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ABSTRACT 

P-glycoprotein (P-gly) is a well characterized membrane protein, expressed in cancer 

cells, functioning as an etllux pump. This function confers drug-resistance. P-gly is also 

expressed in normal tissues such as the liver and kidney. In normal tissues P-gly has 

restricted expression. In the kidney P-gly is expressed in tubular brush border. This 

suggests a physiologic role for P-gly. A goal of this work was to determine whether P

gly, if present in leukocytes, followed the cell-type restriction seen in other P-gly positive 

normal tissues. Assays measunng P-gly included immunofluorescence, 

immunocytochemistry, and immunoblot analysis. Northern blot analysis and RT-PCR 

were used to measure mdrl mRNA. P-gly function was assayed by measuring the 

verapamil-sensitive retention of rhodamine 123 (rhI23). Immunofluorescent staining of 

leukocytes for lineage and P-gly revealed high levels of P-gly in CD56+ cells. CD8+ cells 

followed in staining, with CD4+ and CD 19+ cells at intermediate levels, and CD 14+ and 

CDI5+ cells staining at background. RNA analysis by RT-PCR confirmed the 

immunofluorescence data, except for CDI5+ cells, which demonstrated mdrl mRNA 

similar to CD4+ cells. Function assays confirmed the immunofluorescence results, with 

efficient clearing of dye from CD56+ cells, followed by CD8+, CD4+, and CDI9+ cells. 

CD 14+ and CD 15+ cells did not demonstrate P-gly function. Immunoblot analysis of 

membranes and immunocytochemical analysis ofCD15+ cells demonstrated P-gly. The 

high level of functional P-gly observed in CD56+ cells prompted experiments to determine 
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whether P-gly was involved in the CD56+ mediated cytolytic response. Using 4 inhibitors 

of P-gly mediated efflux, cyclosporine A, PSC 833, R-verapamil, and S-verapamil, NK 

cells were assayed for cytolytic function. Each compound demonstrated dose-response 

relationships in inhibiting NK-mediated cytolysis. Each compound also demonstrated a 

dose-response in inhibition of P-gly mediated efflux, although there was not an exact 

correlation between efflux inhibition and cytolysis inhibition. Nevertheless, the data in this 

study demonstrate a relatively high level ofP-gly expression in CD56+ and CD8+ cells. In 

addition, the data support a role for P-gly in the cytolytic function of NK cells, although 

the point of P-gly involvement in the process of cytolysis remains to be defined. 
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CHAPTER 1 

INTRODUCTION 

Pharmacological treatment of cancer frequently results in an initial reduction in tumor 

burden, only to be followed by re-emergence of a drug-resistant form of the disease. One 

of the most well-characterized forms of cellular resistance to anti-neoplastic drugs is 

termed "multi-drug resistance" because neoplastic cells exhibiting this "mdr" phenotype 

become cross resistant to several drugs through exposure to only one drug. The drugs 

which mdr cells become resistant to are a structurally and mechanistically diverse group. 

Early characterization of the mdr phenotype linked multi-drug resistance to the expression 

of a 170,000 dalton integral membrane protein, termed P-glycoprotein (P-gly). Further 

work identified P-gly as an ATP-dependent efflux pump which lowered intracellular 

concentrations of several anti-cancer drugs, conferring a pleotropic drug resistance. 

Genetic analysis of the gene coding for P-gly, called mdrl, suggested a similarity to 

physiologic transport proteins found in other species. 

As techniques to identify P-gly were developed, the correlation was strengthened 

between expression of P-gly in human tumors and treatment failures of the drugs 

associated with mdr. Another consequence of the development of techniques to identify 

P-gly was the observation that P-gly was expressed in normal tissues which had never 



17 

been exposed to anti-cancer drugs. Furthermore, in normal tissues which expressP-gly, 

the expression was found to be restricted to certain cell types. Moreover, in certain cells, 

P-gly was only expressed in specific portions of the plasma membrane. In the kidney, for 

example, P-gly is found polarized to the brush border (lumenal aspect) of cells residing in 

the proximal tubular portion of the nephron. This restricted, normal expression ofP-gly, a 

protein similar to other physiologic transport proteins, led researchers to hypothesize that 

P-gly has a normal, physiologic function. In tissues such as the kidney and the liver, the 

proposed role of P-gly is that of a lumenal transport system which extrudes substrates, 

possibly xenobiotics, into tubular and canalicular lumens, respectively. 

In contrast to studies consistently identifying P-gly in normal hepatic and renal tissue, 

the expression of P-gly in the hematopoietic system is less clear. For example, Holmes et 

at. (1990) reported high levels of expression of the mdrl gene, which codes for P-gly, in 

normal leukocytes, however Weide et at. (1990) did not detect P-gly in the blood of the 

20 healthy individuals which they studied. 

Purpose 

If P-gly is expressed in normal blood cells, it may have a physiologic function, as has 

been suggested for other tissues. Furthermore, if the expression of P-gly in blood follows 

the cell-type restriction seen in other tissues, defining this restricted expression may 

provide insight as to the physiologic function of P-gly in normal blood cells. The purpose 

of this study was fourfold: 



(1) To quantitate the expression ofP-gly in normal circulating leukocytes 

(2) To determine if the P-gly expressed in normal leukocytes is functional 
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(3) To determine if the P-gly expression in normal circulating leukocytes is restricted 

to certain cell types, as it is in other normal tissues 

(4) To assess whether the restricted expression suggests a physiologic function for P

gly in blood, and if so, to examine that function 

Specific Aims 

1. Establish reference standards ofP-gly expression and function using established cell 

lines with levels of expression similar to those being measured in blood. 

2. Assay the level of expression ofP-gly in the major leukocyte lineages 

(2.1) Using immunofluorescence and flow cytometry, measure surface staining of 

P-gly in conjunction with lineage specific fluorescence 

(2.2) Analyze mRNA levels of the mdrl gene in individual leukocyte lineages 

(2.2.1) Develop methodology necessary to isolate purified population of 

individual leukocyte lineages for subsequent analysis 

(2.2.2) Apply RNA analysis for mdrl mRNA to the purified samples 

3. Analyze P-gly mediated effiux in individual leukocyte lineages 

4. Examine the functional significance ofP-gly in those lineages with significant levels of 

expression or function. 



(4.1) Assess whether inhibition ofP-gly mediated efflux concomitantly inhibits 

the normal function of cells which express significant levels ofP-gly 

(4.2) Assess whether the metabolic stimulation ofleukocytes elicits an 

augmented function in P-gly 

19 
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CHAPTER 2 

LITERATURE REVIEW 

Multi-Drug Resistance and P-glycoprotein 

In 1968 published observations demonstrated that mammalian cells which had been 

selected for resistance to one anti-cancer drug simultaneously became resistant to other 

drugs which were not part of the selection process (Kessel et al. 1968). Furthermore, the 

drug-resistance reported by Kessel was associated with reduced intracellular drug levels. 

Shortly thereafter Biedler et al. (1970) reported studies in which drug naive cell lines, 

derived from Chinese hamster lung and fibroblast, were selected for drug resistance by 

exposure to varying concentrations of actinomycin D (AcD). The selected lines were 

assayed for resistance to other drugs and demonstrated resistance not only to AcD, but to 

various other drugs tested, including vincristine and daunorubicin. That study also 

reported that exposure to a given level of AcD resulted in intracellular levels of AcD 

which were inversely proportional to the degree of drug resistance in the cell lines. In the 

study, Biedler also reported that a cell line selected through exposure to daunorubicin 

similarly developed cross resistance to other drugs, including AcD and vincristine. The 

authors concluded that this "reciprocity" of resistance between AcD, daunorubicin and 

vincristine suggested a common mode of resistance to these agents. The reduced 
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intracellular levels of AcD which Biedler and coworkers observed were ascribed to an 

undefined change in membrane permeability to the drugs. 

The hypothesis that reduced plasma membrane permeability to various anti-cancer 

drugs leads to the multi-drug resistant phenotype was further advanced by Ling and 

Thompson (1974). Working with Chinese hamster ovary cell lines, they developed drug 

resistant cell lines through stepwise selection in colchicine. Consistent with other studies, 

Ling found that 1) a negative correlation existed in the cell lines between the degree of 

resistance to colchicine-induced cytotoxicity and the intracellular accumulation of 

colchicine and 2) the colchicine-resistant cells were cross-resistant to AcD and vinblastine, 

an analog of vincristine. Citing the phenotypic stability (in the absence of ongoing drug 

exposure) of their multi-drug resistant cells and studies showing the frequency of drug

resistant clones increased with exposure to mutagens (Till et al. 1973), the authors 

proposed a genetic basis for the multi-drug resistant phenotype. Ling and Thompson 

narrowed the focus of this phenotype to the plasma membrane by demonstrating that 

cytoplasmic binding of colchicine was not different between the sensitive parent and 

colchicine-resistant daughter cell lines. Thus the authors concluded that altered 

intracellular binding could not account for the reduced intracellular levels of colchicine. 

They further supported their hypothesis of altered membrane permeability by showing that 

the membrane-active surfactant Tween 80 was capable of increasing drug accumulation in 

resistant cells. See and Ling later showed, however, that the proposed alteration in 
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membrane permeability was not a result of differences in lipid composition of the plasma 

membrane between drug-resistant and sensitive cell lines (See et at. 1974). 

Juliano and Ling (1976) eventually related multi-drug resistance, and specifically the 

postulated reduced membrane permeability in drug resistant cells, to a previously 

uncharacterized high molecular weight glycoprotein which they termed P glycoprotein 

("P" for permeability). Using surface labeling of galactose and galactosamine residues, 

followed by membrane purification and SDS-PAGE, they demonstrated the presence of an 

integral membrane glycoprotein of approximately 170,000 dalton molecular weight which 

was found to be expressed in direct correlation to the degree of resistance (and inversely 

related to intracellular drug accumulation) in CHO cell lines. They proposed that P 

glycoprotein (P-gly) exerted its effect by changing the physical fluidity of the plasma 

membrane, altering its permeability to the various drugs involved in the mdr phenotype. 

Not necessarily in keeping with this hypothesis, See et at. had previously shown that the 

mdr phenotype was sensitive to cellular ATP levels (See et at. 1974). Juliano and Ling 

explained this ATP dependence by suggesting that P-gly was influenced by ATP levels 

which, in turn, influenced its ability to change membrane fluidity. 

Since these initial studies analysis of the genetic structure of the mdrl gene which 

codes for P-gly, and the amino acid sequence of P-gly, have yielded a model of the 

protein. This model describes a protein consisting of 1280 amino acids which are 

predicted to form two similar halves, each half consisting of 6 transmembrane domains and 

1 putative ATP binding site. Glycosylation of P-gly converts the precursor molecule of 
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approximately 140 kD to its final molecular weight of approximately 170 kD (Richert et 

al. 1988), however glycosylation of P-gly does not appear to be necessary for the 

functional mdr phenotype (Beck et al. 1982; Ling et al. 1983). Phosphorylation also 

occurs, namely on serine and threonine residues in P-gly (Mellado et al. 1987). Figure 1 

shows a model of P-gly which illustrates these features. 

Despite several studies confirming the association between P-gly overexpression and 

multi-drug resistance (Beck et al. 1979, Dalton et at. 1989, Cornwell et at. 1986), proof 

that the association between P-gly expression and drug resistance was actually a cause

effect relationship was most convincingly made in DNA transfection studies. In studies 

examining the effect of transfection of total genomic DNA from multi-drug resistant to 

drug-sensitive cells, several groups showed that the transfected cells acquire multi-drug 

resistance (Debenham et al. 1982; Shen et al. 1986; Deuchars et al. 1987). Concomitantly 

these transfected cells acquired the overexpression of P-gly. More refined studies have 

used the full length cDNA of the mdrl gene, which codes for P-gly, in transfection 

studies. Using the cDNA for the hamster mdrl (Gros et al. 1986) and the human mdrl 

(Ueda et al. 1987), researchers have demonstrated that expression of the mdrl gene is 

sufficient to confer the multi-drug resistance phenotype through expression of P

glycoprotein. 

Genetic analysis has also shown that, within a species, mdrl is a member of a small 

gene family consisting of 2 genes in humans and 3 genes in rodents (Chen et al. 1990; 

Gros et al. 1988; Endicott et al. 1987). These genes are referred to as mdrl and mdr3 in 

humans (mdr3 in humans is sometimes referred to as mdr2) and mdrl, mdr2 and mdr3 in 
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•••• = Glycosyl groups 

~ __ NTP Binding 

Model of Human P-glycoprotein 
(Modified from Chen 1986) 

Figure 1. Structural model of human P-glycoprotein. Transmembrane regions, 
nucleotide binding folds, and glycosylation regions are shown. 

eOOH 
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rodents (the designation pgp instead of mdr is sometimes used in reference to the hamster 

gene). To date, only the mdrl gene product has been associated with multi-drug 

resistance in humans (Deuchars et al. 1989). Comparative analysis of the 3' untranslated 

region of the mdr genes from different species has allowed the clas:;ification of the various 

mdr genes into 3 isoform classes (Ng et al. 1989). The Class I isoform includes the human 

mdrl gene, the hamster pgpl gene and mouse mdr3 gene. The Class II genes include the 

mouse mdr 1 gene, the hamster pgp2 gene, and are unrepresented in the human genome. 

Class III genes include the human mdr3 gene, the hamster pgp3 gene and the mouse mdr2 

gene (Ng et al. 1989). 

In contrast to the small family of mdr genes within a species, sequence analysis of the 

mdrl gene has identified P-gly as a protein which demonstrates homology to a superfamily 

of genes which code for proteins involved in membrane transport of a variety of 

compounds in prokaryotes and eukaryotes (Gros et al. 1986; Gerlach et al. 1986; Ames 

1986). This superfamily has been termed the ABC (ATP binding cassette) superfamily 

(Hyde et al. 1990). One of the proteins sharing homology with P-gly is the HlyB protein, 

which functions in the transport of a. hemolysin, a 107 kD protein exported from E. Coli 

(Gerlach 1986). In yeast, the STE6 gene product, also homologous to P-gly, is believed 

to transport the "a factor" pheromone out of the cell (McGrath et al. 1989). Plasmodium 

falciparum, a causative agent of malaria, provides another example of the superfamily of 

P-gly homologues. Studies by Krogstad et al. (1987) have revealed that the resistance to 

the anti-malarial drug chloroquine, in P. falciparum is due to an ATP-dependent efflux of 



26 

chloroquine from the organism. This eftlux is inhibitable by exposing cells to the P-gly 

inhibitor, verapamil. Studies analyzing the genetics of P. falciparum have identified a 

gene, homologous to mdrl, which is amplified and overexpressed in some drug resistant 

parasites (Foote et al. 1989). Some members of the ABC superfamily are listed in Table 

1. 

Within the human genome there are also homologues to P-gly. Genetic studies of the 

class II major histocompatibility complex (MHC) in a human monocyte cell line have 

uncovered a gene with homology to mdrl (Trowsdale et al. 1990). Furthermore, studies 

of deletion mutants have shown that this gene is essential for presentation of class I 

molecules on the cell surface. Class I molecules are synthetic peptides, often consisting of 

a class I heavy chain connected to a small peptide fragment. This small peptide is 

generated in the cytosol through degradation of ingested proteins within an endosome. 

The synthesis of class I molecules occurs within the endoplasmic reticulum (ER), yet the 

small peptide fragments usually do not contain a signal sequence which would allow them 

relocation across the ER membrane, into the site of synthesis. Thus, it is hypothesized 

that the P-gly analogs function in transporting the peptide fragments across the ER 

membrane, allowing these precursors to ultimately be assembled into complete class I 

molecules (Spies et al. 1990; Deverson et al. 1990). 

The cystic fibrosis transmembrane conductance regulator (CFTR) gene has also been 

identified in humans as a member of the ABC superfamily. Mutations of this gene give 

rise to cystic fibrosis in humans (Riordan et at. 1989). The function of the CFTR gene 
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Table 1. Transport-proteins sharing homology with P-glycoprotein 

PROTEIN NAME 
hlyB 
ndvA 
IktB 
cyaB 
oppD 
hisP 
malK 

PROTEIN NAME 
pfmdr 
brown, white proteins 
STE6 
MHCII 

(From Kane 1990) 

Prokaryotic Species 

SPECIES 
E.Coli 
Rhizobium meliloti 
Pasturella haemolytica 
Bortedella pertussis 
Salmonella typhimurium 
Salmonella typhimurium 
E.Coli 

SUBSTRATE TRANSPORTED 
hemolysin 
13-(1 -2) glucan 
leukotoxin 
adenyl ate cyclase 
oligopeptides 
histidine 
maltose 

Eukaryotic Species 

SPECIES 
Plasmodium falciparum 
Drosophila 
Saccharomyces cerevisiae 
Human 

SUBSTRATE TRANSPORTED 
chloroquine 
ocular pigment 
a-factor pheromone 
polypeptide fragments 
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product has been proposed to be that of chloride conductance, however its precise role 

has yet to be defined (Gros and Shustik 1991). 

The hypothesis that P-gly, like its homologues, also functions as a transport protein 

and that it is this function which accounts for multi-drug resistance is supported by several 

observations. These observations include previously cited transfection studies 

demonstrating that P-gly expression is sufficient to cause the mdr phenotype, the 

homology between the mdrl gene and other known transport proteins, the reduced 

intracellular drug accumulation in mdr cells, and the ATP dependence of the reduced drug 

accumulation. The role of P-gly as a transport protein was supported by Horio et at. 

