well in 100
gl complete medium were plated into 86-well flat-bottomed microtitre plates (Costar,
Cambridge, Mass., USA}. The plates were incubated for 24 h at 37°C, 5% C0,/95%
air to allow the cells to adhere. Then 100 g medium, containing the test drug
cyclosporin A in graded concentrations, was added. Cyclosporin A was dissolvad in
pure ethanol and diluted in complete medium. The concentration of ethanol in the test
wells did not exceed 0.2%. After 4 days 30 ul MTT, dissolved in PBS at a concentra-
tion of 5 mg/ml, was added to each well. After an incubation period of 3.5 h the
supernatant was carefully removed and 200 gt dimethylsulphoxide was pipetted into
each well. Plates were placed in & microplate shaker for 5 min, The absorbance was
read at 540 nm on an automated microplate reader {Titertek, Flow Laboratories Ltd.,
Irvine, Scotland). Cell survival was calculated using the formula: survival {%) = {test
well/control) x 100, The drug concentration reducing the absorbance to 50% of the
control {IC.,} was determined from the graph.

In vivo assays

For the intraperitoneal /n vivo experiments viable pieces of a solid CC531 tumor,
weighing 12-15 mg, were implanted in the fat flap of the testis. Four days after
implantation treatment was started, Cyclosporin A was injected intramuscularly into the
hind leg daily, on 3 consscutive days, at a dose of 20 mg/kg. Control rats received
injections of the vehicle of cyclosporin A (olive oif and 6.25% ethanol}). After 4 weeks,
animals were killed and primary tumors and locoregional metastases were counted,
enucleated and weighed. Groups consisted of 8 rats each. The experiment was

repeated once.

Statistics
Statistical significance was determined with SPSS/PC+, using the Mann-Whitney
UtWilcoxon rank-sum W test. P < Q.05 was considered significant. Results are

presented as means with standard deviations.
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Results and discussion

In vitro, in the MTT assay, cyclosporin A had a growth-retarding effect on CC531 cells
in concentrations above 2,65 pM. The IC;, of cyclosporin A was at approximately 6-7
uM; at 25 uM there was no evidence of surviving CC531 cells. In Fig. 1 a representa-
tive experiment is shown. Several other studies have shown that cyclosporin A is able
to retard the growth of seme tumor cell lines in vitro. Leukaamic T cells in particular,
but not B cells, are sansitive to the inhibitory effects of cyclosporin A. This is compat-
ible with the observations that cyclosporin A inhibits the T-cell-mediated immune
reaction in vive.? Some tumor cell lines of fung carcinoma and gastrointestinal tumors
are also retarded in growth by cyclosporin A in vitro at concentrations similar to those
used by us.?"¥
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Flgure 1. Doselresponse curve of the celt line CC531 to incubation with graded concentrations of
cyclosporin A, determined in the MTT cytotoxicity assay, MTT absarbance is expressed as a percentage of
the control absorbance on the y axis and represents the percentage cefl viability

In an earlier study we determined the cyclosporin A levels after intramuscular
injection of 20 mg kg day' for 3 consecutive days, a regimen that was also used in
the intraperitoneal /n vive mode! in this study. This resulted in whole blood levels of
2520 ({+240) ng/ml.% This level of cyclosporin A was able to raise the efficacy of
doxorubicin on CC531 tumers grown for 10 days under the renal capsule and, there-
fore, cyclosporin A was judged to function as a reverter of MDR in this model. In those
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studies, no signs of growth acceleration or retardation by cyclosporin A wera observed.
In the present study, tumors were implanted in the fat flap of the testes lying intraperit-
oneally, which gave the tumors more space to grow and enabled longer-lasting
experiments. In this model, cyclosporin A enhanced the growth of CC531 (see Table
1), Tumors treated with cyclosporin A alone were larger than control tumors, a
difference that was nearly statistically significant {P=0.06). The total tumor load was
significantly increased. This was caused by increase of the number and size of the
intraperitoneal metastases. These data concur with those of Eccles et al'® for
immunogenic tumors. They showed that cyclosporin A exerts its effects via
immunosuppression. The immunosuppressive treatment was only given for 3 days in

our experiments.

Tabla 1. Tumar growth enhancement /n vivge under cyclosporin A treatment

parameter contral cyclosporin A statistical
significance, P

total tumor load {mg) 864 {+249) 1486 {£693) 0.02
primary tumar load {mg) 840 {+2386) 1197 [+404) 0.06
metastases load {mg} 24 {£40) 289 [+ 376} 0.02

metastases number 1.0 {£1.4) 7.9{17.4) 0.01

Resuits are means with standard deviations in parentheses

In some in vivo studies, cyclosporin A retarded the growth of tumaors, like the murine
colon cancer MC26.% In human studies cyclosporin A has been used with variable
success in some hematological malignancies. Promising results have been described in
cutaneous T cell disease {the Sézary syndrome) and in Hodgkin‘s lymphoma.?®* No
objective responses were cobserved in a clinical trial involving 17 patients with
colorectal cancer.”

Tumor growth in phase /Il oncological studies is considered as primary resistance to
the experimental drug. Thersfore, tumor growth enhancement by an experimental drug
can remain unnoticed in these studies. As an immunosuppressive agent, cyclosporin A
potentially can accelerate growth of tumors that are restrained in their growth by the
immune system. Although experimental tumors in animals are more often immunogenic
than are human tumors, the immune system may play a beneficial role in various
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human malignancies, like renal cell cancer and malignant melanoma. In clinical trials
these tumors, and to a lesser extent colorectal cancer, responded to treatment with
interleukin-2 and lymphokine-activated killer cells in up to 30% of the cases.? In these
trials parts of the immune system are activated that are suppressed by cyclosporin A.
There are no studies on a potential tumor-growth-enhancing effect of
immunosuppression on existing tumors in humans. Only one study has measured the
effect of cyclosporin A on T cell levels in the setting of MDR reversal. Significant
decreases in total lymphocyte counts and in CD19, DC3, DC4 and CD8 subpopulations
wereg observed, which ware totally reversibie.?®

Our experiments in an animal model show that a short course of cyclosporin A
administration that was able to modulate MDR was also able to enhance the focoregio-
nal metastatic growth of the weakly immunogenic CC531 colon carcinoma. It is
important to realise that, with the novel utilisation of cyclosporin A as a reverter of
MDR in cancer therapy, growth enhancement might be induced in some tumors. Non-
immunosuppressive analoguas of cyclosporin A, such as PSC 833, or other compounds
that are at least equally potent reverters of MDR should, therefore, be preferred in

anticancer chemotherapy.
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Summary

The development of resistance to anticancer drugs urges the search for different
treatment modalities. Several investigators have reported the concomitant developmant
of drug resistance and resistance to natural killer {NK}, lymphokine-activated kilter {LAK}
or monocyte/macrophage cell lysis, while others described unchanged or aven
increased susceptibility, We investigated this subject in the rat colon carcinoma cell
ling, CC531-PAR, which is intrinsically MDR, and in three sublines derived from this
parental call line: a cell line with an increased MDR phenotype {CCB31-COL), a
revertant line from CC531-COL (CC531-REV) which demonstrates enhanced sensitivity
to anticancer drugs of the MDR phenotype, and an independently developed cisplatin-
resistant line (CC531-CiS). In a 4 h 5'Crrelease assay we found no differences in
susceptibility to NK cell lysis. No significant differences in lysability by adherent LAK
{aLAK) cells were observed in a 4 h assay. In a prolonged 20 h ®'Cr-release assay an
enhanced sensitivity to aLAK cell-mediated lysis was observed in the revertant, P-
glycoprotein-negative cell line and in the cisplatin-resistant cell line {CC531-CiS). None
of the cell fines was completely resistant o lysis by aLAK cells. Therefora, a role for
immunotherapy in the treatment of drug-resistant tumors remains a realistic option.
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Introduction

One of the major problems in cancer chemotherapy is the development of resistance to
drugs. Several mechanisms of drug resistance have been elucidated; some operate
against a particutar drug, while others affect a group of structurally unrelated
anticancer agents, as in MDR. Doxorubicin, vincristine and etoposide are examples of
drugs subjected to the MDR mechanism. MDR cells express an efflux pump, P
glycoprotein, which expels anticancer drugs from the cells, Expression of the multidrug
transporter can be demonstrated by anti-P-glycoprotein monoclonal antibodies, or at the
DNA and RNA level by blotting techniques.' Resistance to a specific drug may be
caused by several mechanisms. For instance, resistance to cisplatin is related to
reduced drug accumulation, increased detoxification, and increased DNA repair.? The
development of resistance to anticancer drugs urges the search for alternative treat-
ment modalities, for example immunotherapy.

Adoptive immunotherapy using interleukin-2 {IL-2) and cytotoxic cells (lymphokine
activated killer {LAK} cells] has proven to be effective in renal cell cancer. Responss
rates up to 35% have been reported. in melanoma, responses up to 21% were found.
Response rates in colon carcinoma were lower {13%).° All these tumors are very
resistant to currently available drugs. Of these tumors, renal cell cancer and colon
carcinema intrinsically express the MOR phenotype at a high frequency.*

Before immunotherapy can be used as an alternative treatment after failure of
chemotherapy, it is important to know whather there might be a correlation between
drug resistance and sensitivity or resistance to immunotherapy. Reports in the literature
have yielded conflicting data about a possible correlation between drug resistance,
especially MDR, and resistance to NK and LAK cell lysis.®*® We investigated this subject
in four cell lines of a rat colon carcinoma with different mechanisms and levels of drug
resistance. In our model drug resistance was not associated with changes in sensitivity
to NK-cell-mediated lysis. Only minor alterations in sensitivity to IL-2/adherent LAK
{aLAK) cell lysis were observed.