(1988) in experiments in which membrane vesicles from drug resistant cells bound 

radiolabeled photoaffinity drugs and transported radiolabeled vinblastine in an ATP

sensitive manner. Vanadate, an inhibitor of ATP hydrolysis, and a non-hydrolyzable 

analog of ATP both inhibited this transport. Membrane vesicles from drug sensitive cells 

did not exhibit these characteristics. Investigators have also reported studies suggesting 

that P-gly exhibits transport function in normal tissues. Kamimoto et at. (1989) 

demonstrated A TP dependent transport of daunorubicin in inside-out preparations of 

vesicles from apical membranes of hepatocytes, which expressed relatively high levels of 

P-gly. Perhaps the most elegant proof of the specific function of P-gly would be 

purification of the protein to homogeneity, reconstitution in defined lipid bilayers and 

subsequent measurement of substrate transport. These experiments, however, have not 

yet been reported. 
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Compounds Identified as P-gly Substrates 

One of the most intriguing aspects of P-gly transport is the broad diversity of 

compounds transported. These compounds differ from each other in both structure and 

pharmacological action. This is illustrated in Figure 2, where these characteristics are 

compared for two substrates. A broader summary of compounds which are transported 

by P-gly is shown in Table 2. In spite of the apparent diversity represented by these 

substrates, some broad generalities in physical characteristics are shared by many P-gly 

substrates. These include hydrophobicity, positive charge at neutral pH, and relatively 

planar aromatic ring structures (Zamora et aI. 1988) 

Pharmacological Inhibition ofP-gly Mediated Effiux 

As early as 1972, experiments were reported in which exposure of drug resistant cells 

to certain compounds potentiated the cytotoxic effect of anti-cancer drugs (Riehm et aI. 

1972). Research since then has uncovered a host of compounds which, to varying extents, 

inhibit P-gly mediated transport of anti-cancer drugs, allowing higher intracellular drug 

accumulation and "reversal" of drug resistance. Some of these compounds appear to exert 

their effect by simply perturbing the lipid bilayer. Examples in this category include the 

surfactants Tween 80 and solutol HS-IS (Riehm et aI. 1972; Chong et al. 1993). Other 

categories of compounds which inhibit P-gly include the calmodulin antagonists such as 

trifluoperazine (Tsuruo et aI. 1982; Ganapathi et aI. 1983). A structurally unique series of 



NAME 
Vincristine 

NAME 
Doxorubicin 

o 
II 

II 
o 

OH 

OCOCH 

SOURCE MECHANISM OF ACTION 
Plant product (Vinca spp.) Mitotic spindle poison 

OH 

OH 

OH 

SOURCE MECHANISM OF ACTION 
Fungal product (Streptomyces DNA intercalation 
sp.) Topoisomerase inactivation 

Figure 2. The structural and pharmacological diversity of drugs associated with multi
drug resistance is illustrated with examples of two drugs involved in mdr. 
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Table 2. Compounds identified as substrates for P-gly transport 

CATEGORY 
Natural products 

Cationic fluorescent dyes 

Zwitterionic fluorescent dyes 

Charge-insensitive fluorescent dyes 

Miscellaneous 

EXAMPLES 
DoxorubicinlDaunorubicin 
VincristineNinblastine 
Epipodophylotoxins (VP 16) 
Taxol 
Mitomycin C 
Actinomycin D 
Colchicine 
Puromycin 
Gramacidin D 

Rhodamine 123 
D308 
DiOC2(3) 

Rhodamine 6G 
RhodamineB 

10-N-nonyl acridine orange 

Verapamil 
Cimetidine 
Hydrocortisone 

(From West 1990; Speeg 1992; Nelson 1992; Kessel 1991; Dalton 1993) 
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cyclic polypeptides, the cyclosporines, have also been shown to be potent inhibitors of P

gly (Twentyman et at. 1987). As with other P-gly inhibitors, the exact mechanism of their 

inhibition is unknown, however the cyclosporines have been shown to avidly bind to P-gly 

by competition studies using radio-labeled, photoactive cyclosporine analogs (Ryffel et at. 

1991). 

The calcium channel antagonists are another class of P-gly inhibitors. Tsuruo et at. 

(1981) first observed that the calcium channel blocker verapamil reversed the resistance of 

P388 leukemia cells to the vinca alkaloids vincristine and vinblastine. This observation has 

been extended to include other calcium channel blockers, including nicardipine (Ramu et 

at. 1984), nitrendipine (Hoffman et at. 1992), and bepridil (van Kalken et at. 1991). The 

exact mechanism by which the calcium channel antagonists inhibit P-gly function is 

unclear, in part due to the multiplicity of their effects. They do appear to bind to P-gly 

(Yang et at. 1988; Safa et at. 1988). This binding could either reflect their status as 

substrates for transport, resulting in a competitive inhibition of drug efflux, or it could 

reflect the fact that they act as allosteric inhibitors (non-competitive inhibition). 

Verapamil, an aryl-alkyl amine calcium channel antagonist is a prototypical example which 

illustrates the complexities involved in determining the actual mechanism of P-gly 

inhibition. Intracellular verapamil concentrations in drug resistant cell lines have been 

reported to be less than those attained by the drug-sensitive parent lines (Cano-Guci et at. 

1987; Kessel et at. 1986), suggesting that at least part of its inhibitory effect may be due to 

competitive inhibition. Verapamil, however, has also been shown to alter the 
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phosphorylation state of P-gly (Hamada et al. 1987), raising the possibility that verapamil 

may effect P-gly via post-translational modification, leading to a decrease in functional 

activity. Further complicating the issue are the observations that verapamil perturbs many 

other physiologic processes including hormone secretion (Devis et at. 1975; Eto et at. 

1974), sodium conductance (Gal per et al. 1979), and receptor-ligand interactions (Gerry 

et al. 1987; Waelbroeck et al. 1984). 

Table 3 lists compounds which have been shown to inhibit P-gly mediated transport. 

P-gly Expression in Neoplasia 

A logical extension of the studies showing that P-gly expression in cell lines is 

sufficient to cause the multi-drug resistant phenotype is to analyze human tumor samples 

for P-gly expression and to compare that data to clinical outcome. The first such study 

was reported by Bell et at. (l985), in which tumor ascites cells of patients with advanced, 

non-responsive ovarian cancer were assayed for P-gly by immunoblot. 2 of 5 patients 

studied were positive for P-gly expression. Furthermore, a sequential analysis of one of 

the two P-gly positive patients demonstrated an increase in P-gly levels as the patient was 

exposed to further chemotherapy. Likewise, a study of 2 individuals with drug-resistant 

acute non-lymphocytic leukemia by Ma et at. (l987) showed increasing P-gly levels 

(assayed by immunocytochemistry) in peripheral blood samples which were taken 
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Table 3, Compounds Capable of Inhibiting P-glycoprotein-Mediated Transport 

CHEMICAL CLASS EXAMPLE REFERENCE 

Detergents Tween 80 Riehm et al. 1972 

Calcium Channel Blockers Phenylalkylamines (Verapamil) Tsuruo et al. 1981 
Dihydropyridines (Nifedepine) Nogae et al. 1989 

Calmodulin Inhibitors Phenothiazines Tsuruo et al. 1982 

Coronary Vasodilators Amiodarone Chauffert et at. 1986 

Indole Alkaloids Reserpine Wakasuwa et at. 1984 

Quinolines Chloroquine, quinine Zamora et at. 1988 

Acridines Quinacrine Zamora et al. 1988 

Lysosomotropic Agents Monensin Klohs et at. 1989 

Bisbenzylisoquinolines Cepharanthines Shiraishi et at. 1986 

Isoprenoids (polyprenoids) N-(p-methylbenzyl) decaprenylamine Nakagawa et at. 1986 

Steroids Progesterone Yang et at. 1989 

Triparanol Analogs Tamoxifen Ramu et at. 1984 

Cephalosporins Cefoperazone Goslan et al. 1989 

Anthracycline Analogs N-acety1 daunorubicin Skovsgaard et at. 1980 
Cyanomorpholino doxorubicin Scudder et at. 1988 
N-benzyladrimycin-14-valerate Ganapathi et at. 1989 

Cyclosporins Cyclosporin A, C, G Twentyman et at. 1987 
PSC833 Keller et at. 1992 

(From Beck 1991) 
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sequentially as the disease progressed. Thus, early studies corroborated the in vitro 

observations which associated increases in P-gly expression with multi-drug resistance. 

The hematologic tumors represent a particularly good model of acquired drug 

resistance in that these tumors are generally sensitive to chemotherapeutic agents prior to 

therapy, with relapse often associated with the mdr phenotype (Dalton 1993). In acute 

lymphocytic leukemia (ALL), for example, Musto et at. (1991) found only 10% of pre

treatment samples were positive for P-gly, yet in the same study 58% of samples taken at 

relapse were positive for P-gly. 

To date, P-gly has been detected In many types of tumors including leukemia, 

carcinoma, sarcoma and lymphoma (List et at. 1993; Tsuruo et at. 1987; Fojo et at. 1987; 

Kakehi et at. 1988; Gerlach et al. 1987; Goldstein et at. 1989). From a clinical standpoint, 

however, the most valuable data would be gathered from sequential analysis of a large 

number of tumor samples in individual patients, thus distinguishing P-gly expression which 

was truly related to disease progression from P-gly expression in tumor samples which 

may be "fortuitous" (Deuchars and Ling 1989). 

If, in fact, P-gly expression in tumors is a significant mechanism of multi-drug 

resistance and drug failure, its identification in clinical tumor samples should carry 

prognostic value. Chan et at. (1990, 1991) have published data supporting the prognostic 

value of P-gly detection in soft tissue sarcoma and neuroblastoma. In these retrospective 

studies, using immunohistochemical detection of P-gly in archived samples, the authors 

demonstrated that patients with P-gly negative biopsy samples had a higher probability of 
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both relapse-free survival and overall survival. These studies confirm the clinical 

significance ofP-gly expression in human tumors. 

An important feature of the expression of P-gly in neopla&tic tissue is the observation 

that P-gly expression in tumors parallels its expression in the normal counterpart tissue. 

Tissues such as kidney, colon and adrenal gland, which normally express relatively high 

levels ofP-gly are more likely to express P-gly in the neoplastic state (Cordon-Cardo et al. 

1990; Fojo et al. 1987; Goldstein et al. 1989). In 12 hepatoma cases studied by Goldstein 

et al. (1989), 12 of 12 were P-gly positive prior to any treatment. In contrast, acute 

lymphocytic leukemia (ALL) samples have been reported to be P-gly positive prior to 

treatment in only 10% of the cases (Goldstein et al. 1989, Musto et al. 1991), reflecting 

the lower level of P-gly expression in blood. The detection of P-gly in untreated tumor 

samples is summarized in Table 4. In spite of the observation that in tissues with high 

physiologic expression of P-gly, multi-drug resistance is often observed "de novo", or 

prior to drug selection, investigators have cautioned that P-gly in this setting could also 

represent a cell maturation or differentiation marker, and may not represent the most 

prolific or metastatic, and therefore clinically relevant, cell population (Deuchars and Ling 

1989). 

In contrast to the low "de novo" incidence of P-gly expression in ALL, a different 

clinical behavior has been reported in lymphocytic leukemia of the T -lymphocyte lineage. 

In a study of adult T-cell leukemia-lymphoma (ATL) syndrome, Kuwazuru et al. (1990) 

used immunoblot analysis to test for P-gly. As opposed to the data for ALL, the authors 



Table 4. P-glycoprotein expression in untreated tumors 

TUMOR TYPE 
Colon 
Renal 
Hepatoma 
Adrenocortical Carcinoma 
Pheochromocytoma 
Pancreatic Carcinoma 

TUMOR TYPE 
Breast 
Bladder 
Esophageal 
Gastric 
Head and Neck 
Ovarian 
Thymoma 

(From Goldstein 1991) 

High Levels of Expression 

% POSITIVE 
85 
80 
100 
77 
75 
50 

Low Levels of Expression 

% POSITIVE 
15 
10 
o 
o 
o 
o 
o 
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found the incidence of P-gly positivity in pre-treatment samples to be 40% and in drug 

resistant relapsed samples to be 100%. This has led to the hypothesis that in hematologic 

tumors, the particular lineage of the cell giving rise to the tumor may have great bearing 

on the P-gly expression in the neoplastic cells (Herweijer et al. 1990; Chaudhary and 

Roninson 1992). This point will be revisited as it potentially relates to the lineage 

restricted expression of P-gly in normal leukocytes. 

P-glycoprotein expression in normal tissue 

Thiebaut et al. published the results of the first large-scale survey of P-gly in normal 

tissue in 1987 (Thiebaut et al. 1987). Using the monoclonal antibody MR.K 16, which 

reacts with an extracellular epitope of P-gly (Hamada and Tsuruo 1986) in 

immunohistochemical assays, the authors found P-gly expression in hepatic, intestinal, 

renal, pancreatic and adrenal tissues. Moreover, the authors found that the P-gly 

expression was restricted to specific microanatomic sites. In the liver, for example, P-gly 

was detected on the biliary canalicular surface of hepatocytes and the apical surface of 

biliary ductules. In the jejunum and colon, P-gly was found on apical surface of lumenal 

epithelial cells. In the kidney, expression was restricted to the brush border (lumenal 

surface) of the proximal tubules. Thiebaut concluded that this restricted P-gly expression, 

namely on the apical surface of cells facing an excretory compartment, suggested that P

gly normally functions as an excretory pump, with xenobiotics and metabolites as 

substrates. The authors did observe an exception to the polarized expression of P-gly in 
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the adrenal gland, where P-gly was distributed diffusely on cells in the cortex and medulla. 

The authors speculated that in the adrenal gland P-gly functions to transport compounds 

into the extracellular space. Studies further detailing the localization ofP-gly in the adrenal 

cortex demonstrated P-gly only in the zona fasciculata and zona reticularis (Georges et ai. 

1989), suggesting that P-gly can not be the sole steroid transporter in the adrenal cortex 

(Jaranka et ai. 1989). Table 5 summarizes the distribution of P-gly expression in normal 

human tissue. 

In agreement with the work of Thiebaut et aI., Arceci and coworkers observed no P

gly expression in the normal, non-gravid mouse uterus (Arceci et ai. 1988). Interestingly, 

however, the authors reported that during pregnancy the expression of P-gly increased 

dramatically as parturition approached. Using in situ hybridization, Northern blot analysis 

and immunohistochemistry, the authors demonstrated a distribution of P-gly which was 

restricted to the columnar epithelial cells in the secretory glands of the uterus. 

Furthermore, within those cells, the P-gly distribution was polarized toward the lumenal 

side of the cell. Based on this observation Arceci suggested a normal secretory function 

for P-gly in the murine uterus. This hypothesis was extended in a study by Yang et ai. 

(1988) in which the authors demonstrated that the binding of a photoactive P-gly ligand, 

azidopine, to P-gly was specifically inhibited by progesterone and, to a lesser extent, by 

other steroids. Likewise, progesterone was a potent inhibitor of the binding of vinblastine, 

an antineoplastic substrate of P-gly, to membrane vesicles prepared from gravid murine 

uterine tissue. In in vitro functional assays, incubation with progesterone also increased 



Table 5. P-glycoprotein expression in normal human tissue 

(From Fojo 1987) 

High level of expression 
Adrenal Medulla, Cortex 

Kidney 
Colon 
Liver 

Intermediate Level of Expression 
Lung 

Jejunum 
Rectum 

Low Level of Expression 
Brain 

Prostate 
Skin 

Bone Marrow 
Spleen 
Ovary 

Stomach 
Esophagus 
Spinal Cord 
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the intracellular accumulation of vinblastine in an mdr cell line. Despite the strong 

circumstantial evidence that P-gly may transport progesterone in the gravid mouse uterus, 

Yang failed to demonstrate reduced steady-state levels of progesterone in P-gly-positive 

vs P-gly-negative cell lines 

An interesting suggestion in the study by Arceci et at. is the possibility that in the 

murine model, P-gly expression may be inducable. In the uterus, this may represent a 

response to increasing estrogen or progesterone levels. This capacity for induction has 

also been seen in murine hepatic tissue, where increased mRNA levels were observed in 

carcinogen-induced preneoplastic nodules and in hepatocytes from regenerating livers 

(Thorgiersson et al 1987; Fairchild et at. 1987). 

Experiments examining P-gly induction in human cells have also been reported. 

Following their earlier observation that protein kinase C (PKC)-activating agents were 

capable of inducing mdrl expression in human cell lines (Chaudhary and Roninson 1992), 

Chaudhary and coworkers reported induction of mdrl mRNA and P-gly expression in 

several human cell lines following brief anti-neoplastic drug exposure (Chaudhry et at. 

1993). The authors cited the fact that this phenomenon occurred even when the drug used 

was not a P-gly substrate to argue for gene induction and against clonal selection of 

variants expressing higher levels of P-gly. In addition to cytotoxic drug exposure, heat 

shock and arsenite have also been associated with induction of P-gly expression in human 

cells (Chin et at. 1990; Kioka et at. 1992). Authors of these studies have concluded one 

possible physiologic function ofP-gly may be that of clearing xenobiotics from cells. 
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A similar purpose for P-gly transport in normal tissue was suggested by Cordon

Cardo et al. in research which identified P-gly in non-fenestrated capillary endothelial cells 

of the brain, spinal cord, testes and dermis (Cordon-Cardo et al. 1989). These authors 

suggested that in this setting P-gly may exist as a functional component of the blood-brain 

and blood-tissue barrier. Data supporting this hypothesis demonstrated the levels of the 

P-gly substrates, actinomycin D and vincristine, to be 15-30 times lower in the 

cerebrospinal fluid than in the plasma (Tattersoll et al. 1975; Jackson et al. 1981). Further 

support is given in the well characterized occurrences of acute leukemia relapse in the 

testes or meninges (Evans et al. 1970; Nesbit et al. 1980). This phenomenon is believed to 

be due to a failure to achieve therapeutic drug concentrations in these "protected" sites 

(Dym et al. 1970; Hasegawa et al. 1979). 

P-glycoprotein expression in normal blood 

In contrast to normal tissues such as the liver and adrenal gland, in which there is a 

broad consensus in the literature regarding the expression ofP-gly, the expression ofP-gly 

in blood is less clear. For example, immunocytochemical staining has generally failed to 

detect P-gly in peripheral blood and bone marrow cells (Sugawara et al. 1988; Dalton et 

al. 1989). Weide et al. examined the buffy coat of 20 normal individuals using 

immunocytochemistry and the MoAb C219 (Weide et al. 1990). P-gly was not detected in 

any normal individual. Using RNA slot blot analysis, Holmes et al. analyzed the 
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leukocytes of 10 normal individuals (Holmes et al. 1990). When compared to a reference 

P-gly-negative line (RNA level arbitrarily set at 1 unit) circulating nucleated blood cells 

ranged in mdrl mRNA amounts from 2-137 units, indicating strong P-gly positivity in 

some normal individuals. Using depletion of specific leukocyte subsets, Holmes 

concluded that the bulk of the mdrl signal in normal blood came from granulocytes, 

monocytes or both. 

Capitalizing on earlier studies demonstrating that P-gly transports not only anti-cancer 

drugs, but also several fluorescent dyes (Neyfakh 1988), Neyfakh et at. used fluorescence 

microscopy and an indirect assay of efflux, which measured the loss of a fluorescent P-gly 

substrate, to demonstrate that normal human and murine lymphocytes were capable of 

effluxing the P-gly substrate, rhodamine 123 (Neyfakh et al. 1989). In their assay, the 

degree of fluorescence due to the rhodamine 123 was inversely related to the level of P

gly function. Cells which showed relatively high P-gly function were less fluorescent 

"dim" due to efflux of the dye. Data also showed that this transport was inhibitable by 

verapamil and reserpine, two well characterized inhibitors of P-gly mediated efflux 

(Tsuruo et al. 1981; Inaba et at. 1981). Neyfakh also examined murine lymphocyte 

subsets and concluded that the T -killer/suppresser cells made up the majority of the 

population of effluxing lymphocytes. The authors also suggested P-gly was maturation 

restricted since immature T cells found in the murine thymus lost rhodamine 123 (rhI23) 

fluorescence much more slowly than their mature, circulating counterparts. 
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The phenomenon of sub-populations of leukocytes exhibiting "dimness" following 

loading with rh 123 had been observed in bone marrow cells in 1985 (Bertoncello et at. 

1985). Rhodamine 123 had been previously used primarily to label mitochondria, in which 

it accumulates (Johnson et at. 1990). Bertoncello and coworkers associated this rh 123 

dimness with a subset of cells which demonstrated enhanced in vivo repopulation of bone 

marrow and spleen, and in vitro colony formation. This was also reported in 1988 by 

Ploemacher and Brons, who accounted for this association by hypothesizing that cells with 

the greatest clonogenic potential had the lowest mitochondrial activity, thus accumulating 

lower amounts of rh 123. 

Chaudhary and Roninson, however, applied a different explanation to the data 

regarding bone marrow cell fluorescence following rh123 loading (Chaudhary and 

Roninson 1991). U sing several complimentary assays, they demonstrated that in human 

bone marrow, P-gly is expressed in the putative stem cell, characterized by CD34 staining. 

Using immunofluorescence for P-gly, reverse transcription-polymerase chain reaction 

(RT-PCR) for the mdrl message, and measurement of the verapamil-sensitive retention of 

rh 123 as an indirect measurement of P-gly mediated eftlux, the authors also showed that 

P-gly expression was directly related to the in vitro clonogenic potential of the bone 

marrow cells. They concluded that it was the expression of P-gly, not reduced 

mitochondrial activity, which accounted for the rh 123 dimness of some bone marrow cells. 

In addition Chaudhary found P-gly expression in bone marrow cells with light scatter 
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characteristics consistent with mature, circulating, lymphocytes, however no lympohocyte

subset analysis was performed. 

Shortly thereafter, however, Chaudhary and Roninson did publish experiments in 

which they analyzed several lymphocyte subsets for the expression of P-gly, and for P-gly 

mediated efflux of another fluorescent P-gly substrate, DiOC2(3) (Chaudhary and 

Roninson 1992). In immunofluorescence experiments they demonstrated that P-gly was 

expressed differentially on lymphocyte subsets in the order CD56+ > CD8+ > CD4+. 

Function analyses were in agreement with the immunofluorescence results. CD 14+ cells 

were found to be uniformly lacking in P-gly function. Many of these findings were 

confirmed in a study by Drach et at. (Drach et at. 1992). Drach and coworkers used 

immunofluorescence for P-gly, a quantitative RT -PCR assay for the mdrl message, and 

the verapamil-sensitive retention of rh 123 to demonstrate P-gly expression and function in 

subsets of bone marrow and peripheral blood cells. Particularly high mRNA expression 

was observed in CD34+ cells, in agreement with Chaudhary and Roninson. Functional 

assays were in agreement with the RNA analysis. Drach also examined the peripheral 

blood and, in agreement with Roninson, observed P-gly mediated efflux and mdrl mRNA 

expression to be high in CD56+ and CD8+ cells and relatively low in CDI4+, CDI5+ and 

CD 19+ cells. In contrast to Chaudhary and Roninson, however, Drach reported P-gly 

mediated efflux in CD 14+ cells. 
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Physiologic Role for P-glycoprotein in Normal Leukocytes 

As mentioned previously, investigators have speculated that the physiologic function 

of P-gly in tissues such as liver, kidney and intestine may be that of lumenal secretion of 

xenobiotics and metabolites. This role was suggested primarily by the anatomical 

localization ofP-gly. In contrast to secretory/excretory organs, P-gly expression in blood 

does not follow any micro-anatomical distribution which would suggest a similar 

detoxification function. 

Proposed physiologic roles for P-gly in blood cells have focused on the involvement 

of P-gly in the normal immune response. Gupta et at. (1992) suggested that P-gly may 

playa role in cytotoxic T cell (CD8+) effector function. These authors demonstrated P

gly staining and P-gly mediated efflux of rh123 in CD8+ cells. This expression of P-gly 

was augmented when lymphocytes were stimulated with phytohemagglutinin. 

Interestingly, this study also demonstrated a partial inactivation of P-gly mediated efflux 

by exposure to the anti-P-gly MoAb, MRK16. Exposure to MRK16 had the additional 

effect of diminishing the effector function of cytotoxic T -cells in a concentration

dependent manner. Thus the authors suggested that P-gly may be important in T -killer 

cell effector function, possibly in the transport of effector proteins such as perforin or 

granzyme. 

A similar role has been suggested for P-gly in natural killer (NK) cells by Chong et al. 

(1993). These authors used a slCr-release assay of NK-mediated cytotoxicity to 

demonstrate that NK-mediated cytolysis was inhibited by a pharmacologically diverse 
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group of compounds. These compounds did share a common feature, namely the ability 

to inhibit P-gly mediated transport. Based upon their findings, the authors concluded that 

P-gly transport, possibly of perf orin, is essential in the cytolytic response. To date, a 

number of compounds which are capable of inhibiting P-gly mediated transport have been 

demonstrated to inhibit NK-mediated cytolysis. These compounds are summarized in 

Table 6. 

Neyfakh et at. (1989) suggested a slightly different role for P-gly in cytotoxic T cells. 

These authors proposed that P-gly in CD8+ cells may function not to release perforin, but 

to protect the effector cell from autolysis due to the unavoidable exposure to its own 

cytolytic molecules during the killing of target cells. Support for this hypothesis is found 

in studies of the HlyB protein of E. Coli, which is a homologue of P-gly and transports 

hemolysin, a non selective ionophoric protein out of the cell. Data further shows that P

gly can protect mammalian cells from the ionophoric damage caused by the polypeptide, 

gramacidin D (Bradley et at. 1988). Furthermore, some authors have suggested that 

target cell lines which overexpress P-gly are more resistant to cell-mediated cytolysis than 

their drug-sensitive parent cell lines (Yanovich et at. 1986; Woods et at. 1988), although 

the resistance of mdr cells to cytolysis has been disputed (Scheper et at. 1991). 

An alternative physiologic function suggested for P-gly in leukocytes is the transport 

of immunologic factors secreted by leukocytes (Neyfakh et at. 1989). One candidate 

substrate molecule for P-gly transport in this context is interleukin-l (IL-l). In suggesting 

IL-l as a possible P-gly substrate in normal leukocytes, McGrath and Varshavsky (1989) 

cited the homology between P-gly and the STE-6 gene product in yeast, a glycoprotein 



Table 6. Compounds shown to inhibit NK-mediated cytolysis 

Verapamil (Racemic) 
R-VerapamiJ 
S-Verapamil 
RO 11-2933 

Reserpine 
Solutol HS 15 

Metofoline 
Quinidine 
FK506 

Cyclosporine A 
Chloroquine 

(From Chong et al. 1993; Weir et al. 1992; Markham et al. 1993; Weir et al. 1991; Whiteside et 
al. 1991) 
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which appears to be capable of transporting proteins out of the cell. Furthermore, the 

authors point out that like a-factor pheromone, which is the protein substrate for the STE-

6 glycoprotein, IL-l precursors lack recognizable signal sequences (March et at. 1985), 

are covalently modified by lipids, namely myristic acid (Bursten et at. 1988), and are not 

localized to the organelles classically associated with the secretory pathway. 



CHAPTER 3 

MATERIALS AND METHODS 

Reagents 

50 

Unless specifically indicated all reagents were purchased from Sigma, St. Louis, MO. 

Reagents were analytical grade or of the highest grade available. 

Cell Culture 

Four cell lines were used in this study. Doxorubicin selected derivatives of the RPMI 

8226 multiple myeloma cell line, namely the 8226IDox6 line and the 8226IDox40 cell line 

were provided by Dr. William S. Dalton. The doxorubicin selection process and drug 

resistance profiles of these cell lines have been reported (Dalton et at. 1986). The parent 

line was obtained from ATCC. The K562 erythroleukemia cell line was obtained from 

ATCC. Cells were maintained in RPMI 1640 media (Gibco, Grand Island, NY) which 

was supplemented with 5% fetal calf serum (FCS), 1% (v/v) penicillin (100 U/ml), 1% 

(v/v) streptomycin (100 U/ml) and 1% (v/v) L-glutamine (Gibco, Grand Island, NY). Cell 

cultures were incubated in a 37°C incubator, with saturated humidity and an atmosphere of 

95% air and 5% C02. Cell lines were sub-cultured every 7 days. 



51 

Sample Collection 

Whole blood was collected by venipuncture, following informed consent of healthy 

volunteers. Blood was collected into tubes which contained a lithium heparin salt 

(Vacutainer, Becton-Dickenson, Palo Alto, CA). 

Mononuclear cells were collected by continuous flow leukopheresis on a Cobe

Spectra instrument. The leukopheresis product was chilled in an ice-water bath for 20 

minutes, after which dimethyl sulfoxide (DMSO) was added to a final concentration of 

10%. Samples were ali quoted into cryopreservation vials and frozen at -80aC for 12 

hours. Samples were then transferred to a liquid nitrogen cryopreservation tank for 

storage. 

Subject #1 was a 35 year old male. Subject #2 was a 43 year old male. Subject #3 

was a 30 year old female. Subject #4 was a 29 year old female. 

Isolation of Leukocyte subsets 

Isolation of mononuclear cells 

Whole blood was diluted 1: 1 v/v with RPMI 1640 and mixed by gentle inversion. 

12.5 mls of this mixture was placed in a 50ml polypropylene conical tube. 8 mls ofFicoll

Hypaque (Pharmacia, Uppsala, Sweden) at room temperature was then withdrawn into a 

pipette and underlayered by inserting the pipette to the bottom of the diluted blood 

mixture and depositing the Ficoll-Hypaque at the bottom of the tube. The tubes were then 

centrifuged at room temperature with no braking in a TJ6 centrifuge (Becton-Dickenson, 
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Palo Alto, CA) with a swinging bucket rotor for 40 minutes at 400 X g. After aspirating 

nearly all the top (plasma) layer, the white mononuclear cell interface was aspirated into a 

pasteur pipette and transferred to a clean tube. The mononuclear cells were washed twice 

in 4°C phosphate buffered saline (PBS) prior to analysis. Mononuclear samples were 

similarly isolated from frozen leukopheresis samples with the following modifications. 

Frozen samples were first thawed at 37°C till most of the ice had melted. Samples were 

then added to 37°C RPM! 1640, which was supplemented with 20% FCS and 10 Vlml of 

preservative-free heparin. The volume of RPM! 1640 yielded a final dilution of 1: 10 

sample:media (v/v). The diluted sample was incubated for 20 minutes in a 37°C water 

bath. Samples were then transferred to 50 ml tubes, layered with Ficoll-Hypaque, 

centrifuged, and mononuclear cells isolated as described above. 

Isolation of Granulocytes 

7 mls of heparinized, whole blood were placed in a 15 ml conical, polypropylene tube. 

4 mls of Mono-Poly Resolving Media (Flow Labs, ) were then aspirated into a pipette and 

deposited into the bottom of the tube, similar to the previous description. The tube was 

then centrifuged at room temperature with no braking in a TJ6 centrifuge with a swinging 

bucket rotor for 40 minutes at 300 X g for 30 minutes. The centrifuged tubes contained 

two interface bands of cells with a pellet of erythrocytes at the bottom of the tube. The 

plasma and the top band (mononuclear cells) were aspirated and discarded, and the second 
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interface (granulocytes) was collected into a pasteur pipette and transferred to a fresh 

tube. The granulocytes were washed twice in 4°C PBS prior to analysis 

An alternative method for isolation of granulocytes was used in some experiments, 

due to lack of availability of MPRM. In this technique 3 mls of Sigma 1077, a hypaque

based centrifugation media, was placed in a 15 ml conical tube. 3 mls of Sigma 1117, a 

higher density media, was underlayered at the bottom of the tube as described above. 7 

mls of whole blood was then layered on top of the two hypaque layers. The samples were 

centrifuged at room temperature with no braking in a TJ6 centrifuge with a swinging 

bucket rotor for 40 minutes at 400 X g for 30 minutes. As with MPRM, two leukocyte 

interfaces were formed, with the top representing mononuclear cells and the lower 

interface representing granulocytes. The interface was removed as described for MPRM. 

Both techniques were equivalent in granulocyte isolation efficiency. 

Lineage Isolation using Fluorescence Activated Cell Sorting (F ACS) 

Individual mononuclear leukocyte lineages were isolated based upon their fluorescent 

staining by R-phycoerythrin (Rpe)-conjugated monoclonal antibodies (Becton-Dickenson, 

San Jose, CA) which were directed against lineage specific markers. The MoAbs used are 

summarized in Table X. Mononuclear cells were isolated as previously described. Cells (5 

X lOs) were placed in a 12 X 75 mm polypropylene tube. The tube was gently centrifuged 

(250 X g) for 4 minutes and the supernatant was decanted. 100 ul of the Rpe-conjugated 

MoAb was then added and the cell pellet was dislodged by tapping the tube and gentle 
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vortexing for 10 seconds. Samples were incubated on ice for 30 min in the dark. Samples 

were then washed twice in cold PBS and resuspended in cold PBS which was 

supplemented with 2% FCS. The stained samples were sorted using either a Coulter Elite 

instrument or a Becton-Dickenson FACSTAR Plus instrument (Coulter, Hialeigh, FL; 

Becton-Dickenson, San Jose, CA). Fluorescence ofRpe was measured at 585 nm. Sorts 

were performed on a three-drop decision basis with coincidence abort set to "on". Sorted 

cells were kept on ice for analysis. 

Immunomagnetic Cell Sorting of Mononuclear Lineages 

In leukocyte lineages isolated by F ACS, low post-sort purities were obselVed In 

lineages whose starting prevalence was < 20%. In an effort to raise the pre-sort 

prevalence of the CD 14+ and CD 19+ lineages, depletion of a mafor contaminating 

lineage, namely CD3+ cells, was performed prior to fluorescent staining or FACS. For 

depletion prior to sorting, the following technique was used: An appropriate amount of 

goat-anti-mouse antibody which was conjugated to magnetic beads (Advanced Magnetics, 

Cambridge, MA) was washed twice in cold PBS by placing beads in a 20 X 90 tube and 

placing the tube in a magnetic field (Tube Magnet, Advanced Magnetics). After the 

magnetic beads migrated to the magnet, the supernatant was aspirated, the tube removed 

from the magnet, PBS with 2% FCS was added, and the process was repeated. The 

following formula was used in calculating the necessary starting volume (in mls) of 

magnetic bead suspension: 
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[CnTnBR] . . 
[BC] = mls of magnetIc bead solution 

Where: 

C = total cell concentration in cells/ml 

T = proportion of target cells in total population 

BR = desired bead:target ratio 

BC = bead concentration in the original suspension in beads/ml 

In the samples, cells (1 X 107
) were placed in a 20 X 90 mm polypropylene tube and 

gently centrifuged. 10 ug of anti CD3 MoAb (Dako, Carpenteria, CA) was added and the 

mixture was gently mixed. Cells were incubated on ice for 30 min. The sample was 

washed twice with cold PBS, with the cell pellet left following the final wash. The 

suspension of magnetic beads (magnetic bead:target cell = 50: 1, based upon 

manufacturer's recommendation) was then added to the cell pellet, the pellet was 

dislodged, and the mixture was gently mixed. total volume in the tube was then brought 

to at least 3 mls with PBS with 2% FCS. The sample was incubated for 40 min on ice. 