Materials and methods

Animals
Male rats of the inbred WAG/RIJ (RT1% strain were obtained from Harlan-CPB
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{Austerlitz, The Netherlands}). Animals were bred under specific-pathogen-free condi-
tions and fed standard rat chow {Hope Farms, Woerden, The Netherlands) and water ad
Kbitum. In the experiments, rats of 12-18 weeks old, weighing 220-280 g, were used.

Cell fines
CCbB31 is a rat colon adenocarcinoma, which was induced chemically in the WAG rat

with  1,2-dimethylhydrazine. The moderately differentiated tumor is weakly
immunogenic, as determined by the method described by Prehn and Main,” and
transplantable in syngeneic rats.® Following subcutaneous implantation and subsequent
resection, the tumor metastasizes to the lungs. /n vivo the tumor is resistant to most
anticancer drugs and only at the maximal tolerable dose were significant growth-
retarding effects observed.? {and unpublished observations) Cisplatin was reported to
be one of the most effective drugs against CC531.%° Moderate sensitivity to immunothe-
rapeutic agents like interferon-r and tumeor necrosis factor-g /n vitro and in vivo has
been shown in previous studies.™'®'? /n vitro CC531, the parental cell line {CC531-
PAR}, grows as a monolayer in Dulbecco’s modified Eagle’s medium supplemented with
5% heat-inactivated fetal calf serum, L-aspargine (50 mg/l}, glutamic acid (2 mAf, 100
IU/mi penicillin and 100 ug/ml streptomycin, all obtained from Gibco {Paisley, UK}, in a
humidified atmosphere of 5% C0,/95% air at 37°C. CC531-PAR intrinsically expresses
the MDR phenotype. We racently reported the reversibility of MDR /n vitro and in vivo
in this model." In vitro drug-resistant sublines were induced by continuous incubation
with colchicine (CC531-COL) and cisplatin {CC531-CIS). Established celi lines were
maintained in the presence of 0.2 pM colchicine and 0.75 gM cisplatin {¢/s-diaminedi-
chloroplatinum} respectively,' Compared to the parental line, CC531-COL shows
enhanced resistance to drugs of the MDR phenotype (colchicine 33-fold, daunorubicin
10-fold) and to cisplatin (5.5-fold}. CC531-CIS is resistant to cisplatin (9.8-fold}, while
it has approximately the same sensitivity to other drugs as the parental line. From
CCB31-COL a revertant line (CC531-REV) was isolated that is more sensitive to drugs
of the MDR phenotype than the parental line {resistance to colchicine 0.6-fold, to
daunorubicin 0.25-fold}, but the resistance to cisplatin is maintained {4-fold) as in the
CCB31-COL line.'"*'® See Table 1 for characteristics.

YAC-1, a mouse T cell lymphoma, sensitive to NK cell }ysis, was used as a positive
controt in the NK cell experiments. P815, a mouse mastocytoma, NK cell lysis resistant
but sensitive to LAK cell lysis, was used as a negative control in NK cell experiments
and as a positive control in aLAK cell cytotoxicity tests. Both cell lines were grown in
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Tabfe 1. Characteristics of the CC531 cell lines

characteristics CC531-PAR CC531-COL CCB31-REV CCB31-CIS
RF*-daungrubicin 1 10 0.25 0.2
RF-colchicine 1 33 0.6 0.94
RF-vinblastine 1 4.4 0.3 1.0
RF-cisplatin 1 5.5 4 9.8
SRE-verapamil 6.6 31.6 2.0 5.0
daunorubicin- 100 64 102 nd?
accumulation®
P-glycoprotein + ++ + nd
expression®

| sy

* RF = resistance factor. Drug sensitivity was determined with the 3-{4,5-dimethylthiazol-2-yl}-2,5-
diphenyltetrazolivm bromide {MTT} calorimetric cell growth-inhibition-assay for different drugs. In the
table the refative sensitivity of the cell lines compared to the parental fine is given. The sensitivity of

CCB31-PAR is arbitrarily defined as 1
b SR = sensitization ratio. The daunerubicin concentration that causes 50% growth inhibition ({ICs,) in the
MTT assay divided by the dauncrubicin cancentration in the presence of 6.6 M verapamil that reaches

the IC,,
° The percentage intraceltular flucrescent daunorubicin determined in 3n accumulation assay by flow

cytometry. The fluorescence of daunorubicin in the parental line is defined as 100%

4 nd = not determined
* P-glycoprotein expression in cells was determined by flow cytometry with the monoclonal antibody

€219, The immunofluorescence staining is indicated with + + + for bright staining, + + for clear, +
for moderate, £ for feeble, and - for no staining

suspension in RPMI-1640 medium, (Dutch medification; Gibco) supplemented with
10% fetal calf serum, 2 mM glutamine, 100 [U/ml penicillin and 100 pg/ml streptomy-
cin,

Cell lines were grown in drug-free medium for at least 72 before being used in tests.
Adherent growing celts were isolated by trypsinization. Viability, determined by trypan
blue exclusion, was more than 90% in all experiments (85% for YAC-1 and P815
cells). Regular screening for Mycoplasma infection was performed,

The NK and alLAK cell experiments were conducted in complete RPMI medium (10%
fetal calf serum} without HEPES buffer. Complete LAK medium for the generation of
aLAK cells consisted of complete RPMI medium plus 1000 EuroCetus units IL-2/ml and

50 uM 2-mercaptoethanol,
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Chemicals

2-Mercaptoethanol was obtained from J. T. Baker, Daventer, The Netherlands;
interleukin-2 {1L-2} from EuroCetus., Amsterdam, The Netherlands; 1% sodium dodecyl
sulphate from Merck, Darmstadt, Germany; sodium [*'Crichromate from Amersham,
Avylesbury, UK.

Preparation of effector celfs

Spleens were removed aseptically from the rats and crushed with the hub of a
syringe in complete medium. Spleen cells were incubated for 5 min at 37°C in a
buffered ammonium chloride solution to lyse the erythrocytes. For the NK cytotoxicity
tests cells were rested for 1 h in complete medium at 37°C in 25 em? culture flask
{Costar, Cambridge, Mass., USA) to remove the macrophages by adherence to the
ptastic. The remaining free-floating cells were aspirated, counted, and added to 96-well
round-bottomed microtiter plates (Costar). In the NK cell lysis tests effector:target (E:T)
cell ratios were 200:1, 100:1, 50:1 and 25:1.

For the alLAK cell cytotoxicity tests cells were passed over nylon-woo! columns to
remove monocytes/macrophages and B cells.’® Samples containing 2x10® spieen cells
were added to a syringe containing 0.6 g sterile nylon wool {Cellular Products, Buffalo,
N.Y.. USA} and incubated for 1 h at 37°C. The nonadherent cells were carefully
washed out with 50 ml medium. These cells were cultured at a concentration of 2x10°
cells in 75 cm? culture flasks in LAK medium for 24 h. Then only the cells adherent to
the plastic of the flasks were cultured further in conditioned medium to make the aLAK
cell bulk culture. Conditioned medium was prepared by decanting the medium from the
flasks, removing the nonadherent cell by centrifugation and passing the supernatant
through a 0.45-um Millipore filter.'” After 72 h all cultured cells were collected; the
adherent cells by adding EDTA and scraping the flask with a rubber policeman. In the
aLAK cell lysis experiments E:T cell ratios were 50:1, 25:1, 12.5:1 and 6.25:1.

Cytotoxicity assay

Sensitivity to NK and alLAK cells was tested in the %'Cr-release cytotoxicity assay.
Samples containing 1x10° target cells were incubated for 1 h with 200 uCi *'Cr in 200
4l medium, Cells were washed thses times with complete medium and counted, and
1x10? cells in 100 gl complete medium were added to the effector cells {100 40} in the
plates. Spontaneous release was tested in wells containing target cells and medium
{100 ) only; maximal release was obtained by adding 100 g 1% sodium dodecyl
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sulphate to target cells. Tests were performed in triplicate and all tests were repsated
at least twice. Plates were incubated for 4 h at 37°C. The supernatant was harvested
using the Skatron supernatant collection system (Skatron, Lier, Norway). The relsase of
$1Cr was detarmined by counting radioactivity in a gamma counter (LBK Wallace
Ultragamma I} 1280, Wallace Instruments, Stockholm, Sweden). The percentage
specific cytotoxicity was calculated by the following formula:

spacific cytotoxicity {%) = 100 x [{experimental release - spontanaous release)/{total
release - spontaneous release)].

Lytic units (LU) were calculated according to the method described by Pross et al.’®
The calculations of lytic units and of statistical significance were done on the compila-

tions of different tests. In figures, representative experiments are shown.

Statistics
Statistical significance of the results was determined at the highest £:T ratios: 200:1

for NK cell lysis and 50:1 for alAK cell lysis. The Student t-test {paired t-test) was
used and a P value of less than 0.05 was considered significant.

% speciiic lysis
70

60
50
40
30
20

Figure 1. Natural kilter {NK} cell Iysis determined 10

in a 4-h ®'Cr release assay. Mean specific lysis by
NK cells of YAC-1 (positive controll, P8T6 (nega- R A

tive controll and the cell lines CC531-PAR, 25:1 50:1 100:1 200:1
CCB31-REV, CCB3IN-COL and CC531-CIS at E:T

ratios of 25:1, 60:1, 10011 and 20011 is pres- - YAC-1 + P85 - CC531-PAR
ented in the graph, Error bars are standard errors -+ CC534-REV “ CC531-COL ¥ CC531-CIS
of the mean
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Results

NK cells of the WAG rat were highly effective against the NK-sensitive YAC-1 cell line;
up to 60% lysis was observed. The NK-resistant cell line P81% was not lysed at all:
less than 5% lysis was recorded at the 100:1 and 200:1 E:T cell ratios. The CC531
cell lines were rather resistant te NK cell lysis. At the highest (200:1) E:T cell ratio
16%-22% specific lysis was found, See Fig. 1. There were no significant differencss in
sensitivity between the CC531 cell lines.