The tube was then placed in a magnetic field for 5-10 min. The supernatant was then 

aspirated and washed twice with PBS. The washed supernatant was then stained for the 

desired lineage and sorted as described. 

Because of the substantial reduction in sorting time using immunomagnetic depletion 

(vs FACS), immunomagnetic depletion was eventually applied in place of FACS as the 

sole technique used in isolating leukocyte lineages. This "negative selection" was used 
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instead of positive selection because of the greater sort purities attainable using the 

negative selection. When immunomagnetic sorting was used as the only sorting technique, 

the following technique was used (This example will illustrate sorting for the CD4+ 

lineage). Cells (1 X 108
) were placed in a 20 X 90 mm tube. Cells were gently 

centrifuged at 300 X g for 5 minutes. 200 ug of MoAbs directed against the 

contaminating lineages (CD8, CDI4, CD19, CD56) were added, the cell pellet gently 

dislodged, and the tube was incubated on ice for 40 min. Sorting was performed as 

previously described. Magnetic bead:target cell ratio was 75: 1, based on a revision of 

the manufacturer's recommendations. The supernatant was washed twice in 10 m1s of 

cold PBS with centrifugations at 350 X g for 5 minutes. An aliquot was saved for 

immunofluorescent staining in order to assay sort purity. Sorting for other lineages was 

performed in a similar manner, with appropriate adjustments in MoAb selection to target 

the contaminating lineages. Lineages isolated using this technique were assayed for purity 

by staining an aliquot of sorted cells with a lineage-directed fluorescent MoAb and 

analyzing the sample with flow cytometry. 

Adherence Depletion/Isolation ofMonocytes 

Monocytes were isolated using their capacity to adhere to polystyrene. Mononuclear 

cells were suspended in RPMI with 20% FCS and placed in polystyrene tissue culture 

flasks. The flasks were then placed in cell culture incubators for 60 min. The media was 

then carefully poured from the flask, leaving the adhered monocytes in the flask. For 
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experiments using the monocytes, the flasks were vigorously washed with cold PBS 5 

times. The adhered monocytes were then discarded (for depletion) or lysed for RNA 

isolation. 

Immunocytochemistry 

Granulocyte suspensions were processed as cytospins, fixed, and stained for the 

presence ofP-gly using the monoclonal antibody JSBl(Boehringer-Manheim). Cells were 

suspended in RPM! at 1 X lOs cells/ml. This suspension was mounted on slides using a 

cytospin centrifuge (Shandon, Sewickley, P A). Slides were fixed in acetone, air-dried, and 

stained with JSB 1 primary MoAb at a 1: 500 dilution. The second stage consisted a 

biotin-conjugated goat anti-mouse antibody (1 :200 dilution). The third stage used an 

avidin-linked alkaline phosphatase protein. An irrelevant isotypic antibody was used as a 

control for non-specific staining. Alkaline phosphatase was used for the third stage 

detection. The drug sensitive and resistant RPM! 8226 and 8226IDox6 human cell lines 

were used as negative and positive controls, respectively. 

Immunofluorescence 

Lineage Labeling 

1 X 106 cells were reacted with 20 ul of Rpe-conjugated MoAb directed against :l 

linege (CD4: T-helper cells, CD8: T-suppresser cells, CD14: monocytes, CD15: 
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granulocytes, CD19: B-cells, CD56: NK-cells) or Rpe-conjugated isotype control 

(Becton-Dickenson: San Jose, CA). Samples were washed twice with cold PBS and 

resuspended in 750 ul of cold PBS. While vortexing the sample gently, 250 ul of 2% 

paraformaldehyde (in PBS) was added. Samples were kept at 4°C till analysis. Analysis 

was performed on a F ACSCAN (Becton-Dickenson) flow cytometer equipped with a 

15mW argon laser, with excitation at 488 nm and Rpe fluorescence measured at 585 nm. 

P-gly Labeling 

Leukocytes (1 X 106
) were incubated with 250 ul of normal rabbit serum at 40 C for 

15 min, then with 5 ug ofMRK16 (Kamiya, Thousand Oaks, CA) or, 4E3 (a gift of Dr. 

Robert Arceci), or IgG2a control (Dako) for 30 min at 40 C. This quantity of antibody had 

been previously demonstrated to yield maximal staining for P-gly, with minimal non

specific staining of isotypic control samples. Leukocytes were washed, then incubated 

with 5 ug of FITC or Rpe-conjugated rabbit anti-mouse F(ab)2 fragment (Dako, 

Carpenteria,CA) for 30 min at 40 C. Reference cell lines were stained similarly, except 

that 0.5 ug of MRK16, 1.0 ug of 4E3, and 0.5 ug of secondary antibody / 1 X 106 cells 

was used. These antibody concentrations were shown to yield maximal specific staining in 

optimization experiments. Analyses were performed using a FACSCAN flow cytometer 

with excitation at 488 nm and emission measured at 515 nm for FITC and 585 nm for 

Rpe. Fluorescence ratios were calculated by dividing the mean fluorescence value of the 
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MRK16 (or 4E3)-stained population by the mean fluorescence value of the isotypic 

control (lgG2A)-stained popUlation. 

Lineage-P-gly Double Labeling 

1 X 106 cells were reacted with 250 ul of normal rabbit serum at 40 C for 15 min, then 

with 5 ug of MRK16, 4E3, or IgG2a control (Dako) for 30 min at 40 C. Cells were 

washed, then reacted with 5 ug of FITC conjugated rabbit anti-mouse F(ab)2 fragment 

(Dako, Carpenteria,CA) for 30 min at 40 C. In dual labeling studies, the wash solution 

consisted of PBS with 2% heat-inactivated human AB serum (Gibco). Cells were washed, 

then reacted with 150 ul of a 1 :20 dilution of normal mouse serum (DAKO) in PBS for 

30 min at 40 C. Cells were washed, then reacted with 20 ul ofRPE-conjugated MoAb to a 

lineage specific marker (or an Rpe-conjugated isotypic control (lgGI) for 30 min at 40 C. 

Samples were washed, fixed in 0.5% paraformaldehyde as previously described, then 

analyzed using a F ACSCAN flow cytometer. Fluorescence compensation was determined 

using samples stained with only FITC or RPE. Lineage-positive populations were 

determined by comparing the Rpe fluorescence of the lineage-stained population to the 

IgG l-isotypic control-stained population. Fluorescence ratios for FITC (P-gly vs IgG2A) 

fluorescence for the lineage-positive populations were calculated as previously described. 

Purified mononuclear cells, isolated as previously described, were used for dual-labeling of 

CD4+, CD8+, CDI4+, CDI9+, and CD56+ lineages. Purified granulocytes, isolated as 

previously described, were used for dual-labeling of the CD 15+ lineage. 
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Immunoblot Analysis 

Granulocytes and the reference cell lines (2-3 X lOS cells) were lysed in hypotonic 

buffer in the presence of five protease inhibitors (trans-epoxysuccinyl-L-Ieucylamido (4-

guanidino )-butane, Phenylmethylsulphonyl fluoride, Antipain, Leupeptin; from Sigma and 

Aprotinin; from Boehringer-Manheim). Lysed granulocytes were centrifuged at 5700 

RPM in a J2-21 M centrifuge (Beckman, Palo Alto, CA) using a JS 13.1 rotor for 10 

minutes to remove large particulates. The supernatant was then centrifuged at 25000 

RPM for 1 hour in a LS-70M centrifuge (Beckman) using a SW28 rotor. The pellet was 

centrifuged through a sucrose gradient at 27000 RPM for 4 hours in a SW50.1 rotor to 

yield a purified membrane fraction. All centrifugations were performed at 40 C. The 

membrane fraction was electrophoresed in a 7% SDS-polyacrylamide gel and 

immunoblotted as previously described. Blots were reacted with the monoclonal antibody 

JSB 1 (Boehringer-Manheim) or C219 (Signet, Dedham, MA), followed by reaction with 

1251 conjugated goat-anti-mouse antibody. Control membrane fractions from the reference 

P-gly negative and positive human myeloma cell lines were analyzed with each sample. 

Quantitation of the 170kD P-gly band was performed on blots using a phosphor-imaging 

system. 
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Protein Degradation Analysis 

In order to examme the possibility that endogenous proteolytic enzymes in 

granulocytes could potentially degrade the P-gly during processing of granulocytes, SOug 

of membrane protein from the 82261D0x6 line was incubated with SOug granulocyte 

cytosolic (100,000 X g supernatant of lysed, homogenized granulocytes) protein in 

hypotonic buffer or in an equivalent volume of hypotonic buffer alone. Incubations were 

performed at room temperature for 15 minutes. Following incubation, samples were 

immediately loaded on a 7% acrylamide gel for SDS-PAGE separation and immunoblot 

analysis. 

RNA Isolation 

RNA was isolated using a scaled-down version of the technique of Chomczynski and 

Sacchi (1987). CelIs (1 X 107
) were lysed in 1 ml of a guanidinium isothiocyanate 

solution. 500 ul of the lysate was added to an 1.5 ml microcentrifuge tube. The sample 

was acidified by the addition of 50 ul of 2M sodium acetate, pH 4.0. 500 of buffered, 

saturated phenol was added, folIowed by the addition of 100 ul of chloroform-isoamyl 

alcohol solution (49: 1 v/v). The sample was shaken vigorously for 10 sec and chilled on 

ice for 15 min. The sample was then centrifuged at 10,000 X g for 20 min at 4DC. The 

aqueous layer was transferred to a fresh tube and combined with 500 ul of isopropanol. 

The sample was then chilled at _20DC for at least one hour, then centrifuged as above. 
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The supernatant was aspirated and discarded and the pellet was resuspended in 150 ul of 

the guanidinium solution, followed by the addition of 150 ul of isopropanol. The sample 

was chilled for one hour at -20°C, then centrifuged at 10,000 X g for 10 min at 4°C. The 

supernatant was aspirated and the pellet resuspended in 1 ml of 70% ethanol. The sample 

was centrifuged at 10,000 X g for 10 min at room temperature, the supernatant aspirated 

and the pellet was lyophilized. The lyophilized pellet was then resuspended in 100 ul of 

diethylpyrocarbonate (DEPC)-treated water. An aliquot of this RNA suspension was 

quantitated by measuring optical density at 260 and 280 nm. Both lysate and isolated 

RNA samples were stored at -80°C. 

Effect of Fixation on RNA Analysis 

Experiments were conducted to examine the effect of cell-preservation, by 70% 

ethanol (EtOH) or 1% paraformaldehyde (Pt), on RNA isolation and subsequent RT-PCR 

analysis. The 82261D0x6 cell line was used for all experiments. Cells in logarithmic growth 

were removed from a single tissue culture flask, washed in ice cold PBS, counted and 

ali quoted into culture tubes on ice at 2.5 X 106 cells/tube. One group of tubes ("Fresh" 

group) remained on ice while the two remaining groups were fixed in EtOH and Pf using 

reported techniques. Each group consisted of 5 replicate tubes. Prior to EtOH-fixation, 

cells were placed in 300 ul of cold PBS. While gently vortexing, 700 ul of 100% EtOH 

was slowly added to each tube. Cells remained on ice for 1 hour, then washed twice with 
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cold PBS. In the Pf group, cells were placed in 500 ul cold PBS. While vortexing, 500 ul 

of2% paraformaldehyde in PBS was slowly added. After 1 hour, cells were washed twice 

with cold PBS. Following fixation and washing, cells were lysed and RNA isolated as 

previously described. All RNA pellets were resuspended in 50 ul of diethyl pyrocarbonate

treated water and quantitated at OD 260 nm and 280 nm. 50 ng of the isolated RNA from 

each tube underwent RT-PCR amplification for the histone 3.3 gene. 

Northern Blot Analysis 

mdrl mRNA in the reference cell lines was quantitated by Northern blot analysis. 

20ug of total cellular RNA was size separated on an agarose gel using glyoxal 

denaturation as described (Maniatis 1989). Following size separation the RNA was 

transferred to a Nytran (Schleicher, Keene, NH) membrane. The outside lane, which 

contained a duplicate RNA sample, was excised and stained with methylene blue, allowing 

visualization of the 18S and 28S ribosomal RNA bands for subsequent size estimation of 

probed bands. RNA was then probed with an mdr-specific probe, pCHP-1, under 

stringent conditions (Riordan 1985). Radioactivity in the probed blot was quantitated 

using phosphor imaging (Molecular Dynamics, Sunnyvale, CA). Consistency in RNA 

loading was verified by probing the stripped blot with a probe specific to p-actin. 
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Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis 

Qualitative RT-PCR Analysis 

RNA (50-250 ng) was reverse transcribed using random hexamer priming, in the 

presence of a 2.5 mM dNTP mixture, reverse-transcription buffer, 12.5 units of AMV 

reverse transcriptase, and 20 units of RNAse inhibitor (Boehrenger-Manheim: 

Indianapolis, IN). Reagents were brought to room temperature and reactions were 

assembled at room temperature. Reactions progressed for 60 minutes at 42°C, followed 

by a denaturation step at 94°C for 3 minutes. PCR was performed for the amplification of 

the mdrl gene and the constitutively expressed histone 3.3 (Wells and Kedes 1985) gene. 

PCR primers (Biosynthesis, Lewistown, TX) used in this study were composed of the 

following sequences: 

mdrl upstream: 5' CTGGTGTTTGGAGAAATGACAG 3' 

mdrl downstream: 5' CCCAGTGAAAAATGTTGCCATTGAC 3' 

H3.3 upstream: 5' CCACTGAACTTCTGATTCGC 3' 

H3.3 downstream: 5' GCGTGCTAGCTGGATGTCTT 3' 

cDNA representing 50 ng of starting RNA for histone 3.3 amplifications and 250 ng of 

starting RNA for mdrl amplifications was PCR amplified in the presence of PCR buffer, 

2.5 units oftaq polymerase (Boehrenger-Manheim), and 25 pi co moles of each primer in a 

total volume of 100 ul. Reagents were brought to room temperature and reactions were 
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assembled at room temperature. Amplification parameters for both mdrl and histone 3.3 

amplifications were: An initial 940C denaturation for I minute, cycling at 940C for IS 

sec, 600C for IS sec, 720C for IS sec, with a final 720C, I minute extension phase. 

Amplifications were carried out in a Thermal Cycler 9600 (Perkin Elmer-Cetus, Golden, 

CO). Amplification products were separated by gel electrophoresis using either a 3% 

agarose gel in Tris-Borate-EDTA (TBA) buffer at 80 volts or a 5.5% native 

polyacrylamide gel in TBA buffer at 80 volts. 

Diagnostic restriction digests of the mdrl amplification products were performed in 

order to verifY the identity of the amplification product. mdrl amplification products from 

the positive control 82261D0x6 myeloma cell line, normal granulocytes, and normal T

cells were incubated in the presence of the restriction enzymes Pvu II or Bgi II and the 

appropriate buffer (promega) for 60 min at 37°C. Undigested and restriction-digested 

PCR products were separated on a 3% agarose gel and stained with ethidium bromide. 

Products were detected in gels by direct visualization of the ethidium-stained gels under 

UV transillumination. 

Quantitative RT -PCR Analysis 

For each mdrl amplification, 250 ng of total cellular RNA, together with 107 

molecules of an in vitro-synthesized RNA internal standard were reverse transcribed as 

previously described. In the PCR of the cDNA, the previously described mdrl primers 
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were used to generate a 402 bp product from cell-derived cDNA and a 488 bp product 

from the internal standard-derived cDNA. A modification of the previously reported 

technique (Futscher et at. 1993) was used for the PCR amplifications of the cDNA. 32p_ 

labeled dCTP was used in amplification reactions for quantitation of products. For each 

lineage (or reference line) replicate samples were PCR amplified (940 C for 1 minute, 

cycling at 940 C for 15 sec, 600 C for 15 sec, 720 C for 15 sec, with a final 720 C, 1 minute 

extension), with samples removed at sequential cycles. PCR products were separated on a 

5.5% acrylamide gel and the gels were dried at 80°C for 30 minutes under vacuum. mdrl 

and internal standard products were quantitated on the dried gel using a phosphor

imaging system (Molecular Dynamics: Sunnyvale, CA). Cycle number vs product quantity 

was plotted for mdrl and internal standard products. The ratio of mdrl product: internal 

standard product was calculated at cycle numbers which were in the logarithmic phase of 

amplification as determined by the plots. 

To insure presence of intact RNA, 50 ng aliquots of RNA underwent RT-PCR 

amplification of histone 3.3. Following determination of the logarithmic range of 

amplification, all cDNA samples were amplified at 27 cycles. Products were separated on 

3% agarose gels and visualized by ethidium bromide fluorescence under ultraviolet 

transillumination. RNA integrity was qualitatively assessed by comparing product quantity 

in the fluorescent product bands. 
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Substrate Accumulation and Retention Analysis 

Cell lines and normal leukocytes were analyzed similarly for retention of P-gly 

substrates. Cells (1 X 106
) were incubated for 15 min at 37°C in RPMI 1640 with 25 mM 

hepes buffer (Gibco) and a fluorescent P-gly substrate, with either the presence or absence 

of an inhibitor of P-gly mediated transport. Samples were then washed twice in cold PBS 

and resuspended in RPMI 1640 with 10% FCS and 25 mM hepes in a 37°C water bath. 

At various time-points, samples were then washed twice in cold PBS and stained with 

lineage markers as described for immunofluorescence, except that cells were not fixed. 

Samples were kept free of light, on ice, and analyzed immediately on a F ACSCAN flow 

cytometer. Fluorescence from dyes was measured at 515 nm, with the exception of 

daunorubicin, which was measured at 585 nm. Fluorescence from lineage markers was 

measured at 585 nm (in the daunorubicin experiments, no lineage marker was used). 

Isotypic; controls for the lineage markers were used to distinguish the lineage-positive 

population. Fluorescence compensation was performed using samples stained only with 

the dye or the lineage marker. Samples processed identically except for the absence of 

lineage staining were incubated with propidium iodide (final concentration: 7.5 ug/ml) for 

5 minutes and immediately analyzed for viability. Fluorescence due to propidium iodide 

was measured at 585 nm. Experiments were rejected when the percentage of dead cells 

(high propidium iodide fluorescence) was greater than 3%. Cell lines were not stained 

with lineage markers. 
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Granulocyte Activation Analysis 

The effect of granulocyte activation on substrate retention was examined by using the 

previously described dye retention assay, except that during the three hour incubation 

phase, various concentrations of granulocyte-activating compounds were included. 

A23187, Tetradecanoyl Phorbol Acetate (TPA), and formyl-methionyl-leucinyl

phenylalanine (FMLP) were dissolved in DMSO and stored at -80°C. Final DMSO 

concentration in the dye retention assay was < .01 % in all experiments. 

pH Neutralization Analysis 

To examine whether the neutralization of vesicular pH in granulocytes influenced dye 

retention, granulocytes were assayed using the previously described dye retention assay, 

except that a 15 minute incubation in ammonium chloride (25 uM in RPMI with 25 uM 

HEPES) was added. This step was carried out either prior to, or following dye loading. 

Confocal Microscopy 

Thl~ intracellular distribution pattern of dyes within granulocytes was examined using 

confocal microscopy. Granulocytes were incubated as described for substrate 

accumulation and retention analysis. Granulocytes were then prepared as cytospins, 

coverslips were applied, and slides were examined using a Ziess confocal microscope 

using 488 nm excitation and 515 nm emission filters. Both whole-cell and optical sections 

were recorded. 
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Cytotoxicity Analysis 

Cytotoxic response of the reference cell lines 8226S, 82261D0x6, and 82261D0x40 to 

doxorubicin was evaluated using the MTT assay. This assay has been shown to be a 

reliable assay of cytotoxicity in a number of cell lines (Alley et al. 1988). The assay relies 

on the conversion of a soluble tetrazolium salt (3,4,5-dimethylthiazol-2,5 diphenyl 

tetrazolium bromide) into an insoluble formazan product by mitochondrial succinate 

dehydrogenases. The insoluble product was dissolved in DMSO and measured by 

recording optical density at 540 nm. In the assay cells were placed in 96 well microtiter 

plates, drug was added, and the plate was placed in a tissue culture incubator for 4 days. 

MTT dye (50 ul of a 1 mglml solution) was added and the plates were incubated for 4 

additional hours. The plates were centrifuged, the supernatant aspirated, and DMSO 

added to the pelleted cells/formazan dye. The plates were agitated and assayed on an 

automated spectrophotometer. 

Natural Killer Cell-Mediated Cytolysis Analysis 

Natural killer cell mediated cytolysis of target cells was assayed using slCr-labeled 

K562 cells as targets. Assays were carried out in round bottomed 96 well plates by first 

adding 1 X 104 target cells. P-gly inhibitors or vehicle controls were then added. 

Mononuclear cells (effector cells) were then added to replicate samples to a final ratio of 
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20: 1 and 5: 1 (no effectors were added to the spontaneous release and total release 

groups). Both effector cells and target cells were suspended in media (RPM! 1640 

supplemented with 10% fetal bovine serum). O.IN RCI was added to the total release 

samples to a final concentration of 0.05N RCI. Plates were then gently centrifuged and 

incubated for 4 hours at 370 C. Aliquots of the supernatant were removed and analyzed 

for SICr content using a gamma counter. Sample wells in which only target cells and P-gly 

inhibitor were added were also used to determine whether the inhibitors alone caused 

target cell lysis. Specific lysis was calculated using the following formula: 

[Sample CPM - Spontaneous Release CPM] 

[Total Release CPM - Spontaneous Release CPM] 

Baseline specific lysis was determined for samples to which only media (no inhibitors) had 

been added. % inhibition was calculated using the following formula: 

[Sample Specific Lysis][lOO] 

[Baseline Specific Lysis] 



71 

CHAPTER 4 

RESULTS 

Characterization ofP-gly in Reference Cell Lines 

Immunofluorescence 

The reference cell lines 8226/S, 8226IDox6 and 8226IDox40 were analyzed for the 

presence of P-gly by indirect immunofluorescence using the MoAbs MRK16 and 4E3, 

followed by a FITC-conjugated rabbit anti-mouse secondary antibody. In initial 

optimization experiments, 8226IDox6 cells were analyzed for non-specific binding of the 

secondary antibody by incubating cells with varying amounts of secondary antibody and 

analyzing fluorescence by flow cytometry. This cell line was used in optimization 

experiments because pilot experiments indicated its intermediate level of expression would 

be most similar to expected levels in normal leukocytes. Figure 3 shows the relationship 

between secondary antibody concentration and fluorescence. Non-specific staining is 

observed at concentrations above 1 ug/ml per 1 X 106 cells. Based on these studies, a 

secondary antibody concentration of 0.5 ug/ 1 X 106 cells was used for the 8226 cell lines. 

The non-specific binding of secondary antibody observed in 8226 cells could be 

diminished by pre-incubating the cells with normal rabbit serum for 15 min prior to the 

addition of the secondary antibody. Figure 3 shows the effect of rabbit serum in 

decreasing the non-specific binding of rabbit anti-mouse antibody to 8226 cells. Pre-
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Figure 3. Optimization of secondary antibody concentration. Non-specific binding was 
analyzed by incubating 8226IDox6 cells with various concentrations of a FITC-conjugated 
rabbit anti-mouse antibody, with and without prior incubation in normal rabbit serum. 
Values shown are mean FITC fluorescence from one representative experiment. 
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treatment with rabbit serum reduced fluorescence due to non-specific binding of the 

secondary antibody by approximately 20%. As a result of these experiments, pre

incubation with normal rabbit serum became a standard component of the indirect 

immunofluorescent staining method in these studies. 

Titrations of the anti-P-gly MoAbs MRK16 and 4E3 were also performed in the 

82261D0x6 cell line. Figure 4 shows the fluorescence ratio of 82261D0x6 cells stained 

with various amounts of the primary MoAbs or isotypic control MoAb, followed by 

incubation with FITC-conjugated secondary antibody (0.5 ug/ 1 X 106 cells). Saturation 

is observed at primary antibody concentrations of 1 ug/ 1 X 106 cells for 4E3 and 0.5 ug/ 

1 X 106 cells for MRK 16. 

Using a concentration of 0.5 ug/ 1 x 106 cells, MRKI6 staining of 8226/S, 

82261D0x6, and 82261D0x40 cell lines is shown in Figure 5, demonstrating increasingly 

higher fluorescence ratios (MRK16 fluorescence: Isotypic control fluorescence) of 0.8, 

6.9, and 35.1 in 8226/S, 82261D0x6, and 82261D0x40, respectively. 

Immunoblot Analysis 

P-gly levels in the reference lines were also assayed using immunoblots of membrane 

preparations which had been size fractionated on a 7% SDS-polyacrylamide gel, 

transferred to a PVDF membrane, and probed with the anti-P-gly MoAbs, C219 and an 

125I_labeled secondary antibody. Figure 6 shows the autoradiographs exposed from the 

immunoblots. Corresponding optical density values recorded from densitometer tracings 
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Figure 4. Optimization of primary antibody concentration in 8226IDox6 cell line. Cells 
were incubated with various concentrations of 4E3, MRK16, or isotypic control, followed 
by incubation with a FITC-conjugated secondary antibody. Fluorescence was measured 
and fluorescence ratios calculated. Values shown are from one representative experiment. 
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Figure 5. Immunofluorescent staining of reference cell lines for P-glycoprotein. 8226/S, 
8226IDox6, and 8226IDox40 cell lines were stained with MRK 16 as described. 
Fluorescence histograms of MRK 16 staining from one representative experiment are 
shown (above). Mean values ofMRK16 fluorescence ratios from 4 independent 
experiments are shown (below) for the reference lines. 
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Table 7. Relative optical density values of 170 kD bands 

CELL LINE 
8226/S 
8226fDox6 
8226fDox40 

OPTICAL DENSITY (00 Units) 
Background 

.54 
2.76 
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Figure 6. Immunoblot analysis of reference cell lines. Purified membrane preparations 
were isolated from cell lines as described. Samples were size separated on SDS-P AGE, 
blotted and probed with the anti-P-gly MoAb, C219. Following incubation with an 1251_ 
labeled secondary antibody, the blots were exposed for autoradiographs. A photograph of 
the autoradiograph is shown (above). Optical density of the bands was determined using a 
scanning densitometer. Values of optical density for the 170 kD bands are shown in Table 
8 (below). 
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of the autoradiographs are shown in Table 7. A 170 kD protein band, consistent with P

gly, was detected in membranes from the 8226IDox6 and 8226IDox40 cell lines. The 170 

kD position was determined through the use of stained molecular weight standards which 

were visualized on the blot. The stepwise increase in P-gly levels seen in the 

immunofluorescence studies was also observed in the immunoblot experiments, with 

8226/S probing at background, 82261D0x6 demonstrating an intermediate level of P-gly, 

and 8226IDox40 showing relatively high levels ofP-gly. 

Northern Blot Analysis 

mdrl mRNA levels in the reference lines were measured using Northern blot analysis 

of total cellular RNA. Following size separation on an agarose gel and transfer to a 

nitrocellulose membrane, the RNA from the reference cell lines was probed with the 

pCHC 1 (Riordan et at. 1985) oligonucleotide, which had been 32p labeled. Figure 7 shows 

the phosphor imaging of the probed membrane. Consistent with the mdrl mRNA, a 4.5 

kB band of hybridization was observed in the 8226IDox6 and 82261D0x40 cell lines. 

Radioactivity in the bands was quantitated using a phosphor-imager and values are shown 

in Table 8. In agreement with other assays, an increase in mdrl RNA expression is seen 

from the background level in 8226/S to progressively higher levels in 82261D0x6 and 

8226/Dox40. Subsequent stripping and re-probing of the blot for the constitutively 

expressed B-actin gene, demonstrated similar loading between cell lines. 
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Table 8. mdrl-probe radioactivity in Northern blot of reference lines 

CELL LINE mdrl CPM 
8226/S Background 
82261D0x6 26,577 
8226/Dox40 498,649 

Figure 7. Northern blot analysis of reference cell lines for mdrl expression. RNA from 
cell lines was size separated on an agarose gel, blotted, and probed as described. Blots 
were quantitated using phosphor imaging. Imaging of the blots is shown above. Blots 
were stripped and probed for the constitutively expressed f3-actin gene to assay RNA 
loading. Values for mdrl-probe radioactivity are shown in Table 9. 



79 

Doxorubicin Accumulation Analysis 

In order to correlate measurements of P-gly and the mRNA of the mdrl gene with 

functional parameters, the accumulation of doxorubicin, a P-gly substrate, was measured 

in the reference cell lines. Figure 8 demonstrates the intracellular doxorubicin 

fluorescence in the cell lines following a one hour incubation in the presence of 10 uM 

doxorubicin. Consistent with the assays measuring P-gly expression in the cell lines, a 

decrease in drug accumulation was observed for 8226IDoxl40 (II % accumulation) and, to 

a lesser extent, 8226IDox6 (47% accumulation) as compared to the parent line, 8226/S. 

Cytotoxicity Analysis 

Another assay ofP-gly function in the reference lines, the cytotoxicity of doxorubicin, 

was assayed using the MTT microtiter plate assay. Figure 9 shows the relationship 

between the dose of doxorubicin and cell-survival. The data demonstrate a progressive 

increase in drug resistance from 8226/S to 8226IDox6 to 8226IDox40, as evidenced by 

the respective inhibitory concentration 50% (IC50%) values of 11.7 nM, 375 nM, and 

1500 nM for 8226/S, 8226IDox6, and 8226IDox40, respectively. 
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Figure 8. Doxorubicin accumulation in reference cell lines. Cells were incubated for one 
hour in the presence of doxorubicin (10 uM). Samples were then analyzed for intracellular 
doxorubicin fluorescence by flow cytometry. Values shown are mean fluorescence from 
one representative experiment. 
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Figure 9. Cytotoxicity of doxorubicin in reference cell lines. Cells were incubated in the 
presence of doxorubicin for 4 days and analyzed for viability using the MTT assay. Dose
response curves are shown in the top panel. Below the calculated IC50 values are shown. 
Data shown is from one representative experiment. 
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Characterization ofP-gly in Normal Leukocytes 

Immunofluorescence Analysis ofP-gly 

In order to optimize the reagent concentrations for indirect immunofluorescence in 

leukocytes, mixed mononuclear cells were incubated first with 250 ul of normal rabbit 

serum, then with varying amounts of FITC-conjugated rabbit anti-mouse secondary 

antibody. Figure 10, bottom panel, shows the fluorescence values observed in these 

experiments. Non-specific staining of the secondary antibody is seen at concentrations 

above 10 ug / 1 X 106 cells. Based on these results, a concentration of 5ug / 1 X 106 cells 

was used in leukocyte-staining experiments. The non-specific staining of secondary 

antibody from different manufacturers and different lot numbers of the same manufacturer 

was also examined. Figure 10, top panel demonstrates wide variation in non-specific 

staining from different antibodies. FIrC-conjugated rabbit anti-mouse, lot number 108 

(Dako) was used in all indirect staining experiments in this study due to its relatively low 

non-specific staining. 

Experiments were performed on mixed leukocytes in order to determine the optimum 

concentration of primary MoAb. Figure 11 shows the results from experiments using 

MRK 16 and an isotypic control. A plateau in fluorescence ratio was achieved at a 

concentration of 5 ug/ 1 X 106 cells. This concentration was used in procedures for 

staining normal leukocytes for P-gly. 

To assess the overall P-gly staining characteristics of leukocytes, mixed mononuclear 

cells, granulocytes, and reference cell lines were stained with the MoAb MRK16. 



Q) 

g 5 
Q) 
u 
16 4 
~ o 
:J 
u: 
c: 
ro 
~ 2 

25 

'if 20 
c: c: 
ro 

.r::. 
U 

m a.. -Q) 
u 
5i 
u 
16 1 
~ o 
:J u: 

~ 5 

83 

Dakl031 PIerce Boehringer 

0.01 0.05 0.1 0.5 1 5 10 15 20 

Antibody Concentration (ug/1 X 1<f cells) 

Figure 10. Secondary antibody optimization in normal peripheral blood mononuclear 
cells. Cells from subject # 1 were incubated with FITC-conjugated rabbit anti-mouse 
antibody(0.5 ug/ 1 X 106 cells) from various manufacturers. Fluorescence values from a 
representative experiment are shown (top panel). Cells were then incubated with various 
concentrations of one antibody (Dako lot number 108). Fluorescence values are shown 
from a representative experiment. 
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Figure 11. Optimization of primary antibody concentration in normal peripheral blood 
mononuclear cells. Cells from subject #1 were incubated with various concentrations of 
MRK 16 or isotypic control antibody, followed by incubation with a FITC-conjugated 
secondary antibody. Fluorescence was measured and fluorescence ratios calculated as 
described in Methods. Values shown are from one representative experiment. 
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Fluorescence ratios of staining in these populations are shown in Figure 12. Mixed 

mononuclear cells demonstrated cell-surface P-gly staining, with a mean fluorescence ratio 

(FR) of3.5. The monocyte subset, which was defined by light scatter in these preliminary 

experiments, however, stained at background. Isolated populations of granulocytes also 

demonstrated a lack of cell-surface staining for P-gly. 

P-gly staining on the cell surface of MNC and granulocytes was confirmed using a 

second MoAb, 4E3. Figure 13 shows the FR values of monocytes (as defined by light 

scatter), MNC, and granulocytes which were indirectly stained with 4E3. A similar 

relationship in staining was observed between 4E3 and MRK 16. 

In order to examine the level of P-gly cell-surface staining in individual leukocyte 

lineages, individual lineages were dual-labeled by direct lineage staining, using an Rpe

conjugated lineage-directed antibody, and indirect staining for P-gly using MRK 16 and a 

FITC-conjugated rabbit anti mouse antibody. Two additional steps, which reduced non

specific fluorescence, were added to the double-labeling procedure: 1) 2% (in PBS) heat 

inactivated human type AB serum was used in all wash steps and 2) The samples were 

incubated in 150 ul of a 1 :20 dilution of normal mouse serum in PBS, following the 

incubation with the FITC-conjugated secondary antibody. Leukocyte lineages were 

studied in 4 individuals. Table 9 shows the antigen ligands of the lineage-directed 

antibodies and the corresponding lineage each targets. Fluorescence histograms from the 

lineages of one individual are shown in Figure 14. High levels ofP-gly staining are seen in 
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Figure 12. Immunofluorescence analysis ofP-glycoprotein in normal leukocytes and 
reference cell lines using the MoAb MRK 16. The calculated fluorescence ratios 
(MRK 16IIsotypic control) from 3 experiments were averaged and expressed as mean +
standard deviation. 
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Figure 13. Immunofluorescent staining of normal leukocytes and reference cell lines with 
4E3. Leukocytes were stained with 4E3 or an isotypic control MoAb, followed by a 
FITC-conjugated rabbit anti-mouse secondary antibody. Cells were assayed for 
fluorescence using flow cytometry and fluorescence ratios were calculated. Values shown 
represent mean ratios from three experiments +- standard deviation. 