We used al AK cells instead of LAK cells because the adherent cells wers proven to
be the most effective cytotoxic cells in bultk cultures with IL-2."7 A representative
experiment for the lysis by alAK cells in a standard 4 h *'Cr-release assay is shown in
Fig. 2. Maximal lysis of P815 was more than 60%, while lysis of the CC531 cell lines
did not exceed 20%. At the maximal E:T ratio of 50:1 only minor differences in lysis
were observed between some cell lines. CC531-CIS was significantly more sensitive to
alL AK lysis compared to the least lysable cell line CC531-COL.

% specific lysis

70
80
50
40
30
20
Figure 2. Adherent lymphokine-activated = killer
{at AR} cell lysis determined after 4 h. Mean 10
specific lysis {£ sem} by abAK cells of P815
{positive contral} and the cell lines CCH631-PAR, 0
CCS31-REV, CC531-COL and CCB31-CIS at EIT 6051 12.5:1 254 50:1
ratios of 6,25:1, 12.5:1, 26:1 and 50:1 is pres-
ented in the graph, Statistical significance at the -+ Pg15 -+ CC531-PAR  CC531-REV
6011 E:T ratio was found between CC531-CIS -+ CC531-COL = CC531-CIS

and CCB31-COL (P = 0.019)

As there were indications that the resistance to lysis by cytotoxic cells could be
overcome by prolonging the incubation period, we extended the aLAK tests to 20 h. In
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these prolonged tests P815 cells appeared to be fragile as the spontaneous release was
more than 25%. Specific lysis of P815 by aLAK cells was not enhanced by longer
exposure to the cytotoxic cells in comparison with 4 h exposure. in all CC531 cell lines,
spontaneous release after 20 h was about 209%; CCB31-PAR: 19.7 + 2,6% (sd},
CC531-COL: 19.8 + 3.7%, CCB31-REV; 20.1 + 7.3%, and CC531-CIS: 206 &
6.0%. In this prolonged assay none of the CC531 celi lines proved resistant to lysis by
alAK cells; specific lysis was more than 25% in all cell lines. Differences in sensitivity
between the sublines bacame clearer (Fig. 3}. CC531-COL appeared the most resistant
line, and at the 50:1 E:T ratio, less than 30% lysis was found. CC6531-REV and CC531-
CIS proved to be the most lysable with more than 50% lysis after 20 h. The differ-
ences between CC531-REV and CCH531-COL, and CCE31-CIS and CCBE31-COL were
significant. The same significant difference was found for CC531-REV compared to
CC531-PAR, while CC531-CiS was found significantly more sensitive to aLAK lysis
than the parental line in three out of four tests, but not in the compitation of four tests,
Lytic units as values of cytotoxicity show the same order of sensitivity to aLAK-cell-
mediated lysis in the 20-h assay, but differences between the cell lines are small. See
Table 2.

% specific lysls

70
60
50
40
30
Figure 3. Adherent lymphokine-activated killer
{aLAK} cell lysis determined after 20 h. Mean 20
specific lysis {(+ sem) by alAK cells of P81%
{positive control] and the cell lines CC531-PAR, 10
CCB31-REV, CCS31-COL and CCK31.CIS at ET
ratios of 6.26:1, 12.6:1, 26:1 and B0:1 is pres- o
ented in the graph. Seailst(_cally significant differ- 6.25:1 12.5:1 25:1 50:1
ences at the 50:1 E:T ratio: CC531-CIS versus .
CCH31-COL, P = 0.023; CC531-REV versus -+ pBIS -+ CC531-PAA -+ CC531-REV

CC531-COL, £ = 0.002; CC631-REV versus

. S .
CCE31-PAR, £ = 0.02 -+ CC531-COL ¥ CC531-CIS
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Table 2. Activity of natural kilter and adherent lymphokine-activated killer (aLAK) ceils

Cell line Activity {LU/10? cells)®

NK sLAK 4 h alLAX 20 h
YAC-1 5.5
P816 0 10.4 21.7
CC531-PAR 0 0 104
CCB531-REV 0.6 3.2 13.9
CCcs31-CaL 0.3 0 7.1

CCB31-CiS 1.5 6.0 14.4

*  Lytic units/10° effector cells based on 15% lysis

Discussion

CC531 cells appeared to be rather resistant to lysis by cytotoxic cells. NK cell lysis was
befow 22% in all cell lines even at an E:7 ratioc of 200:1, No differences in specific lysis
were observed between the CC531 cell lines. Lysis by IL-2 induced cytotoxic cells,
aLAK cells, still was very low at a 50:1 E:T ratio, but some difference between the call
lines became apparent. We studied these differences in a prolonged assay. None of the
cell lines was found to be completely resistant to aLAK lysis. The most drug sensitive
cell line, CC531-REV, with the least expression of P-glycoprotein was the most
sensitive to aLAK lysis, while the most drug resistant cell ling, CC531-COL, seemed the
most resistant to aLAK lysis.

So far conflicting results have been reported about a possible correlation between
drug resistance and sensitivity to NK cell lysis, Various reports about doxorubicin-
induced drug resistance showed enhanced resistance to NK-cell-mediated lysis in
doxorubicin-resistant sublines.'®?? In MDR cell linss, both no changs in sensitivity,?>2¢
and also enhanced sensitivity to NK cell lysis compared to the parental cell lines has
been described.?” In contrast, Woods ef a/. reported diminished NK sensitivity of an
MDR subline with enhancement of sansitivity in a revertant cell line.?® Treichel et af.
only found this relationship for MDR cell lines that express P-glycoprotein, and not for
non-P-glycoprotein MDR cell lines.?*
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With regard to LAK cell sensitivity, various studies show no difference in lysability
between drug-resistant cell lines and their parental lines,??2+2%3%32 Enhanced sensitivity
as well as enhanced resistance of MDR cell lines to LAK cel! lysis has been reported by
others. 223235 An inverse relationship has also been found: the induction of LAK
resistance in melanoma cell lines rendered these more sensitive to doxorubicin.®®
Kimmig ef &/ found that LAK resistance correlated with the level of P-glycoprotein
expression. A revertant cell line that was as drug sensitive as the parental line was
found to be as lysable by LAK cells as the parental cell line.*® We did a comparable
observation with the CC531 call lines in the prolonged alAK lysis assay.

Explanations for the phenomenon of differences in sensitivity to cytotoxic cells
between drug-sensitive and drug-resistant cells have been sought in differences in the
exprassion of cell membrane molecules. In most studies no correlation between MDR
expression, NK or LAK cell resistance and expression of MHC class | and 1l antigens
was observed.*®**%7 With regard to adhesion molecules a correlation between enhanced
LAK cell lysis and ICAM-1 and LFA-3 expression in MDR cell lines was described,® but
other authors could not confirm these results using other cell lines.?®

To our knowledge only few reports about the association between cisplatin resis-
tance and NK/LAK cell resistance have been published, In most experiments no
influence of cisplatin resistance on sensitivity to LAK-cell-mediated lysis was
observed. %3138 |n one of their cisplatin-resistant cell lines Ohtsu et al found
enhanced sensitivity to LAK cell lysis.?’ Allevana et al. reported significant lysis by LAK
cells of freshly isolated tumor cells from ovarian cancer patients that were refractory to
chemotherapy with cisplatin.®® In a recent article short-term pretreatment of cancer
cells with cisplatin was reported to render these cells more sensitive to cytotoxic
cells.?® We observed enhanced lysis by aLAK cells of the cisplatin-resistant cell line
CC531-CIS. In CC531-COL and CCB31-REV cells a moderate resistance to cisplatin
was found, about half the resistance of CC531-CIS. In thess two cell fines an associ-
ation between their MDR phenotype and LAK cell resistance can be supposed, while
the resistance to cisplatin seems of no importance. It is very possible that the colchicin
induced MDR cell line CC531-COL and its revertant CCB31-REV have a different
mechanism of cisplatin resistance from CC531-CIS, as this resistance was induced
differantly.

It is clear from our results and those of others that basic research has not yet
provided coherent data on the relationship between drug resistance and sensitivity to
immunotherapy. The lack of coherence in the results may be inherent to the different
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cell lines and the diversity of methods used to induce resistance. Possibly this reflects
the heterogeneity of sensitivity and resistance to drugs and immunotherapy in the
clinical situation. Our results seem to indicate that drug resistance does not precluds
the use of immunotherapy with IL-2 and LAK cells, but enhancement of the efficacy of
immunotherapy is necessary. With regard to P-glycoprotein-expressing MDR tumors, an
attractive approach might be to turn the strength of MDR cells into their weakness.
This can be done by using antibodies against the multidrug transporter P-glycoprotein.
Immunotoxin therapy using the anti-P-glycoprotein antibody MRK16 coupled to
Pseudomonas exotoxin has been shown to be effective against MDR cells /n vitro and
in vivo.®®** Another possible method of targeted immunotherapy is the use of bispecific
monoclonal antibodies directed against P-glycoprotein on one hand and against an
antigen on cytotoxic cells on the other.*?** Further research in this direction is war-

ranted.
References

t, Pastan |, Gottesman M. Multiple-drug resistance in human cancer, N Engl J Med 1987; 316; 1388-
93

2. Andrews PA, Howell SB. Cellular pharmacology of cisplatin: perspectives on mechanisms of

acquired resistance. Cancer Cells 1990; 2: 35-43

3. Rosenberg SA. Immunotherapy and gene therapy of cancer, Cancer Res 1991; 61: 6074s-9s

4, Goldstein LJ, Galski H, Fojo A, Willingham M, Lai $-L, Gazdar A, Pirker R, Green A, Crist W,
Bradeur GM, Lieber M, Cossman J, Gottesman MM, Pastan | Expressicn of a multidrug resistance
gene in human cancers. J Nalf Cancer inst 1989; 81: 116-24