Table 9. Leukocyte Lineage-Directed Antibodies 

TARGET ANTIGEN 

CD3 
CD4 
CDS 
CDl4 
COl5 
CDl9 
CD56 

LINEAGE TARGETED 

Pan T-Lymphocyte 
T -Helper Lymphocyte 
T -SuppressorlKilIer Lymphocyte 
Monocyte 
Granulocyte 
B-Lymphocyte 
Natural Killer Cell 
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Figure 14. Immunofluorescent double-labeling for P-glycoprotein (MRK16) and lineage. 
MRK 16 and isotypic control fluorescence histograms are shown for the lineage-positive 
populations from one individual. 
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the CD56+ and (to a lesser extent) the CD8+ cells. FR values of P-gly staining in 

individual lineages from 4 volunteers are summarized in Figure 15. CD56+ and CD8+ 

cells demonstrate consistent, high P-gly expression, albeit lower than the 82261D0x6 

reference cell line. Consistent with earlier experiments, P-gly in monocytes and 

granulocytes stained at background levels. While FR values for individual lineages 

showed variability between volunteers, there was an invariable rank order in P-gly staining 

within each volunteer of: 8226/S=CD 15+=CD 14+ < CD 19+ < CD4+ < CD8+ < CD56+ < 

82261D0x6. 

Immunocytochemistry 

Granulocytes were prepared as cytospins and stained for P-gly using the MoAb JSB 1, 

which targets an intracellular epitope of P-gly. Figure 16 shows the JSB 1 stained 

granulocytes (the positive alkaline phosphatase reactions produces a red color). 

Compared to the samples stained with isotypic control, granulocytes demonstrate staining 

above background. 

Isolation oflndividual Leukocyte Lineages 

The purity of granulocyte isolation using density centrifugation was assayed using 

immunofluorescent staining with antibodies directed against the granulocyte-restricted 
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Figure 15. Summary ofMRKI6-immunofluorescence. Ratios of mean MRK16-
fluorescence / Isotypic control fluorescence were calculated for each lineage in 4 normal 
subjects. A mean value of the ratios for each lineage was then calculated. Values are 
expressed as mean +- s.d. 
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Figure 16. Immunocytochemical analysis ofP-glycoprotein in granulocytes. Granulocytes 
were processed as cytospins and stained for P-glycoprotein as described. Samples were 
stained with an isotypic control primary antibody (upper panel) or with the anti-P
glycoprotein MoAb, JSB I (lower panel). An alkaline phosphatase chromophore reagent 
was used for the final step, which yielded a red color in positive reactions. 
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marker CDIS. Figure 17 demonstrates the purity following isolation to be >98% 

granulocytes. Samples analyzed microscopically using Wright-Giemsa staining revealed 

similar sample purity. 

Fluorescence activated cell sorting (F ACS) was used to purify individual lineages for 

subsequent RNA isolation and analysis. MNC suspensions were stained using an Rpe

conjugated lineage marker, washed and concentrated to S X 106 cells / ml for F ACS. 

Figure 18 shows fluorescence histograms of the mixed MNC sample (pre-sort) for two 

lineages, CD3 (mixed T-helper and T-suppresser cells) and CD19 (B lymphocytes), which 

were sorted in independent experiments. The histograms show a pre-sort percentage of 

67% CD3+ cells and 9% CD 19+ cells. Analysis of the sorted samples showed the CD3+ 

cells had been purified to 98%, however, the CD 19+ cells had only been purified to 81 %. 

The low degree of purification of CD 19+ cells in this experiment was typical for sorting 

experiments in this study in which the initial percentage of target cells was <20%. This 

phenomenon led to studies exploring the effect of enrichment of the samples prior to 

F ACS. Figure 19 shows the results of such an experiment. The upper panel shows the 

fluorescence histogram of an aliquot of the MNC sample which was lineage-stained for 

CDI9. The initial prevalence of CDI9+ cells was 8%. The MNC sample was then 

incubated with an anti-CD3 MoAb which was conjugated to magnetic beads. The sample 

was then placed in a magnetic field and the supernatant was removed for lineage-staining. 

Following the removal of CD3+ cells the prevalence of CDI9+ cells increased to 37% 
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Figure 17. Immunofluorescence analysis of CD 15 staining in 
granulocyte-purified samples. Mixed leukocytes (buffy coat) were stained 
for the granulocyte marker, CD 15 (left panel). Samples enriched for 
granulocytes by density centrifugation, as described in Methods, were 
similarly assayed for CD15 staining (right panel). 
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Figure 18. Immunofluorescence staining for lineage markers CD3 (above) and CD19 
(below). Histograms at left represent samples prior to isolation of fluorescence
labeled lineages using FACS. Histograms at right represent analysis of the FACS
purified population. 
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Figure 19. Immunofluorescence analysis of sort purity using the CD 19 lineage marker. 
Fluorescence histograms are shown for a mixed mononuclear cell sample (top), a mixed 
mononuclear sample which had been pre-enriched by immuno-magnetic depletion of 
CD3+ cells (lower left), and a sample in which FACS purification of the pre-enriched 
sample was performed (lower right). 
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(lower-left panel). F ACS of this enriched sample yielded a CD 19+ purified sample which 

was composed of95.9% CD19+ cells (lower-right panel). This enrichment technique was 

used in all F ACS experiments in which the target population in the initial sample was less 

than 20%. 

Because of the considerable length of processmg time involved in obtaining 

adequately purified samples of leukocyte lineages using F ACS, an alternate technique of 

lineage purification was explored. This technique relies on the same process previously 

described for pre-enrichment prior to F ACS. In this technique the mixed MNC sample 

was incubated with MoAbs targeting all contaminating lineages. Following this, the 

sample was incubated with goat anti-mouse antibody which is conjugated to magnetic 

beads. The sample was then placed in a magnetic field and the supernatant, which 

contains the purified lineage, was removed. An aliquot of the supernatant was Iineage

stained and analyzed for sort-purity. Figure 20 shows the sort purity for the CD 19 lineage 

which was isolated in this manner. Purity for all isolated lineages was greater than 98% 

using this technique. 

RNA Analysis 

Effect of Cell-Preservatives on RNA Analysis 

In order to study whether the preservation of cells prior to F ACS sorting would effect 

subsequent RNA isolation and analysis, experiments were conducted to assess the effects 
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Figure 20. Immunofluorescence analysis of CD 19 lineage marker in mononuclear cells 
prior to sorting (left), and following immuno-magnetic depletion of all lineages except 
CD 19 (right). This figure, showing the results of immunomagnetic sorting alone, is in 
contrast to Figure 19, in which immunomagnetic depletion was used to enrich the 
sammple for the target population, with FACS used to ultimately isolate the CD19 
population. 
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of two preservatives commonly used in FACS; 70% ethanol (Et) and 1% 

paraformaldehyde (Pf) on RNA. In these experiments 8226IDox6 cells were first exposed 

to the preservative for one hour, the cells were washed free of the preservative, and the 

RNA was isolated as previously described. The RNA was then used as a template for RT

PCR of the constitutively expressed histone 3.3 (H3.3) mRNA (Wells et at. 1985). Figure 

21 shows the yield of RNA from unpreserved (fresh), Et-preserved, and Pf-preserved 

cells. Pf-preserved cells demonstrate a lower RNA yield than fresh or Et-preserved cells. 

In addition, the on 260/280 nm ratio, an index of RNA purity (Maniatis 1989) was higher 

(more pure) in the fresh and Et samples than the Pf-preserved samples (Figure 21, Bar

inset). 

When equal amounts of RNA (as. defined by on 260 nm values) were used as 

templates for RT-PCR of the H3.3 mRNA, the Pf-preserved sample yielded approximately 

11% of the product as compared to the fresh or Et-fixed samples (Figure 22). Based upon 

the findings that RNA preservation potentially influences subsequent RNA analysis, all 

RNA analysis experiments reported in this study used non-preserved cells. 

Qualitative RT-PCR ofmdrl mRNA 

RNA isolated from density centrifugation-isolated granulocytes, a:nd the reference cell 

lines was isolated and analyzed for the presence ofmdrl mRNA. RT-PCR products were 

further analyzed for mdrl identity by diagnostic restriction digestion. Figure 23 shows 

mdrl RT-PCR products which were digested with the restriction enzymes Pvu II and Bgl 
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Figure 21. RNA yield from 8226IDox6 cells which were not preserved (Fresh), preserved 
in paraformaldehyde, or preserved in ethanol. In each bar, the inset contains the mean 
value of optical density 260nmJ280nm ratios for each treatment group. RNA yield values 
are expressed as mean RNA concentration +- standard deviation, n=5. OD 260/280 ratios 
are expressed as mean value, n=5. 
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Figure 22. Quantitation of histone 3.3 RT-PCR product from RNA isolated from non
preserved (Fresh), paraformaldehyde-preserved, and ethanol-preserved cells. Following 
radiolabeled RT-PCR of equal amounts of RNA, products were separated on an agarose 
gel. Bands (and predicted sites) were excised and quantitated using a scintillation counter. 
Mock RT -PCR rections contained all reagents except RNA. Values shown are mean 
CPM +- standard deviation (n=5). 
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Figure 23. Restriction digestion of RT-PCR products from reference cell lines and 
normal granulocyte RNA. RNA was isolated as described, reverse transcribed, amplified 
for mdrl. RT-PCR products were incubated with the indicated restriction enzymes. 
Digested and undigested RT-PCR products were size separated on an agarose gel and 
identified using ethidium bromide fluorescence under UV transillumination of the gel. 
Photograph of the ethidium-stained gel is shown. 
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II. Undigested and digested products were size separated on a 3% agarose gel, stained 

with ethidium bromide, and photographed under UV transillumination. All samples except 

the P-gly-negative 8226/S demonstrate identical digested and undigested product 

migration on the gel, confirming the identity of the product as mdr 1. In addition, the size 

of the digestion products is consistent with digestion fragments predicted from the 

reported cDNA sequence of the mdrl gene (Gros et at. 1986). Similar experiments using 

RNA from FACS-isolated T cells also identified the RT-PCR product as mdrl. RNA 

isolated from the granulocytes of three individuals was used in RT -PCR reactions for the 

mdrl and histone 3.3 gene. Figure 24 shows the results of those amplifications using 

RNA from three subjects. In 3/3 granulocyte samples, mdrl mRNA was detected by 

ethidium visualization in agarose gels. 

Quantitative Analysis ofIndividual Lineages for mdrl mRNA 

In order to verify the immunofluorescence data, RNA from the purified leukocyte 

lineages was assayed for levels ofmdrl mRNA, using a quantitative RT-PCR assay which 

employed an internal standard RNA. Figure 25 shows an example of such an 

amplification. Following reverse transcription in the presence of the internal standard 

RNA, samples were amplified for a variable number of cycles to determine the logarithmic 

range of amplification. Figure 26 demonstrates the product quantitation in such 

experiments. While the amplification of CD 19+ derived RNA was logarithmic to 30 

cycles, the amplification of 82261D0x6 became non-linear at between 26 and 28 cycles. 
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Figure 24. RT -PCR of CD 15+ cells (granulocytes) and reference cell line RNA. RNA 
from the isolated granulocytes of three individuals was reverse transcribed and amplfied 
for the mdrl gene and, in separate reactions, the histone 3.3 gene. Products were 
visualized on an ethidium stained agarose gel. mdrl amplifications are shown in the 
upper panel. Histone 3.3 amplifications were used to control for RNA integrity. Results 
of those amplifications are shown in the lower panel. 
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Figure 25. RT-PCR of isolated lineages. 250 ng of RNA from the purified lineages of 
one individual was reverse transcribed in the presence of 1 X 107 molecules ofintemal 
standard RNA. Following amplification using primers specific for the mdrl gene, 
products were separated on a 5.5% polyacrylamide gel. The gel was dried and exposed 
for autoradiography. A photograph of the autoradiograph is shown. In separate 
reactions, RNA integrity was analyzed using RT-PCR amplifications for the histone 3.3 
gene. Results of those amplifications are shown in the inset. 
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Figure 26. Determination oflogarithmic phase ofPCR amplification. Cellular and internal 
standard RNA was RT-PCR amplified as described, with products removed at indicated 
cycles. Amplification products were quantitated on dried gels using phosphor-imaging. 
Values for the 8226IDox6line and normal CDI9+ cells of subject #1 are shown. 
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Figure 27 shows ratios of mdrl product quantity: internal standard product quantity for 

lineages and the reference cell lines. Values were calculated from samples taken at cycle 

numbers which were within the logarithmic range of amplification for each lineage. 

Quantitation of the RT-PCR demonstrates the same high expression of P-gly in CD56+ 

cells (49% of Dox6). In agreement with the immunofluorescence data CD8+, CD4+, 

CDI9+, and CDI4+ cells expressed progressively less mdrl mRNA at 17%, 8%,4%, and 

2% of Dox6, respectively. Interestingly CDI5+ cells expressed mdrl mRNA at a level 

similar to CD4+ cells (7.5% of Dox6) even though this lineage was negative for surface 

immunofluorescence. Consistent with the immunofluorescence data, the P-gly negative 

and positive reference cell lines, 8226/S and 82261D0x6, again IIbracketed ll all values from 

normal lineages in the R T -PCR experiments. 

Immunoblot Analysis of Granulocytes 

In order to explore the disparity between the RNA analysis and immunofluorescence 

seen in CD 15+ cells, membranes from normal granulocytes and the reference cell lines 

were separated by SDS-PAGE, transferred, and probed for P-gly using the MoAbs C219 

and JSB I. Both MoAbs recognized the predicted 170 kD band in granulocyte membranes 

at 21 % of the levels measured in 82261D0x6. Granulocyte membranes from two 

individuals probed positively for P-gly with C219 and JSB 1 with data for one individual 

shown in Figure 28. Several immunoblot studies indicated that granulocyte membranes 

required immediate processing in order to maintain the P-gly signal. To address whether 
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Figure 27. Summary of quantitative RT-PCR for mdrl in leukocyte lineages and reference 
cell lines. Ratios of mdr 1 product : internal standard product quantity were calculated for 
normal leukocyte lineages and reference cell lines at cycle numbers which were determined 
to be within the logarithmic range of amplification. Values shown are from a 
representative experiment, analyzing the normal lineages of Subject # I. 
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Figure 28. Immunoblot analysis of granulocyte (Subject #1) and reference cell line 
membranes for P-glycoprotein. Membrane fractions from the granulocytes of Subject 
# 1 and the reference cell lines were separated using SDS-PAGE, blotted, and probed 
with the indicated MoAbs. Photographs of autoradiographs from two representative 
experiments are shown in the upper and lower left panels. At lower right, 50 ug of 
protein from the membrane fraction of 8226IDox6 was combined with 50 ug of protein 
from the cytosolic fraction of homogenized granulocytes. A parallel sample of Dox6 
membrane was combined with an equivalent volume of buffer. Both samples were 
incubated at room temperature for 15 minutes, then SDS-PAGE separated and probed 
with the MoAb C219. 
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proteolytic enzymes in granulocytes could degrade P-gly, membranes from the positive 

control cell line were incubated with granulocyte cytosol. (Figure 28, inset) Granulocyte 

cytosol is capable of ablating the P-gly signal present in the membrane fraction from 

8226IDox6, probably due to proteolysis of P-gly by the abundant proteases present in 

granulocytes (Newberger 1991). These experiments point to the need to process 

granulocytes a) rapidly, b) on ice, and c) in the presence of several protease inhibitors. 

Substrate Accumulation and Retention Analysis 

Analysis of Accumulation and Retention of Various Substrates 

To determine whether transport of P-gly substrates occurred in MNC and 

granulocytes, these populations were incubated (loaded) with a fluorescent substrate for 

15 min, washed, then analyzed for fluorescence immediately after loading (T=O). Samples 

were then incubated for 3 hours in the presence or absence of the P-gly inhibitor verapamil 

(25 uM), after which fluorescence was measured. Figure 29 summarizes the results of 

these experiments. For each substrate, MNC demonstrated a loss of fluorescence in 

samples incubated without verapamil, compared to samples incubated in the presence of 

verapamil during the three hour incubation following substrate-loading. In every 

experiment the fluorescence of the sample incubated in the presence of verapamil for three 

hours was not different from the T=O fluorescence, suggesting that in the presence of 

verapamil, no significant dye transport occurred. A contrasting situation was observed in 
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the analyses of granulocytes. In each case, no difference was observed between the 

samples incubated with or without verapamil. In addition these two groups (T=3 hours; + 

and - verapamil) demonstrated fluorescence on par with the T=O samples, suggesting that 

in granulocytes incubated with or without verapamil, no significant dye transport had 

occurred. 

Effect of Neutralization of Vesicular pH in granulocytes 

In order to determine whether the lack of measurable loss of substrate fluorescence 

was due to ion-trapping of the substrate within acidic vesicles of granulocytes, these cells 

were loaded with rhodamine 123 (rhI23) for 15 min, incubated in the presence of25 mM 

NIL.CI in HBSS with 25 mM HEPES for 15 minutes following loading, washed, incubated 

for 3 hours and assayed for fluorescence. Another test sample was processed similarly, 

except the incubation with NHtCI occurred prior to loading. These incubation conditions 

have been shown to result in the neutralization of the low pH in granulocytic granules 

(Ohkuma 1987). Figure 30 shows the effect of these incubation conditions on rh 123 

fluorescence. Exposure to NHtCI at either time had no effect on rh 123 fluorescence at the 

end of the 3 hour incubation period. MNC exposed to similar incubations demonstrated a 

verapamil-inhibitable loss of rh 123 fluorescence, indicating that the incubation conditions 

did not negate P-gly function (Figure 30). 
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Figure 29. Fluorescent substrate retention in mixed leukocytes (above) and granulocytes 
(below). Following a 15 minute substrate-loading period, cells were incubated for 3 hours 
in the presence or absence of25 uM verapamil. Fluorescence is shown as mean 
fluorescence +1- standard deviation for each sample. 
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Figure 30. Effect ofincubation with buffered ammonium chloride on P-glycoprotein 
function. Granulocytes ("Gran") were loaded with rhodamine 123, and assayed for dye 
retention as described. Samples were exposed to 25 mM ammonium chloride prior to 
loading ("Pre") or following dye-loading ("Post"). The post-loading incubations were 
performed in the presence or absence of25 uM verapamil. Mononuclear cells were 
incubated with ammonium chloride both prior to loading and prior to incubation. 
Rhodamine 123 fluorescence is shown as mean population fluorescence +/- standard 
deviation. 
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Effect of Granulocyte-Activating Compounds 

Experiments were also performed to assess whether the immunologic activation of 

granulocytes would lead to initiation of measurable rh123 transport (rh123 fluorescence

loss). Granulocytes were exposed to the phorbol ester tetradecanoyl phorbol acetate 

(TP A), the tripeptide formyl-Ieucinyl methionyl phenylalanine (FMLP), and the calcium 

ionaphore A23187. These compounds have previously been shown to cause the activation 

of granulocytes within three hours, including superoxide production and, at higher 

concentration, degranulation (Bentwood et al. 1980; Pruzwansky et at. 1990). 

Granulocytes were loaded with rh123 as previously described. At the initiation of the 3 

hour incubation period, the activating compounds were added to the incubation media, 

where they remained for the three hour period. Fluorescence measurements were taken 

immediately after loading (T=O) and at the end of the three hour incubation (T=3). Figure 

31, 32, and 33 demonstrate the relationship between the concentration of activating 

compound and the rh 123 fluorescence. Overall, no effect of granulocyte activation on 

rh 123 transport was observed. At the highest concentration of the compounds a decrease 

in fluorescence was observed, however, these concentrations also caused degranulation of 

the granulocytes. Furthermore, this loss of fluorescence was not inhibited by verapamil, 

indicating this process was not P-gly mediated. Granulocytes were evaluated by flow 

cytometry to determine whether maximal activation leading to degranulation had been 

achieved by the highest concentrations of each compound. A decrease in side (900
) light 

scatter has been reported to be an accurate measure of degranulation (Gray et al. 1993). 
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Figure 3 I. Effect of incubating granulocytes with TP A on retention of rh 123 . Following 
loading with rh123, granulocytes were incubated with various concentrations ofTPA 
during a three hour incubation. Samples were then analyzed for flourescence. Values of 
mean fluorescence at the end of the three hour incubation period are shown from one 
representative experiment. 
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Figure 32. Effect of incubating granulocytes with FMLP on retention ofrhl23. 
Following loading with rh 123, granulocytes were incubated with various concentrations of 
FMLP during a three hour incubation. Samples were then analyzed for flourescence. 
Values of mean fluorescence at the end of the three hour incubation period are shown 
from one representative experiment. 
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Figure 33. Effect of incubating granulocytes with A23187 on retention of rh 123. 
Following loading with rh123, granulocytes were incubated with various concentrations of 
A23187 during a three hour incubation. Samples were then analyzed for flourescence. 
Values of mean fluorescence at the end of the three hour incubation period are shown 
from one representative experiment. 
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Figure 34 shows mean side light scatter intensity vs concentration of TP A. At the upper 

concentration of each compound, decreased side light scatter was observed, confirming 

that the concentration range and time-course chosen allowed maximal activation and 

degranulation. A similar reduction in side light scatter was observed at the highest 

concentration of the other activating compounds. 

Confocal Microscopy 

Confocal microscopy was used to establish whether verapamil treatment during the 3 

hour incubation phase of the dye retention assay caused a redistribution of dye in 

granulocytes. Figure 35 shows photographs of granulocytes in the presence and absence 

of verapamil at the end of the three hour incubation period. In both samples the dye is 

distributed in a localized manner, with no apparent change in distribution, suggesting that 

P-gly in granulocytes is not a mechanism of dye sequestration. 

Lineage-Substrate Dual Labeling Studies 

Mononuclear cells, which had clearly demonstrated P-gly mediated transport of rh 123 

in preliminary studies, were analyzed for P-gly function at the level of individual lineages 

using the previously described transport assay coupled with lineage staining. Figure 36 

shows the decrease of rh 123 fluorescence over time in individual lineages from one 

volunteer. CD 5 6+ and CD8+ cells demonstrated a rapid loss of rh 123 fluorescence. 
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TPA Concentration (ng/ml) 

Figure 34. Effect of exposure to TPA on 90° light scatter in granulocytes. Following a 
three hour exposure to various concentrations of the phorbol ester TP A, light scatter 
measurements were recorded. Mean 90° light scatter intensity is shown from one 
representative experiment. 
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Figure 35. Confocal microscopy of rh 123 in granulocytes. Granulocytes were loaded 
with rh 123 as described, then incubated in the presence or absence of verapamil for three 
hours. Cells were processed as cytospins and immediately examined using confocal 
microscopy. Dye appears as yellow. The panel above represents cells incubated in the 
absence of verapamil. In the lower panel, samples were incubated in the presence of 
verapamil. 
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Figure 36. Timecourse ofrh123 retention in normal leukocyte lineages and reference cell 
lines. Cells were loaded with rh 123 for 15 minutes, then incubated for various times. 
Normal leukocytes were then stained with lineage-directed Rpe-conjugated MoAbs. 
Values shown are mean rh123 fluorescence of the lineage-positive population at the 
indicated timepoints. 
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CD 19+ and CD4+ cells lost rh 123 fluorescence at an intermediate rate and CD 14+ and 

CD 15+ cells failed to demonstrate a significant loss of rh 123 fluorescence. In agreement 

with assays measuring P-gly expression, the 8226/Dox6 reference cell line demonstrated a 

higher level of P-gly mediated transport than any normal leukocyte lineages. 

In contrast to Figure 36, in which mean fluorescence values for the entire lineage

positive population from a volunteer were calculated, Figure 37 shows the actual dot plots 

of the lineage population at T=3 hours in the presence and absence of verapamil. This 

representation of the data points out a significant observation in these experiments, namely 

the heterogeneity of P-gly mediated transport seen in some lineages. In the CD56+ 

lineage, after three hours of incubation in the absence of verapamil, the population appears 

as a homogenous group with negligible rh 123 fluorescence. CD56+ cells, however, are 

the exception. Under identical loading, incubation, and measurement conditions all other 

lineages, to some degree, consist of cells which span the range of rh 123 fluorescence from 

low fluorescence to cells with high fluorescence values. Table 10 summarizes this 

heterogeneity for each lineage in all volunteers by averaging the percentage of cells which 

showed less rh 123 fluorescence with no verapamil, than the minimum fluorescence value 

in the presence of verapamil 
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Figure 37. Rhodamine 123 retention in normal leukocyte lineages and reference cell lines. 
Cells were loaded with rhodamine 123 for 15 minutes, then incubated in the presence or 
absence ofverapamil for three hours. Normal leukocytes were then labeled for lineage 
determinants with Rpe-conjugated MoAbs. For each sample, dot plots of the population 
of interest are shown for incubations with and without verapamil. 
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Table 10. Percentage of cells which lose rhodamine 123 fluorescence within each normal 
lineage. 

Lineage/Cell Line 
8226/S 
8226IDox6 
CD4+ 
CD8+ 
CDI4+ 
CDI5+ 
CDI9+ 
CD56+ 

% Rh123 "Dim" Cells 
< 1.0 
98.1 +- 0.7 
32.8 +- 4.8 
79.6 +- 5.6 
< 1.0 
< 1.0 
48.9 +- 20.1 
97.0 +- 1.1 



Functional Role for P-gly in Normal Leukocytes: Effect ofP-gly Inhibitors on NK 

(CD56+) Cells 

Effect ofP-gly Inhibitors on NK Cell Mediated Cytolysis 
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In order to study the potential role of P-gly in leukocyte lineages which express high 

levels of P-gly, the effect of P-gly inhibitors on CD56+ (NK) cells was examined. Two 

verapamil isomers (R- and S-) , in addition to CsA and its analog, PSC833, were analyzed 

for their effect on NK cell mediated cytolysis. The pharmaclolgical targets of these 

compounds are summarized in Figure 38. Both verapamil isomers behaved similarly, 

demonstrating a clear dose response relationship (Figure 39). At a concentration of 33 

uM, inhibition of NK cytolysis was nearly maximal (R- 79.2%; S- 89.4%). CsA and PSC 

also behaved similarly to each other, but demonstrated a much poorer dose-response 

relationship. Maximal inhibition at 33 uM was 51.2% for CsA and 46.3% for PSC 833. 

Effect of P-gly Inhibitors on P-gly Mediated Efflux 

The same drugs used in NK cytolysis inhibition assays were analyzed for P-gly 

mediated efflux inhibition at identical concentrations and similar incubation conditions (4 

hours at 370 C for NK assays and 3 hours at 370 C for efflux assays). The verapamil 

isomers showed clear dose response relationships, similar to those seen in NK cytolysis 

inhibition (Figure 40). Their potency as P-gly inhibitors approximately followed their 

potency as NK cytolysis inhibitors, with maximal efflux inhibition of 82.4% for the R-
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Figure 38. Pharmacological targets of verapamil analogs and cyclosporine 
analogs in NK cells. Illustration of NK cell showing compounds interacting with 
P-glycoprotein and other cellular targets. Size of type indicates relative potency 
of compounds against the indicated targets. 
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Figure 39. Dose-Response of inhibition of natural killer cell-mediated cytolysis ofK562 
cells. Mononuclear cells from normal individuals were incubated with slCr-labeled K562 
cells in the presence of various concentrations ofP-gly inhibitors. NK-mediated killing 
was assayed by measuring radioactivity released from K562 cells. Values shown are mean 
percent inhibition from at least three independent experiments using cells from different 
individuals. 
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Figure 40. Dose-Response ofP-gly inhibition in natural killer cells. Normal mononuclear 
cells were dual-labeled with rh123 and an Rpe-conjugated CD56 marker as described. 
During the three hour incubation following rh 123 loading, the cells were incubated with 
various concentrations ofP-gly inhibitors. Values shown are mean percent inhibition from 
at least three independent experiments using cells from different individuals. 
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isomer and 84.1% for the S-isomer. In contrast to the NK mediated cytolysis assays, CsA 

and PSC were more potent P-gly efflux inhibitors than the verapamil isomers, 

demonstrating nearly 50% inhibition at a concentration of 0.3 uM, and near maximal 

inhibition at all higher concentrations. 
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CHAPTERS 

DISCUSSION 

One goal of these studies was to determine the level of expression ofP-gly in normal, 

circulating leukocytes. These results could then address a second goal of this work, which 

was to explore possible functional roles for P-gly in leukocytes. This basic approach has 

been applied to the study of the physiologic function of P-gly in other normal human 

tissues. In the kidney, for example, specific distribution of P-gly on the brush border of 

proximal tubule cells is interpreted as suggestive evidence that P-gly has a normal function 

and that its function is transporting compounds into the tubular lumen. Likewise in other 

settings such as the liver, colon and blood-brain barrier, hypotheses regarding normal P

gly function have been initially drawn largely upon studies defining the specific distribution 

ofP-gly within a given tissue. 

In applying this approach to examine P-gly in leukocytes in this study, the leukocyte 

population was considered as an organ. Antigenic markers were then chosen to allow 

identification of individual cell types within this "organ", since unlike true organs, 

particular cell types usually can not be distinguished by morphology or histology. P-gly 

expression in these individual cell types was measured in parallel with P-gly-positive and 

P-gly-negative reference cell lines which were used as external standards. Use of these 

standards allowed levels of P-gly measured in leukocytes to be directly related to P-gly 
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levels in cell lines with well characterized expression of P-gly, P-gly-mediated efflux 

activity, and multi-drug resistance. 

The characterization of P-gly in the reference cell lines provides an example of the 

relationship between P-gly expression/function and the multi-drug resistance phenotype. 

The progressive increase seen in P-gly and mdr1 mRNA levels, from background levels in 

8226/S, through the intermediate levels observed in 8226/Dox6, to the 8226/Dox40 cell 

line which demonstrates very high levels of P-gly, correlated well with functional 

measurements, which included doxorubicin accumulation and doxorubicin-induced 

cytotoxicity. These initial studies of the reference cell lines also suggested the likelihood 

that the 8226/Dox40 cell line would be a poor choice to use as an external standard for P

gly expression in the blood, given its extremely high (128-fold) resistance to doxorubicin, 

coupled with its high P-gly expression. 8226/Dox6 appeared to be a better candidate and 

later proved, even with its moderate level of P-gly expression, to express higher P-gly 

levels than any normal lineage studied. 

P-glycoprotein levels in normal leukocytes were studied using immunofluorescent 

analysis in double-labeling studies. Because of the relatively low fluorescence ratios seen 

in mixed leukocyte populations in initial work, it became particularly important to 

optimize the concentrations of reagents used in these experiments. The goal of the 

optimization experiments was to determine the concentration of antibodies yielding 

maximal staining (high signal). Equally important was the necessity of minimizing non

specific staining (low noise). Three steps were added to the staining method in order to 
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achieve the latter goal. Samples were initially incubated in normal rabbit serum. This step 

was designed to block any areas on the cell which have inherent reactivity with the rabbit 

anti-mouse secondary antibody. The use of 2% heat-inactivated human type AB serum in 

all wash steps was intended to block any Fc receptors on the leukocytes which could act 

as non-specific binding sites of the primary antibodies. Finally, a step involving incubation 

of the cells with normal mouse serum was added prior to the lineage staining. At this 

point in the staining procedure, rabbit anti-mouse antibody had previously been added. 

Mouse serum was intended to block any residual anti-mouse sites on the secondary 

antibody prior to the addition of the mouse-derived lineage marking antibody. Elimination 

of any of these steps resulted in an increase in non-specific binding, which appeared as 

higher fluorescence values in the isotypic control samples. 

When individual lineages were double-labeled for P-gly expressIOn and lineage 

identification, a clear pattern of P-gly staining was observed. CD56+ cells showed a high 

level of staining in all individuals studied. CD8+ cells followed in staining intensity. 

CD4+ and CD 19+ cells showed an intermediate staining intensity. CD 15+ and CD 14+ 

cells stained essentially at background levels, as did the P-gly negative 8226/S reference 

cell line. The 8226/Dox6 cell line stained with greater intensity than any normal lineage. 

It would have been desirable to confirm the immunofluorescence results in all lineages 

using another cell-staining technique such as immunocytochemistry. Due to limitations in 

available technology, double labeling of immunocytochemical samples was not performed. 

Immunocytochemistry was performed on isolated granulocytes, since this was the only 
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leukocyte lineage whose identity could unequivocally be established by morphology alone. 

Interestingly, granulocytes showed P-gly staining using immunocytochemistry, in contrast 

to the immunofluorescence results. This disparity could be due to differences in 

localization of P-gly. The immunofluorescence studies used fresh cells and a MoAb 

(MRK 16) which bound an extracellular epitope. The immunocytochemistry experiments 

used fixed, permeabilized cells and a MoAb (JSB 1) which bound an intracellular epitope. 

If the majority of P-gly in granulocytes was localized within the cell, 

immunocytochemistry would be expected to "expose" the P-gly staining. It is also 

possible that the MRK 16-reactive epitope of P-gly in granulocytes is "masked". This 

phenomenon of epitope masking has been reported by Cumber et al. (1990). It is also 

possible that endogenous enzymes in granulocytes could non-specifically react with the 

chromophore reagent in the final step. The latter explanation, however, would be 

expected to produce a false positive in both the control and the test sample, an occurrence 

which was not observed. The data from the immunocytochemistry experiments are 

suggestive that P-gly is expressed in granulocytes. 

R T -PCR analysis was performed to confirm the results of P-gly staining experiments. 

CD56+ cells demonstrated the highest level ofmdrl expression among leukocyte lineages. 

Consistent with the immunofluorescence studies, CD8+ cells were lower than CD56+ cells 

in mdrl mRNA levels, followed by CD4+ and CD 19+ cells. CD 14+ cells expressed low 

levels of mdrl mRNA, in keeping with their background level of immunofluorescent 

staining. CDI5+ cells showed mdrl mRNA levels on par with CD4+ cells. Only CD56+ 



and CD8+ cells expressed higher mdrl levels. 
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This finding supports the 

immunocytochemistry results, arguing against those results representing a false-positive. 