5. Safrit JT, Bonavida B. Hierarchy of in vitro sensitivity and resistance of tumor cells to cytotoxic
effector cells, cytokines, drugs and toxins. Cancer Immunol Immunother 1992; 34: 321-8

6. Savas B, Cole SPC, Akoglu TF, Pross HF. P-glycoprotein-mediated multidrug resistance and
cylotoxic effector cells. Nat Immun 1992; 11: 177-92

7. Prehn RT, Main JW. immunity to methylcholanthrene induced sarcomas, J Nat! Cancer Inst 1957;
18: 769-78

8. Marquet AL, Westbroek DL, Jeskel J. Interferon treatment of a transplantable rat colon
adenocarcinoma: importance of tumor site. faf J Cancer 1984; 33: 689-992

9. Los G, Nage! JD, McVie JG. Anti-tumor effect of cisplatin, carbopfatin, mitoxantrone, and

doxorubicin on peritoneal tumor geowth after intraperitoneal and intravenous chemotherapy: a
comparative study. Sef Cancer Ther 1990; 6: 73-82

10.  Eggermont AMM, Marquet RL, de Bruin RWF, Jeekel J. Effects of the interferon-inducer ABPP on
colon cancer in rats: importance of tumer load and tumar site, Cancer immune! Immunother 1986;
22:217-20

11.  Marquet RL, IJzermans JNM, de Bruin RWF, Fiers W, Jeekel J. Antitumor activity of recombinant
mouse tumor necrosis factor (TWF} on colon cancer in rats is promoted by recombinant rat
interferon gamma; toxicity is reduced by indomethacin, Mt J Cancer 1987; 40: 550-3

t2. Scheringa M, lJzermans JNM, Jeekel J, Marquet RL. The antitumour activity of the interferon
inducer bropirimine is partially mediated by endogenous tumour necrosis factor-a. Cancer fmmunol
fmmunother 1990; 32: 261-56

13. Van de Vrie W, Gheuens EEQ, Durante NMC, de Bruijn EA, Marquet RL, van Qosterom AT,
Eggermont AMM. In vitro and in vivo chemosensitizing effect of cyclosporin-A on an intrinsic
multidrug resistant rat colon tumour. J Cancer Res Clin Oncol 1993; 119: 609-14

148



Drug resistance and cytotoxic cell tysis

15.

16.

17.

18.

19,
20,
21,

22.

23.

24,

25,

26.

27.

28,

29.

30.

31.

32,

33.

34,

Gheuens EEO, Elst HJ, van der Heyden SAM, de Bruijn EA, van QOosterom AT {1993} Multidrug
resistance in rat colon carcinoma cell lines CC831, CC831™¥* and CCS31'™. Jpn J Cancer Res
1993; 84: 1201-8

Gheuens EEQ, van Bockstaele DR, van der Keur M, Tanke HJ, van Oosterom AT, de Bruijn EA. Flow
cytometric double fabelling technique for screening of multidrug resistance. Cyfometry 1991; 12:
636-44

Julius MH, Simpson E, Herzenberg LA. A rapid method for the isofation of functional thymus
derived murine lymphocytes. fur J Immunol 1973; 3: 645-9

Vujanovic NL, Herberman RB, Maghazachi AA, Hiserodt JC, Lymphokine-activated killer cells in rats
Hl. A simple method for the purification of large granular fymphocytes and their rapid expansion and
conversion into lymphokine-activated killer cells. J £xp Med 1988; 167: 15-29

Pross HF, Baines MG, Rubin P, Shragge P, Patterson MS. Spontanecus human lymphocyte-
mediated cytotoxicity against tumor target cells, IX. The quantitation of natural killer cell activity. J
Clin fmmuno! 1981;: 1: 51-63

Benoist H, Madoulet C, Jardillier J-C, Desplaces A, Adriamycin induced resistance of sensitive K
662 celfs to naturat kitler lymphocyte attack. Cancer Immunol Immunother 1985; 20: 122-8
Yanovich S, Hall RE, Weinert C. Resistance to natural killer cell-mediated cytolysis by a pleiotropic
drug-resistant human erytheoleukemia {K562-R) cell line. Cancer Res 19886; 46: 4511-6

Waod WJ, Lotzovd E. Adriamycin-induced resistance to natural killer {NK}-mediated cytotoxicity.
Cancer 1989; 64: 396-403

Alfavena P, Grandi M, D'Incalci M, Geri O, Giuliani FC, Mantovani A. Human tumor cell lines with
pleiotropic drug resistance are efficiently killed by interleukin-2 activated killer cells and by activated
monocytes. inl J Cancer 1987; 40: 104-7

Allavena P, Peccatori F, Maggioni D, Pirovano P, Mantavani A. Killing of tumor cells with pleiotropic
drug resistance by OK432-activated effector celfs, immunopharmacol Immunotoxicel 1989; 11:
257-68

Ades EW, Bosse D, Pruckler J. Potentiation of human natural killer cell activity by recombinant
interleukin-2 towards multidrug-resistant human epidermoid carcinama, Pathobiofogy 1990; 58: 84.
7

Harker WG, Tom C, McGregor JR, Slade L, Samlowski WE. Human tumor cell line resistance to
chemotherapeutic agents daes not predict resistance to natural killer or lymphokine-activated kiler
cell-mediated cytolysis, Cancer Res 1990; 50: 5931-6

Scheper RJ, Dalten WS, Grogan TM, Schiosser A, Bellamy WT, Taylor CW, Scuderi P, Spier, C.
Altered expression of P-glycoprotein and cellular adhesion melecules on human multi-drug-resistant
tumor cells does not affect their susceptibility to NX- and LAK-mediated cytotoxicity. Mt J Cancer
1991; 48: 662-7

Rivoltini L, Colomboe MP, Supino R, Ballinari D, Tsuruo T, Parmiani G. Modulation of multidrug
resistance by verapamil or mdrl anti-sense oligodeoxynucleotide does not change the high
susceptibility to lymphokine-activated killers in mdr-resistant human carcinoma (LoVo} line. Mt J
Cancer 1890; 46: 727-32

Woods G, Lund LA, Naik M, Ling V, Ochi A, Resistance of multidrug-resistant lines ta natural killer-
like cell-mediated cytotoxicity. FASER J 1988; 2: 2791-6

Treichel RS, Olken S, The refationship between mutti-drug resistance and resistance to natural-kilier-
cell and lymphokine-activated killer-celf lysis in human levkemic cell lines, Mt J Cancer 1992; 50:
305-10

Allavena P, Damia G, Colombo T, Maggioni O, D’Incalci M, Mantovani A. Lymphokine-activated
kifler {LAK} and monocyte-mediated cytotoxicity en tumor cell lines resistant to antitumor agents.
Cell Immunel 1989; 120: 250-8

Ohtse A, Sasaki Y, Tamura T, Fujiwara Y, Ohe ¥, Minato K, Nakagawa K, Bungo M, Saijo N.
Inhibition of colony formaticn of drug-resistant human tumor cell lines by combinations of
interleukin-2-activated killer cells and antitumor drugs. Jon J Cancer Res 1989, 80: 265-70
Gautam SC, Chikkala NF, Lewis i, Grabowski DR, Finke JH, Ganapathi R. Therapeutic efficacy of
interleukin-2  activated killer cells against Adriamycin resistant mouse B168-BL6 melanoma,
Anticancer Res 1992; 12: 921-6

Gambacorti-Passerini C, Rivoltini L, Supine R, Mariani M, Parmiani G. Differential lysis of melanoma
clones by autologous recornbinamt interleukin 2-activated lymphocytes. Refstionship with sponta-
neous resistance to doxorubicin (Dx). /int J Cancer 1988; 42: 544-8

Gambacorti-Passerini C, Rivoltini L, Supino R, Rodoilfe M, Radrizzani M, Fossati G, Parmiani G.

149




Medulation of P-glycoprotein-mediated multidrug resistance

35.

36,

37.

38.

39,

40.

41,

42,

43.

180

Susceptibility of chemoresistant muring and human tumor cells to lysis by interleukin 2-activated
lymphocytes. Cancer Res 1988; 48: 2372-6

Kimmig A, Gekeler V, Neurmann M, Frese G, Handgretinger R, Kardos G, Diddens H, Niethammer D,
Susceptibility of multidrug-resistant human leukemia cell lines to human interleukin 2-activated killer
cells. Cancer Res 1990; 50: 6§793-9

Rivoltini L, Gambacorti-Passerini C, Supino R, Parmiani G. Generation and partial characterization of
melanoma sublines resistant to lymphokine activated killer {LAK} cells. Relevance to doxorubicin
resistance. Mnt J Cancer 1989; 43: 8805

Rivoltini L, Cattoretti G, Arienti F, Mastroianni A, Melani C, Colombo MP, Parmiani G. The high
lysability by LAK cells of colon-carcinoma cells resistant to doxorubicin is associated with a high
expression of {ICAM-1, LFA-3, NCA and a less-differentiated phenotype. Mt J Cancer 1991; 47:
746-54

Mizutani Y, Banovida B, Nio Y, Yoshida Q. Enhanced susceptibility of ¢/s-diamminedichloroplatinem-
treated K562 cells to Iysis by peripheral blood lymphocytes and lymphokine activated kilfer cells.
Cancer 1993; 71: 1313-21

FitzGerald DJ, Willingham MC, Cardarelli CO, Hamada H, Tsuruo T, Gottesman MM, Pastan §. A
monoclonal antibody-Pseudomonas toxin conjugate that specifically kills multidrug-resistant cells.
Proc Nalf Acad Sci USA 1987, 84: 4288-92

Mickisch GH, Pai LH, Gottesman MM, Pastan I. Monocional antibody MRK16 reverses the multidrug
resistance of multidrug-resistant transgenic mice. Cancer Res 19982; 52: 4427-32

Mickisch GH, Pai LH, Siegmund M, Campain J, Gottesman MM, Pastan |. Pseudomonas exotoxin
conjugated to monocfonal antibody MRK16 specifically kills multidrug resistant cells in cultured
renal carcinomas and in MDR-transgenic mice. J Uref 1993; 149: 174.8

Van Dijk J, Tsuruo T, Segal DM, Bolhuis RLH, Colognola R, van de Griend RJ, Fleuren G.J, Warnaar
S0O. Bispecific antibodies reactive with the multidrug-resistance-related glycoprotein and CD3
induce lysis of multidrug-resistant tumor cells. /¢ J Cancer 1989; 44: 738-43 :
Balhuis AL, Sturm E, Braakman £. T cell targeting in cancer therapy. Cancer Immunol Immunother
1991; 34: 1-8



3

DISCUSSION AND SUMMARY







General discussion

3.1 GENERAL DISCUSSION

Our studies go back to 1990 when the mechanism of P-glycoprotein-mediated MDR
had only recently been elucidated. The feasibility of blocking the P-glycoprotein efflux
pump, thereby increasing intracellular drug fevels and enhancing cell death had been
shown in numerous /n vitro studies, but few studies had shown the possibilities of
MDR reversal /n vivo. At this point we started collaborative investigations with the
group of Prof. Dr. A.T. Van Oosterom and Dr. E.A. De Bruijn of the Laboratory of
Cancer Research and Clinical Oncology of the University of Antwerp in Belgium. They
had developed several drug-resistant cell lines from the CC531 rat colon
adenocarcinoma, among which two MDR cell lines.' Their work was the basis on which
further investigations i vivo could be done. Major contributions from their part were
the phenotypic characterization of the CCB531 cell lines by in vitro cytotoxicity tests
and drug accumulation studies, and genctyping of the cell lines for drug resistance
markers.'?

QOur part of the investigations dealt with the development of in vive models to test
the feasibility of MDR reversal. |t appeared not possible to obtain consistent in vivo
growth of the sublines of CC531 that had been manipulated by cytotoxins in vitro. The
cell line CC531-COL which has an increased MDR phenotype, had a tumor take rate of
over 80%, but its growth pattern was not consistent: some tumors regressed, while
others continued to grow. A revertant cell line of CC531-COL, CCB31-REV, which
showed a diminished level of MDOR, even compared to the parental CC531 line, had a
more consistent tumor take and growth pattern. However, the differences in sensitivity
to drugé like doxorubicin between CC531 and CC531-COL were too small to obtain
discriminating results. The cell line manipulated with cisplatin, CC531-CIS, non-MODR,
was not tumorigenic at all. (W. Van de Vrie, R.L. Marquet and A.M.M. Eggermont,
unpublished observations)

We have used the parental CC5831 cell line and tumor as a model for an intrinsic
MDR expressing solid cancer. The CC531 tumor appeared to express P-glycoprotein,
shown at protein and gene level, and to exhibit the MDR phenotype (see chapter 2.1
and 2.2)."® The level of P-glycoprotein expression is low compared to that in the
induced MDR cell line 2780%°, but closely resembles the situation in humans, which
contributes to the relevance of the model. A tumor cell line without a control cell line is
not an ideal model as only effects between different treatments can be compared and
results can not be validated by comparison with another, non-MDR cell line. A model

153



Moduiation of P-giycoprolein-mediated multidrug resistance

like the CCB31 intrinsically MDR tumer remains however useful to study various
aspects of drug resistance.? In chapter 1.2, we argued that an ideal model should be an
orthotopically growing tumor that represents a frequently occurring human malignancy,
expresses low levels of P-glycoprotein and allows serial measurement of tumor burden.
Further, the model should consist of a parental and a drug-resistant subline, only
differing in the expression of P-glycoprotein and not with respect to other resistance
mechanisms and growth characteristics. No such mode! exists at the moment.
Gottesman et a/. have described the advantages and disadvantages of various in vivo
models, and shown their value at various stages of research of MDR.*

We have used the CC531 tumor as a model to test the feastbility of reversal of
intrinsic MDR in a solid tumor in vive and study the side-effects of combined treatment.
We observed a clear snhancement of doxorubicin efficacy in vivo against the CC531
tumor by addition of the reverter ¢cyclosporin A (chapter 2.1}, while with dexniguldipine
a nearly significant result was obtained (chapter 2.2). We have no direct proof that the
modulation of MDR in the CC531 tumors was obtained by blocking of P-glycoprotein at
the tumor level. It can not be excluded that pharmacokinetic interactions at the level of
drug metabolism and elimination have contributed to the increase in doxoruhicin
activity, as we did not measure levels of doxorubicin in blood and tumors. The fact that
in toxicity experiments (chapter 2.4) the addition of the reverter cyclosporin A clearly
increased the known doxorubicin-related toxicity points in this direction. Cthers have
found evidence for specific modulation of MDR at the tumor level.® The efficacy of
MDR reversal in our experiments was moderate. No disappearance of the tumors was
observed. We have not searched for an optimal dosing schedule and possibly more
efficient MDR reversal could have been obtained by repeated dosing. Increased efficacy
might also be obtained by more potent reverters of MDR,

The ptasma levels of the reverters in our experiments were assessed to be adequate
for reversal of MDR, as they were much higher than effective levels /7 vitro, It has
recently been reported that the efficacy of reverters in vitro is considerably fower in the
presence of serum proteins, to which these compounds are bound in vive.® Our in vitro
experiments had not been carried out in serum-free conditions, and are therefora not
subject to this bias. Moreover, we measured tumoral levels of the reverters, which
were about 6-fold higher for cyclosporin A and over 10-times higher for dexniguldipine
compared to plasma levels (chapter 2.1 and 2.2}. It should also be mentioned that
levels of dexniguldipine in normal kidney tissue were even higher, possibly due to
differences in lipophilicity between the tissues {chapter 2.3), Differences in levels of
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reverters in various tissues may contribute to efficacy and toxicity of MDR reversal.

Using a first generation chemosensitizer, cyclosporin A, in combination with doxorub-
icin we observed that the known side-effects of doxorubicin were enhanced (chapter
2.4}, In tissues that were not affected by the toxic effects of doxorubicin, no evidence
of enhanced damage caused by coadministration of the reverter was observed,
irrespective of P-glycoprotein expraession in the tissues. Recently, new data have besan
published on this subject showing that P-glycoprotein-dependent toxicity can be
enhanced by stronger reverters than cyclosporin A. With new potent chemesansitizers
like PSC 833 and SDZ 280-446, but not with cyclosporin A, it was shown that P-
glycoprotein at the blood-brain barrier could be blocked, leading to neurotoxicity of
coadministered ivermectin.” PSC 833 also enhanced the brain penetration of
vincristine.® On one hand this shows the limits for reversal in the clinical situation, as
unwanted neurotoxicity and other new side-effects are inherent to the use of potent
reverters. On the other hand this may open novel ways to treat tumors and metastases
in sanctuaries by opening blood-tissue barriers.

In later experiments we observed an important side-effect of cyclosporin A on the
CC531 tumor, which was enhancement of tumor growth, especially locoregional
metastasis {chapter 2.5). This is likely mediated by the weakly immunogenic character
of the tumor., Human tumors are less immunogenic than experimental tumors in
animals, and, therefore, this observation has possibly not much relevance for the
situation in humans, But, in tumors like malignant melanoma, renal csll cancer, and,
possibly, colorectal cancer a beneficial role of the immune system has not been ruled

out.

Clinical trials with chemosensitizers have shown the feasibility of modulation of MDR
in hematological matignancies, like multiple myeloma and acute myeloid leukemia.®"!
Attempts to modulate MDR in solid tumors have yielded disappointing results.!? £.g. in
clinical trials in colorectal cancer with the combinations epidoxorubicin plus cyclosporin
A and vinblastine plus bepridil only cone partial response was obtained in 39 treated
patients.'®' The levels of the chemosensitizer reached in patients were at least as high
as effective levels in in vitro studies, and comparable to those used in the clinical
studies in hematological malignancies. The only favourable MDR reversal study in sofid
tumnors is a recently published study on intraccular retinoblastoma. Neuroblastoma is
normally responsive to chemotherapy and P-glycoprotein expression is a negative

prognosticator for response to drug treatment.'® In this phase I/l trial the addition of
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cyclosporin A to the therapeutic regimen of vincristine, teniposide, and carboplatin
enhanced its efficacy compared to historical controls.’® The mere fact that a bensfit
was shown as compared to results reported in historical controls must caution against
too much optimism,

There are some possible explanations for the resistance of solid tumors, especially
those with intrinsic P-glycoprotein expression, to MDR modulation. At first, the solid
nature of the tumor makes it more difficult for drugs to reach all cells, especially those
in the centre of the tumor that are {ess well perfused and here conditions may exist
that are unfavourable for the activity of cytotoxic drugs, Therefore, despite adequate
levels in blood, this may still be inadequate to modulate drug resistance effactively.
Secondly, it is possible that P-glycoprotein-mediated MDR is not a major drug resis-
tance mechanism in solid tumors and that other mechanisms play a8 more important
role. The significance of MOR expression in colorectal cancer is also questioned by the
fact that MDRT in tumors is not upregulated as MDRT levels do not differ significantly
between normal tissue and carcinomas in colorectal tissues.'” Thirdly, it is striking that
trials with reverters have only proven effective in tumors that are usually sensitive to
anticancer drugs, while results in trials with intrinsic chemoresistant tumors were
negative. There is no evidence from basic research' that intrinsically expressed MDR is
qualitatively different from induced P-glycoprotein, provided no mutations have
occurred, Probably, in induced MDR tumors the P-glycoprotein mechanism is upregul-
ated as a last defense, that may help the tumor cells to survive. This mechanism is for
example active in lymphomas where increase in MDR expression levels has been shown
by sequential biopsies during chemotherapy with epidoxorubicin.'® In intrinsically MDR
tumors like colorectal cancer current chemotherapy is far from effective and the
blocking of P-glycoprotein alone is not sufficient to render these cells drug-sensitive.
Therefore, it is likely that MDR reversal will only be effective in tumors that are almost

sensitive to chemotherapy.