Immunoblot analysis of granulocytes was used as a complimentary assay of P-gly 

expression in granulocytes. Membrane fractions from the granulocytes of two individuals 

tested positive for P-gly when probed by the MoAhs JSBI and C219. These studies 

conclusively demonstrate the expression of P-gly in granulocytes, in agreement with the 

immunocytochemical staining and the RNA analysis. While the RT-PCR data could 

potentially be subject to a false-positive result due to contamination by P-gly positive cells 

in the granulocyte sample, the immunoblot assay has been shown to be relatively 

insensitive to a contaminating P-gly positive population in a P-gly negative sample 

(Grogan et at. 1990). The work by Grogan and coworkers, together with assays showing 

the purity of granulocytes analyzed by immunoblot to be >98%, support the conclusion 

that P-gly and the mdrl message are expressed in normal, circulating granulocytes. 

Although direct quantitation of granulocyte P-gly levels compared to mononuclear 

lineages was not performed, P-gly levels were quantitated relative to the reference lines in 

immunoblot assays of granulocytes. The P-gly level in granulocytes was found to be 21 % 

of the level in the 82261D0x6 cell line. CD4+ cells, which expressed mdrl mRNA levels 

similar to granulocytes, stained at 33% of 82261D0x6 in immunofluorescence studies. 

Thus, the data indicate that two lineages, CD4+ and CDI5+, have similar mdrl mRNA 

levels, and stain for P-gly st 33% and 21 % of 82261D0x6, respectively. These 
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experiments support the conclusion that the level of P-gly in granulocytes is similar to the 

level seen in CD4+ cells. 

Assays were also performed to measure P-gly function in individual leukocyte 

lineages. A number of investigators have shown that measurement of the retention of 

certain relatively non-toxic fluorescent dyes is a valid, sensitive indicator of P-gly function 

(Chaudhary et at. 1991,1992; Kessel 1991). When retention of the P-gly substrate rh123 

was measured over three hours, a lineage-specific rate of dye loss was observed. 

Consistent with other assays, CD56+ cells demonstrated a high level of P-gly function, 

losing dye fluorescence most rapidly compared to other leukocyte lineages. CD8+ cells 

followed CD56+ cells in efilux efficiency, with CD4+ and CDI9+ cells showing moderate 

P-gly-mediated transport. CD 14+ cells failed to demonstrate P-gly function. Analysis of 

the data for these time-course studies of dye loss involved calculating a mean dye 

fluorescence for the entire lineage-positive population. An interesting phenomenon, 

however, appeared when the data was viewed as raw plots of dye fluorescence. When P

gly function was abrogated by exposure to verapamil, each lineage was composed of a 

homogenous population of highly fluorescent cells at the conclusion of the three hour 

incubation period. When cells were incubated without verapamil, some lineages became 

highly heterogeneous in their dye fluorescence. Lineages such as CD4+ and CD 19+ 

contained sub-populations of high fluorescence ("bright") cells and low fluorescence 

("dim") cells, suggesting a heterogeneity ofP-gly function. Other lineages such as CD56+ 

and, to a lesser degree, CD8+ were relatively homogeneous groups of dim cells. The 
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fluorescence heterogeneity seen in some lineages could represent a marker of a 

functionally distinct subset of these lineages. It is also possible that P-gly is simply a 

maturity/differentiation marker in these cells. The latter hypothesis is supported by studies 

which have localized P-gly to apical microvilli (mature epithelia), but not to crypts 

(immature epithelia) in the gastrointestinal system (Thiebaut 1987). Thus some lineages 

could be divided into "subsets" or sub-populations with differing functional properties. 

For the mononuclear lineages there was good agreement between assays measuring 

function and assays measuring the expression of P-gly at the protein or mRNA level. This 

is in contrast to the granulocyte lineage, where P-gly expression was observed on par with 

the CD4+ lineage, yet no P-gly function in granulocytes was observed. One explanation 

of this finding is that rhl23 is not a suitable substrate for the study of P-gly in 

granulocytes. Extending this idea, one could argue that the ammonium group on rh 123 

could facilitate ion trapping within the acidic vesicles of granulocytes. To address this 

question three fluorescent P-gly substrates with varying hydrophobicity were substituted 

for rhl23 in the dye-retention assay. 10-N-nonyl acridine orange (nAO) is an acridine 

orange derivative with a 9-carbon aliphatic chain attached to the ring-nitrogen. It is very 

lipophilic (octanol:water partition coefficient = 30: I) and does not accumulate as a 

function of charge differential (Kessel 1991). In spite of these features, which should act 

to minimize the possibility of ion trapping, no transport of nAO in granulocytes was 

observed. Identical observations were made with two other P-gly substrates, daunorubicin 

and a carbocyanine dye, DIOC(2)3. 
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To further address the possibility that ion trapping of dyes could occur in the acidic 

vesicles of granulocytes, experiments were directed at neutralizing the pH within these 

vesicles. Using reported techniques (Ohkuma et al. 1987), granulocytes were incubated in 

a buffered ammonium chloride solution at various points in the dye retention assay. These 

treatments had no effect on dye fluorescence. Taken together, these studies support the 

conclusion that, in resting granulocytes, P-gly does not act to transport fluorescent 

substrates out of the cell. 

Another explanation of the lack of measurable dye transport in granulocytes is 

that P-gly is expressed on cytoplasmic vesicles and oriented such that it transports dye 

onto the vesicle, thus sequestering the dye. If this were the case, the addition of verapamil 

would merely lead to a redistribution of the dye, with no change in overall fluorescence. 

Studies using confocal microscopy were performed in order to examine the intracellular 

distribution of dyes within granulocytes in the presence and absence of verapamil. These 

studies did not demonstrate a redistribution of dye with the addition ofverapamil. 

Experiments in granulocytes explored the possibility that P-gly may be non-functional 

in the resting cell, but become active in the immunologically stimulated cell. Using a range 

of concentrations, three compounds, A23187, TPA, and FMLP, were assayed for the 

ability to activate granulocytes by measuring granulocyte degranulation by flow cytometry. 

For each compound a range of concentrations was chosen such that the highest 

concentration produced the highest level of granulocyte activation, namely degranulation. 

These compounds did not, however, alter the fluorescent dye retention seen in other 
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studies of granulocytes, supporting the conclusion that even though it is expressed at 

intermediate levels, P-gly in granulocytes does not function as a plasma membrane 

transporter of dyes. 

In contrast to the situation in granulocytes, this study has shown that P-gly is 

expressed and functional in several mononuclear cell lineages. High levels were seen in 

CD56+ and CD8+ cells, intermediate levels in CD4+ and CDI9+ cells, and negligible 

levels were seen in CD 14+ cells. The mononuclear cells demonstrated good correlation 

among the P-gly, mdrl mRNA, and functional assays. 

Recently, clinical correlates of these findings have been reported. Laughlin et at. 

(1993) examined the lineage phenotype of leukocytes in the post nadir phase following 

intensive-dose chemotherapy using the P-gly substrate, etoposide. These authors found 

that the CD56+ lineage was disproportionately represented in the "rebounding" population 

within the first weeks following chemotherapy. The experiments by Laughlin and 

coworkers, together with experiments described in this study, suggest CD56+ cells 

express relatively high levels ofP-gly, which confer an in vivo level of drug-resistance. 

The lineage-restricted expression of functional P-gly in normal mononuclear cells 

suggests its physiologic role is particularly important in lineages with pronounced 

expression. The data demonstrate a relatively high level ofP-gly expression in CD56+ 

(natural killer) cells. This is in agreement with other studies examining the expression of 

P-gly in normal blood (Chaudhary et at. 1992; Drach et at. 1992). This selective 

expression suggests P-gly may be involved in normal natural killer (NK) cell function. In 
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particular the high expression ofP-gly in two lineages which share the function of 

cytotoxic effector cells (CD56+ and CD8+) suggests that P-gly may be involved in the 

cytotoxic response. The role of P-gly in the cytotoxic response was examined by exposing 

effector cells to four P-gly inhibitors. R- and S- verapamil were used in this study to 

distinguish between the inhibition ofNK mediated cytolysis due to their effect on P-gly vs 

their effect on calcium channels. It has been reported that both isomers are equipotent in 

inhibition of P-gly mediated efflux, however the S- isomer is more potent in inhibition of 

slow calcium channels (Weir et at. 1992). The data demonstrate that R- and S- verapamil 

show similar inhibitory dose-response relationships in these NK cytolysis assays. This 

suggests that these drugs do not act on the slow calcium channel to bring about cytolysis 

inhibition. This is in agreement with findings by Weir et at. (1992), who reported no 

potency difference between R- and S- verapamil in NK function inhibition. 

CsA and PSC were used to distinguish between inhibition ofNK mediated cytolysis 

due to their effect on P-gly mediated efflux vs a general immunosuppresive effect. CsA 

has been shown to inhibit not only P-gly mediated efflux, but also the cell mediated 

immune response (DiPadova 1989). The inhibitory effect of CsA on P-gly function has 

been related to its binding ofP-gly (Foxwell et at. 1989). The inhibition of immune 

function by CsA has been attributed to a several factors including inhibition of cytokine 

function and binding to cyclophilin (DiPadova 1989). PSC was developed within an effort 

to determine whether structural analogs of CsA could preferentially demonstrate binding 

to P-gly without the immunosuppressive effects seen with CsA. It has been proposed that 
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this selective inhibition of P-gly by PSC is due to a binding affinity for P-gly which is 

similar to CsA, with a reduced interaction with cyclophilin (Boesch et al. 1991). When 

CsA and PSC were tested for their inhibitory effect on NK mediated cytolysis, no 

difference was found in potency between these two analogs. These data suggest that the 

inhibitory effect of CsA and PSC on NK mediated cytolysis is not mediated through the 

general immunosuppresive effect seen with CsA. Compared to verapamil, CsA and PSC 

treatment resulted in a less complete inhibition ofNK cytolysis. While at the higher 

verapamil concentrations nearly complete inhibition was seen, approximately 50% 

inhibition was seen at the corresponding CsA concentrations. In fact, at the highest CsA 

concentration (33uM) a 10%-15% inhibition of cytolysis due to the ethanol vehicle was 

observed. Nevertheless the data point out that two groups of compounds with very 

different spectra of pharmacologic targets, but share P-gly as a mutual target, inhibited 

NK function in a dose dependent manner, supporting a role for P-gly in NK cell function. 

In parallel with the NK assays, experiments analyzed the effect of the compounds 

used in those assays, at identical concentrations, on P-gly mediated efllux. For all 

compounds, there was a dose response relationship in the inhibition ofP-gly mediated 

efflux. But when the dose response data for NK mediated cytolysis inhibition is compared 

to the dose response for P-gly efllux inhibition, CsA and PSC833 demonstrated a much 

poorer correlation than did the verapamil compounds. For example in the presence of 1.0 

uM PSC 833, P-gly mediated efllux ofrh123 is completely inhibited, while the identical 

treatment minimally ( 8.5%) inhibits NK mediated cytolysis. Furthermore while the 
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highest concentrations of CsA were not as efficacious as the verapamil isomers in 

inhibiting NK cytolysis, the reverse was true in efficacy of inhibition of P-gly efflux, where 

CsA and PSC833 were both more potent and more efficacious than the verapamil isomers. 

To date, a diverse array of compounds, which share the ability to inhibit P-gly 

mediated efflux, has been shown to inhibit NK-mediated cytolysis. These compounds 

include CsA, verapamil, reserpine, solutol HS-15, chloroquine, metofoline, and quinidine 

(Chong 1993; Weir 1991). It has been suggested that the inhibitory effect of these 

compounds on NK cytolysis is due to inhibition of P-gly mediated efflux, however data 

demonstrating the correlation of efflux inhibition with NK cytolysis inhibition has been 

absent in the literature. This study correlates these two inhibitory effects. For the 

verapamil compounds there was a close correlation between inhibition ofP-gly mediated 

efflux and inhibition ofNK cytolysis. This observation, coupled with the equipotency of 

the two isomers in NK cytolysis inhibition, supports a role for P-gly in NK cell mediated 

cytolysis. The similar potency of CsA and PSC in NK cytolysis inhibition likewise 

supports this role for P-gly by removing the general immunosuppresive effect of CsA as a 

possible mechanism for its inhibition ofNK cytolysis. The lack of correlation between P

gly efflux inhibition and NK cytolysis inhibition observed with CsA and PSC does not 

preclude a functional role for P-gly in NK mediated cytolysis. It is possible that P-gly 

functions as an efflux pump in NK mediated cytolysis and that CsA and PSC simply 

interact at a site on P-gly which causes a greater inhibition of rh 123 transport than the 

transport of the endogenous substrate involved in NK cytolysis. Possible substrates could 
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include cytokines or cytolysins such as perf orin. In NK mediated cytolysis, perf orin is 

initially released by degranulation. Monomers enter the target cell plasma membrane, 

where they aggregate and form lytic pores (Herberman et al. 1986). If some perf orin 

monomers re-enter the NK cell plasma membrane following release it is possible the 

monomers could form a lytic pore in the NK cell. P-gly in NK cells could exist as a 

mechanism remove perforin monomers from the plasma membrane of the NK cell before 

they can accumulate to the extent that they form lytic pores. Studies have, in fact, 

suggested that P-gly may be capable of eflluxing substrates from within the plasma 

membrane (Higgins et al. 1992). 

It is also possible that the role of P-gly in NK cytolysis may not be that of typical 

substrate efllux. Studies have suggested alternative modes ofP-gly function, such as in 

chloride ion flux (Valverde et al. 1992). IfP-gly is functioning as a chloride channel in it 

role in NK cytolysis, it is possible that there are contrasting effects of inhibitors, with 

verapamil the more effective inhibitor of P-gly in its cytolysis mode (ie as a chloride 

channel) and esA the more effective P-gly inhibitor in its typical efllux mode. 

This study supports previous findings that there is a strong association between 

compounds which inhibit P-gly and compounds which inhibit NK cell function. This is 

particularly significant in light of the relatively high level ofP-gly expressed in NK cells. 

The data do, however, point to the need to carefully analyze this association in order to 

understand the physiologic significance of the high P-gly expression in NK cells. 
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Summary 

These studies have shown that, when considered as an "organ", the blood is similar to 

several other organs in its cell-type specific expression of P-gly. In the liver, for example, 

cells such as hepatocytes have essentially no P-gly expression, while cells such as 

canalicular epithelia have high levels of expression. Similar findings were made by this 

study in analysis of the blood. Some lineages (CDI4+) demonstrated negligible P-gly 

expression. Other lineages, namely CD14+ and CD19+, showed a heterogeneous 

expression at intermediate levels. StilI other lineages (CD56+ and CD8+) demonstrated 

high expression and function of P-gly. The granulocyte (CD15+) lineage demonstrates 

intermediate expression of P-gly, but does not appear to transport dye, either in 

intracellular redistribution or in effluxing dye from the cell. 

These studies did not establish an experimental basis to suggest a role for P-gly in 

granulocytes. The data would suggest that the classically defined role of transport of dye

type molecules may not apply to P-gly in granulocytes. It is possible that P-gly in 

granulocytes may be non-functional, with its presence in granulocytes representing 

"remnants" of functional expression at an earlier maturation stage. It is equally possible 

that P-gly in granulocytes may exist in an alternate mode of function, such as has been 

suggested by Valverde et at. (1992). Defining the significance of P-gly in granulocytes 

awaits future studies. 

Particularly intriguing in this work is the association between cells with cytolytic 

capability and high P-gly expression. The data in this study support a role for P-gly in the 
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cytolytic response, although it is unlikely that its role is that of transport of substrates such 

as those measured in the dye-retention assay. This was demonstrated in the CsA and PSC 

studies which showed complete dye transport inhibition with ongoing cytolysis. 

Nevertheless, the use of the verapamil and CsA analogues provides suggestive evidence 

that the inhibition of cytolysis is due to the interaction of these compounds with P-gly. 

Current efforts within the scientific community to manipulate the expression ofP-gly 

in the human hematopoietic system as a chemoprotective tool in cancer therapy necessitate 

a clear understanding of the baseline expression ofP-gly in blood cells. Also critical is an 

understanding of which normal processes in leukocytes might be affected by changes in P

glyexpression. For example, does the elevation away from baseline ofP-gly expression in 

monocytes aIter their immune function? Does the augmentation of P-gly expression in NK 

cells make them more or less efficient in their cytolytic response? This study provides a 

basis for addressing not only specific issues such as these, but also the larger issue of the 

identity of the physiologic substrates ofP-gly. 
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ATP binding cassette 

actinomycin D 

acute lymphocytic leukemia 

adult T cell leukemia-lymphoma syndrome 

adenosine triphosphate 

cluster of differentiation 

complimentary deoxyribonucleic acid 

cystic fibrosis transmembrane conductance regulator 

chinese hamster ovary (cell line) 

cyclosporine A 

3,31-diethyloxacarbocyanine iodide 

endoplasmic reticulum 

fluorescein isothiocyanate 

fluorescence ratio 

gravity 

granulocytes 

histone 3.3 
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kD kilodalton 

mdr multi-drug resistance 

mdrl multi-drug resistance gene # 1 

~g microgram 

~g microgram 

mg milligram 

MHC major histocompatability complex 

~l microliter 

ml milliliter 

MNC mononuclear leukocytes 

MoAb monoclonal antibody 

nAO IO-N-nonyl acridine orange bromide 

NHtCI ammonium chloride 

NK natural killer 

P-gly P -glycoprotein 

PCR polymerase chain reaction 

PKC protein kinase C 

PSC PSC833 

rh123 rhodamine 123 

RNA ribonucleic acid 

Rpe R-phycoerythrin 
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reverse transcription 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
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