Some other items deserve discussion. In tumors for which an effective chemotherapy
is available even a smali drug-resistant subpopulation may already determine treatment
failure. It has been shown that P-glycoprotein expressing cells in numbers as low as
1%-5% are a risk factor for refractory disease in acute myeloid leukemia.'® Possibly,
early intervention by adding a reverter to the cytotoxic regimen from the start of
treatment may prevent the selective outgrowth of MDR subclones. Reverters of MDR
may also prevent the activation or upregulation of MDR. In an in vitre study in which
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drug resistance was induced by doxorubicin, the addition of the reverter PSC 833
suppressed the emergencs of MDRT mutants,?

P-glycoprotein-mediated MDR is only one of the mechanisms tumor cells exploit to
defend themselves against toxic insults. Various other types of drug resistance active
against more than one group of cytotoxins have been detected: another multidrug
transporter named the MDR-associated protein (MRP); the major vault protein LRP
which probably works by vasicular sequestration of drugs; alterations in drug targets
such as DNA topoisomerase i expression and activity; increased detoxification of
compounds, e.g. by the glutathione system; and dysfunction of the genes involved in
apoptosis: apoptosis-MDR.?" In most tumors various mechanisms contribute to clinical
drug resistance. Will chemotherapy be successfut in these tumors, all mechanisms that
contribute to the resistance to cytotoxins will have to be identified and circumvented. it
is to be expected, that in the future apart from the histopathological typing of a tumor,
a typing of drug resistance mechanisms will be performed on each tumor before and
during chemotherapeutic treatment and at relapse. Reverters of the drug resistance
mechanisms that are active, or drugs that are not susceptible to those resistance
mechanisms can than be added to the therapeutic regimen. Future research has to
show whether this ideal will ultimately be attainable without intolerable side-effects.
For this goal new /n vitro and /n vivo models have to be developed in which several
drug resistance mechanisms are active and the feasibility of reversal of more than one

drug resistance mechanism can be investigated.

P-glycoprotein-mediated MDR is an important drug resistance mechanism which has
been elucidated by intensive basic research over the last 10-15 years. Although current
data on the significance of P-glycoprotein expression in various tumors and cn MDR
reversal in patients indicate that few patients will benefit from the addition of an MDR
reverter to the cytotoxic regimen, its discovery has had an enormous impact in
oncology. The detection of the MDR mechanism and of the possibilities to overcome P-
glycoprotein-mediated MDR has greatly stimulated the research on other drug resis-
tance mechanisms. Ultimately, modulation of several drug resistance mechanisms will

be necessary te overcome clinical drug resistance.
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Summary

3.2 SUMMARY

In this thesis studies on P-glycoprotein-mediated multidreg resistance (MDR) in an
experimental rat tumor model are described. MDR is a mechanism in tumors that makes
them resistant to a wide variety of cytotoxic drugs. In a general introduction the magnitude
of tha problem of drug resistance in chemotherapy of cancer, hindering effective drug
treatment in many cancers, is outlined.

Chapter 1.2 is a review of in vivo model systems that have been developed for studying
P-glycoprotein-mediated MDR. First, the mechanism of MDR and its clinical relevance are
detineated. In short, in MDR a membrane efflux pump called P-glycoprotein expels a wide
variety of anticancer drugs out of the cell and thus prevents their cytotoxic actions.
Ovarexpression of P-glycoprotein has been observed in many human cancers,
hematological as well as solid tumors. Rodents have two mdr genes that both confer the
MDR phenotype: mdria and mdrib. At the gene level they show strong homology to the
human MDR T gene and the tissue distribution of their gene product is very similar to P-
glycoprotein expression in humans, It is argued that, albeit human and rodent P-
glycoprotein show some differences in substrate affinity and spacificity, rodent MDR
tumors are relevant models for studying MDR. /n vive studies have shown the physiologi-
cal roles of P-glycoprotein among which protecting the organism against damage by
xenobiotics. An extensive overviaw of experimental in vivo tumors is given. Tumaors with
intrinsic P-glycoprotein expression, induced MOR or transfected with an mdr gene can be
used as syngeneic or xenogenic tumor models. Ascites, leukemia, and solid MDR tumor
models have been developed. Molecular engineering has resulted in transgenic mice that
express the human MDR 1 gene in their bone marrow, and in knockout mice missing murine
mdr genes. The function of P-glycoprotein can be blocked by so called reverters. The data
on pharmacokinetics, efficacy and toxicity of reverters of P-glycoprotein in vivo are
described. Results from studies using monoclonal antibodies directed against P-
glycoprotein and other miscellaneous approaches for modulation of MDR are mentioned.
The importance of /n vivo studies prior to clinical trials is being stressed and potential
pitfalls due to differences between species are discussed.

In chapter 1.3 the aims of the thesis are outlined.

Part 2 of the thesis contains the original studies, Chapter 2.1 introduces the CC531 rat
colon adenocarcinoma as a model for studying intrinsic MDR expression. In CC531 cells
P-glycoprotein expression was shown with the monoclonal antibody C219. In cytotoxicity
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studiss /in vitro the sensitivity to doxorubicin, daunorubicin and colchicine was enhanced
by the addition of the chemosensitizers verapamil and cyclosporin A while tha sensitivity
to cisplatin was not enhanced. In a daunorubicin accumulation assay verapamil and
cyclosporin A increased the daunorubicin content of CC531 cells. These data show that
CCB31 intrinsically expresses the MDR phenotype. /n vivo intramuscular administration of
cyclosporin A {20 mg/kg for 3 days) resulted in whole-blood levels superior to 2 pmol/L,
while intratumoral levels amounted to 3.6 pmol/kg. This dose of cyclosporin A rendered
an ineffective dose of 3 mg/kg doxorubicin into an effective antitumor treatment. The
experiments show that adequate levels of the chemosensitizing drug cyclosporin A can be
obtained /n vivo, resulting in increased antitumoral activity of a cytotoxin /n vivo, The in
vitro and in vivo data together suggest that the chemosensitization by cyclosporin A is
mediated by P-glycoprotein.

In chapter 2.2 comparable experiments to those in chapter 2.1 are described, using
another reverter of MDR, dexniguldipine. Dexniguldipine is a dihydropyridine derivative with
low calcium-channel-blocking activity, which makes it more suitable for MDR reversal than
other calcium antagonists because adequate dosing is probably not limited by toxic cardiac
effects. /n vitro coincubation with 50 ng/ml dexniguldipine increased the cytotoxicity of
epidoxorubicin approximately 15-fold, /n vive concentrations of dexniguldipine 5 h after
a single oral dose of 30 mg/kg were 72 { £ 19 sd} ng/mi in plasma and 925 (£ 495 sd) ng/g
in tumor tissue, Dexniguldipine atone did not show antitumor effects /n vivo against
CC5B31. Pretreatment for 3 days with dexniguldipine modestly, but consistently,
potentiated the tumor-growth-inhibiting effect of epidoxorubicin {6 mg/kg) reaching
statisticai significance in 2 out of 4 experiments. Although the results /n vivo in this tumor
with dexniguidipine are less clear than those with cyclosporin A in separate experiments,
it is concluded that dexniguldipine has potency as an MDR reverter in vitro and in vive,

In chapter 2.3 pharmacokinetic data of dexniguldipine and its pyridine metabolite M-1
that has the same MDR-revesting activity are reported. After single oral dosing,
concentrations of dexniguldipine and M-1 could be determined in plasma in most of the
rats up to 32 hours after administration. High tumor tissue concentrations of
dexniguldipine were observed, but levels in normal renal tissue wers even higher. The
concentrations of dexniguldipine were highest in the multiple dose experiment: 2 pg/g
tumor tissue. High correlations {> 0.8} were established between the concentrations of
dexniguldipine in plasma and tumor and renal tissue. Tumor tissue concentrations of M-1
were overall one third of the dexniguldipine concentrations,

In chapter 2.4 side-effects of the addition of a reverter to a cytotoxin are explored.
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Using the same experimental design as in chapter 2.1, we investigated the side-effects of
combination treatment of cyclosporin A and doxorubicin in an experiment lasting 35 days.
The main doxorubicin-related side-effects were dose-dependent weight loss, myelosup-
pression (transient leucopenia and thrombopenia} and nephrotoxicity. Damage to the
kidney was severe, leading to a nephrotic syndrome and resulting in ascites, pleural
effusion, hypercholesterolemia and hypertriglyceridemia. These toxicities were enhanced
by the addition of the chemosensitizer cyclosporin A. Mild doxorubicin-related
cardiomyopathy and minimal hepatotoxicity were seen on histological examination. There
were no signs of enhanced toxicity of the combination treatment in tissues with known
high expression levels of P-glycoprotein, like liver, adrenal gland and large intestine,
Cyclosporin A had a low toxicity profile. It was concluded that the chemosensitizer
cycltosporin A enhanced the sids-effects of the anticancer drug doxorubicin without altering
the toxicity pattern, The increased toxicity observed in these experiments casted doubt
whether a therapeutic gain could be obtained in this intrinsicafly MDR tumor model by
adding a reverter to a cytotoxin.

Chapter 2.5 describes a ‘side-effect’ of the reverter cyclosporin A caused by the
immunosuppressive action of the compound. /n vitro cyclosporin A caused no growth
acceleration and only at high doses growth inhibition of CC531 cells was observed. /n vivo
no evidence of growth enhancement was found in short term assays, but after 4 weeks
rats treated with cyclosporin A had a significantly higher tumor load, mainly consisting of
locoregional metastases. These experiments in the CCB31 tumor model show that
cyclosporin A used as a reverter of MDR may produce short-term improvement of
antitumor activity, but also induce enhancement of tumor metastasis, at least in this
weakly immunogenic tumor.

in chapter 2.6 the feasibility of immunotherapy in drug-resistant cell lines is investigated
inin vitro studies. Several investigators have reported on concomitant development of drug
resistance and resistance to natural kilfer (NK), lymphokine-activated killer (LAK} or
monacyte/macrophage cell lysis, while others described unchanged or even increased
susceptibility, We investigated this subject in the rat colon carcinoma cell line, CC531-
PAR, which is intrinsically MDR, and in three sublines derived from this parental cell line:
a cell line with an increased MDR phenotype {CC531-COL), a revertant line from CC531-
COL {CCB31-REV) which demonstrates enhanced sensitivity to anticancer drugs of the
MDR phenotypa, and an independently developed cisplatin-resistant line (CC531-CIS). In
a 4 h S'Chromium-release (*'Cr} assay we found no differences in susceptibility to NK cell
lysis. No significant differences in lysability by adherent-LAK {aLAK) cells were observed

161



Modulation of P-glycoprotein-mediated multidrug resistance

in a 4 h assay. In a prolonged 20 h %'Cr-release assay an enhanced sensitivity to aLAK-cell-
mediated lysis was observed in the revertant, P-glycoprotein negative cell line and in the
cisplatin-resistant call line {CC531-CIS). None of the cell lines was completely rasistant to
lysis by aLAK cells.

In the general discussion, chapter 3.1 the resuits of the experiments are discussed
together with new data from later reports in the literature. Possible explanations for the
low activity of MDR reverters in solid tumors are brought forward. Future directions for
research on additional drug resistance mechanisms are suggested.
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3.3 SAMENVATTING

In dit proefschrift worden onderzoeken beschreven op het gebied van multidrug resistentie
{MDR) veroorzaakt door P-glycoproteine. MDR staat voor een mechanisme in tumoren dat
resistentie veroorzaakt tegen meerdera cytostatische middelen. Ineen algemene introductie
wordt de grootte van het probleem van resistentie voor ¢cytostatica in de behandaling van
kanker uiteengezet.

Hoofdstuk 1.2 geeft een overzicht van de /n vivo modellen die zijn ontwikkeld om MDR
te bestuderen. Eerst wordt het mechanisme van MDR en de klinische betekenis gescheatst.
Kort samengevat is MDR een resistentie mechanisme waarbij een pomp in de celmembraan
die P-glycoproteine wordt gencemd, de capaciteit heeft een groot aantal verschiltende
cytostatica de cel uit werken zodat deze onvoldoende tijd krijgen voor hun celdodende
activiteit. In meerdere hematologische en solide tumoren in de mens is verhoogde expressie
van dit mechanisme aangetoond. Knaagdieren {de meest gebruikte proefdieren) hebben
twee mdr genen die allebei het MOR fenotype overdragen: mdrla enmdrib. Op gen niveau
blijken deze genen sterke homologie te vertonen met het humane MDR T gen; de verdeling
van de expraessie van P-glycoproteine over de normale weefsels toont eveneens een sterke
overeenkomst. Er wordt beargumenteerd dat, hoewel er meerdere verschillen zijn tussen
het humane P-glycoproteine en de dierlijke P-glycoproteines, onder andere in affiniteit en
specificiteit voor diverse substraten, de overeenkomsten zo groot zijn dat dierlijke tumoren
die P-glycoproteine tot expressie brengen relevante modellen zijn om MOR te bestuderen.
Onderzoeken in vivo hebben de fysiologische functies van P-glycoproteine in normale
weefsels aangetoond, waaronder met name de bescherming van het organisme tegen
schadelijke stoffen. In het review wordt een uitgebreid overzicht gegeven van de
verschillende experimentele MDR tumoren die voor in vive gebruik zijn beschreven. Deze
behelzen tumoren met een intrinsieke expressie van P-glycoproteine, tumoren waarin de
expressie van P-glycoproteine is opgewekt en tumoren waarin dit door transfectie met een
mdr gen is verkregen. Er zijn zowel syngene als xenogene modellen en MDR tumoren
kunnen als ascites, leukemie of als solide tumoren greeien. Met behulp van moleculair-
biclogische technieken zijn transgene muizen ontwikkeld die het humane MDR T gen in hun
beenmearg tot expressie brengen, en ‘knockout’ muizen die mdr genen missen. De
resultaten van studies in deze modeflen met ‘reverters’ (stoffen die de functie van P-
glycoproteine biokkeren) op het gebied van farmacokinetiek, effectiviteit en toxiciteit
worden beschreven. Tevens worden andere vormen van modulering van het MDR
mechanisme genoemd, waaronder het gebruik van monoclonale antilichamen gericht tegen
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P-glycoproteine. In de discussie wordt het belang van proefdier studies benadrukt als
noodzakelijke stap alvorens klinische trials kunnen worden verricht. De mogslijke valkuilen
door de verschillen tussen spacies worden bediscussieerd.

In hoofdstuk 1.3 worden de doelstellingen van het in dit proefschrift beschreven

onderzoek uiteengezet.

Deel 2 van het proefschrift bevat de originele studies. Hoofdstuk 2 introduceert het CC531
cofon adenocarcinoom in de rat als een medel voor de bestudering van de betekenis van
intrinsieke MDR expressis. De expressie van P-glycoproteine in CC531 werd aangetoond
met behulp van een specifiek monoclonaal antilichaam (C219). In cytotoxiciteits studies
in vitro werd de gevoeligheid van CC531 cellen voor doxorubicine, daunorubicine en
colchicine versterkt door toevoeging van de ‘reverters’ verapamil en cyclosporine A, terwijl
de sensitiviteit voor cisplatinum njet veranderde. Verapamil en cyclosporine A verhoogden
evengens de accumulatie van daunorubicine in tumorcellen, Deze gegevens tonen aan dat
CC531 een funktioneel MDR maechanisme tot expressie brengt. Intramusculaire
cyclosporine A toediening (20 mg/kg gedurende 3 dagen) aan ratten resultesrde in
cyclosporine A spiegels in vol bloed boven de 2 gmol/l, terwijl in tumoren hogere spiegels
van 3,6 gmol/kg werden gemeten. Cyclosporine A in deze dosering versterkte het effect
van een ineffectieve dosering van doxorubicine (3 mg/kg) dusdanig dat een significant
antitumor effect werd verkregen, Deze experimenten toonden aan dat het mogelitk was om
in ratten voldoende hoge spiegels van een ‘reverter’ zoals cyclosporine A te verkrijgen die
zorgden voor versterking van het antitumor effect van een cytostaticum. De resultaten van
de in vitro en in vivo studies samen suggereren dat dit effect werd behaald door biokkering
van de P-glycoproteine effluxpomp.

Inhoofdstuk 2.2 worden vergelijkbare experimenten beschreven met een andere stof die
P-glycoproteine kan blokkeren, namelijk dexniguldipine. Dexniguldipine is een
dihydropyridine derivaat met een zwakke calcium antagonerends activiteit, Dit maakt de
stof meer geschikt als ‘reverter’ dan andere calcium antagonisten omdat adequate dosering
waarschijnlijk niet wordt verhinderd door toxiciteit op cardiovasculair gebied.
Dexniguldipine in een dosering van 50 ng/ml versterkte het cytotoxische effect van
epidoxorubicine in vitro met een factor 15. De spiegels van dexniguldipine in ratten 5 uur
na een ggnmalige orale toediening van 30 mg/kg waren 72 (+ 19 sd) ng/ml in plasma en
925 (+ 495 sd) ng/g in tumoren. Dexniguldipine zelf vertoonde gean cytotoxische activiteit
in vivo tegen de CCS531 tumor. Voorbehandeling gedurende 3 dagen van ratten met
dexniguldipine potentieerde het tumorgroeiremmende effect van epidoxorubicine (dosering
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6 mg/kg). Potentiéring werd gevonden in alle 4 de uitgevoerde experimenten, en was
statistisch significant in 2 van de 4. Hoewel de resultaten /n vivo in dit tumor model met
dexniguldipine minder sterk zijn dan die met cyclosporine A dis zijn verricht in afzonderlijke
experimenten, wordt geconcludeerd dat dexniguldipine potentiesl heaft als een ‘reverter’
van MDR /n vitro en in vivo.

In hoofdstuk 2.3 worden gegevens gerapporteerd over de farmacokinetiek van
dexniguldipine en de belangrijkste pyridine metaboliet M-1 die even actief is als MDR
‘rgverter’, Na eenmalige orale dosering konden in de meeste ratten plasmaspisgels van
dexniguldipine en M-1 worden gedetecteerd gedurende de eerste 32 uur. In tumorweefssl
werden hoge spiegels gemsten, maar de spiegels in weefse! van de nier waren nog hoger.
De concentraties van dexniguldipine waren het hoogst na herhaalde dosering: 2 upgla
tumorweefsel. De correlaties tussen de concentraties van dexniguldipine in plasma, tumor-
en nierweefsef waren hoog (> 0,8}, De weefsel concentratie van M-1 was in het algemeen
een derde van de dexniguldipine concentratie.

In hoofdstuk 2.4 worden de bijwerkingen van toevoeging van een ‘reverter’ aan ean
cytostaticum onderzocht. In een experiment dat langer duurde (35 dagen), maar verder
dezelfde opzet had als de experimenten waarmee in hoofdstuk 2.1 effectiviteit was
aangetoond, werden nu de hijwerkingen van de combinatiebehandsling van cyclosporine
A en doxorubicine bestudeerd. De belangrijkste bijwerkingen die te wijten waren aan
doxorubicine waren dosisafhankelijk en betroffen gewichtsverlies, beenmergsuppressie
{voorbijgaande leucopenie en trombopenie} en nefrotoxiciteit, De schade aan de nier was
ernstig en veroorzaakte een nefrotisch syndroom resulterend in ascites, plauravocht,
hypercholesterolemie an hypertriglyceridemie. Toevoeging van cyclosporine A versterkte
deze toxiciteit. Een milde, aan doxcrubicine gerelateerde cardiomyopatie en minimale
hepatotoxiciteit werden gezien bij histologisch onderzoek. Er waren geen aanwijzingen voor
toegenomen toxiciteit door combinatiebehandeling in weefsels met een hoog niveau van
P-glycoproteine expressie zoals de lever, bijnieren en dikke darm. Cyclosporine A zelf
veroorzagkte weinig toxiciteit. Er wordt geconcludeerd dat toevoeging van de ‘reverter’
cyclosporing A aan het cytostaticum doxorubicine de bijwerkingen van doxorubicine
versterkte maar het toxiciteitsprofiel nist veranderde. De tosgenomen toxiciteit van de
combinatiebehandeling was dusdanig dat deze de therapeutische winst te niet leek te doen
van de toevoeging van de ‘reverter’ aan het cytostaticum .

Hoofdstuk 2.5 beschrifft een "bijwerking’ van de ‘reverter’ cyclosporine A veroorzaakt
door de immunosuppressive werking van de stof. /n vitro veroorzaakte cyclosporine A in
een celgroei-assay geen groeiversnelling en groeivertraging werd eerst gezien bij zeer hoge
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concentraties van cyclosporine A. /n vivo werden bij kort durende experimenten geen
aanwijzingen gevonden voor een effect op groeisneltheid van tumoren door cyclosporing
A alleen. in experimenten die 4 weken duurden haddan ratten die behandeld werden met
cyclosporing A echter een significant hogere tumormassa, voornamelijk bestaande uit
toename van locoregionale metastasen. Deze exparimenten met de CC531 tumor toonden
aan dat cyclosporine A als een ‘reverter’ van MDR kort durende versterking van de
antitumor activiteit van een c¢ytostaticum kan geven, maar evenaeens metastasering van
deze zwak immunogene tumor kan bevorderen,

In hoofdstuk 2.6 worden de mogetifkheden vanimmunotherapis in verschillende cellijnen
die resistant zijn gemaakt voor cytostatica onderzocht in in vitro experimentan.
Verscheidene onderzoekers hebben gerapporteerd dat bij hetinduceren van resistentie voor
cytostatica in tumorcellijnen, eveneens resistentie voor immunocompetente cellen zoals
natural killer {NK} cellen, lymphokine-activated killer {LAK) cellen en monocyten en
makrofagen zou ontstaan. Andere onderzoekers meldden een onveranderde of juist
toegenomen gevoeligheid. Wijhebben dit onderwerp bestudeerd in de ratte coloncarcinoom
cellijin CC531-PAR, die intrinsiek MDR tot expressie brengt en in drie sublijnen die van de
parentale CC531 cellijn zijn afgeleid: CC531-COL, sen cellijn met een toegenomen MDR
expressieniveau; CC831-REV, een revertante lijn van CCB31-COL met een toegenomen
gevoeligheid voor cytostatica van het MDR mechanisme; en CC531-CIS, een onafhankalijk
gekweekte sublijn van CC531 die resistent is gemaakt voor cisplatinum. Met behulp van
de 4 uurs 5'Chromium-release assay vonden wij geen verschil tussen de cellijnen in
gevoeligheid voor NK gemedieerde celdood. Eveneens werd geen verschil gavonden tussen
de cellijnen in gevoeligheid voor adherente LAK (aLAK) cellen gemediserde celdood na 4
uur, ln een langer durende assay met aLAK cellen van 20 uur kwaman kleine verschillen
naar voren met toegenomen gevosligheid van CC531-REV, die P-glycoproteine negatief is,
en de cisplatinum resistente CC531-CIS. Geen van de cellijnen was totaal resistent tegen
LAK gemedieerde cytotoxiciteit.

I de algemene discussie, hoofdstuk 3.1 worden de resultaten opnieuw bediscussieerd
samen met nieuwe data van latere verslagen uit de literatuur. Mogelijke verklaringen voor
de zeer matige activiteit van ‘reverters’ van MDR in solide tumoren worden geopperd. Er
worden suggesties gedaan voor verder onderzoek naar additionele resistentie mechanismen

tegen cytostatica.
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Abbreviations

4.1 ABBREVIATIONS

ADR
atAK
AUC
CsA
cv
DNIG
DNR
DOX
E:T ratio
HPLC
{Cso
ICAM
IDgo
-2

PBS
Pgp
bgp
pi

RF
RR
SC
SCID
sd
s8m
SR
VBL
VCR

adriamycin

adherent lymphokine-activated killer {cells)
area under the curve

cyclosporin A

coefficient of variation

dexniguldipine

daunorubicin

doxorubicin

effector cell : target cell ratio
high-performance liquid chromatography
inhibitory concentration (560%)
intercellular adhesion molecule
inhibitory dose (50%!}

interleukin-2

intraperitoneal

intravenous

lymphokine-activated killer {cells}
teucocyte function antigen

lytic units

multidrug resistance

human multidrug resistance gene

rodent multidrug resistance gene

major histocompatibility complex
3-(4,5-dimethyl-thiazol-2-yl}-2,5-diphenyi-tetrazolium bromide
natural killer (cells}

not determined

not reported

phosphate-buffered saline
P-glycoprotein

rodent muitidrug resistance gene
predominant isoform )

resistance factor

relative resistance

subcutaneous

severg combined immunodeficiency (mouse}
standard deviation

standard error of the mean
sensitization ratio

vinblastine

vincristine
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cell lines

CCh31 parental CC531 rat colon adenocarcinoma

CCB31-PAR parental CCbh31

CCB31-COL colchicine-induced MDR subline

CC531-REV revertant cell line derived from CC531-COL, expresses less P-glycoprotein
CCs831-CIS cisplatin-induced resistant celf line, non-MDR
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4.2 NASCHRIFT

Wetenschappelijk onderzoek doe je niet alleen en dat maakt het mede zo boeiend en
leerzaam. Graag wil ik iedereen bedanken die op een of andere wijze heeft bijgedragen
aan het tot standkomen van dit boekje, dat ik als bijnamen ook wel 'mijn levenswerk’ of
‘mijn molensteen’ heb gegeven.

Allereerst Lex Eggermont, de initiator van het onderzoek en mijn copromotor. Hoewel
het onderzoek een andere richting heeft genomen dan in eerste instantie de bedoeling
was en geen immunotherapeutisch onderzoek is geworden en het met chirurgie al
helemaal weinig te maken haeft, ben je het toch blijven steunen; een teken van je brede
belangstelling. Je optimistische visie heeft me door meerdere dalen geholpen.

Ten tweede Richard Marquet, hoofd van het Laboratorium wvoor Experimentele
Chirurgie. Steeds aanwezig, altijd bereid een probleem aan te horen en te helpen
oplossen, en om manuscripten snel van commentaar te voorzien, ik heb veel geleerd
van je nuchtere en relativerende kijk op wetenschappslijk onderzoek.

Prof. Gerrit Stoter, mijn promaotor, bedankt voor de kritische beoordelingen en de
mogelijkheid om in de inwendige geneeskunde, mijn huidige vak, te promoveren.

De mensen op het Laboratorium voor Experimentele Chirurgie: Nico Durante, voor de
vele experimenten die je samen met me en voor me hebt uitgevoerd en voor je
inleidingen in computerkunde; Amelie Bijma, voor de vele celkweken en in vitro testen
die je hebt gedaan en de technieken die ik van je heb mogen leren; Marcel Scheringa en
Fred Bonthuis, voor de inwijding in de proefdiertechnieken en het immunohistochemisch
onderzoek; de digrenverzorgers; de andere onderzoekers in het lab, voor de boeisnde
wetenschappelijke discussies en het slappe geouwehoer. Zou het tot stand brengen van
een promotie ook op serendipiteit berusten?

‘Antwerpen’ bedankt voor de resistente cellijnen en de verschillende in vitro testen
die met name Eric Gheuens en Sylke van der Heyden hebben verricht. En zeker ook
Ernst de Bruijn, die gedurende de gehele periode van het onderzosk kritisch is blijven
meedenken; en Prof. Allan van Qosterom.

Mensen van de Dr. Daniél den Hoed kliniek: Mieke Jonker, voor de histologische
beoordelingen; Walter Loos en Herman Kolker voor de bepalingen van dexniguldipine en
Jan Schellens voor zijn organisatie van dit onderdeel van het onderzoek.

Ik wil mijn paranymfen Bea Tanis en Wim Verwijs bedanken voor het werk dat ze bij
het schrijven van dit dankwoord nog grotendeels moeten gaan verrichten. Waar is onze
moole studietijd, eh, ik bedoel studententijd gebleven?
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Bij deze past ook verontschuldinging aan alle vrienden die ik vaak verwaarloosd heb
omdat ik zonodig aan mijn onderzoek moest werken of lastig viel met verhalen over
mijn promotie die nu toch echt héél dicht bif was, of er juist helemaal niet van zou
komen,

Mijn ouders bedankt voor het feit dat ze me hebben gestimuleard om te studeren.
Hoewel ik regelmatig heb gedacht dat ik liever fruit had willen plukken dan op een
studie of onderzoek te zwoegen. Wat nu gebeurt, is ook oogsten.

En Marian, voor alle geduld en steun en liefde en nog héél véél maeaer,
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